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ABSTRACT 

What makes the ripe ‘Scifresh’ apple firm, and the ‘Royal Gala’ soft? The cell wall is important for 

providing structural integrity to fruit tissues during all stages of development. In the literature, cell wall 

changes during apple fruit ripening in storage have been extensively studied, but there is paucity of 

information regarding these changes during fruit growth. This study is the first to examine two cultivars 

of apple with different textures, during both fruit growth and ripening in storage, using an integrated 

approach of cell wall chemical composition analysis, enzyme activity assays, immunolabelling, 

microscopy and solid-state 13C NMR studies. The aim was to identify cell wall differences which could 

explain the difference in textures observed. In spite of comparable ethylene production, ‘Scifresh’ was 

able to remain firm and crisp during ripening in storage, whereas ‘Royal Gala’ softened more rapidly. 

Cell wall differences between the two cultivars were established early in growth (fruitlet), and majority 

of these differences occurred in the pectic domain. ‘Scifresh’ exhibited less pectin solubilisation, higher 

amount of galactose, higher degree of pectin methyl esterification, more polysaccharides strongly 

associated with cellulose and higher arabinan mobility. Enzymes β-galactosidase, α-

arabinofuranosidase and pectin methylesterase were more active in ‘Royal Gala’ fruitlet than 

‘Scifresh’, while activity of polygalacturonase was only detected in ripe ‘Royal Gala’ fruit but not in 

‘Scifresh’. Structurally, mature fruits of ‘Scifresh’ had larger cell sizes that appeared to be more 

angular shaped and more efficiently packed, which could contribute to increased intercellular adhesion. 

Knowledge of the cell wall components, structural properties and the growth stage of which is 

responsible for the development of different apple textures can be used as targets for breeding apple 

varieties with preferred textural attributes and longer storage life that fetch higher commercial value. 
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CHAPTER ONE 

General Introduction 

1.0 Apple fruit texture 

Texture is a primary quality attribute of fresh plant produce. Possession of a texture which is 

preferred by consumers is a defining indicator for acceptance of the fresh produce, and absence of this 

leads to loss of commercial value of the commodity. Advances in postharvest storage technology have 

enabled a continued supply of fresh commodities such as apples to the market, long after their normal 

shelf-life has passed, and this adds value to a seasonal crop. However, within an apple germplasm a 

wide diversity of texture exists (Oraguzie et al. 2007), and during ripening in storage, there can be 

substantial changes in texture, creating variation between apple cultivars (Johnston et al. 2001; Pena 

and Carpita 2004). In addition to a diversity of textures among apple cultivars, there can also be 

differences amongst individuals within a single progeny (Galvez-Lopez et al. 2012). The basis of the 

control and heritability of texture in apples is still not clearly understood. Fundamental understanding 

of the cellular and genetic bases of texture is essential for developing effective marker-assisted 

breeding programmes which can help introduce new and successful cultivars to the market. This is of 

economic importance, as apples are the third most highly produced fruit globally (FAO 2010), and in 

New Zealand, they account for the third largest horticultural export (Statistics New Zealand 2011). 

Knowledge in this field of understanding the genetic control of texture can be significantly advanced 

given the recent publication of the first sequence of the domestic apple genome (Velasco et al. 2010).  

The texture of apples in general arises from the various contributions made by the polymers of the cell 

wall, the way in which these polymers are assembled to provide the wall its structure and the cell its 

shape, the composition of the cells including sugars and water creating the turgor of the tissue, and the 

tissue morphology including air spaces, all of which come together to form the plant organ (Vincent 

1989; Waldron et al. 1997). The cell wall has been the main target for textural-related studies because 

its structure, composition and properties influence mechanical properties of a plant tissue, for example 

tissue hardness, crispness, softness, or mealiness in apples (Allan-Wojtas et al. 2003). Understanding 

how contributions of the cell wall result in a preferred texture in fruit is interesting because for some 

species of fruit such as kiwifruit and mango, the preferred texture is soft, but for apples the generally 

preferred texture is firm (Harker et al. 2008). The firmness of apples has been shown to change 

throughout development, both during stages of fruit growth (Volz et al. 2003) and softening which 

accompanies ripening during postharvest storage (Johnston et al. 2002). Most apple cultivars start to 

lose firmness soon after harvest but some develop a firmer texture during growth and subsequently 
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retain this firmness longer while in storage (Harker et al. 2006). The variation in storage behaviour 

which exists amongst some New Zealand apple cultivars is illustrated in Fig. 1.1. 

  

 

 

 

  

 

 
 
Figure 1.1. Decline in firmness during storage of six different New Zealand apple cultivars (Johnston 
JW, unpublished). 

The emphasis of the current study was placed on a relatively new apple cultivar from New Zealand – 

‘Scifresh’, which is an offspring from a ‘Gala’ and ‘Braeburn’ cross. This cultivar ‘Scifresh’ is 

commercially marketed under the brand name Jazz™. It has been well-received by the market because 

of its preferred textural properties (Warner 2002; White 2003). It has a firm and crisp texture which is 

maintained through long periods of cold storage. This attribute is in contrast to other apple varieties 

which start to soften shortly after harvest such as ‘Cox’s orange pippin’ or ‘Royal Gala’ (Fig. 1.1.). 

Interestingly, the ‘Scifresh’ variety is firmer and able to maintain this firmness in storage longer than 

both its parents, ‘Royal Gala’ and ‘Braeburn’ (Johnston JW, personal communication).  

The ‘Scifresh’ cultivar is currently planted in USA, France, and more recently Australia. In New 

Zealand, ‘Scifresh’ is grown in three different regions: Hawkes Bay, Nelson and Otago. In 2002, 

‘Scifresh’ was granted the New Zealand Plant Variety Rights (PVR), whereby novel New Zealand 

apple varieties are protected, and commercial production in terms of planting volume and locations as 

well as marketing of these products are controlled by New Zealand organizations such as ENZA (White 

2003). This is seen as an important mode for preventing new cultivars such as ‘Scifresh’ from 

becoming commodity low value cultivars. Apple cultivars with better storage potential fetch a higher 

commercial value and are more attractive to growers and breeders. ‘Scifresh’ is an example of a 

cultivar that is very firm and crisp at harvest and barely loses firmness during ripening in storage, 

whereas ‘Royal Gala’ tends to soften at a faster rate. This difference in the development of texture and 

storage behaviour forms the basis of this research on apple cell walls. 
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Apple cells undergo two distinct phases during growth: cell division which lasts typically 3– 5 weeks 

after full bloom, and cell expansion which occurs when cell division ceases (Lakso et al. 1995). As the 

fruit grows, mass is gained through water uptake and increase in parenchyma cell volume (Pratt 1988; 

Volz et al. 2003). Changes in cell walls of apples ripened in storage have been extensively studied, 

whereas little has been investigated on growing fruit. Given the rapid dynamics in growing fruit, there 

must be complex cell wall changes occurring which influence the development of final fruit texture and 

subsequent ripening behaviours during storage. Such changes are related to the composition, assembly 

and organisation of pectic, hemicellulosic and cellulosic polysaccharides, structural proteins and 

glycoproteins that make up the cell wall (Rose et al. 2003; Brummell 2006). Some cell wall changes 

which have been well established to be ripening-related include pectin solubilisation, galactose and 

arabinose loss, pectin depolymerisation, xyloglucan depolymerisation and cell wall swelling; with the 

extent differing among species of fruit (Harker et al. 1997a; Wakabayashi 2000; Brummell and 

Harpster 2001; Brummell 2006; Redgwell et al. 2008). Due to the multiple components that make up 

the complex wall, a number of interactions exist within the wall to maintain and reinforce its structure. 

Cell wall-modifying enzymes such as polygalacturonase, pectin methylesterase, expansin, xyloglucan 

transglycosylase/ hydrolase, β-galactosidase and α-arabinofuranosidase are responsible for 

modification and degradation of the cell wall. 

2.0 The primary plant cell wall 

In the past decade, a number of different conceptual plant cell wall models have emerged based 

on various studies. The two most widely accepted models were proposed by McCann and Roberts 

(1991) and Carpita and Gibeaut (1993). These models depict three major domains in the cell wall: (i) 

the cellulose-xyloglucan framework, (ii) the pectic polysaccharide network and (iii) structural 

glycoproteins. The cellulose-xyloglucan framework is said to form the semi-rigid foundation of the 

wall and acts to resist tension, while the coextensive gel matrix of pectic polysaccharides acts to resist 

compression and shear (McCann et al. 1990). The middle lamella is an adhesive layer, rich in calcium-

bound pectic polysaccharides said to act like glue, sticking adjacent cells together. The third network of 

structural proteins is more involved in wounding, stress response and pathogenic protection (Cassab 

1998), as well as wall expansion and loosening (Cosgrove 2001).  

In a review by Rose and Bennett (1999), it was suggested that the cellulose microfibrils are coated with 

xyloglucan on their surfaces, and are not just cross-linked via hydrogen bonds to form a framework. In 

a “tethered network model”, xyloglucan is said to coat cellulose surfaces to minimize direct cellulose-

to-cellulose contact and act as tethers cross-linking adjacent microfibrils (Hayashi 1989). However, in a 

more recent model proposed, Bootten et al. (2004) suggested limited cross-linking between xyloglucan 

and cellulose and only a small proportion of the cellulose surface area is coated with xyloglucan. 
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Additionally, Park and Cosgrove (2012b) proposed a model where very small amounts of relatively 

inaccessible xyloglucan is intertwined with disordered surface glucans of adjacent cellulose 

microfibrils, adhering the microfibrils together only at these limited points, also known as “load-

bearing” junctions. 

Earlier models had suggested the cellulose-xyloglucan network to be embedded in an independent 

pectin gel matrix (McCann et al. 1990), where pectin is covalently and infrequently bound to 

xyloglucan (Thompson and Fry 2000). However, there have been recent suggestions that pectin may be 

directly and strongly bound to cellulose microfibrils themselves, anchoring directly onto cellulose 

microfibrils via their neutral sugar side chains where the degree of pectin-cellulose association is 

dependent on the relative amount of xyloglucan present (Zykwinska et al. 2007, 2008a, 2008b; Dick-

Pérez et al. 2011). Therefore, a pectin-cellulose-xyloglucan network which co-exists in the plant cell 

wall is becoming more likely. As knowledge from more studies emerge, the working model for the 

complex plant cell wall is slowly evolving, but it is becoming apparent that a single model may not fit 

all plant types. Examples of the earlier and more recent models of the plant cell wall are given in Fig. 

1.2. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2. Examples of earlier (A) and more recent (B) plant cell wall models.  
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2.1 Cellulose 

 Cellulose is the major constituent making up 30% in dry weight of the primary plant cell wall 

in eudicotyledons (McNeil et al. 1984). It is a hydrophilic polysaccharide comprised of β-(1→4)-D-

glucopyranosyl residues (Fig. 1.3A) with the repeating unit termed ‘cellobiose’ (bracketed in Fig. 

1.3B). It is the most stable and most resistant of all the cell wall polysaccharides and hence requires 

harsh chemical extraction for analysis. In flowering plants, cellulose exists as elementary microfibrils 

with reported diameters of 2 to 5 nm, which differ among plant species, most commonly estimated by 

X-ray scattering or solid-state 13C NMR spectroscopy (Newman and Hemmingson 1990; Kennedy et 

al. 2007). Elementary cellulose microfibrils are assembled in 24 to 36 glucan chains in parallel sheets 

(Brown et al. 1996; Doblin et al. 2002). They are arranged laterally in a highly-ordered fashion, 

regularly spaced apart and held together by hydrogen bonds, forming the functional cellulose 

microfibril (Brown 2003). The cellulose microfibrils are crystalline in nature and have been observed to 

exist in two crystalline allomorphs, Iα and Iβ (Atalla and VanderHart 1984; Newman 1994; Šturcová et 

al. 2004). In apple cell walls, the cellulose crystallite is reportedly constructed of 23 glucan chains with 

dimensions of 3 ×2.7 nm (Fig. 1.3C) (Newman et al. 1994). Cellulose microfibrils are long, rigid and 

inextensible fibres, which serve to provide structural rigidity and mechanical strength to the cell wall 

(Rose et al. 2003). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. Structure of cellulose (A), chemical structure of cellulose showing repeating unit cellobiose 
in brackets (B), and cross-section of a cellulose microfibril crystallite (C). In (C), each ellipse 
represents a cellulose molecule and dotted lines represent hydrogen bonds (Newman et al. 1994). 

→4)-β-D-Glcp-(1→4)-β-D-Glcp-(1→4)-β-D-Glcp-(1→4)-β-D-Glcp-(1→ 
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2.2 Hemicelluloses  

Hemicelluloses include xyloglucans, heteroxylans, heteromannans and β-(1→4)-(1→3)-

glucans, which are restricted to the order of Poales of commelinid monocotyledons. In eudicotyledons, 

the main hemicellulose in primary cell walls is xyloglucan, consisting 20–30% in dry weight (Hayashi 

1989). The backbone of this molecule is similar to that of cellulose made up of β-D-(1→4)-linked 

glucan but with short side chains of xylosyl residues that can also be substituted with galactosyl, 

fucosyl or arabinosyl residues. The degree of side chain substitution depicts the type of xyloglucan 

subunit formed. The major form of xyloglucan found in primary cell walls of eudicotyledons (and 

apples) is fucogalactoxyloglucan (Renard et al. 1991b), which has a repeating subunit of four glucosyl 

residues, with the first three of these bearing a single xylosyl residue (Fig. 1.4.). Most xyloglucan forms 

contain the common heptasaccharide repeating unit of glucose/ xylose 4: 3, thus also known as the 

XXXG motif (Hayashi 1989). 

 

 

 

 

 

 

 

Figure 1.4. Structure of fucogalactoxyloglucan in the decasaccharide subunit of glucose/ xylose/ 
galactose/ fucose (ratio 4: 3: 2: 1). 

Xyloglucan is the primary molecule which binds to cellulose by hydrogen bonds, thus forming a 

macromolecular framework within the cell walls (Pauly et al. 1999; Cosgrove 2005). Xyloglucan has 

been shown to play an important role in wall loosening by α-expansins (Park and Cosgrove 2012a). 

The cellulose-xyloglucan network which was thought to be the major load-bearing network is now 

being seen as a more flexible network, allowing for wall extension and cell enlargement (Cavalier et al. 

2008). Examples of two other hemicelluloses are glucuronoarabinoxylan (an example of a heteroxylan) 

and glucomannan (an example of a heteromannan). The former has a β-(1→4)-linked xylosyl backbone 

which is substituted in higher plants with short side chains, usually of arabinose and/or glucuronic acid 

residues, whereas the latter has a backbone of randomly distributed β-D-(1→4)-linked glucosyl and β-D-

(1→4)-linked mannosyl residues (Hayashi 1989). Mannosyl or glucosyl residues can be substituted 

with short side chains of one or two galactosyl residues, forming another type of heteromannan, 

galactoglucomannan (Melton et al. 2009). Heteroxylans and heteromannans are thought to have a 
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similar structural role in the cell wall as xyloglucans (Brummell and Schröder 2009; Schröder et al. 

2009; Scheller and Ulvskov 2010), but in addition, heteromannans also act as storage reserves in 

germinating endosperms and vegetative tissue (Rodriguez-Gacio et al. 2012). 

2.3 Pectic polysaccharides 

Pectic polysaccharides are characterised by galacturonic acid (GalA) residues forming the 

backbone of the polysaccharide. This class of polysaccharides comprises up to 35% by dry weight of 

primary cell walls in eudicotyledons and its members are by far the most complicated structures found 

in the wall (Albersheim et al. 1996). Pectic polysaccharides can be divided into homogalacturonan 

(HG), rhamnogalacturonan-I (RG-I), rhamnogalacturonan-II (RG-II), or substituted galacturonans 

(Ridley et al. 2001). Because apple cell walls are particularly rich in pectic polysaccharides and can 

contribute up to 60% of the total polysaccharide content (Renard et al. 1993; Schols et al. 1995a), these 

types of polysaccharides will be described individually in the following sub-sections. 

 

 

 

 

 

 

 

 

 

 

Figure 1.5. Schematic representation of pectic polysaccharides. (Modified from Voragen et al. 2009) 

2.3.1 Homogalacturonan 

HG is a linear chain of α-D-(1→4)-linked GalA residues, in which some of the carboxyl groups 

on C-6 can be methyl esterified, while C-2 and C-3 can also be O-acetylated (Fig. 1.5.). The pattern and 

degree of methylesterification (DE) or acetylation varies depending on plant species, tissue type and 

developmental stage (Caffall and Mohnen 2009). This can also vary within a species depending on 
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cultivar and ripeness stage, as the DE reported in ripe ‘Cox’s Orange Pippin’ apple was 68% (Stevens 

and Selvendran 1984), and in ripe ‘Golden Delicious’ apples was 96% when stored for 4 weeks (Schols 

et al. 1995b) or 73% when stored for 38 weeks (Fischer and Amado 1994). Unesterified GalA residues 

of HG contain a negative charge of COO- and regions as such on two adjacent pectin chains can form 

cross-links with divalent cations most commonly Ca2+, resulting in the formation of a pectate gel. For 

this to occur, it has been reported that 7–20 unesterified GalA residues in a row are required (Mort et al. 

1993). This in vivo structure of the unesterified HG-calcium complex is commonly known as the “egg-

box” structure (Fig. 1.6.) (Morris et al. 1982). The “egg-box” structure formation is said to account for 

up to 70% of pectate gel in plant cell walls (Jarvis and Apperley 1995) and by the involvement of 

strong ionic bonds, hydrogen bonds and hydrophobic interactions can form very stable structures and 

result in an increased adhesive strength at the middle lamella (Ralet et al. 2001; Jarvis et al. 2003). 

Common notations used to describe the different pectic polysaccharides are “smooth” and “hairy” 

pectin regions (De Vries et al. 1982). The “smooth” region refers to long unbranched HG, while 

rhamnogalacturonan regions may have long side chains attached, forming the “hairy” regions (Schols 

et al. 1990). HGs isolated from apple cell walls are estimated to be 21 kDa in size, which is 

approximately 72– 100 GalA residues in length 

(Thibault et al. 1993). HG is the most abundant 

type of pectic polysaccharide in primary cell 

walls, accounting for approximately 60% of 

total pectin (Voragen et al. 2009). Different 

properties of HG can influence the functionality 

of pectin within the wall. For example, in 

highly-methylesterified HG, the pattern and 

distribution of ester groups whether random or 

blockwise, can influence enzymatic action, 

particularly that of pectin methylesterase (PME) 

and consequently affect the resulting structure 

and pectin function (Tanhatan-Nasseri et al. 

2011). A reduced number of HG domains can 

also result in increased wall flexibility (Ralet et 

al. 2008).  

 

 

Figure 1.6. The “egg-box” model of calcium cross-linking adjacent HG structures (Caffall and Mohnen 
2009). 
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2.3.2 Rhamnogalacturonan-I 

RG-I is a class of pectic polysaccharides with a backbone consisting of the repeating 

disaccharide [1→4-α-D-GalpA-(1→2)-α-L-Rhap-(1→] (Fig. 1.5.) (Albersheim et al. 1996). The 

rhamnosyl residues of RG-I can be substituted at the O-4 position with neutral side chains, most 

commonly with galactans, arabinans or arabinogalactans type I or II (Fig. 1.5.).  

(i) Arabinans consist of an α-L-(1→5)-linked Araf backbone, which is usually substituted with 

α-L-Araf-(1→2)-, α-L-Araf-(1→3)-, or α-L-Araf-(1→3)-α-L-Araf-(1→3)- side chains (Ridley 

et al. 2001). They have been found to be highly branched in apple pectin, and loss of these 

highly-branched arabinans in RG-I has been reported to be correlated with loss of firmness 

in apple tissue (Pena and Carpita 2004). 

(ii) Galactans consist of a β-D-(1→4)-linked Galp backbone. In a “modified hairy region” of 

pectin isolated from apple cell walls, the RG-I backbone contained 0, 1 or 2 galactan 

substitutions to the rhamnosyl residues (Schols et al. 1990). 

(iii) Arabinogalactan type I has the same β-D-(1→4)-linked Galp backbone as galactan but with 

α-L-Araf residues attached to O-3 of the galactosyl residues. They may also contain 

branches of α-L-(1→5)-linked Araf or β-D-(1→3)-linked Galp residues. Arabinogalactan 

type I is the more abundant type and has been reported to be high molecular weight in apple 

cell walls. Loss of arabinogalactan type I has also been linked to fruit softening as well 

(Redgwell et al. 1997b). 

(iv) Arabinogalactan type II has a β-D-(1→3)-linked Galp backbone, with short side chains of α-

L-Araf-(1→6)-β-D-Galp-(1→6). The galactosyl residues of these side chains can also be 

substituted with α-L-Araf-(1→3) residues. Arabinogalactan type II is mainly associated with 

arabinogalactan proteins (AGPs), discussed in section 2.4. 

Approximately half of the rhamnosyl residues of the RG-I backbone contain these side chains (i-iv), 

depending on the plant material (Ulvskov et al. 2005). The GalA residues of the RG-I backbone are 

non-methylesterified, but may be acetylated at positions O-2 and/or O-3 (Albersheim et al. 1996). 

2.3.3 Rhamnogalacturonan-II 

RG-II is a more complicated pectic polysaccharide but it is known to be highly conserved 

within the plant kingdom and can be found in distinct regions of HG (Voragen et al. 2009). It has a 

backbone of α-D-(1→4)-linked GalpA residues with some unusual side chains such as apiose, aceric 

acid and some deoxy-sugars (Fig. 1.5.). RG-II can also cross-link two adjacent HG chains in the 

presence of boron, by forming borate-diester bridges (Ralet et al. 2009), and according to Ishii et al. 

(1999) more than 95% of RG-II can form these complexes. They are thought to affect pore size, wall 
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strength and flexibility, and are required for normal plant growth and development (Ishii et al. 1999; 

Ishii and Matsunaga 2001). 

2.3.4 Substituted galacturonans 

The two most common substituted galacturonans include xylogalacturonan and 

apiogalacturonan. Xylogalacturonans have the same backbone as HG but at the C-3 contain single β-D- 

xylosyl residues as side chains (Fig. 1.5.) (Albersheim et al. 1996). The degree of xylosidation varies 

but was reportedly 75% in apple cell walls (Schols et al. 1995b). Whereas xylogalacturonans have been 

found in apple, pea and Arabidopsis cell walls, apiogalacturonans are less common, and only found in 

cell walls of monocotyledons and some aquatic plants (Caffall and Mohnen 2009). Apiogalacturonans 

also have the same HG backbone, but at the C-2 or C-3 contain β-D-apiofuranosyl residues. 

As illustrated, pectic polysaccharides are cell wall components that are very complex in nature. The 

many properties of pectic polysaccharides are thus influential towards the cell wall structure and its 

resulting strength. These properties include for example, pectin solubility, degree of 

methylesterification, degree of RG-I side chain branching, distribution of free carboxyl units and 

degree of cross-linking with calcium ions (Willats et al. 2001a) and perhaps more importantly 

interactions that exist between pectic polysaccharides and cellulose, hemicelluloses, glycoproteins and 

phenolic compounds (Caffall and Mohnen 2009).  

2.4 Glycoproteins 

Primary cell walls contain up to 5% proteins by dry weight, and these include structural 

glycoproteins extensins, proline-rich proteins (PRPs), arabinogalactan proteins (AGPs) and glycine-rich 

proteins (GRPs), and a minute amount contributed by enzymes (Cassab 1998).  Cell wall-modifying 

enzymes will be discussed in Chapter 3. Extensins have been the most widely studied glycoproteins 

and are thought to play a structural role in the cell wall (McQueen-Mason et al. 1992). They have an 

overall positive charge because of their high content of lysine and only few acidic amino acids, thus 

they are able to interact via ionic bonds to pectic polysaccharides in the cell wall, reinforcing the 

structure (Cassab 1998). Studies have shown that the concentration of extensins in the cell wall 

increases at the end of cell expansion and in response to wounding as well as to fungal infections 

(Kieliszewski and Lamport 1994). PRPs contain repeating proline units some of which are interspersed 

with hydroxyproline, valine, tyrosine, histidine or glutamic acid. Studies have indicated that PRPs are 

produced in response to pathogen infections and also regulate cell death (Yeom et al. 2012). AGPs are 

proteoglycans with a protein backbone (often comprising of 80% alanine, serine, threonin and/or 

hydroxyproline/proline) with arabinogalactan polysaccharides attached to the backbone. AGPs are 

attached to the plasma membrane in cells by glycosylphosphatidylinositol anchors. The current 
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function of AGP remains unclear, but they are thought to control various aspects of plant development 

(Lind et al. 1994). GRPs are glycoproteins containing 50–70% glycine residues and are thought to be 

insoluble in the cell wall (Varner and Cassab 1986). GRPs isolated and cloned cDNA sequence from 

pumpkin seeds have indicated an amino-terminal signal peptide which suggests that GRPs are cell-wall 

bound in primary cell walls of xylem vessel elements (Showalter 1993). It was suggested that one 

possible function of GRP is as part of a repair system operating during the stretching of protoxylem 

vessels (Harris 2008). Apart from polysaccharides and glycoproteins, the cell wall is also comprised of 

water (70% by fresh weight), minerals and polyphenols (McNeil et al. 1984). 

3.0 Ethylene as a ripening hormone 

Ethylene is a major plant growth regulator and ripening hormone in climacteric fruits such as 

apple. Because climacteric fruit exhibit a characteristic burst in ethylene production at the onset of 

ripening during the development of the fruit, it has been presumed that the expression of genes 

encoding ripening-related cell wall modifying enzymes is therefore ethylene regulated (Bennett and 

Labavitch 2008). However, through transgenic tomato studies (Klee 1993; Alexander and Grierson 

2002), it is now clear that ethylene is not the sole regulator of genes encoding for cell wall-modifying 

enzymes and there is a possibility of multiple regulatory cues which collectively act to control ripening-

related genes. Several approaches have been used to determine if a particular gene is up-regulated as a 

consequence to increased ethylene biosynthesis during ripening. These include the induction of 

transcript abundance by exogenous ethylene application, reduction of transcript abundance by 

application of exogenous 1-methylcyclopropene (1-MCP) which binds to the ethylene receptor to 

inhibit the action of ethylene, or in transgenic fruit where ethylene biosynthesis is suppressed 

(Nishiyama et al. 2007). One enzyme which has gained particular interest is polygalacturonase (PG) in 

tomato. It has been reported that exposure of unripe tomato fruit to exogenous ethylene does not induce 

PG gene expression (Lincoln et al. 1987). In transgenic tomato with suppressed expression of ACC 

synthase and reduced endogenous ethylene production, PG mRNA accumulation was not significantly 

affected and appeared to be expressed normally (Oeller et al. 1991). These results contradict those 

obtained from transgenic Charentais melon fruit, where expression of one in three PG genes was 

induced by exogenous ethylene application, indicating that this gene is directly regulated by ethylene in 

this species of fruit (Nishiyama et al. 2007).  

Furthermore, Atkinson et al. (1998) showed that expression of PG increased with increase in 

endogenous ethylene during the early softening phases of ‘Royal Gala’, ‘Granny Smith’ and ‘Braeburn’ 

apples. A more recent study suggested there was a synergistic interaction between ethylene and 

ripening in cold storage to the expression of a PG1 gene which regulates softening in apples (Tacken et 

al. 2010). Apples which had been treated with 1-MCP showed delayed softening and had reduced 
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levels of endogenous ethylene compared to untreated fruit ripened in cold storage (Watkins et al. 2000). 

Regular application of 1-MCP on fruit during storage resulted in firmer texture compared with their 

original firmness at harvest (Mir et al. 2001). Transgenic apples, in which the gene coding for ACC 

synthase had been silenced, showed suppressed ethylene production, but upon application of exogenous 

ethylene, fruit softening was triggered (Johnston et al. 2002). However, when applications of ethylene 

were stopped, the softening rate slowed, indicating that ethylene was required continuously throughout 

ripening in order for the fruit to develop its final texture (Johnston et al. 2002). These results show that 

both ethylene-dependent and ethylene-independent pathways of regulating cell wall-modifying 

enzymes coexist in climacteric fruit. This also further supports that fruit ripening and softening are 

controlled by multiple mechanisms where ethylene may play a role (Johnston et al. 2009; Tacken et al. 

2010). 

4.0 Turgor pressure contributes to cell wall strength 

Turgor pressure is defined as the osmotically generated pressure that intracellular fluids exert 

onto the plasma membrane which pushes up against the cell wall and thus is responsible for giving the 

cell its shape and turgidity (Jarvis 1998). Cells that are fully turgid give rise to the perception of 

crispness and freshness of a tissue. Turgor is lost through transpiration, which commonly happens in 

wilting tissue that has been stored past its shelf life. Turgor remains one of the most technically 

challenging cell characteristics to quantify in fresh native tissue (Harker et al. 1997a). In ripening 

tomato, a loss of turgor was accompanied by cell wall swelling, which was thought to increase the wall 

porosity and hence increases the accessibility of cell wall-modifying enzymes which are capable of 

degrading the wall (MacDougall et al. 2001). However, cell wall swelling has not been detected during 

ripening in some species including apples (Redgwell et al. 1997a). In apples, turgor manipulations 

showed a greater effect on deformation of cells in fruit ripened in storage compared with mature freshly 

harvested fruit, when measured by mechanical tensile tests (Oey et al. 2007). When four apple cultivars 

with different softening rates were investigated, a positive correlation was obtained between cell turgor 

and tissue puncture firmness (Tong et al. 1999). In apples, it has been shown that while higher turgor 

could contribute to higher fruit firmness, it is also linked to mealy texture as high turgor induces cells to 

expand and become more rounded, thereby increasing intercellular air spaces and decreasing cell 

adhesion (Harker and Hallett 1992; De Smedt et al. 1998). In another study on 27 apple cultivars, 

firmness and turgor decreased during ripening in storage, with the softer cultivars exhibiting greater 

reductions in turgor than firmer cultivars (Iwanami et al. 2008a). This study also suggested that 

cultivars with lower reduction rate of turgor, albeit being mealy, have the potential to produce progeny 

with low reduction rate of turgor and slow softening in storage. The heritability of softening rates in 

apples has also been estimated to be quite high (R2 = 0.93) (Iwanami et al. 2008b). It was interesting 
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that both parents of ‘Scifresh’, ‘Royal Gala’ and ‘Braeburn’ were cultivars included in the Iwanami et 

al. (2008a) study, and both these cultivars were categorized as fruit which softened relatively rapidly 

(within 20 days of storage at 20°C, 85% relative humidity) showing turgor loss and development of 

mealiness during softening.  However, ‘Scifresh’ did not seem to inherit the softening characteristics of 

either parent, as it is a cultivar which remains firm in storage, although in prolonged storage, it does 

also have the tendency to develop mealy texture (Johnston JW, personal communication). While it 

would have been interesting to investigate turgor in this study, it was not a parameter that was 

measured, but its influence on fruit firmness should not be disregarded. 

5.0 The complexity of cell wall studies 

 Over the years, changes in the cell wall composition during fruit ripening have been extensively 

studied in apples, with ‘Golden Delicious’ and ‘Cox’s orange pippin’ being the most widely used 

model apple cultivars (Knee 1973; Bartley 1976; De Vries et al. 1982; Stevens and Selvendran 1984; 

Renard et al. 1990; Fischer and Amado 1994; Schols et al. 1995a). While most studies have addressed 

cell wall changes in apples during ripening in storage, little attention has been given to cell wall 

changes during fruit growth, which could possibly be the crucial stage at which a fruit develops 

precursors that determines its final form of texture.  

To illustrate the numerous approaches of cell wall studies in apples, pectin solubilisation and 

depolymerisation which is an extensively reported cell wall change associated with ripening, will be 

exemplified. To examine this event, some studies monitor the increase in water-soluble polyuronide 

amounts (De Vries et al. 1982; Fischer et al. 1994; Siddiqui et al. 1996; Billy et al. 2008), some 

monitor the change in molecular weight (MW) of water-soluble polyuronides (Knee 1978; Renard et al. 

1990; Yoshioka et al. 1992, 1994; Schols et al. 1995a; Massiot et al. 1996; Redgwell et al. 1997a; Lo 

Scalzo et al. 2005), some perform linkage analysis (Stevens and Selvendran 1984; Nara et al. 2001; 

Oechslin et al. 2003; Pena and Carpita 2004), while some choose to elucidate this by examining the 

activity and/or expression of pectolytic enzymes such as PME or PG (Yoshioka et al. 1992; Goulao et 

al. 2007, 2008).  

Even from using different methodologies, it still remains unclear if pectin solubilisation occurs during 

ripening in apples, as it has been reported to occur at high levels by some studies (De Vries et al. 1982; 

Glenn and Pooviah 1990; Schols et al. 1990; Siddiqui et al. 1996) but was absent or detected at low 

levels in other studies (Fischer and Amado 1994; Yoshioka et al. 1994; Nara et al. 2001). Additionally, 

pectin solubilisation is reportedly cultivar-dependent, as it was detected in cold-stored ‘Fuji’ apples, but 

not in ‘Golden Delicious’ (Billy et al. 2008). 
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Apple cultivars which produce higher ethylene concentrations were correlated to softer textures 

(Yoshioka et al. 1994; Johnston et al. 2002, 2009; Oraguzie et al. 2007). Tissue characteristics such as 

cell morphology (McAtee et al. 2009), cell-to-cell adhesion, debonding and dissolution of the middle 

lamella (Harker et al. 1997a, 2006; Choi and Yun 2004) have also been shown to influence apple 

texture. Furthermore, mechanical properties such as tissue fracture patterns also play important roles in 

the perception of different textures, for example whether an apple is firm, crisp and juicy or soft and 

mealy (Vincent 1989; Harker and Hallett 1992; Khan and Vincent 1993).  

The cell wall composition as well as the composition of cell wall fractions with different degrees of 

association to the wall, for example loosely-bound or tightly-bound polysaccharides, and characteristics 

of these polysaccharides for example yields and degree of side chain branching (Redgwell 1997a; Pena 

and Carpita 2004) can also influence apple texture. In turn, the change in cell wall composition is 

mediated by the action of many cell wall-modifying enzymes, activity levels of which are dependent on 

the stage of fruit development (Goulao et al. 2007; Goulao and Oliveira 2008). These cell wall 

polysaccharides also possess physical properties such as mobility, flexibility and rigidity which must 

serve in some way to allow dynamic changes during rapid growth and expansion of the fruit to 

contribute to the strength of the cell wall, and thus the fruit texture (Stewart et al. 2001; Newman and 

Redgwell 2002). 

In this sense, it seemed apparent that to build knowledge on cell wall changes and to implicate some of 

these changes to texture differences observed, a multi-disciplinary approach was necessary to be able to 

envisage this complex mechanism of fruit texture development from various angles and to be able to 

substantiate results using independent but complementary techniques. 

A summary of cell wall studies on apples is given in Appendix I, divided into three sections: 

(i) cell wall studies which involved preharvest apples/ apples during growth phase,  

(ii) cell wall studies which involved more than one cultivar of apple, and  

(iii) cell wall studies which involved one cultivar of apple. 

From this summary, it was identified that not one study had involved more than one cultivar of apple, 

investigating cell wall properties during both the growth phase and ripening phase after maturation, in 

apple cultivars with different textures; and which encompasses comprehensive cell wall analysis of 

sequential fractions, in combination with microscopic, enzymatic and structural dynamic studies. Thus, 

while there is a wealth of knowledge from the literature on cellular factors which seem to play a role in 

influencing texture, there is a lack of knowledge as to when during the development of the apple do 

these factors start taking effect. The current study was designed on this basis.  
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6.0 Aims 

• To determine differences in the cell walls of ‘Royal Gala’ (a fast softening apple variety) and 

‘Scifresh’ (a slow softening apple variety) in order to explain differences in texture. The study 

covers two developmental stages: fruit growth to maturation and ripening in storage. 

• To characterise the cell wall composition, enzymatic patterns, physical properties (mobility and 

rigidity) of cell wall polysaccharides and to investigate cellular morphology and structural 

differences between ‘Royal Gala’ and ‘Scifresh’. 

• To explore novel approaches for the study of apple cell walls in their native state. 

7.0 Research approach 

This PhD research was carried out on two apple cultivars with contrasting textures: ‘Royal 

Gala’, which is a variety that softens at a faster rate and ‘Scifresh’ which is a variety that softens slower 

and retains its firm and crisp texture. The idea behind this research was to use two apple cultivars with 

similar genetic background to generate an understanding of the development of different textures, 

focusing on changes which may be occurring during stages of fruit growth, through to maturation and 

ripening in storage.  Both cultivars grow fruit of similar size, which is an important consideration for 

morphological studies, and both cultivars have considerable overlap during the growing season, which 

minimizes the contribution of variation in environmental factors. Several different techniques were 

employed in this research, so in the layout of this thesis, each chapter will describe a different 

technique and will be preceded by an introduction section of its own, outlining the relevant literature in 

that given field related to apple cell walls. 

In Chapter 2, the physiological aspects of the two apple cultivars are investigated together with 

biochemical analyses of the cell walls. A sequential fractionation of the walls was applied to gain 

information on the polysaccharides in the cell walls which have different degrees of association in the 

wall, from water-soluble polysaccharides to those which are very tightly-bound. 

In Chapter 3, activity levels of key cell wall-modifying enzymes during growth and ripening of 

the apples are examined. The molecular weight distribution of pectic polysaccharides and total neutral 

sugars in the various cell wall fractions were also investigated by size exclusion chromatography to 

investigate whether pectin- or hemicellulose-degrading activities are present. 

In Chapter 4, solid-state 13C nuclear magnetic resonance (NMR) spectroscopy is used to 

characterise the isolated cell walls. This technique is able to provide information regarding the physical 

properties and molecular mobility of the cell wall polysaccharides. The mobility of the different cell 
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wall domains especially pectic polysaccharides was of particular interest, and therefore a variety of 

NMR techniques was explored.  

In Chapter 5, the cell morphology of the two apple cultivars, including cell size, organisation, 

orientation and arrangement within the tissue are investigated. To achieve this, a range of microscopy 

techniques is utilised. These include light microscopy, conventional scanning electron microscopy 

(SEM), environmental SEM and low temperature (cryo) SEM. Specific polysaccharides within the wall 

were localised using a specialised microscopy technique-immunolabelling. A preliminary investigation 

using micro-computed tomography (microCT) as a high throughput and high resolution X-ray 

technique for visualising fresh native apple tissue is also described (Appendix XV). 

In Chapter 6, the use of atomic force microscopy (AFM) is explored for investigating cell walls 

in whole tissue in their native hydrated state. AFM has nanoscopic capabilities for probing cell walls 

and revealing features of the wall in more detail, where conventional microscopy techniques may limit.  

The final chapter, Chapter 7, is a concluding discussion which summarises findings from the 

various techniques employed throughout the PhD research and outlines significant cell wall differences 

between the two apple cultivars during development, which may have an influence on the different 

textures observed. Conceptual cell wall models of a ‘firm’ (‘Scifresh’) versus a ‘soft’ (‘Royal Gala’) 

apple are presented. 
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CHAPTER TWO 

Physiological assessments and cell wall composition analyses 

1.0 Introduction 

Apple fruit growth comprises a cell division phase, followed by a cell expansion phase until 

fully-expanded, mature fruit are ready for harvesting (Pratt 1988). After maturation, ripening is 

accompanied by the development of flavour, aroma and soft texture (Brummell 2006). During all these 

phases, the cell wall undergoes many changes. In the cell division phase mainly cell wall synthesis is 

taking place, while in the following cell expansion phase the cell wall needs to be extensible to 

accommodate the increase in volume of cells mostly caused by water uptake (Lakso et al. 1995). 

During this time, new cell wall material is synthesised rapidly and incorporated into the growing cell 

wall network (Nelmes and Preston 1968). For this to occur, some existing interactions in the wall may 

need to be broken to allow for integration of the newly synthesised molecules. Changes occurring 

include new wall construction, lamella reorientation, localization and deposition of new 

polysaccharides and formation of new bonds (Fry 1988; Cosgrove 2005). The subsequent softening 

which accompanies ripening in fruit involves dissolution of the middle lamella (Hallett et al. 1992) and 

degradation of cell wall polysaccharides which lead to loosening of the wall (Cosgrove 2001), loss of 

intercellular adhesion and cell separation (Jarvis et al. 2003). Major changes in cell wall 

polysaccharides during fruit ripening specifically in apples, are summarised here. 

Pectic polysaccharides form the main constituent of the middle lamellae and play a role in cell-to-cell 

adhesion (Jarvis et al. 2003). Consequently, these have been the main focus in studies aimed at 

understanding changes in texture of fruit tissues. Many studies showed that softening in apples was 

accompanied by an increase in water-soluble pectin and a loss of galactan and arabinan side chains 

(Knee 1973; De Vries et al. 1982; Glenn and Pooviah 1990; Schols et al. 1990; Siddiqui et al. 1996; 

Pena and Carpita 2004; Billy et al. 2008). Compared to other fruit such as kiwifruit or tomato, pectin 

solubilisation during ripening of apples occurs to a lesser extent (Redgwell et al. 1997a, 2008). 

Although pectin solubilisation has been correlated to decline in apple fruit firmness (Bartley 1976), 

some studies report no finding of this correlation (Fischer and Amado 1994; Yoshioka et al. 1994; Nara 

et al. 2001). 

Pectin depolymerisation is another commonly studied cell wall change related to fruit ripening. It has 

been mostly widely observed in different species to affect the chelator-soluble polyuronides (Brummell 

2006). Pectin depolymerisation occurs more substantially in ripening fleshy fruits with soft, melting 

texture such as tomato (Sakurai and Nevins 1993), avocado (Huber and O’Donoghue 1993) and peach 

(Brummell et al. 2004) while in apples, has been undetected (Yoshioka et al. 1992). 
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Loss of galactan as pectic side chains has also been linked to loss of firm texture in apples possibly by 

altering the wall porosity and thus enzyme accessibility (Gross and Sams 1984; Ross et al. 1994; 

Redgwell et al. 1997b). However, some studies reported the loss of arabinans as playing a more 

important role in the loss of firm texture in apples (Tong et al. 1999; Pena and Carpita 2004). Pena and 

Carpita (2004) investigated four apple cultivars with varying textures and reported a loss in both 

galactose and arabinose in the cell walls, where loss of galactan occurred during the growth and 

maturation phase, while loss of highly branched arabinans occurred during advanced stages of 

softening in storage. It was shown that the selective loss of highly branched arabinans from RG-I 

preceded the loss of firm texture in all apple cultivars analysed. Tong et al. (1999) reported a 

correlation between arabinose content and fracture force or firmness in apples stored for 6 months. 

However, the authors report that the arabinose correlation was less significant compared to a high 

positive correlation between turgor pressure and firmness. Ben-Shalom et al. (1996) reported pectin 

solubilisation and a decrease in galactan but not in arabinan in ‘Anna’ apples stored for two months. 

Gross and Sams (1984) also reported a decrease in galactan but not in arabinan in ripening ‘Golden 

Delicious’ apples. Hence the loss of galactan and arabinan during apple fruit ripening seems to be 

developmentally and differentially regulated between apple cultivars. 

Another event accompanying apple fruit softening which remains unclear is the depolymerisation of 

xyloglucan. Vincken et al. (1998) reported a decrease in xyloglucan molecular weight (MW) in 

ripening ‘Jonagold’ apple while Percy et al. (1997) reported no apparent change in growing ‘Braeburn’ 

apple. Aside from apple, xyloglucan depolymerisation has been widely reported during softening in 

other fruit species including tomato (Sakurai and Nevins 1993; Maclachlan and Brady 1994), avocado 

(Huber and O’Donoghue 1993) and kiwifruit (MacRae and Redgwell 1992). However these latter 

examples are fruit that soften extensively during ripening, which differ from apples that are eaten 

relatively firm. Most cell wall studies have been focused on changes in the polysaccharides during 

softening of apples after maturity, and fewer studies have addressed changes during the growth period 

of the fruit. In this respect, there is still poor understanding of how the various components of the cell 

wall are assembled to provide structural integrity to the fruit during growth, yet maintaining some form 

of flexibility to allow for cell expansion and wall loosening. 

In this chapter, the cell walls from a developmental series of ‘Royal Gala’ and ‘Scifresh’ apples were 

isolated, and sequentially fractionated in trans-1,2-diaminocyclohexane-N,N,N’,N’-tetraacetic acid 

(CDTA), Na2CO3, 1 M KOH and 4 M KOH to recover polysaccharides with different degrees of 

association to the wall, from water-soluble to strongly-bound polymers. These fractions were analysed 

for their biochemical composition, yield and degree of pectin methyl esterification (DE). The aim was 
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to identify cell wall changes which were associated with the change in texture during fruit growth, 

maturation and ripening. 

2.0 Materials and methods 

For all experiments described in this chapter, common buffers, salts and chemicals used were 

supplied by Sigma, BDH Ltd, Merck or otherwise stated. 

2.1 Fruit sampling and categorisation 

Apples (Malus domestica Borkh.) ‘Scifresh’ and ‘Royal Gala’ were harvested from the Plant 

and Food Research orchard, near Motueka, Nelson (Latitude 42°S, longitude 173°E) for the first 

sampling season of November 2008 to March 2009. For the subsequent two seasons in this PhD, fruit 

were harvested from the Plant and Food Research orchard, Havelock North, New Zealand  (Latitude 

40°S, longitude 177°E) during November 2009 to April 2010, and November 2010 to March 2011.  

‘Royal Gala’ fruit were sampled at four stages during growth: 40, 70, 100 and 120 days after full bloom 

(DAFB). ‘Scifresh’ fruit were sampled at five stages during growth: 40, 70, 100, 120 and 140 DAFB. 

‘Scifresh’ had a longer developmental period before reaching the same physiological maturity of 

‘Royal Gala’. Hence, the additional sampling point of 140 DAFB for ‘Scifresh’. 

Fruit were categorised according to their physiological stage. Fruit at 40 DAFB were at the end of the 

cell division phase and at the beginning of cell expansion (Lakso et al. 1995). In this thesis, these fruit 

were termed ‘fruitlet’. Fruit at 70 and 100 DAFB were two intermediate time-points in the cell 

expansion phase, termed ‘expanding fruit 1’ and ‘expanding fruit 2’, respectively. The 120 DAFB time-

point for ‘Scifresh’ was termed ‘expanding fruit 3’. Mature, fully-expanded fruit of ‘Royal Gala’ and 

‘Scifresh’ sampled at 120 and 140 DAFB, respectively were termed ‘fruit-at-harvest’ in this thesis, as 

these were also the time-points for commercial harvest. The phenotype of these fruits during the 

sampling period is illustrated in Table 2.1. and 2.2. below. 

For postharvest ripening, mature ‘fruit-at-harvest’ were stored at 0.5°C in the same cool room under 

ambient atmospheric pressure and humidity for 4, 15 and 20 weeks. However, for further cell wall 

analyses, only the 20 week storage time-point was used to represent ripened apples, and was termed 

‘stored fruit’ in this thesis. The DAFB is an approximated age gauge for the fruit and this number may 

vary slightly across seasons due to the biological nature of the fruit and logistical issues around 

harvesting. At each stage, approximately 100 fruit per cultivar were collected by picking 25 apples in 

similar positions from four trees. For fruitlet and expanding fruits, around 300– 400 fruit were collected 

due to the limitations of tissue recovery in such small fruits. The same trees were used throughout a 

season for sampling. The fruit were packed into cartons and were transported overnight to Auckland.
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Table 2.1. ‘Royal Gala’ fruit during developmental time-points in this study. 
 

Genotype 
‘Royal Gala’ 

Phenotype 

DAFB ± 10 40 70 100 120 260  
(20 weeks 
postharvest) 

Terminology 
used in this 
thesis 

Fruitlet Expanding 
fruit 1 

Expanding fruit 2 Fruit-at-harvest Stored fruit 

Alternative 
terminology 
used in the 
literature 

Immature/ 
young fruit 

Growing fruit Mature fruit Fruit ripened in 
storage 

Phase End of cell 
division 

Cell expansion Fully expanded, start 
of ripening 

Cellular 
disassembly/ 
degradation 

Fruit growth Fruit ripening 

Average weight  
(g) ± 2.5% 

4.47 37.45 91.96 137.54 142.50 

Average 
diameter (cm) 

2.4 4.5 6.0 7.5 7.5 

Note: The physical appearance of the stored fruit does not differ from fruit-at-harvest, and hence was not depicted. 
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Table 2.2. ‘Scifresh’ fruit during developmental time-points in this study. 
 

Genotype 
‘Scifresh’ 

Phenotype 

DAFB ± 10 40 70 100 120 140 280  
(20 weeks 
postharvest) 

Terminology 
used in this 
thesis 

Fruitlet Expanding 
fruit 1 

Expanding 
fruit 2 

Expanding fruit 
3 

Fruit-at-harvest Stored fruit 

Alternative 
terminology 
used in the 
literature 

Immature/ 
young fruit 

Growing fruit Mature fruit Fruit ripened in 
storage 

Phase End of cell 
division 

Cell expansion 
 

Fully expanded, 
start of ripening 

Cellular 
disassembly/ 
degradation 

Fruit growth Fruit ripening 

Average 
weight (g) ± 
3.8% 

7.02 50.11 102.64 138.02 188.60 195.30 

Average 
diameter (cm) 

3.5 5.0 6.1 7.2 7.8 7.8 

Note: The physical appearance of the stored fruit does not differ from fruit-at-harvest, and hence was not depicted.
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2.2 Physiological assessments 

Twenty fruits from each cultivar at each time-point were randomly selected and subjected to the 

following physiological assessments: weight measurements, internal ethylene concentration, texture 

analysis, soluble solids content, dry matter concentration and starch pattern index. Fruitlets were not 

assessed for internal ethylene and soluble solids content, as they were still too immature and levels 

recovered would be negligible. 

Internal ethylene concentration was determined as described by Johnston et al. (2009) by extracting a 1 

mL core cavity gas sample and injecting it into a gas chromatograph (Hewlett Packard, 5890 series II) 

equipped with an injector at 160 °C, an activated alumina F1 column (Alltech, glass 1.5 m ×36 mm ×32 

mm, mesh 80/100) set isothermally at 130 °C, N2 as the carrier gas (20 mL·min-1), a flame ionization 

detector set at 200 °C (H2 at 20 mL·min-1, air at 200 mL·min-1), and an integrator (Hewlett Packard, 

model 3395) calibrated with certified gas standards. Twenty fruits of each cultivar was analysed and 

the mean internal ethylene concentration reported in µL∙L-1. 

For the puncture test, four areas on the equator of the apple were skinned using a peeler: two areas with 

yellow background and two areas with red blush. Two cylindrical probes 5-mm and/or 11-mm diameter 

were used to penetrate the peeled areas of the apple using a texture analyzer (TA.XT2, Stable Micro 

Systems Texture Technologies, Scarsdale, NY) while manually holding the apple. Each probe was used 

on a yellow side and a blush side of the apple. Penetration speed was set at 10 mm·s-1 and the test 

stopped after a penetration distance of 7.9 mm. This distance was short enough to avoid any influence 

from the core tissue during the measurement. The pre- and post-test speeds were set at 10 mm·s-1 and 

30 mm·s-1, respectively. Fruitlets were analysed using only the 5-mm probe as they were too small and 

fractured when using the 11-mm probe (Volz et al. 2003). For each cultivar at each time-point, the 

mean firmness of 20 fruit was reported in N. 

Soluble solids content was measured by excising some juice from the apple onto a refractometer (Pal-1, 

Atago, Japan). The same 20 fruit from the puncture test were used and mean SSC content reported in 

°Brix. 

Dry matter concentration was determined by cutting three thin slices of the apple cortex (approximately 

2 mm thick), avoiding areas which had been previously probed by the puncture test. Fresh weight was 

recorded and the sample placed in a drying oven at 60°C for two days or until the weight remained 

constant. The dry weight was recorded and dry matter concentration calculated as percentage of dry 

weight per fresh weight. Three replicate measurements were made for each cultivar at each time-point.  

For starch pattern analysis, the fruit was cut along the equator and one half was sprayed with a 

potassium iodide in iodine (KI/ I2) solution and left to air dry for 15 min in a laminar fumehood. This 
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assessment was done by visual analysis and the intensity of dark blue/ purple colouration on the apple 

tissue was matched to a standard index chart. A numeric scale of 0-6 was used where 0 was assigned to 

an apple with very high starch content showing intense dark blue staining over every part of the apple 

tissue (core excluded), and 6 was assigned to an apple with little to no starch content present showing 

trace amounts of dark blue staining (See Appendix II for standard referencing chart). 

The remaining fruit was peeled, cored and tissue which had been deformed by prior puncture test 

excluded. The cortex region of the fruit was then diced into approximately 1 cm3 cubes, immediately 

frozen in liquid nitrogen and stored at -80°C. Cell wall isolation and extraction was performed within 6 

months. A composite sample of 20 apples was divided into three sub-samples of fruit to form three 

extraction replicates. For fruitlet and expanding fruit 1, fruits which had been used for physiological 

assessments were not sampled for cell wall isolation as there was insufficient undamaged cortex tissue. 

Hence, fruitlet and expanding fruit 1 tissue sampled for cell wall analysis were from an untested batch 

of fruits, peeled, cored and cortex tissue frozen in liquid nitrogen. 

2.3 Cell wall isolation, extraction and fractionation 

The cell wall extraction procedure used was a modified method from Melton and Smith (2005). 

The frozen apple cortex tissue was ground into a fine powder using a pre-chilled mortar and pestle. 

Ground tissue (50 g) was homogenized in 100 mL phenol-Tris saturated buffer (pH 7.4) (Invitrogen, 

CA, USA) using an Ultraturrax on high speed for 10 min until a thick slurry was formed. The 

homogenate was then centrifuged at 8,600 g for 20 min at 20°C and the supernatant filtered through 

Miracloth™ (EMD Millipore, MA, USA). The residue was re-suspended in 75 mL water and 

homogenized using an Ultraturrax on high speed for a further 10 min. The mixture was re-centrifuged 

as above and filtered again through Miracloth. The water wash (75 mL), centrifugation and filtration 

steps were repeated once more. The extent of cell wall breakage was monitored microscopically by 

staining a small aliquot of the pellet with Ponceau 2R which stains proteins red (See Appendix III). The 

phenol and water supernatants were combined and transferred into a dialysis tube with molecular 

weight cut off 12 kDa (Sigma; used for dialysis throughout) and dialysed exhaustively for 5 days 

against MilliQ water with daily water changes. After dialysis, the solution was concentrated to a 

smaller volume using a rotary evaporator and freeze dried. This was the water-soluble fraction. 

The remaining residue from the previous step was stirred for 24 h in 90% dimethyl sulphoxide 

(DMSO) (w/v) at room temperature. On the following day, the homogenate was centrifuged at 1,000 g 

for 20 min and filtered through Miracloth. The supernatant was collected and stored at 4°C. The residue 

was re-suspended in 100 mL 90% DMSO and left stirring for another 24 h at room temperature. The 

homogenate was centrifuged and filtered through Miracloth, and supernatant combined with that of the 

first batch. The residue was then washed twice with 75 mL water, centrifuged and filtered as before. 
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The supernatants and water wash were combined, dialysed exhaustively for 5 days against MilliQ water 

with daily water changes, concentrated and freeze dried. This was the DMSO-soluble fraction. 

