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Abstract 

Stomata are crucial for gaseous exchange in plants. The ability of stomata to 

open and close depends on changes in turgor pressure acting within guard 

cells to alter cell shape. The extent of these shape changes is limited by the 

mechanical properties of the cells, which will be largely dependent on the 

structure of the cell walls. Although it has long been observed that guard 

cells are anisotropic due to differential thickening and the orientation of 

cellulose microfibrils, our understanding of the compositio n of the cell wall 

that allows them to undergo repeated swelling and deflation remains 

surprisingly poor.  

In this thesis antibody labelling is used to study the composition of the guard 

cell wall. Pectin composition is shown to be crucial for guard cell s tructure 

and function and I show that disruption of pectin composition disrupts 

stomatal function. The development of an atomic force microscopy technique 

to directly measure the mechanical properties of stomata is also reported 

here. I show that the mechanical properties of stomata change throughout 

plant development and highlight the potential for this in the future study of 

guard cell walls. Although this thesis focuses on the role of pectins I also 

demonstrate a potential role for other cell wall matrix  components such as 

xyloglucan and structural proteins in the maintenance of guard cell 

mechanical properties.  

Altering the mechanical properties of guard cell walls has an impact on the 

mechanical properties of the guard cell wall which impacts on stomat al 

function. This has an effect on plant physiology and carbon assimilation. The 

targeted modulation of guard cell walls provides a novel avenue for the 

future manipulation of stomatal function.    
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Chapter 1. Introduction 

Plant productivity is crucial to the success of human endeavour ; increasing 

the yield of crops remains a crucial goal in order to feed a growing global 

population  (United Nations Department of Economic and Social 

Affairs/Population Division and Nationen, 2011) . Despite this need for 

increased productivity, yield increases conferred by conventional breeding 

methods introduced during the green revolution are beginning plateau 

(Pingali, 2012).  

The effects of climate change, including changing CO2 levels and increased 

climatic variability (Parry et al., 2004) coupled with the rise in biofuel use 

competing with crops for land  (Boddiger, 2007; Fargione et al., 2008) will 

place further pressure on finding ways to increase crop yields. In order to 

meet these yield demands more insights are needed into fundamental 

pathways and mechanisms in plants in order to be able to optimise crops for 

increased growth in current and future climates. Climate models predict 

increasing variability in environmental conditions (Long et al., 2004; 

Southworth et al., 2000) in the coming years. The manner in which plants are 

able to respond and adapt to this increased variability may be crucial in 

maintaining and improving crop productivity. Stomata which are present on 

the epidermis of plants function as valves which regulate the loss of water by 

evapotranspiration and the fixation of CO 2 for photosynthesis (P. Franks and 

Farquhar, 2007). Stomata are crucial in allowing plants to react to fluctuating 

environment s to maximise CO2 uptake while minimising water loss. This 

thesis aims to increase our understanding of stomata and their role in plant 

growth.  
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  The role of stomata in leaf function 

Stomata consist of a pair of specialised epidermal cells, known as guard cells, 

which flank a pore in the leaf surface (Figure 1.1). In monocots guard cells 

ÈÙÌɯȿËÜÔÉÉÌÓÓɯÚÏÈ×ÌËɀɯÈÕËɯÏÈÝÌɯÈɯ×ÈÐÙɯÖÍɯÚÜÉÚÐËÐÈÙàɯÊÌÓÓÚȮɯÛÏÖÜÎÏÛɯÛÖɯ×ÙÖÝÐËÌɯ

support, which form the stomatal complex ( (Srivastava and Singh, 1972) 

Figure 1.1.B). In dicots stomata do not have subsidiary cells and guard cells 

are kidney shaped ((Zhao and Sack, 1999) Figure 1.1.A). In plants with 

kidney shaped stomata it is unclear what role, if any, the neighbouring 

epidermal cells play in stomatal function.   

 

Figure 1.1. (A)  Stomata from the dicot A. thaliana. (B) Stomata from the monocot O. sativa. Guard cell 

indicated by GC and subsidiary cell indicated by SC.  

Image adapted from Liu et al., 2009. 

 

Guard cells change in both size and shape to regulate the aperture of the 

pore in response to intrinsic and extrinsic signalling cues (Kim et  al., 2010). 

The modulation of stomatal aperture is achieved by the control of guard cell 

turgor pressure (DeMichele and Sharpe, 1973; Mott and Franks, 2001). 

During stomatal opening turgor pressure increases as water is taken into the 

guard cell, causing the cells to expand and bend open.  
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CO2 uptake for photosynthesis is only one aspect of stomatal function. 

Although water loss by evapotranspiration must be minimised to prevent 

drought stress it can play important roles in the temperatur e regulation of 

the plant (Doheny-Adams et al., 2012) as the loss of water causes an 

evaporative cooling effect. The flow of water out of the leaves creates a 

transpiration pull within the plant which can lead to greater nutrient uptake 

ȹ-ÖÝâÒɯÈÕËɯ5ÐËÖÝÐðȮɯƖƔƔƗȺ. Stomata are also a point of entry for pathogens 

such as Pseudomonas syringae (Melotto et al., 2006), and it has been shown 

that stomatal closure is part of the plants defence pathway to prevent 

pathogen entry (Zeng et al., 2010).  

In the short term plants respond to environmental fluctuation by regulating 

stomatal aperture, whereas longer term environmental changes can cause 

changes in the number and spacing of stomata on a leaf through the stomatal 

development pathway.  

 

 The stomatal development pathway 

Stomata have been studied extensively and many of the genes involved in 

regulating stomatal development and patterning have now been 

elucidated(Bergmann et al., 2004; Hara et al., 2007; Hunt et al., 2010; Hunt 

and Gray, 2009). Altering stomatal development in plants can have drastic 

consequences for whole plant physiology (Doheny-Adams et al., 2012), in 

particular water use efficiency. The stomatal lineage is initiated by a 

protodermal cell, which becomes committed to divide and is known as a 

meristemoid mother cell (MMC). This MMC  divides asymmetrically, giving 

rise to a small meristemoid and a larger cell known as a stomatal lineage 
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ground cell (SLGC) (Bergmann and Sack, 2007). The meristemoid undergoes 

additional rounds of asymmetric divisions (amplifying  divisions) which 

increases the number of SLGCs while maintaining the original meristemoid. 

After one to three rounds of amplifying divisions the meristemoid 

differentiates into a guard mother cell (GMC). The GMC undergoes a 

symmetric division to form two guard cells which make up the stomatal 

complex. The SLGCs differentiate into epidermal pavement cells and can also 

divide asymmetrically to increase the number of meristeoids, these divisions 

are known as spacing division (Figure 1.2). Spacing divisions are orientated 

such that there is always one cell between meristemoids ensuring that 

stomata are not placed adjacent to each other. In Figure 1.2 the major steps of 

stomatal development are shown and the key genes acting at each step are 

shown. 

 

Figure 1.2 . Stomatal development. The major stages of stomatal development showing different cell 

division pathways and the major regulatory genes acting at each step. Positive regulators shown in 

green, negative regulators in red and polarity regulators in blue. Figure taken from Vatén and 

Bergmann, 2012.  

 

The stomatal development pathway not only produces the stomata but is 

also responsible for a significant proportion of the cells in the epidermis 

(Dong and Bergmann, 2010). It is thought that the spacing of the epidermal 

cells is regulated to maximise CO2 uptake by optimising the distances that 

gases have to diffuse (Rowe and Bergmann, 2010). 
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The discovery of multiple genes affecting stomatal d ifferentiation  highlights 

the advances made in our understanding of stomatal development in recent 

years. The function of many of these genes is still being confirmed and the 

characterisation of a complete stomatal development pathway will prove 

extremely beneficial to the field. Progress has been made on this with 

mutants in many of  the genes in this pathway leading to an alteration in 

stomatal density and a breakdown of the one cell spacing pattern as shown 

in Figure 1.3 (Bergmann and Sack, 2007). The leucine rich-repeat containing 

receptor-like protein (LRR -RLP) TOO MANY MOUTHS (TMM), the 

subtili sin-like serine protease STOMATAL DENSITY AND DISTRUBTION 1 

(SDD1) and the ERECTA family (ER;ERL1;ERL2) of leucine rich-repeat-

containing receptor -like kinases (LRR-RLK) all function upstream of a 

mitogen activated protein kinase (MAPK) signalling cascade  (Bhave et al., 

2009; Groll et al., 2002; Lampard et al., 2008; Masle et al., 2005). Loss of 

function mutants tmm, sdd1-1 and erecta show increased stomatal density and 

stomatal clustering (Groll et al., 2002; Masle et al., 2005; Yang and Sack, 1995). 

These upstream signalling components are involved in the negative 

regulation of stomata l patterning  and are important in establishing the 

stomatal one cell spacing pattern (Dong and Bergmann, 2010; Wang et al., 

2007). They feed into a mitogen activated protein kinase (MAPK) pathway 

which includes the MAP kinases MPK3 and MPK6, the MAPK kinases 

MKK4 and MKK522 and the MAPKK kinase YODA  (Bergmann et al., 2004; 

Lampard et al., 2008; Wang et al., 2007). Three basic helix-loop-helix (bHLH) 

transcription factors SPEECHLESS (SPCH), MUTE and FAMA are proposed 

to positively regulate stomatal development by directing entry into the 

stomatal lineage and regulating subsequent divisions (Lampard et al., 2008; 

Liu et al., 2009; Ohashi-Ito and Bergmann, 2006). SCREAM and SCREAM2 

are thought to regulate the actions of SPCH, MUTE and FAMA  (Ohashi-Ito 

and Bergmann, 2006). Importantly it has been shown that SPCH is regulated 
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by YODA  (Bergmann et al., 2004), providing a link between positive and 

negative regulation of stomatal development.   

The EPFs (EPIDERMAL PATTERNING FACTORS) are purportedly ligands 

for the receptors TMM and ERECTA discussed above. EPF1 has been shown 

to be important in enforcing the one -cell-spacing rule during stomatal 

development (Hara et al., 2007) while EPF2 has been shown to be involved in 

controlling the entry of cells into the stomatal lineage (Hunt and Gray, 2009). 

EPF1 and 2 are negative regulators of stomatal development. EPFL9 

(EPIDERMAL PATTERNING FACTOR -LIKE 9) otherwise known as 

STOMAGEN is a positive regulator of stomatal development (Hunt et al., 

2010; Sugano et al., 2010). STOMAGEN activity was shown to be dependent 

on the SPCH pathway and to require TMM to function. It is suggested the 

negative signalling peptides (EPF1 and EPF2) compete with positive 

signalling peptides (EPFL9/STOMAGEN) for the same receptor (TMM) 

(Sugano et al., 2010). 
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 Guard cell signalling  

Significant advances have been made in understanding the signalling 

mechanisms behind stomatal opening and closing (Kim et al., 2010; Pandey 

et al., 2007). Multiple mutants have been identified in these pathways, some 

of which  are due to defects in ion channels in the guard cell membranes. 

Figure 1.3. Knocking out genes in the stomatal development pathway leads to alterations in stomatal 

density and patterning. Epidermal schematics showing the effect of gene knockouts on stomatal 

patterni ng. Guard cells are shown in green while guard mother cells are shown in pink. Figure from 

(Bergmann and Sack, 2007) 
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Much focus has been placed on signalling mechanisms, especially the 

responses to CO2 and ABA .  

Stomata are extremely dynamic, being able to adjust aperture rapidly and 

repeatedly to suit varying environmental conditions (Chen et al., 2012; Lu et 

al., 1997). Stomatal closure is an early response to abiotic stresses such as 

drought (Davies and Zhang, 1991), high ozone and pathogen attack (Zeng et 

al., 2010). Stomata of most species, with the exception of CAM plants, also 

close in response to darkness. 

It has long been known that alterations in stomatal aperture are due to 

changes in turgor pressure in the guard cells. During opening, internal guard 

cell turgor pressure changes causes the guard cells to swell in size by up to 

70% (Jones et al., 2005). Stomatal opening is driven by H + extrusion mediated 

by plasma membrane bound H + ATPases. This causes hyperpolarisation of 

the membrane, activating K+ channels causing K+ influx. Changes to guard 

cell water potential due to influx of K +, which is balanced by the 

accumulation of solutes, such as Malate2-, Cl- and NO 3-, cause the influx of 

water and this increased turgor pressure causes stomatal opening (Schroeder 

and Allen, 2001). Stomatal closure is caused by K+ outward rectifying 

channels causing K+ efflux from the guard cells. This is trigged by anion 

efflux from the guard cells which cause membrane depolarisation (Kim et al., 

2010). Figure 1.4 shows the key components of guard cell opening and 

closure. 
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Figure 1.4. An overview of the signalling mechanisms for stomatal  closing (left) and opening (right). 

Stomatal closure is triggered by a stimulus, often ABA. This can activate inward actin Ca 2+ channels 

leading to an increase in cytosolic Ca2+, release of Ca2+ also occurs from the vacuole. The increase in 

Ca2+ activates S-type anion channels which can also be activated by stimuli independently of Ca 2+. 

The S-type anion channels cause the influx of ions such as matale and Cl- which activates R-type 

anion channels. This causes membrane depolarisation which activates outward rectifying K + 

channels, this changes the water potential of the guard cell leading to the efflux of H 2O which causes 

a reduction in turgor pressure and guar d cell closure. In stomatal opening a stimulus activates 

membrane H+-ATPases. The extrusion of H+ ions causes a membrane hyperpolarisation activating 

inward rectifying K + channels. The influx of K+ is balanced by the import of anions by H + 

symporters. Hype rpolarisation of the vacuolar membrane by H +-ATPases causes inhibition of 

calcium induced stomatal closure by activating H +-Ca2+ antiporters leading to a decrease in cytosolic 

Ca2+. A- = Anions.  
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Disruption of ion channels, such as the potassium influx c hannels encoded 

by KAT1 and KAT2 lead to impaired stomatal function (Lebaudy et al., 

2010), similarly knockout of GORK, encoding a potassium efflux channel, led 

to impaired stomatal closure (Ache et al., 2000; Hosy et al., 2003). SLAC1 

(SLOW ANION CHANNEL -ASSOCIATED 1) has been shown to be necessary 

for stomatal closure. Disruption of SLAC1 impairs the action of slow ( S-type) 

anion channels while rapid (R -type) anion channels are unaffected (Vahisalu 

et al., 2008).  

 

 Structural properties of guard cells 

The signalling mechanisms discussed above cause changes in guard cell 

turgor  pressure which ultimately lead  to stomatal opening or closure. The 

structural characteristics of stomata are crucial in allowing turgor pressure 

changes to cause stomatal movement. As the major structural component in 

plants it is clear that the cell wall will have a key role in dictating the 

structural properties of guard cells. Despite this , much remains to be 

elucidated about the composition of the guard cell w all or how this 

contributes to stomatal functioning.  

Guard cells are highly anisotropic. Radially orientated cellulose microfibrils 

in the guard cells create hoops perpendicular to the length axis of the pore 

(Palevitz and Heple, 1976). This guides the direction of cell expansion 

meaning that the guard cells expand in length more than they do in width 

(Figure 1.5.A). Additionally, guard cells have asymmetrically thickened cell 

walls with the inner cell walls (facing the pore) being thicker than the outer 

cell walls ((Zhao and Sack, 1999) Figure 1.5.B). This disparity in cell wall 

thickness means the inner cell walls extend less than the outer cell walls, 

causing the stomata to bend open to leave a central pore.  



11 

 

 

Figure 1.5. Major structural  properties of guard cells. (A) Guard cells hav highly ordered cellulose 

microfibrils radiation in hoops perpendicular to the long axis of the guard cell s. These guide the 

direction of expansion anisotropically during high turgor pressure conditions. (B) A schematic of a 

stomatal cross-section showing differenctial cell wall thickening. The cell walls facing the pore are 

thicker than the outer cell wall. D uring turgor induced guard cell expansion this causes the inner 

wall to extend less than the outer wall causing the guard cells to bend apart and open.  