For fruitlet and expanding fruit 1 and 2, further starch removal was performed by treating the pellets 

with α-amylase (40 U/mL) (Megazyme, Ireland) and pullulanase (20 U/mL) (Megazyme, Ireland) 

under incubation at 37°C for 1 h. The residual presence of starch was tested by staining an aliquot of 

the pellet with KI/ I2 and viewed under a light microscope (Jensen 1962). Starch granules stain a dark 

purple colour (for an example of positive and negative starch results, see Appendix III). Once starch 

tested negative, the pellets were washed extensively with water and dialysed for 5 days against MilliQ 

water. The pellets were then filtered through a Miracloth, freeze dried and weighed to determine yields. 

This was the isolated cell wall material (CWM). An aliquot of the CWM was removed to be used for 

subsequent chemical analysis, while to the remaining aliquot, sequential fractionation was carried out 

as follows. 

CWM (2.5 g) was stirred for 6 h in 250 mL of 0.05 M CDTA (pH 6.5) at room temperature. The 

mixture was then centrifuged at 2,500 g for 10 min and filtered through a Miracloth. The pellets were 

washed twice with 75 mL water, centrifuged and filtered again. All the supernatants were combined 

and then dialysed against 0.1 M ammonium acetate (pH 5.2) for 5 days followed by 7 days against 

MilliQ water, and freeze dried. This was the CDTA-soluble fraction. 

The pellets were left stirring for 24 h in a 75 mL solution of 0.05 M sodium carbonate (Na2CO3) 

containing 20 mM sodium borohydride (NaBH4) at 4°C. The following morning, the mixture was 

brought up to room temperature (1 h), centrifuged at 2,500 g for 10 min and filtered through Miracloth. 

The pellets were washed twice with 75 mL water, centrifuged and filtered again. The supernatants were 

combined, neutralised with glacial acetic acid, dialysed exhaustively against MilliQ water for 5 days, 

and then freeze dried. This was the Na2CO3-soluble fraction. 

The pellets were left stirring for 24 h in a 75 mL solution of 1 M potassium hydroxide (KOH) 

containing 20 mM NaBH4 at room temperature. The mixture was then centrifuged at 2,500 g for 10 min 

and filtered through Miracloth. The pellets were then washed twice with 75 mL water, centrifuged and 

filtered again. All the supernatants were combined, neutralised with glacial acetic acid, dialysed 

exhaustively against MilliQ water for 5 days, and then freeze dried. This was the 1 M KOH-soluble 

fraction. 

The pellets were left stirring for 48 h in a 75 mL solution of 4 M KOH containing 20 mM NaBH4 at 

room temperature. The mixture was then centrifuged at 2,500 g for 10 min and filtered through 

Miracloth. The pellets were then washed twice with 75 mL water, centrifuged and filtered again. All 
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the supernatants were combined, neutralised with glacial acetic acid, dialysed exhaustively against 

MilliQ water for 5 days, and then freeze dried. This was the 4 M KOH-soluble fraction. 

The remaining pellets were re-suspended in a 10 mL of MilliQ water, forming a thick sludge, which 

was neutralised with glacial acetic acid. The suspension was transferred into a dialysis tube, dialysed 

exhaustively against MilliQ water for 5 days and freeze dried. This was the final cell wall residue 

(CWR). All dialysis were carried out at 4°C. Dry weight of all freeze dried fractions was recorded and 

the recovered material stored in air-tight containers at room temperature until further analysis. 

A flow diagram summarising the cell wall extraction and sequential fractionation procedure used is 

given in Fig. 2.1. Using this approach, structural proteins and enzymes are inactivated during the first 

step of treatment in phenol-Tris buffer. The (1) water-soluble fraction would contain pectic 

polysaccharides and neutral sugars freely-soluble and unattached to the wall, (2) DMSO-soluble 

fraction contains mostly starch, (3) isolated CWM contains all components, cellulosic, hemicellulosic 

and pectic polysaccharides prior fractionation, subsequently, (4) CDTA removes calcium from the wall 

and solubilises pectic polysaccharides held in the wall by ionic bonds (mostly calcium bridges), (5) 

Na2CO3 de-esterifies pectic polysaccharides held in the wall by covalent and ester bonds, (6) 1 M KOH 

(weak alkali) solubilises matrix glycans loosely bound in the wall, (7) 4 M KOH (strong alkali) releases 

matrix glycans tightly bound in the wall by breaking hydrogen bonds and by causing swelling, but does 

not solubilise cellulose, and finally (8) the CWR is left mostly with cellulose, but may also contain 

matrix glycans and pectic polysaccharides very tightly associated with cellulose (Brummell and 

Harpster 2001). Note that these are arbitrary categories of polysaccharides based on their solubility in 

the respective extracting reagent and while each fraction is enriched with a particular type of 

polysaccharide, incomplete extraction will result in the non-solubilised portion of each fraction 

becoming solubilised in the next step (Brummell and Harpster 2001). Complete extractions usually 

require the use of large volumes of extractants, repeated steps of re-suspension in the extractant 

combined with long incubation times and sufficient water washes (Renard 2005). 
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Figure 2.1. Scheme for the isolation and fractionation of apple cell wall material (CWM). 
Fractions indicated in bold were analysed for neutral monosaccharide and uronic acid composition. 
# Residue at this stage was monitored for cell wall breakage by staining with Ponceau 2R and viewed 
under light microscopy 
*Residue at this stage was monitored for starch by staining with KI/I2 and viewed under light 
microscopy 
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2.4 Analytical methods 

2.4.1 Non-cellulosic neutral monosaccharides 

The CWM and fractions were first hydrolysed and the resultant monosaccharides converted to 

corresponding alditol acetates prior to gas chromatography (GC) analysis following the method of 

Albersheim et al. (1967). Approximately 1– 2 mg of lyophilised cell wall sample was weighed into 

small glass vials and hydrolysed according to the method established by York et al. (1985). One mL of 

2 M trifluoroacetic acid (TFA) was added into each vial and capped tightly with Teflon-lined screw 

caps. The samples were then autoclaved at 121°C for 1 h to hydrolyse polysaccharides into free 

glycoses. Twenty µL of 2 mg∙mL-1 myo-inositol was added into each vial as an internal standard. The 

TFA was evaporated at 50°C under a gentle flow of air, and vestigial TFA removed by adding 200 µL 

of isopropanol (20%), followed by drying under a gentle stream of air. This step was repeated twice.  

Next, the glycoses were converted to alditols by addition of 2.5 mL of 2.5 M ammonium hydroxide 

(NH4OH) containing 10 mg∙mL-1 NaBH4 and incubated at room temperature for 1.5 h. Then, 50 µL of 

glacial acetic acid was added to each sample until bubbling ceased. Next, 0.5 mL of methanol: acetic 

acid (9: 1, v/v) was added to the mixture and evaporated at 50°C under a gentle stream of air. This 

treatment was repeated three more times. After that, 0.5 mL of anhydrous methanol was added and air-

dried at 50 °C three times to complete dryness. A standard neutral sugar mix of rhamnose (Rha), fucose 

(Fuc), arabinose (Ara), xylose (Xyl), mannose (Man), galactose (Gal), and glucose (Glc) (each sugar at 

2 mg∙mL-1) was also prepared. Of this standard solution, 20 µL was taken, 20 µL myo-inositol (2 

mg∙mL-1) added as the internal standard, and converted into alditols as described above.  

The resulting alditols were acetylated by addition of 200 µL acetic anhydride (Sigma) and 100 µL 

pyridine (Merck) as catalyst and mixed thoroughly. The vials were then placed on a heating block at 

100°C for 30 min, vortexed at regular intervals. One mL of toluene (Ajax Finechem, USA) was added 

and the mixture was evaporated under a gentle flow of air at room temperature. This step was repeated. 

Next 200 µL dichloromethane (DCM) was added, vortexed and centrifuged at 1,000 g for 5 min. The 

organic layer was carefully transferred into a clean GC glass vial with spring insert, and a steel cap with 

rubber septum crimped tightly onto each vial.  

One µL was then injected by an automatic sampler (equipped with a 10 µL glass syringe; Agilent) to a 

Hewlett Packard 6860 gas chromatography system equipped with a fused silica capillary column [(30 

m ×0.25 mm ×0.2 µm) SP-2380, Supelco, USA] maintained at 120°C and fitted with a flame ionisation 

detector (FID) set at 240°C. After the sample was injected, temperature was held for 2 min, and 

increased 10°C per min to 240°C, where it was held for a further 35 min, using N2 (BOC) as the carrier 

gas. Identification of sugars was done by comparison of retention times off the GC column as 

compared to that of the 7-sugar standard prepared and run in parallel with samples each time. For an 
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example of a typical standard chromatogram, see Appendix IV. Sugar quantification expressed as 

µg/mg anhydrous material and mol % was determined by comparing GC peak areas with that of the 

200 ng∙µL-1 myo- inositol standard added. The GC analysis was used both to identify and to quantify 

the sugars present in the extracted samples of the different apple cell wall fractions. Two independent 

samples from each CW extraction were analysed, and GC measurements performed in duplicate. 

2.4.2 All neutral monosaccharides 

The TFA hydrolysis method described above only quantifies monosaccharides from the non-

cellulosic portion of the cell wall. To quantify monosaccharides contributed by all domains of the wall 

including cellulose, stronger hydrolysis conditions are required as cellulose is a very resistant 

polysaccharide. Hence a two-stage sulphuric acid (H2SO4) hydrolysis procedure is described for the 

detection of all neutral sugars in the cell wall material (CWM) and cell wall residue (CWR) (Harris et 

al. 1988). CWM or CWR (5 mg) was weighed out into a clean glass vial. To this, 125 µL of 72% 

H2SO4 was added to each vial, and nitrogen gas was used to flush out air in the vial before capping with 

a Teflon-lined screw cap. The samples were then incubated at 30°C for 3 h. Next, 1.375 mL of MilliQ 

water was added into each vial, flushed with nitrogen gas, capped and incubated for a further 3 h at 

100°C. The vials were then allowed to cool and 300 µL of 8 M NH3 was added to neutralise the 

solution. Myo-inositol (100 µL of 2 mg∙mL-1) was added as the internal standard. The solution was then 

filtered through sterile glass microfiber filter (70 mm diameter, Whatman, England) and 200 µL of the 

clear filtrate was transferred into a clean glass vial. The procedure was continued as per conversion to 

alditols and acetates from the addition of NaBH4 in NH4OH step as described above in 2.4.1. The final 

volume was made up to 1 mL with DCM. GC was performed as described in 2.4.1.  

2.4.3 Uronic acid (UA) 

Uronic acid content was determined according to Blumenkrantz and Asboe-Hansen (1973) and 

Ahmed and Labavitch (1977). This method is based on the hydrolysis of cell wall material in 

concentrated H2SO4 and reaction against sodium tetraborate and m-hydroxydiphenyl to produce a pink-

coloured compound which is quantified by optical density and compared against galacturonic acid 

standards. Between 1 -2 mg of the freeze dried cell wall fraction was weighed out into 10 mL graduated 

glass test tubes. The tubes were chilled in ice and 0.5 mL of 96% H2SO4 was added and the solution 

was stirred for 5 min using small magnetic stirrer bars. This step was repeated. Then, 0.25 mL of water 

was added twice in 5 min successions while stirring. The final volume was made up to 10 mL with 

MilliQ water. Galacturonic acid standards were prepared at the following concentrations 0.017, 0.05, 

0.067 and 0.10 mg∙mL-1. Next, 150 µL of each sample or standard was transferred into Kimax tubes to 

which 150 µL of water and 1.5 mL of H2SO4 reagent containing 75 mM sodium tetraborate was added 

and vortexed vigorously. The tubes were then placed in an ice bucket for 10 min and vortexed again to 
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ensure uniform mixing of the reagents. The tubes were incubated in a boiling water bath for 10 min, 

capped with marbles to prevent condensation. Once cooled to room temperature, 5 µL of 0.15% (w/v) 

m-hydroxydiphenyl in 0.5% (w/v) NaOH was added into each tube and mixed thoroughly by vortexing. 

The pink colour was allowed to develop and stabilise for 30 min before 200 µL of sample or standard 

was pipetted into a 96-well micro-titer plate (Nunc) and the absorbance read at 524 nm using a 

spectrophotometer (Spectramax Plus 384, Molecular Devices). Three independent samples were 

analysed for each developmental stage, measurements were done in duplicate and results were 

expressed as micrograms of galacturonic acid per milligram of anhydrous CWM or CW fraction. For 

an example of a typical galacturonic acid standard curve, see Appendix V.   

2.4.4 Degree of methyl esterification (DE) 

The DE was only analysed for the water-soluble, CDTA-soluble and CWM since esters are 

saponified in harsher alkali treatments (i.e. Na2CO3, 1 M and 4 M KOH). DE was determined by the 

modified method of McFeeters and Armstrong (1984) by GC quantification of methanol after 

hydrolysis of pectin. Two mg of dried cell wall material was saponified in 25 µL of 50 mM citric acid 

(pH 5.0) containing 1 M sodium chloride (NaCl), 225 µL water and 20 µL of 1 M sodium hydroxide 

(NaOH). The Eppendorf tubes were sealed, mixed thoroughly and incubated overnight at 4°C. To 

neutralise the mixture, 30 µL of 82.5 M citric acid was added and mixed thoroughly. Then 33.3 µL of 

25 mM n-propanol was added as the internal standard and tubes were centrifuged for 5 min at 20,000 g. 

A sample of 1 µL was drawn using a syringe and analysed by gas-liquid chromatography on a BP20 

capillary column (15 m ×0.25 µm, Fischer Scientific, UK) with a helium flow rate of 1.5 psi. The oven 

temperature was set at 80°C with the FID temperature at 240°C. Two injections were performed for 

each sample with water washes in between each injection. Methanol standards (33.3, 66.6 and 99.9 µL 

of 25 mM methanol) were prepared in 25 µL of 50 mM citric acid (pH 5.0) containing 1 M NaCl, 191.7 

µL H2O, 20 µL of NaOH, 30 µL of 82.5 mM citric acid and 33.3 µL of 25 mM n-propanol. GC 

analysis was performed as described above and these results were used to generate a standard 

calibration curve of which the amount of methanol in the cell wall samples was calculated from. 

Positive controls were prepared using commercial citrus pectin with known DE of 26 and 65% (Sigma 

Aldrich, CA, USA). Pectin samples were dissolved in water (5 mg·mL-1), and 1.0 mL was saponified, 

neutralised and methanol quantified as described above. DE was calculated as a molar ratio of 

methanol to galacturonic acid. 
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3.0 Results and discussion 

3.1 Change in ripening parameters during fruit development 

The growth phase of the fruit is characterised from fruitlet to fruit-at-harvest. At the harvest 

stage, the fruits are mature but not of full eating ripeness yet. The ripening phase occurs after harvest, 

during storage and is the accompanied by softening. In this thesis, the term growth will therefore refer 

to the phase from fruitlet to mature fruit-at-harvest; the term ripening will be related to changes whilst 

in storage; and the term fruit development encompasses both the growth and ripening phases. 

 
Table 2.3. Soluble solids concentration (SSC) and starch pattern index (SPI) of ‘Royal Gala’ and 
‘Scifresh’ fruit during development. (n= 20) 

 Royal Gala 

Time-point Fruitlet Expanding 
fruit 1 

Expanding 
fruit 2  Fruit-at-

harvest Stored fruit 

DAFB 40 70 100  120 20 weeks 
SSC(°Brix) N/A 8.2 10.58  11.83 15.25 
SPI 0 1 1.46  2.82 6 

 Scifresh 

Time-point Fruitlet Expanding 
fruit 1 

Expanding 
fruit 2 

Expanding 
fruit 3 

Fruit-at-
harvest Stored fruit 

DAFB 40 70 100 120 140 20 weeks 
SSC(°Brix) N/A 8.05 9.93 10.54 13.36 16.68 
SPI 0 0 1 2.36 3.48 6 
N/A: SSC in fruitlet was not measured because fruit were too immature to excise any juice for 
measurements 
For SPI scale, see standard referencing chart in Appendix II 
 

Both ‘Royal Gala’ and ‘Scifresh’ fruit show comparable grow rates by weight and size (Tables 

2.1. and 2.2.). Both cultivars developed to similar sizes and were comparable to growth of ‘Braeburn’ 

apples (Percy et al. 1997), which was not surprising as ‘Braeburn’ is the other parent cultivar of 

‘Scifresh’. In accordance with fruit development, the high starch content in fruitlet converts into 

soluble sugars as ripening progresses. The stored fruit therefore contains very little starch (indicated by 

an index of 6) and has the highest SSC (Table 2.3.). Both these parameters were comparable between 

‘Royal Gala’ and ‘Scifresh’. Firmness was the most dominant factor in consumer acceptance of apples, 

over other determinants such as SSC (Harker et al. 2008). Flesh firmness, internal ethylene 

concentration and dry matter concentration were also monitored and presented in Fig. 2.2. 
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Figure 2.2. Flesh firmness (A), internal ethylene concentration (B) and dry matter concentration (C) in 
‘Royal Gala’ (    ) and ‘Scifresh’ (    ) fruit during growth. (n = 20 ± S.E.; where error bars are not 
visible, they are within the marker size) 
 

‘Royal Gala’ starts out with higher firmness than ‘Scifresh’ however is less firm in fruit-at-

harvest (120 DAFB for ‘Royal Gala’ and 140 DAFB for ‘Scifresh’), despite both cultivars showing 

similar growth rates. The decline in firmness of ‘Royal Gala’ during growth was comparable to Volz et 

al. (2003) with slight discrepancies owing to different growing seasons or different growing sites. 

Ethylene is known to be a ripening-related hormone and when produced at significantly different levels 
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have been shown to affect softening rates in apples (Johnston et al. 2002; Oraguzie et al. 2007). 

Ethylene concentration was measured starting at 70 DAFB. In this study, ethylene production was 

comparable between the two cultivars (Fig. 2.2B), levels of which fall in the higher percentile when 

compared to other apple cultivars (Oraguzie et al. 2007). Although the growth rates of fruit of both 

cultivars were very similar, between 70 and 100 DAFB ‘Scifresh’ showed an increase in dry matter 

concentration (Fig. 2.2C), approximately 10% more than ‘Royal Gala’, but levels remained comparable 

at other time-points. Palmer et al. (2010) also reported a higher mean dry matter concentration in 

‘Scifresh’ compared to ‘Royal Gala’ which was positively correlated to an increase in SSC. 

 
 

 

 

 

 

 

 

 

Figure 2.3. Percentage increase in fruit weight per day (A) and percentage of net cell wall biosynthesis 
per day (B) in ‘Royal Gala’ and ‘Scifresh’ fruit during growth. 
 

Fig. 2.3A shows the percentage increase in fruit weight per day, calculated from the average 

fruit weight data in Table 2.1. and 2.2., as the change in mean fruit weight relative to the weight at the 

start of each period. This calculation showed that growth was most rapid between 40 and 70 DAFB 

with ‘Royal Gala’ showing about 5% higher increase in growth rate.  As there were major changes in 

the fruit physiology at 70 DAFB in terms of firmness and dry matter concentration (Fig. 2.2.), a 
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comparison was made between the percent growth rate (Fig. 2.3A) and the percent change in CWM 

yield (Fig. 2.5.), to determine if the yield of CWM parallelled growth. In Fig. 2.3B, the ‘net cell wall 

biosynthesis’ was calculated as the difference between percent growth rate and percent loss of CWM 

during each growth period. This approach showed that net cell wall synthesis strongly mirrored growth, 

in that the rapid growth phase was also the phase where net cell wall biosynthesis was greatest 

(between 40 and 70 DAFB).  The two cultivars had a similar pattern of net cell wall biosynthesis during 

growth, with some evidence for greater deposition in ‘Royal Gala’ between 40 and 70 DAFB.  Net cell 

wall synthesis slowed in both cultivars between 70 and 100 DAFB, and became negligible once the 

fruit were of harvest maturity.  

 

3.2 Change in ripening parameters during storage 

  

 

 

 

 

 

 

 

Figure 2.4. Flesh firmness measured with an 11-mm probe (A) and internal ethylene concentration (B) 
in ‘Royal Gala’ (    ) and ‘Scifresh’ (    ) fruit ripened in storage for 4, 15 and 20 weeks. (n= 20 ± S.E.; 
where error bars are not visible, they are within the marker size) 

During the storage period, ‘Royal Gala’ showed a decline in firmness of 35% when compared 

to mature fruit-at-harvest (0 weeks). Oraguzie et al. (2007) reported a 20% decline in firmness in 

‘Royal Gala’ when stored for 50 days after harvest. This was very different to ‘Scifresh’ which 

effectively did not change in firmness. The high firmness of ‘Scifresh’ retained during ripening has also 

been reported in Harker et al. (2006) and is a characteristic unique to this cultivar. Ethylene production 
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was comparable between both cultivars, which was an interesting finding because cultivars which are 

high ethylene producers usually soften at a faster rate (Johnston et al. 2009). This attribute in ‘Scifresh’ 

demonstrated that it is possible for an apple cultivar to have high ethylene production, and yet still 

remain firm during ripening in storage. 

Recent studies suggest the involvement of an Md-ACS1 gene in apple softening which may be 

regulated by cold storage temperature, ethylene and harvest maturity times (i.e. early or late maturing 

cultivars) (Wakasa et al. 2006; Oraguzie et al. 2007). In this study, both ‘Royal Gala’ and ‘Scifresh’ 

were stored at similar temperatures and conditions, produced similar amounts of ethylene and were 

early season cultivars, yet they developed very different firmness in storage which could not be 

explained by physiological differences. Hence, a difference in tissue structure and/or cell wall 

architecture was hypothesised. To investigate this, cell walls from fruitlet, expanding fruit and fruit-at-

harvest were isolated and characterised to monitor changes during fruit growth. Although the emphasis 

of this study was placed on fruit growth, one storage point was also included as a postharvest 

comparison, and fruit that had been stored for 20 weeks was selected as firmness was most different 

between cultivars at this stage (Fig. 2.4A). The ripe fruit from this 20 week storage point was termed 

‘stored’ fruit. 

3.3 Yields of cell wall material and fractions 

The water-soluble fraction contains both material solubilised in phenol-Tris buffer and in water. 

This treatment is purported to extract pectin and neutral sugars not bound to the wall. Yields of this 

fraction in both cultivars showed similar trends, increasing during fruit growth and decreasing during 

ripening storage (Fig. 2.5.). For most time-points, however, ‘Royal Gala’ had more water-soluble 

material compared to ‘Scifresh’. This could suggest that ‘Royal Gala’ contained more freely soluble 

pectin from early on in growth than ‘Scifresh’, which may have pectin more tightly associated to the 

wall.  

The DMSO-soluble fraction is likely to contain mostly starch, and thus was not surprising to be present 

more in growing or mature fruit compared to ripe fruit. The yield of the DMSO-soluble fraction in 

fruit-at-harvest was significantly higher in ‘Royal Gala’ compared to ‘Scifresh’ which coincided with 

higher starch content and lower SSC in ‘Royal Gala’ than ‘Scifresh’ (Table 2.1. and 2.2.). It is possible 

that when the fruits were harvested, ‘Royal Gala’ was slightly less mature compared to ‘Scifresh’, also 

because ‘Scifresh’ was harvested at a later date and may have had more time for starch conversion into 

soluble sugars.  

The amount of CWM extracted from the apples and its loss during fruit development was similar for 

both cultivars (Fig. 2.5.). Yields reported in this study were comparable to that of ‘Cox’s orange 
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pippin’ and ‘Braeburn’ CW preparations by phenol: acetic acid: water extraction (Redgwell et al. 

1997a). The high yield in fruitlets was because cell walls at this stage were very thick and cell sizes 

were small, resulting in more CWM per unit area and by weight of fruit. However, as the fruit grows, 

cells expand and intercellular air spaces develop giving rise to less proportion of CWM per unit of 

weight in larger fruit. 

 

Figure 2.5. Yields of the water-, DMSO-soluble fractions and isolated CWM in mg·g-1 fresh weight 
(FW) of ‘Royal Gala’ and ‘Scifresh’ fruit during development. Results are the average of one season 
with 3 extraction replicates ± S.D. 

 

Yields of cell wall fractions obtained by sequential fractionation were reported as a percentage of 

isolated CWM yield and presented in Fig. 2.6. For yields of these fractions in mg·g-1 FW, see 

Appendix VI. 
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Figure 2.6. Yields of sequential cell wall fractions as a percentage of CWM recovered in ‘Royal Gala’ 
(top) and ‘Scifresh’ (bottom) fruit during development. Results are the average of one season with 3 
extraction replicates ± S.D. 
 

In general, yields of fractions in both cultivars showed similar increasing trends with increasing 

strength of extraction buffer (from CDTA to 4 M KOH). The fruitlet of both cultivars showed least 

amount of extractable material. CDTA recovered lowest amounts of material indicating little calcium-

associated pectin in the apple cell walls. There seemed to be highest amounts of material extractable by 

4 M KOH in the expanding fruit 1 and stored fruit for ‘Scifresh’ and expanding fruit 1 and 2 for ‘Royal 

Gala’. This fraction is likely to contain pectic polysaccharides and hemicelluloses tightly associated 

with cellulose. In fruit ripened in storage, ‘Royal Gala’ contained more material in the Na2CO3 and 1 M 

KOH fractions, while ‘Scifresh’ contained more in the 4 M KOH and CWR. This suggests that in ripe 

fruit, ‘Royal Gala’ may contain more loosely bound material, while ‘Scifresh’ may contain more 

material that is tightly bound to the wall.  
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Figure 2.7. Composition of isolated CWM after TFA hydrolysis of ‘Royal Gala’ (grey bars) and ‘Scifresh’ (black bars) fruit during development.  

Rha, rhamnose; Fuc, fucose; Ara, arabinose; Xyl, xylose; Man, mannose; Gal, galactose; Glc, glucose; UA, uronic acid; C-Glc, cellulosic glucose (Glc 
obtained from sulphuric acid hydrolysis subtract Glc obtained from TFA hydrolysis). Results presented are means from 3 extraction replicates, each with two 
GC or UA replicate measurements. (n= 6 ± S.D.) 

µg
·m

g-1
 a

nh
yd

ro
us

 C
W

M
 

Royal Gala 

Scifresh 

0 

175 

350 

Rha Fuc Ara Xyl Man Gal Glc UA C-Glc 

Stored 

0 

175 

350 

Rha Fuc Ara Xyl Man Gal Glc UA C-Glc 

Expanding fruit 1 

0 

175 

350 

Rha Fuc Ara Xyl Man Gal Glc UA C-Glc 

Fruitlet 

0 

175 

350 

Rha Fuc Ara Xyl Man Gal Glc UA C-Glc 

Harvest 



38 
 

Fig. 2.7. shows the non-cellulosic neutral monosaccharide composition after TFA hydrolysis 

and the UA composition of the isolated CWM. The term “cellulosic glucose” (C-Glc) refers to the 

amount of glucose hydrolysable by two-stage H2SO4 minus the amount of glucose hydrolysable by 

TFA. This C-Glc is presumed to have originated mostly from cellulosic sources, but could have also 

been contributed by xyloglucans or galactoglucomannans also hydrolysable by the H2SO4 procedure. 

However, for simplicity, these glucose will collectively be termed C-Glc, although it does not imply 

that the origin of this glucose is solely from cellulose. Because the time-point ‘expanding fruit 3’ (120 

DAFB) for ‘Scifresh’ did not differ significantly in terms of yield compared to ‘expanding fruit 2’(100 

DAFB), composition analysis and fractionation was not carried out on CWM of  ‘expanding fruit 3’. 

From these results, the most abundant sugars that make up the apple cell wall are glucose from 

cellulose, UA, galactose and arabinose from pectin. Both cultivars have rather comparable 

composition, except at the fruitlet stage, where ‘Scifresh’ contained significantly higher amounts of 

galactose, fucose and mannose, and also higher amounts of arabinose, compared to ‘Royal Gala’. 

Amounts of galactose in ‘Scifresh’ were maintained at higher levels (approximately 1/3 higher) than 

‘Royal Gala’ at all developmental stages. 

Galactose has been reported to play a role in wall loosening and hence is involved in fruit softening, 

most likely through loss of galactan side chains of RG-I and increasing wall porosity (Fischer et al. 

1994; Renard et al. 1990). Arabinose content was higher in ‘Scifresh’ fruitlet, but comparable to or less 

than ‘Royal Gala’ for the remaining development (Fig. 2.7.). According to Nara et al. (2001), the 

decrease in arabinose and galactose suggests the solubilisation of these pectic arabinans and galactans. 

This was reportedly significant in stored ‘Fuji’ apples but not in ‘Golden Delicious’ apples, indicating 

that pectin solubilisation may be a cultivar-specific (Billy et al. 2008). Galactose from fruitlet to stored 

fruit decreased from 86 to 40, and 134 to 59 µg·mg-1 anhydrous CWM in ‘Royal Gala’ and ‘Scifresh’, 

respectively; while arabinose from fruitlet to stored fruit decreased from 79 to 45 and 98 to 42 µg·mg-1 

anhydrous CWM, in ‘Royal Gala’ and ‘Scifresh’, respectively (See Appendix VII for raw data). On a 

CWM basis, both cultivars showed comparable losses of galactose, but the higher amounts of arabinose 

in ‘Scifresh’ fruitlet, led to a slightly higher proportional loss of arabinose in ‘Scifresh’ than ‘Royal 

Gala’.  

The cell wall composition of ‘Royal Gala’ stored fruit was in agreement with ripe ‘Gala’, ‘Red 

Delicious’, ‘Firm Gold’ and ‘Gold Rush’ apples reported by Pena and Carpita (2004). But the higher 

amount of galactose in stored ‘Scifresh’ fruit (Fig. 2.7.) is a characteristic which differs from the cell 

wall composition of other ripe apple cultivars (Schols et al. 1995a; Redgwell et al. 1997b). The 

decrease in UA, galactose and arabinose; and increase in xylose and glucose with ripening was also 

reported in ‘Golden Delicious’ apple cell walls (Fischer and Amado 1994). 
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When neutral monosaccharide and UA compositions are analysed, there are multiple ways in which the 

results can be expressed and used for interpretation. For example, composition reported in:  

(a) molar ratio (%) gives information regarding the changes in proportions of monosaccharides which 

make up the cell wall or fraction of the cell wall, however it does not relate to changes in absolute 

amounts of the monosaccharides present, instead sugars can only be compared relative to each other.  

(b) µg monosaccharide per mg anhydrous cell wall material or cell wall fraction gives the changes 

in absolute amounts of monosaccharides in the cell wall, per unit weight of the cell wall material. This 

does not represent changes in the apple on the whole, as the yield of the cell wall material is yet to be 

taken into account. 

(c) µg monosaccharide per gram dry matter (DM) fruit gives the composition changes having taken 

into account the yield of cell wall material recovered divided by the DM content of the fruit (dry 

weight/ fresh weight). On this basis, the difference in water content of the fruit is eliminated, and it is 

assumed that cell wall material makes up a substantial portion of the fruit’s DM, also taking into 

account the fact that native hydrated primary cell walls are comprised 70% (by fresh weight) of water 

(McNeil et al. 1984; Rose et al. 2003). 

(d) µg monosaccharide per gram fresh weight (FW) fruit gives the composition changes on a FW 

basis, having taken into account the yield of the cell wall material per amount of FW tissue used for the 

extraction procedure. Results expressed in this manner show the overall absolute sugar composition 

changes in the whole fruit. 

The full fraction composition by TFA hydrolysis is presented in molar ratio as Fig. 2.8. below and 

expressed in µg per g FW in Table 2.4. below, with corresponding discussions following. The results in 

text were not chosen to be presented per dry matter basis because of the varying starch content which 

contributes to a higher dry matter in the fruitlet and expanding fruits than in ripe fruits. 

The composition of each fraction hydrolysed by TFA (water, DMSO, CWM, CDTA, Na2CO3, 1 M 

KOH, 4 M KOH and CWR) for all time-points in both apple cultivars expressed in (a) molar ratio, (b) 

µg per mg anhydrous cell wall material, (c) µg per g dry matter and (d) µg per g fresh weight fruit can 

be found in Appendix VII. The composition expressed in the same manner for CWM and CWR 

hydrolysed by two-stage H2SO4 can be found in Appendix VIII.  
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Figure 2.8. Cell wall fraction composition (mol %) of ‘Royal Gala’ (left) and ‘Scifresh’ (right) fruit 
during development. 

Rha, rhamnose; Fuc, fucose; Ara, arabinose; Xyl, xylose; Man, mannose; Gal, galactose; Glc, glucose; 
UA, uronic acid. Results presented are means from three extraction replicates, each with two GC or UA 
replicate measurements. (n= 6± S.D.) 
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Each cell wall fraction was analysed for non-cellulosic neutral monosaccharide and UA content 

and presented in a developing series from fruitlet to stored fruit. Only one expanding fruit stage was 

presented per cultivar (‘expanding fruit 1’; 70 DAFB) as the inclusion of ‘expanding fruit 2’ (100 

DAFB) did not alter trends observed significantly. Data for ‘expanding fruit 2’ can be found in 

Appendix VII. 

Comparisons by proportions and relative amounts in mol%, based on Fig. 2.8. 

The water-soluble fraction contained predominantly UA and glucose. This UA would have originated 

from freely-soluble pectin, unattached to cell wall polymers. The trend for the proportional increase of 

UA in the water-soluble fraction for ‘Scifresh’ fruit during ripening was in agreement with the 

literature suggesting pectin solubilisation (Yoshioka et al. 1994; Redgwell et al. 1997a). This was also 

accompanied by a proportional increase in water-soluble arabinose and galactose. For ‘Royal Gala’, the 

proportion of UA in the water-solubles was highest in fruitlet and stored fruit. With the higher 

proportion of UA and the higher yield of water soluble fraction in ‘Royal Gala’ fruitlet, this meant that 

‘Royal Gala’ fruitlet contained more freely-soluble pectin compared to ‘Scifresh’. From harvest to 

stored fruit, when fruit ripened, both cultivars showed an increase in proportion of UA in water-

solubles. The high amount of glucose in this fraction was rather unexpected. Because high amounts 

were recovered only in unripe fruit and levels were low in stored fruit, this may be attributed to 

presence of starch. 

The DMSO-soluble fraction contained predominantly glucose, contributing 70– 90 mol % in fruitlet, 

expanding fruit and fruit-at-harvest, and 52– 60 mol % in stored fruit. This glucose would have 

originated from solubilised starch and therefore was higher in unripe fruit. The decrease in proportion 

of glucose in the fraction was accompanied by an increase in UA proportion with ripening. 

In the CDTA-soluble fraction, UA contributes the highest proportion, indicating solubilisation of 

calcium-bound pectin in this fraction. ‘Scifresh’ contained higher proportions of arabinose and 

galactose compared to ‘Royal Gala’, indicating that the calcium-bound pectin in ‘Scifresh’ could be 

more branched. 

In the Na2CO3-soluble fraction, the two cultivars showed some differences. In fruitlet, ‘Royal Gala’ 

contained high proportion of UA, and low proportion of arabinose and galactose, indicating that pectin 

solubilised in this fraction was lowly branched. As growth and ripening progressed in ‘Royal Gala’, 

there was a decrease in UA and increase in arabinose proportions. In ‘Scifresh’, fruitlets contained a 

lower proportion of UA but higher proportions of arabinose and galactose, suggesting that the pectin 

solubilised here could be more highly branched compared to ‘Royal Gala’ fruitlet. In ‘Scifresh’, the 
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proportion of arabinose and galactose then decreased with growth and increased with ripening in 

storage. 

As the extraction progressed from CDTA to Na2CO3 to 1 M KOH, the proportion of arabinose and 

galactose increased significantly. This showed that extracting with increasing strengths of alkali 

resulted in the release of more highly branched pectic polysaccharides, presumably galactans and 

arabinans adhering to cellulose as indicated by the increase in relative proportions of arabinose and 

galactose to UA (Massiot et al. 1988; Zykwinska et al. 2007). In the 1 M KOH-soluble fraction, UA 

was no longer predominant as this treatment was likely to also extract hemicelluloses and thus 

increased the proportion of other neutral sugars such as xylose and glucose (Note the scale of mol % in 

Fig. 2.8. changes). In this fraction, there was a general increase in UA proportion with growth for both 

cultivars, which was accompanied by decrease in arabinose and galactose. In stored fruit, ‘Royal Gala’ 

contained proportionally more UA but less galactose compared with ‘Scifresh’.  

Comparing the two hemicellulosic fractions 1 M and 4 M KOH, the main ripening-associated changes 

were the increase in xylose and glucose proportions, with a reduction in arabinose proportion. This 

correlated with the increase in arabinose in the water-soluble fraction following ripening. Since the 1 M 

KOH fraction showed higher proportions of arabinose compared to the 4 M KOH fraction, this 

indicated that the hemicelluloses extracted in this fraction were likely to be a mixture of xyloglucans, 

arabinoxylans, and arabinans from branched pectic polysaccharides. The 4 M KOH fraction contained 

higher proportions of xylose and glucose, with less arabinose, most likely supporting the presence of 

xyloglucans as the main hemicellulose present. Proportions of xylose and glucose increased to higher 

levels in stored ‘Royal Gala’ fruit compared to ‘Scifresh’, while stored ‘Scifresh’ contained higher 

proportions of UA. This suggests cross-linking of pectic side chains galactans and arabinans by 

hydrogen bonds to cellulose (Zykwinska et al. 2006; Dick-Pérez et al. 2011), which would require such 

strong alkali conditions for solubilisation. This could imply that the pectin-cellulose association could 

be a more important network in stored ‘Scifresh’ fruit, while the xyloglucan-cellulose association could 

be more important in stored ‘Royal Gala’ fruit. 

At all stages in both KOH fractions, the xylose to glucose ratio of approximately 3: 4 confirmed the 

presence of xyloglucans, which has been shown to be the predominant hemicellulose extractable by 

strong alkali in various fruits (Brummell 2006). The 4 M KOH fraction also showed some amount of 

rhamnose and fucose which could have originated from more complex pectin domains such as RG-II. 

Strong alkali treatments have also been reported to release fucogalactoxyloglucan in apple cell walls 

(Renard et al. 1991b, 1992). 

Once soluble pectic polysaccharides and hemicelluloses had been extracted, the remaining CWR was 

predicted to be rich in cellulose and other polysaccharides not susceptible to strong alkali extractions. 
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This was shown by the high proportions of glucose, contributing 35– 48 mol% of the fraction, followed 

closely by UA indicating further release of pectic polysaccharides strongly bound to cellulose. In stored 

‘Scifresh’ apples, glucose contributed a higher relative proportion compared to ‘Royal Gala’. The 

higher glucose content along with the higher cellulosic glucose in the isolated CWM (Fig. 2.7.) 

suggested that ‘Scifresh’ could have more cellulose than ‘Royal Gala’. Mannose, which was detected 

only in trace amounts in the other fractions, was present up to 20 mol % in the CWR. Mannose-

containing hemicelluloses such as glucomannans and galactoglucomannans are very strongly 

associated with cellulose and could therefore have remained in the CWR (Melton et al. 2009; Schröder 

et al. 2009). Xylose contributed up to 10 mol% of the CWR, implying the presence of xyloglucan 

strongly adhering to cellulose.  

Comparisons by actual amounts in µg per g FW, based on Table 2.4 (below). 

In the water-soluble fraction, ‘Royal Gala’ contained more of every neutral sugar than ‘Scifresh’, with 

the exception of glucose in fruitlet and expanding fruit. The higher amounts of water-soluble neutral 

sugars recovered in ‘Royal Gala’ also reflected the significantly higher totals, particularly at the harvest 

stage. However, the high amount of glucose recovered in water-soluble fraction of apple cell walls has 

been attributed to presence of starch, which has also been reported by Nelmes and Preston (1968). 

The DMSO-soluble fraction contained predominantly glucose. In most cases of this fraction, ‘Royal 

Gala’ contained more fucose, arabinose, xylose, mannose and galactose compared to ‘Scifresh’. As this 

fraction also contained water washes, it is possible that these neutral sugars are freely soluble and 

collected in this fraction, instead of the previous water-soluble fraction. 

For the CDTA-soluble fraction, ‘Royal Gala’ fruitlet contained significantly more neutral sugars and 

UA compared to ‘Scifresh’. This indicated that ‘Royal Gala’ fruitlet had more calcium-bound pectin 

than ‘Scifresh’. At this stage, the ‘Royal Gala’ fruitlet was firmer than ‘Scifresh’ fruitlet. As the fruit 

developed, mature ‘Scifresh’ fruit-at-harvest and fruit ripened in storage showed slightly higher 

amounts of calcium-bound pectic polysaccharides than ‘Royal Gala’. 

In the Na2CO3-soluble fraction, ‘Scifresh’ fruitlet and expanding fruit contained more arabinose and 

galactose, indicating that in early stages of fruit growth, the pectin extractable by Na2CO3 is likely to be 

highly branched with arabinan and galactan side chains. However, as the fruit developed, mature 

‘Scifresh’ fruit-at-harvest and fruit ripened in storage contained less of these neutral sugars compared 

to ‘Royal Gala’. 

 In the 1 M KOH-soluble fraction, the fruitlet of ‘Royal Gala’ contained significantly higher amounts of 

all neutral sugars and UA compared to ‘Scifresh’ and thus resulting in twice the total amount of sugars. 

However, for the other developmental points both cultivars’ composition was comparable. 
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In the 4 M KOH-soluble fraction, stored ‘Scifresh’ fruit contained more arabinose, galactose and UA 

compared to ‘Royal Gala’. This indicated the presence of branched pectin tightly associated to 

cellulose, which was only extractable by strong alkali in stored ‘Scifresh’ fruit. According to Brummell 

(2006), majority of the arabinose and galactose is recovered in the alkali-soluble extracts compared to 

chelator or sodium carbonate extracts; and it is loss of these tightly-bound arabinan and galactans 

which are important components of the softening process. The higher amounts of arabinose and 

galactose in the 1 M- and 4 M KOH-soluble fractions compared to CDTA- or Na2CO3-fractions were 

also evident in my study (Table 2.4.). Comparing the two cultivars, in the 1 M and 4 M KOH fractions, 

the extent of arabinose and galactose losses were less in ‘Scifresh’ than ‘Royal Gala’. 

In the CWR, the C-Glc was comparable in both cultivars except in the stored fruit, where ‘Scifresh’ 

contained approximately twice the amount compared to ‘Royal Gala’. This could potentially be a 

significant finding as it indicated that stored ‘Scifresh’ fruit may contain more cellulose, or tightly-

bound xyloglucans or galactoglucomannans than stored ‘Royal Gala’ fruit. This may suggest that 

during ripening in storage, cellulose (if degraded) may be degraded to a lesser extent in ‘Scifresh’, 

which may influence the conservation of firmness in this cultivar. However, cellulose degradation is 

not a well-documented event during fruit ripening and has been reported to be absent in apples (Nelmes 

and Preston 1968), kiwifruit (Newman and Redgwell 2002) and tomato (Maclachlan and Brady 1994). 

The only fruit which showed some evidence of cellulose degradation during ripening has been avocado 

(Platt-Aloia et al. 1980; O’Donoghue et al. 1994), although avocados have notoriously extreme cell 

wall breakdown during ripening, atypical of other fruits (Brummell 2006). 

The other notable difference in the CWR is the amount of some other neutral sugars (apart from 

glucose) which were recovered in significantly higher amounts by two-stage H2SO4 hydrolysis 

compared with TFA hydrolysis (values indicated in red in Table 2.4.). In the fruitlet, expanding fruit 

and stored fruit, most sugars were higher in H2SO4 hydrolysis than TFA. These sugars released more 

by H2SO4 hydrolysis, would indicate their tight association with cellulose which require stronger acidic 

conditions to release. In particular, mannose and arabinose were recovered in significantly higher 

amounts by H2SO4 than TFA hydrolysis. This supported the previously suggested glucomannans or 

galactoglucomannans very tightly bound to cellulose and also strong associations of arabinans with 

cellulose. Zykwinska et al. (2006) also reported a sugar beet cell wall fraction enriched in arabinan side 

chains which required strong acidic conditions to completely hydrolyse, which indicated that arabinan 

side chains could be anchored to cellulose and may withstand milder acid hydrolysis, such as that of 

TFA.
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Table 2.4. Cell wall fraction composition in µg monosaccharide·g-1 FW tissue of ‘Royal Gala’ (RG) and ‘Scifresh’ (SF) after TFA hydrolysis and the cell 
wall residue (CWR) also analysed by H2SO4 hydrolysis.  

Values in grey are the significantly higher between the two cultivars (P < 0.05) according to Fisher’s Protected LSD test. Values in red are significantly 
higher by H2SO4 hydrolysis than TFA hydrolysis. (n = 6). For details on all statistical analyses, see Appendix XVII.

Fraction Water DMSO CDTA Na2CO3 1M-KOH 4M -KOH CWR CWR-H2SO4 
Fruitlet RG SF RG SF RG SF RG SF RG SF RG SF RG SF RG SF 
rha 7.60 1.89 59.49 53.06 1.31 0.22 26.63 37.15 139.41 41.61 51.84 34.73 8.27 4.17 7.72 12.84 
fuc 1.60 0.54 47.96 42.33 0.78 0.13 3.66 3.09 16.87 5.93 33.21 39.49 2.73 1.74 7.98 5.76 
ara 54.86 11.90 449.60 393.59 19.36 1.66 127.18 281.74 1222.66 407.76 599.17 435.12 73.27 40.12 215.92 120.07 
xyl 9.50 3.61 269.47 156.98 4.36 0.41 7.90 9.13 121.64 46.76 209.93 227.08 23.70 11.98 38.57 24.99 
man 28.95 10.67 188.95 132.40 2.16 0.21 4.10 1.63 13.10 5.34 19.77 20.81 119.40 76.89 249.50 264.89 
gal 92.77 25.04 486.38 328.03 20.59 1.87 113.63 373.15 1473.08 764.18 1189.37 1228.30 137.82 87.19 306.40 63.64 
glc 174.20 555.88 17697.50 12282.50 4.19 0.47 5.54 3.86 88.76 45.26 501.38 612.01 354.67 197.82 1871.78 1561.40 
UA 845.09 326.08 2044.19 2682.08 878.00 276.10 1752.18 1065.63 1655.94 701.23 1135.49 721.23 206.59 141.95 567.35 254.86 
total 1214.58 935.60 21243.54 16070.97 930.75 281.06 2040.84 1775.38 4731.45 2018.06 3740.16 3318.76 926.45 561.86 3265.22 2291.13 
C-Glc     

  
                1517.11 1363.58     

  Water DMSO CDTA Na2CO3 1M-KOH 4M -KOH CWR CWR-H2SO4 
Expanding 
fruit 1 RG SF RG SF RG SF RG SF RG SF RG SF RG SF RG SF 
rha 22.68 9.98 35.20 34.24 2.20 2.83 11.90 17.61 33.74 25.76 33.55 32.69 3.68 9.83 10.27 9.09 
fuc 10.84 1.33 29.82 19.05 1.05 1.25 1.04 2.11 5.68 4.81 34.53 49.12 2.46 2.94 8.18 12.52 
ara 113.52 69.98 360.00 150.47 17.06 23.49 93.39 139.32 285.09 238.80 309.51 376.26 29.81 85.37 124.51 134.69 
xyl 53.26 10.24 183.28 41.36 4.15 5.32 4.71 9.05 45.01 42.28 193.82 276.65 15.35 30.95 37.57 70.43 
man 47.46 38.12 128.43 23.65 3.32 4.55 0.38 2.23 6.83 6.08 20.02 25.28 109.17 86.72 279.93 250.58 
gal 189.05 150.42 459.46 235.48 16.33 33.76 77.61 139.99 339.41 435.17 749.60 1122.63 68.87 144.85 86.19 113.79 
glc 1428.15 2750.71 11572.03 8095.47 3.43 5.28 1.14 4.83 41.57 62.87 462.61 759.63 267.00 246.68 1509.23 1788.71 
UA 1063.64 459.84 2166.11 2769.84 238.69 270.27 545.04 682.00 486.70 611.83 585.30 750.30 132.72 215.48 117.76 230.77 
total 2928.60 3490.62 14934.33 11369.57 286.23 346.75 735.22 997.14 1244.02 1427.61 2388.95 3392.58 629.07 822.82 2173.63 2610.58 
C-Glc     

  
                1242.22 1908.97     
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  Water DMSO CDTA Na2CO3 1M-KOH 4M -KOH CWR CWR-H2SO4 
Harvest RG SF RG SF RG SF RG SF RG SF RG SF RG SF RG SF 
rha 12.20 4.02 30.34 13.01 3.95 4.51 25.84 12.21 38.05 36.54 23.93 20.95 6.17 11.77 4.03 5.49 
fuc 4.99 1.34 26.15 9.66 0.99 2.45 2.42 1.56 8.36 4.20 23.67 18.90 4.72 8.67 7.90 12.53 
ara 115.68 42.49 243.67 185.82 21.19 33.11 231.06 106.86 307.64 257.04 204.74 172.73 44.38 81.24 77.84 106.48 
xyl 30.83 9.68 177.96 67.53 2.41 11.43 14.60 5.98 60.69 39.42 139.60 123.94 28.44 58.32 49.94 83.65 
man 22.54 6.54 195.33 38.64 0.74 4.21 0.73 0.62 2.66 2.24 2.63 4.17 40.97 44.65 117.45 138.40 
gal 235.72 81.78 354.45 131.03 9.60 18.97 115.77 53.02 221.21 183.32 306.44 217.90 52.75 84.05 81.68 124.59 
glc 3401.46 489.36 9006.17 5793.93 4.96 24.00 3.59 1.55 63.10 28.36 311.76 283.27 168.08 181.91 1532.04 1709.98 
UA 732.36 207.59 1677.43 2444.16 185.25 149.37 781.28 927.65 485.12 471.29 321.47 484.06 155.53 139.11 228.82 242.11 
total 4555.78 842.79 11711.51 8683.79 229.09 248.05 1175.29 1109.14 1186.84 1022.40 1334.25 1325.93 501.03 609.71 2099.70 2423.22 
C-Glc     

  
                1363.96 1528.07     

  Water DMSO CDTA Na2CO3 1M-KOH 4M -KOH CWR CWR-H2SO4 
Stored RG SF RG SF RG SF RG SF RG SF RG SF RG SF RG SF 
rha 9.18 6.84 1.54 1.18 2.02 2.76 34.97 17.23 13.51 12.65 16.23 23.56 1.58 1.95 4.60 5.03 
fuc 4.82 1.51 1.35 0.87 0.26 0.67 2.01 1.09 5.57 6.52 14.55 16.79 2.82 3.24 6.42 6.65 
ara 45.14 45.99 14.47 9.52 5.25 8.11 167.14 97.67 50.40 58.10 72.94 123.87 6.79 8.78 18.94 27.77 
xyl 29.62 11.00 13.94 6.20 1.30 1.80 26.20 9.30 33.19 42.05 87.72 118.80 14.73 18.87 27.33 35.82 
man 8.93 9.14 12.81 3.90 0.20 0.33 0.93 0.77 1.25 1.11 2.59 3.08 21.01 40.57 56.10 103.65 
gal 58.34 87.74 27.74 11.29 1.62 3.99 37.70 56.97 26.72 55.84 80.53 170.42 14.59 25.67 20.81 33.79 
glc 52.61 35.52 312.93 183.18 1.10 2.06 3.89 2.77 42.08 58.14 192.42 238.62 114.55 179.02 893.38 1519.57 
UA 475.67 396.71 239.83 96.39 94.80 142.28 540.11 320.38 229.86 156.70 278.10 687.24 127.30 124.86 127.30 124.86 
total 684.31 594.45 624.61 312.53 106.55 162.00 812.95 506.18 402.58 391.11 745.08 1382.38 303.37 402.96 1154.87 1857.13 
C-Glc                         778.83 1340.55     
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3.5 DE of pectic-rich fractions 

 

 

 

 

 

 

 

 

 

 

Figure 2.9. DE of the water-soluble, CWM and CDTA-soluble fractions in ‘Royal Gala’ and ‘Scifresh’ 
fruit during development. Results presented are means from three extraction replicates, each with two 
GC or UA replicate measurements. (n= 6 ± S.D.) 

Both water- and CDTA-soluble pectin showed a general increasing trend in DE with growth 

and ripening, in both cultivars with the CDTA fraction having higher DE compared to water-soluble 

fractions. In the water-soluble fraction, there was a significant difference between DE of ‘Royal Gala’ 

and ‘Scifresh’ at harvest, where ‘Scifresh’ showed about twice the DE (80%) compared to ‘Royal Gala’ 

(40%). The water-soluble neutral monosaccharide and UA composition (Table 2.4.) and yield of this 

fraction (Fig. 2.5.) were also significantly higher in ‘Royal Gala’ at harvest compared to ‘Scifresh’. 

These collectively suggest that more pectin solubilisation occurred in ‘Royal Gala’ mature fruit-at-

harvest, and that the solubilised pectin had a lower DE. 

In the CWM, ‘Scifresh’ showed consistently higher DE ranging from 60– 85% compared to ‘Royal 

Gala’ from 45– 58%. Presence of more methyl ester groups in ‘Scifresh’ may limit the ability of endo-

polygalacturonase (PG) enzyme to cleave the HG backbone. Thus, it is possible that the higher DE in 
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‘Scifresh’ cell walls could act to lessen pectin depolymerisation by limiting enzymatic action and 

conserves the physical characteristics and properties of the wall so as to maintain the firm texture in 

this apple cultivar. The action of PG and PME will be further discussed in Chapter 3. 

A study by Fischer and Amado (1994) reported DE in fruitlet of ‘Golden Delicious’ of 79%, which 

increased during fruit growth to 93.6% and decreased to 72% in stored fruit. This increase and 

subsequent decrease in the alcohol insoluble cell wall preparation was different to that observed here, 

where a slight decrease or maintenance of DE was observed in ‘Royal Gala’ and ‘Scifresh’ CWM. 

Interestingly, a study by Billy et al. (2008) reported an increase from 52 to 80% DE in CWM from 

harvest to stored ‘Fuji’ and ‘Golden Delicious’ apples, where the increase was attributed to 

biosynthesis of highly methylated pectin during apple storage, such results were also supported by 

Massiot et al. (1996). 

In my study, the DE increase in the water- and CDTA-soluble fraction does not necessarily imply 

addition of ester groups onto galacturonic acid, but rather as the fruit ripened, more highly esterified 

pectin could have become solubilised in water and CDTA. The high CDTA-soluble DE reported in 

stored ‘Royal Gala’ (90%) and ‘Scifresh’ (96%) was in agreement with Schols et al. (1995a) who 

reported 96% DE in EDTA-soluble pectin of stored ‘Golden Delicious’ apples. Although there was a 

significantly higher amount of UA recovered in the CDTA-soluble fraction of ‘Royal Gala’ fruitlet 

(Table 2.4.), the DE was comparable to that of ‘Scifresh’ fruitlet. This indicated that the pectin 

extractable by CDTA had the same DE, only extracted in higher amounts in ‘Royal Gala’ fruitlet than 

‘Scifresh’ fruitlet. 

3.6 Analysis of pectic side chains 

Fig. 2.10. shows the analysis of three pectic polysaccharide features, following the style of 

Renard and Ginies (2009). Firstly, the relative amount of HG versus RG regions on the pectin 

backbone can be revealed by the UA to rhamnose ratio. Secondly, the ratio of (arabinose + galactose) 

to rhamnose is indicative of the relative amounts of neutral side chains to the RG-I backbone, since 

arabinose and galactose are the two most common neutral sugars associated to the “hairy” regions of 

pectin (Voragen et al. 2009). Thirdly, the arabinose to galactose ratio provides an estimate of the 

proportions of arabinan versus galactan as pectic side chains of RG-I. 
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Figure 2.10. UA to rhamnose, arabinose plus galactose to rhamnose, and arabinose to galactose ratios 
along the polysaccharide extraction scheme of ‘Royal Gala’ and ‘Scifresh’ fruit during development. 
 

The UA to Rha ratio generally decreased from water-soluble to CDTA-soluble to dilute alkali-

soluble pectin and increased slightly with increasing concentrations of alkali to the CWR. The high 

ratio observed in the water and CDTA-soluble fractions was due to high UA content in these fractions, 

while the low ratios observed in the hemicellulosic fractions (1 M and 4 M KOH) were probably linked 

to low solubility of HG at high alkaline concentrations (Renard et al. 1991d). This ratio was highest in 

the water-soluble fraction for both fruitlets, and as ripening progressed, was highest in CWR of stored 

fruit. This indicated that at fruitlet stage, water-soluble pectin was likely to consist more of HG with 

less branching and lower DE (Fig. 2.9.). In expanding fruit and fruit-at-harvest, this ratio was higher in 

water-soluble ‘Royal Gala’ than ‘Scifresh’, which could indicate that more pectin solubilisation had 
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occurred during growth of ‘Royal Gala’. Given that the CWR of stored fruit had the highest UA/Rha 

ratio, it was likely that pectin most tightly associated to cellulose consisted more of branched RG-I, in 

accordance with the pectin-cellulose network where arabinan and galactan side chains strongly interact 

with cellulose (Zykwinska et al. 2006, 2007). 

In fruitlet of both cultivars, the lowest (arabinose + galactose) to rhamnose ratio was obtained in the 

Na2CO3-soluble fraction indicating that pectin extracted here had the least side chains; while the 4 M 

KOH-soluble fraction extracted pectin with the most side chains, much higher in the ‘Scifresh’ fruitlet 

and expanding fruit compared to ‘Royal Gala’ (Fig. 2.10.). This indicated again that ‘Scifresh’ 

contained arabinan and galactan side chains more tightly associated to cellulose, than ‘Royal Gala’. As 

ripening progressed, this ratio decreased in all the fractions except the water-solubles. A decrease in 

RG-I degree of branching, particularly in arabinan branching was found to strongly correlate to loss of 

firm texture in stored apples (Pena and Carpita 2004). As the fruit ripened, the CDTA-soluble fraction 

extracted pectin with less side chains seen by the decrease in this ratio in the CDTA-solubles, but with 

increasing DE (Fig. 2.9.). There was an increasing trend of ratio with increasing alkali concentrations, 

indicating that more side chains of RG-I were released in stronger concentrations of alkali, consistent 

with strong associations of galactan and arabinan with cellulose (Zykwinska et al. 2007; Dick-Pérez et 

al. 2011).  

Interestingly, the fruitlets which showed most cultivar difference in the previous (arabinose + 

galactose) to rhamnose ratio, showed almost identical arabinose to galactose ratios (Fig. 2.10.). This 

suggested that the combined amount of side chains to pectin backbone was different in fruitlets, but 

they have the same ratio of the types of side chains present. The only cultivar difference in the 

arabinose: galactose was observed in the stored fruits. Arabinose constituted more side chains in the 

CDTA- and Na2CO3-soluble fractions in stored ‘Royal Gala’ fruit, while galactose constituted more of 

the side chains in these fractions of ‘Scifresh’. Physical properties of these arabinan and galactan side 

chains will be discussed in Chapter 4.  

4.0 General discussion 

Both apple cultivars examined ‘Royal Gala’ and ‘Scifresh’ develop similarly, in terms of fruit 

size, growth rate, ethylene production, starch degradation and soluble solids concentration. However, 

‘Scifresh’ is capable of much longer storage without considerable decline in firmness compared to 

‘Royal Gala’, despite high ethylene production. Both these cultivars are also genetically related and 

they have considerable overlap in the growth seasons. This overlap is important as it means both 

genotypes are exposed to similar environmental conditions during growth, which is a comparison that 

can be difficult to achieve given that the varietal spread for maturation can span up to four months 

(Oraguzie et al. 2007).  
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A number of changes occurred between the 40 and 70 DAFB period which could be important for 

explaining the different softening behaviours of the two cultivars. At this stage of development, 

‘Scifresh’ had a more pronounced lag phase with minimal change in firmness and accumulated more 

dry matter than ‘Royal Gala’. These differences were observed in a stage of development when growth 

and rate of net cell wall biosynthesis were greatest in both cultivars. During this phase of rapid growth 

and cell wall deposition, ‘Scifresh’ was able to more effectively allocate resources to maintain the 

structural firmness of the tissue as measured by the lag phase in softening. The cell wall has an 

important role in allowing cell expansion while at the same time providing structural integrity. The 

observation that ‘Scifresh’ apples can accommodate both processes suggests that cell expansion can 

occur without compromising structural firmness. 

The two cultivars showed differences in cell wall composition, which was already established at the 

fruitlet stage. ‘Scifresh’ fruitlet contained higher amounts of all non-cellulosic sugar (with the 

exception of rhamnose and UA), compared to ‘Royal Gala’. At other developmental time-points, the 

two cultivars appeared consistent with a decrease in UA, arabinose and galactose, except that ‘Scifresh’ 

always contained more galactose than ‘Royal Gala’. In stored fruit, ‘Scifresh’ cell walls were made up 

predominantly of UA, arabinose and galactose, while ‘Royal Gala’ cell walls comprised mainly of UA, 

arabinose and xylose. The higher galactose content in ‘Scifresh’ could play a role in conservation of 

firmness in this cultivar, perhaps by making pectin less susceptible to solubilisation. However, 

according to Pena and Carpita (2004) it is the loss of arabinan which is linked to loss of firm texture in 

apples. In my study, the loss of arabinose was comparable between both apple cultivars and did not 

correlate to loss of firmness. 

The other significant difference was the higher DE in ‘Scifresh’ cell walls compared to ‘Royal Gala’. 

Throughout development, cell walls in ‘Scifresh’ showed consistently higher DE ranging from 60–85% 

compared to ‘Royal Gala’ from 45– 58%. The higher DE in ‘Scifresh’ could render the HG less 

susceptible to PG action and hence less pectin depolymerisation. Pectin depolymerisation and pectin 

molecular weight change over fruit development will be discussed in Chapter 3, analysed by size 

exclusion chromatography. 

The higher recovery of water-soluble material in ‘Royal Gala’ compared to ‘Scifresh’ was also 

reflected by more neutral sugars and pectin (in µg per g FW) from fruitlet to fruit-at-harvest. However, 

the DE in the water-soluble pectin of ‘Royal Gala’ was always lower than that of ‘Scifresh’, especially 

at the harvest stage. This suggested that pectin solubilisation could be occurring more in ‘Royal Gala’ 

as the fruit develops and that pectin which becomes more soluble is likely to have lower DE. 

‘Scifresh’ had higher recoveries of the 4 M KOH and CWR fractions, especially at the expanding fruit 

1 and stored fruit stages, particularly contributed by more arabinose, galactose, glucose and UA. These 
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fractions in ‘Scifresh’ also showed higher (arabinose +galactose) to rhamnose ratio compared to ‘Royal 

Gala’, which is indicative of pectin with higher degree of branching. This suggested that the pectin in 

‘Scifresh’ was more tightly associated with cellulose and/or xyloglucan, and therefore required 4 M 

KOH extraction and because of the higher arabinose and galactose content, could mean that the pectin 

binds onto cellulose and/or xyloglucan via side chains. The associations of pectic side chains by 

covalent bonds to xyloglucan was proposed by Thompson and Fry (2000) and Popper and Fry (2005) in 

suspension cultured cells, while Zykwinska et al. (2007) suggested pectic side chains bound directly 

onto cellulose microfibrils in sugar beet and potato cell wall preparations. The pectin-xyloglucan and 

pectin-cellulose are possible interactions which may exist in apples as well, although my study did not 

include linkage analysis and thus cannot conclusively state if these interactions occur. 

Another interesting finding was the high amounts of mannose recovered in the CWR, which appeared 

to be more hydrolysable by two-stage H2SO4 than TFA. This indicated a strong association between the 

source of these mannans and cellulose, as TFA presumably only hydrolyses non-cellulosic sugars. 

Although the main hemicellulose in apples have been widely thought to be xyloglucans, from this study 

there is some indication of glucomannans or galactoglucomannans as hemicelluloses which are very 

tightly associated with cellulose, so much so that they are not easily extractable by alkali.  

In summary, results from this chapter demonstrated that processes such as pectin solubilisation and 

arabinose and galactose loss are characteristics of apple fruit softening (Gross and Sams 1984; Fischer 

et al. 1994; Yoshioka et al. 1994; Redgwell et al. 2008). Additionally, it was shown that these processes 

occur at different rates in the two cultivars investigated and that they were initiated at very early stages 

of fruit development and not only after maturation and ripening, and that cell wall differences were 

established as early as the fruitlet stage, in agreement with Nelmes and Preston (1968). All these may 

give rise to the different softening behaviour shown during growth and ripening of the apples. Future 

studies aimed at investigating the softening behaviour of apples may therefore target the rapid growth 

phase (between 40– 70 DAFB) for genes and enzymes involved not only in the modification but also in 

the synthesis of cell walls. Biomarkers such as yield of water-soluble pectin, the DE of pectin or the 

amount of polysaccharides tightly associated with cellulose could give early indications on the 

softening behaviour of apples.  
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CHAPTER THREE 

Activity of cell wall-modifying enzymes 

1.0 Introduction 

Fruit growth and ripening are complex processes involving compositional and structural 

changes in the different polysaccharides that make up the wall, such as pectic polysaccharides and 

hemicelluloses, which are carried out by enzymes such as polygalacturonase (PG), pectin 

methylesterase (PME), pectate lyase (PL), β-D-galactosidase (BGal), α-L-arabinofuranosidase (AFase), 

endo-1,4-β-glucanase (EGase), xyloglucan endotransglycosylase/hydrolase (XTH) and expansins. It 

has been well-established that different enzymes play different roles during different stages of fruit 

development and that a single enzyme is not solely responsible for the alteration of the cell wall but is 

rather a combined effort between different enzymes and/or different isoforms of the same enzyme 

(Goulao et al. 2007). A summary of their specific action and activity levels during apple fruit ripening 

is presented in Table 3.1.  

Of these, for example PME in tomato is active throughout fruit growth and softening, whereas other 

enzymes such as PG in tomato are only active during the softening phase (Kalamaki et al. 2006). It is 

likely that all fruit species have the same range of enzyme activities, but present at different levels and 

at different times, depending on the textures the fruit ripen to (Brummell and Harpster 2001).  The cell 

wall is continuously being modified by cell wall enzymes, as polysaccharides are incorporated into the 

wall and others broken down, especially in primary cell walls of rapidly growing tissues where cell 

division, elongation and expansion are highly dynamic processes (Gorshkova et al. 1997; Rose et al. 

2003).  An illustration of the mode of action of key cell wall-modifying enzymes is given in Fig. 3.1. 

According to their softening characteristics and preferred texture at the point of consumption, fruits 

may be classified into (i) fruits that ripen to a soft melting texture such as kiwifruit or peach, and (ii) 

fruits that maintain a crisp firm texture during ripening such as apples and Asian pears (Harker et al. 

1997a). The main factor contributing to a variety of textures in different species is variation in cell wall 

composition and activity of cell wall-modifying enzymes. However, fruits with the same textural 

characteristics do not always exhibit commonalities in enzymatic patterns (Brummell 2006). For 

example, tomatoes and avocados both develop a soft texture during ripening, yet tomatoes are known to 

have very high activity of PG and low EGase activity, while avocados have unusually high levels of 

EGase activity (Huber and O’Donoghue 1993). Similarly, both apples and Asian pears ripen to firm 

textures and have relatively low levels of PG compared to soft melting type fruits, yet pectin 

depolymerisation is reportedly low in apples (Wu et al. 1993), but occurs more extensively in Asian 

pears (Yoshioka et al. 1992). 
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Table 3.1. A summary of cell wall-modifying enzymes and levels of activity during apple fruit 
development. (Modified from Johnston et al. 2001) 

Cell wall-modifying 
enzyme 

Function Change in activity References 

Exo-  
polygalacturonase 
EC 3.2.1.67 
EC 3.2.1.82 

 

Removes terminal 
galacturonic acid (GalA) 
residues from the non-
reducing end of 
homogalacturonan (HG) 
 

Increases during 
growth 
 
Increases during 
growth and 
maintained during 
ripening  

Bartley (1978) 
 
 
Goulao et al. 
(2007) 

Endo-polygalacturonase 
EC 3.2.1.15 

 

Cleaves α-(1→4)-D-GalA 
linkages in HG 
Enzyme requires non-
esterified GalA units 

Increases during 
ripening 
Undetectable 

Wu et al. (1993), 
Bartley (1978), 
Goulao et al. 
(2007) 

Pectin  
methylesterase 
EC 3.1.1.11 

 

Removes methyl groups from 
the C-6 position of GalA 
residues 

Increases during 
growth and 
decreases during 
ripening 

Klein et al. (1995), 
Goulao et al. 
(2007) 

Pectate lyase 
EC 4.2.2.2 

 

Eliminative cleavage of α-
(1→4)-D-galacturonan to yield 
oligosaccharides with 
galacturonosyl residues at 
their non-reducing ends 

Increases during 
growth and 
maintained during 
ripening 

 
Goulao et al. 
(2007, 2008) 

β-D-galactosidase 
EC 3.2.1.23 

 

Removes terminal non-
reducing β-D-galactosyl 
residues from (1→4)β-D- 
galactan chains 

Increases during 
growth and ripening 

Dick et al. (1990), 
Ross et al. (1994), 
Yoshioka et al. 
(1995), 
Goulao et al. 
(2007) 

α-L-arabinofuranosidase 
EC 3.2.1.55 

 

Removes terminal non-
reducing arabinofuranosyl 
residues from (1→5)α-L-
arabinan chains 

Increases 
 
Decreases during 
growth and 
increases during 
ripening 

Yoshioka et al. 
(1995), 
Goulao et al. 
(2007),  
Nobile et al. 
(2011) 

Rhamnogalacturonan 
hydrolase 
EC 3.2.1.- 
 
Rhamnogalacturonan 
lyase 
EC 4.2.2.- 

Hydrolyses (1→4)α-D-GalA-
(1→2)α-L-Rha linkage in the 
RG-I backbone leaving Rha at 
the non-reducing end 
Cleaves (1→4)α-Rha GalA 
linkage by β-elimination 

Undetectable 
(in apple) 

Gross et al. (1995) 
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Xyloglucan 
endotransglycosylase/ 
hydrolase (XTH) 
EC 2.4.1.207 

Dual function: 
 
Cleaves (1→4)β-D-glucan 
backbone of xyloglucan 
(hydrolysis) but can also 
transfer the newly formed 
reducing end to the C-4 
position of the glucose unit at 
the non-reducing end of 
another xyloglucan molecule 
(transglycosylation) 
 

Decreases during 
growth 
 
Increases during 
growth and ripening 
(in tomato and 
apple) 
 
Highest expression 
in fruit at harvest 
and declines during 
ripening 
(in kiwifruit and 
apple) 

Percy et al. (1996) 
 
 
Maclachlan and 
Brady (1994), 
Vincken et al. 
(1998), 
Goulao et al. 
(2007) 
 
Atkinson et al. 
(2009) 

Endo-1,4-β-glucanase 
EC 3.2.1.4 

Hydrolyses (1→4)β-D-glucan 
linkage 
 

Decreases during 
growth 
 
Decreases initially 
and increases during 
growth 

Abeles and Biles 
(1991), 
 
Goulao et al. 
(2007) 
 

Expansin Breaks H-bonds between 
cellulose and xyloglucan 
 
 
Acts on xyloglucan for cell 
wall loosening 

Decreases during 
growth (in 
elongating 
cucumber 
hypocotyls) 
 
Low levels during 
ripening 
(in apples) 

McQueen-Mason 
and Cosgrove 
(1995), 
Cosgrove (1999)  
 
 
Goulao et al. 
(2007) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.1. Illustration of the mode of action of some cell wall-modifying enzymes. (Modified from 
Voragen et al. 2009) 

Legend: 

Exo-PG: exo-polygalacturonase 

Endo-PG: endo-polygalacturonase 

PL: pectate lyase 

PME: pectin methylesterase 

RGH: rhamnogalacturonan hydrolase 

RGAE: rhamnogalacturonan acetylesterase 

RGL: rhamnogalacturonan lyase 

BGal: β-galactosidase 

AFase: α-arabinofuranosidase 
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In apple, studies have focused on BGal, AFase, and PG. BGal activity was studied in ‘Cox’s orange 

pippin’ (Bartley 1974), ‘Granny Smith’ (Ross et al. 1994) and ‘Golden Delicious’ apples (Dick et al. 

1990), and BGal and AFase activities in ‘Starking Delicious’ apples (Yoshioka et al. 1995). Studies on 

PG activity in apples have been reported by Bartley (1978), Siddiqui et al. (1996), Yoshioka et al. 

(1992) and Wu et al. (1993) but advancements in molecular biology have shifted studies on PG towards 

a transgenic approach (Atkinson et al. 1998; Wakasa et al. 2006; Tacken et al. 2010) where PG 

expression seems regulated by ethylene and cold storage (Tacken et al. 2010) and could be cultivar-

dependent (Wei et al. 2010).  

An enzyme which has been linked to a role in cell wall extension (Miedes et al. 2011) and thus has 

been investigated during the growing phase of apples is XET. Activity levels have been investigated in 

‘Braeburn’ (Percy et al. 1997), ‘Jonagold’ (Vincken et al. 1998), and ‘Mondial Gala’ (Goulao et al. 

2007) while XET gene expression was studied in ‘Granny Smith’ apples (Atkinson et al. 2009).   

More recently, the role of AFase has been linked to the control of mealy texture in European pears 

(Tateishi et al. 2005) and apples (Wei et al. 2010; Nobile et al. 2011) after cold storage. The loss of 

arabinan side chains of RG-I during late stages of softening coincided with loss of firm texture in four 

different apple cultivars (Pena and Carpita 2004). 

In apples, the activity of exo-PG, PME, PL, BGal, AFase, EGase, XET and expansin was measured in 

‘Mondial Gala’ apples during fruit growth, maturation and softening (Goulao et al. 2007), providing 

fundamental understanding to changes in enzyme activities during growth of a single apple cultivar. 

Wei et al. (2010) showed that in ‘Golden Delicious’ and ‘Fuji’ apples stored under different conditions 

and treatments, the BGal and AFase activities were more closely related to storage potential of apples, 

compared to PG or PME. Most studies investigate change in enzyme activities during ripening of a 

single apple cultivar (Knee et al. 1975; Ortiz et al. 2011). There has been no study involving more than 

one apple cultivar, reporting on the activity of more than one enzyme during both the growth 

(preharvest) and ripening phase (postharvest) of apples. 

In this chapter, the activities of cell wall-modifying enzymes BGal, AFase, PME, XET and PG were 

investigated. These enzymes were selected based on indications from cell wall compositional changes 

in Chapter 2. The aim was to determine temporal patterns of enzyme activity during growth and 

ripening of ‘Royal Gala’ and ‘Scifresh’ apples, to gain insights into changes which may be textural-

related. Pectin and xyloglucan depolymerisation were investigated by size exclusion chromatography 

(SEC) on the pectic-rich (water-, CDTA- and Na2CO3-soluble) fractions, and hemicellulosic-rich (1 M 

and 4 M KOH-soluble) fractions, respectively. 
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2.0 Materials and methods 

2.1 Plant material 

Apple cortex tissue collected from 20 fruit at each developmental stage (as described in Chapter 

2, 2.1) was cut into approximately 5 mm3 cubes, frozen in liquid nitrogen and stored at -80 °C. Tissue 

was ground in liquid nitrogen using a hand-held batch mill (A11 basic analytical mill, IKA®, 

Germany) and stored at -80°C until extraction. For each enzyme activity, three independent assays 

were conducted on tissue collected over two harvest seasons, 2008– 09 and 2009– 10. In all 

experimental work described in this chapter, common buffers and salts used were supplied by Merck, 

Sigma-Aldrich, BDH Ltd or otherwise stated. 

2.2 α-arabinofuranosidase 

2.2.1 Enzyme extraction 

Ground frozen apple tissue (0.25 g) was weighed out into Eppendorf tubes, kept chilled in 

liquid nitrogen, and the exact weight recorded. The tubes were transferred into ice, and 25 mg of 

polyvinyl polypyrrolidone (PVPP) (Sigma-Aldrich) added to each to suppress the action of phenolic 

compounds.   

Two extraction buffers were used sequentially. Firstly, a low salt (LS) concentration buffer [0.2 M 

sodium acetate pH 4.7 with acetic acid, 10 mM dithiotreitol (DTT), 50 mM sodium chloride and 

protease inhibitor (Roche Diagnostics)] to extract unbound enzymes. Secondly, a high salt (HS) 

concentration buffer [0.3 M MES pH 6.0 with NaOH, 10 mM DTT, 0.6 M NaCl and protease inhibitor] 

to extract cell wall-bound enzymes. 

To 0.25 g of sample, 0.5 mL of LS buffer was added and mixed thoroughly by vortex. The tubes were 

then centrifuged at 4°C for 10 min at 10, 000 g (Eppendorf centrifuge 5415 R, MA, USA). The 

supernatant was carefully transferred into pre-weighed Eppendorf tubes, and kept on ice. To the 

remaining pellet, 0.25 mL of LS buffer was added, mixed thoroughly and centrifuged as above. The 

supernatant was removed and combined with the first to give the LS crude enzyme extract. The volume 

was determined by re-weighing the Eppendorf tubes. HS buffer (0.5 mL) was added to the remaining 

pellet and incubated on ice for 60 min to solubilise protein. The tubes were centrifuged as above, 

supernatant transferred into separate Eppendorf tubes, and 0.25 mL of HS buffer added to the pellet and 

mixed thoroughly by vortex. Centrifugation and supernatant recovery was then carried out as described 

for the LS extracts.  

For all the enzyme extracts described in this chapter, the following procedures were common. Total 

protein concentration in the extracts was determined using the Bradford Protein Assay Reagent 

(BioRad) and bovine serum albumin (BSA) as a standard (Bradford 1976). As a positive control, ripe 
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tomato outer pericarp was used and taken through all extraction and activity assay procedures. As 

negative controls, aliquots of the enzyme extract were removed, boiled for 10 min in 10% sodium 

dodecyl sulphate (SDS) and assayed for activity in the same way. All positive and negative control 

values obtained were as expected, and thus were not presented in the main text (see Appendix IX).  

2.2.2 Activity assay  

AFase activity was measured according to Yoshioka et al. (1994) based on the colourimetric 

reaction described by Pressey (1983). The enzyme is able to hydrolyse the substrate, p-nitrophenyl-α-L-

arabinofuranoside and release p-nitrophenol, a yellow-coloured compound which can be quantified by 

optical density. The activity of the enzyme was calculated as a function of moles of p-nitrophenol 

released. 

The reactions were set up in 96-well micro-titer plates in triplicate. Each well contained 20 µL of 0.1 M 

sodium citrate (pH 5.0) buffer, 15 µL water, 20 µL of LS or HS extract, and the reaction started by 

addition of 10 µL of 2 mg·ml-1 p-nitrophenyl-α-L-arabinofuranoside (Sigma Aldrich) to each well at 

30-sec intervals. The plate was closed with a lid and incubated at 37 °C for 3 h. Reactions were 

terminated by adding 80 µL of 20 mM Na2CO3 at 30-sec intervals. The absorbance was read at 415 nm 

(Spectramax Plus 384, Molecular Devices). The activity of the enzyme was reported as mol p-

nitrophenol released per unit time using a standard curve constructed with p-nitrophenol (Sigma 

Aldrich, St. Louis, MO, USA) made up in LS or HS extraction buffer in the range of 0.025– 1.5 µM.  

For all activity assays described in this chapter, background reactions were always included, where the 

termination solution used in the activity assay (assay-dependent) was added before addition of the 

enzyme extract and background values subtracted from values obtained using the active enzyme 

extract. 

2.3 β-galactosidase 

2.3.1 Enzyme extraction 

The enzyme extraction method for BGal was the same as described in 2.2.1 for AFase.  

2.3.2 Activity assay 

BGal activity was measured colourimetrically (Pressey 1983; Ross et al. 1994), similar to that 

described for AFase, except using a different substrate and buffers and conditions were optimized for 

BGal activity which has a pH optimum of 4.0– 4.5 (Ross et al. 1994), while AFase has an optimum pH 

of 5.0 (Tateishi et al. 1996). 
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The reactions were set up in 96-well micro-titer plates in triplicate. Each well contained  20 µL of 1 M 

sodium acetate buffer pH 4.6, 15 µL water, 20 µL of LS or HS extract, and the reaction started by 

adding 10 µL of 2 mg·ml-1 p-nitrophenyl- β-D-galactopyranoside substrate (Sigma Aldrich) at 30-sec 

intervals. The plate was incubated at 28 °C for 1 h and reactions were terminated by addition of 80 µL 

of 20 mM Na2CO3 at 30-sec intervals. Absorbance was read at 415 nm, and the activity of the enzyme 

reported as mol p-nitrophenol released per unit time using a standard curve constructed with p-

nitrophenol made up in LS or HS extraction buffer in the range of 0.01– 0.20 µM.  

2.4 Pectin methylesterase 

2.4.1 Enzyme extraction 

Frozen ground apple tissue (0.25 g) was weighed out in triplicate into Eppendorf tubes and 25 

mg of PVPP was added into each tube and kept chilled in liquid nitrogen. The tubes were transferred 

into ice, PME extracted with 0.5 ml buffer containing 0.2 M MES, 7.5 mM KTT, 10 mM DTT, 1.7 M 

NaCl (pH 6.0) and the preparation mixed thoroughly by vortex. Tubes were incubated on ice for 20 

min, centrifuged at 10, 000 g for 10 min at 4°C and supernatant transferred into a clean pre-weighed 

Eppendorf tube. The pellet was re-suspended in the 0.25 mL extraction buffer, vortexed and incubated 

on ice for a further 20 min. After incubation, tubes were centrifuged as above, supernatant removed, 

combined with the previous lot and the volume of total supernatant recovered determined by re-

weighing the Eppendorf tube.  

2.4.2 Activity assay 

The PME activity assay used was described by Anthon and Barrett (2004). PME activity is 

determined by the amount of methanol released. The colourless methanol is converted by Alcohol 

oxidase (AO) and N-methylbenzothiazolinone-2-hydrazone (MBTH) into a coloured compound which 

can be quantified by optical density. Specifically, methanol is oxidized enzymatically using AO to form 

formaldehyde, and the addition of MBTH condenses the formaldehyde into a compound which in the 

presence of Fe3+ oxidatively couples to form a blue formazan dye. The absorbance of the formazan dye 

can then be determined and related back to the amount of methanol released by the action of PME. 

Reactions were carried out in 96-well micro titer-plates in triplicate. Each well contained 20 µL 100 

mM Tris-HCl (pH 7.5), 5 µL AO (from Pischia pastoris, Sigma) at 0.5 U/mL, 8 µL 3 mg·mL-1 MBTH 

(Merck), 7 µL H2O and 10 µL crude PME extract. The reaction was started by the addition of 10 µL 

0.5 mg·mL-1 esterified citrus pectin (Sigma) made up in 50 mM NaCl (pH 7.0) at 30-sec intervals per 

well. The plate was incubated at 30 °C for 20 min. After incubation, the reaction was terminated by 

addition of 40 µL of 5 mg·mL-1 ferrous ammonium sulphate (BDH, UK) in sulphamic acid (Medica 

Pacifica, NZ). The ferrous ion acts to form the dye while the acidic condition terminates the action of 
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PME. The absorbance was read at 620 nm. The activity of PME was expressed as moles MeOH 

released per unit time per grams fresh weight, or specific activity as moles MeOH released per unit 

time per µg protein. A standard curve of methanol was constructed by replacing the enzyme extract 

with known amounts of methanol, diluted in water in the range of 10– 50 nmoles.  

2.5 Xyloglucan endotransglycosylase 

2.5.1 Enzyme extraction 

The extraction of XET was based on protocols described by Redgwell and Fry (1993) with 

modifications specific for apples from Percy et al. (1996). Frozen and ground apple tissue (0.25 g) was 

weighed out in pre-chilled Eppendorf tubes in liquid nitrogen and 25 mg of PVPP added into each tube. 

The extraction was carried out using two extraction buffers, one with and one without polyethylene 

glycol 6000 (PEG). It was suggested that young fruits contained high amounts of phenolic compounds 

and starch which could form complexes with proteins and interfere with enzyme extraction (Corcuera 

et al. 1989). Incorporation of PEG is common in enzyme extractions involving young or growing tissue 

as it is able to alter water potential and reduce water content in the cell walls while aiding protein 

precipitation (Carpita et al. 1979; Thompson 2005).  

The extraction buffers contained 0.25 M MES (pH 6.4), 10 mM DTT and 0.4 M NaCl, with or without 

5% PEG 6000 (w/v). To 0.25 g of the tissue, 0.75 mL of the extraction buffer was added, mixed 

thoroughly by vortex and incubated on ice for 30 min.  After centrifugation (4 °C, 10 min, 10, 000 g) 

the supernatant was transferred into a pre-weighed Eppendorf tube. The pellet was re-suspended in the 

extraction buffer (0.5 mL), vortexed and centrifuged as above. The supernatant was combined with the 

previous lot and total volume determined by weighing the Eppendorf tube. The supernatant was 

assayed for XET activity and pellets were discarded. Pellets have been shown to contain less than 20% 

of the activity found in the supernatant (Percy et al. 1996). 

2.5.2 Activity assay 

XET activity was assayed using the ‘paper assay’ based on the ability of the enzyme to transfer 

part of a non-radioactive xyloglucan molecule (donor) to [3H]XXXG-oligosaccharide (acceptor), 

creating [3H]-labelled polysaccharide which remains bound to paper after prolonged water washing and 

can be quantified by scintillation counting (Fry et al. 1992; Fry 1997). 

The substrate solution consisted of 0.5 mL 1% tamarind xyloglucan (w/v, in water; Megazyme), 0.125 

mL [3H]-XXXG-oligosaccharides and 1.375 mL 0.2 mol·L-1 MES buffer (pH 5.8). The [3H]XXXG-

oligosaccharides were prepared  after Schröder et al. (2004) by Schröder RS (PFR). Reactions were 

carried out in triplicate in 1 mL Eppendorf tubes. Each tube contained 20 µL substrate solution, 10 µL 

1 M MES (pH 5.8) buffer and 10 µL enzyme extract added at 30-sec intervals. The tubes were 
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vortexed, incubated at room temperature (approximately 23°C) for 90 min and the reaction terminated 

by adding of 50 µL of 40% formic acid in 30-sec intervals. Each reaction mixture was spotted onto a 3 

×3 cm square of Whatman 3MM paper (Whatman, England), allowed to air dry and washed under 

running tap water for 4 h to remove the unbound [3H]XXXG-oligosaccharides. The paper was then 

dried at 60 °C overnight. The spots were cut out and assayed for tritium by liquid scintillation counting 

using organic counting scintillant fluid (OCS, Amersham Biosciences). The efficiency of the 

scintillation counter for tritium was approximately 47%. XET activity was reported as Bq of [3H]XG 

incorporated per kBq of [3H]XXXG-oligosaccharide provided per unit time per fresh weight. 

2.6 SDS-PAGE and immunoblotting 

Total protein from frozen apple tissue (0.1 g) was extracted using 1 mL of 7 M urea, 2 M 

thiourea, 40 mM Tris, 75 mM DTT, 4% CHAPS following Barraclough et al. (2004). The proteins 

were concentrated by precipitating in acetone (-20 °C) and re-solubilised in 7 M urea, 2 M thiourea, 65 

mM DTT, 4% CHAPS overnight at room temperature.  

The proteins were fractionated by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-

PAGE) (BIO-RAD Mini-PROTEAN ® TGX™) with 12% resolving and 4.5% stacking gels as 

described by Laemmli (1970). Protein concentrations of samples were determined using the Protein 

Assay Reagent (BioRad) and BSA as a standard. Each lane was loaded with 10 µg of protein per 

sample, and one lane with a standard (Precision Plus Dual Protein Standard, BioRad, Hercules, CA, 

USA). After separation, the gels were stained with Colloidal Coomassie for visualization of bands.   

Immunoblotting was performed as described by Nieuwenhuizen et al. (2007). The proteins separated by 

SDS-PAGE were electroblotted onto polyvinylidende difluoride membranes (PVDF) (Millipore, USA) 

by using the trans-blot apparatus (Pharmacia Biotech, Piscataway, USA) at 5.0 V for 5 h in a 10 mM 

Tris buffer (pH 8.0) containing 150 mM NaCl and 0.1% Tween20 (TBS/T20). Non-specific binding 

was blocked by application of 10 mL of TBS/T20 with 5% non-fat milk powder for 2 h at room 

temperature. Membranes were then incubated with the primary antibody [1: 1000 (v/v) in blocking 

solution] for 1 h at room temperature. After incubation, the membrane was washed three times in 10-

min applications of TBS/T20, and then incubated with the secondary antibody which was an anti-rabbit 

alkaline phosphatise (Sigma-Aldrich)  [1: 1000 (v/v) in blocking solution] for 1 h at room temperature, 

with constant gentle agitation. After incubation, the membrane was washed three times in 5-min 

applications of TBS/T20 and bands were visualized by applying 2.0 mL of 1-step™ NBT/BCIP 

solution (Thermo Scientific, USA), ensuring even coverage of the solution over the membrane. To stop 

the reaction, the membrane was plunged into water, left to air dry in the dark and photographed. 
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Primary antibodies against kiwifruit BGal and XTH, and apple PG were produced at AgResearch, 

Ruakura in rabbits from recombinant proteins by Johnston SL (PFR) (for details of antibody 

production, see Appendix X).  

2.7 Size exclusion chromatography 

The purpose of this experiment was to investigate changes in molecular weight (MW) 

distribution of pectic polysaccharides and xyloglucan during fruit development to envisage degradation 

that could have been caused by pectin-backbone or xyloglucan degrading enzymes. 

Two different columns were used in this experiment, (i) Sepharose CL-2B column for separation of 

larger MW polymers in the range of 70– 40,000 kDa and (ii) Sephacryl S-300 column for separation of 

smaller MW polymers in the range of 10– 20,000 kDa (Sigma-Aldrich). The Sepharose CL-2B column 

was used to fractionate the water-, CDTA- and Na2CO3-soluble fractions, and the S300 column for 

fractionating the smaller 1 M- and 4 M KOH-soluble fractions containing both pectic polysaccharides 

and hemicelluloses.  

The water-, CDTA- and Na2CO3-soluble fractions (2.5 mg) were dissolved in 0.5 mL water and passed 

through a column (2.5 ×100 cm ) of Sepharose CL-2B in 0.05 M ammonium acetate buffer (pH 5.0) 

with an average flowrate of approximately 5 mL·h-1.   Fractions (20 min) were collected and assayed 

for UA content by the method of Blumenkrantz and Asboe-Hansen (1973), as described in Chapter 2, 

2.4.3., where 0.3 mL of each fraction was used for the colour reaction with m-hydroxydiphenyl and 

galacturonic acid as the standard. The column elution profile was calibrated with Blue Dextran (2,000 

kDa) for determination of the void volume (V0), Dextran T500 (500 kDa; Pharmacia, Uppsala, 

Sweden) as well as glucose (180 kDa) for determination of the total bed volume (Vt). 

The 1 M KOH and 4 M KOH-soluble fractions (5.0 mg) were dissolved in 0.5 mL water and passed 

through a column (1.5 ×75 cm) of Sephacryl S-300 in 0.05 M NaOAc, 0.125 M NaCl, 0.05% 

chlorobutanol (pH 6.0) buffer with an average flowrate of  5.5 mL·h-1. Fractions (20 min) were 

collected and assayed for UA and total carbohydrate. UA content was determined as described in 

Chapter 2, 2.4.3., using 0.3 mL of each fraction for the colour reaction with m-hydroxydiphenyl and 

quantified against galacturonic acid as the standard. Total carbohydrate was determined by the phenol 

sulphuric assay (Dubois et al. 1956) where 0.5 mL each fraction was transferred into a glass test tube 

and added to 375 µL of 5% phenol solution and 1.5 mL of 96% sulphuric acid. The mixture was 

vortexed and allowed to cool at room temperature for 1 h. After the incubation, the tubes were vortexed 

again and 200 µL of the mixture in each tube was pipetted into wells of a micro-titer plate, and the 

absorbance at 490 nm was measured. D-Glucose (Sigma) prepared in the dilution range of 0– 0.40 

mg·mL-1 was used as the standard, thus this assay is a crude determination of total carbohydrates, based 
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on glucose. The column elution profile was calibrated with glucose, Dextrans T10 (10 kDa), T40 (40 

kDa), T500 and Blue Dextran (Pharmacia). 

3.0 Results and discussion 

The activity level of each enzyme is expressed and discussed in terms of a fresh weight (FW) 

fruit tissue basis, as the cell wall composition data in Chapter 2 was also reported on a FW basis. 

Therefore, this made it feasible to relate and to compare enzyme activity levels with cell wall 

composition changes. Alternatively, enzyme activity levels could also be expressed in terms of a 

protein amount basis (also known as specific activity), where this would depend on the amount of 

protein present and its extractability from the fruit at the different developmental stages. In general, 

there was more protein in fruitlet compared to mature fruit, so expressing the activity per protein basis 

would give a somewhat false reflection of the actual activity levels (e.g. the high activity in fruitlet 

would appear low when divided by a higher protein value). However, when reporting on a FW basis, 

the change in enzyme activity levels is also affected by the increase in water content as the fruit grows 

and the fact that there is more material per unit weight in young fruit which have small and densely 

packed cells with thicker cell walls compared with mature fruit. So, in the interest of comparing 

enzyme activity levels of the different enzymes assayed, between the two cultivars, and relating this 

change to changes in cell wall composition, the FW basis was selected for presentation and discussion 

in the main text, while specific activity can be found in Appendix IX. 

3.1 AFase  

Activity of AFase decreased from fruitlet to harvest and increased again slightly in storage (Fig. 

3.2.). Results show that the activity of unbound AFase is almost always higher in ‘Royal Gala’ than 

‘Scifresh’ which was significantly higher at the fruitlet and stored stages. In general, the enzyme 

seemed to be more active in its unbound form which could suggest easier accessibility to substrate. At 

the expanding fruit 2 stage, the activity of the unbound enzyme was significantly higher than the CW 

bound enzyme for both cultivars, and this was the case for ‘Royal Gala’ at subsequent time-points. 

Similar trends were found in ‘Japanese pear’ which has a texture and softening behaviour not too 

dissimilar from apples (Tateishi et al. 1996). AFase activity was highest in young pear fruit, gradually 

decreases to lowest levels during fruit expansion and increases thereafter with ripening. Goulao et al. 

(2007) reported a similar trend in growing ‘Mondial Gala’ apples, although considerably higher activity 

levels were detected in stored fruit compared to other developing time-points; however, only the 

unbound enzyme fraction had been assayed. 

In ‘Honeycrisp’ apples, which have a similar texture and softening behaviour to ‘Scifresh’, 

conservation of arabinose content seemed related to maintenance of firm texture (Tong et al. 1999). 
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Cultivars such as ‘Macoun’ and ‘Honeygold’ which soften more than ‘Honeycrisp’ during storage had 

lower arabinose content. This was supported by Pena and Carpita (2004) who reported that loss of 

arabinan from RG I and high AFase activity occurred during advanced softening and loss of firm 

texture in apples. A recent study also suggested the relationship between an AFase gene and the 

development of mealy texture in apples during prolonged storage (Nobile et al. 2011). In my study, the 

increase in AFase activity in stored ‘Royal Gala’ fruit did not correlate with lower arabinose content 

(Chapter 2, Fig. 2.7.), although it could be linked to the softer texture observed in this cultivar. 

 

Figure 3.2. AFase activity in ‘Royal Gala’ (RG) and ‘Scifresh’ (SF) fruit during development. 
Fruitlet (40 DAFB); expanding fruit 1 (70 DAFB); expanding fruit 2 (100 DAFB), expanding fruit 3 
(120 DAFB); harvest (140 DAFB); stored fruit (20 weeks).  Values are means of 3 experiments ± S.D. 

3.2 BGal 

BGal activity levels resemble that of AFase, where activity was highest in fruitlet and decreased 

from fruit growth to harvest and increased again in storage (Fig. 3.3.). Activity in ‘Royal Gala’ was 

higher than in ‘Scifresh’ at all time-points, and was approximately twice more in fruitlet, expanding 

fruit 2 and stored fruit. These results were in agreement with lower galactose content in ‘Royal Gala’ 

than ‘Scifresh’ as reported in Chapter 2 (Fig. 2.7.). It has been suggested that the loss of galactan as 

side chains of RG-I, which may be the native substrate of BGal, renders the cell wall more porous 

which compromises its structural integrity (Smith et al. 1998a, 2002). BGal levels have been reported 

to be lowest in apple at fruit set, and highest in over-ripe stored fruit (Goulao et al. 2007), while others 

have reported lowest levels at harvest and no change in storage (Dick et al. 1990; Ross et al. 1994) or 

an increase in storage (Wei et al. 2010). No study has reported highest levels in young fruit. These 
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discrepancies show that BGal activity varies in different apple cultivars and reinforces that multiple 

isoforms may be present during different stages of ripening. 

 

 

Figure 3.3. BGal activity in ‘Royal Gala’ (RG) and ‘Scifresh’ (SF) fruit during development.  
Fruitlet (40 DAFB); expanding fruit 1 (70 DAFB); expanding fruit 2 (100 DAFB), expanding fruit 
3(120 DAFB); harvest (140 DAFB), stored fruit (20 weeks). Values are means of 3 experiments ± S.D. 
 

 

Figure 3.4. Western blot stained with a rabbit polyclonal antibody for BGal. 
Lanes 1, 2, 3, ‘Royal Gala’ in the order of fruitlet, harvest and stored fruit; lanes 4, 5, 6, ‘Scifresh’ in 
the order of fruitlet, harvest and stored fruit; lane 7, Precision Plus Dual Protein Standard (BioRad). An 
arrow indicates the presence of BGal protein at 59 kDa. 
 

An image of all proteins extracted and separated by 1D SDS-PAGE stained with colloidal 

Coomassie can be found in Appendix X. Fig. 3.4. shows that the presence of  BGal protein at 59 kDa 
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closely matched the activity levels (Fig. 3.3.). The most intense band was obtained for fruitlet (lanes 1 

and 4), least intense for fruit at harvest (lanes 2 and 5) and increases for stored ‘Royal Gala’ (lane 3) 

but no change for stored ‘Scifresh’ (lane 6), corresponding to activity. The higher MW bands cross-

reacting with the antibody could be other isoforms of BGal, as four isoforms have been identified in 

‘Starking Delcious’ apples, where only one isoform is expressed during storage (Yoshioka et al. 1995). 

The bands at 76 and 74 kDa are very intense in stored ‘Royal Gala’ and have also been reported (77.5 

kDa) in ‘Granny Smith’ apples (Ross et al. 1994) and (79 kDa) in ‘Spartan’ apples (Dick et al. 1990). It 

was suggested that this band was an aggregation of two smaller polypeptides at 44 and 32 kDa, found 

in purified BGal from ‘Granny Smith’ apples (Ross et al. 1994). Due to the polyclonal nature of the 

antibody, the occurrence of other bands could arise from non-specific binding to proteins with epitopes 

also recognized by the polyclonal antibody.  

From the AFase and BGal assays carried out, it was established that the time point ‘expanding fruit 3’ 

(120 DAFB) was not significantly different to fruit-at-harvest (140 DAFB). Hence, subsequent enzyme 

assays performed excluded the ‘expanding fruit 3’ time-point. 

3.3 PME 

PME activity increased from fruitlet to expanding fruits, and decreased in harvest and stored 

fruit in both cultivars. This trend was slightly different from that obtained in ‘Mondial Gala’ apples by 

Goulao et al. (2007), where lowest activity was recovered in unripe-fully expanded fruit (presumably 

close to ‘expanding fruit 2’), however the general increase from fruitlet to expanding fruit, and the 

decrease from harvest to stored fruit was similar. Wei et al. (2010) reported an increase in activity from 

harvest to 6 weeks in storage before gradually decreasing in ‘Fuji’ and ‘Golden Delicious’ apples. In 

my study, PME activity was only significantly different in fruitlet, where ‘Scifresh’ showed only a 

quarter the activity of ‘Royal Gala’. As previously presented in Chapter 2 (Fig. 2.9.), the DE in the 

isolated CWM of these ‘Scifresh’ fruit was approximately 85%, while it was 55% in the ‘Royal Gala’. 

Some computational and kinetic studies have shown that a higher DE on a pectin substrate is related to 

lower PME dynamics because fully methylated chains are able to dock into the binding groove of the 

enzyme at the non-reducing end and through hydrophobic interaction, lowers the dynamics and 

subsequent catalytic activity of the enzyme (Fries et al. 2007; Cameron et al. 2011). Although the 

higher DE throughout fruit growth and ripening in ‘Scifresh’ was not reflected by the lower PME 

activity for the other time-points, as apart from the fruitlet stage, both cultivars showed comparable 

PME activity levels. 
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Figure 3.5. PME activity in ‘Royal Gala’ (RG) and ‘Scifresh’ (SF) fruit during development.  
Fruitlet (40 DAFB); expanding fruit 1(70 DAFB); expanding fruit 2 (100 DAFB), harvest (140 DAFB), 
stored fruit (20 weeks). Values are means of 3 experiments ± S.D. 

3.4 PG 

There are two forms of PG enzyme found in fruit, endo-PG and exo-PG. The endo-acting type 

is the fruit ripening-specific form and hence in this section will be the form referred to as PG. PG 

activity has been known to be challenging to detect in apples, and has been undetectable by several 

studies (Yoshioka et al. 1992; Goulao et al. 2007). Although the cell wall lab at PFR routinely uses gel 

diffusion assays or viscosity reduction for detection of endo-PG activity, as well as reducing ends 

assays for pectin-hydrolysing enzymes in general, all assays for PG were negative using apple extracts. 

The gel diffusion method (Saad et al. 2007) was also trialled in this study, but negative results were 

obtained (See Appendix XI). 

Western analysis (Fig. 3.6.) showed that only cold-stored ‘Royal Gala’ fruit had a band cross-reacting 

with the PG1 antibody at 45 kDa. No bands were obtained for ‘Scifresh’ at any time-point. The fainter, 

higher MW band in stored ‘Royal Gala’ could be a higher MW form of the protein (Wu et al. 1993). 

Wei et al. (2010) reported that PG activity increased steadily throughout cold storage of ‘Fuji’ and 

‘Golden Delicious’, and was higher in the softer ‘Fuji’ cultivar. In ‘Golden Delicious’ fruit, PG activity 

was initially low at the start of storage, and peaked at 8 weeks in storage before rapidly declining and 

maintaining low levels until the end of storage (14 weeks), assayed by measuring the production of 

reducing ends from a galacturonic acid substrate reacted with a borate and cyanoacetamide mixture 

(Gross 1982). This demonstrates that activity levels of the same enzyme can differ across cultivars of 

the same species. 
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Figure 3.6. Western blot stained with a rabbit polyclonal antibody for PG.  
Lane 1, Precision Plus Dual Protein Standard; lanes 2, 3, 4, ‘Royal Gala’ in the order of fruitlet, harvest 
and stored fruit; lanes 5, 6, 7, ‘Scifresh’ in the order of fruitlet, harvest and stored fruit. An arrow 
indicates the presence of PG protein at 45 kDa. 

The function of PG during ripening has long been associated with fruit softening, however the amounts 

and activity levels varies widely across species. In apples, PG activity has been reported to be absent 

(Bartley 1978; Yoshioka et al. 1992; Goulao et al. 2007), however some studies have reported presence 

of PG mRNA accumulation during ripening (Atkinson et al. 1998; Wakasa et al. 2006; Tacken et al. 

2010). Recently, a PG gene MdPG1 in apple was discovered to be ethylene-regulated. In apple fruit 

with low production of ethylene, the expression is found to be low (Wakasa et al. 2006). Reduced 

levels of PG1 expression have also been correlated with firmer fruit (Wakasa et al. 2006; Mann et al. 

2008). Ripening in the cold significantly increased the expression of the apple MdPG1 gene in ‘Royal 

Gala’ (Tacken et al. 2010). As both ‘Royal Gala’ and ‘Scifresh’ produced similar levels of ethylene 

(Chapter 2, Fig. 2.2B and Fig. 2.4B) and were both ripened in the cold, MdPG1 expression could be 

cultivar specific, and thus absence of its expression and activity leading to a conservation of firmness in 

‘Scifresh’. The gene has been located on chromosome 10 in the apple genome (Velasco et al. 2010), 

which is responsible for the regulation of fruit firmness and softening (Costa et al. 2010). Therefore the 

role of PG in apple fruit softening cannot be disregarded, albeit difficulties of establishing a functioning 

activity assay. 

3.5 XET  

Extracting the crude enzyme with and without PEG resulted in significantly different results. In 

general, XET activity was much lower in extracts without PEG (Fig. 3.7.B) compared to with PEG 

(Fig. 3.7A) (Note the different scales). Extracted with PEG, XET activity was highest in fruitlet, 

decreased to lowest levels in expanding fruit 2, and increased thereafter for ‘Royal Gala’, while levels 

remained low for ‘Scifresh’ in storage (Fig. 3.7A). This decreasing trend over development was also 

observed in ‘Braeburn’ apples, where highest activity was obtained in very young fruit when similar 
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extraction protocols were employed using PEG (Percy et al. 1996). In contrast, when extracted without 

PEG, XET activity was lowest in fruitlet, increased during fruit expansion and reached highest levels in 

stored fruit (Fig. 3.7B). Regardless of PEG incorporation, XET activity in the fruit-at-harvest and 

stored fruit of ‘Royal Gala’ was significantly higher than in ‘Scifresh’.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7. XET activity in ‘Royal Gala’ (RG) and ‘Scifresh’ (SF) fruit during development, extracted 
with (A) or without PEG 6000 (B). Fruitlet (40 DAFB); expanding fruit 1 (70 DAFB); expanding fruit 
2 (100 DAFB), harvest (140 DAFB), stored fruit (20 weeks). Values are means of 3 experiments ± S.D. 

 

 

 

 

 

 

 

Figure 3.8. Western blot stained with a rabbit polyclonal antibody for XTH.  
Lanes 1, 2, 3, ‘Royal Gala’ in the order of fruitlet, harvest and stored fruit; lanes 4, 5, 6, ‘Scifresh’ in 
the order of fruitlet, harvest and stored fruit; lane 7, Precision Plus Dual Protein Standard. An arrow 
indicates the size of the XET protein at 34 kDa. 
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Undetectable levels of XET activity in early stages of growth, increment during expansion and high 

levels in over-ripe apples were also reported by authors who did not include PEG in the extraction 

(Vincken et al. 1998; Goulao et al. 2007). Interestingly, my study identifies PEG as a crucial element 

during the XET extraction procedure which can result in contradictory findings. 

Bands obtained for XTH in the Western analysis were very faint (Fig. 3.8.), but present in fruitlet, 

harvest and stored fruit, indicating that the XET activity from extracts containing PEG reflected the 

true circumstance, where the high activity in young and expanding fruits in Fig. 3.7A would seem 

apparent given the proposed role of this enzyme in the control of wall extensibility, which allows for 

cell expansion and fruit growth (Maris et al. 2009; Miedes et al. 2011). Other bands observed in the 

western blot could be the degradation products of XET or unspecific binding of proteins. 

3.6 Size exclusion chromatography profiles of pectic- and hemicellulosic-rich fractions 

In the water-, CDTA-, and Na2CO3-soluble fractions, ‘Scifresh’ fruitlet started with a larger 

pectin molecular weight (MW) compared to ‘Royal Gala’; however in the stored fruit the size of pectin 

in ‘Scifresh’ was always smaller than ‘Royal Gala’. In both cultivars, the water-soluble pectin 

increased in MW with fruit development (Fig. 3.9A and B). These results were in agreement with 

Massiot et al. (1996) where water-soluble pectin increased in MW during softening in ‘Judeline’ apples 

stored for 30 weeks. This suggests that longer chain pectin becomes more soluble as ripening 

progresses and this is also accompanied by an increase in water-soluble UA content. 

The CDTA-soluble pectin followed a similar pattern (Fig. 3.9 C and D) however the expanding fruit in 

both cultivars showed a decrease in MW, before increasing again in harvest and stored fruit. This MW 

decrease in the expanding fruit was greater in the ‘Scifresh’ cultivar compared to ‘Royal Gala’. One 

possible explanation could be that the pectin held in the wall by Ca2+ is more susceptible to 

depolymerisation by PG during growth following an increase in PME activity in the expanding fruit 

stage (Fig. 3.5.). Atkinson et al. (2002) reported that in transgenic apple over-expressing PG, the MW 

of CDTA-soluble pectin was smaller than that in wild-type fruit. On the other hand, the CDTA-soluble 

pectin MW was larger when expression of PG was suppressed compared to wild-type fruit, indicating 

the potential action of PG on calcium-bound pectin (Atkinson RG, unpublished). 

The Na2CO3-soluble pectin MW did not change significantly during ripening in ‘Scifresh’ (Fig. 3.9F) 

but there was some evident of slight increase in MW in ‘Royal Gala’ from fruitlet to stored fruit (Fig. 

3.9E). Sidiqqui et al. (1996) reported to change in Na2CO3-soluble pectin MW in ripening apple fruit. 

This fraction showed pectin with the lowest MW distribution compared with water-soluble and CDTA-

soluble pectin. 
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Figure 3.9. Size exclusion chromatography profiles of pectic polysaccharides in the water-soluble (A, 
B), CDTA-soluble (C, D) and Na2CO3-soluble (E, F) fractions of ‘Royal Gala’ (A, C, E) and ‘Scifresh’ 
(B, D, F) fruit during development. Value of uronic acid is µg uronic acid per fraction/ µg total uronic 
acid loaded onto Sepharose CL-2B column. 
 