 

Very little is known about the finer structure of stomatal cell walls and to 

what extent this contrib utes to the wider mechanical properties of stomata. 

Stomata have been shown to be enriched in pectin (Jones et al., 2005; 

Majewska-Sawka et al., 2002) and pectic arabinan has been shown to be 

crucial to stomatal function (L. Jones et al., 2003). Recent work has shown 

that plants lacking xyloglucan had impa ired stomatal function and showed 

that plants with reduced cellulose content had wider stomatal apertures (Rui 
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and Anderson, 2016). These findings suggest that cell wall composition is 

important for guard cell function. Desp ite these advances it is remarkable 

how little is known about the mechanical properties of guard cell walls or 

how their properties could affect stomatal function. Both the composition 

and the mechanical properties of cell walls are in general poorly defin ed 

although some advances have been made in recent years (Braybrook and 

Jönsson, 2016; Geitmann, 2010; Hamant et al., 2008; Knox, 2008). 

 

 Cell walls 

Cell walls surround virtually all plant cells and are  essential to provide 

rigidity and support (Albersheim et al., 2011; Wei et al., 2009). Changes in cell 

shape and size, both reversible and irreversible, are driven by the action of 

turgor pressure pushing outwards from a cell causing expansion 

(COSGROVE, 1993; Mott and Franks, 2001). The cell wall opposes turgor 

pressure preventing unwanted deformation of the cell. Thus the extensibility 

of the cell wall is a key factor in allowing cellular growth and also the 

reversible changes in cell size observed during stomatal opening and closing.  

The cell wall is a complex matrix consisting primarily of cellulose 

microfibrils, hemicelluloses and pectins with a small number of structural 

proteins also incorporated. Some cells, which have ceased to grow, 

incorporate lignin to provide further strength and become known as 

secondary cell walls. There is very little secondary cell wall production in 

Arabidopsis thaliana most of it being limited to the vascular tissue and the 

floral stem. Secondary cell walls are of great interest in the production of 

biofuels (Pauly and Keegstra, 2010; Somerville et al., 2010) and have been the 

subject of numerous recent detailed reviews (Kumar et al., 2016; Miedes et 

al., 2014; Zhong and Ye, 2015) but are not covered further in this thesis.  
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1.5.1 Cellulose 

Cellulose is the predominant polymer in most cell walls and is arguably the 

best characterised of the cell wall components. Cellulose makes up to a third 

of total plant biomass (Somerville, 2006).  Formed from a repeating dimer of 

ϕ-1,4 linked glucose monomers (Figure 1.6), linear chains of around 10000 

residues in length are formed.  

 

Figure 1.6. ϕ-1,4 Linked glucose dimer which forms the repeating structure of cellulose. Thought to 

have a degree of polymerisation of around 10000. Figure from Somerville, 2006.  

 

These individual glucan chains bond together via hydrogen bonding to form 

cellulose microfibrils. There is some debate regarding the number of glucan 

chains which make up a cellulose microfibril, with the historical view being 

that 36 glucan chains were coalesced into one microfibril (Cosgrove, 2014). 

Recent data has suggested that the diameter of cellulose microfibrils is more 

conducive to an 18 strand model (Newman et al., 2013). It is not yet clear to 

what extent the construction of cellulose microfibrils varies between species 

and tissue types but the identification of large numbers of genes involved in 

cellulose biosynthesis (Andersson-Gunneras et al., 2006) provid es scope for 

variation. Cellulose is synthesised at the cell membrane and the construction 

of glucan chains and assembly into microfibrils is controlled by the cellulose 

synthase complex. Cellulose synthesis has been reviewed extensively 

(McFarlane et al., 2014) with a large number of involved genes having been 

elucidated (Zhong and Ye, 2015) and is only summarised here briefly. The 

cellulose synthase complex is a rosette constructed of 6 subunits each of 

which are thought to be aggregates of three cellulose synthase subunits. In 

the 18 strand model each subunit (of which there are 18 in total) is proposed 
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to synthesise a single glucan chain (Newman et al., 2013; Zhong and Ye, 

2015). Cellulose is secreted to the cell wall and microtubules are key in 

modulating the deposition of cellulose (Palevitz and Heple, 1976). Cellulose 

is responsible for most of the load-bearing strength of the cell walls and 

increased cellulose deposition is observed when cell walls are placed under 

mechanical stress (Andersson-Gunneras et al., 2006).  

 

1.5.2 Hemicelluloses 

Hemicelluloses are highly heterogeneous and some dispute exists as to what 

constitutes a hemicellulose and what does not. For the purpose of this thesis 

hemicelluloses are classed as cell wall polysaccharides which do not fit into 

the classes of ÊÌÓÓÜÓÖÚÌɯÖÙɯ×ÌÊÛÐÕɯÈÕËɯÏÈÝÐÕÎɯÈɯϕ-(1Ÿ4)-linked backbone made 

of glucose, mannose, or xylose (Scheller and Ulvskov, 2010). In A. thaliana the 

main hemicellulose in primary cell walls is xyloglucan (XyG) with small 

amounts of glucomannan and mannan being present (Scheller and Ulvskov, 

2010). Secondary cell walls have low XyG levels and instead contain large 

amounts of xylan. As guard cells and their surrounding cells do not contain 

secondary cell walls xylan is not covered here.  

  

Xyloglucan 

Xyloglucan is the most abundant hemicellulose found in primary cell walls 

of the majority  of dicot ×ÓÈÕÛÚȭɯ ɯϕ-1,4-linked gluc an chain forms the 

xyloglucan backbone which is highly substituted to form a branched 

structure (Scheller and Ulvskov, 2010). The structure is variable but is usually 

classed based on its main repeating units. These repeating units are given 

single letter codes to denote the side groups attached to the glucose residue 

(Scheller and Ulvskov, 2010). Figure 1.7 shows the main side groups and the 
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one letter codes for different structures of xyloglucan.  The highly sub stituted 

XXXG is the predominate XyG structure in dicots such as A. thaliana. The 

extent of branching has functional impacts on XyG as more branched chains 

are more soluble. XyG biosynthesis is becoming reasonably well understood, 

however insights into the  roles of different xyloglucan conformations have 

remained elusive. 

 

Figure 1.7. Xyloglucan: The main structural features of xyloglucan. A) Different sugar residues 

present in xyloglucan. B) The xyloglucan backbone of repeating glucose residues. C) The common 

xyloglucan side chains and their one letter codes.  

  

1.5.3 Pectins  

Pectins are one of the major non-cellulosic components of the primary cell 

wall , especially in dicotyledonous  plants (Caffall and Mohnen, 2009). They 

link together to form a distinct network which connects to the cellulosic 

network (Jones et al., 2005). Pectins are highly complex polysaccharides 

(Cosgrove, 2005) and it has become apparent that their functions are key to 

the mechanical properties and functioning of primary cell walls (Wolf and 

Greiner, 2012; Yoneda et al., 2010). Pectic polysaccharides are characterised 

by their high galacturonic acid (GalA) content (Caffall and Mohnen, 2009) 
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and are traditionally categorised into 3 main classes: rhamnogalacturonan I 

(RGI); rhamnogalacturonan II (RGII) and homogalacturonan (HGA) (Ridley 

et al., 2001). HGA also makes up the backbone of xylogalacturonans (Schols 

et al., 1995). As shown in Figure 1.8 all of the pectins classes have a GalA 

backbone with the exception of RGI which has alternating GalA and 

Rhamnose residues.  As shown in figure 1.8 HGA is  relatively linear 

compared  to  RGI and RGII which are extensively branched. RGI and II side 

branches are particularly enriched in arabinan and galactan and are known 

to have an  impact on cell wall mechanical properties (Pena and Carpita, 

2004).  The ratio between the different types of pectin varies between species 

but HGA is usually the most abundant form (Mohnen, 2008) and in 

Arabidopsis accounts for up to 23% of the dry weight of the cell wall (Caffall 

and Mohnen, 2009).
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Figure 1.8. A schematic for the structure of the four different types of pectin. Kdo stands for 3-Deoxy- D-manno-2-octulosonic acid and DHA stands for 3-deoxy-D-lyxo-2-

heptulosaric acid. Figure from Harholt et al., 2010 
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Pectin biosynthesis is a complex process and little is known about it. Pulse 

chase experiments determined that pectin is synthesised in the golgi and 

transported to the cell wall in vesicles (Harris and Northcote,  1971; Northcote 

and Pickett-Heaps, 1966; Pickett-Heaps, 1968). It is thought that pectin is 

synthesised by glycosyltransferases (GTs), enzymes which transfer sugar 

moieties. It is predicted that at least 67 transferases are required for the 

synthesis of pectin and to date very few of these have been identified 

(Mohnen, 2008). In addition to GTs, methyltransferases and 

acetyltransferases are also required for the synthesis of pectin (Harholt et al., 

2010). The few pectin biosynthetic enzymes that have been identified have 

been Golgi localised, further suggesting the Golgi as the site of pectin 

synthesis (Harholt et al., 2010; Sterling et al., 2001). The first pectin 

biosynthesis enzyme fully idenÛÐÍÐÌËɯÞÈÚɯÈÕɯϔ-1,4-GalA transferase known as 

GALACTURONOSYLTRANSFERASE1 (GAUT1 (Sterling et al., 2006)). 

GAUT1 has been shown to be able to synthesis polygalacturonic acid in vitro 

(Sterling et al., 2006). Another GT enzyme QUASIMODO1 (QUA1/GAUT8) 

has also been implicated in pectin biosynthesis (Bouton et al., 2002). qua1 loss 

of function mutants are deficient in HGA and have severe growth defects 

(Bouton et al., 2002; Orfila et al., 2005). Two further GTs, GAUT13 and 

GAUT14 (from glycosyltransferase family 8) are putatively involved in 

pectin biosynthesis. gaut13gaut14 double mutants had altered distribution of 

HGA epitopes (as shown by im munolabelling) and stunted pollen tube 

growth (L. Wang et al., 2013).  

The pectin network has diverse roles in plants. The role of pectin in cell-cell 

adhesion is well known as it has implications for food ripening and storage 

(Ahmed and Labavitch, 1980). Pectin breakdown has been shown to reduce 

cellular adhesion which leads to fruit softening (Brummell and Harpster, 

2001). A tomato mu tant with reduced calcium linked HGA showed reduced 

fruit quality due to large intercellular air spaces, putatively due to defects in 



 19 

cell-cell adhesion (Eriksson et al., 2004; Thompson et al., 1999). Pectin has 

also been implicated in cell -cell adhesion outside of fruit (Knox, 1992; Marry 

et al., 2006) and is known to be abundant in the middle lamella.  

Pectin is known to impact on the mechanical properties of the cell wall. 

Knockout of PME35, a gene regulating pectin composition, leads to a 

reduction in the mechanical strength of A. thaliana inflorescence stems 

(Hongo et al., 2012). Cell wall expansibility has been correlated with 

increased pectic arabinan and galactan content (Stolle-Smits et al., 1999) and 

enzymatic removal of pectic arabinan has been shown to reduce stomatal 

movement, possibly due to increased rigidity (L. Jones et al., 2003). As well 

as direct impacts on cell wall mechanics it has also been posited that pectin is 

involved in the deposition and orientation of cellulose microfibrils (Yoneda 

et al., 2010) with some evidence showing binding of cellulose to pectin 

(Zykwinska et al., 2005), although little information exists on this.  

The fact that pectin is involved in plant growth and morphogenesis is 

unsurprising given its role in cellular adhesion and cell wall expansibility. As 

discussed above, pectin synthesis mutants have severely impaired growth 

(Bouton et al., 2002; Orfila et al., 2005) and mutants in pectin composition 

have also been shown to have reduced growth (Derbyshire et al., 2007; Wen 

et al., 1999). It has been shown that changes to pectin composition cause 

localised regions of softer tissue which precedes organ outgrowth in A. 

thaliana primordia. Similarly, perturbation of pectin methylesterification 

leads to developmental defects in A. thaliana embryos (Pelloux et al., 2007).  

Given these diverse functions, and the prevalence of genomic data and 

available mutants, it is surprising that so little is known about the finer 

structure of the pectin network and how this impact s on the function of the 

cell wall.  
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 Plant mechanics  

Cellular growth in plants is a balan ce of internal and external stresses. 

Turgor pressure within the cell pushes outwards while the cell wall 

surrounding the outside of the cell restricts expansion. The force of turgor 

pressure acts equally in all directions and so cell wall anisotropy is cr ucial for 

the generation of cells which are non-spherical. Digestion of the cell wall by 

enzymes results in protoplasts which are perfectly spherical (Geitmann and 

Ortega, 2009) demonstrating the importance of the cell wall in the generation 

of cell shape. The alignments of cellulose microfibrils is one factor known to 

cause cell wall anisotropy (Baskin, 2005) and it has been shown that cellulose 

can re-order in response to stresses (Williamson, 1990) to change the 

direction of cell wall anisotropy. Disruption of the microtubule network by 

oryzalin disrupts cellulose deposition and causes spherical growth (Corson 

et al., 2009). In shoot apical meristems it was shown that microtubule 

orientation is correlated with the orientation of stress, with ablation of cells 

causing a shift in the stress orientation and, thus, causing a realignment of 

microtubules (Hamant et al., 2008).  

Cellular growth requires irreversible cell wall expansion and this is dictated 

by the cell wall extensibility. Acid promoted cell wall extensibility in cell 

walls under constant tension, termed cell wall creep, has been demonstrated 

(Cosgrove et al., 1984; Ortega et al., 1989) and expansins, which promote cell 

wall creep (McQueen-Mason et al., 1992) have been proposed to play a role 

in this process. These observations combined with the observation that 

xyloglucan chains bind to cellulose microfibrils (Hayashi et al., 1987; Vincken 

et al., 1995) led to a model of cell wall extensibility in which cellulose 

microfibrils, crosslinked by xyloglucan, form the main load bearing structure 

of the wall and that expansins control the extensibility. It was thought that 

pectins were important for the control of cell wall porosity, which in turn 
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controls the access of enzymes, such as expansin, which control cell wall 

extensibility (Peaucelle et al., 2012). Only a small proportion of xyloglucan 

seems to bind to pectin (Dick -Pérez et al., 2011) and, as discussed above, 

there is evidence that pectin binds to cellulose (Zykwinska et al., 2005). It has 

been suggested that pectin competes with xyloglucan for cellulose 

interactions, possibly mediated by pectic side chains such as arabinan 

(Peaucelle et al., 2012). This suggests that the ratio of pectin to xyloglucan 

may be important in determining cell wall extensibility. As discussed above, 

pectin is known to influence cell wall mechanical properties. In plants 

lacking xyloglucan cell wall creep was reduced, and tr eatment which 

perturbed the pectin network led to increased cell wall creep, demonstrating 

the role for pectin in modulating cell wall extensibility (Park and Cosgrove, 

2012).  

As previously discussed, the opening of stomata is also regulated by turgor 

pressure driven cell expansion. Although c ellular growth requires cell 

expansion this expansion is irreversible, the cell expansion during stomatal 

opening must be reversible to allow for stomatal closure . The dynamic 

manner in which stomata open and close provides an interesting system in 

which to study reversible cell wall expansion and greater insight into the 

structur e of the guard cell wall and that of the neighbouring epidermal cells 

could provide insights into the function of stomata.  

 

 Aims and objectives 

The aims of this research described in this thesis were to better understand 

the structure and composition of t he guard cell wall. I aimed to utilise an 

immunohistochemical technique to analyse the structural composition of 

guard cell walls and to apply this knowledge to identify relevant Arabidopsis 
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mutants. By understanding the genetics of guard cell wall composi tion, I 

aimed to investigate the relationship between the guard cell wall and 

stomatal function. Alongside the molecular genetics approach, atomic force 

microscopy was used to better understand the mechanical properties of 

guard cells. 

These aims were addressed as follows: 

1) Immunocytochemistry was used to spatially determine the 

location of specific cell wall epitopes in the cell wall of guard cells 

and their neighbouring epidermal cells in order to better 

understand guard cell wall composition.  

2) A mutant in  a gene encoding a guard cell localised PME was 

analysed for alterations to guard cell wall composition and 

alterations to stomatal function.  

3) Using transcriptomic data, this approach was extended to 

investigate other cell wall genes that are putatively exp ressed in 

guard cells.  

4) An atomic force microscopy technique was developed to directly 

measure the mechanical properties of stomata.  
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Chapter 2. Materials and Methods 

  Plant Material 

2.1.1 Loss of function mutants: NASC lines 

Arabidopsis thaliana of two background ecotypes were used; Columbia ( Col-

0) and Landsberg erecta (L.er). Various mutant lines in these backgrounds were 

obtained from the Nottingham Arabidopsis Stock Centre (NASC) and 

complemented mutants in these lines produced by Lee Hunt. PME lines are 

in the L.er ecotype while extensin mutants are in Col-0. Homozygous T -DNA 

insertion lines were identified by PCR while complemented m utants were 

identified by selecting for resistance to hygromycin and advanced to the F3 

generation for further analysis.  

2.1.2 Gain of function mutants: Transgenic lines 

All lines were created by t ransforming constructs into Col -0 plants. Seeds 

were harvested from T=0 plants and transformants selected by hygromycin 

resistance and bulked to obtain T1 seed. The T1 generation plants were 

analysed in batches of 100 seeds to look for segregation patterns of 1:2:1 to 

ensure plants with only 1 insertion were selected for further growth. T2 

plants were grown on selection and grown for seed. 50 T3 seeds were placed 

on selection to determine homozygous lines and those lines that were 

homozygous were grown for experimental analysis. Further details on these 

lines are in chapter 5.  
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  Plant Growth 

2.2.1 Soil grown plants 

For soil grown plants seeds were sown in pots containing M3 compost and 

perlite in the ratio 3:1 which was thoroughly mixed and wetted prior to 

plant ing. Pots were filled to level with the pot surface and soil was lightly 

compressed. Pots were stratified at 4°C for 72 hours in dark conditions and 

transferred to a controlled environment growth chamber ( 12 hours light, 

300˃ mol PPFD-1, 22°C light/16°C dark). Plants were kept in sealed clear bags 

until germination at which point the bags were opened and left on for a 

further 2 days and then removed. Following removal of the bags vented lids 

were placed on trays of plants until plants were 2 weeks old at whi ch point 

plants were thinned out to one plant per pot. Plants for experimental analysis 

were grown in square 6cm diameter pots square pots and watered daily so 

that soil was kept moist at all times but plants were not left standing in 

water. In order to mitigate any position effect created by possible uneven 

light distribution the entire trays were rotated daily while pots w ere rotated 

between trays on a Monday, Wednesday and Friday with pots being 

assigned random locations. Plants grown for seed were grown in plastic 

trays of 6x4 plants. Each plant was in 4 cm square pots. Trays were rotated on 

a Monday and Thursday.  

 

2.2.2 Media grown plants 

Seeds were surface sterilised in a bleach solution (1:5 economy bleach in 

water) containing 0.05% Tween-20 for 10 minutes. Seeds were then rinsed 5 

times in sterile water and stratified at 4ºC for 5 days. Stratified seeds were 

grown on 1 2 strength Murashige and Skoog basal medium containing 0.8% 

(w/v) plant agar and 1% (w/v) sucrose. 70ml of medium was poured into 
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square Petri dishes (120x120x17mm) and allowed to cool fully before seeds 

were added to the surface.  

 

 RT-PCR 

2.3.1 RNA extraction  

RNA extractions were used to assess the expression of genes of interest 

during this project. Two methods were used, the TRIzol® extraction method 

was used when only small amounts of tissue were available or gene 

expression was supposed to be low due to its greater potential yield. All 

ÖÛÏÌÙɯÌßÛÙÈÊÛÐÖÕÚɯÞÌÙÌɯÊÖÕËÜÊÛÌËɯÜÚÐÕÎɯȿ2×ÌÊÛÙÜÔɯ/ÓÈÕÛɯ3ÖÛÈÓɯ1- ɯ*ÐÛɀɯÍÙÖÔɯ

Sigma Aldrich.  

TRIzolÈ method 

Plant material was harvested, placed in a 1.5ml Eppendorf tube and 

immediately plunged into liquid nitrogen. After all sample s are in collected 

they are removed from liquid nitrogen and ground up using a micropestle. 

The samples are then homogenised over ice in 500µm TRIzol®. Once the 

sample is fully homogenised TRIzol®.  is topped up to 1000µl and heated for 

2 minutes at 37°C and 5 minutes at room temperature. Cellular debris is 

pelleted by centrifugation of samples at 4°C and 12000RPM for 10 minutes. 

500µl of supernatant is removed and transferred to an ice cold 1.5ml 

Eppendorf tube, 200µl of chloroform is added and sample mixe d by 

inversion. Samples are centrifuged at 4°C and 12000RPM for 20 minutes until 

the mixture separates into 3 phases; a lower red phase, an interphase and a 

colourless upper phase. The upper phase is collected, transferred to a new ice 

cold Eppendorf tube and the RNA is precipitated by the addition of 0.5ml of 

100% isopropanol. Samples are incubated for 10 minutes at room 

temperature and then overnight at -20°C. The sample is centrifuged for 15 

minutes at 4°C and 12000RPM until a pellet forms and the supern atant 
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discarded. 1000µl of 80% (v/v) ethanol in H20 is added to the pellet, and 

centrifuged for 5 minutes at 4°C and 12000RPM. The supernatant is removed 

and pellet air -dried.  RNA is re -suspended in 20µl of nuclease-free water and 

used for quantification and first strand cDNA synthesis (as described in 2.3.2 

and 2.3.3). 

Spectrum Plant Total RNA Kit method 

RNA was extracted according to the instructions from sigma. Plant tissue 

was harvested (approximately 100mg per extraction), frozen in liquid 

nitrogen and ground to a fine powder. 500µl of lysis solution mixed with 5µl 

of 2-mercaptoethanol was added to the sample and thoroughly 

homogenised. Samples were then vortexed for 30 seconds and incubated at 

56°C for 5 minutes. Cellular debris was collected into a pellet by centrifuging 

at 14000nRPM for 4 minutes. The supernatant was transferred to a filtration 

column seated in a 2ml collection tube and centrifuged at 14000 RPM for 1 

minute. 500µl of binding solution was added to the flow -through from the 

filtration column and vortexed for 5 seconds. The mixture was pipetted onto 

a binding column seated in a 2ml Eppendorf tube and centrifuged at 14000 

RPM for 1 minute. The flow -through was discarded and collection tube 

turned upside down and tapped onto clean absorbent paper. 500µl of wash 

solution 1 was pipetted onto the column and centr ifuged at 14000 RPM for 1 

minute, the flow -through was discarded. 500µl of wash solution 2 was added 

to the column and centrifuged at 14000 RPM for 30 seconds, the flow-

through was discarded, this wash step was repeated once. The column was 

centrifuged at 14000 RPM to dry and then transferred to a new collection 

tube. 50µl of elution solution was pipetted onto the centre of the column and 

incubated at room temperature for 1 minute. The column was centrifuged at 

14000 RPM to elute. The eluate contained RNA and was used for RNA 

quantification and first strand synthesis (as described below)  
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2.3.2 RNA quantification and quality analysis 

5µl of RNA was analysed by agarose gel electrophoresis (as described in 2.5) 

to check that the RNA was not degraded. 1.5µl of each sample was analysed 

using a NanoDrop8000 according to the machines instructions. The RNA 

concentrations were recorded. 

2.3.3 First strand cDNA synthesis 

RNA samples were fi rstly subjected to a DNase treatment to remove trace 

amounts of genomic DNA. A DNA -free kit from Ambion was used, the 

reaction was set up to contain 5µg of RNA and this was added to 5µl of 10x 

DNase I buffer and 1 µl of DNase, the mixture was then made up to 50µl 

using nuclease-free water. The samples were incubated at 37°C for 20-30 

minutes and 5µl of  DNase Inactivation Reagent added. The samples were 

then incubated at room temperature for 2 minutes and centrifuged at 13200 

RPM for 90 seconds. The clear precipitate containing the RNA was removed 

and used for first strand synthesis. 

For first -strand cDNA synthesis a reaction was set up containing 1µg of 

RNA, 2µl of a poly -T primer (18 Ts) and made up to 15µl with RNase-free 

water. This mixture was heated to  70°C for 5 minutes and transferred 

immediately to ice. The 15µl mixture was added to 5µl of 5x M -MLV reaction 

buffer (from Promega, UK), 1.25µl 10mM dNTP -mix. 1µl of M -MLV reverse 

transcriptase (from Promega, UK) and 2.75µl of RNase-free water to form a 

25µl mixture. This mixture was incubated at 42 °C for 80 minutes and then 

used for the PCR reaction (see below).  

 PCR 

2.4.1 Isolation of genomic DNA 

All centrifugation steps were carried out at room temperature in an 

Eppendorf 5418 centrifuge at 13000 RPM. Leaf tissue was excised and flash 
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frozen in liquid nitrogen. Sample was ground to a powder then homogenised 

in 500µl of extraction buffer (0.2M Tris /HCl pH9, 0.4M LiCl, 25mM EDTA 

pH8 and 1%SDS). Samples were then centrifuged for 10 minutes. 350µl of 

supernatant was added to 350µl of isopropanol and centrifuged for 10 

minutes to pellet DNA and the resulting supernatant discarded. 350µl of 70% 

(v/v) EtO H in water was added to the pellet, samples were then centrifuged 

for 10 minutes and the liquid discarded. The pellet was dried and then re -

suspended in 200µl of TE buffer (10mM Tris/HCL pH7.5, 1mM EDTA).  

 

2.4.2 PCR reaction 

Standard PCR was conducted using Taq DNA polymerase from NEB 

Biosciences. For any applications where the PCR product was used for 

downstream applications such as cloning Q5® High -Fidelity DNA 

Polymerase was used from NEB biosciences. Standard PCR reactions (25˃ l) 

were assembled, as detailed in Table 2.1, was conducted with a 95°C initial 

denaturation and 68°C extension. Extension time was 1 minute per KB of 

DNA.  

Cloning PCR using a proofreading polymerase was assembled as 50˃ l 

reactions as detailed in Table 2.2. PCR was carried out with a 98°C initial 

extension and a 72°C extension. Extension time was 20 seconds per KB DNA.  

Table 2.1 Components per 25˃ l PCR reaction using Taq DNA polymerase.  

Component  Volume  (˃ƭύ Final concentration  

10X Standard Taq Buffer 2.5 1X 

10 mM dNTPs 0.5 200˃ M 

10 µM Forward Primer  0.5 0.2˃ M 

10 µM Reverse Primer 0.5 0.2˃ M 

DNA template  2 Variable 

Taq DNA Polymerase 0.125 0.625 units/25 ˃ l PCR 

Nuclease-free water 18.875  
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Table 2.2. PCR components per 50˃ l PCR reaction using Q5® High -Fidelity DNA Polymerase . 

Component  Volume  (˃ƭύ Final concentration  

5X Q5 Reaction Buffer 10 1X 

10 mM dNTPs 1 200˃ M 

10 µM Forward Primer  2.5 0.5˃ M 

10 µM Reverse Primer 2.5 0.5˃ M 

DNA template  2 Variable 

Q5 High-Fidelity DNA 

Polymerase 

0.5 0.2 units/ l˃ 

Nuclease-free water 31.5  

 

 Agarose gel electrophoresis 

Agarose gels were prepared by dissolving 1% Agarose (w/v) in TAE buffer 

(40mM Tris, 20mM acetic acid, and 1mM EDTA). Ethidium bromide was 

added to a final concentration of 0.5µg/ml. DNA samples were mixed with 

6x loading dye (0.25% (w/v) bromophenol blue, 0.25% (w/v) xylene cyanol, 

30% (v/v) glycerol) in a 5:1 ratio and ran at 90V.  

 

 

  Immunohistochemical techniques  

2.6.1 Fixation and embedding of plant material  

Leaf tissue was harvested from soil grown plants in short day environment 

at 4 weeks post germination. 3 leaves per plant were harvested, excluding the 

2 youngest and 2 oldest. Leaf squares of 2x2mm were excised from harvested 

leaves and immediately and plunged into a fixative solution of 4% v/v 
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formaldehyde in 0.05 PEM buffer (50mM Pipes, 5mM EGTA, 5mM MgSO 4, 

pH 7.0) for 3 hours at slight vacuum and a further 16 hours at 4°C. Samples 

were washed with 3x10 minute changes of PEM buffer and dehydrated in an 

ascending ethanol series (10, 20, 30, 50, 70, 90 and 100% v/v ethanol in H2O). 

Samples were then infiltrated with resin (LR White hard grade resin) at 4ºC 

using an increasing concentration of resin in ethanol (10%, 20%, 30%, 50%, 

70%, 90% v/v) for one hour per change and then 100% resin overnight 

followed by 100% for 8 hours and a final 100% overnight change. Samples 

were then transferred to gelatine capsules filled with resin, sealed to exclude 

air and left to polymerise at 37ºC for 5-9 days until capsules were completely 

solidified and clear. Gelatine capsules were removed from the samples  

2.6.2 Immunolabelling of tissue sections 

Embedded samples were sectioned using a Reichert-Jung Ultracut Ultra -

ÔÐÊÙÖÛÖÔÌɯÛÖɯÈɯÛÏÐÊÒÕÌÚÚɯÖÍɯƖϟÔɯÜÚÐÕÎɯÎÓÈÚÚɯÒÕÐÝÌÚȭɯ2ÌÊÛÐÖÕÚɯÞÌÙÌɯÍÓÖÈÛÌËɯ

onto water and transferred to 8-well glass microscope slides coated with 

Vectabond (Vector labs, UK) to promote tissue adherence. Samples were then 

incubated in phosphate buf fered saline (PBS, pH 7.2) containing 3% w/v milk 

protein (Marvel, Premier Beverages, UK) (PBS/MP) for 30 minutes to prevent 

non-specific binding. Samples were washed by incubation in PBS for 5 

minutes. Slides were then incubated in a tenfold dilution of p rimary 

monoclonal antibody diluted in 3% w/v milk protein in PBS for 1 hour at 

room temperature. Primary antibodies were provided by Paul Knox (Plant 

Probes UK) and a full list of antibodies used is in Appendix 2 . Primary 

antibody was washed off with 3x5 m inute changes of PBS. Secondary 

antibody diluted 100 -fold in PBS/MP was applied for 1 hour at room 

temperature, from this step onwards samples are kept covered as the 

secondary antibody is not stable in light. For the JIM and LM series of 

antibodies Anti -rat-IgG (whole molecule) coupled to fluorescein 

isothiocyanate (FITC) was used, for the 2F4 antibody Anti-mouse-IgG (whole 
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molecule) coupled to FITC was used. Samples were washed with 3x5 minute 

changes of PBS and incubated with a 0.25% w/v calcofluor white solution (in 

water) which was diluted 10 -fold in PBS for 5 minutes. Samples were then 

washed with 3 changes of PBS and mounted with citifluor AF1 anti -fade 

solution (Agar Scientific, UK) and visualized by a microscope with 

epifluorescence optics. Microscopes used were an Olympus BX52 and 

Olympus BX51.  