  Fruitlet;  Expanding fruit;  Fruit-at-harvest;  Stored fruit. 
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Figure 3.10. Size exclusion chromatography profiles of pectic polysaccharides in the 1 M KOH (A, B) 
and 4 M KOH (C, D) fractions of ‘Royal Gala’ (A, C) and ‘Scifresh’ (B, D) fruit during development. 
Value of uronic acid is µg UA per fraction/ µg total UA content loaded onto Sephacryl S-300 column. 
 

 Fruitlet;  Expanding fruit;  Fruit-at-harvest;  Stored fruit. 
 

From the cell wall fractionation composition results in Chapter 2 (Table 2.4.), the 1 M KOH and 

4 M KOH fractions contained a mixture of UA and neutral sugars such as arabinose, galactose, xylose, 

and glucose, suggesting the presence of pectin with arabinan, galactan or arabinogalactan side chains, 

and hemicelluloses such as xyloglucans. Elution profiles were therefore monitored using both the UA 

assay and phenol-sulphuric assay for quantifying total carbohydrates. 

Pectic polysaccharides extracted by KOH show two populations (Fig. 3.10.), one rich in neutral sugars 

with higher MW (approx. 500 kDa) and one consisting almost exclusively of UA with lower MW 

(approx. 40 kDa).  This can be seen by the first peak in Fig. 3.10. coinciding with the total carbohydrate 

peak of Fig. 3.11. Renard et al. (1990) reported two populations of pectic polysaccharides from alkali-

extracted fraction in stored ‘Golden Delicious’ apples, also with the higher MW (2,000 kDa) rich in 

neutral sugars and the lower MW (200 kDa) which was mostly UA. Both pectin populations in these 

KOH fractions decreased in MW as ripening progressed, suggesting that tightly-bound pectins are more 

susceptible to depolymerisation during ripening resulting in shorter pectin chains. 

Comparing the two cultivars, the second population of pectin with smaller MW seems to be more 

dominant in the ‘Scifresh’ 1 M KOH fraction (Fig. 3.10B) with a narrower range of size distribution 
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(70-100 mL in elution volume) compared to ‘Royal Gala’ (Fig. 3.10A) which displayed a wider range 

of size (55-110 mL in elution volume). This may indicate that the 1 M KOH-soluble pectin in 

‘Scifresh’ could be more of a particular size, while in ‘Royal Gala’ it may be more random and have a 

bigger variation in size.  

In the 4 M KOH fraction (Fig. 3.10C and D) the two pectin populations become more distinct. In 

‘Royal Gala’ there is more of the higher MW pectin (Fig. 3.10C) in fruitlet and other time-points show 

comparable MW. In ‘Scifresh’ (Fig. 3.10D) there is a slight decrease in MW with ripening, where the 

smaller MW pectin population decreases in size and in stored fruit becomes smaller than that of ‘Royal 

Gala’ stored fruit. 

Based on these UA size exclusion profiles, it was difficult to speculate a role for PG in these cultivars 

of apples, as pectin MW showed increasing trends in two fractions (water and CDTA), no change in 

one (Na2CO3), and decreasing trends in two (1 M- and 4 M KOH). The use of CDTA as a chelating 

agent lead to the extraction of pectin with the highest MW, while 4 M KOH contained the smallest, 

reflecting an increase in degradation of pectin with increase in severity of extraction conditions applied. 

If pectin depolymerisation was occurring in these apples, it would be likely to affect only the pectin 

tightly associated with xyloglucan or cellulose, as a decrease in MW of pectin was only observed in 

KOH-soluble pectin. Depolymerisation of pectin (Yoshioka et al. 1992) and xyloglucan (Sidiqqui et al. 

1996; Percy et al. 1997) have been reported to be absent during ripening of apple fruit. 

The profiles in Fig. 3.11. relate to total carbohydrates extractable by KOH, which include total matrix 

glycans from both xyloglucan and pectic sources. The total matrix glycans in concentrated alkali 

extracts usually elute as a single peak and this peak encompasses the xyloglucan peak assayed by 

iodine-binding (Brummell 2006). Hence the depolymerisation of total matrix glycans can also represent 

the depolymerisation of xyloglucans, which is the majority of hemicelluloses. In the 1 M KOH fraction, 

the MW of xyloglucan decreased throughout growth and ripening of ‘Royal Gala’ (Fig. 3.11A), while it 

only decreased during ripening in ‘Scifresh’ (Fig. 3.11B). This suggested that xyloglucan may be 

hydrolysed by a xyloglucanase throughout development in ‘Royal Gala’ which correlated with higher 

XET activity (Fig. 3.7.) of this cultivar. XET and xyloglucanase are activities of the same enzyme, 

XTH (xyloglucan endotransglycosylase/ hydrolase). The XTH present in ‘Royal Gala’ could have more 

of a hydrolysing function rather than modification function on xyloglucan during development of the 

fruit. On the other hand, for ‘Scifresh’ the absence of net change in MW of xyloglucan could indicate 

that this cultivar may contain an isoform of XTH which preferentially rearranges the xyloglucan 

molecules, instead of hydrolysing them. XTHs are usually present in multiple isoforms in plant tissues 

and have different donor and acceptor substrate specificities (Strohmeier et al. 2004). Additionally, 

recent work by Franková and Fry (2012) demonstrated that trans-α-xylosidase and trans-β-
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galactosidase activities exist in a variety of plant species and are capable of cleaving and re-attaching 

sugar residues from one xyloglucan oligosaccharide to another, displaying both homo- and hetero-

transglycosidase activities. These activities could also be occurring in ‘Royal Gala’ and ‘Scifresh’ to 

different extents, contributing to the difference in xylgolucan MW observed. 

 

 

 

 

 

 

 

 
Figure 3.11. Size exclusion chromatography profiles of total carbohydrate in the 1 M KOH (A, B) and 
4 M KOH (C, D) fractions of ‘Royal Gala’ (A, C) and ‘Scifresh’ (B, D) fruit during development. 
Value of total carbohydrate is µg total carbohydrate per fraction/ µg total carbohydrate content loaded 
onto Sephacryl S-300 column. 
     

 Fruitlet;  Expanding fruit;  Fruit-at-harvest;  Stored fruit. 
 
  In the 4 M KOH fractions, there seemed to be no net change in xyloglucan MW for ‘Royal 

Gala’ (Fig. 3.11C), and a slight increase in MW for expanding fruit in ‘Scifresh’, but all other time-

points showed comparable xyloglucan MW distribution (Fig. 3.11D). In growing ‘Braeburn’ apples, no 

change in xyloglucan MW was reported in a 6 M NaOH fraction (Percy et al. 1997), possibly 

equivalent to the 4 M KOH fraction in this study. The larger downshift in MW of xyloglucan in the 1 

M KOH fraction of ‘Royal Gala’ compared with ‘Scifresh’ is suggestive that some xyloglucan 

depolymerisation could be occurring, to a greater extent in the ‘Royal Gala’ compared to ‘Scifresh’. In 

tomato fruit ripening mutants, rin (ripening inhibitor) which do not soften to the extent of wild-type 

tomato, the MW of xyloglucan in rin fruit did not change during ripening, while that in wild-type fruit 

extensively decreased (Maclachlan and Brady 1994). These results suggested that the limited 
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xyloglucan break down in rin fruit could be involved in the inhibition of tissue softening. For future 

work, to further understand xyloglucan depolymerisation and its possible occurrence in apples, the 

hydrolytic function of XTH could be determined using assays specific for xyloglucanase activity, such 

as a colourimetric reaction with a xyloglucan-iodine complex as described by Sulova et al. (1995). 

Additionally, fractions eluted from the 1 M and 4 M KOH extracts could have been assayed for 

xyloglucan alone by using the iodine-binding assay, instead of a total carbohydrate assay, which does 

not distinguish if pectic polysaccharides are also depolymerising. High quantities of large MW 

arabinans have been found to be extracted in concentrated alkali fractions and depolymerise during 

ripening in peach (Brummell et al. 2004) and apple (Pena and Carpita 2004). 

4.0 General discussion 

It is acknowledged that enzymes investigated in this study were not the only ones involved in 

apple fruit ripening and there are others which were not included, for example expansins, endo-1,4-β-

glucanase, pectate lyase and others. Whilst it would have been interesting to assay the activity of 

expansin, given its role in cell wall loosening by modifying the cellulose-xyloglucan network (Park and 

Cosgrove 2012b), the equipment required for the stress-relaxation assay or creep assay (McQueen-

Mason and Cosgrove 1995), was unavailable. In apples, Goulao et al. (2007) reported activity patterns 

for expansin that closely resembled that of AFase and BGal, where it is highest at fruitlet, decreases to 

lowest levels in unripe fully expanded fruit, and increases slightly for harvest and stored fruit. 

According to Brummell et al. (1999), over-expression of endo-glucanase in transgenic tomatoes did not 

lead to an increase in xyloglucan depolymerisation, nor did it affect fruit softening. Most of the work 

on endo-glucanase has been focused on tomatoes or avocados because it has been found in high 

amounts in these fruit (Brummell and Harpster 2001), while very low levels found in apple has de-

emphasised the role of this enzyme in apple ripening (Goulao et al. 2007). Pectate lyase has been given 

the least emphasis in fruit ripening perhaps because no biochemical function of this enzyme has been 

experimentally proven for any plant and researchers are only just beginning to understand the 

regulations of this enzyme through transgenic strawberry (Medina-Escobar et al. 1997; Jimenez-

Bermudez et al. 2002) and banana (Marin-Rodriguez et al. 2002) studies. The work of Goulao et al. 

(2007) seems to be the first to report the activity of pectate lyase in apples where it is highest in fruitlet 

and decreases to low levels in harvest and stored fruit. 

Experimental conditions can greatly affect the efficacy of enzyme extraction and subsequent activities 

measured as demonstrated by the incorporation of PEG in the extraction of XET. Activity of XET was 

highest in fruitlet and decreased thereafter when PEG facilitated the extraction of the enzyme (also 

reported by Percy et al. 1996). Without PEG, the activity was undetected in fruitlet and increased to 

highest levels in stored fruit (also reported by Vincken et al. 1998; Goulao et al. 2007). These 
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discrepancies could be attributed to different assay methods, extraction conditions, cultivars of apples 

or fruit age when harvested. The use of PEG in enzyme extraction has only been reported for XET, as 

this enzyme is thought to be very tightly bound to the cell wall, more so in growing or elongating 

tissues (Atkinson et al. 2009; Maris et al. 2009). Future enzymatic studies on young immature fruit 

should also incorporate PEG in the extraction of other enzymes such as BGal and AFase, as it too could 

affect the extraction efficacy and activity levels recovered for other enzymes. 

Results of activity assays can also be largely influenced by incomplete extraction, enzyme lability, 

inhibition of enzyme function or activity contributed by multiple isoforms (Goulao and Oliveira 2008). 

Because the enzyme-substrate compartmentalization is disrupted during the extraction procedure, often 

other studies report that it is unclear how much of a given crude extract’s activity comes from the 

apoplast and is readily accessible to the substrate in the cell wall versus how much may remain 

inaccessible.  It is also important to note that whilst experimental conditions were optimised at best, 

results of in vitro enzyme assays may not necessarily mimic in vivo conditions. 

A summary of the activity patterns of enzymes AFase, BGal, PME, PG and XET in relation to changes 

in growth and ripening parameters in this study is illustrated in Fig. 3.12. In climacteric fruit such as 

apple, the ripening and softening process is initiated by a transient burst of ethylene production which 

regulates the expression of genes that co-ordinate changes which occur during ripening, for example 

softening of the apple flesh (Oraguzie et al. 2007). However, ethylene production during growth of the 

apples was low (dashed line in Fig. 3.12.), yet (with the exception of PG) activity levels of enzymes 

were detected throughout growth and development, suggesting that other regulatory factors are 

involved in the expression and activity of these enzymes. While ethylene production in both apple 

cultivars was comparable, there was less firmness loss between harvest and storage of ‘Scifresh’ (red 

line) fruit compared to ‘Royal Gala’ (blue line) (Fig. 3.12.). 

The trend of BGal and AFase activities were rather similar, with a general decrease from fruitlet to 

fruit-at-harvest, and an increase thereafter with storage, although activity in ‘Royal Gala’ was always 

higher than in ‘Scifresh’. This suggest that if BGal is more active in ‘Royal Gala’ that this could lead to 

more galactan loss as side chains of pectin, thus increasing the wall porosity, making the other wall 

components more susceptible to other enzymatic degradation resulting in a weakened wall structure 

and loss of firm texture (Redgwell et al. 1997b). This trend was similar to that reported in tomato fruit 

development (Carey et al. 1995), but in developing ‘Mondial Gala’ apple, BGal activity was reportedly 

highest in stored fruit, instead of at the fruitlet stage (Goulao et al. 2007). For PME, the increase during 

initial stages of fruit expansion and decrease thereafter was also reported for expanding apple fruit 

(Goulao et al. 2007) and tomato fruit (Harriman et al. 1991). Pectin extracted by 1 M and 4 M KOH 

showed a decrease in MW with ripening which could indicate depolymerisation of tightly-bound pectin 
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Figure 3.12. Changes in ripening-related parameters and cell wall-modifying enzyme activities of 
‘Royal Gala’ (RG) and ‘Scifresh’ (SF) fruit during development. 

From my study, the significant difference in cell wall composition between the two apple cultivars 

observed at early stages of fruit growth (in Chapter 2) was consistent with enzymes activity results 

where the activity differed most between the two cultivars at the fruitlet stage for BGal, AFase and 

PME, all being higher in the ‘Royal Gala’ than ‘Scifresh’. This strengthens the idea that cell wall 

changes which influence the development of final fruit texture may be determined at very early stages 
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of fruit growth, as early as 40 DAFB. Because activity for BGal, AFase, PME and XET were detected 

throughout fruit growth, this suggest that their function need not be restricted to degradation of cell 

wall components during the ripening and softening phases only. This high activity during growth could 

reflect more of a modification function, in which the enzymes act to degrade cell wall components to 

allow for more newly synthesised material to be incorporated into the rapidly expanding cells. Whether 

BGal, AFase and PME could have isoforms with multiple functions, to cleave and to re-attach 

polysaccharides in the wall (as in XTH), remains a possibility which needs further exploring. On the 

other hand, during the ripening in storage phase, enzymes such as PG seem to be more important in 

determining texture, where (putative) activity was higher in stored ‘Royal Gala’ than ‘Scifresh’ fruit 

suggesting that pectin depolymerisation could be a cultivar-specific event. 
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CHAPTER FOUR 

A solid-state 13C nuclear magnetic resonance (NMR) spectroscopy study 

1.0 Introduction  

Solid-state 13C NMR spectroscopy is a powerful technique for studying the molecular 

organization of primary plant cell walls (Newman 1999a; Jarvis and McCann 2000; Bootten et al. 

2011). Although in the native state, water is typically more than half the mass of plant cell walls 

(McNeil et al. 1984), they are still considered to be an insoluble matrix. This technique has been widely 

used for investigations on polysaccharide conformations in muro which has previously been a 

challenge considering the need to dehydrate cell wall preparations for other techniques such as 

conventional electron microscopy. Significant achievements of NMR spectroscopy in plant cell wall 

studies include the distinction between the Iα and Iβ forms of cellulose (Horii et al. 1987; Newman et 

al. 1994; Šturcová et al. 2004) and the development of techniques to distinguish polysaccharides with 

different degrees of mobility within the wall (Newman et al. 1996; Smith et al. 1998b).  

In the study of plant cell walls, two major types of solid-state 13C NMR techniques are widely used: 

cross-polarization with magic angle spinning (CP/MAS) or single pulse excitation with magic angle 

spinning (SPE/MAS). The former technique detects rigid domains in a solid sample by suppressing 

signals from very mobile units, while the latter technique is useful for detecting very mobile domains 

by suppressing signals from rigid units (Newman 1999a). Spinning at the magic angle (2-5 kHz) serves 

to average out anisotropic parts of a specific interaction, thus minimizing broadening effect of signals 

and improving resolution (Newman and Hemmingson 1990). The use of CP involves the transfer of 

magnetisation from proton to 13C which can significantly reduce the experimental time as protons 

equilibrate much faster than 13C, while also increasing the resolution of signals in the solid sample 

(VanderHart 1987). It is this transfer of magnetisation between nuclei which can be measured. 

CP/MAS can be utilised for investigating polysaccharide mobility by a common approach of proton 

spin relaxation editing (PSRE) (Newman and Hemmingson 1990; Newman et al. 1994; Foster et al. 

1996; Smith et al. 1998b). In this approach, a relaxation interval is fitted after the proton preparation 

pulse and before the CP contact time. The three main spin relaxation experiments commonly used for 

plant cell walls are (i) spin-lattice relaxation with time constant T1, (ii) rotating frame relaxation with 

time constant T1ρ or (iii) spin-spin relaxation with time constant T2 (Newman 1992). Each of these time 

constants may be conducted in relation to either proton (1H) or carbon (13C). The difference being 

proton relaxation is affected by spin diffusion of adjacent protons which are abundant, while the spin 

diffusion of the 13C nucleus is restricted and less sensitive to the motion of more distant 

polysaccharides because the magnetically active 13C isotope constitutes only 1.1% of natural carbon 
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atoms (VanderHart 1987). By varying the recovery delay times, the proton relaxations (T1 or T2),  can 

be used to distinguish rigid from mobile units based on the fact that relaxation constants (rates) are 

dependent on the molecular conformation and mobility of the particular polysaccharide (Newman 

1992). For example in a solid sample, rigid molecules have long T1, and short T2 times due to stronger 

spin-spin interactions (Newman 1999a; Bootten et al. 2011). 

To date, a wide range of solid-state 13C NMR studies have been carried out on primary cell walls from 

a variety of plant species, including apple (Irwin et al. 1984, 1992; Newman et al. 1994), Arabidopsis 

thaliana (Newman et al. 1996; Davies et al. 2002; Dick-Pérez et al. 2011), mung bean seedlings 

(Bootten et al. 2004, 2011), cucumber hypocotyls (Fenwick et al. 1999), celery (Thimm et al. 2002), 

kiwifruit (Newman and Redgwell 2002), strawberry (Koh et al. 1997), sugar beet (Renard and Jarvis 

1999), onion (Foster et al. 1996; Ha et al. 1996, 1997, 1998, 2005; Smith et al. 1998b), pear (Habibi et 

al. 2004), potato (Tang et al. 1999), tobacco (Bootten et al. 2009), tomato (Fenwick et al. 1996) and 

Italian ryegrass, pineapple and cabbage (Smith et al. 1998b). 

Various NMR techniques have been developed and used in a number of ways to probe plant cell walls. 

CP/MAS can be used to distinguish order (i.e. well-ordered or poorly-ordered) of cellulose, as well as 

the nature of the crystalline cellulose (Newman and Hemmingson 1995; Newman 1999b). This can be 

achieved by calculating the relative area of the crystal-interior and crystal-surface cellulose signals, 

most commonly by using the C-4 signals (at 84 and 89 ppm) or C-6 signals at (62 and 64 ppm). The 

use of the C-4 signal for this purpose was superior as C-6 is sensitive to rotation about the C-5 and C-6 

bond, and hence is less well-resolved (Smith et al. 1998b). Non-crystalline cellulose with poor order 

was characterised by relatively short value of rotating time frame constant, T1ρ (H).  

In apples, Irwin et al. (1984) reported no change in methyl ester signals during ripening of ‘Golden 

Delicious’ apples, however this study utilised cell wall preparations that were dehydrated by critical 

point drying. Since then, new approaches for investigating partially hydrated cell wall preparations 

have been well-established and the resolution of spectra has been greatly improved. In ‘Braeburn’ apple 

cell walls that were never dried, Newman et al. (1994) used resolution-enhanced 13C NMR techniques 

to establish that cellulose was very highly ordered and the triclinic Iα and monoclinic Iβ crystalline 

forms were present in similar proportions. By calculating the relative areas of the interior and surface 

C-4 signals, a model of apple cellulose crystallite was proposed consisting of 23 chains with 

dimensions of 3.0 × 2.7 nm.  

Another well studied fruit system using NMR spectroscopy is kiwifruit cell walls. Newman and 

Redgwell (2002) found that fruit firmness was correlated to the amount of non-cellulosic matter that 

remained sufficiently rigid and which could be detected by CP experiments (i.e. xyloglucan or pectin, 

possibly with very strong interactions with cellulose). The authors also found no change in the nature of 
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cellulose crystallites and polysaccharides adhering to these crystallites following ripening. Changes 

related to pectic substances included a diminished methoxyl signal strength following ripening but prior 

detection of pectin solubilisation by chemical analysis. No change in uronic acid (UA) and rhamnose 

content suggested there had been no solubilisation of rhamnogalacturonan backbone, but rather changes 

in homogalacturonan structure, which could impact fruit softening more. This meant that monitoring 

the chemical composition changes alone in the cell walls was not sufficient to study the effects of fruit 

softening, but that a combined approach of studying the chemical and physical changes in pectin would 

provide a better understanding of the cell wall changes occurring. 

In kiwifruit, Newman and Redgwell (2002) reported that the arabinosyl units occured in the non-

crystalline environment and did not respond to CP and thus were more likely to be very mobile units. 

This was also in agreement with Foster et al. (1996) and Smith et al. (1998b) who reported arabinans in 

onion cell walls responded to SPE which indicated that they were very mobile. Onion cell walls were 

extensively studied by Ha et al. (1996, 1997, 1998, 2005) and reported differences in arabinan and 

galactan side chain mobility which influenced pectin functionality. 

NMR studies on sugar beet by Renard and Jarvis (1999) indicated that crystalline cellulose microfibrils 

were 3 nm in diameter and that pectic galacturonans were mobile but pectic arabinans were very 

mobile. An alkaline extraction of sugar beet cell walls consisted of two fractions of pectic arabinans 

and galactans, one with high mobility and the other with restricted mobility (Zykwinska et al. 2006). 

The authors suggested that the arabinan and galactan side chains of restricted mobility were associated 

with cellulose surface via non-covalent linkages, and could form a more important network in cell 

walls which are deficient in xyloglucan but rich in pectin, as found in sugar beet, mung beans (Bootten 

et al. 2004) and celery (Thimm et al. 2002). 

Ripening strawberries showed a mobility distinction between hemicelluloses and galacturonic acid 

(semi-rigid molecules) and pectic side chains (semi-mobile molecules) which became more apparent 

with ripening, indicating the involvement of pectin solubilisation (Koh et al. 1997). In raspberries, 

ripening was accompanied by a reduction in pectic methoxyl signals, with the softer raspberry cultivar 

exhibiting greater signal reduction, consistent with chemical analyses which showed a decrease in UA 

content and degree of esterification (DE) (Stewart et al. 2001). 

Pectin seems to play a major role during fruit ripening, whether investigated by NMR or chemical 

analysis or a combination of both. On the other hand, xyloglucans seem to be studied more in growing 

or elongating tissues for example, NMR has been used to study structural changes of xyloglucan in 

cyclamen seed (Braccini et al. 1995), tamarind seed (York et al. 1993) and mung bean hypocotyls 

(Bootten et al. 2004, 2008, 2009). Through NMR studies on mung beans, a new cell wall model was 

proposed whereby xyloglucans only occupy a small proportion of cellulose surface area and no 
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xyloglucans are found within the cellulose microfibril (Bootten et al. 2004). This was in contrast to the 

former cell wall models which postulated that some xyloglucan coated the entire surface of cellulose 

microfibrils and some could be embedded in the cellulose microfibrils (Cosgrove 2001) as well as 

provided extensive cross-links between microfibrils via hydrogen bonds (Popper and Fry 2005). 

Bootten et al. (2004) identified two forms of xyloglucan: (i) with a rigid glucan backbone, found in less 

proportions and (ii) with a partly-rigid glucan backbone, surrounded by mobile polysaccharides (i.e. 

could be attached to pectin). This exemplifies the difficulty in studying only xyloglucan molecules as 

they are both semi-rigid and semi-mobile and detection via SPE/MAS could not distinguish very 

mobile xyloglucan molecules, yet CP/MAS for the detection of rigid molecules was dominated by 

cellulose signals and rigid xyloglucan could not be distinguished. 

The overall aim of the research was to understand why ‘Royal Gala’ and ‘Scifresh’ apples have 

differences in texture during fruit growth and ripening in storage. In this chapter, solid-state 13C NMR 

techniques combined with chemical compositional information were utilised to identify and compare 

any differences in mobility and rigidity amongst the cell wall polysaccharides of these two cultivars, 

which may provide insights to textural differences observed. 

2.0 Materials and methods 

2.1 Plant material 

Apples used for NMR studies and associated chemical analysis in this chapter were harvested in 

the third growing season of this study (November 2010 to March 2011) from the Plant & Food 

Research orchard in Havelock North, Hawkes Bay, New Zealand, whereas fruit used for studies in 

Chapters 2, 3 and 5, were harvested in the first two growing seasons (2008/09 and 2009/10). 

Fruit were harvested at three developmental stages 40 DAFB (fruitlet), expanding fruit (100 DAFB) 

and fruit-at-harvest (120 DAFB for ‘Royal Gala’; 140 DAFB for ‘Scifresh’). At each stage, 100 fruits 

were harvested from three trees and the same trees were used throughout sampling. The fruit were 

packed into cartons and transported overnight to Auckland at 4°C. The following day, physiological 

assessments were performed on a subset of 20 fruit, as described in Chapter 2, 2.2 and cell walls 

isolated. For ripened fruit, mature fruit-at-harvest were stored at 0.5°C for 20 weeks under ambient 

atmospheric conditions, before cell walls were isolated for NMR studies. This sample was termed 

‘stored fruit’. 
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2.2 Isolation of apple cell walls 

For isolating cell walls, a different method was used to that described in Chapter 2, 2.3. The aim 

was not only to minimise the time between fruit sampling and NMR analysis, by using HEPES buffer 

instead of Tris-buffered phenol and by washing the cell wall material extensively with water instead of 

dialysis, but also to avoid any potential of the Tris-buffered phenol confounding the carbon signals in 

the NMR spectra. 

The apples were peeled, cored and chopped into approximately 3 mm3 pieces (for fruitlet) and 1 cm3 

pieces (for all other samples) and frozen in liquid nitrogen. The frozen tissue and ground tissue (50 g) 

was added to 100 mL of HEPES-KOH buffer (20 mM, pH 6.7) containing 10 mM DTT (Melton and 

Smith 2005). The mixture was homogenized using a Polytron homogenizer (Kinematica GmbH, 

Switzerland) for 10 min. The resultant slurry was centrifuged at 4,600 g for 10 min at room temperature 

and filtered through Miracloth. The pellet was washed three times in 75 mL water, re-suspended and 

centrifuged as above. To ensure removal of cytoplasmic protein from the cell wall preparation, 

breakage of cells were monitored by staining an aliquot with Ponceau 2R which stains cytoplasmic 

protein red and can be viewed using bright-field microscopy (Harris 1983). All supernatants were 

combined after filtration to make the HEPES-soluble fraction. The pellet was weighed and 90% (w/v) 

DMSO added and left stirring overnight at room temperature to allow starch solubilisation. The mixture 

was then centrifuged at 1,000 g for 10 min at room temperature and filtered through a Miracloth. The 

pellet was collected and left stirring for a second night in 200 mL of 90% DMSO after which it was re-

centrifuged at the above conditions. The pellet was washed extensively with water at 4°C onto a 

Miracloth over a funnel to remove residual DMSO. Excess moisture was removed from the preparation 

by gently squeezing the cloth. An aliquot was removed, weighed and dried at 60°C overnight to 

estimate the moisture content. The remainder of the cell wall preparation was stored in a clean glass 

vial at 4°C. The following day, a second aliquot was removed for NMR studies. This aliquot was 

spread onto a Petri dish and partially freeze dried to achieve a moisture content of 30– 35% (by 

weight). The cell wall preparation used for NMR study was never completely dried. The remaining cell 

wall preparation which was completely freeze dried was used for monosaccharide composition 

analysis. 

2.3 Monosaccharide composition 

The monosaccharide composition, UA content and DE of the cell walls isolated for NMR 

studies were determined as described in Chapter 2, 2.4. 
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2.4 13C NMR spectroscopy 

Cell walls were packed into a 7 mm zirconia rotor and retained with Kel-F end-caps. The rotor 

was spun at a frequency of 4,000 ± 1 Hz. All experiments were carried out using Bruker AVANCE 300 

spectrometer operating at 300.13 MHz proton frequency. The magic angle was adjusted by maximizing 

the sidebands of the 79Br signal of a KBr sample. The spectral width was 40 kHz. The 13C chemical 

shift was referenced to a standard of tetramethylsilane (TMS).  

2.4.1 Cross-polarization (CP) experiments 

The spectra were obtained using the standard CP/MAS technique. The experiments were 

conducted by introducing a 4.3-µs proton 90° pulse, a 1-ms contact time, 30 ms of data acquisition and 

a recovery delay of 1 s before the sequence was repeated. 

2.4.2 Relaxation spin-editing experiments 

Proton rotating-frame spin relaxation (T1ρ(H)) experiments were conducted by introducing a 

proton spin locking interval of variable duration (t1) between the proton preparation pulse and the CP 

contact time. Carbon rotating-frame relaxation (T1ρ(C)) experiments were conducted by introducing a 

spin locking interval of variable duration (t1) in the carbon channel after the contact pulse. Variable 

contact time (VCT) experiments were conducted by varying the contact time (tCP). All these 

experiments were conducted using a 4.3-µs proton 90° pulse, a 1-ms contact time [for T1ρ(H) and 

T1ρ(C)], 30 ms of data acquisition and a recovery delay of 1 s before the sequence was repeated. 

2.4.3 Single pulse excitation (SPE) experiments 

Results from the relaxation spin-editing experiments showed subtle differences in the mobile 

cell wall domain and were difficult to interpret by varying T1ρ alone. SPE was therefore used to probe 

the differences among the very mobile polysaccharides, especially those in the pectic domain of the cell 

walls. The largest physiological difference in the apples was observed after 20 weeks of storage (Table 

4.1.). Therefore, this point was selected for SPE experiments. 

SPE experiments were done using two-pulse phase modulation (TPPM) decoupling during the 

acquisition period. The 90o 13C pulse used was 4.2 µs, while the pulse used for TPPM decoupling was 

16.6 µs. The number of scans varied between 100,000 and 400,000. A recycle delay of 200 ms was 

used before the sequence was repeated. 
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3.0 Results and discussion 

3.1 Fruit ripening-related parameters 

Table 4.1. Firmness, weights, dry matter (DM) concentration and CWM yields of ‘Royal Gala’ (RG) 
and ‘Scifresh’ (SF) fruit during development. (n = 20 ± S.D.) 

Stage  
(Days after full bloom) 

Flesh firmness 
(N) ± 8.82% 

Fruit weight 
(g) ± 4.47% 

DM 
concentration 
(%) ± 2.74% 

CWM Yield 
(mg/g FW)b 

  RG SF RG SF RG SF RG SF 

Fruitlet (40 d) 185.22 165.82 12.39 15.45 11.79 9.31 20.72 14.74 

Expanding fruit (100 d) 96.47 115.45 98.38 92.26 11.87 13.03 9.28 17.29 

Fruit-at-harvest(120/140 d) 72.50 85.57 214.45 183.72 14.91 15.34 9.15 9.30 

Stored fruit (20 weeks) 51.38 83.19 213.66 190.29 14.91a 15.34a 7.84 6.62 
a  assumed no change in DM from harvest to stored fruit 
b  no estimates of S.D. for CWM yield as only one preparation per NMR run was carried out 

There was a significant loss in firmness from harvest to stored fruit in ‘Royal Gala’, while the 

firmness of ‘Scifresh’ effectively did not change during this period (Table 4.1. in grey). These results 

were consistent with seasonal replicates reported in Chapter 2. Both cultivars showed comparable 

growth rates by weight, DM deposition and CWM yields throughout development. 

3.2 NMR cell wall preparation monosaccharide composition 

The cell wall monosaccharide composition given in Table 4.2. derived from TFA hydrolysis 

provides the composition of predominantly non-cellulosic sugars, while the composition given in Table 

4.3., derived from two-stage H2SO4 hydrolysis includes sugars from cellulosic and non-cellulosic 

sources (Harris 1983). The compositions reported here were comparable to previous seasons analysed 

(Chapter 2). Table 4.2. shows the only significant difference was in the amount of galactose, which was 

higher in ‘Scifresh’ compared to ‘Royal Gala’, for all developmental time-points, except at harvest. 

Amount of other pectic-associated monosaccharides such as rhamnose, arabinose and UA were 

comparable between the two cultivars. Another notable difference was that the H2SO4 hydrolysis 

recovered significantly higher amounts of fucose, arabinose, xylose and mannose (apart from glucose) 

compared to the TFA hydrolysis from fruitlet to fruit-at-harvest. This could indicate that fucose, 

arabinose, xylose and mannose were part of cell wall components tightly associated with cellulose 

during fruit growth, and hence required stronger acid hydrolysis to be recovered. Examples include the 

hemicellulose fucogalactoxyloglucan (Renard et al. 1991b) or galactoglucomannan (Melton et al. 

2009). The increased amount of arabinose and galactose obtained by H2SO4 hydrolysis indicates strong 

interactions between pectic arabinans and galactan side chains with cellulose (Zykwinska et al. 2007). 

Requirements of stronger acidic conditions to completely hydrolyse arabinan side chains in a sugar beet 

cell wall preparation has been also reported (Zykwinska et al. 2006). 
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Table 4.2. Moisture content, degree of methyl esterification (DE) and monosaccharide composition of 
non-cellulosic polysaccharides after TFA hydrolysis in CWM of ‘Royal Gala’ (RG) and ‘Scifresh’ (SF) 
fruit at four developmental stages. The highest S.D. for any given value is ≤ 12.39 for monosaccharides 
and ≤ 41.29 for UA. (n = 6) 
 

Moisture content in 
the NMR 
preparation (%) 

Fruitlet 
RG        SF 

 
36.9     30.7 

Expanding fruit 
RG       SF 

 
32.9     30.3 

Fruit-at-harvest 
RG      SF 

 
33.0     33.6 

Stored fruit 
RG      SF 

 
48.2     54.3 

DE (%) ± 4.8 28.58     57.34 58.55     65.64 54.17     75.97 60.91     82.03 

Composition (µg·mg-1 anhydrous CWM) 
Rhamnose 6.54 8.15 4.74 4.51 7.58 4.47 8.73 7.75 
Fucose 2.87 3.86 2.32 2.23 3.77 2.89 4.63 4.44 
Arabinose 84.42 104.26 43.17 42.52 55.09 32.67 45.62 42.33 
Xylose 18.88 26.29 14.52 14.09 24.95 17.52 27.63 29.27 
Mannose 6.68 10.07 6.93 7.81 5.98 3.05 7.80 7.91 
Galactose 143.88 216.73 66.45 133.58 42.43 37.28 38.01 72.32 
Glucose 8.12 11.50 11.34 13.73 20.29 9.50 19.36 21.64 
UA 135.72 283.36 296.57 211.97 397.45 352.38 315.00 288.89 
TOTAL 407.11 664.22 446.04 430.43 557.53 459.75 466.78 474.55 

 
Table 4.3. Monosaccharide composition of cellulosic and non-cellulosic polysaccharides after sulphuric 
acid hydrolysis in CWM of ‘Royal Gala’ (RG) and ‘Scifresh’ (SF) fruit at four developmental stages. 
The highest S.D. for any given value is ≤ 22.91 for monosaccharides not including glucose, ≤ 52.46 for 
glucose and ≤ 41.29 for UA. (n = 6) 
 

Composition Fruitlet Expanding fruit Fruit-at-harvest Stored fruit 
(µg·mg-1 anhydrous 
CWM) RG SF RG SF RG SF RG SF 
Rhamnose 7.53 7.72 4.73 4.71 9.37 7.13 7.90 7.35 
Fucose 6.69 7.76 5.18 4.45 7.89 6.78 4.85 4.88 
Arabinose 198.28 196.11 114.02 66.69 108.05 79.12 61.21 51.67 
Xylose 35.49 39.51 28.81 22.04 43.60 39.95 9.42 13.35 
Mannose 26.64 29.68 13.55 14.56 13.62 13.79 13.24 12.20 
Galactose 255.51 278.26 101.59 148.12 61.74 80.49 56.13 83.26 
Glucose 230.70 243.04 198.79 222.03 341.14 312.94 254.62 196.16 
UA 135.72 283.36 296.57 211.97 397.45 352.38 315.00 288.89 

TOTAL 896.56 1085.43 763.25 694.57 982.86 892.58 722.37 657.76 

C-Glc a 222.58 231.54 187.45 208.3 320.85 303.44 235.26 174.52 
a C-Glc refers to the amount of glucose obtained by H2SO4 hydrolysis minus amount of glucose 
obtained by TFA hydrolysis 
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3.3 CP/MAS 13C NMR spectra obtained by normal pulse sequencing: A cultivar comparison during apple fruit development 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. CP/MAS NMR spectra of the cell wall preparation of ‘Royal Gala’ (A) and ‘Scifresh’ (B) fruit at four developmental stages. Carbon numbers 
refer to cellulose with labels i and s used to distinguish signals assigned to crystallite interiors and surfaces. Signals assigned p are related to pectic signals, as 
are –COOCH3 and –OCH3. 
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The spectra shown in Fig. 4.1. were dominated by signals from cellulose labelled C-1 to C-6, assigned 

based on literature given in Table 4.4. These carbon signals are related to their position on the cellulose 

structure (Fig. 4.2A). The C-4 and C-6 each have double peaks assigned as these carbons have interior 

(i) and surface (s) environments which are able to be distinguished by CP/MAS NMR (Earl and 

VanderHart 1981). In addition to cellulosic carbon signals, there was also strong signals labelled ‘p’ in 

Fig. 4.1. which are likely due to pectic polysaccharides (Fig. 4.2B) held in a relatively rigid 

environment. Of these signals, 101, 80 and 69 ppm are assigned to C-1, C-4 and C-2 of galacturonic 

acid units in pectin, respectively (Fenwick et al. 1999). The signals at 171, 54 and 21 ppm are assigned 

to C-6 of methyl esterified galacturonan (-COOCH3), carbon of methyl esterified galacturonan (–

OCH3) and carbon of acetylated galacturonan (-OAc), respectively (Colquhoun et al. 1990). Other 

possible non-cellulosic polymers include a signal at 83.4/ 83.9 ppm assigned to C-4 of xylans adhering 

to cellulose crystallite surfaces (Mitikka et al. 1995) or C-4 of xyloglucan (Braccini et al. 1995). Both 

cell wall preparations of ‘Royal Gala’ (Fig. 4.1A) and ‘Scifresh’ (Fig. 4.1B) CP/MAS spectra were 

similar to that of an apple cultivar ‘Braeburn’ (the other parent to ‘Scifresh’) (Newman et al. 1994). 

 

 
 
 
Figure 4.2. Structure of cellulose with the repeating unit of cellobiose in brackets (A) and structure of 
pectin where C-6 can be methyl esterified or de-esterified and C-2 or C-3 can be O-acetylated (B).  
(A: adapted from Brown et al. 1996; B: adapted from Caffall and Mohnen 2009). 

(De-esterified) 
Carboxyl group 

A 

B 
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As fruit growth and ripening progressed, there did not appear to be any significant changes in cellulose 

signals (Fig. 4.1.), however the spectra of the ‘stored apples’ showed a lower signal-to-noise ratio 

compared with the other time-points. This could have been attributed to one of two factors. Firstly, a 

difference in moisture content of the sample. The cell wall preparations of stored apples were more 

moist compared to samples of the other developmental time-points, even though drying procedures 

were carried out the same (see Table 4.2.). A difference in hydration levels of samples has been shown 

to affect signal-to-noise ratios in NMR spectroscopy (Tang et al. 1999; Ha et al. 1997; Larsen et al. 

2011). These studies show that a difference in hydration level affects linewidth of peaks in the spectra, 

however this only significantly affects more mobile polysaccharides, signals of which are suppressed in 

CP. The second factor could be a change in cellulose content. The amount of glucose derived from 

cellulose (C-Glc) increased from fruitlet to harvest and subsequently decreased in storage (Table 4.3.). 

This could indicate cellulose or xyloglucan degradation during storage of the apples, possibly from 

enzymatic hydrolysis. Hence, the relatively lower signal to noise ratio in the stored samples could have 

been due to a difference in molecular organization of polysaccharides which have been degraded by 

cell wall-modifying enzymes during storage. 

Using the C-4 (i) and (s) signals from the spectra obtained for fruit-at-harvest (Fig. 4.1.), the lateral 

dimension of the cellulose elementary microfibril was estimated as described by Newman (1999b) and 

Newman et al. (1994). Both ‘Royal Gala’ and ‘Scifresh’ had similar cellulose microfibril diameter of 

2.87 nm (see Appendix XII for calculations). The spectral shapes were relatively comparable for all 

time-points, however there was a signal intensity difference for the methoxylated carbon signals at 171 

and 54 ppm. In both cultivars, these signals appear to increase in relative intensities to a maximum at 

harvest and then decrease in stored samples, with the decrease being greater in the ‘Royal Gala’ (Fig. 

4.1A) compared to ‘Scifresh’ (Fig. 4.1B). In both cultivars, there was an increase in DE with ripening, 

however the DE in ‘Scifresh’ was always 20-30% higher than ‘Royal Gala’, even at the fruitlet stage 

(Table 4.2.). This difference in DE was also previously reported in Chapter 2, 3.5 in an independent 

cell wall preparation and analysis. The difference in peak intensities at 171 and 54 ppm between ‘Royal 

Gala’ and ‘Scifresh’ could be put down to a higher abundance of methyl ester groups in ‘Scifresh’ 

compared to ‘Royal Gala’. The UA content between the two cultivars only differed significantly at the 

fruitlet stage where it was higher in ‘Scifresh’ than ‘Royal Gala’. At this fruitlet stage, other pectic-

associated monosaccharides (rhamnose, arabinose and galactose) were also higher in ‘Scifresh’ than 

‘Royal Gala’. Because a difference in pectin structure and molecular organization was speculated, 

further relaxation and SPE experiments were conducted to investigate differences in the more mobile 

domain of the cell wall, after establishing that no significant difference in cellulose could be detected 

by CP/MAS. The CP/MAS experiments were repeated for a second season in which no significant 

difference was observed and spectra were typical of that presented in Fig. 4.1. (See Appendix XIII). 
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3.3.1 Overview of signal assignments 

Table 4.4. 13C Chemical shifts of polysaccharides in primary plant cell walls from the literature. 

Sites     
Chemical shift 

(ppm) Reference (s) 
Cellulose         
C-1 surface 

 
105 Atalla et al. 1980 

 
interior Iα 105.6 Newman 1997 

  
Iβ 106.5, 104.4 Bootten et al. 2009 

  
II 107.6 Newman and Redgwell 2002 

C-2,3,5 
  

69.0, 72.7-75.5 Newman 1997 

C-4 surface 
 

83.9, 84.8, 85.0 
Newman 1999a; Earl and VanderHart 1981; Koh et al. 
1997 

 
interior 

 
88.5, 89.0, 89.4, 90.3 Atalla and VanderHart 1984; Newman and Hemmingson 

    
1995; Bootten et al. 2009 

  
II 88.2-89.4 Hirai et al. 1990 

C-6 surface 
 

62.0, 62.1, 63.1 Koh et al. 1997; Newman and Redgwell 2002 

 
interior 

 
65.0, 65.2, 66.3 Koh et al. 1997; Newman and Redgwell 2002 

  
II 62.5, 63.5 Newman and Hemmingson 1995 

Hemicellulose   
 

  

C-1 XG-Glc 
 

103.1, 104.8, 105.5 
Jarvis and Apperley 1990; York et al. 1993; Bootten et 
al. 2009 

 
XG-Xyl 

 
99.1, 99.8, 100.2 

Gidley et al. 1991; Braccini et al. 1995; Davies et al. 
2002 

Well-ordered glucomannan 102.0 Newman and Hemmingson 1998 
C-2,3,5 

  
72.6-76.7 Bootten et al. 2009 

C-4 XG-Glc 
 

79.5-84.0 Braccini et al. 1995; Bootten et al. 2009 

 
XG-Xyl 

 
70.1, 70.5, 70.8 

York et al. 1993; Braccini et al. 1995; Bootten et al. 
2009 

 
Xylan 

 
82.6 Newman 1999a 

C-6 XG-Glc 
 

61.5, 61.8 Dick-Pérez et al. 2011 

Pectin   
  

  
Rhamnose 

  
17.3-17.6, 17.8 Ha et al. 2005; Larsen et al. 2011 

Acetyl group 
 

21.0, 21.3 Koh et al. 1997; Jarvis 1990 
Methoxyl group 

 
52.8-53.7 Sinitsya et al. 1998; Ha et al. 2005 

C-1 GalA HG 
 

99.8, 100.8, 101.1 Ha et al. 2005; Saulnier et al. 1988; Jarvis 1990 

 
Galactan 

 
105.1, 105.2 Ha et al. 2005; Ryden et al. 1989 

 
Arabinan 

 
107.8, 108.5, 109.3 Saulnier et al. 1988; Ryden et al. 1989; Ha et al. 2005 

C-2,3,5 GalA HG 
 

69.0, 71.4, 72.0 Fenwick et al. 1999; Habibi et al. 2004 
C-2 Arabinan 

 
81.5, 82.0 Larsen et al. 2011; Dick-Pérez et al. 2011 

C-3 Arabinan 
 

77.4, 77.6 Larsen et al. 2011; Dick-Pérez et al. 2011 
C-4 Arabinan 

 
83.0, 83.2, 84.7 Ryden et al. 1989; Larsen et al. 2011; Ha et al. 2005 

 
Galactan 

 
78.5 Ryden et al. 1989 

 
GalA HG 

 
79-80 Sinitsya et al. 1998 

C-5  Arabinan 
 

62.0, 67.2 Ha et al. 2005; Larsen et al. 2011 
C-6 Galactan 

 
61.5, 61.8 Ha et al. 2005; Ryden et al. 1989 

 
HG (ester) 

 
171.0, 171.4 Jarvis and Apperley 1995; Ha et al. 2005 

 
HG (free) 

 
174.0, 175.4 Jarvis and Apperley 1995; Ha et al. 2005 
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3.4 Relaxation subspectra: T1ρ (C) experiments on harvest and stored fruit 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3. Relaxation subspectra of the cell wall preparation of ‘Royal Gala’ (A) and ‘Scifresh’ 
(B) fruit-at-harvest. Recovery delays varied from 0.1 ms to 20 ms. More rigid molecules mainly 
correspond to the spectra of longer recovery delays (20 ms), while the spectra of shorter recovery 
delays (0.1 ms) contain signals from both the rigid and more mobile groups. 
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Figure 4.4. Relaxation subspectra of the cell wall preparation of ‘Royal Gala’ (A) and ‘Scifresh’ 
(B) fruit stored for 20 weeks. Recovery delays varied from 0.05 ms to 20 ms. More rigid molecules 
mainly correspond to the spectra of longer recovery delays (20 ms), while the spectra of shorter 
recovery delays (0.05 ms) contain signals from both the rigid and more mobile groups. 
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Relaxation experiments are particularly useful for separating NMR subspectra containing 

signals from polysaccharides in the rigid (e.g. cellulose) and mobile (e.g. pectin) domains of the cell 

wall (Bootten et al. 2011). In these experiments, different recovery delays were used and the relative 

intensities of the peaks can be used to distinguish between rigid and mobile molecules. In this case, the 

spin-relaxation process used was rotating-frame relaxation with time constant T1ρ (C). VCT 

experiments were first performed to determine the T1ρ (C) and appropriate contact time (tCP) (See 

Appendix XIV for spectra). 

When interpreting relaxation data, the subspectra acquired at longer relaxation delays (e.g. 20 ms) 

display signals assigned primarily to rigid molecules such as that of cellulose, while subspectra 

acquired at shorter relaxation delays (e.g. 0.05 ms) display signals assigned to both rigid and more 

mobile molecules, such as that of the non-cellulosic matrix. The combined subspectra would thus give 

rise to the normal CP spectra. According to Bootten et al. (2011) an efficient separation of spectra by 

PSRE can be characterised by the appearance of two signals known to be in different mobility domains. 

The signal at 89 ppm assigned to C-4 of cellulose (interior) should persists longer (longer relaxation 

time) in subspectra corresponding to the rigid domain, while a signal at 69 ppm assigned to C-2,3,5 of 

galacturonan should relax faster corresponding to mobile domain (with shorter relaxation time). 

However, from my experiment the subspectra obtained (Figs. 4.3. and 4.4.) were not sufficiently well-

resolved and the signal to noise ratio was not high enough to detect these distinctive peaks. 

The only significant cultivar difference observed was related to the methoxylated pectin signals at 171 

ppm (-COOCH3) and 54 ppm (-OCH3), where the signal intensities were higher in the ‘Scifresh’ 

cultivar (Fig. 4.3B and Fig 4.4B) compared to ‘Royal Gala’ (Fig. 4.3A and 4.4A). This was observed in 

two independent samples, from apples at two different developmental stages: at harvest (Fig. 4.3.) and 

stored for 20 weeks (Fig. 4.4.). These results also correspond to the (20– 30%) higher DE in ‘Scifresh’ 

compared to ‘Royal Gala’ (Table 4.2.) suggesting that the higher peak intensities in ‘Scifresh’ could be 

related to presence of more methoxyl group in quantity, as revealed by chemical analysis. Another 

possible explanation could be that the motion of the methoxyl group in ‘Royal Gala’ could be too fast 

to be detected in these experiments. In saying this, the relaxation delays could have been varied even 

further (e.g. 0.01 ms to 20 ms), however this would mean longer experimental times, which was not 

foreseen to provide superior subspectra separation. Because the rigid (cellulose) and mobile (pectic 

polysaccharides) signals were not completely distinguishable from each other in this experiment, 

further SPE experiments which are capable of detecting only the very mobile polysaccharides, were 

carried out discussed in the following section. 
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3.5 SPE: Probing the very mobile arabinan and galactan side chains in cell walls of 
apple fruit ripened in storage 
3.5.1 Unedited SPE/MAS spectra 

  

Figure 4.5. SPE/MAS spectra of the cell wall preparation of ‘Royal Gala’ (A) and ‘Scifresh’ (B) fruit 
stored for 20 weeks.  
* indicates region of the spectrum which showed baseline distortion due to an inefficient relaxation 
from very fast recycle delays and was edited and removed in the subsequent spectra Fig. 4.6.  
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3.5.2 Edited SPE/MAS spectra with peak assignments  

 

 

 

 

  

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6. SPE/MAS spectra of the cell wall preparation of ‘Royal Gala’ (A) and ‘Scifresh’ (B) fruit 
stored for 20 weeks, after editing and removal of baseline distortion. Peak assignments given in Table 
4.5. For peaks above 110 ppm and below 50 ppm, see Fig. 4.5. 

Table 4.5. Peak assignments in SPE spectra 
of the cell wall preparations of ‘Royal Gala’ 
(RG) and ‘Scifresh’ (SF) fruit stored for 20 
weeks. 
Assignments were based on Fenwick et al. 
(1999); Habibi et al. (2004); Ha et al. 
(2005); Bootten et al. (2011).  



97 
 

In Figs.4.6A and B, signals obtained were predominantly from very mobile pectic side chains 

arabinan, galactan or galacturonan. Comparing the two cultivars, there was a fair amount of arabinan-

assigned signals that were present in ‘Scifresh’ but absent in ‘Royal Gala’. These included C-1 of 

arabinan (107.5 ppm), C-2 of arabinan (82.7 ppm) and C-3 of arabinan (77.9 ppm). The C-5 of 

arabinan signal (62 ppm) was significantly higher in the ‘Scifresh’ compared to ‘Royal Gala’ and 

formed one of the most striking differences between the two spectra (Fig. 4.6.). This suggests that 

arabinan side chains in ‘Scifresh’ appeared to be more mobile compared to ‘Royal Gala’. Differences 

in peak intensities can be related to a difference in amount or quantity of that substance per unit weight 

of sample. However, in this case the amount of arabinose in both ‘Royal Gala’ (45.62 µg·mg-1 CWM) 

and ‘Scifresh’ (42.33 µg·mg-1 CWM) cell walls were comparable in the stored apples (Table 4.2.). So 

the difference in signal intensities seen between ‘Scifresh’ and ‘Royal Gala’ was not due to a difference 

in amount of arabinose, but rather a difference in mobility where arabinan side chains in ‘Scifresh’ 

appeared more mobile. 

The other notable difference was the shape of the spectra, where peaks assigned to galactan (in the 

range of 72– 75 ppm) were of more equal intensities in ‘Scifresh’ compared to ‘Royal Gala’. In ‘Royal 

Gala’ the main peak that was most obvious was at 69.1 ppm, corresponding to C-2 of galacturonan and 

adjacent galactan signals (72– 75 ppm) were less intense in comparison to this peak, whereas in the 

‘Scifresh’ spectrum, peaks in this same region were of relatively equal intensities. This indicated that 

galactan and galacturonan were of equal mobility in ‘Scifresh’ where else in ‘Royal Gala’ galactan side 

chains were less mobile compared to galacturonan. The stronger C-1 galactan signal at 105.6 ppm in 

‘Scifresh’ could also indicate that galactan side chains in ‘Scifresh’ were more mobile compared to 

‘Royal Gala’. However, from chemical analysis, a difference in amount of galactose in the cell walls 

was attained where ‘Scifresh’ (72.32 µg·mg-1 CWM) contained approximately twice the amount of 

galactose compared to ‘Royal Gala’ (38.01 µg·mg-1 CWM) (Table 4.2.). Therefore, the difference in 

galactan signal intensities could not be exclusively attributed to a difference in mobility, but rather 

could have been a contribution of quantity. 

There were two unassigned signals which appeared one in each cultivar. In the ‘Royal Gala’, there was 

an intense signal at 58.6 ppm which was absent in ‘Scifresh’. A literature search performed found no 

corresponding carbon assignment to this signal. In ‘Scifresh’ there was an intense signal at 85.2 ppm 

which falls slightly in the range of C-4 of xyloglucan (Bootten et al. 2011) or could be from C-4 (t-) of 

arabinan (Capek et al. 1983; Smith et al. 1998b). Unassigned signals in other NMR studies have 

sometimes been attributed to interactions between two cell wall components forming one stable 

complex, such as the unassigned signal at 82.5 ppm in kiwifruit cell walls CP spectra, reported to be 

from a xyloglucan-cellulose complex (Newman and Redgwell 2002). 
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3.5.3 Analysis of pectic side chains 

The composition of pectic-associated monosaccharides as a molar percentage was calculated 

from Table 4.2. and associated ratios presented in Table 4.6. below. The relative amount of 

homogalacturonan (HG) versus rhamnogalacturonan-I (RG-I) regions of pectin can be revealed by the 

UA/ rhamnose ratio. The ratio of (arabinose + galactose) to rhamnose indicates the relative amount of 

side chains to the RG-I backbone. These of course include arabinan or galactan as side chains on their 

own or a combination of arabinogalactan side chains. The arabinose to galactose ratio gives an idea of 

which side chains are present more. An ara: gal value of more than one indicates more arabinan side 

chains than galactan; while a value less than one indicates more galactan side chains than arabinan. 

Table 4.6. Molar percentage of pectic-associated monosaccharides in cell wall preparations of ‘Royal 
Gala’ (RG) and ‘Scifresh’ (SF) fruit stored for 20 weeks and associated ratios. 

Monosaccharide (mol %) Stored RG Stored SF 
Rhamnose 2.17 1.91 
Arabinose 12.43 11.38 
Galactose 8.63 16.19 
UA 61.91 54.95 

Ratios     
UA : rhamnose 28.48 28.84 
Arabinose + galactose : rhamnose 9.69 14.47 
Arabinose : galactose 1.44 0.70 

 

From these results, the amount of HG to RG-I was remarkably similar between the two 

cultivars, as shown by the UA to rhamnose ratio. The higher (arabinose + galactose) to rhamnose ratio 

in ‘Scifresh’ (14.47) compared to ‘Royal Gala’ (9.69) indicates that the pectin was more branched in 

‘Scifresh’. This is sometimes referred to as the “hairy” region of pectin where the RG-I backbone 

contains high amounts of branched neutral sugar side chains (predominantly arabinan, galactan or 

arabinogalactan) (Voragen et al. 2009). The mobilisation of highly branched arabinan and galactan has 

been associated to interaction with water and can behave as tethered polysaccharides in solution (Foster 

et al. 1996; Tang et al. 1999). Hence, the higher proportion of side chains to backbone in ‘Scifresh’ 

could explain the higher mobility of arabinan and galactan groups seen in the SPE spectrum (Fig. 4.6.). 

Interestingly, when comparing the arabinose to galactose ratio, ‘Royal Gala’ showed more arabinan 

side chains than galactan, however the SPE spectrum of ‘Royal Gala’ was dominated by galactan and 

galacturonan signals over arabinan. It was expected that this cultivar would have shown a higher UA to 

rhamnose ratio, indicating presence of more ‘smooth’ unbranched regions of pectin and a lower 

arabinose to galactose ratio, indicating presence of more galactan as side chains. On the other hand, the 

lower arabinose to galactose ratio in ‘Scifresh’ indicated presence of more galactan as side chains 

compared to arabinan. However as seen from the SPE spectrum, the arabinan signals were 
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predominant, indicating that the arabinan side chains although present in a lower proportion than 

galactan, were more mobile. 

 

3.5.4 A comparison between SPE and CP  

 

Figure 4.7. SPE/MAS (A) and CP/MAS (B) spectra of the cell wall preparation of stored ‘Royal Gala’ 
fruit, and SPE/MAS (C) and CP/MAS (D) spectra of the cell wall preparation of stored ‘Scifresh’ fruit. 
Signals in SPE/MAS spectra (A, C) are assigned to polymers with very high mobility such as arabinan 
and galactan while signals in CP/MAS spectra (B, D) are assigned to rigid (such as cellulose) or semi-
rigid polymers (such as xyloglucan).  

Note that peak intensities of CP versus SPE are not relative to each other due to different 
methodologies employed and different number of scan times used to obtain these spectra. 
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SPE/MAS is an excellent complementary technique to CP/MAS for investigating mobile 

polysaccharides in cell wall preparations. Most of the signals in the CP spectra (Fig. 4.7B and D) were 

assigned to cellulose with the exception of 171, 54 and 21 ppm assigned to the carboxyl, methoxyl and 

acetyl- group on HG, respectively. While the signals in the SPE spectra (Fig. 4.7A and C) were 

assigned mostly to very mobile arabinan and galactan side chains and some galacturonan signals, as 

previously discussed in Fig. 4.6. When comparing the CP and SPE spectra, it is important to note that 

the signals are not of relative intensities because the signals from highly mobile groups detected in SPE 

would not be observed in the CP spectra. The peak intensities are also not directly comparable because 

the SPE spectrum was obtained by performing 400,000 scans while the CP spectrum was obtained by 

performing 60,000 scans. 

Signals that appear in both SPE and CP spectra would represent groups which are both partially rigid 

and partially mobile and hence are responsive towards both techniques. For example the signal at 54 

ppm assigned to methoxyl carbon appears both in the SPE and CP spectra in both ‘Royal Gala’ and 

‘Scifresh’. As previously seen in the relaxation experiments of section 3.4, this methoxyl group appears 

to be both in the rigid and mobile cell wall domains. 

However the overlap in peaks appearing in both SPE and CP spectra cannot always be attributed to the 

group having both rigid and mobile properties. For example the distinct peak at 62.5 ppm in the SPE 

spectra corresponds to C-5 of arabinan (Fig. 4.7A and C), but the smaller broader peak at this same 

region in the CP spectra is assigned to C-6 of surface cellulose (Fig. 4.7B and D). This is because the 

C-5 of arabinan is too mobile to be detected by CP, while the C-6 of cellulose is not sufficiently mobile 

to give rise to such a sharp and dominant signal in the SPE spectra. There are however signals that are 

distinctively present in the SPE but absent in the CP. In these cases, the carbon would be very mobile, 

and hence does not appear as a signal in the CP, for example at 108 ppm assigned to C-1 of arabinan. 

The comparison of signals from the SPE and CP spectra implies that arabinan and galactan side chains 

are very mobile in the cell wall, and can be detected with high-resolution by SPE, while the standard 

CP technique is only capable of providing information mainly regarding cellulose which belongs to the 

rigid domain in the cell wall. 

4.0 General discussion 

 The CP/MAS NMR spectra of ‘Scifresh’ and ‘Royal Gala’ apple cell walls (Fig. 4.1.) were 

typical of primary cell walls from fruit, including apple (Newman et al. 1994), kiwifruit (Newman and 

Redgwell 2002) and strawberry (Koh et al. 1997). The only significant difference between the two 

apple cultivars were in signal strength related to methoxylated-HG. These were –OCH3 at 54 ppm and 

–COOCH3 at 171 ppm, which were both significantly higher in ‘Scifresh’ compared to ‘Royal Gala’, 

particularly in stored fruit. These results were substantiated with the higher DE obtained by chemical 
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analysis in the ‘Scifresh’ cell walls (57– 82%) compared to in ‘Royal Gala’ cell walls (28– 60%) (Table 

4.2.). However it should be noted that both DE and the distribution pattern of methyl ester groups are 

equally crucial determinants of pectin functionality within the wall. While a high DE and high PME 

activity could potentially contribute to more calcium binding sites on pectin, a blockwise distribution of 

methyl ester groups could affect the accessibility of pectic hydrolytic enzymes such as endo-PG (Ralet 

et al. 2001; Willats et al. 2001a; Tanhatan-Nasseri et al. 2011). The distribution of high and low-

esterified pectic groups will be discussed in the following chapter. 

 

Figure 4.8. SPE/MAS spectra of the cell wall preparations of mung been seedling (A), Italian ryegrass 
and cabbage (B) and direct-polarization with WALTZ-16 decoupling sequence spectra of cell wall 
preparation of orange (C). 
(A: Bootten et al. 2011; B: Smith et al. 1998b; C: Ha et al. 2005) These were spectra obtained from the 
literature and used here only for comparisons. 
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The SPE/MAS spectra obtained in my study (Fig. 4.6.) were of higher resolution than has 

previously been recorded from other cell wall preparations reported in the literature (Fig. 4.8). Fig. 

4.8C illustrates a spectra obtained from very mobile pectic side chains arabinan, galactan and 

galacturonan in orange cell walls (Ha et al. 2005) but was attained using a different decoupling 

sequence: direct-polarization (DP/MAS) with WALTZ-16 multi-pulse decoupling sequence compared 

with SPE with TPPM decoupling sequence as was used in my study. The WALTZ-16 is usually 

applied in solution state. Ha et al. (2005) reported that DP/WALTZ-16 was able to produce spectra 

with resolution much higher than normally found in solid-state NMR experiments on biological 

materials. The SPE/MAS spectra obtained in my study (Fig. 4.6.) was of comparable or better 

resolution than that obtained by Ha et al. (2005). The spectra of orange more closely resembled that of 

‘Scifresh’ than ‘Royal Gala’. Ha et al. (2005) reported that the orange spectrum was dominated by 

narrow arabinan signals and that arabinan chains were more mobile than galactan chains, despite 

orange consisting largely of galactan-rich cell walls. This was in agreement with my findings on 

‘Scifresh’ where although the amount of galactose was higher than that of arabinose, the SPE spectrum 

was dominated by arabinan signals indicating more mobile arabinan side chains. 

SPE experiments showed that arabinan, galactan or arabinogalactan side chains of pectin are the most 

mobile polymers found in two apple cultivars investigated, but their mobility was not equal. In the 

‘Scifresh’ cultivar where galactan was determined to be quantitatively more abundant in the cell walls, 

the arabinan signals dominated the SPE spectrum, indicating that the arabinans were in general more 

mobile than the galactans. In ‘Royal Gala’, galactan and galacturonan-related signals dominated over 

arabinan, although they were found to be in equal quantities in the cell walls. According to Pérez et al. 

(2000), the greater mobility of arabinan compared to galactan is expected as the α-(1→5)-L-

arabinofuranosyl linkage allows freedom of rotation around three bonds separating consecutive 

monosaccharide rings, compared to the β-(1→4)-D-galactopyranosyl linkage which is less flexible 

around two bonds. Larsen et al. (2011) reports that arabinan side chains hydrate more readily than 

galactan side chains, and hence in a preparation with different water contents, arabinan signals in SPE 

would dominate as they become more mobile than galactan. In my study however, both ‘Royal Gala’ 

and ‘Scifresh’ cell wall preparations contained comparable water content (Table 4.2.). 

The ‘Scifresh’ SPE spectrum (Fig. 4.6B) obtained was similar to the spectra obtained for orange cell 

walls (Fig. 4.8C) from Ha et al. (2005). However, the ‘Royal Gala’ SPE spectrum (Fig. 4.6A) more 

resembled the SPE spectrum derived from potato cell walls (Tang et al. 1999; Ha et al. 2005), where 

the galactan signals dominated over the arabinan signals. Although the difference is that potato pectin 

is reportedly rich in galactan, and have very long galactan chains with degree of polymerization close 

to 40 (Jarvis et al. 1981). This is thought to cause the high mobility of galactan in potato cell walls (Ha 
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et al. 2005). In ‘Royal Gala’ cell walls, the galactose content although lower than ‘Scifresh’ was still 

typical of that recovered in apples (Redgwell et al. 1997b). According to a study by Smith et al. 

(1998b), the different monosaccharide composition of cell walls does not affect the range of non-

cellulosic polysaccharide mobility, but rather the cross-linking between molecules which affects 

mobility. Future work to further my study could include linkage analysis for investigating the degree of 

pectin side chain branching in the apple cell walls. 

From the different NMR techniques utilised, there was some evidence of strong arabinan interaction 

with cellulose, possibly from pectic arabinan side chains adhering to cellulose, as previously proposed 

by Zykwinska et al. (2006, 2007). Firstly, the arabinan groups in ‘Royal Gala’ were less responsive 

towards SPE, suggesting that these groups may be associated to the rigid domain, in contrast to 

‘Scifresh’ arabinans which were very mobile and responded to SPE with much higher signal intensities 

compared to ‘Royal Gala’. Secondly, as seen by chemical analysis the amount of arabinose hydrolysed 

by H2SO4 compared to TFA was much higher (Table 4.3.), indicating that much of the arabinose could 

be tightly associated with cellulose and hence was not hydrolysable by TFA alone. Thirdly, upon 

inspection of the CP spectra, the presence of a signal at 108 ppm assigned to C-1 of arabinan can be 

seen as a shoulder to the more intense peak beside it at 105 ppm assigned to C-1 of cellulose (Fig. 4.1.). 

A recent NMR study by Dick-Pérez et al. (2011) postulated a new cell wall model in which pectin 

interacts extensively with the surface of cellulose not coated with xyloglucan and contains both a 

highly mobile segment in between the microfibrils, and a more rigid segment that interacts directly 

with either cellulose or other polysaccharides. 

Future work could include SPE/TPPM experiments on the other developmental time-points, including 

the fruitlet stage which was of particular interest because the cell wall composition was most different 

between the two cultivars at this stage. Rather than NMR providing only qualitative information 

regarding the presence or absence of a particular group, multidimensional NMR spectroscopy can be 

used to attain signal intensities which can be related to the abundance of a particular polymer. Longer 

recycle delays in SPE experiments could also be used in this regard; however, other issues should be 

considered when longer experimental times are subjected such as drying of the sample or overheating 

which may be detrimental to the delicate cell wall preparations. On top of that, broader peaks from 

cellulose will start to appear and “cover” peaks from the very mobile units, which are of interest. While 

my study focused on investigating the very mobile domain of the cell wall particularly pectic 

polysaccharides, another important wall component which should not be de-emphasised is the semi-

rigid xyloglucan. NMR studies have revealed that xyloglucan does not coat much of the cellulose 

surface (Bootten et al. 2004, 2009; Dick-Pérez et al. 2011). This may have implications to the 

functionality of xyloglucan in the wall, where it is thought to play a major role in loosening and 
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tightening of cellulose microfibrils, allowing for expansion of cells during fruit growth, while 

maintaining the final shape of the cell after fruit maturation (Hayashi and Kaida 2011). 

Spin-echo PSRE experiments with relaxation time constant T2(C) could be carried out to investigate 

mobility of xyloglucan. T2(C) is sensitive to the segmental motion of the polysaccharide at the site of 

the carbon nucleus where the influence of motion from distant polysaccharides is excluded, as oppose 

to relaxation experiments using T1ρ as in my study, where the molecular motion of all surrounding 

polysaccharides (mobile and semi-rigid) are averaged (Bootten et al. 2011). Therefore, T2(C) has the 

advantage of indicating mobility of a particular polysaccharide (e.g. xyloglucan), as oppose to T1ρ 

where signals from the semi-rigid xyloglucan cannot be distinguished from mobile pectic 

polysaccharide signals (Bootten et al. 2004). 

To summarise, this study using NMR has shown that there was a difference between ‘Royal Gala’ and 

‘Scifresh’ cell wall pectic properties, particularly in fruit that had been ripened in storage. Methoxyl 

carbon signals were stronger in ‘Scifresh’ than ‘Royal Gala’, consistent with chemical analysis of 

higher DE in ‘Scifresh’. Regarding the physical properties of pectin, ‘Scifresh’ cell walls showed more 

mobile arabinan groups compared to ‘Royal Gala’. However ‘Royal Gala’ had stronger galacturonan-

associated signals such as rhamnose and acetyl groups. Difference in galactan mobility between the two 

cultivars could not be conclusively drawn based on SPE signal intensities as ‘Scifresh’ cell walls 

contained significantly higher amounts of galactose than ‘Royal Gala’. 
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CHAPTER FIVE 

Microscopic studies 

1.0 Introduction 

The three main questions concerning studies on plant cell walls are what and how much is in the 

wall; and where they are located within the wall. The former two have been addressed in Chapter 2 

where the composition of the apple cell wall was broken down into the various neutral sugars and 

hence a quantification of what makes up the wall was obtained. In this chapter, the third question is 

addressed where microscopy techniques are used to reveal where specific polysaccharides are located 

within the wall. These visual analyses provide qualitative information which help in understanding the 

role of certain polysaccharides and the function they may serve in the wall. One of the best known 

approaches to detect and assess the presence of polysaccharides in plant cell walls is by 

immunocytochemistry (Knox 2008; Lee et al. 2011). This is achieved by using rodent monoclonal 

antibodies which are raised against specific epitopes on a polysaccharide or proteoglycan of interest. 

The binding of the primary antibody can then be made visible by binding a secondary antibody 

conjugated to a fluorochrome/ marker, which recognizes the primary antibody. Thus, allowing the 

visualization of polysaccharide locations in situ within the wall. A review detailing the production of 

these monoclonal antibodies via cell-based isolation procedures can be found in Willats et al. (2000). 

Since the emergence of this technique, a variety of cell-wall-directed monoclonal antibodies have been 

generated, mostly by PlantProbes (University of Leeds, UK) and CarboSource Services (Complex 

Carbohydrate Research Centre, University of Georgia, USA). In this study, antibodies selected were 

based on interest in identifying differences specifically related to pectin and xyloglucan domains in 

developing ‘Royal Gala’ and ‘Scifresh’ apples (See Table 5.1.).  

Many studies have used immunocytochemistry to investigate the distribution of different pectic 

polysaccharides within the cell wall in order to understand the structure and function of pectin in plants. 

In summary, lowly- or de-esterified homogalacturonan (HG) are often localized in the middle lamellae 

(ML), cell corners and intercellular air spaces; whereas highly-esterified HG can be found abundant in 

the ML and throughout the primary CW (Willats et al. 2001a; Guillemin et al. 2005). The galactan or 

arabinan side chains of RG-I have also widely been investigated. They are both generally absent from 

the ML and while galactan is found close to the plasma membrane, arabinan can be detected throughout 

the CW (Willats et al. 1998, 2001a). This difference in occurrence of pectin epitopes suggests that the 

different structural features on pectin may have different roles during cell development and 

understanding this structure/function relationship may be the key to understanding differences in cell 

wall mechanical properties which influences fruit texture. 
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Table 5.1. A summary of antibodies used in this study, their specificities and known location within the 
wall of other tissues reported in the literature. 

Antibody Epitope Reported location in literature Reference 
2F4 
 

Calcium-mediated dimer 
of non-esterified HG 

Tricellular junctions, esp. corners 
of intercellular spaces Liners et al. 1992 

  
(carrot root) 

 LM 5 Four consecutive β-
(1→4)-D-galactosyl 
residues 

Narrow region of the CW Jones et al. 1997; 

 
adjacent to the plasma membrane McCartney et al. 2000 

 

Absent at plasmodesmata pit 
fields (pea cotyledon) 

 
  

Epitope appears distinctively  
 

  
during cell differentiation 

 LM 6 
 
 
 

Five consecutive α – 
(1→5) -L-arabinosyl 
residues 
 

Abundant in meritemic cells, esp. 
around pit fields 
Present throughout the CW 
(carrot root, tomato pericarp) 

Willats et al. 1998; 
 
Orfila and Knox 
2000 

JIM 5/ 
LM 19 
 

Low methyl-esterified or 
de-esterified HG 
(no esters required) 

ML, cell corners, around air 
spaces (carrot root, Arabidopsis 
seed coat) 

Knox et al. 1990; 
Willats et al. 2000; 
Verhertbruggen et al. 

   
2009 

JIM 7/ 
LM 20 
 
 
 

High methyl-esterified 
HG 
(esters required for 
recognition) 
 

Abundant throughout the ML 
(carrot root, Arabidopsis seed 
coat, sugar beet root) 
 
 

Knox et al. 1990; 
Willats et al. 2000; 
Guillemin et al. 
2005; 
Verhertbruggen 

   
et al. 2009 

LM 15 
 
 
 
 
 
 

XXXG motif of 
xyloglucan 
 
 
 
 
 

Thickened regions of the CW, 
outer regions next to ML 
(tamarind seed parenchyma) 
 Abundant in epidermal CW, 
phloem of vascular bundles and 
inner region of xylem (tobacco 
and pea stem)  

Marcus et al. 2008 
 
 
 
 
 
 

CW, cell wall; HG, homogalacturonan; ML, middle lamella 

Tricellular junctions often develop during the growth stages of the fruit (Vincent 1989). This involves 

co-ordination between the three cells, resisting cell separation at the corners to form tricellular 

junctions driven by turgor (Jarvis et al. 2003). During fruit ripening, cell separation involves the 

dissolution of the ML and loss of cell-to-cell adhesion leading to loss of firm texture. Tricellular 

junctions rich in calcium and areas surrounding the plasmodesmata seem to resist degradation (Hallett 

et al. 1992). In crisp fruits such as apples, the extent of cell separation can influence the perception of 

juiciness or mealiness (Harker et al. 1997b). Aside from structural cell wall changes which accompany 

ripening and softening, cell characteristics such as cell numbers, size and shape vary between different 

apple cultivars and have also been established as important determinants of apple texture (Allan-Wojtas 

et al. 2003; Mann et al. 2005; McAtee et al. 2009). This chapter also encompasses several scanning 

electron microscopy (SEM) techniques, including conventional, cryo- and environmental-SEM aimed 
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at investigating general cell morphology including cell size, organization and arrangement within the 

apple cortex tissue. A multi-technique approach was adopted to build a better understanding of the 

native apple tissue structure and differences of which may influence texture. 

2.0 Materials and methods 

For experiments described in this chapter, common salts and buffers were supplied by 

AppliChem GmBH, (Darmstadt), BDH Chemicals Ltd (UK), or Sigma (USA). 

2.1 Tissue sampling and preparation of resin-embedded material 

Apple ‘Royal Gala’ and ‘Scifresh’ tissue used were as described in Chapter 2, 2.2.1. Three 

apples of uniform size were sampled for each time-point. Apple sections were cut longitudinally from 

skin to cortex tissue, not including core tissue, using a scalpel. Segments of approximately 5 mm3 were 

cut into fixative on a wax-bottom dish. All segments were cut from the equatorial region, 

approximately 1 cm from the skin. Protocols for fixation, dehydration and resin-embedding were as 

described by Hervé et al. (2011). 

Segments were fixed in either 2% paraformaldehyde and 2.5% glutaraldehyde (normal fixation for 

SEM) or a less invasive 2% paraformaldehyde and 0.1% glutaraldehyde (minimal fixation for 

immunolabelling) in 0.1 M phosphate buffer (pH 7.2) under vacuum for 1 h. Segments were washed 

three times for 15 min in buffer, and dehydrated in 10% to 100% anhydrous ethanol in 10% increments 

over 3 h. Each segment from minimal fixation was placed in a gelatine capsule (ProSciTech, Australia) 

and embedded in LR White resin (London Resin Company Ltd, Reading, England) and polymerized 

for 48 h at 55°C. Once hardened, the gelatine capsules were removed and the embedded material 

trimmed with a razor blade followed by a glass knife to face off the material to obtain a smooth surface. 

This surface was then sectioned using a diamond knife on a Leica UCT ultramicrotome (Germany). 

Sections of 1-µm thickness were prepared for staining with toluidine blue while sections of 0.2-µm 

thickness were used for immunolabelling. Six sections were placed onto a Superfrost® poly-L-lysine 

coated slide (25 ×75 ×1 mm, Biolab, USA) and left to dry overnight on a heating element at 50°C. 

2.2 Immunolabelling and fluorescence microscopy 

Antibodies LM 5, LM 6, LM 15, LM 19, LM 20 and 2F4 (Table 5.1.) used in this study were 

supplied by PlantProbes (Leeds, UK). The immunolabelling protocol used was as described by 

Sutherland et al. (2009). A pap pen (PST, Daido Sangyo Ltd, Japan) was used to encircle the sections 

on the slide to create a hydrophobic barrier and left to air dry for approximately 2 h. Sections were 

wetted with PBS-T (phosphate-buffered saline with 0.1% Tween 80) for 15 min. Non-specific labelling 

was blocked by applying 0.1% bovine serum albumin (BSA-C, Aurion, Wageningen, The Netherlands) 
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in PBS-T for 15 min. The primary antibodies used were made up in 0.1% BSA-C in PBS-T in dilutions 

given in Table 5.2. 

Table 5.2. Antibodies and corresponding dilution factors used for immunolabelling. 
 

Antibody Dilution (v/v) 
LM 5 1 : 200 
LM 6 1 : 20 
LM 15 1 : 50 
LM 19 1 : 20 
LM 20 1 : 20 

 
The antibodies (200 µL) were applied onto each slide and incubated overnight at 4°C, kept moist in a 

petri dish containing a wetted paper. After incubation, the slides were washed in three 1 mL 

applications of PBS-T and incubated for 2 h in the dark at room temperature with the secondary 

antibody, goat anti-rat IgG AlexaFluor 488 (Molecular Probes, Oregon, USA) diluted 1 : 600 in PBS, 

and 200 µL applied onto each slide. Sections were washed in three applications of 2 mL PBS-T 

followed by 2-3 mL ultrapure water. To detect cellulose (β-linked glucans), sections were further 

incubated in 1 mL of 0.01% calcofluor (Fluorescent Brightener 28, Sigma) for 6 min at room 

temperature (Wood 1980). Calcofluor acts as a counterstain over the primary antibody labelling, and 

thus can be visualized as a separate fluorescent colour. Sections were washed three times with 2 mL 

ultrapure water and allowed to air dry at room temperature. A glass coverslip (24 ×50 mm, Lafontaine, 

Germany) was mounted onto the slide in Citifluor (Agar Scientific, Stansted, UK), which acts as an 

anti-fade agent. 

For 2F4, a chemical de-esterification step prior immunolabelling was necessary to unmask the epitopes 

of interest which are calcium-bound pectic polysaccharides (Liners and Van Cutsem 1992). Sections 

were incubated in 0.05 M NaOH (pH 12.4) for 30 min at room temperature. Non-specific binding was 

blocked by incubating the sections in 5% non-fat milk powder (supermarket purchase) dissolved in a 

buffer of 20 mM Tris, 0.5 mM CaCl2, and 0.15 M NaCl (pH 8.2) (TCaS) for 1 h at room temperature, 

followed by 2F4 (1 : 50 in TCaS buffer containing 1% non-fat milk powder and 0.1% Tween 20) 

overnight at 4°C with slides kept moist. Sections were washed three times with 1 mL TCaS buffer, and 

incubated for 1 h in the dark at room temperature with the secondary antibody, goat anti-mouse IgG 

AlexaFluor 488 (Molecular Probes, Oregon, USA) diluted 1 : 600 in PBS buffer. Sections were washed 

three times with 2 mL PBS followed by 2–3 mL ultrapure water. They were then stained with 

calcofluor and mounting was performed as described above. Negative controls were also included 

whereby the application of the primary antibody was omitted and only the secondary antibody (200 µL 

of goat anti-rat IgG AlexaFluor 488 diluted 1 : 600 in PBS) was applied onto the specimens and 

incubated for 2 h in the dark. Blocking of non-specific binding, washing in buffer and mounting were 

carried out as described above for immunolabelled samples.  
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Immunolabelled sections were viewed using an Olympus Vanox AHT3 compound microscope 

(Olympus Optical, Tokyo) with blue-interference filter set and imaged using Roper Scientific CoolSnap 

colour digital camera system. 

2.3 Toluidine blue staining and light microscopy 

Toluidine blue staining was carried out on both fresh hand-cut sections and resin-embedded 

microtome-cut sections (O’Brien et al. 1964). Fresh apple cortex tissue was hand-cut using a razor 

blade to approximately 1-mm thickness, for staining and mounting of fresh sections. Resin-embedded 

sections were cut to 1-µm thickness using a microtome. Sections were incubated in 0.05% toluidine 

blue (BDH Chemicals, England)  in benzoate buffer (pH 4.4)  for 5 min, washed extensively in tap and 

ultrapure water and air dried under light for 2 h. Coverslip was mounted in Shurmount (Triangle 

Biomedical Sciences, Durham, NC). Sections were viewed using bright field microscopy on an 

Olympus Vanox AHT3 compound microscope. 

2.4 Scanning electron microscopy (SEM) 

Conventional SEM was carried out on normally fixed segments, after ethanol dehydration 

series. The segments were dried in a Bal-Tec CPD030 critical point dryer (BalTec, Balzers, 

Liechtenstein) using liquid CO2 (BOC gasses, New Zealand) as the transitional fluid. The dried 

material was mounted on an anodized aluminium stub (ProSciTech) with carbon adhesive tabs 

(ProSciTech) and edges were painted with conductive silver liquid (ProSciTech) and left to air dry for 

1 h. The material was sputter coated with gold in a SEM coating unit E5100 (Polaron equipment Ltd, 

England) and stored on a bed of silica beads (Scharlau, Spain) in an air-tight container until imaged (1–

2 months). SEM was carried out using a FEI Quanta 250 SEM (FEI Company, USA), with accelerating 

voltage of 15 kV. Contrast and brightness adjusted accordingly. 

2.5 Cryo-SEM 

Cryo-SEM or sometimes termed low temperature SEM is an EM technique carried out on a cold 

stage where the sample is cryogenically frozen and is maintained frozen at -150°C throughout 

preparation and imaging, except during ice sublimation to etch the sample surface, which is carried out 

at -90°C. This allows features of the cell wall to be preserved and imaged. A sample of the apple cortex 

tissue was cut and frozen immediately in liquid nitrogen slush using a Quorum PP2000 sputter cryo 

system (Falloon et al. 1989). The surface for viewing was then fractured using a cooled blade, ice 

sublimed (etched) for 15 min and sputter coated in gold before observation in a FEI Quanta 250 SEM 

adapted with a cold stage at an accelerating voltage of 10 kV. Contrast and brightness adjusted 

accordingly. 
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2.6 Environmental-SEM 

ESEM or variable pressure SEM is a specialized EM technique whereby the sample is placed 

under low vacuum in a high humidity environment which minimizes water loss from the sample and 

allows it to maintain somewhat hydrated. Fresh apple tissue was cut approximately into 5 mm3 cubes, 

the surface of interest fractured, rinsed in 20 mM HEPES buffer (pH 7.5) containing 10 mM DTT to 

prevent browning and condensation of phenolic compounds, and given a final rinse in water. The 

sample was immediately placed in the ESEM chamber (pre-cooled to 2°C), vacuum sealed and 

temperature and pressure allowed to stabilise for 15 min. This allowed saturation of humidity and the 

dew point to be achieved. ESEM was carried out on a FEI Quanta 200F ESEM (FEI Company, USA) 

with a gaseous secondary electron detector (GSED). Working distance varied between 5– 7.5 mm 

below the lens, accelerating voltage was set at 20 kV, stage temperature at 2°C and initial chamber 

pressure of 5.6 Torr. The pressure in the chamber was varied between 5– 7 Torr to facilitate drying of 

surface water in order to achieve better resolution. 

2.7 Image processing 

All images were processed using Adobe Photoshop Version 6.0 on Windows XP and saved as 

copies of original files. For immunofluorescence overlay images, the original green fluorescent colour 

of the AlexaFluor 488 secondary antibody was manipulated to a pinkish-red hue for easier distinction 

over the cellulose-binding blue fluorophor calcofluor. Levels of brightness and contrast were adjusted 

to increase fluorescence against the black background when it occurred at very low intensities 

(commonly in stored apple samples). When this was performed, it was always done to the same degree 

to samples which were to be compared with each other. For cell size measurements on electron 

micrographs, Image J software was used. 

3.0 Results and discussion 

In these results, the images depicted were typical of six sections viewed from three different 

apple samples, and one typical image selected for representation. Most are arranged in a developing 

series going downwards, with the left panel for ‘Royal Gala’ and the right for ‘Scifresh’. 
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3.1 Fruit growth, cell expansion and separation 
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Figure 5.1. Toluidine blue stained resin-embedded sections of ‘Royal Gala’ (A-D) and ‘Scifresh’ (E-H) 
apple cortex tissue. Fruitlet: 40 DAFB; Expanding fruit: 70 DAFB; Harvest: 120 DAFB (RG) 140 
DAFB (SF); Stored: 20 weeks at 0.5°C. Bar on Figure 5.1A = 100 µm for all micrographs. Arrows 
indicate intercellular air spaces. 

Sections in Fig. 5.1. show that toluidine blue stained cell walls a bluish-purple colour. In 

fruitlets of both cultivars, cells are smallest averaging around 100 µm in diameter, densely packed and 

cell walls are thick. As the fruit grows, cells expand in both size and volume from water uptake and 
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there is development of more intercellular air spaces. In fruit-at-harvest, cells are fully expanded, cell 

walls appear thin and cell-to-cell contact remains considerable, with tri-cellular junctions more 

pronounced. In stored fruit, there was some indication of cell separation (indicated by arrows) which 

seemed more pronounced in ‘Royal Gala’ compared to ‘Scifresh’. In stored ‘Scifresh’ fruit, there were 

still areas of conserved intact middle lamella and cell-to-cell contact remained relatively more than in 

stored ‘Royal Gala’. In apples, extensive cell separation can result in mealy texture and loss of flavour 

which are common in softened fruit (Jarvis et al. 2003).  

An experiment using toluidine blue to stain hand-cut sections of fresh apple tissue at harvest was also 

performed to visualise differences between tissue which had been fixed, dehydrated and resin-

embedded versus tissue that was fresh (Fig. 5.2.).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2. Toluidine blue stained hand-cut sections of fresh apple cortex tissue of ‘Royal Gala’ at 
harvest (A, B, C) and ‘Scifresh’ at harvest (D, E, F). Bar on Fig. 5.2A = 500 µm, all other bars = 100 
µm 
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The cortex tissue in apples is comprised predominantly of parenchyma cells, which stain a deep purple 

colour indicating that the primary cell walls are non-lignified (O’Brien et al. 1964). An example of a 

vascular bundle is given in Fig. 5.2D where cells in the centre of the vascular bundle stain intensely and 

cells are arranged in a radiating pattern surrounding the centre of the vascular bundle. Fig. 5.2A is a 

low magnification view showing layers of abundant cells which stain purple in this section. Hand-cut 

sections are usually not as thin as vibritome or microtome-cut sections, and are therefore stained more 

intensely as the stain penetrates multiple layers of cells which can also include the vacuole or 

cytoplasm. De-staining by water washes is usually insufficient. Figs. 5.2 B, C, E, and F are higher 

magnifications where the appearance of individual whole cells is more distinct. However, due to the 

presence of air and water in hand-cut sections, focusing on individual cells is challenging, areas of 

intercellular air spaces are not pronounced, and the clumping of cells makes it difficult to distinguish 

features of interest such as the middle lamella.  

The information which can be gained from staining resin-embedded sections versus hand-cut sections 

is very different and both techniques can be used to interpret properties of the cell wall in different 

manners. While hand-cut sections give a more precise idea of how the native tissue is structured and 

provides information which is closer to reality (i.e. an unperturbed system), sometimes it is difficult to 

gain detailed information given that the sections are thick and layers of cells stain intensely. On the 

other hand, resin-embedded microtome-cut sections can provide more details and often, individual 

features of the cell wall can be viewed with better resolution. However, chemical fixation and 

dehydration procedures involved in the preparation of these resin-embedded sections alters the native 

state of the apple tissue and thus what is viewed may not necessarily represent real features accurately 

(Little et al. 1991). For example, dehydrating the tissue could have resulted in collapse of some cell 

walls, or narrowing of intercellular air spaces between cells. Hence, interpretation of resin-embedded 

sections has to be done with some degree of caution, although in the case of this study, the aim was to 

compare cultivar differences in samples which have been prepared in the same way. 

3.2 Immunolabelling 

In this results section, the first set of images show antibody immunofluorescence labelling 

(green), whereas the following set of images are of a higher magnification showing dual-labelling with 

calcofluor counter-stain labelling β-D-glucan of cellulose (blue) and antibody labelling manipulated to 

reddish-pink colour for clarity. The purpose of calcofluor labelling was to distinguish the boundaries of 

cell walls where there may be absence of the primary antibody labelling. Again, the images are 

arranged in a developing series going downwards, with ‘Royal Gala’ on the left and ‘Scifresh’ on the 

right. Corresponding discussions follow on pages after the two sets of images. 
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3.2.1 β-(1→4)-galactan labelling with LM 5 
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Figure 5.3. Immunofluorescence labelling with anti-galactan antibody LM 5 in ‘Royal Gala’ (A-D) and 
‘Scifresh’ (E-H) apple cortex tissue. Fruitlet: 40 DAFB; Expanding fruit: 70 DAFB; Harvest: 120 
DAFB (RG) 140 DAFB (SF); Stored: 20 weeks postharvest in 0.5°C. Bar on Fig. 5.3A = 50 µm for all 
micrographs. pl, plasmodesmata; ml, middle lamella 
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Figure 5.4. Immunofluorescence labelling with anti-galactan antibody LM 5 (reddish-pink) and anti-
cellulose stain calcofluor (blue) in ‘Royal Gala’ (A-D) and ‘Scifresh’ (E-H) apple cortex tissue. Bar on 
Fig. 5.4A = 10 µm for all micrographs. pl, plasmodesmata; ml, middle lamella. 
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Anti-galactan LM 5 strongly labelled the outer regions of the cell walls but not the middle lamella 

regions, where no labelling was detected in the immediate areas where two adjacent cells meet. Fig. 

5.3F and Fig. 5.4F show arrows indicating this absence of labelling in the middle lamella (ml). In 

fruitlet, labelling appeared as thickest bands, indicating the most amount of galactan at this 

developmental stage of the fruit. These images also portray a characteristic of LM 5 where there is 

absence of labelling at plasmodesmata pit fields (pl) (McCartney et al. 2000). As the fruit grows, the 

labelling pattern becomes more irregular in harvest and stored fruit which is indicative of loss of 

galactan. The LM 5 labelling changes from thick bands in fruitlet and expanding fruit, to granular, less 

smooth and uneven distribution of labelling in harvest and stored fruit. In stored fruit, the labelling 

becomes somewhat fused and difficult to distinguish, even at a higher magnification level. The 

labelling in stored fruit was less intense compared to the other time-points. However, comparing both 

cultivars of apples, there seemed to be more intense labelling in ‘Scifresh’ compared to ‘Royal Gala’ 

for all developmental stages, particularly obvious in high magnification images (Fig. 5.4.). This was in 

agreement with cell wall chemical composition analyses reported in Chapter 2, where the galactose 

content in ‘Scifresh’ cell walls was a third more than in ‘Royal Gala’ cell walls illustrated in Fig. 5.5. 

below. 

 

Figure 5.5. Galactose content in TFA hydrolysed isolated CWM of ‘Royal Gala’ and ‘Scifresh’ apples 
at four developmental stages. (n = 6 ± S.D.)  
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3.2.2 α-(1→5)-arabinan labelling with LM 6 
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Figure 5.6. Immunofluorescence labelling with anti-arabinan antibody LM 6 in ‘Royal Gala’ (A-D) and 
‘Scifresh’ (E-H) apple cortex tissue. Fruitlet: 40 DAFB; Expanding fruit: 70 DAFB; Harvest: 120 
DAFB (RG) 140 DAFB (SF); Stored: 20 weeks postharvest in 0.5°C. Bar on Fig 5.6A= 50 µm for all 
micrographs. v, vesicles. 
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Figure 5.7. Immunofluorescence labelling with anti-arabinan antibody LM 6 (reddish-pink) and anti-
cellulose stain calcofluor (blue) in ‘Royal Gala’ (A-D) and ‘Scifresh’ (E-H) apple cortex tissue. Bar on 
Fig. 5.7A = 10 µm for all micrographs. v, vesicles. 
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The monoclonal antibody LM 6 is specific for linear regions of α-(1→5)-arabinans and also recognizes 

arabinogalactan proteins (AGPs) that contain this motif as their side chains (Willats et al. 1998). 

Labelling of LM 6 occurred on the outer side of cell walls in both cultivars, as thicker bands compared 

to LM 5 labelling (Fig. 5.3.). There are appearances of vesicles (v) presumably containing AGPs 

stained inside the cells of both cultivars in fruitlet and expanding fruit (Figs. 5.6A, B, E, F). However, 

confirmation of these AGP-containing vesicles can be done by staining either with the Yariv reagent or 

antibody LM 2 which are specific to AGPs. The thicker and more intense labelling pattern observed in 

fruitlets and expanding fruits was reflective of the higher arabinose content present in the cell walls 

during early stages of fruit growth (Fig. 5.8.). As the fruit ripens, labelling became less homogenous, 

and was more intense for some cells and less intense in others. Labelling in stored fruit was very 

unevenly distributed where there were patches of strong labelling in some areas of the same cell, and 

very weak labelling in other parts. In potato and sugar beet root, arabinan labelling was distributed 

evenly throughout cell walls (Bush and McCann 1999; Guillemin et al. 2005). 

The decrease in intensity of LM 6 labelling with fruit ripening followed the decreasing trend of 

quantified arabinose in the isolated cell walls as analysed in Chapter 2, illustrated in Fig. 5.8. Stored 

fruit contained approximately half the arabinose of fruitlets, and this was reflected by the weak 

labelling of LM 6 in stored fruit (Fig. 5.6D, H) compared to fruitlets (Fig. 5.6A, E). 

 

 
Figure 5.8. Arabinose content in TFA hydrolysed isolated CWM of ‘Royal Gala’ and ‘Scifresh’ apples 
at four developmental stages. (n = 6 ± S.D.) 
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3.2.3 Low-esterified homogalacturonan labelling with LM 19 
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Figure 5.9. Immunofluorescence labelling of lowly-esterified homogalacturonan with antibody LM 19 
in ‘Royal Gala’ (A-D) and ‘Scifresh’ (E-H) apple cortex tissue. Fruitlet: 40 DAFB; Expanding fruit: 70 
DAFB; Harvest: 120 DAFB (RG) 140 DAFB (SF); Stored: 20 weeks postharvest in 0.5°C. Bar on Fig. 
5.9A = 50 µm for all micrographs.  
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Figure 5.10. Immunofluorescence labelling for lowly-esterified homogalacturonan with antibody LM 
19 (reddish-pink) and anti-cellulose stain calcofluor (blue) in ‘Royal Gala’ (A-D) and ‘Scifresh’ (E-H) 
apple cortex tissue. Bar on Fig. 5.10A = 10 µm for all micrographs. cr, corner of tricellular junction; 
ml, middle lamella. 
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The monoclonal antibody LM 19 selectively binds to de-esterified HG in a similar manner to JIM 5, 

which has been the longer existing and more widely used monoclonal antibody for detection of de-/ 

lowly-esterified HG regions in pectin (Verhertbruggen et al. 2009). In my results, there were two 

labelling patterns of LM 19 which were distinct: labelling of the middle lamella (ml) and corners of 

tricellular junctions (cr). These labelling patterns were most pronounced in fruitlet and expanding 

fruits. Of all the developmental points investigated, LM 19 labelling was weakest in fruit at harvest and 

strongest in expanding fruit. In fruit ripening, common modifications of pectic polysaccharides include 

pectin solubilisation and depolymerisation. Pectin de-esterification also takes place as part of these 

modifications, which results in the generation of acidic pectin that form calcium pectate gels in the 

presence of calcium ions. 

The DE of HG in pectic polysaccharides is a characteristic dependent on the plant material examined, 

cell type, and developmental stage of the plant (Caffall and Mohnen 2009). Pectic polysaccharides 

present in walls of young or actively growing cells are usually highly-esterified, whereas walls of 

mature cells in ripe fruit are usually lowly-esterified (Willats et al. 2001a). This would suggest that LM 

19 labelling should be strongest in mature cells, which in my study corresponds to cells of the harvest 

and stored fruit. In my study stored fruit showed the least homogenous labelling, with some areas of the 

wall intensely labelled, while other areas showed relatively weaker labelling. This patchy distribution 

could be the result of random block-wise action of cell wall-modifying enzyme PME leaving blocks of 

de-esterified HG regions in stored fruit (Willats et al. 2001b). De-esterified regions of HG can be 

further hydrolysed by action of endo-PG and could result in loss of the epitope required for antibody 

binding. The activity of PME was higher in ‘Royal Gala’ compared to ‘Scifresh’, and highest levels 

were found in expanding fruit (Chapter 3, Fig. 3.5.). At the fruitlet stage, the PME activity in ‘Royal 

Gala’ was four folds higher than in ‘Scifresh’.  
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3.2.4 High-esterified homogalacturonan labelling with LM 20 
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Figure 5.11. Immunofluorescence labelling of highly-esterified homogalacturonan with antibody LM 
20 in ‘Royal Gala’ (A-D) and ‘Scifresh’ (E-H) apple cortex tissue. Fruitlet: 40 DAFB; Expanding fruit: 
70 DAFB; Harvest: 120 DAFB (RG) 140 DAFB (SF); Stored: 20 weeks postharvest in 0.5°C. Bar on 
Fig. 5.11A = 50 µm for all micrographs.  
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Figure 5.12. Immunofluorescence labelling for highly-esterified homogalacturonan with antibody LM 
20 (reddish-pink) and anti-cellulose stain calcofluor (blue) in ‘Royal Gala’ (A-D) and ‘Scifresh’ (E-H) 
apple cortex tissue. Bar on Fig. 5.12A = 10 µm for all micrographs. cr, corner of tricellular junction; tj, 
tricellular junction. 
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Figure 5.13. High magnification images of immunofluorescence labelling for highly-esterified HG with 
antibody LM 20 in ‘Royal Gala’ fruilet (A) and ‘Scifresh’ fruitlet (B, C). Bar on Fig. 5.13A = 10 µm 
for all micrographs. 

Image A is a ‘Royal Gala’ fruitlet 
section labelled with LM 20 
showing distinct labelling pattern 
concentrated at the corners (cr) of 
tricellular junctions and very 
intense staining in the middle 
lamella (ml) regions particularly 
the lining of the intercellular air 
space (lis). 

Images B and C are ‘Scifresh’ 
fruitlet sections labelled with LM 
20 showing a different labelling 
pattern to ‘Royal Gala’. 

Image B shows a tricellular 
junction with intense labelling 
completely filling this area. In all 
sections viewed, 70-80% of 
tricellular junctions in ‘Scifresh’ 
fruitlet were completely stained, 
while only 30-40% in ‘Royal 
Gala’ fruitlet displayed this 
pattern.  

 

Image C shows a ‘Scifresh’ 
junction zone located between 5 
cells labelled with LM 20, 
however the lining of the 
intercellular air space (lis) was 
absent of labelling, which was 
opposite to the pattern observed in 
‘Royal Gala’ fruitlet (Image A). 

A 

C 

B 

cr 

ml 
lis 

Cell 1 

Cell 2 

Cell 3 

lis 

Cell 1 
Cell 2 

Cell 3 

Cell 4 Cell 5 

Cell 1 

Cell 2 

Cell 3 



126 
 

To understand the differences in the LM 20 labelling pattern observed, which seemed to be 

concentrated at tricellular junctions, a brief discussion outlining the formation of this important cell 

wall feature will first be presented.  

 

Figure 5.14. Schematic diagram illustrating the formation of an intercellular air space (is) at a tricellular 
junction zone. o, old cell wall; n, new cell wall; c, cell. (1) The old cell wall (o) is modified to 
incorporate the new cell wall (n) and the formation of the middle lamella (indicated by the red lines). 
(2) A non-expanded intercellular junction (small blue triangle) arises from the fusion of the middle 
lamella, and corresponds to the position of LM 20 labelling in ‘Scifresh’ fruitlet Fig. 5.12E and Fig. 
5.13B above. (3) An expanded tricellular junction with a large intercellular air space (is). Arrows 
indicate the forces generated by intracellular turgor pressure. The blue triangles indicate air space 
corners (cr) that correspond to the position of intense LM 20 labelling in ‘Royal Gala’ fruitlet as in Fig. 
5.12A and 5.13A. (Adapted and modified from Willats et al. 2001a). 
 

 As the fruit grows, cell division takes place and new cell walls (n) preferentially form at three-

way junctions, where the old cell wall (o) sometimes termed the ‘mother cell’ undergoes dissolution of 

its existing middle lamella to incorporate and fuse with the newly-formed middle lamella of the new 

cell wall [Fig. 5.14(1)] (Knox et al. 1990). At this fusion point, the tricellular junction becomes Y-

shaped [Fig. 5.14(2)]. These tricellular junctions are often rich in pectic polysaccharides, 

hydroxyproline-rich glycoproteins and phenolics and serve as strong adhesion points between cells 

(Knox et al. 1990; Willats et al. 2001a). From immunocytochemistry studies, it has been established 

that RG-I and HG are often preferentially deposited in the corners of these tricellular junctions (Willats 

et al. 2001a). In studies on cortical stems in tobacco cells, these tricellular junctions are preferentially 

labelled with JIM 5, an antibody which binds to lowly-esterified HG (Willats et al. 2001b). As cell 

expansion takes place, new material is continually incorporated into the expanding wall and thus the 

size of the vacuole increases and so does the turgor pressure exerted (Jarvis 1998). This acts like a 

driving force to stretch the tricellular junction, at which becomes incorporated with air, resulting in the 

formation of an intercellular air space (is) [Fig. 5.14(3)]. Because the turgor pressure exerted by each 

cell is not equal, the resulting shape of each cell is thus not uniform. When accompanied by 

solubilisation and depolymerisation of pectic polysaccharides, it is also this turgor pressure which 

drives cell separation from the weakened middle lamella. This commonly occurs in softened tissue. 

(1) (2) (3) 
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By visual observation of the sets of immunolabelled images, particularly those of higher magnification 

(i.e. pink and blue coloured), ‘Royal Gala’ seemed to have larger intercellular air spaces than 

‘Scifresh’. This could in part also contribute to the firmer texture observed in ‘Scifresh’ as smaller 

intercellular air spaces could give rise to more cell-to-cell contact area and increased intercellular 

adhesion. 

In my study, the localization of HG at corners of tricellular junctions has also been observed, although 

there is a variation in location of different HG epitopes, depending on the DE. LM 19 labelled intensely 

at corners of tricellular junctions in both cultivars of apples, indicating a concentration of lowly-

esterified HG in these regions, in agreement with the literature. LM 20 however, labelled intensely in 

corners of tricellular junctions preferentially in ‘Royal Gala’ young and immature fruit, whereas in 

‘Scifresh’, LM 20 labelled intensely throughout junction zones, and was not just restricted to the 

corners. In ‘Scifresh’, the middle lamella region also labelled more intensely, indicating more highly-

esterified HG in these areas compared to ‘Royal Gala’. The more intense LM 20 labelling in fruitlet 

and expanding fruit relative to fruit at harvest and stored fruit was reflective of the higher DE which is 

meant to be characteristic in young fruit. These results were in agreement with Leboeuf et al. (2005) 

who reported stronger JIM 7 (binds in a similar manner to LM 20) labelling in young Arabidopsis cells 

compared to mature cells. 

In expanding fruits, the intercellular air spaces would have developed larger than at fruitlet stage, with 

LM 20 becoming less intense. However, in ‘Scifresh’ there are still tricellular junctions with intense 

labelling throughout. In fruits at harvest, labelling in ‘Royal Gala’ became very weak and there were 

less cell corners intensely labelled, whereas in ‘Scifresh’, there was still a fair amount of tricellular 

junctions and middle lamella regions intensely labelled. In stored fruit of both cultivars, labelling 

became weaker, although still concentrated at the middle lamella, but absent from the intercellular 

space which filled tricellular junctions. 

As previously presented in Chapter 2, there was a significant difference in DE in the isolated CWM 

where ‘Scifresh’ showed consistently higher DE ranging from 60-85% compared to ‘Royal Gala’ from 

45-58%. This higher DE in ‘Scifresh’ was reflected in the LM 20 immunofluorescence results, where 

there were more junction zones completely labelled with LM 20 compared to ‘Royal Gala’, where 

labelling was more concentrated around corners of tricellular junctions only. 

3.2.5 Calcium-associated pectin labelling with 2F4 

HG regions with sufficiently low DE (<40%) with at least nine consecutive unesterified 

galacturonic acid residues can interact with divalent cations such as calcium resulting in calcium 

bridges also known as calcium pectate (Liners et al. 1989). Since there were differences observed in the 

localization of LM 19 and LM 20 epitopes between the two apple cultivars, a further investigation 
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using monoclonal antibody 2F4 was carried out. This antibody is specific to calcium cross-linked HG 

epitopes. However, as previously reported in Liners et al. (1989) and Liners and Van Cutsem (1992), 

immunolabelling using this antibody requires a preceding “unmasking” step, in which chemical or 

enzymatic de-esterification is necessary to remove the abundant methyl ester groups of HG, which act 

to interfere with the 2F4 epitope-antigen binding. This “unmasking” procedure is common practice 

when immunolabelling using certain antibodies which have known binding interference in the presence 

of other monosaccharides in the wall (Hervé et al. 2011). Although the treatment may introduce 

artefacts or in some way alter the original abundance of epitope-antigen binding sites, because the same 

procedures were carried out on both apple cultivars, this makes them comparable. 
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Figure 5.15. Immunofluorescence labelling for calcium-associated pectin with antibody 2F4 in ‘Royal 
Gala’ (A, B) and ‘Scifresh’ (C, D) apple cortex tissue of fruit-at-harvest and stored fruit. No labelling 
was detected in fruitlet of both cultivars (not shown). Expanding fruit were not investigated. No 
labelling was detected in stored ‘Royal Gala’ (B). Bar on Fig. 5.15A = 10 µm for all micrographs. 

Labelling of 2F4 seemed to be restricted to junction zones, particularly tricellular junctions. No 

labelling was found throughout the cell walls and very little was detected in the middle lamella. Liners 

and Van Cutsem (1992) report 2F4 labelling in the middle lamella at tricellular junctions and 

intercellular air spaces where cell cohesion was presumably weak in carrot cells. In my study, the 2F4 

labelling pattern was somewhat similar to LM 19, where most intense labelling was observed at 

tricellular junctions; however the intensity and frequency of 2F4 labelling was far inferior. LM 19 
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labelling also occurred strongly in the middle lamella, unlike for 2F4. These results suggest that the 

2F4 and LM 19 antibodies are specific to different epitopes of acidic pectin. 

In stored ‘Royal Gala’ no 2F4 labelling was detected in all sections viewed (Fig. 5.15B), while in 

stored ‘Scifresh’ less 2F4 labelling was detected, both in terms of frequency and intensity (Fig. 5.15D) 

compared to fruit-at-harvest (Fig. 5.15C). The undetected 2F4 labelling in stored ‘Royal Gala’ does not 

mean an absence of calcium-bound HG in these fruit, because as seen in Chapter 2, the recovery of 

CDTA-soluble UA indicated presence of calcium-bound pectin. The 2F4 epitope was simply 

undetected by this technique in the samples investigated. Additionally, in both cultivars no labelling 

was detected in any sections of the fruitlets. This could have been due to inadequate unmasking by 

chemical de-esterification due to the known high amounts of methyl ester groups in young fruit 

(Willats et al. 2001a). An alternative would have been to enzymatically de-esterify the sections by 

treatment with PME, however Sobry et al. (2005) reported weaker 2F4 labelling after PME de-

esterification compared to chemical de-esterification. 

In summary, looking at all three anti-HG antibodies used, LM 19 (for lowly-esterified HG), LM 20 (for 

highly-esterified HG) and 2F4 (for calcium-associated HG); pectin in cell walls of fruitlet and 

expanding fruit is higher esterified, both by biochemical data and immunofluorescence, while mature 

cells seem to contain a mixture of acidic pectin where calcium cross-linking was only detected in the 

firmer cultivar-‘Scifresh’. Perhaps a combination of high and lowly esterified HG with some calcium 

cross-linking scattered in different cell wall zones is what forms a stronger and more cohesive tissue 

structure in ‘Scifresh’, as opposed to ‘Royal Gala’ which seemed to contain lower esterified HG 

restricted to corners of intercellular air spaces only. 

3.2.6 Xyloglucan labelling with LM 15 

For immunocytochemistry studies on hemicellulose, the most commonly used probes are LM 

15 or CCRC M1 for the detection of xyloglucan and LM 21 or CBM 27 for the detection of mannans. 