2.6.3 Enzymatic removal of pectin 

Sections were prepared as described above (2.6.1). Sections were then 

incubated with a  solution of 0.1M NaCO 3 (pH 11.4) for 2 hours followed by 2 

10 minute washes in PBS. Samples were then incubated with for 2 hours in 

pectate lyase (from Cellvibrio japonicus, Megazyme, Bray, Ireland) at a 

concentration of 10 g˃/mL in CAPS buffer (50mM CAPS, 2mM CaCl2, pH10) 

and washed with 3 changes of PBS. Sections were then labelled and imaged 

as described above (2.6.2) 

 

 Histochemical localization using the GUS 

reporter gene 

3ÏÌɯϕ-glucuronidsase (GUS) reporter system is used to analyse the 

expression patterns of genes of interest. The promoter for the gene of interest 

is fused to GUS gene from Escherichia coli and expressed in plants. GUS 

encodes a hydrolase that breaks down the substrate 5-bromo-4-chloro-3-

indolyl ß -D-glucuronide cyclohexamine salt (X-gluc) producing a blue 

coloured precipitate. For this project GUS expressing lines were provided by 

Lee Hunt and Najat Ali.  
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Tissue was harvested and placed in cold 90% (v/v) Acetone on ice. Samples 

were then placed under vacuum for 10 minutes at room temperature 

followed by a wash with water. 2mM of X -gluc (dissolved in di -methyl 

formanide) was added to GUS staining buffer (50mM PO 4 buffer; 0.2% 

Triton -X) and added to samples until samples were fully submerged. 

Samples were incubated at 37ºC for 24 hours and then rinsed in water. An 

ascending ethanol series was used to dehydrate the samples (20, 30, 50 and 

70% v/v in water) for 30 minutes per change. Samples were fixed in FAA 

(50% ethanol, 3.7% formaldehyde, 5% acetic acid, water to volume) for 30 

minutes. Samples were then cleared using chloral hydrate (see 2.8) and 

observed using an Olympus BX51 microscope with a DP71 camera.  

 Tissue clearing using Chloral Hydrate 

Samples were washed with 90% Ethanol (v/v in H 2O) for 30 minutes per 

wash. Samples were then immersed in Chloral Hydrate (2.5g/mL in 30% 

glycerol (v/v) and left to clear  at room temperature for 24 hours. Samples 

were then washed in 2 changes of 50% (v/v) ethanol for 10 minutes per 

changed and 2 changes of water.  

 

 Plant growth analysis 

2.9.1 Seed weight 

Seed weight was measured by counting out 100 seeds and weighing on a fine 

balance. An average weight per seed was calculated which was counted as a 

single replicate. This was repeated 10 times per line. 
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2.9.2 Seed size 

Seeds were surface sterilised as described in 2.2.2 to ensure nothing was 

coating the seed. Seeds were mounted on glass slides in batches of 5 per slide 

in 60% (v/v) glycerol solution to prevent seed movement. Samples were 

viewed on an Olympus BX51 microscope and illuminated from below. 

Images were captured using a 40x objective with an DP71 Olympus digital 

camera.  

Images were analysed on Image-J using the wand tracing tool to select an 

entire seed and measure the area. 75 seeds from each line were imaged.  

2.9.3 Germination rate 

To analyse germination rate seeds were planted on media as described in 

2.2.2. 5 plates for each plant line was plated with 100 seeds per plate. 

2.9.4 Rosette area 

Rosette area was calculated by photographing plants from above using an 

Olympus pen 3 digital camera mounted on a tripod. Rosette area was 

calculated using Easy Leaf Area software (Easlon and Bloom, 2014). 

Accuracy of easy leaf area was validated by comparing results to areas 

calculated by manually using the colour thres hold tool in Image -J. Results 

were found to be within 2% of each other.  

2.9.5 FW and DW and relative water content 

Fresh weight (FW) analysis of above ground biomass was carried out on 

well -watered plants which still had water in the tray. Entire rosettes were 

excised at soil level and any soil was brushed of the plants. Rosettes were 

then immediately weighed. Rosettes were then transferred to paper 

envelopes which were dried at 70°C for a 48 hours. Rosettes were then 

weighed again. 

Relative water content was calculated using the following equation:  
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Equation 2.1. Relative water content. 
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 Analysis of stomatal aperture 

2.10.1 CO2 effects on stomatal aperture 

Abaxial epidermal peels were taken f rom mature leaves of five to six week 

old plants with 4 peels taken per treatment using fine forceps. Peels were 

placed in petri dishes opening buffers (10mM MES, 50mM KCl pH 6.2), petri 

dishes were placed in a glass tank containing water and incubated in light 

ÍÙÖÔɯÉÌÓÖÞɯÈÛɯÈɯÓÐÎÏÛɯÐÕÛÌÕÚÐÛàɯÖÍɯƗƔƔϟÔÖÓɯÔ-2 s-1. An air pump was used to 

bubble air into the opening buffer at a rate of 100ml min -1 to ensure the 

epidermal peels were not excessively disturbed. The air was controlled to 

contain varying concentrat ions of CO2, for CO2-free treatment air was forced 

through self -indicating soda lime in order to remove the CO 2. For high CO2 

treatments a 1000ppm canister was used. Samples were treated for 3 hours 

and then imaged with an Olympus BX51 microscope with an O lympus DP71 

camera attached. Images were analysed using ImageJ.  For pore area values 

the area of an ellipse was calculated using the following equation where A= 

pore area, W=pore width and H=pore height  

Equation 2.2. Pore area calculation 
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2.10.2 ABA effects on stomatal aperture 

Samples were gathered as in 2.10.1 and treated in the same manner. Ambient 

air was bubbled through the petri dishes which were supplemented with 

varying concentrations of ABA (0, 10, 20, 30 µM) 



 35 

2.10.3 Mannitol effects on stomatal aperture 

Samples were prepared as described in 34. Ambient air was bubbled into the 

petri dishes which were supplemented with either 0M mannitol or 0.5M 

mannitol.  

 

 Analysis of stomatal number 

Stomatal index and density was measured from excised leaves. The three 

largest leaves were excised from mature rosettes (35-40 days old) and 

underwent tissue clearing to improve visibility of stomata.  

Tissue was plunged into fix ative solution (9:1 Ethanol: Acetic acid) and 

vacuum was applied for 15 minutes. Tissue was fixed for 2hr at room 

temperature and then washed with 90% (v/v) ethanol in water twice for 30 

minutes. Tissue was transferred to 15M chloral hydrate solution in 30 % (v/v) 

glycerol for 24 hours to clear tissue before observation.  

Cleared leaves were imaged using a 40x objective on an Olympus BX51 

microscope using DIC settings. 4 fields of view were imaged per leaf. Images 

were analysed using Image-J cell counter and epidermal cells and stomata 

were counted. 

Stomatal size was measured by using stomatal length as a proxy and density 

calculated as number of stomata per mm2.  

Stomatal index was calculated using the following equation where 

I=stomatal index, S=number of stomata and E=number of epidermal cells  

Equation 2.3. Stomatal index. 
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 Gas exchange analysis 

For gas exchange data analysis was started 2 hours into the photoperiod of 

the growth chamber and  did not continue into the last 3 hours of the 

photoperiod. Measurements were taken using a LI -6400 infrared gas 

exchange analyser system using a leaf fluorometer chamber (LI-COR Inc.) 

with a 2cm2 circular area for measurement. 

2.12.1 CO2 response curves 

CO2 response curves, otherwise known as A/Ci curves, were measured on 

young fully expanded leaves at 21°C leaf temperature, 1200 µmol m-2 s-1 

PPFD light, and approximately 60% relative humidity. Once leaves were 

acclimated to chamber conditions, measurements were taken at 400, 250, 150, 

100, 80, 60, and 40ppm CO2 every 2-3 minutes at 200 µmol s-1 flow rate, then 

at 400, 500, 600, 800, 900, 1000, 1200, 1400, and 1600ppm CO2 every 3-5 

minutes at 300 µmol s-1 flow rate.  

 

2.12.2 Light response curves 

Light response curves were measured on young fully expanded leaves at 

21°C leaf temperature, 400ppm CO2 and approximately 60% relative 

humidity. Once leaves were acclimated to chamber conditions measurements 

were taken at 1500, 1200, 1000, 800, 600, 500, 400, 200, 150, 100, 80, 60, 40, 20, 

ƕƔȮɯƔɯϟÔÖÓɯÔ-2 s-1 PPFD of light with 10% blue light.  

2.12.3 Stomatal response to CO2 shifts. 

CO2 shifts were conducted on 28-day old plants using mature non -senescent 

leaves. Temperature was held at 21°C and humidity was kept above 58% and 

below 65%. Photon flux density was held at 300 ϟÔÖÓɯÔ-2 s-1 with 10% blue 

light. In cases where the leaf did not fill the chamber, leaf area was measured 

and a correction made in subsequent analysis. To assess stomatal response to 
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CO2 conductance was stabilised at 500 ppm for 40 minutes, CO2 was then 

shifted to 1000 ppm for 50 minutes to stimulate stomatal closing, and then to 

100ppm for 50 minutes to stimulate stomatal opening. 

 

2.12.4 Blue light induced stomatal opening 

Fully expanded leaves were acclimatised at 400 PPM CO2, 60% humidity and 

21°C in the presence of 300 ϟÔÖÓɯÔ-2 s-1 PPFD containing 0% blue light for 40 

minutes. At this point the light regime was changed to contain 30% blue light 

for 30 minutes and then changed back to 0% blue light for a further 25 

minutes. 

 

 Thermal imaging  

Thermal imaging was conducted using a FLIR thermal imaging camera. For 

thermal images in (Chapter 4) a FLIR SC660 camera was used and for all 

other thermal images a FLIR T650SC camera was used. Plants were imaged 

in the growth chamber to minimize alterations to plant temperature by 

changes to the environment. The background was imaged for 20 minutes 

before placement of plants to ensure that the background temperature was 

stable. The camera was positioned 1 m above the leaf rosettes and emissivity 

was set to 0.965 as previously described (H. G. Jones et al., 2003). Images 

were analysed using researchIR software and the average temperature of the 

8 largest leaves was taken, for cases where there are less than 8 leaves every 

leaf was measured. 

The analysis was verified by comparing the average temperature of the 8 

largest leaves to the average temperature of the entire rosette when traced 

around and results were within 0.2 °C of each other.  
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 Atomic force microscopy of leaf tissue 

Plants were grown on media or soil as described in section 2.2.2 and allowed 

to reach 21 days old before sampling. Tissue was excised from the plant and 

fixed onto microscope slides using a variety of fixation techniques . Samples 

were then imaged under liquid using an Asylum MFP -3D atomic force 

microscope mounted on an inverted optical microscope. Silicon nitride 

cantilevers (SNL, Bruker, UK) were used with a 2 nm diameter sharp tip. A 

nominal stiffness of 0.35 Nm-1 and nominal resonant frequency 65 kHz, 

although this was measured every time to account for variation in the tip 

construction. Prior to scanning biological samples, a reference force curve 

was acquired by using a glass microscope slide. This is an incompressible 

surface meaning the deflection purely reflects the properties of the cantilever 

and allows the software to calculate the sample deflection in (nm/V).  

Samples were scanned using contact mode and topographical images were 

captured using a set point of 1V at a speed of 1 Hz. Once an area of interest 

has been identified a force map was captured (50x50 points) with a deflection 

trigger point set at 150 nm at a speed of 1 Hz.  

2.14.1 Viability of AFM samples 

It is important that samples imaged using the AFM are still alive. To test this, 

we used fluorescein diacetate (FDA) staining. FDA is taken up by cells and 

converted into fluorescein which fluoresces green. This conversion is esterase 

dependant so can be used to indicate viable cells. Leaf samples were 

harvested and imaged by AFM prior to staining to ensure that leaves were 

stil l viable after the AFM treatment.  
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 Sample preparation for TEM 

Samples were harvested, fixed and dehydrated as in 2.6.1 except that instead 

of fixing in 4% formaldehyde fixative samples were fixed in 2.5% 

glutaraldehyde in 0.1M sodium cacodylate (pH 7.0). TEM was carried out by 

Chris Hill at the Sheffield Electron Microscopy unit.  

 Histological analysis using toluidine blue 

Samples were harvested, fixed and dehydrated as in 2.6.1. Samples were 

sectioned as in 2.6.2 and stained by incubation in 0.5% (w/v) toluidine blue in 

water for 1 minute. Samples were then rinsed with water and imaged using 

an Olympus BX51 microscope.  
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Chapter 3. Analysis of guard cell 

wall composition by 

immunocytochemistry 

 Introduction 

Guard cells are highly specialised cells and have distinct properties which 

enable them to carry out their function. During stomatal opening the guard 

cells undergo substantial changes in size, shape and intercellular pressure. 

Crucially these changes must be reversible in order to allow the stomata to 

close again. The internal turgor pressure can reach as high as 5 MPa during  

stomatal opening (Franks et al., 2001) and this internal pressure is crucial for 

driving the shape change required for stomatal opening (Raschke, 1975). The 

guard cell wall must fulfil two key, and seemingly oppo sed, functions; 

firstly, it needs to remain flexible enough to allow the requisite changes in 

cell size and to accommodate the large change in shape without tearing. 

Secondly it must be strong enough to withstand the huge pressure which 

builds up without t he cell bursting. As the major structural component of the 

cell it is logical that the cell wall must dictate the mechanical properties of the 

cell. These mechanical properties will be key to guard cells being able to 

carry out their function (Franks et al., 1998). Despite the clear importance of 

guard cell walls to the correct functioning of stomata very little is known 

about the composition of guard cell walls. It is an interesting proposition to 

manipulate the guard cell walls but before we do this it is crucial to 

ÜÕËÌÙÚÛÈÕËɯÞÏÈÛɯɁÕÖÙÔÈÓɂɯÎÜÈÙËɯÊÌÓÓɯÞÈÓÓÚɯÓÖÖÒɯÓÐÒÌȭ 
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3.1.1 Guard cell walls  

Guard cell walls are known to be anisotropic, with radially oriented cellulose 

microfibrils radiating from the ventral side adjacent to the pore purportedly 

acting to guide the direction of cellular expansion perpendicular to the 

cellulose orientation during stomatal opening (Aylor et al., 1973). In addition 

to cellulose it has been noted that there are asymmetric cell wall thickenings 

on the ventral (see Figure 3.1 for definition of stomatal anatomy) side of 

stomata (Zhao and Sack, 1999). This anisotropy is reported to be the cause of 

cell bending during stomatal opening; the anticlinal cell walls on the dorsal 

side can stretch more than the anticlinal ventral walls and this causes the 

stomata to bend open as opposed to simply elongating.  

 

Classical modelling of stomatal mechanics has tended to focus on 

asymmetric thickening and its role in stomatal shape change or on radially 

orientated cellulose. Rubber balloon models (Aylor et al., 1973) and 

rectangular beam models (DeMichele and Sharpe, 1973) have shown that 

asymmetric thickening, where the ventral walls are thicker than the dorsal 

walls, coupled with changes to internal turgor pressure is sufficient to cause 

 

Figure 3.1. Anatomy of guard cells. A) View looking down on a stomata showing the dorsal and 

ventral cell walls and the poles. B) Transverse section of a stomata showing the upper and lower 

periclinical walls  
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opening and closing of the guard cells. These models tend to rely on a 

number of key assumptions which do not generally hold true. The key 

assumptions made are that the cell wall material is uniform and that 

individual cellulose strands act independently of each other, meaning that 

there are no lateral pressures acting between them (DeMichele and Sharpe, 

1973). It is clear that cell walls are not uniform materia ls and it is known that 

hemicelluloses and pectins interact with the cellulose network causing 

crosslinking (Wang et al., 2012; Zykwinska et al., 2005). It is not known to  

what extent the heterogeneity of the guard cell wall and its composition 

impact on stomatal movement.  

Very little is known about the finer structure of stomatal cell walls. It has 

been shown that pectins are abundant in the guard cell wall (Jones et al., 

2005; L. Jones et al., 2003) especially unesterified pectins (Majewska-Sawka et 

al., 2002). It was also shown that guard cell wall arabinan is essential for 

guard cell function, removal of arabinans leading to the locking of stomata so 

that they did not change shape in response to normal triggers (L. Jones et al., 

2003). It has been hypothesised that the presence of arabinan side chains on 

the pectin prevents close association between the pectin chains and thus 

contributes to the maintenance of cell wall flexibility required for shape 

change. Callose is also known to be present in guard cells (Peterson et al., 

1975) and it has been suggested that rapid removal and deposition of callose 

can occur during stomatal opening and closure, at least in ferns (Apostolakos 

et al., 2010). This suggests that during guard cell wall openin g and closing 

rapid cell wall remodelling could occur to accommodate the stresses placed 

upon the cell wall.  

Lignin has been identified in the guard cells of some species such as corn and 

ferns (Srivastava and Singh, 1972). The lignin network is extremely complex 

and has been the subject of several extensive reviews (Boerjan et al., 2003; 

Bonawitz and Chapple, 2010; Vanholme et al., 2010). Elliptical stomata, such 
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as those in A. thaliana, do not test positive for lignin (Peterson et al., 1975; 

Sack and Paolillo, 1983), indicating that this component is not a feature of 

these stomatal cell walls. For this reason, lignin is not covered further in this 

work.  

3.1.2 Antibody labelling of cell wall components 

Antibodies have long been used for the detection of cell wall epitopes. 

Libraries of monoclonal antibodies have been raised against numerous 

specific epitopes of cell wall components.  

To date very few studies have used antibodies against cell walls of guard 

cells. As discussed above, Majewska-Sawka et al used immunolabelling to 

demonstrate the presence of pectin-related polymers in the guard cells 

(Majewska-Sawka et al., 2002) and Jones et al showed that pectic polymers 

and also side chains, such as arabinans were abundant in the guard cells (L. 

Jones et al., 2003). Biochemical analysis of guard cell pectin carried out in the 

same group showed that enzymatic modification of the pectin network has 

implications for guard cell function (Jones et al., 2005). This chapter aims to 

utilise a wide range of monoclonal antibodies to determine the composition 

of guard  cell walls and to investigate if the stomatal cell wall changes to 

facilitate guard cell movement  

 

3.1.3 The guard cell cuticular ledge 

Guard cells have defined cuticular ledges which are located on the join 

between the upper periclinal walls and the ventral wa lls (see Figure 3.2). It 

has been shown that cuticle is hydrophobic and it is thought that the main 

role of the cuticular ledge is to prevent water ingress through ope n stomata 

(Li et al., 2007; Macgregor et al., 2008). When stomata close the cuticular 

ledges press together, which is thought to aid in the sealing of the stoma to  
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Figure 3.2. Arabidopsis leaf cross-section with guard cells labelled (gc) indicating the cuticular 

ledges (cl) which protrude outwards from the stomata. Scale bars=20˃ m. 

minimize leakage of water, both in and out, through closed stomata. It is 

unclear whether the cuticle plays a role in prevention of pathogen entry 

through the stomata but some evidence exists to support this (Li et al., 2007). 

Very little is known about the structure of the cuticular ledges and greater 

knowledge could help inform studies into their function. The cuticle has been 

shown the be enriched in pectin (L. Jones et al., 2003) and it is suggested that 

the presence of unesterified pectin on the outer layer of the guard cell facing 

the environment could function to adhere the cuticle to the epidermis 

(Majewska-Sawka et al., 2002).  

Understanding guard cell wall structure may provide insights into stomatal 

function and make manipulation of the guard cell wall possible. In  this 

chapter a library of monoclonal antibodies to a wide range of cell wall 

epitopes is utilised to study guard cell wall composition.  

 

 Results 

3.2.1 Analysis of guard cell wall composition 

A broad screen was carried out using wild type plants to determine the  

suitability of immunolabelling as a technique to detect fine differences in cell 
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wall components of A. thaliana leaves. We looked at the binding of a wide 

range of antibodies to assess their binding in A. thaliana leaves.  

Hemicelluloses 

Binding of antibo dies against hemicellulose epitopes reveals a range of 

patterns. Several antibodies tested showed no binding in sections from 

mature leaves of A. thaliana plants. Figure 3.3 shows representative images 

for the hemicellulose antibodies which showed binding in 4 week old, 

untreated Arabidopsis leaf cross sections.  

LM10 (Figure 3.3.A) recognises relatively unsubstituted xylan (McCartney et 

al., 2005) and shows binding only in the developing xylem tissue. LM11 

(Figure 3.3.B) shows the same binding pattern as LM10 and recognises 

unsubstituted xylan, arabinoxylan and more extensively substituted xylan 

(McCartney et al., 2005). Neither antibody showed binding to the guard cells 

or epidermal cells.  

LM15 (Figure 3.3.C), LM24 (Figure 3.3.E) and LM25 (Figure 3.3.F) all 

recognise xyloglucan and show differing binding patterns. LM15 recogni ses 

the XXXG motif of xyloglucan (Marcus et al., 2008) and this antibody was 

found to bind exclusively to the epidermis. Much stronger binding was 

observed in the guard cells than in epidermal pavement cells and binding 

was stronger on the periclinal and ventral anticlinal walls, while little or no 

binding was observed on the dorsal anticlinal walls. No binding was 

observed elsewhere in the leaf. In contrast LM24, which recognises the XLLG 

motif of xyloglucan (Pedersen et al., 2012), shows no binding at all to leaf 

tissue. LM25 recognises a broader range of xyloglucan epitopes than LM24 

(Pedersen et al., 2012) and this showed strong guard cell and epidermal 

binding, with a weak signal observed in the me sophyll.  

LM21 (Figure 3.3ȭ#ȺɯÙÌÊÖÎÕÐÚÌÚɯϕ-linked mannans and provides recognition 

of mannan, glucomannan and galactomannans (Marcus et al., 2010). Broad 
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binding was observed in the leaf with signal present in the vasculature, 

mesophyll and the epidermis, including guard cells. Binding in the 

mesophyll is extensive, even more so than the calcofluor. In the epidermis 

the converse is true, with binding being limited to narrow strips within the 

calcofluor signal.  

Very limited signal was observed in any of the controls hybridisations 

lacking the primary antibody ( Figure 3.3.G), with the exception of occasional 

chloroplast autofluorescence (see Appendix 1: A selection of control samples 

incubated with secondary antibody in the absence of primary antibody. . 
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Figure 3.3. Binding of hemicellulose antibodies.  Green channel is antibody signal and blue channel is 

calcofluor counterstain. (A) LM10 recognises unsubstituted xylan and is shown to bind only in the 

xylem. B) LM11 recognises xylan and arabinoxylan and is only observed in the xylem. C) LM15 

recognises the XXXG motif of xyloglucan. Binding was observed weakly in the epidermis and strongly 

in the ventral anticlinical guard cell walls. D) LM21 recognises heteromannan, glucomannan and 

galactomannan. Broad binding is observed in the mesophyll with patchy bind ing shown in the 

epidermis. Binding is relatively uniform throughout the guard cells. E) LM24 recognises xyloglucan, 

specifically the XLLG motif. Fluorescence was very faint and it is hard to determine if binding is 

substantially different from autofluores cence. F) LM25 recognises a range of xyloglucan motifs. Binding 

was strong in the guard cells and the epidermis. No binding was observed in the mesophyll but 

abundant chloroplast fluorescence may have obscured binding. G) Samples with no primary antibody 

show a low level of autofluorescence in the green channel. Images are representative from n=6 (2 

technical replicates). Exposure times for calcofluor imaging was 100ms, exposure times for antibody 

fluorescence ranged from 500ms to 1s with the NO antibody control being 1s.  
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Pectins 

 

Pectins are known to be abundant in A. thaliana but little is known about the 

distribution of specific pectin epitopes, especially within the guard cell walls. 

A range of monoclonal antibodies against pectin epitopes was tested against 

Arabidopsis thaliana leaves. The results show that homogalacturonan, as 

indicated by JIM7 which recognises a range of esterification states 

(Verhertbruggen et al., 2009a), is highly abundant in the leaves of A. thaliana 

(Figure 3.4.A). Broad binding is observed throughout the leaf and binding 

intensity appears to be even in all tissue types. LM19 recognises pectin which 

is relatively unesterified. In particular, it does not bind pectin in the presence 

of calcium and as such is used to indicate unesterified pectin which is not 

crosslinked (Verhertbruggen et al., 2009a). LM19 shows a similar binding 

pattern to JIM7 with signal throughout the leaf, including the stomata 

(Figure 3.4.E). LM18 was used to indicate partially esterified and unesterified 

HGA (Verhertbruggen et al., 2009a). Binding was absent from the guard cells 

despite being present in the rest of the leaf (Figure 3.4.D). Methylesterified 

pectin is indicated by LM20 (Verhertbruggen et al., 2009a). Weak binding 

was observed in the mesophyll with signal being limited to cellular junctions. 

Strong binding was observed in the epidermis, with signal being excluded 

from the guard cells (Figure 3.4.F). Calcium crosslinked pectin is recognised 

by the 2F4 antibody (Moller et al., 2008). Very little binding was observed in 

the leaf with this antibody ( Figure 3.4.G) with signal being limited to the 

mesophyll and junctions between epidermal cells.  LM5 recognises a linear 

epitope of  (1-4)-ϕ- -galactan (Jones et al., 1997). No signal was observed in 

the guard cells or mesophyll cells with binding being limited to the 

epidermis and vasculatu re (Figure 3.4.B). LM13 recognises linear (1-5)-ϔ-L-

arabinan (Verhertbruggen et al., 2009b) and overall showed very low levels 

of binding, including guard cell ( Figure 3.4.C). High levels of chloroplast 
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signal were observed with this antibody whereas very low  fluorescence was 

seen in control samples incubated with only secondary antibody ( Figure 

3.4.H). 
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Figure 3.4. Binding of pectin antibodies.  Green channel is antibody signal and blue channel is 

calcofluor counterstain. A) JIM7 recognises a broad range of HGA epitopes and is used as a general 

probe for pectic HGA. Strong binding was observed throughout all tissues i n the leaf. B) LM5 

recognises a linear epitope (1-4)-ϕ-█-galactan. Binding was observed in the epidermis and 

vasculature but appears to be absent from the guard cells. C) LM13 recognises linear (1-5)-ϔ-

L_arabinan. Binding was absent from the majority of th e leaf. Small amounts of binding was 

observed in the guard cells. D) LM18 recognises partially esterified and low -level esterified HGA. 

Binding was observed in the epidermis and in the mesophyll but was absent from the guard cells. E) 

LM19 recognises unesterified HGA. Binding was observed throughout the leaf being especially 

strong in the epidermis. F) LM20 recognises to methylesterified HGA. Bind was observed strongly 

in the epidermis but was absent from the guard cells. Mesophyll binding appears to be res tricted to 

cellular junctions. G) 2F4 indicates calcium crosslinked HGA. Weak binding was observed in 

epidermal cellular junctions. Binding was also observed in the vasculature but was almost entirely 

absent from the mesophyll. H) Samples with no primary a ntibody show a low level of 

autofluoresence in the green channel Scale bars=30˃ m. Images are representative from n=6 (3 

technical replicates per biological replicate) except for 2F4 which is n=3 (2 technical replicates per 

biological replicate ) 4 separate viewpoints were imaged per technical replicate and representative 

images displayed. Calcofluor images were all taken at 100ms exposure time and Antibody channel 

images were taken at 1s exposure time. 
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Other cell wall components 

 

While hemicelluloses and pectins are the main non-cellulose classes of cell 

wall components there are numerous other glycoproteins that are known to 

form part of cell walls. These components are less extensively studied than 

pectic and hemicellulose components. Monoclonal antibodies against a range 

of epitopes were tested for binding.  

JIM16 is known to recognise  arabinogalactan proteins which form part of the 

cell wall (Yates and Knox, 1994). Broad binding was observed in the vascular 

tissue and specific binding was observed in the outer epidermal cell walls 

(Figure 3.5.A). Interestingly, no binding was observed in guard cell walls and 

the epidermal cells flanking the guard cells sometimes showed less strong 

binding. LM2 also recognises arabinogalactan proteins but shows no binding 

outside of the vascular tissue (Figure 3.5.B). In contrast LM14, which also 

recognises arabinogalactan (Moller et al., 2008), was highly abundant 

throughout the section. Guard cells appeared to have increased intensity of 

binding of LM14 than neighbouring epidermal cells. Binding in the 

mesophyll was hard to identify due to high levels of chloroplast 

fluorescence. Vascular tissue showed especially strong binding of LM14 

(Figure 3.5.D).  

LM12 recognises feruloylated polymers which are known to be a component 

of the pectin and heteroxylan networks (Pedersen et al., 2012). This antibody 

showed strong binding in the vasculature and weak b inding to the outer 

epidermal cell walls ( Figure 3.5.C). Strong binding was observed in the 

guard cells on the ventral anticlinal walls and on the lower periclinal wa lls. 

No binding was observed in the anticlinal dorsal walls or in the upper 

periclinal walls. Interestingly, although this pattern was consistently 
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observed between replicates, a small number of stomata within each replicate 

showed no binding of LM12.  



 56 

  

Figure 3.5. Binding of o ther cell wall components. Green channel is antibody binding and blue 

channel is calcofluor counterstain. A) JIM16 recognises AGP and is observed in the vasculature and 

outer epidermal  walls B) LM2 recognises AGP and is observed only in the vasculature C) LM12 

recognises feruloylated polymers. Binding is limited to the epidermis. It appears to bind more 

strongly in the guard cells than neighbouring epidermal cells D) LM14 recognises AGP s and labels 

broadly, signal is stronger in guard cells than neighbouring epidermal cells E) No primary antibody 

showing low autofluorescence in the green channel.  Scale bars are 20˃m. Images are representative 

from n=6 (2 technical replicates). Exposure times were 100ms for calcofluor imaging and 1s for 

antibody imaging.  
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As the results above demonstrate a large number of antibodies showed 

binding to A. thaliana leaves, revealing a diversity of binding patterns. Not all 

of the antibodies tested showed binding and Table 3.1 lists these antibodies.  

 

Table 3.1. Cell wall antibodies which showed no binding in mature Arabidopsis leaves 

Antibody  Epitope  

LM1 Extensin 

LM6 (1-5)-ϔ-L-galactan 

LM7 Partially -esterified HGA  

LM8 Xylogalacturonan  

LM9 Feruloylated -(1-4)-ϕ-D-galactan 

LM16 RG-I associated processed arabinan 

LM22 ϕ-(1Ÿ4)-manno-oligosaccharides 

LM23 Non-acetylated xylosyl  

JIM4 Arabinogalactan protein  

JIM5 Arabinogalactan protein  

JIM8 Arabinogalactan protein  

JIM11 Extensin 

JIM12 Extensin 

JIM13 Arabinogalactan protein  

JIM14 Arabinogalactan protein  

JIM15 Arabinogalactan protein  

JIM19 Extensin 

JIM20 Extensin 

MAC205 Arabinogalactan protein  

PTD5 Heteroxylan  

PAM1 Long stretches of unesterified HGA  

 

Overall, it is clear from the images that pectic compounds are abundant 

throughout the leaf and guard cells appear to have distinct cell wall profiles.  
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3.2.2 Guard cell wall composition is distinct from epidermal 

pavement cells 

The above data identified a number of antibodies which bind to sections of 

Arabidopsis leaves. A number of these appeared to show distinct guard cell 

wall profiles while other components are clearly present in the guard cell 

wall but at a similar level to the neighbouring epidermal cells . A number of 

antibodies were studied in greater detail to elucidate guard cell wall 

structure. 