Since xyloglucan is the predominant hemicellulose found in apples, the antibody LM 15 which 

recognizes the XXXG motif of xyloglucan was selected for this study. Whilst this represents the most 

common xyloglucan motif in eudicotyledons, there are other xyloglucan motifs not recognized by this 

antibody, for example XXGG or XXFG (fucosylated xyloglucan). The XXXG motif has three 

consecutive β-(1→4)-D-pyranosyl residues substituted with Xylp and a fourth unbranched backbone 

residue (Hayashi 1989). 
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Figure 5.16. Immunofluorescence labelling with anti-xyloglucan antibody LM 15 in ‘Royal Gala’ (A-
D) and ‘Scifresh’ (E-H) apple cortex tissue. Fruitlet: 40 DAFB; Expanding fruit: 70 DAFB; Harvest: 
120 DAFB (RG) 140 DAFB (SF); Stored: 20 weeks postharvest in 0.5°C. Bar on Fig. 5.16A = 10 µm 
for all micrographs. 
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Figure 5.17. Immunofluorescence labelling with anti-xyloglucan antibody LM 15 (reddish-pink) and 
anti-cellulose stain calcofluor (blue) in ‘Royal Gala’ (A-D) and ‘Scifresh’ (E-H) apple cortex tissue. 
Bar on Fig. 5.17A = 10 µm for all micrographs. cr, corners of tricellular junction. 
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In my study, LM 15 labelling occurred at edges of the cell walls facing the intercellular space in apple 

parenchyma cells. Some intense labelling was also found in corners of intercellular air spaces, as 

indicated in Fig. 5.17B. Comparing both apple cultivars, labelling intensity was rather similar for all 

developmental stages. Comparing the development series, labelling was weakest in stored fruit of both 

cultivars, with variation in labelling intensities and some gaps with absence of labelling. This could be 

indicative of xyloglucan depolymerisation in ripened fruit. From biochemical data, the amount of 

xylogucan increased with fruit growth, but from immunofluorescence results, there did not seem to be 

an increase in LM 15 labelling intensity from fruitlet to fruit-at-harvest. 

Many studies have reported the masking of hemicellulose epitopes by pectic HG (Marcus et al. 2008; 

Ordaz-Ortiz et al. 2009; Lee et al. 2011). In pea and tobacco stem cells after pre-treatment with pectate 

lyase, LM 15 epitope was found abundant in junctions between adhered and unadhered cell walls at 

intercellular spaces, especially corners of intercellular air spaces (Marcus et al. 2008). In another study 

on pith parenchyma tobacco stem cells, no labelling of LM 15 was detected without any pre-treatment, 

but with a combined Na2CO3/ pectate lyase pre-treatment abundant LM 15 epitope was uncovered at 

corners of intercellular air spaces (Hervé et al. 2011). In isolated intact tomato parenchyma cells, LM 

15 labels the cell wall surface at the edge of former adhesion planes but fluorescent intensities varied 

with some gaps (Ordaz-Ortiz et al. 2009). Thus, pre-treatment of sections with a HG-removal enzyme 

such as pectate lyase has become common practice before LM 15 immunolabelling is carried out. 

However although it may have been worthwhile, this was not performed in my study as no detectable 

difference in location and/or intensity of LM 15 labelling was observed in similar tissue samples 

examined (Sutherland PW, personal communication).  
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3.3 Scanning electron microscopy 

In this results section, SEM images are presented by developmental stage starting with fruitlet, 

to expanding fruit, fruit-at-harvest and stored fruit, with ‘Royal Gala’ on the left and ‘Scifresh’ on the 

right for each set. And where applicable, low magnification images are on the top and high 

magnification images on the bottom. Corresponding discussions follow beneath the images. 

3.3.1 Conventional SEM 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.18. Scanning electron micrographs of ‘Royal Gala’ (A, B) and ‘Scifresh’ (C, D) fruitlet. 

In fruitlet, cells are small and very densely packed with very little intercellular air space. At this 

stage, the fruitlet of ‘Scifresh’ has an average cell diameter of 84 µm [± 6 µm; n = 15 (3 apples ×5 

images)], which is larger than that of ‘Royal Gala’ with an average cell diameter of 68 µm (± 8 µm; n = 

15). The fruitlets are very hard, express very little juice and have a high starch content (as previously 

reported in Chapter 2, 3.1). 

  

 

A C 

B D 



134 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.19. Scanning electron micrographs of ‘Royal Gala’ (A, B, C) and ‘Scifresh’ (D, E, F, G) 
expanding fruit. Images A and D are lower magnification views over the tissue sample which had been 
fixed, dehydrated by ethanol series, dried by critical point drying and sputter coated with gold. Arrows 
indicate locations of vascular bundles. Higher magnification images (B-F) show a high amount of 
starch present in these fruits. Image G shows a cell broken open or an intercellular space revealing the 
cell wall of the cell beneath. 

In the expanding fruit, there was more starch visible in ‘Royal Gala’ (Fig. 5.19B and C) than 

‘Scifresh’ (Fig 5.19E and F), in the images viewed. Samples viewed under conventional SEM can be 

viewed at relatively high magnifications which can reveal details such as presence of starch granules, 

but some issues such as ‘charging’ tend to arise. In Fig. 5.19G the high magnification allows the cell 

wall of a broken open cell and points of adherence to be seen, although it has to be kept in mind that 

these samples had been fixed and dehydrated. These procedures may have altered the native state of the 

wall and hence, the appearance of cells may not necessarily reflect the original state. 
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Figure 5.20. Scanning electron micrographs of ‘Royal Gala’ (A, B, C) and ‘Scifresh’ (D, E, F) fruit-at-
harvest. Image C shows the appearance of an unbroken whole cell, Image F shows the appearance of a 
broken open cell. 
 

In both cultivars, the majority of cells in fruit-at-harvest seemed broken open, releasing cell 

contents, thus giving the perception of juicy fruit (Harker and Hallett 1992). In Fig. 5.20C and F, the 

difference between a whole unbroken cell and a ruptured open cell can be seen at high magnification. 

However, a more distinct difference in fracture pattern between the two cultivars was observed in the 

20-weeks stored apples, illustrated in Figs. 5.21 and 5.22 below.  
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Figure 5.21. Scanning electron micrographs of ‘Royal Gala’ fruit stored for 20 weeks showing the 
appearance of more intact cells and fracture pattern between cells. 

 

 

 

 

 

 

 

 

 

Figure 5.22. Scanning electron micrographs of ‘Scifresh’ fruit stored for 20 weeks showing the 
appearance of more ruptured cells and fracture pattern within cells. 

The ripe fruit of the two cultivars showed very different fracturing patterns. ‘Royal Gala’ (Fig. 

5.21) fractured between cells resulting in cells not breaking open, with no juice release. Tissue failure 

in this manner is caused by cell-to-cell debonding (Harker et al. 1997b). Similar observations by low 

temperature SEM have been made correlating this type of fracture pattern to mealy texture commonly 

found in over-ripe apples (Harker and Hallett 1992, Allan-Wojtas et al. 2003). In stored ‘Scifresh’ (Fig. 

5.22), more cells ruptured and the tissue fractured within cells, resulting in the release of cell contents 

and the perception of juiciness (Harker et al. 1997b). Tissue failure by cell rupture in this manner 

would correspond to juicy, crisp texture of apples (Harker et al. 1997b; Choi and Yun 2004). 

Observations here were in agreement with Szczesniak and Ilker (1988), Harker et al. (1997b) and 

Allan-Wojtas et al. (2003) where crisper and juicier apples were composed of larger cells with thin 
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brittle walls which fracture along their equators, releasing cell contents, as in ‘Scifresh’. Cultivars 

which fracture between cells were most always perceived as mealy (Harker and Hallett 1992). 

However, as my study did not include a sensory aspect, no correlations can be drawn between the 

perception of juiciness, crispness or mealiness based on these micrographs or instrumental texture 

analysis. 

3.3.2 Cryo-SEM 

The second SEM technique used in this study was cryo-SEM or low temperature SEM which 

offers capabilities of viewing surfaces at high magnifications, while preserving most of the cell wall 

architecture by continuously keeping the sample in a frozen state. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.23. Cryo-scanning electron micrographs of ‘Royal Gala’ (A, B) and ‘Scifresh’ (C, D, E) 
fruitlet. Arrow in image E shows a tricellular junction at high magnification. 

 

These samples were cut, frozen in liquid nitrogen slush, fractured, etched and viewed. No 

distinct differences could be seen between the two cultivars of apples at the fruitlet stage (Fig. 5.23). 

Cryo-SEM images appear distinctively different from conventional SEM, in that the cells appear 

somewhat web-like and more three-dimensional compared to images from conventional SEM which 

appear more like a honeycomb structure. With cryo-SEM, it is possible to achieve very high 

magnifications, (as illustrated in Fig. 5.23E) to reveal fine cellular structures such as tricellular 

junctions (arrow) and middle lamellae. 
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Fig. 5.24. Cryo-scanning electron micrographs of ‘Royal Gala’ fruitlet viewed without etching (A, B) 
and after 15-min etching (C, D). Images A and C, and B and D are the same regions viewed. 

 

To investigate the effects of ice sublimation by etching, a brief experiment was conducted 

where the apple tissue was fractured, frozen in liquid nitrogen slush and viewed without etching or with 

15-min etching (Fig. 5.24.). Etching removes ice contamination from fracture faces (Pathan et al. 

2008). Images obtained after 15-min etching (Fig. 5.24 C, D) appeared clearer with more distinct 

features, for example the middle lamella can be seen more clearly. However, the content of cells which 

have broken open seemed to have crystallized from the freezing process and is revealed more with 

etching. Not much detail can be seen without etching, hence it was decided that a 15-min etching 

period would be carried out in subsequent cryo-SEM sample preparations. 
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Figure 5.25. Cryo-scanning electron micrographs of ‘Royal Gala’ (A, B) and ‘Scifresh’ (C, D) fruit-at-
harvest. 

 ‘Scifresh’ fruit-at-harvest had an average cell diameter of 166 µm (± 13.8; n = 15), while 

‘Royal Gala’ fruit-at-harvest had an average cell diameter of 107 µm (± 11.7; n = 15). Although in my 

study, the sample size was rather small, and therefore cell sizes could be inaccurately estimated, but the 

larger cells in mature ‘Scifresh’ fruit have also been reported in McAtee et al. (2009) where ‘Scifresh’ 

cells were 49% larger (by area) than ‘Royal Gala’. Interestingly, the firmer apple cultivar ‘Scifresh’ had 

larger cells than ‘Royal Gala’ (Fig. 5.25.). This result was in agreement with Smith (1940) and Nelmes 

and Preston (1968) who also reported that apple cultivars with larger cells have better keeping qualities. 

This was suggested to be related to a lower respiratory rate compared to higher respiration in smaller 

cells. However, one would expect that smaller cells are associated with more middle lamella per given 

unit area/volume resulting in stronger cell-to-cell adhesion, as calcium cross-linked pectic 

polysaccharides are abundantly found in the middle lamella which is said to act as the “glue” which 

holds cells together  (Jarvis et al. 2003). In my study, the firmer apple ‘Scifresh’ had the larger cells 

when fruit was mature and as seen with immunolabelling studies, contained more highly esterified as 

well as calcium-associated pectin. 
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It is difficult to draw any relationship between cell size and firmness, because some studies have 

reported that it is actually the number of cells per unit area which is important for crispness while cell 

size is more related to tissue juiciness (Szczesniak and Ilker 1988; Harker et al. 1997b; Allan-Wojtas et 

al. 2003). Mann et al. (2005) stated that genotypes of apple with fewer number of cells per unit area did 

not tend to lose crispness in storage, one such cultivar being ‘Honeycrisp’, which has similar softening 

behaviour to ‘Scifresh’. However measurements of number of cells per unit area were not carried out in 

my study.  Cell walls of ‘Honeycrisp’ also contained higher amounts of arabinose, compared to other 

cultivars which soften faster in storage (Tong et al. 1999). However, direct composition comparisons 

with ‘Scifresh’ were not feasible as different cell wall methodologies were employed. In a study by 

Choi and Yun (2004), softened ‘Hokudo’ apples showed a reduction in cell size and larger intercellular 

air spaces which correlated to a decrease in cell wall yield. However in my study, despite differences in 

cell sizes, both cultivars showed comparable cell wall yields of 16.11 mg·g-1 FW for ‘Royal Gala’ fruit-

at-harvest and 17.07 mg·g-1 FW for ‘Scifresh’ fruit-at-harvest, both of which were within the standard 

errors. In stored fruit, the larger cell size of ‘Scifresh’ compared to ‘Royal Gala’ was again apparent, 

but apart from that, no other significant differences were observed (Fig. 5.26). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.26. Cryo-scanning electron micrographs of ‘Royal Gala’ (A, B) and ‘Scifresh’ (C, D) fruit 
stored for 20 weeks. 
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3.3.3 Environmental-SEM 

The third SEM technique used was ESEM which is a technique that allows imaging of hydrated 

biological samples with minimal manipulation and without the need for conductive metal coatings 

(Collins et al. 1993). Whilst this method provides information closest to the native hydrated state of 

biological samples, it also has some drawbacks such as lower resolution and limited field of view as 

seen by the aperture vignetting in Fig. 5.27A and C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 5.27. Environmental-scanning electron micrographs of ‘Royal Gala’ (A, B) and ‘Scifresh’ (C, 
D) fruitlet. 

These fruitlet images in Fig. 5.27 appear to have dried out quite significantly. A more typical 

image viewed by ESEM is given in Fig. 5.28, where cells appear plump and not hollow. Drying can 

occur from the samples being in the chamber for prolonged period of time, or from the pressure in the 

chamber being too low and drawing out moisture from the sample’s surface. The fruitlets were also 

observed to contain very little juice and had a drier and coarser surface when the sample was prepared 

for imaging. 
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Figure 5.28. Environmental-scanning electron micrographs of ‘Royal Gala’ (A, B) and ‘Scifresh’ (C, 
D) expanding fruit. 

In comparison to conventional SEM and cryo-SEM, cells in Fig. 5.28. look whole, plump and 

hydrated, as oppose to hollow or ice-crystallized. Drawbacks of this technique include only the cells on 

the exposed surface can be viewed and sometimes this is can be obscured by water on the surface. Not 

much difference can be seen between the two cultivars, as both seem to contain equal amounts of 

broken and unbroken cells. Although cell size measurements were not made, it does appear that 

‘Scifresh’ has larger cells in expanding fruit than ‘Royal Gala’ by observation. Another interesting 

observation is that ESEM images reveal that cells in their native hydrated state appear more angular 

(i.e. less rounded) compared to cells viewed by conventional SEM or cryo-SEM.  
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Figure 5.29. Environmental-scanning electron micrographs of ‘Royal Gala’ (A, B, C) and ‘Scifresh’ 
(D, E, F) fruit-at-harvest and fruit stored for 20 weeks. Arrows (C, F) indicate intercellular air space. 

In fruit-at-harvest, cells of ‘Scifresh’ (Fig. 5.29D, E) were more angular compared to ‘Royal 

Gala’ (Fig. 5.29A, B) which had more rounded cells. This was a general observation across different 

areas of the same sample, and in different apple samples. However, this could also have been due to the 

way in which the tissue had fractured, or a slight effect of drying during the imaging process. In stored 

fruit, more intercellular air spaces were observed in the images viewed (Fig. 5.29C, F), compared to the 

other developmental stages. Intercellular air spaces as such cannot be interpreted using conventional 

SEM as prior dehydrating and freezing procedures could have caused cells to move or close in on each 
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other, resulting in inaccuracies of intercellular air spaces portrayed. No significant cultivar differences 

were detected in stored fruit imaged by ESEM. According to Little et al. (1991) chemical fixation, 

dehydration and critical point drying alters the native tissue morphology and hence ESEM is a better 

method of choice when viewing hydrated biological samples. In ESEM, the tissue is kept hydrated and 

hence minimal changes occur to the cells and cell organization. Although there might be some drying, 

it is not as extensive as dehydration of conventional SEM samples or the freezing of cryo-SEM samples 

which may introduce artefacts into the space usually occupied by intercellular fluid or gas. 

Overall, each SEM technique used had advantages and disadvantages which are summarised in Table 

5.3. below. 

Table 5.3. Advantages and disadvantages of conventional SEM, cryo-SEM and ESEM techniques for 
visualising biological plant material (summarised from Collins et al. 1993; Pathan et al. 2008). 

EM 
technique 

Advantage Disadvantage 

Conventional 

SEM 

•    Once dried, samples are robust and 

suited for long periods of 

examination and can be re-

examined if needed or stored until 

examined 

•    Samples can be viewed at high 

magnification 

• Tissue had to be fixed, dehydrated 

(ethanol series) and dried (critical point 

drying)- processes which may have 

introduced artefacts 

• As the native primary cell wall is 

comprised 70% of water (by fresh weight) 

(McNeil et al. 1984) drying could have 

significantly altered the native state of cell 

walls 

• Dehydrating causes shrinkage and makes 

it difficult to preserve cell structures as 

close to their native state 

Cryo-SEM/ 

Low 

temperature 

SEM 

• Cryo-fixation is rapid compared to 

chemical fixation (used for 

conventional SEM) and helps 

preserve cell structures/ features in 

their original form and location 

• Best suited for samples with higher 

water content 

• Sample can be collected, frozen 

and stored in liquid nitrogen for 

future preparation and 

observations 

• Artefacts may arise from cryo-fixation, 

etching, freeze-fracturing, coating, 

specimen transfer or electron beam 

irradiation 

• Artefacts such as ice crystals are 

sometimes difficult to distinguish from 

real features 
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Environmental 

SEM 

• Fresh hydrated samples can be 

imaged and hence is the closest 

form to the native state 

• Does not require time-consuming 

steps such as fixing, dehydrating 

and metal coating (i.e. minimal 

sample preparation) 

• Samples can only be viewed at relatively 

low magnifications 

• Samples are quite delicate and unstable 

therefore is not suited for long time 

electron beam exposure/ long time 

examinations 

• Reduced field of view and depth of focus 

at lower magnifications 

• Chamber temperature and pressure needs 

to be balanced to optimize humidity so 

that the sample neither dries nor floods 

 

4.0 General discussion  

In this chapter, several different microscopy techniques were used with the aim of visualising any 

differences between the tissue structures of ‘Royal Gala’ and ‘Scifresh’ apples through a developing 

series from fruitlet to ripe, stored fruit. The aim of this chapter was to identify if there was a 

morphological basis for the difference in texture observed between the two apple cultivars. 

Cell walls were stained with toluidine blue and differences in cell morphology including cell 

organization, arrangement and general tissue structure were investigated by light microscopy. In 

fruitlets, cells appear small, densely packed and cell walls are thicker, in agreement with biochemical 

data, where yield of cell wall per gram fresh weight fruit was higher in fruitlet compared to stored fruit 

(Chapter 2, Fig. 2.5.). In stored fruit, larger gaps between cells could indicate cell separation. Softened 

apples often show dissolution of the middle lamella and cell separation associated with deteriorated 

firm texture (Ben-Arie et al. 1979). 

Immunolabelling is a specialised technique used to localize specific monosaccharides of interest within 

the wall using antibodies as probes and fluorescent markers for detection. Immunolabelling with LM 5 

(galactan-specific) and LM 6 (arabinan-specific) results were in agreement with biochemical data 

where most intense labelling was detected in fruitlet, as was highest amounts of galactose and 

arabinose in the cell walls recovered. Intensity of both LM 5 and LM 6 labelling decreased with 

ripening, as did galactose and arabinose amounts in the cell walls. Immunolabelling studies on sugar 

beet root suggested that arabinan and galactan have distinct localizations within the wall where the 

galactan epitope was localized in the region closest to the plasma membrane, while the arabinan 

epitope occurred evenly distributed throughout the primary cell wall; and both these epitopes were 

absent from the middle lamella (Guillemin et al. 2005). These results were not entirely in agreement 

with my study, where the absence of LM 5 and LM 6 labelling in the middle lamella was obvious only 
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in fruitlet and expanding fruit, and the arabinan epitope did not seem evenly distributed in the primary 

cell walls of the apple cortex tissue. 

In my study, there was a significant difference detected in the labelling intensity of LM 5, where 

‘Scifresh’ apples showed more intense labelling compared to ‘Royal Gala’ at all developmental time-

points. This result was also corroborated by chemical analysis where ‘Scifresh’ cell walls also showed 

1/3 more of galactose compared to ‘Royal Gala’ cell walls. There have been some studies suggesting 

the role of galactan in the conservation of texture in fruits (Redgwell et al. 1997b; McCartney et al. 

2000). 

Studies have shown that loss of highly branched arabinan as side chains of RG-I could be an important 

factor in loss of texture in apples (Pena and Carpita 2004) and tomatoes (Orfila et al. 2001). The 

arabinan-epitope has been found to be more widespread among tissue types compared to the galactan-

epitope, although differences in labelling intensities could arise from differences in degree of RG-I 

branching. In apple pectin, 60% of rhamnose is branched, with arabinan being the major neutral side 

chain (Gross and Sams 1984). A higher degree of branching could mean that more side chains occupy 

the pores of cell walls and could act as water binding agents, important for gelation properties (Willats 

et al. 2001b). Another theory is that the more highly branched the RG-I, the less susceptible it is to 

enzymatic degradation (Orfila et al. 2001; Pena and Carpita 2004). In my study, a difference in degree 

of arabinan and galactan branching from galacturonan was not investigated but could have been done 

through linkage analysis (Carpita and Shea 1989) or the relative immunolabelling intensities of LM 5 

and 6 could have been compared with immunolabelling using newly developed antibodies directed 

against RG-I backbone, INRA-RU1 or INRA-RU2 (Ralet et al. 2010). It would have been interesting to 

see if the more intense labelling of LM 6 found in fruitlets and expanding fruit correlated with lower 

INRA-RU1/2 labelling indicating younger firmer fruits have a higher degree of branching, which is lost 

with fruit softening. 

Another significant cultivar difference observed with immunolabelling in my study was the higher DE 

in ‘Scifresh’ compared to ‘Royal Gala’, shown with LM 20 labelling which corroborated chemical 

analysis from Chapter 2, where ‘Scifresh’ pectin consistently had approximately 30% higher DE than 

‘Royal Gala’. This could be significant because a higher DE means more potential calcium binding 

sites on HG, which affects calcium pectate gelation and firmness of the apple tissue. There was also a 

difference in localization of the highly-esterified HG epitopes. In fruitlets, where LM 20 labelling was 

most intense of all the developmental points, ‘Royal Gala’ showed labelling concentrated in the corners 

of tricellular junctions, middle lamella and lining of the intercellular air spaces, whereas in ‘Scifresh’, 

labelling was very intense in intercellular air spaces and junction zones between cells.  
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The occurrence of the 2F4-epitope was far less widespread compared to the LM 19 and LM 20 

epitopes, in agreement with Liners et al. (1992). In sugar beet root, the 2F4 epitope was completely 

absent in all cell types (Guillemin et al. 2005) and in potato tubers was restricted to cortex cells, found  

mostly at cell junctions, middle lamella and lining of intercellular air spaces (Bush and McCann 1999). 

In my study, 2F4 labelling was very faint in apple cortex tissue, but occurred more (frequency and 

intensity) in ‘Scifresh’ than ‘Royal Gala’. The 2F4 epitope seemed to be restricted to tricellular 

junctions. 

Looking at all HG-epitopes investigated, lowly-esterified HG (by LM 19), highly-esterified HG (by 

LM 20) and calcium-associated pectin (by 2F4), it seemed that ‘Scifresh’ had a more widespread 

combination of all pectic-epitopes located at tricellular junctions, middle lamella and intercellular air 

spaces; whereas ‘Royal Gala’ showed intense labelling for certain epitopes such as the lowly-esterified 

HG, but confined to cell corners, and some epitopes were undetected, like 2F4 in stored ‘Royal Gala’. 

Owing to the complexity of pectic structures, their role in the cell wall seems to be diverse with cell 

adhesion being one of the major functions. Using the analogy that pectic polysaccharides in the wall act 

like “glue” holding cells together, then diverse pectic epitopes located at various places within the wall 

as in ‘Scifresh’ would be like “glue” spread across many different places on a piece of paper; while 

pectic epitopes restricted to certain areas as in ‘Royal Gala’, would be like “glue” only at the corners of 

a piece of paper. In this sense, the former will adhere better and stronger than the latter. 

In this study, SEM revealed larger cells in ‘Scifresh’ compared to ‘Royal Gala’, albeit a small sample 

size. This was in agreement with McAtee et al. (2009) where the average cell size (by area) of mature 

‘Scifresh’ fruit was 59 051 µm2  versus ‘Royal Gala’ at 39 465 µm2, although from this study no 

correlation between flesh firmness and cell size was found. Instead it was reported that apple cultivars 

with more angular cells appeared to be firmer, suggesting that cell shape could be a more important 

determinant of fruit firmness than cell size. The de-emphasis of cell size influencing fruit firmness was 

also supported by Allan-Wojtas et al. (2003) and Mann et al. (2005) who reported that number of cells 

per unit area had more impact on fruit firmness. It was reported that cell size was more related to the 

perception of juiciness, where larger cells which fractured were perceived as juicy, crisp and high in 

surface coarseness (Allan-Wojtas et al. 2003). In stored apples, less cell-to-cell contact and more 

intercellular air spaces was related to softer fleshed apples (Allan-Wojtas et al. 2003).  

My study showed that ‘Scifresh’ apples at harvest had larger cells, more of which fractured by cell 

rupture when the tissue was pulled apart, while ‘Royal Gala’ apples had smaller cells with more cells 

remaining intact when tissue was fractured, indicating tissue failure by cell-to-cell debonding. No 

correlations could be drawn regarding cell properties and flesh firmness difference between the apple 

cultivars because other influential parameters such as cell shape, cell counts per unit area and cell-to-

cell contact area were not investigated. The more angular cells in ‘Scifresh’ appeared to allow more 
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efficient cell packing as this variety has been shown to have higher cell density and less air spaces, 

contributing to a greater cell-to-cell contact area in comparison to ‘Royal Gala’ (McAtee et al. 2009). 

The more angular cells and less air space in ‘Scifresh’ could also be indicative of a higher turgor 

pressure, which has been seen to contribute to higher firmness in apple fruit (Tong et al. 1999). 

Additionally, the greater cell-to-cell contact area would suggest presence of more middle lamella and 

pectic-rich cell wall domains which could result in stronger intercellular adhesion and hence firmer 

texture in the ‘Scifresh’ variety compared to ‘Royal Gala’.  

Future work should be aimed at quantifying cell-to-cell contact area and void volume estimations. The 

potential of doing so in a native fresh apple tissue using micro-computed tomography (CT) is presented 

as a preliminary study in Appendix XV. MicroCT was found useful for estimating the continuity of air 

spaces through a large volume of tissue, but also to estimate the extent and pattern of cellular adhesion 

in an unperturbed whole tissue. This technique was established as useful for determining cellular 

packing, density and air space distribution in ‘Royal Gala’ and ‘Scifresh’ apples to evaluate the extent 

to which these factors influence texture. 



149 
 

CHAPTER SIX 

Probing apple cell walls using atomic force microscopy (AFM) 

1.0 Introduction 

Atomic force microscopy (AFM) is an imaging technique which can be used to study the native 

structure of plant cell walls. Imaging can be carried out on any sufficiently rigid surface, such as the 

cell wall either in air or liquid (Kirby 2011). AFM offers a few advantages compared with conventional 

scanning electron microscopy (SEM) or transmission electron microscopy (TEM) techniques. AFM can 

provide topographic contrast of surface features with quantitative height information, and the sample 

need not be fixed, dehydrated or coated in metal as it can be imaged in a fresh, hydrated state (Thimm 

et al. 2000; Torre et al. 2011). This eliminates introduction of artefacts and shrinkage of the sample, 

which is an important consideration when imaging biological material with high water content, such as 

the plant cell wall. The resolution able to be achieved by AFM is also much higher in the nanoscale 

range compared to conventional micro-level SEM techniques (Hanley et al. 1992). However, a 

relatively flat sample surface is needed when probing with AFM and the reduced field of view renders 

the AFM not an ideal technique when large areas of a tissue are to be investigated for general 

morphology, such as cell size (Shao et al. 1995). In this respect, the SEM work reported in Chapter 5 of 

this thesis can be regarded as a complementary approach, where the SEM images provide a wider field 

of view of cells in the apple tissue, albeit at a lower resolution, while AFM has the potential to provide 

a higher resolution, more in-depth investigations into features of interest of the cell wall, such as 

cellulose microfibrils or pectic polysaccharides. 

There are two common approaches for the use of AFM in plant cell wall studies: 

Firstly, the use of AFM for investigations on isolated cell walls or cell wall polysaccharides which have 

been extracted (Kirby et al. 1996; Morris et al. 1997, 2011; Round et al. 2001, 2010; Pose et al. 2012). 

Here, the cell wall polysaccharide imaged is no longer in its native environment, as extraction buffers 

or fractionating reagents have been applied to extract the polysaccharide of interest, for example CDTA 

used for extracting calcium-bound pectic polysaccharides. This approach for utilisation of AFM has 

been most widely used to characterize two components of the cell wall, cellulose microfibrils and 

pectic polysaccharides. For example, cellulose microfibril width in isolated cell wall preparations have 

been estimated at 5– 7 nm in cotton fibres (Pesacreta et al. 1997), 25 nm in apple and vegetables (Kirby 

et al. 1996), 21– 198 nm in bamboo fibres (Zou et al. 2009) using AFM. Whereas AFM has been used 

for investigating properties of pectic polysaccharides including length distributions in strawberry (Pose 

et al. 2012), peaches (Yang et al. 2006; Zhang et al. 2010), tomato (Kirby et al. 2008; Xin et al. 2010) 
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and sugar beet (Kirby et al. 2008) as well as, degree of branching (Round et al. 2001) and pectin-

protein interactions (Kirby et al. 2008; Gromer et al. 2009).  

Secondly, AFM can be used for imaging cell walls of whole plant tissues in their native state. There has 

only been one report of this work where AFM was used to image never-dried intact celery parenchyma 

cell walls (Thimm et al. 2000). This study estimated cellulose microfibrils in celery to range from 6 to 

25 nm in diameter when imaged under water. Cucumber hypocotyls were reportedly unable to be 

imaged hydrated under water, but when partially hydrated fibrillar material in the order of 50 nm in 

diameter were observed (Marga et al. 2005). 

The aim of my study in this chapter was to use AFM to image whole living apple parenchyma cells in 

situ to identify any differences in wall structure between ‘Royal Gala’ and ‘Scifresh’ apples. The 

chapter is divided into two experiments. Experiment 1 describes preliminary work carried out to 

investigate the different imaging modes of AFM and to optimise methodologies. Experiment 2 

describes microscopy techniques (light microscopy and ESEM) used in parallel with AFM to better 

understand the type of surface the AFM was probing and the wider aim of this experiment was to 

explore the effects of treating whole tissue with chelating agent or mild alkali on AFM image recovery. 

2.0 Experiment 1: Preliminary AFM study 

2.1 Materials and methods 

2.1.1 Plant material and sample preparation 

Experiment 1 was carried out using apples harvested in the months of November 2009 to March 

2010, which was the second season of this study. Apples (‘Royal Gala’ and ‘Scifresh’) were sampled 

according to categorisation as described in Chapter 2, 2.1, from Plant & Food Research orchard in 

Havelock North, Hawkes Bay and transported at ambient temperature to Massey University, 

Palmerston North. Fruit were kept overnight at room temperature. The following day, samples were 

prepared for AFM. A scalpel was used to make a vertical incision at the equatorial plane of the apple 

and the scalpel was pulled in a clockwise downward motion 

to create a natural fracture within the tissue. The skin side of 

the fractured piece was then attached to a plastic Petri dish 

with double-sided adhesive tape. The sample was 

immediately rinsed with water (three rinses with 

approximately 5 mL water) to remove any cell contents or 

debris. The sample was then submerged in a droplet of 

water. The Petri dish was then placed onto the imaging stage 

and held securely using magnets, as shown in Fig. 6.1. Figure 6.1. Apple sample 
immersed in water on AFM stage. 
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2.1.2 AFM 

Images were scanned using a MFP-3D atomic force microscope (Asylum Research, Santa 

Barbara, CA, USA) with optical lever force detection. The AFM was operated in contact mode at a 

scan rate of 2– 4 Hz. Silicon tips (ND-MDT CSG II Moscow, Russia) of two different nominal spring 

constants 50 and 100 pN·nm-1 were used, with the latter being the stiffer tip. Images captured were 

deflection and height images with error in the feedback signal shown.  

The second AFM mode trialed was non-contact (AC) mode. A different tip with higher stiffness, 

nominal spring constant of 2.5 N·m-1, NSG II (ND-MDT) was used for this mode. Images captured in 

non-contact mode were amplitude images based on the cantilever oscillation at a fixed drive frequency 

and feeding the corresponding value to the feedback loop (Torre et al. 2011). Phase signals were also 

acquired simultaneously to amplitude signals, as the physical information is entwined and all the data 

are necessary for image interpretation (Pang et al. 2000). The drive amplitude was set between 2.0– 4.0 

V, with drive frequency between 50– 100 Hz.  

In either mode, the scan size was varied between 2 to 5 µm2, scan rate 1– 5 Hz, and scan angles 0, 45 or 

90°. The lower limit of detection was 10 nm in width. Images were captured and processed using MFP-

3D software running parallel with IGOR Pro v4. Noise disrupted images were filtered using Fourier 

transformation when necessary using the same software. For a detailed protocol used for setting up the 

AFM for imaging, see Appendix XVI. 

2.1.3 AFM image analysis 

For width measurements of structural features observed, AFM images were first converted to 

JPEG files and image contrast optimised using Adobe Photoshop Version 7.0 software. The images 

were then analysed using ImageJ v1.43u software. The width was determined by plotting a freehand 

line tool across the fibril of interest. The number of pixels in that length was calibrated to a known 

distance from the scale given on the image. Height of surface features was analysed using the IGOR 

Pro 4 software (WaveMetrics) supplied with the AFM instrument. 

2.2 Results 

2.2.1 Contact mode AFM 

The appearance of three rod-like structures in parallel orientation, spaced relatively evenly was 

observed in mature ‘Royal Gala’ fruit-at-harvest cortex tissue, imaged under water (Fig. 6.2.). These 

structures were real surface features and not artefacts because they remained when the scan angle was 

altered to 45° (Fig. 6.2B). An artefact would most likely not appear when re-scanned at a different 

angle, or could appear at the same orientation.  
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Figure 6.2. AFM deflection images of ‘Royal Gala’ at harvest scanned at 0° (A) and scanned at 45° (B) 
using contact mode. Numbers in red depict the appearance of three rod-like structures. 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
Figure 6.3. AFM deflection images of ‘Scifresh’ at harvest after water washes (A, B) and after 30 min 
wash in CDTA (C, D). Numbers in red depict appearance of seven rod-like structures. A red arrow 
depicts the directionality of scan line artefacts. Note the different scale sizes. 

Initial images obtained for mature ‘Scifresh’ fruit-at-harvest following the same procedures 

used to obtain images in Fig. 6.2. for ‘Royal Gala’ were poorly resolved (Fig. 6.3.A and B) and showed 

the appearance of multiple scan line artefacts (in the direction indicated by the red arrow in Fig. 6.3A) 
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most probably caused by the tip of the cantilever adhering to some form of substance and dragging it 

across the sample surface. This substance was thought to be surface pectin possibly of interlamellar 

source. In an attempt to remove this pectin, a brief experiment was then carried out by washing the 

same apple tissue in 20 mM CDTA for 30 min, rinsed in water and reimaged under water (Fig. 6.3C 

and D). Images obtained after the brief CDTA treatment showed significant improvement in terms of 

resolution. The appearance of seven rod-like surface features (indicated in red numbers) was observed 

in Fig. 6.3D. These structures were also aligned in parallel orientation with the appearance of slight 

undulations. Apart from deflection images, AFM can also attain corresponding height information, and 

this is useful for illustrating the undulating nature of the surface probed. The corresponding height 

image of Fig. 6.3D is given in Fig. 6.4., where dark areas relate to a downward surface while light areas 

relate to an upward surface. 

 

 

 

 

 

 

Figure 6.4. AFM height image of ‘Scifresh’ at harvest, corresponding to the deflection image of Fig. 
6.3D.  

When comparing ‘Royal Gala’ (Fig. 6.2.) and ‘Scifresh’ (Fig. 6.3.) images, the rod-like 

structures in ‘Scifresh’ appeared wider and more closely arranged, compared to ‘Royal Gala’. 

However, because experiment 1 was focused on method optimisation, insufficient usable scans 

obtained meant that the structure width could not be accurately estimated, hence is only an observation. 

2.2.2 Non-contact mode AFM 

Aside from contact mode, non-contact AFM mode was also trialled in experiment 1 of this 

study. The difference being an AFM operating in contact mode will penetrate the water layer to image 

the underlying surface of the sample, while in non-contact mode, the AFM will produce an image from 

the van der Waals and electrostatic attractive forces of the sample’s surface that induces a frequency 

shift in the resonant frequency of the cantilever (Garcia and San Paulo 2000). In this sense, the tip of 

the non-contact mode does not “drag” across the sample surface, as it does in contact mode AFM. 

Differences in surface topography can be seen as more subtle using non-contact mode, and so in some 
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way portrays a more realistic surface compared to contact mode images (Haverkamp RG, personal 

communication). 

 

 

 

 

 

 

 

 

 

 

 

 

Three different kinds of images can be obtained by using non-contact AFM mode. These are 

amplitude (Fig. 6.5A), height (Fig. 6.5B) and phase (Fig. 6.5C) images. The amplitude and phase 

images represent surface features, while the height image can be used to determine if the surface 

features also have a height element to them. In Fig. 6.5A and C, a striated or corrugated pattern can be 

observed, where rod-like surface features appear to be aligned in a parallel manner (indicated by green 

arrow). There is also the appearance of slight undulations in the direction perpendicular to the primary 

striations (indicated by blue arrow). In the height image (Fig. 6.5B), a white area corresponds to surface 

feature rise, while a black area corresponds to a surface feature drop. Images obtained by non-contact 

mode were of better resolution compared to contact mode and thus was used in subsequent 

experiments. 

In summary, experiment 1 showed that (a) non-contact mode produced better images in terms of 

resolution and reproducibility than contact mode (b) AFM on intact hydrated apple tissue produced 

images showing rod-like surface features (c) washing the tissue briefly in CDTA prior to imaging 

improved the image quality produced and (d) no images could be obtained from fruitlet of either 

cultivar, using either modes. 

Figure 6.5. Amplitude (A), height (B) 
and phase (C) images of the same 
‘Scifresh’ at harvest sample, after water 
washes, imaged under water using non-
contact mode.  

Red arrow: direction of scan line artefact 
Green arrow: direction of striated 
surface features 
Blue arrow: direction of slight 
undulations 

B 

C 

A 
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3.0 Experiment 2: Image enhancement by removal of interfering matrix polysaccharides 

The aim of experiment 2 was to enhance the image quality by removing the polysaccharides 

(thought to be of a pectic source) adhering to surface features observed which were causing scan line 

artefacts and poorly resolved images. The hypothesis was that these surface features could be related to 

aggregates of cellulose microfibrils which could be significantly coated with pectic polysaccharides 

with “sticky” ends that could be picked up by the AFM tip, resulting in image distortion. Therefore, 

attempts were made to remove these interfering surface material by treatment of the whole tissue in 

chelating agent (CDTA) or mild alkali (Na2CO3) prior to AFM imaging. These reagents were selected 

based on their known ability to remove calcium-bound pectic polysaccharides and covalent-bound 

pectic polysaccharides, respectively in isolated cell wall preparations (Rose et al. 2003).  

3.1 Materials and methods 

3.1.1 Plant material and sample preparation 

Experiment 2 was carried out using apples harvested in the months of December 2010 to March 

2011, which was the third season of this study. Apples were harvested from the same trees used in the 

previous season from the Plant & Food Research orchard in Havelock North, Hawkes Bay and 

similarly transported to Palmerston North for AFM experiments the following day. For fruit ripened in 

storage, mature fruit-at-harvest were stored at 0.5°C under ambient conditions for 20 weeks, before 

AFM experiments. Apple tissue was cut into 3 mm3 cubes from the equator using a scalpel, and the 

surface for viewing was fractured as described above in 2.1.1. The tissue was then rinsed in water and 

submerged in 10 mL of either of the following reagents for 15 min, 2 h or 6 h: 

a)  20 mM HEPES containing 10 mM DTT, pH 7.2 (control) 

b) 50 mM CDTA, pH 6.5 (chelating agent) 

c) 50 mM Na2CO3 (mild alkali) 

d) 4 M KOH (harsh alkali) 

 

3.1.2 Light microscopy, ESEM and AFM 

The tissues treated as above were then imaged using three independent but complementary 

techniques. Prior to AFM, they were first viewed using light microscopy and ESEM. For light 

microscopy, the fractured surface was cut using a razor blade, mounted on a glass slide and viewed as 

described in Chapter 5, 2.3. Light microscopy was used to determine if the cell surface had been too 

disrupted or if they remained sufficiently intact for AFM probing (see Fig. 6.6.). Based on light 

microscopy, it was determined that the sample which had been treated in 4 M KOH had become too 

disintegrated and mushy to be imaged by AFM (Fig. 6.6F), and was consequently discarded. 
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For ESEM, the sample was placed skin-side down and fractured surface up in the sample holder and 

placed in the ESEM chamber, pre-cooled to 2°C and sealed to a pressure of 4.5– 5.1 Torr. ESEM was 

operated as described in Chapter 5, 2.6. 

AFM was operated using non-contact mode with the sample imaged under water, as described in 2.1.2 

and image analysis performed as described in 2.1.3. 

3.2 Results 

3.2.1 Examination of the treated tissue by light microscopy 

 

Figure 6.6. Surface view of ‘Scifresh’ apple stored for 20 weeks, cortex tissue fractured and washed in 
water for 15 min (A), treated in HEPES/DTT buffer for 1 h (B), treated in CDTA for 15 min (C), 
treated in CDTA for 2 h (D), treated in Na2CO3 for 2 h (E), and treated in 4 M KOH for 15 min (F). Bar 
on Fig. 6.6A= 100 µm for all micrographs. 

Treatment in HEPES/DTT (Fig. 6.6B), CDTA (Fig. 6.6C, D) and Na2CO3 (Fig. 6.6E) seemed to 

have resulted in clearer images of cells which were less covered in the dark-coloured substance as seen 

in the control (Fig. 6.6A). Although when viewing fresh cut sections by light microscopy, the presence 

of air bubbles trapped beneath the cell layers can give rise to the dark-coloured/ black appearances. 
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Treatment in 4 M KOH (Fig. 6.6F) resulted in the tissue becoming physically too soft and deemed 

unusable for AFM probing. Moreover the appearance of cells was not as clear as in Fig. 6.6B, C, D or 

E. Treatment in 4 M KOH for AFM imaging was thus abandoned. 

3.2.2 Examination of the surface nature by ESEM 

ESEM revealed that in both apple cultivars in the images viewed, the tissue had fractured 

between cells at the middle lamella and resulted in a surface with approximately 80% of cells 

remaining whole and intact. Typical images obtained were presented in Figs. 6.7. and 6.8. This fracture 

pattern was observed for 20-week stored apples treated in HEPES/DTT buffer for 2 h (Fig. 6.7.) and 

treated in CDTA for 2 h (Fig. 6.8.). A difference in treatment did not seem to affect the nature of the 

fractured surface viewed. From the ESEM images, it is more likely that the AFM was probing onto the 

surface of a cell, rather than a ruptured cell wall, although this cannot be said with certainty without 

directly investigating the exact surface probed by the AFM. No difference was observed between 

‘Royal Gala’ (Fig. 6.7A and 6.8A) and ‘Scifresh’ (Fig. 6.7B and 6.8B). 

 

 

 

 

 

Figure 6.7. Environmental-scanning electron micrographs of ‘Royal Gala’ (A) and ‘Scifresh’ (B) fruit 
stored for 20 weeks, tissue treated in HEPES/DTT for 2 h. Fractured surface as per AFM preparation 
was viewed. 
 

 

 

 

 

 

Figure 6.8. Environmental-scanning electron micrographs of ‘Royal Gala’ (A) and ‘Scifresh’ (B) fruit 
stored for 20 weeks, tissue treated in CDTA for 2 h. Fractured surface as per AFM preparation was 
viewed. 
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3.2.3 Effects of CDTA and Na2CO3 treatment on AFM 

As controls, the apple cortex tissue was imaged after rinsing in water (no treatment) and after 

treatment in HEPES/DTT buffer for 2 h, at which an effect of the tissue soaking in an aqueous 

environment could be eliminated. Treated tissue refers to the fractured apple piece being soaked in 

either CDTA or Na2CO3 for 2 h, as this had been determined to produce the clearer appearance of cells 

by light microscopy (Fig. 6.6.). 

Controls 

 

 

 

 

 

 
Figure 6.9. AFM amplitude images of ‘Royal Gala’ (A) and ‘Scifresh’ (B) fruit stored for 20 weeks, 
tissue after rinsing with water. Red arrows indicate direction of scan line artefacts. 

 
Figure 6.10. AFM amplitude images of ‘Royal Gala’ (A) and ‘Scifresh’ (B) fruit stored for 20 weeks, 
tissue treated in HEPES/DTT for 2 h. Red arrows indicate direction of scan line artefacts. 
 
All control images obtained were of poor resolution and surface features appeared blurry with 

individual structures difficult to distinguish. This could be due to a combination of several factors such 

as noise or interference from surface-coating material. 

 
Treatment 

Treatment of both ‘Royal Gala’ (Fig. 6.11.) and ‘Scifresh’ (Fig. 6.12.) tissue with CDTA for 2 h 

resulted in significant improvement of AFM image resolution, where the appearance of surface 

A B 
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structures were more distinct compared to that of the controls (Figs. 6.9. and 6.10.). The structures seen 

in Figs. 6.11. and 6.12. also appear rod-like in parallel orientation, in varying sizes with some 

appearing more rigidly aligned (Fig. 6.11A and 6.12A) and others appearing more wave-like (Fig. 

6.11C and 6.12C).

Figure 6.11. AFM amplitude images of ‘Royal Gala’ fruit stored for 20 weeks, after treatment in CDTA 
for 2 h. Images A and B are replicate scans of different areas on the same apple sample, image C is a 
scan from a second apple sample. Red arrows indicate direction of scan line artefacts.

Figure 6.12. AFM amplitude images of ‘Scifresh’ fruit stored for 20 weeks, after treatment in CDTA 
for 2 h. Images A and B are replicate scans of different areas on the same apple sample, image C is a 
scan from a second apple sample. Red arrows indicate direction of scan line artefacts. 

 

 

 

 

 

 

 

Figure 6.13. AFM amplitude image of ‘Scifresh’ fruit stored for 20 weeks, after treatment in Na2CO3 
for 2 h. Red arrow indicates direction of scan line artefacts. 
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The 2 h treatment time for CDTA was selected because it showed the most significant improvement, 

while the tissue treated for 6 h had become too soft for AFM probing. Images obtained after Na2CO3 

treatment were mostly of lower resolution compared to CDTA treatment. An example of a typical 

image obtained after 2 h Na2CO3 treatment is shown in Fig. 6.13. The underlying rod-like structures 

still appeared, but were not as distinct as in Figs. 6.11. and 6.12. after CDTA treatment; however it was 

still an improvement compared with the controls (Figs. 6.9. and 6.10.). Strawberry cell wall fractions 

isolated after Na2CO3 showed presence of large fibrous aggregates, not observed in the CDTA extracts 

and imaging after Na2CO3 extraction was also reportedly more difficult (Pose et al. 2012). 

Overall, the outcome from experiment 2 was that the most well-resolved and usable images for width 

estimations of the surface structures observed were tissues treated in CDTA for 2 h, as this treatment 

was found to be the most ideal for image enhancement, possibly by removal of surface pectic 

polysaccharides. Although in isolated cell walls of celery which were kept partially hydrated, the mean 

diameter of the observed microfibrils increased and appeared to have moved closer together after 

CDTA treatment was used to extract pectic polysaccharides (Thimm et al. 2009). In A. thaliana cell 

walls, sequential treatment with CDTA and Na2CO3 showed similar sized microfibrils, but were more 

clearly defined compared to those of untreated cell walls (Davies and Harris 2003). 

3.2.4 Surface structure width estimations 

The width of the rod-like surface structures observed in AFM images was estimated from 

‘Royal Gala’ and ‘Scifresh’ apples following the 2 h CDTA treatment (Figs. 6.11 and 6.12.). This was 

carried out by measuring the distance (as a function of pixels) from one dark side of a structure to the 

other. A total of 150 structures were measured from 5 scans of the best resolutions taken from two 

different apple samples. The following histograms (Fig. 6.14.) represent the width distribution of the 

150 surface structures counted. 

The mean width of ‘Royal Gala’ structures was 248 nm (S.E. ± 20) and for ‘Scifresh’ was 269 nm (S.E. 

± 29). This showed that the surface structures observed for both ‘Royal Gala’ and ‘Scifresh’ had 

comparable sizes. The width distribution for ‘Royal Gala’ structures (Fig. 6.14A) was more skewed to 

the left with a tail towards the upper end. The highest number of structures fell within the width of 166 

nm ± 24. Whereas in ‘Scifresh’, the distribution curve was more bell-shaped with highest number of 

structures with widths 238 nm ± 24, however there was an isolated small population of structures with 

larger widths at the range of 454– 502 nm (Fig. 6.14B). No structures were found between the range of 

383 and 453 nm for ‘Scifresh’ in the images that were evaluated. Perhaps if a higher number of 

structures were counted in more images (i.e. increasing the n sample size), there would be some 

structures which would fall in this size range. In the literature, a minimum of 50 counts is thought to 
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suffice for providing robust results, but most studies include several hundred (Round et al. 2001; 

Adams et al. 2003), some up to 350 per sample (Pose et al. 2012). 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.14. The width distribution of surface structures observed in hydrated parenchyma cell walls of 
‘Royal Gala’ (A) and ‘Scifresh’ (B) fruit stored for 20 weeks, after treatment in CDTA for 2 h. 
 (n= 150 each cultivar) 
 
Height estimations were also made by taking a virtual transect across a scan, and measuring heights of 

the surface structures using the image analysis software of the AFM instrument. The range of height of 

the observable structures in both ‘Royal Gala’ and ‘Scifresh’ was between 40 and 180 nm (n= 100; 50 

of ‘Royal Gala’ and 50 of ‘Scifresh’ were analysed). This showed that the width of the structures were 

approximately twice of the height. This suggested that the surface features could be mildly undulating 

and flatter than the previously perceived “rod-like” structures. In saying that, the inherent attribute of 

AFM is that none of the images produced are pure topographical information, instead they are 

convolutions of structural height and the underlying mechanical properties (Torre et al. 2011). It is thus 

challenging to quantitatively deconstruct that information into true height dimensions. Moreover, the 

height measurements given by AFM are usually underestimated (Haverkamp RG, personal 

communication). 

4.0 General discussion 

Before AFM investigations were conducted, ESEM was used to determine the surface type 

obtained by tissue fracture during the sample preparation. This was an important measure as the way in 
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which the tissue fractures whether radially or tangentially, and whether the fracture occurs between or 

within cells has been shown to be influenced by apple tissue ‘stiffness’ (Vincent 1990). The degree of 

cell-to-cell adhesion changes with turgor during fruit growth (Khan and Vincent 1993). The ‘stiffness’ 

of apple tissue is said to decrease by a factor of 2 to 3 due to a reduction in cell-to-cell adhesion, which 

commonly occurs during storage of the apple (Vincent 1989). This change in cell-to-cell adhesion thus 

influences the mode of fracture where tissue failure in relatively firm apples occurs by cell rupture, 

while tissue failure in soft, particularly mealy apples occurs by cell-to-cell debonding (Harker and 

Hallett 1992). These different modes of fracture are illustrated in Fig. 6.15.  

 

Figure 6.15. Different modes of fracture in tissues. Cell walls are relatively weak and fracture occurs by 
cell rupture (A), strong cells adhering weakly and fracture occurs by cell-to-cell debonding at the 
middle lamella (B). Arrows in (C) and (D) indicate the likely surfaces which AFM is probing from 
fracture patterns (A) and (B), respectively (Modified from Gibson and Ashby 1988). 
 

In experiment 2 of this study, ESEM showed that both ‘Royal Gala’ and ‘Scifresh’ apple tissue 

investigated displayed relatively similar-looking fracture surface by fracturing between cells, and most 

cell walls remained intact for AFM probing (Fig. 6.8.). This resembled the fracture illustrated in Fig. 

6.15B. Thus it is more likely that the AFM images attained in my study were from probing a surface as 

in Fig. 6.15D. If the tissue being investigated had fractured by cell rupture (Fig. 6.15A), the chances of 

AFM probing an intact cell wall would be very slim and would most likely be probing a cell membrane 

or a collapsed cell wall (Fig. 6.15C). While the issue of the type and nature of the cell wall that the 

AFM was probing remains one that is debatable, the ESEM work in this sense provided some 

supportive indication that the outer cell wall surface was being examined. 
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Comparing the two apple cultivars investigated, the widths of the surface structures observed using 

AFM were comparable, but the question then arises, what could these structures represent? They most 

likely indicate underlying structures of the cell wall. The most rigid components of the cell wall are 

cellulose microfibrils. From AFM work on partially hydrated cell walls in other species, cellulose 

microfibrils have been estimated at 4.4 nm in onion epidermis, 5.8 nm in A. thaliana (Davies and 

Harris 2003), 20 nm in wheat straw (Yu et al. 2008) and 50 nm in cucumber hypocotyls (Marga et al. 

2005). In the only other work reported on fully hydrated cell walls as per my study on apples, cellulose 

microfibrils in celery parenchyma cells were reportedly 6– 25 nm in diameter (Thimm et al. 2000). 

This illustrates the large variation in reported cellulose microfibril diameters from a variety of plant 

species by using AFM.  

Furthermore, the method of sample preparation for imaging seems to also influence the size of the 

observable cellulose microfibrils. Niimura et al. (2010) reported cellulose microfibrils widths of 1-2 nm 

in strawberry, peach and rambutan fruit where isolated cell wall preparations were dispersed and dried 

onto mica for AFM imaging. However, Thimm et al. (2009) reported dehydration of cell wall 

preparations to result in an increased microfibril size, possibly caused by microfibril aggregation or 

surface coating with matrix polysaccharides. 