Pectin in the guard cell wall 

Antibodies against homogalacturonan (HGA) were looked at in greater 

detail (Figure 3.6). The JIM7 antibody against HGA recognises a wide range 

of esterification states and as such this antibody is used as a general HGA 

indicator. Strong guard cell binding is observed with JIM7 ( Figure 3.6.A) and 

this binding is of a similar intensity to surrounding epidermal cells.  2F4 

recognises blockwise de-methylesterified HGA which has been calcium 

crosslinked. Calcium crosslinked pectin is known to have a role in cell -cell 

adhesion and strengthening of the cell wall (Marry et al., 2006). 2F4 binding 

was only observed in the junctions between the guard cells and neighbouring 

epidermal cells in mature leaves (Figure 3.6.B) and binding did not extend 

into the guard cell wall.  

LM19 recognises HGA with low levels of methylesterification (around 20% 

(Verhertbruggen et al., 2009a)) and is present throughout the leaf. It appears 

to extend beyond the calcofluor signal, especially in the epidermal cells, 

suggesting that unesterified HGA may protrude outside the main body of 

the cell wall, possibly forming the middle lamella ( Figure 3.6.C). LM19 

binding mirrors the distribution of JIM7 and appears to be even more 

extensive. Although LM20, which recognises only highly esterified HGA, 

was observed throughout the epidermis and mesophyll, signal was relatively 
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weak. Binding was strongest at cell-cell junctions, especially in the epidermal 

cells adjacent to guard cells. LM20 was completely absent from guard cell 

walls (Figure 3.6.D) except for the cuticular ledges. LM5 (indicating (1 -4)-ϕ-

D-galactan) showed no binding to guard cell walls ( Figure 3.6.E). 

These data show that guard cell wall has a distinct pectin composition to that 

of the surrounding epidermal cells. The methylesterification status of HGA is 

clearly differentially regulated. It appears that only partially methylesterified 

HGA is present in the guard cell while neighbouring epidermal also have 

highly esterified HGA.  
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Figure 3.6. Antibody labelling of stomatal cell walls. Guard cells indicated by GC, epidermal 

pavement cells indicated by EP, substomatal cavity indicated by SSC. Green channel indicates 

antibody signal for binding of primary antibody, blue channel indicates calcofluor fluorescence (A) 

JIM7 recognises to a broad range of HGA methylesterification  and is present throughout the guard 

cell and epidermal cells (B) 2F4 indicates calcium crosslinked HGA characterised by long stretches 

of unesterified HGA residues and is only present in the junctions between guard cells and 

epidermal cells and between epidermal cells (C) LM19 indicates relatively unesterified HGA and is 

present throughout the guard cell (D) LM20 indicates highly  methylesterified pectin and is excluded 

from the guard cells (E) LM 5 indicates  (1-4)-ϕ-D-galactan and is present in the epidermal cells but 

absent from the guard cells (F) Control sample with no primary antibody  demonstrating low levels 

of autofluorescence. Scale bars represent 20µm. Images are representative from n=6 (2 technical 

replicates). Exposure times were 100ms for calcofluor imaging and 1s for antibody imaging.  
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Other guard cell specific components 

A small number of antibodies against non -pectic cell wall components also 

appeared to show guard cell specific patterns of binding. These were looked 

at in greater detail and the results described below.  

JIM16 recognises AGPs which protrude into the cell wall. A low level of 

guard cell binding was observed but signal was weaker than in the 

neighbouring epidermal cells ( Figure 3.7.A). Guard cell chloroplast 

fluorescence also leaked into the green channel meaning visualisation of the 

guard cell binding was challenging. LM14 also recognises AGPs but 

demonstrates a markedly different binding pattern. Strong binding was 

observed in the guard cells compared to very weak binding observed in the 

neighbouring epidermal cells ( Figure 3.7.C).  

LM12 recognises feruloylated polymers, a structura l component linked to the 

pectic network  (Jones et al., 2005). Guard cell binding was localised to the 

ventral periclinal walls and the ventral edge of the lower anticlinal wall. No 

binding was observed in the rest of the guard cell. Epidermal binding was 

observed but was significantly weaker than the guard cell binding ( Figure 

3.7.B).  

Xyloglucan was also present in the guard cell walls. LM25 (indicating XXLG 

and XLLG motifs) showed strong binding in the guard cells and the 

epidermis (Figure 3.7.E). LM15, which indicates the XXXG motif of 

xyloglucan is only present in the stomata and appears to show asymmetric 

guard cell distribution ( Figure 3.7.D). Binding is present on the ventral 

anticlinical and lower periclin ical guard cell walls only.  
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Figure 3.7. Non-pectic cell wall components show distinct guard cell binding profiles. Green 

channel is antibody binding and blue channel is calcofluor counterstain.  A) JIM16 recognises AGP 

and is present only in the outer epidermis. Binding is weaker in the guard ce lls than in neighbouring 

epidermal cells B) LM12 recognises feruloylated polymers. Binding is weakly observed in the 

epidermal cells but is strongly present in the ventral anticlinical walls. C) LM14 recognises AGP and 

demonstrates strong binding in the gu ard cells. D) LM15 recognises the XXXG motif of xyloglucan. 

Strong binding was observed in the ventral anticlinical cell walls and lower periclinical walls. No 

binding was observed on the dorsal or upper guard cell walls. E) LM25 recognises xyloglucan and 

showed strong epidermal binding including guard cells and cuticular ledges. F) Control sample 

with no primary antibody  demonstrating low levels of autofluorescence. Scale bars are 30˃m. 

Images are representative from n=6 (2 technical replicates). Exposure times were 100ms for 

calcofluor imaging and 1s for antibody imaging.  
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3.2.3 Composition of the guard cell cuticular ledge 

 The guard cell cuticular ledge was investigated using high magnification 

images of antibody labelled sections. Only a subsection of antibodies are 

shown here (see Appendix 2 for all antibodies which show no cuticular 

binding). For clarity, the antibody cha nnel is separated from the calcofluor 

channel.  JIM7 binding is seen in the cuticular ledges demonstrating that 

HGA is abundant in this region (Figure 3.8.A). LM20 binding indicates that 

highly methyl -esterified HGA is present in the cuticular ledge (Figur e 3.8.C) 

whereas there is no binding of LM19 (which recognises unesterified pectin 

(data not shown)). JIM5, which also recognises unesterified HGA, showed no 

cuticular binding (Figure 3.8.G) which is contrary to previous work (L. Jones 

et al., 2003; Majewska-Sawka et al., 2002). Arabinan is also present in the 

cuticular ledge, as indicated by LM13 binding (Figure 3.8.E). The cellulose 

network, as indicated by calcofluor binding, does not extend into the 

cuticular ledge (Figure 3.8.B, D, F, H, J). 
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Figure 3.8. Cell wall  components of the cuticular ledge are identified by antibody labelling. A) JIM7, 

indicating HGA, binding is present in the cuticular ledges B) Calcofluor binding indicating 

cellulose. C) LM20, indicating unesterified pectin, is present in the cuticular ledges despite not being 

present in the guard cells. D) Calcofluor binding indicating cellulose.  E) LM13 recognises linear 

arabinan and is found in the cuticular ledge of the guard cells. F) Calcofluor binding indicating 

cellulose.  G) JIM5 recognises unesterified homogalacturonan and no binding was observed in the 

cuticular ledges of the guard cells. H) Calcofluor binding indicating cellulose.  I) Sample labelled 

with no primary antibody shows lo w levels of autofluorescence in the cuticular ledges. J) Calcofluor 

binding indicating cellulose. Antibody images all taken with 1 second exposure. Images are 

representative from at least n=4 Scale bars= 20˃m. 



 67 

3.2.4 Unmasking cell wall components: Enzyme 

deconstruction 

Pectin, and in particular HGA, is highly abundant in the leaves of Arabidopsis 

(Zablackis et al., 1995). It has previously been shown that some cell wall 

components can be masked in immunocytochemical due to overlying pectins 

prevent antigen access, especially to xyloglucans (Marcus et al., 2008) and 

mannans (Marcus et al., 2010). Many of the antibodies tested here showed no 

binding in the initial screen, others showed punctate binding , while others 

showed limited binding (e.g. Figure 3.5.B) and it is possible that this is due to 

pectic masking of the underlying epitopes. To test this idea pectin was 

enzymatically removed and the primary antibody labelling repeated t o see if 

the observed patterns changed. Due to time limitations, enzymatic pre -

treatment was only carried out for a subset of antibodies. Table 3.1 lists the 

antibodies which showed no binding.  

Table 3.2 shows the effect of pectate lyase treatment on the subset of 

antibodies tested while Figure 3.9 shows representative images for the 

antibodies which showed changed binding patterns. A number of antibodies 

showed no change to their binding pattern at all and these images are not 

shown. LM19 and LM20 both demonstrated complete absence of binding 

following enzymatic removal of pectin ( data not shown).  
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Table 3.2. The effect of pectate lyase treatment on antibody binding 

No change 

to binding  

Increased 

binding  

Reduced 

binding  

JIM16 LM6 JIM7 

LM1 LM8 LM19 

LM5 LM13 LM20 

LM11 LM14  

LM16 LM25  

LM24   

PAM1   

LM21   

 

 JIM7 changes from strong binding prior without enzymatic treatment 

(Figure 3.9.A) to very weak binding following pectate lyase treatment ( Figure 

3.9.B). Some weak binding was observed still in 1 of the 4 replicates but this 

overall very weak signal indicates that pectin has been successfully removed. 

LM6 binding is very faint without enzymatic pre -treatment and it is hard to 

determine if this is substantially greater than autofluore scence (Figure 3.9.C). 

Following enzymatic treatment LM6 binds to the epidermis with an 

increased signal intensity being seen in guard cells (Figure 3.9.D). LM8 

shows no binding under normal conditions ( Figure 3.9.E) but following 

removal of pectin bindin g is observed uniformly across the epidermis, 

including the guard cells ( Figure 3.9.F).   
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Figure 3.9.  Pectate lyase treatment reveals masked cell wall epitopes. Left column shows samples 

incubated directly with antibody. Right column shows samples incubated with pectate lyase to remove 

pectin prior to antibody labelling. A) JIM7 labelling shows broad antibody lab elling. B) Pectate lyase 

treatment causes loss of JIM7 binding. C) No LM6 binding is observed only chloroplast fluorescence is 

seen. D) LM6 binding is observed in pectate lyase treated samples. Binding is weak in the epidermis 

but strong binding is observe d in the guard cells. E) No LM8 binding is observed. F) Pectate lyase 

treatment reveals LM8 binding in both the epidermis and the mesophyll. G) LM13 is observed weakly 

in the stomata and in the cuticular ledges. H) Pectate lyase treatment leads to stronger guard cell 

binding of LM13. Asymmetric guard cell binding is observed with much stronger binding on the lower 

periclinal and ventral anticlinal cell wall. Binding is also observed in the cuticular ledge and weak 

binding in the epidermis. I) LM14 shows wea k punctate binding in the guard cells and epidermal cells. 

J) Pectate lyase treatment reveals strong LM14 binding in the epidermal and in the guard cells. Strong 

binding is also observed in the cuticular ledges. K) LM25 weakly in the epidermis and shows st ronger 

ÉÐÕËÐÕÎɯÐÕɯÛÏÌɯÎÜÈÙËɯÊÌÓÓÚȭɯ+Ⱥɯ/ÌÊÛÈÛÌɯÓàÈÚÌɯÛÙÌÈÛÔÌÕÛɯËÖÌÚÕɀÛɯÊÏÈÕÎÌɯÛÏÌɯ+,ƖƙɯÉÐÕËÐÕÎɯËÐÚÛÙÐÉÜÛÐÖÕɯÉÜÛɯ

binding is much stronger in the epidermal cells meaning that guard cell binding and epidermal cell 

binding are equivalent. Images are representative of n=4 replicates (2 technical replicates). Image 

exposure times are all 1s. Scale bars= 20˃m. 
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3.2.5 Does the guard cell wall undergo rapid remodelling 

during opening and closing?  

A previous study has indicated rapid changes to callose deposition is 

possible and it was suggested that this was happening within the timeframe 

of stomatal opening and closing (Apostolakos et al., 2010). This suggests that 

there is a possibility that structural components within the cell wall could be 

remodelled in a rapid and dynamic manner in order to accommodate 

changes to guard cell shape and size.  

To test this idea, tissue was harvested from Col-0 plants and incubated in 

either opening buffer ( 2.10) or resting buffer containing 20 M˃ ABA in order 

to stimulate opening or closing of the stomata respectively. The tissue was 

then embedded and sections prepared as described in 2.6. A selection of 

monoclonal antibodies were applied to determine if any cell wall epitopes 

had changed between the treatments to indicate rapid remodelling of the 

guard cell wall during opening and closing. Figure 3.10 shows representative 

images for JIM7 (A-B), LM19 (C-D), LM20 (E-F) and LM25 (G-H). These data 

show no major changes to binding pattern or intensity between opening 

buffer (Figure 3.10-Left hand column) and resting buffer with ABA ( Figure 

3.10-Right hand column). The control lacking primary antibody ( Figure 

3.10.I-J) shows that there is no substantial autofluorescence caused by either 

treatment. This technique was repeated for a number of other antibodies, 

Appendix 3 summarises this data but no obvious change in pattern or signal 

intensity was observed. These data indicate that no large scale cell wall 

remodelling is occurring during stomatal opening and closure.  
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Figure 3.10. Antibody labelling comparing opened and closed stomata. Left column shows samples 

incubated in opening buffer while right column indicates samples incubated in closing buffer 

containing 20 M˃ ABA. No differences are observed between the treatments for any of the antibodies 

A) JIM7 and opening buffer. B) JIM7 with closing buffer. C) LM19 with opening buffer. D) LM19 with 

closing buffer. E) LM20 with opening buffer. F) LM20 with closing buffer. G) Lm25 with opening 

buffer. H) LM25 with closing buffer.  I) No antibody control with opening buffer. J) No antibody 

control with closing buffer. Samples are representative images from n=4. Exposure time for all images 

is 1s. Scale bars=20˃m. 
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 Discussion 

In this chapter guard cell walls are characterised using an immunolabelling 

technique. This has enabled the visualisation of cell wall components within 

the guard cells and allowed comparisons with other cell types.  

The general antibody screen showed that a wide range of cell wall 

components can be detected by antibody binding in Arabidopsis leaves. It is 

important to understand the limitations of such a technique to avoid over 

interpretation of data. Some antibodies tested did not bind, or showed 

sporadic binding. Some of the antibodies were not designed for use with A. 

thaliana, often being raised against rice or cotton epitopes, which may explain 

why some antibodies did not show a signal. It is also possible that the soluble 

cell wall components, such as some glycoproteins, are lost during the fixation 

and embedding process. There is also the issue of abundant cell wall 

components masking less abundant components by restricting antigen access 

and this issue is discussed in more detail later. Due to these limitations it is 

impossible to conclude that the components associated with the antibodies 

which showed no binding (see A ppendix 2) are absent from the Arabidopsis 

guard cell wall.  

The antibody labelling technique does not allow for quantification of cell  

wall components, but rather relies on relative intensities within a single 

image. We can infer whether a guard cell has more or less pectin than the 

surrounding epidermal cells by the relative fluorescence intensities, however 

we cannot infer whether ther e is more pectin than, for example, xyloglucan. 

Some studies have utilised careful control of image capture settings to allow 

comparison of binding between samples by measuring pixel intensity, 

however this technique is fraught with difficulties. It still does not allow 

comparison between antibodies as it does not take into account relative 
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binding affinities or antigen access, as dictated by the cell wall structure and 

embedding technique.  Additionally, many epifluorescence systems use 

mercury or xenon arc lamps and the intensity of excitation decays over the 

lifetime of the bulb. Similarly, secondary antibody binding can become less 

intense over the lifetime of the aliquot, impacting on results acquired at 

different times. For these reasons any quantification of signal intensity was 

avoided in this project.  

Some cell wall studies have attempted to quantify cell wall components 

using mass spectrometry (Alonso et al., 2010). This approach can be highly 

informati ve but to utilise this with stomata would require the separation of 

guard cells from the rest of the epidermis , which is technically challenging. 

To separate guard cells and epidermal cells without interference from 

mesophyll cells would require laser diss ection microscopy, which is beyond 

the scope of this project.  

Despite these limitations antibody labelling can be a very informative 

technique. A key advantage of this method is that the cell wall remains 

intact. Extraction of cell wall components for mas s spectrometry or ELISA 

analysis can cause changes to the structure of cell wall components, for 

example methyl groups linked to acid residues in the pectin network are 

extremely sensitive to pH. Leaving the cell wall intact also provides spatial 

informati on about the distribution of cell wall components between and 

within cells. This spatial information within a single cell is especially relevant 

to guard cells which are known to have asymmetric cell walls (Zhao and 

Sack, 1999).  

 

3.3.1 Screening of antibodies 

Our results show that guard cell composition is clearly distinct from 

neighbouring epidermal cells. In particular, the pectin network showed 
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numerous differences. In addition to these whole cell differences there were 

also differences within individual guard cells. The most striking difference 

observed was the exclusion of highly esterified homogalacturonan (LM20  

labelling ) from the guard cells, which  implies that guard cell pectin is on the 

whole less esterified then epidermal cells. This pattern corroborates previous 

findings in Commelina (L. Jones et al., 2003) and Beta vulgaris (Majewska-

Sawka et al., 2002) but was important to confirm for A. thaliana. A definitive 

statement on the mechanical impact of this on the cell wall is hard to provide 

due to the technical challenges of directly measuring mechanical properties 

of guard cells (see Chapter 6 for more information) . In the guard cell there is 

no detection of blockwise unesterified pectin, with calcium crosslinks (2F4). 

It seems reasonable to assume that this means that guard cell pectin is 

demethylesterified in a random rather than blockwise manner. Classical 

views of pectin demethylesterification tend to suggest that less esterificat ion 

leads to a stiffening of the cell wall  as unesterified pectin can cause calcium 

cross-links , forming the  ÊÓÈÚÚÐÊÈÓɯɁÌÎÎɯÉÖßɂɯÚÛÙÜÊÛÜÙÌȭɯ'ÖÞÌÝÌÙȮɯÊalcium 

crosslinks only form on blockwise demethylesterified pectin . Non-blockwise 

demethylesterified pecti n can have a number of impacts on the cell wall. In 

pectin that is randomly de -methylesterified increased rigidity of the cell wall 

seems unlikely, however it is still possible . Theoretically, exposed 

galacturonic acid residues are able to incorporate side chains, such as 

arabinans (Wolf et al., 2009), which  may allow for greater crosslinking with 

the hemicellulose network. It has also been shown that the action of 

polygalacturonases on de-methylesterified pectin can produce short 

fragments of pectin (OGAs) which are involved in cellular signalling  (Ridley 

et al., 2001). It has been shown that OGAs can induce cell wall stiffening by 

the induction of peroxidase enzymes which induce crosslinking in both the 

pectin and hemicellulose networks  (Bruce and West, 1989). In contrast, a 

reduction in rigidity in de-methylesterified pectin could  occur as 
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polygalacturonase has greater access to pectin that is demethylesterified. It is 

important to note that it is not simply access to the pectin which modulates 

the activity of PGA but also pH  (Denès et al., 2000), Demethylesterification of 

pectin leads to the release of protons into the apoplast which could alter the 

pH and thus change the action of cell wall remodelling enzymes (Catoire et 

al., 1998a). Alternatively, e xposed carboxyl groups as a result of 

demethylesterification c ould  incorporate water , causing hydrat ion of the 

pectin network and increasing its flexibility. LM5 antibody binding, which 

indicates linear galactans, was excluded from the stomata but present in the 

epidermis. The implications of this are unclear but linear galactans are 

thought to be a component of the RGI network, the HGA network is known 

to predominate in Arabidopsis (Zablackis et al., 1995), so it is possible that 

there is little or no RGI in the guard cells, although it is also possible that it is 

simply the linear galactan side-chains that are lacking. 

Guard cell walls have long been known to be anisotropic . For example, it was 

shown as far back as 1891 that guard cell walls are asymmetrically thickened , 

with ventral guard cell walls (pore facing) being thicker than the dorsal cell 

walls (Jennings and Hall, 1891). More recently is was shown that cellulose 

microfibrils have  a distinct radial orientation (Palevitz and Heple, 1976). The 

rings of cellulose cause anisotropy across the whole cell, guiding the 

direction of cell expansion  to maintain the cylindrical shape of guard cells, 

while the thickenings cause the cell to bend to create a pore (Marcus et al., 

2001). This chapter demonstrates that other cell wall components also have 

asymmetric distributions , suggesting that the shape changes observed in the 

guard cells are not simply a function of uneven cell wall thickenings. For 

example, feruloylated polymers, as indicated by antibody LM12 binding , 

were found to be present only in the ventral walls of guard cells. Ferulic acid 

is known to have a role in cross-linking of pectin, especially the arabinan side 

chains which are prevalent on RG-I but also to a lesser extent in the HGA 
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network. It is possible that guard cell pectin on th e ventral side is cross 

linked to a greater extent than the dorsal side, which  would contribute to the 

rigidity of the ventral cell walls which is necessary to cause the guard cells to 

bend during opening. Interestingly it was observed that occasionally th e 

LM12 antibody showed no binding in the stomata. It is not clear why this is 

the case but it could be due to the developmental stage of the stomata. 

Following on from this, it is not clear how the pattern of guard cell epitopes 

changes during development. Stomata are functional from very early in 

development so it is likely that the main cell wall profile is established early 

on, however there is scope for some epitopes to change throughout 

development. Staging stomatal development based on cross-section is not 

possible. making it challenging to track guard cell wall structure throughout 

development. In the future this could be achieved by paradermal sections 

which makes estimating stomatal age easier and also allows identification of 

precursor cells.  

Xyloglucan distribution varied depending upon the epitope investigated. 

LM15, which recognises the XXXG motif of xyloglucan, showed a similar 

pattern to LM12, with no binding on the dorsal or periclinal walls of the 

guard cell. LM25, on the other hand, which r ecognises the XLLG or XXLG 

motifs showed broad binding, indicating an even guard cell distribution. 

Xyloglucan has been shown to interact with cellulose microfibrils and is 

thought to function to tether microfibrils together. It has been shown that an 

increase in the number of xyloglucan tethers causes the cell wall to increase 

in rigidity  (Burgert, 2006). Xyloglucan has previously been implicated in 

stomatal function where it was proposed that they function as tethers 

between radially orientated cel lulose microfibrils in the guard cells in order 

to limit cell elongation during opening and closing (Rui and Anderson, 2016). 

It is possible that the asymmetric binding distribution of xyloglucan epitopes 

contributes to the asymmetric cell wall stiffness across the stomata which 
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leads to the bending of guard cells during opening. It is not known what the 

structural function of each motif of xyloglucan is in the cell wall. However, 

XXXG is a less branched xyloglucan structure than XXLG or XLLG, so it is 

possible that unbranched xyloglucan has greater cross-linking attributes than 

its more branched counterparts. 

The distinct cell wall profile of guard cells appears to corroborate previously 

held ideas regarding stomatal opening. It is possible that the pectin network 

and the cellulose network linked to  xyloglucans is more rigid on the ventral 

side of the stomata than the dorsal, which  might  act to make the guard cells 

bend during cell expansion , leading to opening of the central pore.  

 

3.3.2 Revealing hidden guard cell wall epitopes 

Enzymatic removal of pectin caused a change in the binding pattern of some 

epitopes. The fact that the pectin antibodies (JIM7, LM19 and LM20) 

completely disappeared indicated that pectin has been successfully removed. 

LM6 and LM8 antibodies went from no binding to widespread binding, 

indicating that these epitopes were completely masked by the pectin. LM6, 

which recognises linear arabinan, shows much stronger binding in the 

stomata than in the epidermis after pectate lyase treatment. Previous work 

has shown arabinans to be crucial to the correct functioning of stomata (L. 

Jones et al., 2003), and that arabinan is present in the guard cells of 

Commelina. Interestingly enzymatic pre -treatment of Commelina was not 

required to observe LM6 binding suggestin g that in this species there is 

greater antigen access.  
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3.3.3 Elucidating the structure of the guard cell cuticular 

ledge. 

The structure of the cuticular ledge has remained ambiguous. It has been 

shown to be rich in lipids and phenolics (Karabourniotis, 2001), which is 

consistent with it being cuticle rather than an extension of the cell wall. 

However, a previous study (L. Jones et al., 2003) has shown that there are 

also some cell wall components present in the ledges, particularly pectins.  

In this chapter we confirm the result shown in Beta vulgaris (Majewska-

Sawka et al., 2002) and Commelina (L. Jones et al., 2003) indicating the 

presence of pectin in the guard cell cuticular ledges ( 

Figure 3.8) My results contrast to those previously shown using the JIM5 

antibody (which recognises unesterified HGA) that there was no binding in 

the cuticular ledge. JIM5 appears to show no consistent binding in A. 

thaliana so it is possible that this antibody is non -functional in this species. 

Our data is corroborated by the fact that LM19, which binds abundantly in 

A. thaliana and also recognises unesterified pectin, does not show any 

binding either. LM20 shows strong binding in the cuticular ledges, indicating 

the presence of highly esterified pectin. This is the opposite to previous 

finding that unesterified pectin was a component of the cuticular ledge 

(Jones et al., 2005). It is unclear whether this disparity in results is due to 

innate differences between A. thaliana and Vicia fabia or due to the advent of 

more specific pectin antibodies in the time between the studies. LM19 and 

LM20 are now recommended in the place of JIM5 and JIM7 due to their 

greater preference for unesterified and highly esterified pectin, respectively 

(Verhertbruggen et al., 2009a).  
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3.3.4 Conclusions 

The data in this chapter has shown that guard cell wall composition is 

distinct from surrounding epidermal cells and suggest that cell wall 

composition does not change during stomatal opening and closing. To 

investigate the potential function of these patterns of cell wall epitopes I took 

a molecular genetic approach, described in the next chapter. 



 81 

Chapter 4. Analysis of a pectin 

methylesterase mutant 

 Introduction 

In the previous chapter, guard cell walls were shown to have distinct pectin 

profiles in comparison to neighbouring epidermal cells. A lack of highly 

esterified pectin in the guard cells compared to neighbouring epidermal cells 

suggests a role for guard cell pectin in stomatal function. As already 

discussed, arabinan has previously been implicated in stomatal opening and 

closing (L. Jones et al., 2003) and it is hypothesised that this arabinan is part 

of the pectic network. Pectin is known to have roles in plant mechanics but it 

is unclear how this fu nctions in the guard cell.  

 

Pectin in plant mechanics 

The role of pectin in the mechanical properties of plants has been widely 

discussed (Braybrook et al., 2012; Palin and Geitmann, 2012; Peaucelle et al., 

2011). It is known that composition of pectin has an important role in fruit 

ripening (Brummell and Harpster, 2001) plant defence (Lionetti et al., 2012), 

morphogenesis (Palin and Geitmann, 2012) and organ formation (Braybrook 

et al., 2012; Peaucelle et al., 2011). Early research focused on the cleavage and 

degradation of pectin (Ahmed and Labavitch, 1980; Gross and Wallner, 1979) 

and it is known that breakdown of the pectin network leads to a softe ning of 

plant tissues (Brummell and Harpster, 2001). It is becoming increasingly clear 

that fine alterations to the microstructure of the pectin has crucial roles in the 

regulation of cell wall mechanical properties.  
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Homogalacturonan (HGA) is the predominant form of pectin in A. thaliana 

and is synthesised at the Golgi apparatus and secreted to the cell wall in a 

predominantly methylesterified state ( Figure 4.1.A (Sterling et al., 2001; 

Zhang and Staehelin, 1992)) as discussed in Chapter 1. At the cell wall 

homogalacturonan is progressively demethylesterif ied (Hongo et al., 2012) 

by the pectin methylesterase family of enzymes (PMEs) which are in turn 

regulated by the pectin methylesterase inhibitor family of enzymes (PMEIs). 

Demethylesterification of HGA alte rs the way in which the pectin network 

functions and how it interacts with other cell wall components. The many 

ways in which pectin can be affected by demethylesterification make it hard 

to predict the outcome of altering a PME/PMEI gene.  

 

The PME/PMEI family of genes: Regulation of homogalacturonan 
demethylesterification  

PME genes are shown to have diverse, and often contrasting functions in 

plants. Early studies on pectin esterification were often carried out in fruits, 

such as tomatoes due to the role of pectin in fruit ripening. Pectin esterase 

enzymes in tomato are known to be highly expressed in green fruit but 

increase by 2-3 fold during fruit ripening (Ray et al., 1988) and it has long 

been shown that pectin esterases are associated with cellular integrity in fruit  

possibly by the regulation of cation availability in the fruit (Tieman and 

Handa, 1994). Demethylesterification of pectin by PME genes has been 

associated with increased mechanical strength and cell wall rigidity. 

Knockout of PME35 in A. thaliana led to reduced mechanical strength in the 

stems indicating that PME35 mediated demethylesterification regulates the 

stem mechanical properties (Hongo et al., 2012). A reduction in PME activity 

in kiwi due to exogenous PMEI treatment caused an increase in root 

elongation and induced pollen tubes to burst suggesting that kiwi PME was 

responsible for mechanical integrity of cell walls in roots and pollen tubes 
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(Paynel et al., 2014), additional ly a reduction in pectin esterification in 

Arabidopsis had the opposite effect leading to reduction in cell growth and 

hypocotyl extension in Arabidopsis (Derbyshire et al., 2007) suggesting that 

demethylesterification of pectin can also lead to decreased extensibility of the 

cell wall and increased mechanical strength. In addition  

demethylesterification of pectins has been shown to be associated with a 

decrease in the rigidity of cell walls which preceded organ outgrowth in 

Arabidopsis primordia (Peaucelle et al., 2011) and disruption of 

demethylesterification by PMEI overexpression has been shown to restrict 

organ formation leading to altered phyllotaxy (Peaucelle et al., 2008). This 

softening was shown to be mediated by auxin but inducible overexpression 

of PMEI3 was shown to disrupt auxin transport prote ins leading to disrupted 

organ formation (Braybrook and Peaucelle, 2013). It is likely that the mode of 

demethylesterification is important in determining if cell wall softening or 

stiffening occurs. Blockwise demethylesterification has been show to lead to 

formation of calcium cross-linked gels leading to incr eased rigidity (W. G. 

Willats et al., 2001) whereas random demethylesterification makes HGA 

more susceptible to enzymatic degradation (Kars et al., 2005). This explains 

why fungal PME genes have a random (multiple attack) mode of 

demethylesterification (Duvetter et al., 2006; Limberg et al., 2000).  