In apples (‘Braeburn’), cellulose elementary microfibrils have been estimated to be 3 nm in diameter 

(Newman et al. 1994), in agreement with microfibril diameter estimations by NMR in my study for 

‘Royal Gala’ and ‘Scifresh’ at harvest of 2.87 nm (See Appendix XII). Thus, the much wider structures 

observed by AFM in my study are not cellulose elementary microfibrils. They could be elementary 

microfibrils aggregated into very thick bundles (which are termed ‘macrofibrils’) in such a way that 

they form a mildly undulating surface of the cell wall. This explanation was also supported by Ding 

and Himmel (2006) who reported macrofibrils from partially hydrated parenchyma cells of maize stem 

pith in the range of 50 to 250 nm. Additionally, the cellulose microfibrils could also be significantly 

coated in matrix polysaccharides including pectic polysaccharides, xyloglucan, or mannans and 

structural proteins- all contributing to a wider macrofibril. The improvement of image resolution and 

easier detection and distinction of these macrofibrils after treatment of the tissue with CDTA implies 

that most of the native cell wall surface, when fractured in the manner of this study is significantly 

coated in pectic polysaccharides. A recent cell wall model proposed pectin, xyloglucan and cellulose 

microfibrils intertwined in a single complex network (Dick-Pérez et al. 2011). It is possible that the 

observable macrofibrils in this AFM study could be associated with this single complex network. 

From the SEM work described in Chapter 5, some images captured showed the appearance of striations 

and undulating patterns on cell surfaces viewed, which could also provide further insights on the 

surface structures seen using AFM. Examples of these SEM images are given Fig. 6.16. It is important 
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to note that the tissue used for SEM had been fixed and dehydrated (Fig. 6.1.6), while AFM samples 

were imaged whole and kept fully hydrated. The visible striations on the cell surface in Fig. 6.16 

ranged from 150 to 450 nm in width and some as wide as 1 µm. This was in an agreeable range with 

the structures seen by AFM. It is possible that the dehydration procedure caused some shrinkage to the 

cell wall, in such a way that the cell wall has settled onto the underlying structures resulting in the 

striations or undulations as observed. These striations could be linked to the surface structures seen by 

AFM, although this cannot be concluded without further investigations.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.16. Scanning electron micrographs of ‘Royal Gala’ (A, C) and ‘Scifresh’ (B, D) fruit-at-
harvest. Cortex tissue had been fixed, dehydrated and sputter coated with gold prior to imaging. 
Appearance of cell surface undulations can be seen. All bars= 10 µm. 
 
While a difference in elementary cellulose microfibril diameter between ‘Royal Gala’ and ‘Scifresh’ 

could have potentially influenced the different textures between these two apple cultivars, this result 

was not apparent from the current AFM study described in this chapter, as macrofibrils were observed 

instead. More work on AFM is needed to further understand these macrofibril structures and how their 

size and arrangement within a native tissue might influence fruit texture. Future work could include 

determination of how the elementary cellulose microfibrils are assembled to form the observable 

macrofibrils by using small angle x-ray scattering (SAXS). 
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CHAPTER SEVEN 

Concluding Discussion 

This study is the first to examine two cultivars of apple with different textures, during both fruit 

growth and ripening in storage, using an integrated approach of cell wall chemical composition 

analysis, enzyme activity assays, immunolabelling, microscopy and solid-state NMR studies. ‘Scifresh’ 

is a unique apple cultivar which is firm and crisp at harvest and maintains this firm texture during 

ripening in 20 weeks of cold storage. In contrast, ‘Royal Gala’ follows a more typical softening 

behaviour for apples where the firm texture at harvest is lost more rapidly during ripening, typically 

within 5– 10 weeks in cold storage. This research has demonstrated that the cell walls of these two 

apple cultivars contain differences from the early stages of fruit growth, some of which are can form 

the basis of the difference in softening behaviour during maturation and ripening in storage.  

 Several factors make ‘Scifresh’ and ‘Royal Gala’ good models to compare. Firstly, the genetic 

diversity between them is minimised as ‘Royal Gala’ is a parent of ‘Scifresh’. Both cultivars, when 

compared within seasons, were grown on the same orchard and had considerable overlap in growing 

seasons, at which environmental influences are also minimised. Additionally, both cultivars show very 

similar physiological characteristics; for example, they both produce high levels of ethylene, which is 

rather unusual for ‘Scifresh’, given that apple cultivars which produce high levels of ethylene are also 

known to soften more than low ethylene producing cultivars (Johnston et al. 2009; Oraguzie et al. 

2007). This may be indicative of either impaired ethylene sensing pathways in ‘Scifresh’, or a 

difference in cell wall structure, composition or properties, which results in the conservation of firmer 

texture in this cultivar. 

It was shown that cell wall differences between cultivars were established very early on in growth of 

the apple, as early as 40 DAFB (termed fruitlet in this study). Many studies aimed at understanding the 

control of texture in fruit have focused on the point at which the textures differ the most, usually 

between mature fruit at harvest and after ripening in storage, while the importance of the establishment 

of this texture difference during fruit growth has received less emphasis. In this study, it was identified 

that the rapid expansion phase of 40 to 70 DAFB showed highest rates of daily increase in fruit weight 

which was paralleled with an increase in net cell wall biosynthesis. Cell wall properties during this 

stage of fruit growth had also been attributed to influence potential storage life of apples by Nelmes and 

Preston (1968). 

The following cultivar differences were observed and their possible relations to textural differences are 

proposed: 
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1. Cellular morphology 

There were observable differences in cell size and shape between ‘Royal Gala’ and ‘Scifresh’ apples. 

Mature ‘Scifresh’ fruit-at-harvest had larger cells which were also more angular shaped compared to 

‘Royal Gala’ (also reported by McAtee et al. 2009). Larger cell sizes have been correlated to slower 

ripening during storage, and hence better storage quality in apples (Smith 1940; Nelmes and Preston 

1968). In spite of the larger cell size in ‘Scifresh’ fruit, both cultivars showed comparable CWM yields 

(per FW), which then raises several possibilities: (i) a difference in cell wall thickness, (ii) a difference 

in number of cells per unit area, or (iii) a difference in cellular packing and air space contribution. 

There was some indication of more cell-to-cell contact and less intercellular air space, resulting in a 

denser tissue in ‘Scifresh’ (Johnston JW, unpublished). The apparent better packing efficiency in 

‘Scifresh’, possibly from its more angular cells, might contribute to stronger intercellular adhesion and 

the firmer tissue observed. According to Vincent (1989), hexagonal-shaped cells with a higher number 

of facets have greater regions for adherence compared to spherical-shaped cells. Whether the more 

angular cells in ‘Scifresh’ is a result of higher turgor pressure needs further investigations, as turgor 

pressure was not quantified in this study, but has been shown to affect apple tissue firmness (Tong et al. 

1999). The potential of using AFM for investigating structural cell wall differences, and using microCT 

for quantifying cell-to-cell connectivity and void volume distributions were demonstrated and this area 

of research is worthy of further investigation towards understanding the construction of the native apple 

tissue and its texture.  

2. Galactose and arabinose content 

Sugar compositional cell wall analysis as well as immunolabelling with specific antibodies showed that 

‘Royal Gala’ has a lower galactose and arabinose content than ‘Scifresh’ throughout development and 

ripening. This was paralleled with higher α-arabinofuranosidase (AFase) and β-galactosidase (BGal) 

enzyme activities in ‘Royal Gala’ compared to ‘Scifresh’ from the fruitlet stage on. Whether the initial 

‘Royal Gala’ fruitlet cell walls were already synthesised with less arabinose and galactose, or the 

higher AFase and BGal activities, or a combination of both factors led to the lower arabinose and 

galactose content in ‘Royal Gala’ remains open.  

Galactose is present in the cell wall mostly in form of galactan side chains of RG-I of pectin, which is 

tightly associated with cellulose (Zykwinska et al. 2007). In pea cotyledons (McCartney et al. 2000), 

potato (Ulvskov et al. 2005) and tomato (Smith et al. 2002), a reduced galactose content was correlated 

with a decrease in wall strength and tissue firmness. In ‘Royal Gala’, the lower amount of galactose 

could mean a more porous wall, and thus easier access for degradative enzymes to their substrates 

within the wall (McCartney et al. 2000). Also, ‘Royal Gala’ showed higher activity levels of most cell 
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wall-modifying enzymes assayed in this study, and both easier accessibility and higher enzyme levels 

could have led to the faster softening rate during growth and development.  

Arabinans are also present mostly as side chains of RG-I of pectin, however they seem to be linked to a 

role in intercellular adhesion and wall flexibility (Orfila et al. 2001). In apples, it was particularly the 

loss of highly branched arabinan of RG-I, rather than a quantitative overall loss of arabinose, which 

was correlated to loss of fruit firmness (Pena and Carpita 2004). The pattern of RG-I branching can be 

very diverse given the length, abundance and degree of branching of the side chains are 

developmentally and differentially regulated (Caffall and Mohnen 2009). From SPE NMR experiments, 

a higher mobility of arabinans in the cell walls of ‘Scifresh’ fruit ripened in storage was observed. It is 

possibly the highly branched arabinans and not the linear arabinans that are more mobile. Highly 

branched arabinans could span more into the amorphous phase of the pectin matrix, while linear 

arabinans could be more tightly associated with cellulose. Whether ‘Scifresh’ has indeed arabinans 

with a higher degree of branching as the NMR studies suggest, and whether this correlates to fruit 

firmness deserves further investigations. The degree of branching could for example be estimated by 

analysing the glycosidic bonds of the arabinans through linkage analysis (Carpita and Shea 1989). The 

higher the presence of α-(1→2), (1→3) or (1→6) linkages compared to α-(1→4) linkages of the linear 

part of the side chain, the more branched the arabinans are.  

It was also apparent that ‘Scifresh’ fruit ripened in storage showed a higher amount of arabinans, 

galactans and mannans that were very strongly associated with cellulose, as shown by sulphuric acid 

hydrolysis of the CWM and the CWR. Cell walls in ‘Scifresh’ fruit ripened in storage also showed 

higher yields and more arabinose and galactose content in the tightly-bound  4 M KOH fraction and the 

CWR, whereas ‘Royal Gala’ had higher yields and more of these neutral sugars in the less tightly-

bound fractions of CDTA, Na2CO3 and 1 M KOH-solubles. The stronger associations between arabinan 

and galactan with cellulose in ‘Scifresh’ indicated a stronger pectin-cellulose network, which has been 

thought to be an important network for maintaining cell wall strength in cell walls where pectin is more 

abundant than xyloglucan (Bootten et al. 2004; Zykwinska et al. 2006, 2007; Dick-Pérez et al. 2011). 

Furthermore, recent work has shown only minor contributions of the cellulose-xyloglucan network 

towards cell wall mechanical properties (Park and Cosgrove 2012b).  

3. Pectin solubilisation 

The extent of pectin solubilisation during fruit ripening differs between species and while although 

occurs in apples at the lower extent (Yoshioka et al. 1994; Redgwell et al. 2008), has also been shown 

to be cultivar-specific (Billy et al. 2008). In my study, ‘Royal Gala’ showed not only a greater extent of 

pectin solubilisation than ‘Scifresh’ from the fruitlet stage, but the water soluble polyuronides also had 

a higher average molecular weight than ‘Scifresh’. Thus, it is possible that the greater loss of these 
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high-molecular weight polyuronides from the cell wall during development and ripening could have 

resulted in a pectin matrix network with less adhesive strength and thus a weaker cell wall structure and 

less firm tissue in ‘Royal Gala’.  

The mechanism of pectin solubilisation is not entirely understood. While it has mostly been thought to 

occur as part of ripening which accompanies apple fruit softening (Yoshioka et al. 1994), this study has 

shown that pectin solubilisation occurs both during fruit growth and ripening in storage. The large 

arabinan and galactan side chains of RG-I have been thought to indirectly anchor to cellulose via 

attachment to xyloglucans by covalent bonds (Popper and Fry 2005) or directly to cellulose by 

hydrogen bonds (Zykwinska et al. 2006, 2007). Brummell et al. (2006) suggested that removal of large 

arabinan and galactan side chains of RG-I by action of AFase and BGal respectively, may be a 

preceding requirement which facilitates polyuronide solubilisation. Indeed from my study, the loss of 

galactose and arabinose occurred mainly from the tightly-bound polysaccharide fractions (i.e. 1 M 

KOH, 4 M KOH) and the CWR, while the water-soluble pectin had a much lower galactose and 

arabinose content. ‘Royal Gala’ had less RG-I side chains as seen by the lower arabinose and galactose 

to rhamnose ratio. Along with the higher AFase and BGal activities and lower arabinose and galactose 

content, these factors could have contributed to the higher pectin solubilisation in the ‘Royal Gala’ 

cultivar compared to ‘Scifresh’.  

4. Pectin methylesterification 

From the fruitlet stage, a difference in the degree of methylesterification (DE) of pectin was evident. 

‘Scifresh’ cell walls consistently had approximately 30% higher DE than ‘Royal Gala’ cell walls. 

Although PME activity was detected throughout fruit growth and development, a decrease in DE was 

not observed in either cultivar. Instead, the DE was maintained at 80-90% in ‘Scifresh’ and at 50-60% 

in ‘Royal Gala’ throughout development. The PME activity in ‘Royal Gala’ fruitlet was four times 

higher than in ‘Scifresh’ fruitlet, which could have resulted in the early establishment of the lower DE 

in ‘Royal Gala’. 

The higher DE in ‘Scifresh’ was a result corroborated by three independent techniques: chemical 

analysis, more intense and more frequent LM 20 immunolabelling, and a more intense –OCH3 

methoxyl carbon signal in NMR. A difference in DE not only affects the rigidity of the pectin network 

but can also modify the diffusion and accessibility of apoplastic enzymes (Cameron et al. 2011). By the 

action of PME, removal of methyl ester groups yields a negatively charged carboxylic acid group 

(COO-) and a proton (H+) which dissociates, thus decreases the apoplastic pH, disrupts the local ionic 

balance and creates surface charges which affect the movement and activity of cell wall hydrolases 

(Grignon and Sentenac 1991). A higher DE reportedly suppressed PME activity in transgenic tomatoes 

(Harriman et al. 1991; Orfila et al. 2001). 
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The pattern of methyl ester group distribution within the wall has also been reported to be important in 

determining pectin properties (Ralet et al. 2008; Willats et al. 2001a). As seen in Chapter 5, the LM 20 

antibody which labels highly-esterifed HG regions seemed more widespread in ‘Scifresh’ cell walls 

throughout the middle lamella and junction zones, compared to ‘Royal Gala’ where labelling seemed 

more restricted to corners of tricellular junctions. This localization of methyl ester groups in ‘Royal 

Gala’ could indicate block-like microdomains, which have been suggested to cause a restriction in the 

movement of enzymes such as endo-PG, an enzyme that has a preference to lowly-esterified 

microdomains (Steele et al. 1997). Immunolabelling using LM 19 which detects lowly-esterified HG 

regions showed a patchy and uneven distribution in both cultivars of fruit ripened in storage, with no 

significant cultivar differences observed.  

Interestingly, PG activity by Western blot analysis was only detected in ‘Royal Gala’ fruit ripened in 

storage, but was undetected at the other developmental time-points, and undetected in ‘Scifresh’. The 

higher PME activity in ‘Royal Gala’ fruitlet could have resulted in the generation of more unesterified 

HG, presenting more substrate for the action of endo-PG, and thus setting the basis for pectin 

depolymerisation in ‘Royal Gala’. Conversely, the higher DE in ‘Scifresh’ could have limited the 

occurrence of pectin depolymerisation. Although pectin depolymerisation was not very evidential from 

this study, it deserves further investigation as some studies link high expression of PG in apple to 

softening (Wakasa et al. 2006; Tacken et al. 2010), while high expression in transgenic tomato resulted 

in the expected pectin depolymerisation but not fruit softening (Giovannoni et al. 1989).   

Another significant cultivar difference was the higher amount of calcium-bound pectin in ‘Royal Gala’ 

fruitlet than ‘Scifresh’ fruitlet, shown by the higher CDTA-soluble fraction yield and UA content. This 

result did not seem surprising as the ‘Royal Gala’ fruitlet also had a higher PME activity and lower DE. 

This could indicate more potential calcium-binding sites, although no 2F4 immunolabelling was 

detected in either cultivar at the fruitlet stage. A higher amount of chelator-soluble polyuronide and 

increased calcium-binding in the middle lamella are usually traits related to a strengthened intercellular 

adhesion and tissue integrity (Ralet et al. 2001). Indeed, ‘Royal Gala’ fruitlet was firmer than ‘Scifresh’ 

fruitlet, whereas at the later developmental stages, ‘Scifresh’ had higher yields of CDTA-solubles and 

firmer fruit-at-harvest and after ripening in storage.  

An interesting observation was that the polyuronides in the CDTA fraction exhibited an unusual trend 

in which the average molecular weight decreased from fruitlet to expanding fruit, and subsequently 

increased in fruit-at-harvest and in stored fruit. This decrease was greater in ‘Scifresh’, thus leaving it 

with a significantly smaller molecular weight CDTA polyuronide of the expanding fruit compared to 

‘Royal Gala’. There has been some suggestion of apple endo-PG acting on CDTA-soluble pectin 

(Atkinson et al. 2002), which in my study could suggest that during fruit expansion, pectin is 
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depolymerised but is followed by an increase in molecular weight at subsequent developmental stages. 

This could be achieved either through synthesis of longer pectin chains when fruit becomes mature, or 

perhaps through pectin transglycosylation, where the shorter pectin chains are re-attached to give a net 

increase in pectin chain length. However, pectin transglycosylation has not been proven to exist in plant 

cells (Garcia-Romera and Fry 1993), and remains a possibility. Pectin modification could be occurring 

more in the expanding ‘Scifresh’ fruit to allow for a greater cell expansion. In other words, the rapidly 

expanding cell walls of ‘Scifresh’ have a greater need to be more flexible which may involve the 

degradation of existing material and, subsequent incorporation of larger, newly synthesised material 

when cell expansion has ceased. On the other hand, in ‘Royal Gala’, the higher amount and higher 

molecular weight of calcium-bound pectin may render the cell walls more rigid, and less capable of this 

flexibility. 

Conclusions 

From my study, the majority of the differences observed between ‘Royal Gala’ and ‘Scifresh’ were 

related to changes in the pectin domain of the cell wall. In agreement with the literature, processes such 

as pectin solubilisation, and arabinose and galactose loss are characteristics of apple fruit softening. In 

this study, it was shown that (a) these processes occur to different extents in the two cultivars, (b) that 

they are initiated at the fruitlet stage and not only after maturation during ripening in storage, and (c) 

that cell wall differences were already established at the fruitlet stage between the two cultivars. 

Findings from the different areas covered in this research allowed the development of two conceptual 

cell wall models of a firm (‘Scifresh’) and soft (‘Royal Gala’) apple (Fig. 7.1.). 

Note that Fig. 7.1. is a schematic representation of the cell wall and is not drawn to scale. 
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    ROYAL GALA        SCIFRESH 

  

 

 

 

 

 

 

 

 

Figure 7.1. Proposed cell wall models for ripe ‘Royal Gala’ and ‘Scifresh’ apple fruit. 
 Cellulose microfibril;   xyloglucan;   xyloglucan adhering to cellulose;   homogalacturonan;  

  rhamnogalacturonan-I;  RG-I side chains (arabinan/ galactan);   methyl ester group; Ca2+  calcium cross-linked HG 
 

• Firmness of 56 N after 20 weeks of storage at 0.5°C 

• More water-soluble pectin with larger MW distribution 

• More loosely-bound pectin in CDTA-, Na2CO3 and 1 M KOH 

fractions 

• Less galactose 

• Less RG-I side chains 

• Less mobile arabinan side chains 

• HG has lower degree of esterification 

 

• Firmness of 89 N after 20 weeks of storage at 0.5°C 

• Less water-soluble pectin with smaller MW distribution 

• More tightly-bound pectin in 4 M KOH and CWR fractions 

• More arabinan, galactan and mannans tightly associated with 

cellulose 

• More galactose 

• More RG-I side chains 

• More mobile arabinan side chains 

• HG has higher degree of esterification
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Future Research 

Firstly, more genotypes need to be investigated to validate that cultivar differences identified in this 

study are also applicable to a wider population of apples and that they are indeed texture determinants. 

Secondly, this study has shown that cell wall differences were established as early as 40 DAFB, which 

makes the cell division phase (prior 40 DAFB) worthy of further investigations. From my study, it was 

observed that the amount of calcium-bound pectin positively correlated to firmness. Differential 

calcium content in apple fruit has been shown to affect fruit firmness and softening rates via cell wall 

mediated changes (Siddiqui and Bangerth 1993). Future work could include calcium content 

determination in these apples. 

In my study, the occurrence of xyloglucan depolymerisation was ambiguous. Cell wall composition 

amounts of xylose and glucose increased during fruit growth, and subsequently decreased during 

ripening in storage. SEC profiles showed little change in molecular weight distribution in the 1 M and 4 

M KOH fractions, presumably rich in xyloglucans. There was however some indication of a smaller 

xyloglucan molecular weight in ‘Royal Gala’ fruit ripened in storage, and the XET activity of ‘Royal 

Gala’ was also higher than in ‘Scifresh’. However to better understand if these changes relate 

specifically to xyloglucan depolymerisation, future work should include xyloglucan (iodine-binding) 

assay on the SEC fractions, instead of total carbohydrates and the activity of xyloglucanase (i.e. 

hydrolytic function) should be assayed, instead of XET (transglycosylation function) alone.  

Future work could also be directed towards a proteomics approach, at which other influential cell wall 

components including that of structural proteins can be investigated. Extensins, for example are a class 

of glycoproteins known to contribute a structural role in expanding cell walls (McQueen-Mason et al. 

1992). Turgor pressure should also be determined as it has been shown to influence storage potential of 

apples (Iwanami et al. 2008a) and based on my study, there were indications of differences in turgor 

between ‘Royal Gala’ and ‘Scifresh’ affecting cell shape and potentially texture. X-ray scattering 

techniques can be used to aid interpretation of the AFM results regarding cellulose microfibril sizes. 

Further work can also be pursued using microCT to reveal more information on cell-to-cell 

connectivity, and intercellular air space quantity and distribution within the native apple tissue and the 

relation of this to apple fruit texture.  

By studying early stages of fruit growth, this research has provided screening targets such as the degree 

of pectin esterification or the extent of pectin solubilisation, that can be used towards development of 

high-throughput methodologies for analysing these cell wall biomarkers, thereby enabling early 

prediction of softening rates and thus, final fruit texture in apples.   



173 
 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDICES 

  



174 
 

Appendix I. Table summarising cell wall studies on apples including cultivar, methodology and key findings. 

(Ara, arabinose; AIR, alcohol-insoluble-residue; CW, cell wall; Gal, galactose; Glc, glucose; MW, molecular weight; PAW, phenol-acetic acid-water; Rha, 
rhamnose; UA, uronic acid; Xyl, xylose) 
Reference Cultivar(s)  CW isolation and 

analytical methods 
Key finding 
 

(i) Cell wall studies which involved preharvest apples/ apples during growth phase 

Fischer and Amado (1994) ‘Golden Delicious’ 
 
End of cell division phase, 
harvest and storage 
 

Alcohol insoluble residue 
(AIR) preparation of cell 
walls (CW) 
 
 

During growth Gal content in AIR decreased 
No change in UA content 
Xyl  and Glc increased during ripening 
Suggest little pectin depolymerisation occurs during 
ripening 

Fischer et al. (1994) ‘Golden Delicious’ 
 
End of cell division phase, 
harvest and storage 

Alcohol insoluble residue 
preparation of cell walls and 
pectin extracted by CDTA 
and Na2CO3 fractionation 

High UA content in CDTA fraction 
Na2CO3 fraction had higher Rha:UA indicating more 
highly branched pectin 
Gal and Ara loss during ripening with the greatest loss in 
the Na2CO3 fraction 
UA shifted towards a higher MW during ripening 

Percy et al. (1997) ‘Braeburn’ 
 
2,3,5,6,7 months after full 
bloom 
 

Phenol : acetic acid: water 
extraction of CWs 
Hemicellulose-rich fraction 
obtained by fractionating in 6 
M NaOH 
Size exclusion 
chromatography and HPLC 
analysis of xyloglucan MW 
distribution 

Yields of CWM decreases from 70-34 (mg/ 50 g fresh wt) 
from fruitlet to harvest. 
CWs  from early phases have a greater proportion of uronic 
acid 
No apparent change in MW of xyloglucan during ripening 
 

Pena and Carpita (2004) 
 

‘Red Delicious’, ‘Gala’, 
‘Firm Gold’, ‘Gold Rush’ 
 
1 week after full bloom to 
harvest and storage 

Texture analysis  
CW extracted in SDS-Tris, 
acetone and water, and NaCl 
and water 
CWs treated in CDTA, 
Proteinase K, NaClO2, PGase 
Linkage analysis 

Increase in water-soluble UA with ripening 
Decrease in Ara and Gal during ripening, but Gal loss 
occurred during fruit growth, while Ara loss occurred 
during advanced softening in stored apples 
Loss of highly branched 1,5-arabinans preceded loss of 
firm texture in all apple cultivars 
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(ii) Cell wall studies which involved more than one cultivar of apple 

Knee (1973) 
 

‘Cox’s orange pippin’ and 
‘Bramley’  
 
Stored at 3.5°C for 6 months 

Extraction of CW in 80% hot 
EtOH or cold acetone 
Fractionation in EDTA, mild 
acid and dilute alkali 
Gel filtration 
 

CW yield range : 17.3 – 20.9 mg/g 
Main polysaccharides are UA, Gal and Ara 
Glycoproteins containing Xyl and Glc are thought to 
stabilize hemicelluloses 
 

Mangas et al. (1992) Five Austrian cultivars 
 
Stored 

AIR CW preparation 
Fractionated in water, HCl 
and ammonium oxalate  

AIR yield decreases with ripening 
Water-soluble and chelator-soluble UA increases in final 
stages of ripening, while HCl-soluble UA decreases 
 

Redgwell et al. (1997a) 
 

‘Cox’s orange pippin’ and 
‘Braeburn’ 
 
Harvest (unripe) and ripened 
at 20°C 
 
 

CW extracted by phenol: 
acetic acid: water, 
fractionated in CDTA, 
Na2CO3 and 4 M KOH 
 
Microscopy for measuring 
cell wall thickness/ swelling 
Pectin solubilisation 
monitored by size exclusion 

No cell wall swelling observed in ripening apples 
Average wall thickness 0.39-0.44 µm 
PAW-soluble fraction no decrease in MW over ripening of 
apples. Average pectin MW 500 kDa 
Amount of UA in PAW-sol increased with ripening 
CDTA-sol fraction showed small decrease in MW 
CWM yield 1.33- 0.99 g/100g fresh wt 
 

Redgwell et al. (1997b)  
 

‘Cox’s orange pippin’ and 
‘Braeburn’ 
 
Harvest (unripe) and ripened 
at 20°C 
 
 

CW extracted by phenol: 
acetic acid: water, 
fractionated in CDTA, 
Na2CO3 and 4 M KOH 
Treated with endoPG 
 

Ara and Gal decreases with ripening, while UA increases. 
Gal decrease was more drastic than Ara.  
CDTA and Na2CO3 fractions comprised predominantly of 
UA, while 4 M KOH fractions and residue comprised 
predominantly of gal. 
Polysaccharides solubilised by treatment with endoPG 
accounted for 53% of Gal and Ara in the residue 
 

Tong et al. (1999)  
 

‘Honeycrisp’, ‘Macoun’, 
‘Honeygold’, ‘Delicious’ 
 
Stored for 1 and 6 months 
 

CWs extracted in 80% EtOH, 
HEPES-NaOH and α-
amylase digests for starch 
removal. 
Further treated in CHCl3-

UA and Ara decreases in all cultivars from 1 to 6 months 
storage. 
After 6 months storage the good storing apple 
(Honeycrisp) had highest Ara levels and poor storing apple 
(Macoun) had lowest. 
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MeOH and Me2CO 
 
TEM 
Firmness 
Turgor measurements 
Sensory evaluations 

TEM shows deterioration of middle lamella particularly 
areas near plasmodesmata and CW next to plasma 
membrane but was less evident in 6 month old Honeycrisp. 
Positive correlation between turgor and puncture firmness 
 

Nara et al. (2001) ‘Iwai’, ‘Akane’, ‘Tsugaru’, 
‘Starking Delicious’, 
‘Jonagold’, ‘Golden 
Delicious’ and ‘Fuji’ 
 
Stored at 0°C or 20°C for 4 
or 8 weeks 

80% MeOH extraction AIR  
Glycosidic linkage analysis 

Total UA content did not change during storage 
Ratio of UA to water soluble UA increased during storage 
Ara content decreased more in mealy fruit 
Increase in terminal-Gal was higher in mealy fruit 

Billy et al. (2008)  ‘Fuji’ and ‘Golden 
Delicious’ 
 
Stored 1-7 months in cool 
store 

Firmness 
Sensory evaluations 
CWs prepared as AIR 

Water-soluble UA increases in Fuji but decreases in 
Golden Delicious during storage 
DE for both increases from 52-80% in storage 
Total neutral sugar content decreases significantly in both 
cultivars during the 3rd and 4th month of storage attributed 
to loss of Gal and Ara 
The most relevant biomarker linked to texture was UA 
content in water-soluble pectin extracts 

(iii) Cell wall studies which involved one cultivar of apple 

Knee et al. (1975) ‘Cox’s orange pippin’ 
 
Harvest and 1 month storage 
at 12°C 

CW prepared in Me2CO and 
treated with fungal enzymes 

CWs from ripe fruit showed similar susceptibilities to 
AFAse and BGal compared to unripe fruit. 

Bartley (1976)  ‘Cox’s orange pippin’ 
 
Harvest to apples stored for 
119 days 

CWs extracted in Pi, NaCl, 
Triton X-100 
Removal of starch by chloral 
hydrate, Me2CO and α -
amylase digest 
Fruit firmness 
 

Yield of CW from fruit at harvest to stored fruit was 0.1 to 
0.35 mg/g fresh weight 
Softening was accompanied by loss of gal in the CW and 
increase in water soluble UA 
Non-cellulosic glc does not change in storage while 
cellulosic glc decreases 
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Knee (1978)  ‘Cox’s orange pippin’ 
Harvest and after 31 days 
storage at 12°C 

CW extraction in Me2CO, 
Tris-Pi, CHCl3-MeOH, Tris 
HCl/KCl and Triton X-100  
Size exclusion 
chromatography 

During ripening, Rha:UA decrease; Ara:UA increase, 
Gal:UA decrease 
MW of wall bound fraction decreases with ripening 
No change in MW of soluble fraction 

De Vries et al. (1982) ‘Golden Delicious’ 
Harvest and 2 weeks storage 
at either 12 or 20°C 

Pectin extracted in cold and 
hot NaOAc, oxalate and acid 
 

Ara and Gal decrease 
Water-soluble UA increase 
Degree of esterification (DE) does not change 

Aspinall and Fanous (1984)  Cultivar unspecified CWs extracted in cold water, 
hot water, ammonium 
oxalate and NaOH 
Pectin extracted in AIR 
Ion-exchange 
chromatography 

Mainly recovered Gal , Ara, UA and 
fucogalactoxyloglucan 
AIR DE 60% 

Gross and Sams (1984) 
 

‘Golden Delicious’ 
 
Harvest and stored 
  

CWs extracted in 80% EtOH, 
HEPES-NaOH and α-
amylase digest. 
CHCl3-MeOH and Me2CO 
 

Apple CW contained high levels of Ara, Xyl and Gal. 
Net loss of NS was attributed to loss of Gal (in apples) and 
loss of Ara (in pears) 
Ara levels in ripening apples did not change significantly 

Stevens and Selvendran 
(1984) 

‘Cox’s orange pippin’ 
(supermarket purchase- 
storage time unknown) 

CWM extracted using SDS, 
oxalate and KOH 
Fractions separated on 
column 
Glycosidic linkage analysis 

DE 68% 
4M KOH fractions contained mainly xyloglucans, with 
some arabinoxylan-pectic-xyloglucan, arabinoxylan-pectic 
complexes 
 

Glenn and Pooviah  (1990) ‘Golden Delicious’  
 
Stored for 7 months 

AIR CW preparation Decrease in Gal and Ara in the CWs 

Renard et al. (1990) ‘Golden Delicious’ 
Stored 

AIR CW preparation 
Fractionated with acetic acid, 
chlorite and alkali 
Ion-exchange 
chromatography 

Alkali extracted pectin had high Gal to Ara ratio. 
Size exclusion show two distinct fractions, one high MW 
rich in neutral sugars and one low MW comprising 
exclusively of pectin 

Renard et al. (1991a, b, c) 
Renard et al. (1992) 

‘Golden Delicious’ 
Stored 

CWs prepared as AIR 
Fractionated in CDTA 

Arabinase and galactanase did not increase extraction of 
uronides suggesting that pectin is not linked to other CW 
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Subjected to enzymic 
degradation by 
AFAse, endo-Gal, glucanase 
and cellulases 
Xyloglucan extracted by 
treatement with urea, 1 M 
NaOH or 4 M NaOH 

polymers via arabinose or galactose side chains 
Main hemicellulose of apple is fucogalactoxyloglucan and 
could link rhamnogalacturonan to cellulose 
The bulk of hemicelluloses can be solubilised in 4 M 
NaOH 
Treating with arabinase and galactanase did not free 
significant amounts of UA or Rha 
Insoluble pectin is more methylated than soluble pectin. 
Xylose residues are present as single units or short side 
chains directly attached to RG backbone 
Xyloglucans are connected to pectin at the “hairy” regions 
and did not involve arabinogalactan side chains 
 

Yoshioka et al. (1992) ‘Redgold’ apples 
‘Red Barlett’ pears 
 
Harvested and ripened at 
25°C 

AIR CW preparation 
Fractionation in EDTA and 
HCl 
Size exclusion 
PG activity assay – reduction 
of viscosity method 

Concentrations of water-soluble polyuronides increased, 
but decreased in EDTA and HCl-soluble fractions during 
softening 
Total UA in CWM decreased. 
No detectable depolymerisation of polyuronides in any of 
the fractions, nor was any PG activity detected 
EDTA and HCl- fractions had high DE (>90%) while low 
DE in water-solubles (<40%) 

Ben-Shalom et al. (1993) ‘Anna’ 
Stored for 2 or 5 months 

AIR CW preparation Decrease in Gal but not Ara 

Renard et al. (1993) ‘Golden Delicious’ 
Stored 

Explores effects of 
rhamnogalacturonase 
treatments on isolated pectin 

Treatment with RGase released a product rich in neutral 
sugars, one with low MW rich in UA and one high MW 
which contained non-reducing terminal Rha, Xyl and Glc 
residues. 
 

Yoshioka et al. (1994)  ‘Redgold’ 
 
 
Harvest and stored up to 25 
days 

AIR CW prep 
Fractionated in water,  
EDTA, HCl and 0.4 M KOH 
Ion exchange and size 
exclusion 
Ethylene concentration 

Ethylene increased with a peak at day 10 in storage, while 
firmness gradually declined from 60 N to 30 N 
Ara, Gal and Glc in CWM decreased during softening. But 
the Glc was attributed to presence of starch despite 
attempts to remove it using alpha-amylase treatments. 
Ara and Gal decreased in all fractions except KOH 
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Firmness  KOH fraction was rich in Xyl and Glc 
GalA and Rha increased in water-soluble fraction during 
softening, while Ara and Gal decreased 
MW of pectin in water-soluble fraction decreases 
 

Schols et al. (1995a) ‘Golden Delicious’ 
Stored 

AIS, EDTA, oxalate, NaOH 
SEC 

Pectins contained more Rha and more neutral sugars when 
more severe extracting conditions used. 
UA was the most abundant sugar in all fractions with 
increase in Rha, Ara, Xyl and Gal with increasing strengths 
of extraction buffer 
Average DE 96% 
High MW fractions contained rhamnogalacturonan rich in 
Ara and xylogalacturonans 
 

Massiot et al. (1996) ‘Judeline’ apples 
 
Harvest and stored for up to 
30 weeks at 4°C 

Water-insoluble solids (WIS) 
and water-soluble fraction 
(WSF) 
 

WIS MW shifted to higher MW as ripening progressed. 
Water-soluble UA increased 
DE of pectin in water-soluble fraction increased from 67% 
to 86% suggesting that highly methylated pectin could be 
synthesized during ripening 
 

Siddiqui et al. (1996) ‘Golden Delicious’ 
 
Stored under controlled 
atmosphere 

AIR CW preparation Na2CO3-soluble pectin and hemicellulosic sugars decrease 
Water-soluble pectin increases with storage time 

Oechslin et al. (2003) ‘Glokenapfel’ 
 
Harvest and stored 1 week 

Isolation procedures similar 
to Fischer et al. (1994) 
Hemicellulose-rich fractions 
extracted in 1M and 4 M 
KOH 
Cellulosic residue 
subsequently degraded by 
enzymatic treatment 
Linkage analysis 
 

High amounts of Gal and Ara found tightly associated to 
cell wall residue after 4M KOH treatment 
Cellulosic residue showed two populations of MW at 497.7 
kDa and 20 kDa. 
90% of Gal residues are present as 1,4-linked residues. 
Suggests an interaction between cellulose and pectin via 
long linear galactan side chains. 
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Choi  and Yun (2004) ‘Hokudo’ apple 
(Korean variety) 
Commercial harvest, 
(normal), softening fruit 
(defined below) and stored 
fruit 
Softening fruit ‘visually’ 
identified based on change in 
skin colour – a month prior 
commercial harvest maturity 
Stored fruit – normal fruit 
stored for 15 days at room 
temperature 

CWs extracted in SDS, 
chloroform, methanol and 
acetone preparation 
 
BGal activity assay (p-
nitrophenol method) 
Scanning electron 
microscopy 

Softened fruit had smaller cell size and larger intercellular 
air spaces 
Softened fruit showed collapse in cell wall, cell separation 
and larger apoplastic spaces 
CW yield decreased in softening fruit (range: 60-134 mg/g 
dry weight) 
Cellulose content, Glc and Gal decreased (Ara, Rha and 
Man also decrease but at later stages of storage) 
Significant increase in Xyl and UA content 
Activity of BGal increased with ripening and had highest 
activity in stored fruit 
 

Lo Scalzo et al. (2005) ‘Annurca’ 
 
 
Harvested and given a 
reddening treatment and cool 
stored 

Pectins extracted with water 
and oxalate 
 
SEC 
Fractions analysed for sugars 
by HPLC 

Pectin extracted is composed of three populations, (high 
MW 350 kDa, medium MW 350-110 kDa, low MW – rich 
in neutral sugars 40-9 kDa) 
Medium MW is rich in UA and decreases after storage 
Low MW shows increase in Glc, Rha and Ara, and 
decrease in Man and Gal 
Presence of water-soluble Xyl and Glc 

Redgwell et al. (2008) 
 

‘Royal Gala’, 
kiwifruit and tomato 

CW extraction in water, 
acetone, and treated with 
endo-PG and Na2CO3 

Apple cell wall showed less in vivo solubilisation of pectin 
during ripening compared to tomato or kiwifruit. 
Solubilisation of 33% of the pectic polysaccharides 
of the apple CWM did not greatly affect the viscosity 
of aqueous suspensions of apple CWM 
Cellulose/xyloglucan network plays a role in water 
retention in the CW 
Apple CWs contain both a cellulose/hemicellulose and a 
pectic polysaccharide network with structural features 
which differ in some way from that of tomato and 
kiwifruit. 
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Appendix II. Standard referencing chart for starch pattern index analysis on apples (Source: ENZA Ltd, New Zealand). 
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Appendix III. Light microscopy images from Ponceau 2R (A-D) and I2/KI (E-F) staining of material in the process of CW isolation. 

 

Images A-B: Partial cell wall breakage, appearance of clumps of cells with some proteins (stained in red). In this situation, homogenisation is 
continued to ensure further cell wall breakage and release of cell contents.  

Images C-D: Cell wall fragments after sufficient homogenisation. In this situation, the procedure is continued from phenol-Tris treatment and 
water washes to DMSO treatment for starch removal.  

 

Image E: Positive for starch granules (stained dark purple). In this situation, a further 24 h DMSO treatment was necessary and/or digestion with 
α-amylase before recovery of cell wall material. 

Image F: Negative for starch granules. In this situation, the material was dialysed exhaustively against MilliQ water to remove any residual 
DMSO, freeze dried and becomes the isolated CWM. 

F 

A B C D 

E 
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Appendix IV. Example of a typical 7-sugar standard gas chromatogram used for the identification and 
quantification of neutral monosaccharides. 
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Appendix V. A typical galacturonic acid standard curve used for the determination of uronic acid 
content. 
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Appendix VI. Table of cell wall fraction yields in mg·g-1 FW. 

 

Yield 
(mg·g-1 FW) 
± 1.4 

Water-soluble DMSO-soluble CWM CDTA-soluble 

RG SF RG SF RG SF RG SF 
Fruitlet 3.59 3.77 21.52 18.48 64.33 51.24 2.47 0.79 
Expanding fruit 11.09 8.73 15.60 18.28 19.91 20.40 0.60 0.68 
Harvest 7.79 1.80 16.81 14.62 16.11 17.07 0.75 1.31 
Stored 2.56 1.71 1.42 1.09 7.11 9.41 0.21 0.42 
Yield 
(mg·g-1 FW) 

Na2CO3-soluble 1 M KOH-
soluble 

4 M KOH-
soluble 

CWR 

RG SF RG SF RG SF RG SF 
Fruitlet 3.97 4.79 7.29 2.98 5.49 5.89 4.59 3.15 
Expanding fruit 2.08 2.41 2.18 2.10 4.01 5.75 3.45 4.21 
Harvest 2.46 2.51 2.12 1.51 2.63 2.31 2.48 2.88 
Stored 1.02 1.05 1.19 1.05 1.50 2.61 1.36 1.95 
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Appendix VII. Neutral monosaccharide and UA composition of all fractions (water, DMSO, CWM, CDTA, Na2CO3, 1 M KOH, 4 M KOH and CWR) in 
‘Royal Gala’ and ‘Scifresh’ for all time-points expressed in (a) molar ratio (b) µg/mg anhydrous cell wall material (c) µg/ g dry matter fruit and (d) µg/ g 
fresh weight fruit hydrolysed by TFA. 

Fraction: Water-solubles 
(a) 

          MOL % Fruitlet Expanding fruit 1 Expanding fruit 2 Fruit-at-harvest Stored Fruit 
DAFB 40 d 70 d 100 d 120/140 d 20 weeks 
Monosaccharide RG SF RG SF RG SF RG SF RG SF 
Rhamnose 0.75 0.23 0.64 0.45 0.89 0.49 0.30 0.54 1.60 1.37 
Fucose 0.16 0.07 0.37 0.06 0.42 0.16 0.12 0.18 0.84 0.30 
Arabinose 5.97 1.60 4.18 2.98 4.86 6.14 3.09 6.20 8.61 10.09 
Xylose 1.03 0.49 1.73 0.47 2.27 1.27 0.83 1.41 5.65 2.42 
Mannose 2.62 1.20 1.96 1.48 1.69 1.34 0.50 0.80 1.42 1.67 
Galactose 8.41 2.81 6.87 5.10 6.75 12.59 5.23 9.94 9.27 16.04 
Glucose 15.83 62.45 49.29 75.50 50.82 41.67 76.02 59.49 8.36 6.49 
GalA 65.23 31.15 34.97 13.96 32.30 36.33 13.92 21.44 64.24 61.62 
(b) 

          µg/ mg anhydrous CWM Fruitlet Expanding fruit 1 Expanding fruit 2 Fruit-at-harvest Stored Fruit 
DAFB 40 d 70 d 100 d 120/140 d 20 weeks 
Monosaccharide RG SF RG SF RG SF RG SF RG SF 
Rhamnose 2.11 0.50 2.05 1.14 2.05 0.93 1.57 2.23 3.58 4.01 
Fucose 0.45 0.14 0.98 0.15 0.98 0.31 0.64 0.74 1.88 0.89 
Arabinose 15.26 3.16 10.24 8.02 10.24 10.57 14.85 23.61 17.63 26.95 
Xylose 2.64 0.96 4.80 1.17 4.80 2.17 3.96 5.38 11.57 6.45 
Mannose 8.05 2.83 4.28 4.37 4.28 2.77 2.89 3.63 3.49 5.36 
Galactose 25.81 6.65 17.05 17.24 17.05 25.99 30.26 45.46 22.78 51.43 
Glucose 48.46 147.57 128.79 315.23 128.79 87.29 436.67 271.99 20.55 20.82 
GalA 235.08 86.56 95.92 52.70 95.92 88.32 94.02 115.38 185.77 232.52 
TOTAL 337.86 248.37 264.10 400.02 264.10 218.35 584.86 468.44 267.25 348.41 
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Fraction: Water-solubles 
(c) 

        µg/ g dry matter fruit Fruitlet Expanding fruit 1 Expanding fruit 2 Fruit-at-harvest Stored Fruit 
DAFB 40 d 70 d 100 d 120/140 d 20 weeks 
Monosaccharide RG SF RG SF RG SF RG SF RG SF 
Rhamnose 62.56 18.19 126.56 44.41 167.15 70.88 90.16 26.59 75.33 48.68 
Fucose 13.21 5.20 60.50 5.93 79.91 23.63 36.85 8.84 39.58 10.75 
Arabinose 451.93 114.28 633.50 311.29 836.72 806.83 854.96 281.36 370.57 327.30 
Xylose 78.29 34.64 297.19 45.53 392.53 165.50 227.85 64.10 243.22 78.30 
Mannose 238.49 102.50 264.83 169.57 349.78 211.01 166.58 43.30 73.29 65.08 
Galactose 764.17 240.49 1054.96 669.11 1393.39 1983.45 1742.23 541.61 478.98 624.49 
Glucose 1434.91 5339.89 7969.61 12236.28 10526.22 6660.81 25140.17 3240.79 431.97 252.80 
GalA 6961.20 3132.35 5935.47 2045.57 7839.53 6739.26 5412.88 1374.80 3905.35 2823.55 
TOTAL 10004.77 8987.53 16342.62 15527.69 21585.25 16661.38 33671.69 5581.39 5618.29 4230.94 
(d) 

          µg/ g fresh weight fruit Fruitlet Expanding fruit 1 Expanding fruit 2 Fruit-at-harvest Stored Fruit 
DAFB 40 d 70 d 100 d 120/140 d 20 weeks 
Monosaccharide RG SF RG SF RG SF RG SF RG SF 
Rhamnose 7.60 1.89 22.68 9.98 25.98 10.32 12.20 4.02 9.18 6.84 
Fucose 1.60 0.54 10.84 1.33 12.42 3.44 4.99 1.34 4.82 1.51 
Arabinose 54.86 11.90 113.52 69.98 130.03 117.47 115.68 42.49 45.14 45.99 
Xylose 9.50 3.61 53.26 10.24 61.00 24.10 30.83 9.68 29.62 11.00 
Mannose 28.95 10.67 47.46 38.12 54.36 30.72 22.54 6.54 8.93 9.14 
Galactose 92.77 25.04 189.05 150.42 216.53 288.79 235.72 81.78 58.34 87.74 
Glucose 174.20 555.88 1428.15 2750.71 1635.78 969.81 3401.46 489.36 52.61 35.52 
GalA 845.09 326.08 1063.64 459.84 1218.26 981.24 732.36 207.59 475.67 396.71 
TOTAL 1214.58 935.60 2928.60 3490.62 3354.35 2425.90 4555.78 842.79 684.31 594.45 
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Fraction: DMSO-solubles 

(a) 
          MOL % Fruitlet Expanding fruit 1 Expanding fruit 2 Fruit-at-harvest Stored Fruit 

DAFB 40 d   70 d   100 d   120/140 d 
20 
weeks   

Monosaccharide RG SF RG SF RG SF RG SF RG SF 
Rhamnose 0.31 0.37 0.26 0.34 0.36 0.54 0.28 0.17 0.29 0.43 
Fucose 0.25 0.29 0.22 0.19 0.27 0.18 0.25 0.13 0.25 0.32 
Arabinose 2.56 2.99 2.94 1.64 2.71 2.20 2.50 2.67 2.92 3.79 
Xylose 1.53 1.19 1.49 0.45 1.15 1.01 1.94 0.97 2.82 2.47 
Mannose 0.90 0.84 0.87 0.22 0.60 0.44 1.89 0.46 2.16 1.29 
Galactose 2.31 2.08 3.12 2.14 1.44 1.39 3.23 1.57 4.67 3.75 
Glucose 83.91 77.80 78.59 73.62 82.70 74.72 77.05 69.23 52.63 60.78 
GalA 8.23 14.43 12.50 21.40 10.77 19.53 12.85 24.81 34.27 27.17 
 
(b) 

          µg/ mg anhydrous CWM Fruitlet Expanding fruit 1 Expanding fruit 2 Fruit-at-harvest Stored Fruit 

DAFB 40 d   70 d   100 d   120/140 d 
20 
weeks   

Monosaccharide RG SF RG SF RG SF RG SF RG SF 
Rhamnose 2.76 2.87 2.26 1.87 3.39 3.35 1.80 0.89 1.09 1.09 
Fucose 2.23 2.29 1.91 1.04 2.56 1.13 1.56 0.66 0.95 0.80 
Arabinose 20.89 21.29 23.07 8.23 23.28 12.55 14.50 12.71 10.17 8.74 
Xylose 12.52 8.49 11.75 2.26 9.87 5.77 10.59 4.62 9.80 5.70 
Mannose 8.78 7.16 8.23 1.29 6.20 3.02 11.62 2.64 9.01 3.58 
Galactose 22.60 17.75 29.44 12.88 14.89 9.51 21.09 8.96 19.50 10.37 
Glucose 822.40 664.53 741.58 442.77 853.32 512.87 535.82 396.29 219.98 168.24 
GalA 94.99 145.11 138.81 151.49 130.79 157.79 99.80 167.17 168.59 88.53 
TOTAL 987.18 869.51 957.04 621.85 1044.30 705.99 696.78 593.94 439.09 287.04 
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Fraction: DMSO-solubles 
(c) 
µg/ g dry matter fruit Fruitlet Expanding fruit 1 Expanding fruit 2 Fruit-at-harvest Stored Fruit 

DAFB 40 d   70 d   100 d   120/140 d 
20 
weeks   

Monosaccharide RG SF RG SF RG SF RG SF RG SF 
Rhamnose 490.00 509.66 196.44 152.31 338.58 306.33 224.23 86.17 12.68 8.43 
Fucose 395.04 406.65 166.41 84.75 255.38 102.94 193.31 63.96 11.10 6.18 
Arabinose 3703.47 3780.84 2008.91 669.34 2323.84 1147.56 1800.96 1230.58 118.78 67.74 
Xylose 2219.65 1507.98 1022.76 184.00 984.87 527.38 1315.32 447.23 114.48 44.15 
Mannose 1556.42 1271.86 716.70 105.22 618.68 275.95 1443.71 255.92 105.21 27.77 
Galactose 4006.46 3151.13 2563.92 1047.49 1486.19 869.23 2619.73 867.77 227.75 80.35 
Glucose 145778.42 117987.50 64576.09 36011.89 85166.93 46883.81 66564.45 38370.42 2569.23 1303.74 
GalA 16838.47 25764.49 12087.66 12321.37 13054.09 14424.70 12397.86 16186.52 1969.04 686.04 
TOTAL 174987.94 154380.11 83338.89 50576.39 104228.57 64537.91 86559.57 57508.57 5128.27 2224.39 

           (d) 
          µg/ g fresh weight fruit Fruitlet Expanding fruit 1 Expanding fruit 2 Fruit-at-harvest Stored Fruit 

DAFB 40 d   70 d   100 d   120/140 d 
20 
weeks   

Monosaccharide RG SF RG SF RG SF RG SF RG SF 
Rhamnose 59.49 53.06 35.20 34.24 52.62 44.60 30.34 13.01 1.54 1.18 
Fucose 47.96 42.33 29.82 19.05 39.69 14.99 26.15 9.66 1.35 0.87 
Arabinose 449.60 393.59 360.00 150.47 361.12 167.09 243.67 185.82 14.47 9.52 
Xylose 269.47 156.98 183.28 41.36 153.05 76.79 177.96 67.53 13.94 6.20 
Mannose 188.95 132.40 128.43 23.65 96.14 40.18 195.33 38.64 12.81 3.90 
Galactose 486.38 328.03 459.46 235.48 230.95 126.56 354.45 131.03 27.74 11.29 
Glucose 17697.50 12282.50 11572.03 8095.47 13234.94 6826.28 9006.17 5793.93 312.93 183.18 
GalA 2044.19 2682.08 2166.11 2769.84 2028.61 2100.24 1677.43 2444.16 239.83 96.39 
TOTAL 21243.54 16070.97 14934.33 11369.57 16197.12 9396.72 11711.51 8683.79 624.62 312.53 
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Fraction: CWM 

(a) 
          MOL % Fruitlet Expanding fruit 1 Expanding fruit 2 Fruit-at-harvest Stored Fruit 

DAFB 40 d 70 d 100 d 120/140 d 20 weeks 
Monosaccharide RG SF RG SF RG SF RG SF RG SF 
Rhamnose 2.15 2.29 2.10 1.69 2.07 1.83 2.57 2.23 3.92 2.91 
Fucose 0.81 1.09 0.97 0.94 1.10 1.04 1.40 1.33 2.18 1.52 
Arabinose 24.07 22.81 21.15 19.45 21.72 18.08 22.11 20.62 15.65 14.03 
Xylose 5.05 6.07 5.10 5.77 6.41 6.09 8.22 8.51 12.17 9.30 
Mannose 2.24 3.45 2.59 2.07 2.03 1.94 1.67 1.71 1.82 1.88 
Galactose 26.06 32.67 26.36 28.20 25.34 22.60 15.64 16.21 8.00 10.80 
Glucose 4.97 3.78 3.31 5.95 4.32 4.82 4.89 6.42 5.48 4.91 
GalA 34.65 27.83 38.42 35.93 37.00 43.60 43.49 42.98 50.77 54.63 

           (b) 
          µg/ mg anhydrous CWM Fruitlet Expanding fruit 1 Expanding fruit 2 Fruit-at-harvest Stored Fruit 

DAFB 40 d 70 d 100 d 120/140 d 20 weeks 
Monosaccharide RG SF RG SF RG SF RG SF RG SF 
Rhamnose 8.75 8.43 8.41 6.41 8.09 7.46 9.36 7.25 12.36 9.60 
Fucose 2.87 4.04 3.87 3.56 4.26 4.19 5.07 4.33 6.89 5.02 
Arabinose 78.55 97.78 77.10 67.58 76.33 66.09 72.72 66.66 45.18 42.27 
Xylose 13.93 20.64 18.61 20.07 22.57 22.35 27.08 27.40 35.13 28.01 
Mannose 7.89 13.95 11.41 8.65 8.63 8.63 6.67 6.62 6.30 6.81 
Galactose 85.85 133.56 115.62 117.47 61.51 98.91 67.89 98.23 39.72 58.87 
Glucose 11.47 15.22 14.52 24.79 17.86 20.70 19.04 22.61 19.00 17.76 
GalA 207.78 136.51 201.30 175.61 181.65 230.30 204.25 178.37 207.08 232.52 
TOTAL 417.08 430.12 450.84 424.13 380.90 458.63 412.10 411.46 371.67 400.88 
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Fraction : CWM 
(c) 