The PME/PMEI family are a large gene family containing at least 137 genes in 

Arabidopsis thaliana (M. Wang et al., 2013) and several other putative gene 

candidates. PMEs remove the methyl side group from galacturonic acid 

residues leading to an exposed carboxylic acid group, the release of methanol 

and a proton (W. G. T. Willats et al., 2001) Figure 4.1B)). This release of 

protons causes a change in the apoplastic pH which in turn can modulate the 

activity of the PME family and other cell wall modifying enzymes which are 

known to be pH sensitive (Denès et al., 2000). 
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/,$ɀÚɯÊÈÕɯÈÊÛɯ×ÙÖÎÙÌÚÚÐÝÌÓàȮɯÞÏÌÙe large stretches of galacturonic acid 

residues are sequentially demethylesterified, or randomly where individual 

galacturonic acid residues in sporadic locations are demethylesterified. It 

ÞÈÚɯÐÕÐÛÐÈÓÓàɯÛÏÖÜÎÏÛɯÛÏÈÛɯÖÕÓàɯÍÜÕÎÈÓɯ/,$ɀÚɯÊÈÙÙÐÌËɯÖÜÛɯÙÈÕËÖÔɯ

demethylesterification ȹ,ÈÙÒÖÝÐùɯÈÕËɯ*ÖÏÕȮɯƕƝƜƘȺ to allow 

polygalacturonases to gain access to the pectin backbone during plant 

ÐÕÍÌÊÛÐÖÕɯÈÕËɯÛÏÈÛɯÈÓÓɯ×ÓÈÕÛɯ/,$ɀÚɯËÌÔÌÛÏàÓÌÚÛÌÙÐÍÐÌËɯÓÐÕÌÈÙÓàɯÛÖɯÈÓÓÖÞɯ

calcium crosslinking as a mechanism for strengthening cell walls (Marry et 

al., 2006). More recent studies have revealed that some plant PMEs act 

randomly while some act linearly (Denès et al., 2000; Micheli, 2001), and it 

has been shown that some can act both linearly and randomly depending on 

apoplastic pH (Denès et al., 2000). Regulation of PME activity by pH is also 

dependent on the level of methylesterification (Catoire et al., 1998b). 

PME/PMEI genes can be classified, based upon the presence of highly 

conserved domains ȹ,ÈÙÒÖÝÐðɯÈÕËɯ)ÈÕÌðÌÒȮɯƖƔƔƘȰɯ,ȭɯ6ÈÕÎɯÌÛɯÈÓȭȮɯƖƔƕƗȺ into 3 

dÐÚÛÐÕÊÛɯÊÓÈÚÚÌÚȯɯ/,$ɀÚȮɯÊÖÕÛÈÐÕÐÕÎɯÛÏÌɯ/,$ɯËÖÔÈÐÕȰɯ×ÙÖ/,$ɀÚɯÈÕËɯ/,$(ɀÚȭɯ

3ÏÌɯ×ÙÖ/,$ɀÚɯÊÖÕÛÈÐÕɯÈɯ/,$ɯËÖÔÈÐÕɯÈÕËɯÈÕɯÈËËÐÛÐÖÕÈÓɯ×ÙÖɯËÖÔÈÐÕɯÞÏÐÊÏɯ

has similarities to the PMEI domain suggesting an auto-regulatory role. 

3ÏÌÙÌɯÈÙÌɯƖƗɯ/,$ɀÚȮɯƘƗɯ×ÙÖ/,$ɀÚɯÈÕËɯƛƕɯ/,$(ɀÚɯÐËÌÕÛÐÍÐÌËɯÐÕɯA. thaliana 

ȹ,ÈÙÒÖÝÐðɯÈÕËɯ)ÈÕÌðÌÒȮɯƖƔƔƘȰɯ,ȭɯ6ÈÕÎɯÌÛɯÈÓȭȮɯƖƔƕƗȺ.  

The extensive and complex nature of the pectin network combined with the 

size of the PME/PMEI gene family and their  contrasting roles in plant 

processes makes the study of pectin methylesterification challenging. In 

addition, access to pectin is limited as chemical extraction can cause changes 

to cell wall components altering cell wall conformation.  
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Figure 4.1. Schematic representation of homogalacturonan and the possible activities of PMEs. A) 

Homogalacturonan is highly methylesterified when synthesised. B) PME catalyses the removal of a 

methyl side group lead ing to the release of methanol and a proton. C) Random 

demethylesterification allows pectin hydration reducing the rigidity of the cell wall. D) Blockwise 

demethylesterification can allow access to pectin degrading enzymes such as polygalacturonase 

which can lead to either pectin degradation and cell wall softening or the production of small 

crosslinked pectin fragments used in defence response signalling causing downstream cell wall 

changes. Alternatively, blockwise demethylesterification can allow extensi ve calcium crosslinking of 

intact pectin leading to increased cell wall stiffness. 

 

 

In this chapter an A. thaliana loss of function mutant in a PME gene is 

characterised. It is hypothesised that disruption of the guard cell pectin 

network will alter the function of guard cells due to changes in cell wall 

mechanics.  
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 Results 

4.2.1 PME6 is expressed in mature guard cell 

To identify genes encoding cell wall proteins potentially expressed 

specifically in guard cells a microarray analysis (NASCARRAYS 29) was 

conducted by Lee Hunt to look at the expression of genes in whole A. thaliana 

leaves compared to epidermal fragments enriched in guard cells. A gene, 

AT1G23200, hereafter referred to as PME6, was identified as highly 

expressed in guard cells fragments compared to whole leaf samples.  

 

Table 4.1. Expression of PME6 in different tis sues. 

 Mean Guard cell signal Mean whole leaf signal 

AT1G23200 106.9 35.13333333 

 

Additional transcriptomic data analysis was carried out using the 

Arabidopsis EFP browser (Winter et al., 2007) as shown in Figure 4.2. 

Expression of PME6 was shown to be 80 times higher in the guard cells than 

whole leaves (Pandey et al., 2010) and 30 times higher than in mesophyll cells 

((Yang et al., 2008) Figure 4.2.C). Expression was also shown to increase 

following treatment with the drought stress hormone abscisic acid (ABA, 

(Figure 4.2.A-B)).   
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Figure 4.2. EFP browser data showing expression data for PME6. Darker colours represent higher 

gene expression level A) Expression in guard cells compared to whole leaves with and without 

50˃ M ABA, (Pandey et al., 2010) B) Expression in guard cell protoplasts and mesophyll protoplasts 

with and without 100˃a !.!Σ (Yang et al., 2008). C) Quantitative analysis of data from A and B, 

means=S.D, n=3.  
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4.2.2 Characterising a pme6-1 insertion mutant 

A T-DNA insertion mutant pme6-1 containing a transposon insertion in 

PME6 was identified from the Nottingham Arabidopsis Stock Cent re (NASC) 

(details of all plant lines used are in Appendix  4). The transposon insertion is 

located to an intron between the PME and proPME domains (Figure 4.3). As 

only one T-DNA insertion line was available from NASC, complemented 

lines in which PME6 was expressed under the control of the PME6 promoter 

in the pme6-1 mutant background, (hereafter r eferred to as proPME6::PME6) 

were created by Lee Hunt. These lines were used as controls in the 

experiments described below to confirm that the phenotypes observed 

reflected loss of PME6 function.  

 

Figure 4.3. The structure of the PME6 gene. White boxes represent UTR regions, Red boxes 

represent exon, green box shows putative PME domain, Blue box shows putative proPME 

domain (M. Wang et al., 2013), black lines represent intron. Location of transposon insertion is 

indicated by purpl e box. Primers used are marked. 

 

Figure 4.3 shows a gene model for the PME6 gene using data from TAIR 

(Arabidopsis.org). PME6 has a single PME domain (Figure 4.3, marked in 

green) and a proPME domain sharing significant sequence similarity to PMEI 

domains (M. Wang et al., 2013). The location of the transposon insertion is 

shown to map wit hin the intron in the PME6 gene. 

The location of primers used to genotype pme6-1 plants are marked in Figure 

4.3 (see Appendix 5 for a list of all primers used). The analysis revealed that 

pme6-1 is a homozygous line for the insertion ( Figure 4.4).  
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Figure 4.4. Genotyping of pme6-1 insertion line from NASC. The top gel has gene specific primers 

(PME6 Fwd ɬ PME6 Rev) and a single band is seen for WT L.er. The bottom gel has a forward 

primer for the insertion (DS5 -1) and the PME6 Rev primer. All 5 pme6 plants tested were 

homozygous for the insert.  

 

pme6-1 transcript expression was restored in complemented lines 

 

RT-PCR analysis performed on from leaf discs of 28 day old plants showed a 

total loss of PME6 transcript in pme6-1 mutants, indicating that the 

transposon insertion had caused a successful gene knockout. The 

complemented line (pPME6::pme6) showed a restoration of the transcript 

level to approximately WT level. RUB1 (RELATE TO UBIQUITIN 1 

CONJUGATING ENZYME 1  (Rao-Naik et al., 1998)) was used as a control 

gene and showed similar transcript level in all lines apart from the second 

proPME6::PME6 line.   
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Figure 4.5. Semi quantitative RT-PCR from leaf discs of Col-0, pme6-1 and pPME6::pme6 lines. 

Transcript levels are not detectable in pme6-1 plants but are restored to Col-0 like levels in 

complemented lines. RUB1 was used as a loading control.  

 

4.2.3 PME6 expression is restricted to mature guard cells  

To confirm that PME6 expression was localised to the guard cells in leaves 

plants expressing the pPME6::GUS fusion construct were created by Lee 

Hunt and Nagat Ali and kindly donated for use in this project. Histochemical 

localisation of  GUS expression was carried out in plants aged 21 days (Figure 

4.6). PME6:GUS expression was limited to the guard cells and to the 

hydathodes, which contain a high density of stomata ( Figure 4.6.C), as 

shown in Figure 4.6. These data indicate that PME6 is expressed 

predominantly i n the guard cells of A. thaliana leaves, consistent with a 

possible role in stomatal functioning.  
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Figure 4.6. GUS histochemical staining showing localisation of pme6-1. A and B show GUS 

localisation of the pme6-1 gene to the stomata in mature leaves (28day old plants). C) Shows GUS 

localisation to hydathodes in a developing Arabidopsis leaf. Scale bars represent 30µm 

 

The GUS data show that PME6 is specifically expressed in guard cells of 

mature leaves and that no localisation occurs in stomatal precursor cells. This 

suggests that PME6 is unlikely to be involved in the initial formation of the 

guard cell wall, rather it is more likely to act afte r cell wall development, 

once the guard mother cell has undergone division. This was corroborated 

by EFP browser data analysis of PME6 expression in mutants with altered 
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epidermal patterning ( Figure 4.7). These data show that PME6 expression is 

relatively low in Col-0, which have normal epidermal patterning, and is even 

lower in spch and scrm-D mutants (which only have epidermal pavement 

cells and meristemoids respectively (Pillitteri et al., 2011)). In contrast scrm-D 

mute mutants (which are enriched for guard cells (Pillitteri et al., 2011)) show 

almost a fivefold increase in PME6 expression level compared to Col-0 

seedlings.  

 

Figure 4.7. EFP browser data showing expression level in whole 5 day old seedlings for a range of 

stomatal development mutants and col -0. Different mutants have different epidermal cell patterns, 

spch mutants only have pavement cells in the epidermis, scrm-D mute  only have meristemoids and 

scrm-D has only have guard cells in the epidermis. (Pillitteri et al., 2011) 

 

The above transcriptomic and GUS data suggest that PME6 is specifically 

expressed in mature guard cells after they have undergone the final 

symmetric division from a guard mother cell. This implies that PME6 acts 

only after the cell wall is complete.  
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 Growth data 

4.3.1 Seed characteristics 

pme6-1 plants appeared to grow normally; no leaf architecture or distinct 

morphological changes were noticed. Seed size and weight was analysed and 

no difference was found between the lines (Figure 4.8.A-C). Seed viability 

was also not changed as judged by germination rate (Figure 4.8.B), showing 

no difference between pme6-1 and WT L.er (Figure 4.8.A ANOVA p= 0.8236 

n=5). These results imply that any differences that may be observed in plant 

growth or development are not due to differences in seed quality.  
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Figure 4.8. pme6-1 seed characteristics are unchanged. A) Germination rate (as a percentage of 100 

seeds) is unchanged between the lines, ANOVA p=0.8236 n=5. B) Seed size is unchanged between 

the lines, ANOVA, p= 0.5169 n=75. C) Seed weight, each replicate point is based on an average of 100 

seeds. No difference was observed between any of the lines. ANOVA p=0.8482 n=10. Error bars on 

all treatments represent min to max values, means indicated by +. 
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4.3.2 Size is altered in pme6-1 plants at ambient CO2  

No obvious aberrant growth was observed in pme6-1 plants by eye. Rosette 

size was measured to check growth under different carbon dioxide regimes. 

Plants grown at ambient CO2 (400ppm) and elevated CO2 (1000ppm) were 

measured to determine if the pme6-1 mutant had any changes to overall size. 

Plants were measured at 32 days old when (under our growth conditions) 

the inflorescence stem was just becoming visible at the centre of the rosette. 

The same measurement was repeated at 40 days and there were no 

significant differences between the readings (data not shown), suggesting 

that the rosettes had stopped expanding and were fully mature.  

 pme6-1 plants were significantly smaller than WT plants at ambient CO 2 

concentrations (Figure 4.9.B). The complemented pPME6::pme6 plants 

showed a rosette size not significantly different to WT plants. When the WT, 

pme6 and pPME6::pme6 plants were grown under conditions of elevated CO 2 

there were no differences in rosette size between any of the lines with pme6-1 

tending to be the largest (Figure 4.9.C). Increasing CO2 concentration had the 

greatest effect on pme6-1 plants, causing an increase in size of 144% 

compared growth of pme6 plants grown under ambient CO2 (Figure 4.9.B), 

whereas WT plants showed only an increase in rosette size of 86% when 

grown under elevated CO2 (Figure 4.9.C). 
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Figure 4.9. pme6-1 plants are smaller than WT under ambient CO 2 but growth at elevated CO2 leads 

to plants attaining a similar size. Images of plants (genotypes as indicated) under ambient CO2 are 

shown in A (top row) and under elevate d (1000 ppm) CO2 in A (bottom row). Quantitation of total 

rosette area of plants grown under ambient CO2 (B) shows that pme6-1 plants achieve a smaller final 

size, whereas growth in elevated CO2 (C) leads to all plants reaching a similar mean size. In B, C 

error bars = s.e.m, n= 8 statistical differences determined by ANOVA, p<0.05. 
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4.3.3 Stomatal size and density in pme6-1 plants. 

It has long been known that alterations in stomatal density lead to changes in 

transpiration, plant size and development (Doheny-Adams et al., 2012). 

Similarly stomatal size has been shown to have an impact on plant growth 

(Drake et al., 2013). To investigate whether this could be having an impact on 

the pme6-1, plants size and density measurements were conducted on fully 

expanded leaves from 28 day old plants. No difference was observed in 

stomatal density in pme6-1 plants or proPME6:pme6 plants compared to WT 

plants at ambient CO2 or 1000ppm CO2 (Figure 4.10.A-B). Using stomatal 

complex length as a proxy for stomatal size, no differences were observed 

between any of the lines at either CO2 concentration ( Figure 4.10.C-D).  
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Figure 4.10. There are no differences in stomatal size or density in pme6-1. (A) Stomatal length in 

leaves from WT, pme6-1 and pme6-1 complemented plants grown under ambient CO 2 or (B) elevated 

(1000 ppm) CO2. (C) Stomatal density in leaves from WT, pme6-1 and pme6-1 complemented plants 

grown under ambient CO 2 or (D) elevated (1000 ppm) CO2. Columns indicate mean values, error 

bars = s.e.m. (n=5).  

 

 Assessing the functionality of pme6 

stomata 

The specific expression of PME6 in the guard cells suggests a potential role in 

stomatal function. As seen above, no differences in stomatal density or size 

were observed. To assess whether PME6 has a role in the regulation of 

opening and closing of stomata a number of aperture bioassays were 
































































































































































































































































































































