          µg/ mg dry matter fruit Fruitlet Expanding fruit 1 Expanding fruit 2 Fruit-at-harvest Stored Fruit 
DAFB 40 d 70 d 100 d 120/140 d 20 weeks 
Monosaccharide RG SF RG SF RG SF RG SF RG SF 
Rhamnose 4.63 4.15 0.93 0.58 1.16 1.54 1.11 0.82 0.72 0.64 
Fucose 1.52 1.99 0.43 0.32 0.61 0.87 0.60 0.49 0.40 0.34 
Arabinose 41.63 48.13 8.57 6.13 10.92 13.64 8.66 7.54 2.64 2.83 
Xylose 7.38 10.16 2.07 1.82 3.23 4.62 3.23 3.10 2.05 1.88 
Mannose 4.18 6.87 1.27 0.78 1.23 1.78 0.79 0.75 0.37 0.46 
Galactose 45.49 65.74 12.85 10.66 8.80 20.42 8.09 11.11 2.32 3.94 
Glucose 6.08 7.49 1.61 2.25 2.55 4.27 2.27 2.56 1.11 1.19 
GalA 110.11 67.20 22.37 15.94 25.98 47.54 24.33 20.17 12.09 15.57 
TOTAL 221.02 211.73 50.09 38.49 54.48 94.68 49.08 46.52 21.70 26.84 

           (d) 
          µg/ g fresh weight fruit Fruitlet Expanding fruit 1 Expanding fruit 2 Fruit-at-harvest Stored Fruit 

DAFB 40 d 70 d 100 d 120/140 d 20 weeks 
Monosaccharide RG SF RG SF RG SF RG SF RG SF 
Rhamnose 562.61 431.78 167.48 130.73 179.90 224.12 150.83 123.72 87.94 90.36 
Fucose 184.83 206.93 77.08 72.65 94.59 126.01 81.75 73.85 49.04 47.25 
Arabinose 5053.70 5010.58 1535.09 1378.64 1696.68 1986.60 1171.87 1137.94 321.36 397.71 
Xylose 895.94 1057.58 370.60 409.46 501.58 671.96 436.39 467.82 249.86 263.57 
Mannose 507.37 714.86 227.12 176.43 191.90 259.46 107.54 112.97 44.78 64.11 
Galactose 5522.95 6843.99 2302.01 2396.56 1367.12 2973.09 1094.07 1676.93 282.55 553.85 
Glucose 738.01 779.88 289.18 505.72 397.01 622.10 306.86 385.91 135.17 167.11 
GalA 13366.96 6995.62 4007.95 3582.83 4037.61 6922.53 3291.41 3045.04 1472.87 2187.67 
TOTAL 26832.37 22041.23 8976.50 8653.01 8466.39 13785.86 6640.73 7024.19 2643.57 3771.63 
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Fraction: CDTA-solubles 

(a) 
          MOL % Fruitlet Expanding fruit 1 Expanding fruit 2 Fruit-at-harvest Stored Fruit 

DAFB 40 d 70 d 100 d 120/140 d 20 weeks 
Monosaccharide RG SF RG SF RG SF RG SF RG SF 
Rhamnose 0.18 0.49 0.05 0.68 0.95 0.79 2.09 2.07 2.33 2.11 
Fucose 0.11 0.31 0.05 0.27 0.45 0.26 0.52 1.09 0.30 0.52 
Arabinose 2.89 5.24 0.77 5.80 8.03 5.65 12.32 16.38 6.61 6.77 
Xylose 0.65 1.20 0.15 1.25 1.96 1.20 1.40 5.53 1.64 1.50 
Mannose 0.27 0.47 0.05 0.91 1.30 0.46 0.36 1.69 0.21 0.23 
Galactose 2.56 5.27 0.44 6.37 6.41 5.13 4.63 7.79 1.71 2.78 
Glucose 0.52 1.07 0.22 1.03 1.34 2.22 2.38 10.95 1.16 1.44 
GalA 92.82 85.95 98.28 83.68 79.56 84.29 76.30 54.50 86.04 84.64 

           (b) 
          µg/ mg anhydrous CWM Fruitlet Expanding fruit 1 Expanding fruit 2 Fruit-at-harvest Stored Fruit 

DAFB 40 d 70 d 100 d 120/140 d 20 weeks 
Monosaccharide RG SF RG SF RG SF RG SF RG SF 
Rhamnose 0.53 0.28 0.12 4.17 3.67 3.97 5.25 3.45 9.80 6.60 
Fucose 0.31 0.17 0.13 1.83 1.74 1.32 1.32 1.87 1.28 1.61 
Arabinose 7.83 2.11 1.78 34.57 28.41 25.81 28.13 25.30 25.51 19.39 
Xylose 1.77 0.52 0.35 7.83 6.91 5.49 3.20 8.74 6.33 4.29 
Mannose 0.87 0.26 0.13 6.70 5.53 2.54 0.99 3.22 0.99 0.79 
Galactose 8.33 2.38 1.23 49.69 27.20 28.10 12.75 14.49 7.89 9.54 
Glucose 1.69 0.59 0.61 7.77 5.71 12.15 6.58 18.34 5.33 4.92 
GalA 355.25 350.94 323.94 397.82 397.50 541.43 245.95 114.16 460.91 340.26 
TOTAL 376.59 357.24 328.29 510.39 476.67 620.80 304.15 189.57 518.03 387.39 
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Fraction: CDTA-solubles 
(c) 

          µg/ g dry matter fruit Fruitlet Expanding fruit 1 Expanding fruit 2 Fruit-at-harvest Stored Fruit 
DAFB 40 d 70 d 100 d 120/140 d 20 weeks 
Monosaccharide RG SF RG SF RG SF RG SF RG SF 
Rhamnose 10.82 2.12 12.30 12.60 43.12 22.25 29.20 29.88 16.55 19.63 
Fucose 6.38 1.26 5.84 5.55 20.46 7.39 7.33 16.23 2.16 4.79 
Arabinose 159.45 15.94 95.20 104.47 333.67 144.70 156.58 219.27 43.08 57.69 
Xylose 35.95 3.93 23.17 23.67 81.21 30.77 17.81 75.70 10.69 12.78 
Mannose 17.78 1.98 18.52 20.26 64.90 14.24 5.50 27.87 1.68 2.36 
Galactose 169.61 17.95 91.15 150.16 319.47 157.56 70.98 125.60 13.32 28.38 
Glucose 34.47 4.48 19.12 23.49 67.02 68.14 36.63 158.96 8.99 14.64 
GalA 7232.31 2652.28 1331.99 1202.28 4668.69 3035.89 1369.15 989.20 778.36 1012.68 
TOTAL 7666.77 2699.94 1597.28 1542.49 5598.55 3480.94 1693.17 1642.70 874.83 1152.96 

           (d) 
          µg/ g fresh weight fruit Fruitlet Expanding fruit 1 Expanding fruit 2 Fruit-at-harvest Stored Fruit 

DAFB 40 d 70 d 100 d 120/140 d 20 weeks 
Monosaccharide RG SF RG SF RG SF RG SF RG SF 
Rhamnose 1.31 0.22 2.20 2.83 6.70 3.24 3.95 4.51 2.02 2.76 
Fucose 0.78 0.13 1.05 1.25 3.18 1.08 0.99 2.45 0.26 0.67 
Arabinose 19.36 1.66 17.06 23.49 51.85 21.07 21.19 33.11 5.25 8.11 
Xylose 4.36 0.41 4.15 5.32 12.62 4.48 2.41 11.43 1.30 1.80 
Mannose 2.16 0.21 3.32 4.55 10.09 2.07 0.74 4.21 0.20 0.33 
Galactose 20.59 1.87 16.33 33.76 49.65 22.94 9.60 18.97 1.62 3.99 
Glucose 4.19 0.47 3.43 5.28 10.41 9.92 4.96 24.00 1.10 2.06 
GalA 878.00 276.10 238.69 270.27 725.51 442.03 185.25 149.37 94.80 142.28 
TOTAL 930.75 281.06 286.23 346.75 870.01 506.82 229.09 248.05 106.55 161.99 

 

  



194 
 

Fraction: Na2CO3-solubles 

(a) 
          MOL % Fruitlet Expanding fruit 1 Expanding fruit 2 Fruit-at-harvest Stored Fruit 

DAFB 40 d 70 d 100 d 120/140 d 20 weeks 
Monosaccharide RG SF RG SF RG SF RG SF RG SF 
Rhamnose 1.59 2.42 1.92 2.07 1.94 4.89 2.46 1.34 4.93 3.92 
Fucose 0.21 0.20 0.20 0.25 0.17 0.58 0.25 0.17 0.28 0.25 
Arabinose 8.39 19.94 15.68 17.99 16.61 35.73 23.72 12.91 25.82 24.33 
Xylose 0.49 0.65 0.79 1.16 0.84 2.23 1.49 0.72 4.04 2.32 
Mannose 0.19 0.09 0.33 0.23 0.06 0.56 0.06 0.06 0.12 0.16 
Galactose 6.01 21.80 16.09 15.08 11.51 21.84 9.94 5.32 4.84 11.83 
Glucose 0.26 0.23 0.31 0.51 0.17 0.87 0.32 0.16 0.50 0.58 
GalA 82.87 54.67 64.68 62.70 68.71 66.57 61.75 79.35 59.47 56.61 

           (b) 
          µg/ mg anhydrous CWM Fruitlet Expanding fruit 1 Expanding fruit 2 Fruit-at-harvest Stored Fruit 

DAFB 40 d 70 d 100 d 120/140 d 20 weeks 
Monosaccharide RG SF RG SF RG SF RG SF RG SF 
Rhamnose 6.71 7.75 8.08 7.32 5.72 12.97 10.51 4.86 34.13 16.36 
Fucose 0.92 0.64 0.81 0.88 0.50 1.69 0.98 0.62 1.96 1.04 
Arabinose 32.04 58.81 63.24 57.91 44.86 86.72 94.01 42.49 163.13 92.73 
Xylose 1.99 1.91 3.07 3.76 2.26 5.39 5.94 2.38 25.57 8.83 
Mannose 1.03 0.34 1.68 0.93 0.18 1.63 0.30 0.25 0.91 0.73 
Galactose 28.63 77.89 79.55 58.19 37.28 63.03 47.10 21.08 36.80 54.09 
Glucose 1.40 0.80 1.40 2.01 0.55 2.37 1.46 0.62 3.80 2.63 
GalA 441.43 222.42 329.18 283.48 261.80 347.09 317.88 368.89 527.14 304.17 
TOTAL 514.15 370.57 487.01 414.47 353.14 347.35 478.19 441.06 793.44 480.59 
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Fraction: Na2CO3-solubles 
(c) 

          µg/ g dry matter fruit Fruitlet Expanding fruit 1 Expanding fruit 2 Fruit-at-harvest Stored Fruit 
DAFB 40 d 70 d 100 d 120/140 d 20 weeks 
Monosaccharide RG SF RG SF RG SF RG SF RG SF 
Rhamnose 219.38 356.85 93.85 78.34 133.34 330.47 191.00 80.86 287.11 122.63 
Fucose 30.16 29.67 9.37 9.38 11.68 43.12 17.87 10.32 16.47 7.79 
Arabinose 1047.62 2706.48 734.67 619.75 1046.37 2210.15 1707.77 707.68 1372.26 695.17 
Xylose 65.11 87.70 35.65 40.27 52.79 137.49 107.93 39.62 215.13 66.22 
Mannose 33.78 15.69 19.55 9.91 4.29 41.59 5.38 4.13 7.65 5.48 
Galactose 936.04 3584.56 924.19 622.74 869.54 1606.44 855.66 351.10 309.55 405.50 
Glucose 45.63 37.04 16.31 21.50 12.81 60.51 26.54 10.28 31.96 19.73 
GalA 14433.13 10236.60 3824.42 3033.81 6106.90 8846.14 5774.43 6143.38 4434.42 2280.28 
TOTAL 16810.85 17054.59 5658.00 4435.70 8237.72 8852.86 8686.57 7345.32 6674.56 3602.82 

           (d) 
          µg/ g fresh weight fruit Fruitlet Expanding fruit 1 Expanding fruit 2 Fruit-at-harvest Stored Fruit 

DAFB 40 d 70 d 100 d 120/140 d 20 weeks 
Monosaccharide RG SF RG SF RG SF RG SF RG SF 
Rhamnose 26.63 37.15 16.82 17.61 20.72 48.12 25.84 12.21 34.97 17.23 
Fucose 3.66 3.09 1.68 2.11 1.81 6.28 2.42 1.56 2.01 1.09 
Arabinose 127.18 281.74 131.65 139.32 162.61 321.80 231.06 106.86 167.14 97.67 
Xylose 7.90 9.13 6.39 9.05 8.20 20.02 14.60 5.98 26.20 9.30 
Mannose 4.10 1.63 3.50 2.23 0.67 6.06 0.73 0.62 0.93 0.77 
Galactose 113.63 373.15 165.62 139.99 135.13 233.90 115.77 53.02 37.70 56.97 
Glucose 5.54 3.86 2.92 4.83 1.99 8.81 3.59 1.55 3.89 2.77 
GalA 1752.18 1065.63 685.34 682.00 949.01 1288.00 781.28 927.65 540.11 320.38 
TOTAL 2040.84 1775.38 1013.91 997.14 1280.14 1288.98 1175.29 1109.14 812.96 506.20 
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Fraction: 1 M KOH-solubles 

(a) 
          MOL % Fruitlet Expanding fruit 1 Expanding fruit 2 Fruit-at-harvest Stored Fruit 

DAFB 40 d 70 d 100 d 120/140 d 20 weeks 
Monosaccharide RG SF RG SF RG SF RG SF RG SF 
Rhamnose 3.22 2.27 2.97 2.03 2.85 2.95 3.45 3.91 3.84 3.52 
Fucose 0.39 0.32 0.50 0.38 0.38 0.33 0.79 0.44 1.58 1.83 
Arabinose 30.84 24.38 27.51 20.57 29.19 27.77 30.56 30.14 15.66 17.71 
Xylose 2.99 2.79 4.31 3.63 2.70 3.45 6.20 4.52 10.30 12.91 
Mannose 0.27 0.26 0.55 0.44 0.27 0.17 0.22 0.21 0.32 0.29 
Galactose 30.89 38.05 27.40 31.20 39.07 31.94 18.45 18.04 6.91 14.18 
Glucose 1.80 2.25 3.34 4.49 1.71 3.30 5.48 2.68 10.87 14.89 
GalA 29.60 29.67 33.43 37.27 23.83 30.09 34.86 40.06 50.52 34.67 

           (b) 
          µg/ mg anhydrous CWM Fruitlet Expanding fruit 1 Expanding fruit 2 Fruit-at-harvest Stored Fruit 

DAFB 40 d 70 d 100 d 120/140 d 20 weeks 
Monosaccharide RG SF RG SF RG SF RG SF RG SF 
Rhamnose 19.12 13.95 15.49 12.28 17.34 14.23 17.94 24.15 11.31 12.07 
Fucose 2.31 1.99 2.61 2.29 2.33 1.62 3.94 2.78 4.66 6.22 
Arabinose 167.73 136.71 130.85 113.82 162.54 122.48 145.06 169.90 42.22 55.47 
Xylose 16.69 15.68 20.66 20.15 15.05 15.27 28.61 26.06 27.80 40.14 
Mannose 1.80 1.79 3.14 2.90 1.79 0.89 1.25 1.48 1.04 1.06 
Galactose 202.08 256.21 155.78 207.41 260.88 169.15 104.30 121.17 22.38 53.32 
Glucose 12.18 15.18 19.08 29.97 11.40 17.56 29.75 18.75 35.25 55.51 
GalA 227.16 235.11 223.39 291.61 187.36 187.33 228.74 311.51 192.55 149.61 
TOTAL 649.07 676.61 570.99 680.43 658.70 528.52 559.61 675.78 337.22 373.42 
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Fraction: 1 M KOH-solubles 
(c) 
µg/ g dry matter fruit Fruitlet Expanding fruit 1 Expanding fruit 2 Fruit-at-harvest Stored Fruit 
DAFB 40 d 70 d 100 d 120/140 d 20 weeks 
Monosaccharide RG SF RG SF RG SF RG SF RG SF 
Rhamnose 1148.32 399.71 188.28 114.58 348.82 338.39 281.24 241.97 110.88 90.01 
Fucose 138.95 56.99 31.67 21.41 46.91 38.50 61.80 27.84 45.69 46.40 
Arabinose 10071.31 3916.98 1590.92 1062.26 3268.94 2913.55 2273.78 1702.25 413.79 413.53 
Xylose 1001.98 449.16 251.15 188.09 302.76 363.16 448.53 261.05 272.51 299.26 
Mannose 107.93 51.26 38.14 27.06 35.95 21.13 19.67 14.82 10.23 7.93 
Galactose 12134.09 7340.79 1894.01 1935.81 5246.70 4023.72 1634.96 1214.02 219.35 397.45 
Glucose 731.14 434.80 231.97 279.69 229.19 417.60 466.40 187.84 345.50 413.79 
GalA 13640.37 6736.13 2715.96 2721.68 3768.08 4456.24 3585.55 3121.10 1887.15 1115.28 
TOTAL 38974.08 19385.80 6942.09 6350.59 13247.34 12572.29 8771.93 6770.89 3305.10 2783.64 

           (d) 
          µg/ g fresh weight fruit Fruitlet Expanding fruit 1 Expanding fruit 2 Fruit-at-harvest Stored Fruit 

DAFB 40 d 70 d 100 d 120/140 d 20 weeks 
Monosaccharide RG SF RG SF RG SF RG SF RG SF 
Rhamnose 139.41 41.61 33.74 25.76 54.21 49.27 38.05 36.54 13.51 12.65 
Fucose 16.87 5.93 5.68 4.81 7.29 5.61 8.36 4.20 5.57 6.52 
Arabinose 1222.66 407.76 285.09 238.80 507.99 424.21 307.64 257.04 50.40 58.10 
Xylose 121.64 46.76 45.01 42.28 47.05 52.88 60.69 39.42 33.19 42.05 
Mannose 13.10 5.34 6.83 6.08 5.59 3.08 2.66 2.24 1.25 1.11 
Galactose 1473.08 764.18 339.41 435.17 815.34 585.85 221.21 183.32 26.72 55.84 
Glucose 88.76 45.26 41.57 62.87 35.62 60.80 63.10 28.36 42.08 58.14 
GalA 1655.94 701.23 486.70 611.83 585.56 648.83 485.12 471.29 229.86 156.70 
TOTAL 4731.45 2018.06 1244.02 1427.61 2058.64 1830.53 1186.84 1022.40 402.56 391.10 
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Fraction: 4 M KOH-solubles 

(a) 
          MOL % Fruitlet Expanding fruit 1 Expanding fruit 2 Fruit-at-harvest Stored Fruit 

DAFB 40 d 70 d 100 d 120/140 d 20 weeks 
Monosaccharide RG SF RG SF RG SF RG SF RG SF 
Rhamnose 1.52 1.15 1.51 1.05 1.53 1.52 1.93 1.75 2.41 1.94 
Fucose 0.98 1.28 1.06 1.58 1.57 1.43 1.91 1.58 2.16 1.38 
Arabinose 19.22 15.72 18.05 13.21 15.44 16.77 18.06 15.75 11.86 11.17 
Xylose 6.75 8.10 6.85 9.71 9.66 10.07 12.32 11.30 14.26 10.71 
Mannose 0.53 0.60 0.33 0.74 0.83 0.24 0.19 0.32 0.35 0.23 
Galactose 31.79 36.68 34.17 32.84 31.12 31.79 22.52 16.55 10.90 12.79 
Glucose 13.42 18.13 13.46 22.22 19.21 19.58 22.93 21.52 26.06 17.91 
GalA 25.80 18.33 24.57 18.65 20.65 18.59 20.14 31.24 32.00 43.87 

           (b) 
          µg/ mg anhydrous CWM Fruitlet Expanding fruit 1 Expanding fruit 2 Fruit-at-harvest Stored Fruit 

DAFB 40 d 70 d 100 d 120/140 d 20 weeks 
Monosaccharide RG SF RG SF RG SF RG SF RG SF 
Rhamnose 9.44 5.89 8.88 5.68 8.37 7.98 9.11 9.07 10.82 9.02 
Fucose 6.05 6.70 6.20 8.54 8.61 7.57 9.01 8.18 9.70 6.42 
Arabinose 109.10 73.81 96.83 65.40 77.19 80.69 77.96 74.77 48.65 47.40 
Xylose 38.22 38.52 36.74 48.09 48.34 48.71 53.16 53.65 58.50 45.46 
Mannose 3.60 3.53 2.10 4.39 4.99 1.40 1.00 1.81 1.73 1.18 
Galactose 216.56 208.37 220.11 195.14 186.94 183.78 116.68 94.32 53.70 65.21 
Glucose 91.29 103.82 86.59 132.04 115.37 113.93 118.71 122.61 128.33 91.31 
GalA 206.75 122.35 186.11 130.42 145.97 124.31 122.41 209.52 185.47 262.96 
TOTAL 681.00 563.00 643.55 589.72 595.78 568.35 508.04 573.93 496.91 528.95 
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Fraction: 4 M KOH-solubles 
(c) 
µg/ g dry matter fruit Fruitlet Expanding fruit 1 Expanding fruit 2 Fruit-at-harvest Stored Fruit 
DAFB 40 d 70 d 100 d 120/140 d 20 weeks 
Monosaccharide RG SF RG SF RG SF RG SF RG SF 
Rhamnose 427.03 333.62 198.76 145.44 267.91 234.43 176.85 138.76 133.21 167.72 
Fucose 273.54 379.33 138.73 218.52 275.75 222.55 174.98 125.17 119.45 119.50 
Arabinose 4935.52 4179.84 2166.60 1673.76 2471.36 2371.82 1513.25 1143.90 598.88 881.66 
Xylose 1729.28 2181.35 822.01 1230.67 1547.64 1431.71 1031.81 820.81 720.19 845.53 
Mannose 162.87 199.88 46.98 112.45 159.82 41.20 19.47 27.62 21.30 21.92 
Galactose 9797.09 11799.20 4925.24 4993.91 5985.37 5402.17 2264.86 1443.06 661.13 1212.94 
Glucose 4129.98 5879.02 1937.48 3379.14 3693.84 3349.01 2304.22 1875.97 1579.76 1698.40 
GalA 9353.25 6928.27 4164.44 3337.64 4673.50 3653.99 2375.96 3205.67 2283.23 4891.42 
TOTAL 30808.56 31880.50 14400.24 15091.53 19075.19 16706.89 9861.40 8780.96 6117.16 9839.08 

         
  

 (d) 
          µg/ g fresh weight fruit Fruitlet Expanding fruit 1 Expanding fruit 2 Fruit-at-harvest Stored Fruit 

DAFB 40 d 70 d 100 d 120/140 d 20 weeks 
Monosaccharide RG SF RG SF RG SF RG SF RG SF 
Rhamnose 51.84 34.73 35.62 32.69 41.63 34.13 23.93 20.95 16.23 23.56 
Fucose 33.21 39.49 24.86 49.12 42.85 32.40 23.67 18.90 14.55 16.79 
Arabinose 599.17 435.12 388.26 376.26 384.05 345.34 204.74 172.73 72.94 123.87 
Xylose 209.93 227.08 147.30 276.65 240.50 208.46 139.60 123.94 87.72 118.80 
Mannose 19.77 20.81 8.42 25.28 24.84 6.00 2.63 4.17 2.59 3.08 
Galactose 1189.37 1228.30 882.60 1122.63 930.13 786.56 306.44 217.90 80.53 170.42 
Glucose 501.38 612.01 347.20 759.63 574.02 487.62 311.76 283.27 192.42 238.62 
GalA 1135.49 721.23 746.27 750.30 726.26 532.02 321.47 484.06 278.10 687.24 
TOTAL 3740.16 3318.76 2580.52 3392.58 2964.28 2432.52 1334.25 1325.93 745.07 1382.39 
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Fraction: Final cell wall residue (CWR) 

(a) 
          MOL % Fruitlet Expanding fruit 1 Expanding fruit 2 Fruit-at-harvest Stored Fruit 

DAFB 40 d 70 d 100 d 120/140 d 20 weeks 
Monosaccharide RG SF RG SF RG SF RG SF RG SF 
Rhamnose 0.97 0.90 0.64 1.37 1.64 0.85 1.34 2.05 0.60 0.55 
Fucose 0.32 0.35 0.44 0.40 0.71 0.87 1.04 1.53 1.07 0.91 
Arabinose 9.34 9.73 5.64 13.14 14.90 7.20 10.55 15.51 2.81 2.68 
Xylose 3.08 2.63 2.99 4.53 6.21 6.13 6.85 11.34 6.10 5.79 
Mannose 13.02 13.40 17.70 10.05 9.39 12.40 8.31 7.26 7.27 10.32 
Galactose 14.68 16.88 11.05 18.39 19.41 12.37 10.55 13.42 5.04 6.54 
Glucose 38.86 34.51 43.34 28.85 28.53 39.47 34.11 29.63 39.61 45.63 
GalA 19.74 21.60 18.19 23.26 19.22 20.72 27.23 19.26 37.50 27.59 

           (b) 
          µg/ mg anhydrous CWM Fruitlet Expanding fruit 1 Expanding fruit 2 Fruit-at-harvest Stored Fruit 

DAFB 40 d 70 d 100 d 120/140 d 20 weeks 
Monosaccharide RG SF RG SF RG SF RG SF RG SF 
Rhamnose 1.80 1.33 1.07 2.34 3.14 1.27 2.49 4.08 1.16 1.00 
Fucose 0.60 0.55 0.71 0.70 1.36 1.32 1.91 3.01 2.06 1.66 
Arabinose 15.95 12.75 8.64 20.30 26.10 9.90 17.91 28.18 4.98 4.51 
Xylose 5.16 3.81 4.45 7.36 10.96 8.51 11.48 20.23 10.79 9.69 
Mannose 25.99 24.43 31.66 20.62 19.56 20.68 16.54 15.49 15.40 20.84 
Galactose 30.00 27.71 19.97 34.44 40.75 20.52 21.29 29.16 10.69 13.19 
Glucose 77.21 62.86 77.42 58.65 59.54 65.97 67.84 63.10 83.93 91.96 
GalA 44.98 45.11 38.48 51.23 47.08 41.12 62.78 48.26 93.27 64.14 
TOTAL 201.69 178.54 182.40 195.62 208.49 169.29 202.23 211.51 222.27 206.99 
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Fraction: CWR 
(c) 
µg/ g dry matter fruit Fruitlet Expanding fruit 1 Expanding fruit 2 Fruit-at-harvest Stored Fruit 
DAFB 40 d 70 d 100 d 120/140 d 20 weeks 
Monosaccharide RG SF RG SF RG SF RG SF RG SF 
Rhamnose 68.09 40.06 20.55 43.73 73.30 33.38 45.58 77.95 12.97 13.90 
Fucose 22.53 16.71 13.74 13.07 31.84 34.57 34.90 57.42 23.13 23.06 
Arabinose 603.51 385.37 166.35 379.78 608.79 259.48 328.02 538.00 55.77 62.46 
Xylose 195.21 115.09 85.68 137.69 255.60 222.97 210.20 386.22 120.91 134.32 
Mannose 983.50 738.60 609.23 385.75 456.37 541.91 302.81 295.68 172.54 288.75 
Galactose 1135.28 837.56 384.31 644.37 950.74 537.52 389.84 556.64 119.75 182.72 
Glucose 2921.48 1900.30 1489.96 1097.32 1388.94 1728.52 1242.25 1204.70 940.50 1274.18 
GalA 1701.75 1363.61 740.61 958.52 1098.32 1077.30 1149.54 921.24 1045.12 888.71 
TOTAL 7631.35 5397.30 3510.43 3660.24 4863.90 4435.65 3703.14 4037.85 2490.70 2868.11 

           (d) 
          µg/ g fresh weight fruit Fruitlet Expanding fruit 1 Expanding fruit 2 Fruit-at-harvest Stored Fruit 

DAFB 40 d 70 d 100 d 120/140 d 20 weeks 
Monosaccharide RG SF RG SF RG SF RG SF RG SF 
Rhamnose 8.27 4.17 3.68 9.83 11.39 4.86 6.17 11.77 1.58 1.95 
Fucose 2.73 1.74 2.46 2.94 4.95 5.03 4.72 8.67 2.82 3.24 
Arabinose 73.27 40.12 29.81 85.37 94.61 37.78 44.38 81.24 6.79 8.78 
Xylose 23.70 11.98 15.35 30.95 39.72 32.46 28.44 58.32 14.73 18.87 
Mannose 119.40 76.89 109.17 86.72 70.92 78.90 40.97 44.65 21.01 40.57 
Galactose 137.82 87.19 68.87 144.85 147.74 78.26 52.75 84.05 14.59 25.67 
Glucose 354.67 197.82 267.00 246.68 215.84 251.67 168.08 181.91 114.55 179.02 
GalA 206.59 141.95 132.72 215.48 170.68 156.85 155.53 139.11 127.30 124.86 
TOTAL 926.45 561.86 629.07 822.82 755.85 645.83 501.03 609.71 303.37 402.97 
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Appendix VIII. Neutral monosaccharide and UA composition in CWM and CWR of ‘Royal Gala’ and ‘Scifresh’ hydrolysed by two-stage H2SO4, expressed 
in (a) molar ratio (b) µg/mg anhydrous cell wall material (c) µg/ g dry matter fruit and (d) µg/ g fresh weight. 

Fraction: CWM 
(a) 

          MOL % Fruitlet Expanding fruit 1 Expanding fruit 2 Fruit-at-harvest Stored Fruit 
DAFB 40 d 70 d 100 d 120/140 d 20 weeks 
Monosaccharide RG SF RG SF RG SF RG SF RG SF 
Rhamnose 0.79 0.58 0.71 0.62 0.71 0.67 0.82 0.79 2.49 2.68 
Fucose 0.65 0.62 0.73 0.67 0.81 0.81 1.00 1.01 2.27 2.83 
Arabinose 24.88 21.31 23.18 18.91 21.41 18.91 20.13 19.37 16.63 18.52 
Xylose 4.76 5.36 5.48 5.24 6.10 6.05 7.49 7.90 10.72 9.72 
Mannose 2.44 2.66 2.75 2.47 2.28 2.07 1.83 2.30 2.36 2.34 
Galactose 20.05 22.16 21.11 22.55 19.02 19.52 12.97 13.00 5.67 9.54 
Glucose 29.80 27.95 30.22 33.26 31.79 34.17 39.02 39.10 37.24 32.35 
GalA 16.63 19.35 15.83 16.27 17.88 17.80 16.73 16.53 22.62 22.00 

           (b) 
          µg/ mg anhydrous 

CWM Fruitlet Expanding fruit 1 Expanding fruit 2 Fruit-at-harvest Stored Fruit 
DAFB 40 d 70 d 100 d 120/140 d 20 weeks 
Monosaccharide RG SF RG SF RG SF RG SF RG SF 
Rhamnose 6.40 4.58 5.16 5.43 5.53 4.71 5.85 6.14 17.66 22.04 
Fucose 5.30 4.93 5.26 5.87 6.26 5.74 7.09 7.79 16.11 23.44 
Arabinose 185.07 153.98 153.90 150.87 152.27 121.63 129.69 137.14 107.71 139.02 
Xylose 35.45 38.76 36.27 41.89 43.54 38.92 48.32 55.92 69.47 73.01 
Mannose 21.78 23.17 21.96 23.76 19.60 15.98 14.17 19.68 18.34 21.08 
Galactose 179.11 192.91 168.09 217.05 162.86 150.86 100.46 111.12 44.09 85.90 
Glucose 267.13 243.76 241.13 320.06 272.97 264.09 302.78 332.58 289.58 289.96 
GalA 207.78 136.51 201.30 175.61 181.65 230.30 204.25 178.37 207.08 232.52 
TOTAL 908.03 798.61 833.06 940.56 844.69 832.23 812.61 848.73 770.04 886.98 
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Fraction: CWM 
          (c) 
          µg/ g dry matter Fruitlet Expanding fruit 1 Expanding fruit 2 Fruit-at-harvest Stored Fruit 

DAFB 40 d 70 d 100 d 120/140 d 20 weeks 
Monosaccharide RG SF RG SF RG SF RG SF RG SF 
Rhamnose 3392.44 2253.51 573.71 492.98 790.43 973.01 697.09 694.12 1031.55 1475.94 
Fucose 2807.36 2427.98 583.90 533.14 895.80 1184.31 844.35 880.28 940.92 1569.80 
Arabinose 98073.62 75796.50 17099.63 13692.34 21780.13 25110.33 15445.70 15504.80 6289.67 9309.36 
Xylose 18787.57 19079.65 4029.80 3801.78 6227.15 8034.43 5754.45 6321.99 4056.61 4889.11 
Mannose 11542.05 11407.88 2439.61 2156.60 2803.86 3298.10 1687.76 2225.09 1070.72 1411.48 
Galactose 94917.97 94964.41 18676.55 19698.36 23294.34 31144.97 11964.97 12562.50 2574.73 5752.11 
Glucose 141562.09 119995.11 26791.70 29047.35 39044.04 54520.68 36061.41 37600.00 16910.48 19417.17 
GalA 110106.77 67200.96 22365.78 15937.85 25982.06 47544.88 24326.75 20165.83 12092.56 15570.63 
TOTAL 481189.87 393125.99 92560.69 85360.39 120817.80 171810.72 96782.46 95954.61 44967.24 59395.59 

           (d) 
          µg/ g FW Fruitlet Expanding fruit 1 Expanding fruit 2 Fruit-at-harvest Stored Fruit 

DAFB 40 d 70 d 100 d 120/140 d 20 weeks 
Monosaccharide RG SF RG SF RG SF RG SF RG SF 
Rhamnose 411.84 234.59 102.81 110.82 122.83 141.67 94.32 104.81 125.64 207.37 
Fucose 340.81 252.75 104.63 119.85 139.21 172.44 114.24 132.92 114.60 220.56 
Arabinose 11906.14 7890.42 3064.25 3078.04 3384.63 3656.06 2089.80 2341.22 766.08 1307.97 
Xylose 2280.81 1986.19 722.14 854.64 967.70 1169.81 778.58 954.62 494.10 686.92 
Mannose 1401.20 1187.56 437.18 484.80 435.72 480.20 228.35 335.99 130.41 198.31 
Galactose 11523.04 9885.79 3346.84 4428.19 3619.94 4534.71 1618.86 1896.94 313.60 808.17 
Glucose 17185.64 12491.49 4801.07 6529.84 6067.44 7938.21 4879.11 5677.60 2059.70 2728.11 
GalA 13366.96 6995.62 4007.95 3582.83 4037.61 6922.53 3291.41 3045.04 1472.87 2187.67 
TOTAL 58416.45 40924.42 16586.88 19189.01 18775.09 25015.64 13094.67 14489.15 5477.01 8345.08 
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Fraction: CWR 
(a) 

          MOL % Fruitlet Expanding fruit 1 Expanding fruit 2 Fruit-at-harvest Stored Fruit 
DAFB 40 d 70 d 100 d 120/140 d 20 weeks 
Monosaccharide RG SF RG SF RG SF RG SF RG SF 
Rhamnose 0.26 0.60 0.51 0.38 0.68 0.88 0.21 0.25 0.44 0.30 
Fucose 0.27 0.32 0.41 0.52 0.45 0.64 0.42 0.57 0.62 0.39 
Arabinose 8.08 1.24 6.81 6.14 8.59 12.96 4.37 5.27 1.99 1.80 
Xylose 1.44 1.31 2.06 3.22 1.92 2.46 2.86 4.14 2.87 2.32 
Mannose 7.74 12.51 12.78 9.55 12.65 9.93 5.62 5.70 4.89 5.60 
Galactose 9.47 3.06 3.93 4.34 3.91 2.93 3.83 5.13 1.81 1.82 
Glucose 57.76 68.43 68.93 68.35 65.86 65.48 73.38 70.45 77.94 82.04 
GalA 14.98 12.86 4.57 7.49 5.94 4.72 9.32 8.50 9.44 5.73 

           (b) 
          µg/ mg anhydrous CWM Fruitlet Expanding fruit 1 Expanding fruit 2 Fruit-at-harvest Stored Fruit 

DAFB 40 d 70 d 100 d 120/140 d 20 weeks 
Monosaccharide RG SF RG SF RG SF RG SF RG SF 
Rhamnose 1.68 4.08 2.98 2.16 4.45 6.31 1.63 1.90 3.37 2.58 
Fucose 1.74 1.83 2.37 2.98 2.97 4.56 3.19 4.35 4.71 3.41 
Arabinose 47.01 6.38 36.10 32.02 51.18 84.44 31.42 36.94 13.87 14.26 
Xylose 8.40 7.94 10.89 16.74 11.42 16.01 20.16 29.02 20.02 18.40 
Mannose 54.32 84.17 81.17 59.57 90.51 77.68 47.41 48.01 41.10 53.24 
Galactose 66.70 20.22 24.99 27.05 27.95 22.93 32.97 43.22 15.25 17.36 
Glucose 407.49 496.15 437.61 425.25 471.34 512.35 618.36 593.18 654.56 780.55 
GalA 123.51 80.98 34.14 54.86 50.06 43.49 92.35 83.99 93.27 64.14 
TOTAL 710.84 696.26 630.25 620.65 709.87 767.77 847.47 840.60 846.15 953.95 
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Fraction: CWR 
(c) 

          µg/ g dry matter Fruitlet Expanding fruit 1 Expanding fruit 2 Fruit-at-harvest Stored Fruit 
DAFB 40 d 70 d 100 d 120/140 d 20 weeks 
Monosaccharide RG SF RG SF RG SF RG SF RG SF 
Rhamnose 63.59 123.35 57.31 40.44 103.89 165.21 29.79 36.33 37.75 35.77 
Fucose 65.77 55.36 45.64 55.69 69.20 119.37 58.39 82.96 52.74 47.31 
Arabinose 1778.55 1153.38 694.81 599.15 1194.04 2212.52 575.31 705.14 155.47 197.63 
Xylose 317.70 240.04 209.67 313.31 266.40 419.57 369.11 553.99 224.36 254.92 
Mannose 2055.18 2544.60 1562.11 1114.67 2111.42 2035.40 868.10 916.56 460.57 737.74 
Galactose 2523.87 611.32 480.96 506.19 651.96 600.76 603.71 825.07 170.84 240.50 
Glucose 15418.31 14999.08 8422.02 7956.89 10996.00 13423.92 11323.28 11324.38 7334.84 10815.43 
GalA 4673.37 2448.23 657.12 1026.56 1167.89 1139.58 1691.18 1603.37 1045.12 888.71 
TOTAL 26896.34 22008.95 12129.65 11612.90 16560.81 20116.32 15518.87 16047.79 9481.69 13218.01 

           (d) 
          µg/ g FW Fruitlet Expanding fruit 1 Expanding fruit 2 Fruit-at-harvest Stored Fruit 

DAFB 40 d 70 d 100 d 120/140 d 20 weeks 
Monosaccharide RG SF RG SF RG SF RG SF RG SF 
Rhamnose 7.72 12.84 10.27 9.09 16.15 24.05 4.03 5.49 4.60 5.03 
Fucose 7.98 5.76 8.18 12.52 10.75 17.38 7.90 12.53 6.42 6.65 
Arabinose 215.92 120.07 124.51 134.69 185.55 322.14 77.84 106.48 18.94 27.77 
Xylose 38.57 24.99 37.57 70.43 41.40 61.09 49.94 83.65 27.33 35.82 
Mannose 249.50 264.89 279.93 250.58 328.11 296.35 117.45 138.40 56.10 103.65 
Galactose 306.40 63.64 86.19 113.79 101.32 87.47 81.68 124.59 20.81 33.79 
Glucose 1871.78 1561.40 1509.23 1788.71 1708.78 1954.52 1532.04 1709.98 893.38 1519.57 
GalA 567.35 254.86 117.76 230.77 181.49 165.92 228.82 242.11 127.30 124.86 
TOTAL 3265.22 2291.13 2173.63 2610.58 2573.55 2928.94 2099.70 2423.22 1154.87 1857.13 
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 Appendix IX. Protein content of enzyme extracts, specific activity and positive and negative control values. 

Protein content (µg protein/g FW) (n = 9) 
Cultivar Royal Gala Scifresh 

Time-point DAFB 
Low 
Salt S.E. High Salt S.E. Low Salt S.E. High Salt S.E. 

Fruitlet 40 4.9599 0.0240 10.2770 0.1240 3.6343 0.0325 12.9228 0.1654 
Expanding fruit 1 70 2.2904 0.0540 4.7905 0.0876 2.9592 0.0451 7.4035 0.1325 
Expanding fruit 2 100 4.8840 0.0650 4.4876 0.0975 2.6572 0.0215 3.1941 0.0845 
Expanding fruit 3 120 1.2691 0.0352 6.0362 0.0657 1.6671 0.0105 5.7891 0.0546 
Harvest 140 2.5843 0.0214 4.0252 0.0354 4.0893 0.0388 2.9167 0.0485 
Stored 20 weeks 2.3836 0.0154 5.0202 0.0584 3.9143 0.0469 3.6099 0.0214 
 
Specific activity of AFase (µmole PNP released/ h/ µg protein) 
Royal Gala LOW SALT HIGH SALT 

 
Scifresh LOW SALT HIGH SALT 

Timepoint Ave S.E Ave S.E 
 

Timepoint Ave S.E Ave S.E 
Fruitlet 0.0151 0.0002 0.0072 0.0006 

 
Fruitlet 0.0251 0.0141 0.0175 0.0002 

Expanding fruit 1 0.2284 0.0099 0.0099 0.0018 
 

Expanding fruit 1 0.0172 0.0017 0.0079 0.0035 
Expanding fruit 2 0.0111 0.0012 0.0058 0.0005 

 
Expanding fruit 2 0.0169 0.0025 0.0082 0.0015 

Expanding fruit 3 0.0248 0.0024 0.0022 0.0008 
 

Expanding fruit 3 0.0165 0.0009 0.0045 0.0014 
Harvest 0.0111 0.0010 0.0039 0.0007 

 
Harvest 0.0068 0.0007 0.0071 0.0006 

Stored 0.0123 0.0005 0.0041 0.0006 
 

Stored 0.0114 0.0057 0.0045 0.0017 
 
Specific activity of BGal (µmole PNP released/ h/ µg protein) 
Royal Gala LOW SALT HIGH SALT 

 
Scifresh LOW SALT HIGH SALT 

Timepoint Ave S.E Ave S.E 
 

Timepoint Ave S.E Ave S.E 
Fruitlet 0.0664 0.0006 0.0273 0.0151 

 
Fruitlet 0.0347 0.0054 0.0479 0.0054 

Expanding fruit 1 0.0726 0.0028 0.0232 0.0017 
 

Expanding fruit 1 0.0400 0.0099 0.0112 0.0084 
Expanding fruit 2 0.0430 0.0005 0.0185 0.0025 

 
Expanding fruit 2 0.0513 0.0032 0.0341 0.0024 

Expanding fruit 3 0.0568 0.0067 0.0075 0.0016 
 

Expanding fruit 3 0.0345 0.0024 0.0074 0.0065 
Harvest 0.0299 0.0007 0.0094 0.0009 

 
Harvest 0.0127 0.0018 0.0109 0.0086 

Stored 0.0572 0.0006 0.0272 0.0077 
 

Stored 0.0191 0.0005 0.0217 0.0009 
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Specific activity of PME (nmole MeOH/ h/ µg protein) 
      Timepoint Royal Gala S.E. Scifresh S.E. 
      Fruitlet 11.4556 1.2292 2.7905 0.3652 
      Expanding fruit 1 6.0592 0.2803 5.6127 0.2942 
      Expanding fruit 2 4.5625 0.5930 4.9745 0.8169 
      Harvest 4.6710 0.6049 3.4017 0.8272 
      Stored 1.9138 0.3064 0.7400 0.3586 
       

Specific activity of XET (Bq inc/ kBq prov/ µg protein) 
      Extraction with PEG 

    
Extraction without PEG 

   Timepoint Royal Gala S.E. Scifresh S.E. 
 

Timepoint Royal Gala S.E. Scifresh S.E. 
Fruitlet 4622.4835 95.8185 4608.9137 136.7832 

 
Fruitlet 32.6101 13.6133 14.0034 3.8699 

Expanding fruit 1 3191.2442 31.3881 2108.5119 70.4076 
 

Expanding fruit 1 57.8233 8.5594 122.8479 30.1812 
Expanding fruit 2 2653.6720 109.2953 1797.5958 53.4565 

 
Expanding fruit 2 335.7332 18.0187 351.3005 59.9058 

Harvest 3126.0512 136.7281 1280.5415 43.7361 
 

Harvest 486.4917 22.2799 191.3404 15.8058 
Stored 3351.1779 89.8200 1441.7477 39.0829 

 
Stored 1396.1550 126.1666 677.6667 102.7042 

Values for positive (tomato tissue) and negative (extracts boiled in 10% SDS) controls 

Enzyme activity Positive control S.E. Negative control 
      Royal Gala             Scifresh 

AFase  (LS)               (µmole PNP released/h/g FW) 0.03152 0.00152 0.000158 0.00072 
AFase  (HS) 0.02451 0.00205 0.00027 0.00001 
BGal    (LS)              (µmole PNP released/h/g FW) 0.4013 0.00845 0.00483 0.0003 
BGal    (HS) 0.3845 0.00614 0.00477 0.0007 
PME                          (nmole MeOH/h/g FW) 131.25 26.64 0.2151 0.3554 
XET (with PEG)       (Bq inc/ kBq prov/ g FW) 3043.945 101.76 -32.7612 * -25.3211 * 
XET (without PEG)  2240.779 142.39 -36.7817 * -43.7474 * 

*Negative values obtained for negative controls in XET assays resulted from background values (where reaction was terminated prior addition of enzyme 
extract) being higher than negative control values.  
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Appendix X. Polyclonal antibody production for use in Western blot analysis and 1-D SDS-PAGE 
colloidal gel showing bands of proteins extracted from ‘Royal Gala’ and ‘Scifresh’ fruit during 
development. 

The PG polyclonal antibody used in the Western blot was produced as follows. The mature ORF of 

apple PG1 was amplified using primers RA136 5’- ACGGGATCCG CTCCGGCCAA 

AACCATTAGC-3’ and RA137 5’- ATAGTTTAGC GGCCGCTTAA CATCTAGGGG AGACAAC-

3’. The insert was excised with BamHI and NotI and ligated into corresponding sites of the pET-30a(+) 

vector to produce plasmid pETPG1 (Novagen, Madison, WI, USA). pETPG1 was transformed into 

Escherichia coli BL21 cells containing the pLysS plasmid and recombinant His-tagged protein was 

purified by Ni-affinity chromatography under denaturing conditions (Schröder et al. 1998). Fractions of 

the eluate were separated on 10% (w/v) polyacrylamide SDS-Tris-Tricine gels and recombinant protein 

determined by the presence of a major band at ~45 kDa. The main band was cut out and used to raise 

polyclonal antiserum in rabbits (Cocalico Biologists Inc., Reamstown, PA, USA or AgResearch, New 

Zealand). 

A similar technique was used for the production of the XTH and BGal polyclonal antibodies, but using 

recombinant His-tagged proteins specific for those enzymes extracted and purified from kiwifruit 

(Actinidia chinensis) (Atkinson et al. 2009). 

 

Lanes 1-4; ‘Royal Gala’; lanes 5-8, ‘Scifresh’ (in the order of fruitlet, expanding fruit 1, harvest, stored 
fruit); lane 9, Precision Plus Protein Dual Colour Standard. The colloidal gel shows faint bands 
indicating the low amount of protein content in apples. 
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Appendix XI. PG activity assay by gel diffusion method. 

Methods: 

Enzyme extraction 

The enzyme extraction used for PG was the same as described in Chapter 3, 2.2.1 using the 

LS/HS approach. However, for the HS extract, a desalting procedure was carried out as follows. To the 

HS extract, 0.6 mL was removed and placed into a Vivaspin concentrator (MWCO 5 kDa) and 

centrifuged at 14, 000 g at 4°C for 20 min, until a volume of 0.2 mL was obtained. To the concentrator, 

0.5 mL of a desalting buffer [0.3 M MES, 10 mM DTT, 13 mM EDTA, 50 mM NaCl (pH 6.0)] was 

added until the volume approached 0.2 mL. The procedure was repeated until the volume in the 

concentrator was 0.15 mL. The desalted HS extract was then removed (0.15 mL) and placed into a 

clean pre-weighed Eppendorf tube and kept on ice until assayed. 

Activity assay 

 The assay used was as described by Saad et al. (2007) which is a gel diffusion assay carried out 

on a petri dish. The assay functions on the basis of incorporating the substrate, polygalacturonic acid 

from orange (Sigma) in an agarose gel set in a petri dish. Holes are then punched into the gel and 

loaded with the enzyme extract which diffuses into the substrate-containing gel. A dye (ruthenium red) 

is then introduced to the plate and areas where the substrate had been hydrolysed by the enzyme will 

not stain, resulting in a clearance around the hole which can be quantified by measuring the diameter of 

clearance against a plate which had been loaded with a standard (endo-PG purchased from Megazyme). 

The higher the activity, the larger the clearance ring formed. 

The gel used for the assay was prepared by heating (200°C) the following: 0.05 M citric acid, 0.1 M 

Na2HPO4 buffer (pH 5.0), 0.01% (v/v) polygalacturonic acid (from oranges; Sigma), 1% (w/v) low 

melting agarose (BioRad) and 25 µg/mL food grade gelatin (Davis). The molten gel (4 mL) was 

pipetted onto a warmed petri dish and allowed to cool to room temperature. Eight holes, 1.5 cm apart 

were punched out using a cork borer and a reference arrow made in the middle of the plate to the 

orientation of the first hole. 

The assay was conducted by adding 50 µL of the LS or desalted HS extract into each hole of a plate. 

Once the holes appeared dry, lids were placed on the petri dish, wrapped with parafilm, inverted and 

incubated at 28°C for 1 h. After incubation, 10 mL of 0.05% (w/v) ruthenium red (Fluka) made up in 

water, was added onto each plate and incubated for 30 min at room temperature on gentle aggitation. 

The dye was tipped out and the plate washed three times (30 min each) with 10 mL water. The final 

destaining was done by leaving the last 10 mL water wash on overnight (with gentle agitation). The 

water was tipped out and plate left to air dry before photographing. 
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Standards of endo-PG from Aspergillus aculeatus (Megazyme) were prepared in the following 

dilutions (in water): 0.1, 1.0, 2.5, 5.0, 7.5 and 10.0 mU·mL-1 and each loaded into a hole on a plate, and 

the assay carried out the same. The activity of the enzyme was calculated by comparing the diameter of 

clearance to the known concentrations of the endo-PG standards and expressed as U/g FW tissue or 

U/µg protein. 

Results: 

 

Gel diffusion plate assay for PG activity in 20-week stored ‘Royal Gala’ fruit (A) showing no ring 
clearance and no detectable activity. This assay was repeated three times using stored RG tissue which 
was selected because it was the only sample which showed a band for PG in the Western analysis, 
however no ring clearance was obtained in any of the assays and one plate from a representative 
experiment shown (A). An example of a functioning assay with positive ring clearance obtained from 
assaying ripe kiwifruit outer pericarp tissue is given as a comparison (B; courtesy of Prakash R, PFR). 

 

Possible reasons for the failure of this assay include: (i) the pectin substrate incorporated in the 

agarose gel did not have sufficiently low methylation for PG to function (ii) the crude enzyme extract 

was not concentrated enough as apples have notoriously low protein content (iii) PME activity in the 

crude extract may have been too low to allow sufficient de-esterification of HG and resultant PG 

cleavage sites. Negative results for gel diffusion PG assays performed on apple tissue were experienced 

independently by other colleagues at PFR and many technical difficulties led to this method being 

abandoned. 

  

A B 
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Appendix XII. Cellulose microfibril width estimation by NMR using C-4 interior and surface peak 
area calculations. 

Methods: 
These calculations were made based on that described in Newman et al. (1994), Newman and 

Hemmingson (1995), and Newman (1999b).Using the normal CP/MAS spectra obtained for fruit-at-

harvest (season 2010), the peaks assigned to C-4 of cellulose, both interior (89 ppm) and surface (84 

ppm) were enlarged from the region of 80 to 92 ppm using Adobe Photoshop software. Peak 

boundaries for surface and interior signals were drawn in red and blue, respectively for distinction and 

the area under the curve used for calculations by quantifying pixel numbers on screen. The regions in 

question are illustrated below. 

 

 

 

 

 

 

 

 

 

Results: 

A parameter, X was defined in terms of signal areas measured between the vertical lines drawn at 80, 
87 and 92 ppm in this C-4 region of the spectra, where: 

X = (area under curve between 87 and 92 ppm)/ (area under curve between 80 and 92 ppm) 

In other words, X = (blue hatched area)/ (blue + red hatched area) 

For ‘Royal Gala’ at harvest, X = 2/ 5.5 = 0.3636           (as a function of pixels) 

For ‘Scifresh’ at harvest, X = 1.85/ 5.1 = 0.3627           (as a function of pixels) 

From a square array of n× n crystallites, the lateral dimension, L of each crystallite is defined as: 

L = 2h/ (1- X ½)                where h = 0.57 nm (Newman 1999b) 

For ‘Royal Gala’ at harvest, L = (2× 0.57)/ (1- 0.3636 ½) = 2.873 nm 

For ‘Scifresh’ at harvest, L = (2× 0.57)/ (1- 0.3627 ½) = 2.866 nm 

In agreement with ‘Braeburn’ apple, 3.0 × 2.7 nm (Newman et al. 1994).  
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Appendix XIII. Seasonal replicate of CP/MAS NMR spectra of the cell wall preparations of ‘Royal Gala’ and ‘Scifresh’ fruit during development. 
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Appendix XIV. Variable contact time (VCT) NMR spectra of the cell wall preparations of ‘Royal Gala’ and ‘Scifresh’ fruit during development. 

VCT experiments were conducted to determine T1ρH and to appropriately choose the contact time for CP experiments (tcp). 
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Appendix XV. Exploring the use of X-ray microCT for imaging native apple tissue towards 

understanding the influence of cellular and air space arrangement and packing to fruit texture. 

Introduction: Specific characteristics such as the texture of fruits may be determined by the way in 

which the cells of the flesh pack together and change whilst the fruit ripens. Methods for detailed 

characterization of this cellular packing tend to be invasive and capable of looking at only small 

volumes at a time. Visualisation of cellular morphology by conventional microCT in their native state 

has been difficult, because of the low contrast and limited resolution. Here, the use of advanced lab 

based X-ray microCTs was explored for imaging native apple tissue without the need for fixation, 

dehydration, coating or staining.  

Materials and methods:  

Experiment 1 

Three different apple samples were investigated: (i) fresh ‘Sciros’ at harvest, (ii) fresh 20 week-stored 

‘Scifresh’ and (iii) fixed and dehydrated by critical point drying ‘Scifresh’ fruitlet (procedures as 

described in Chapter 5, for SEM sample preparation). This method was trialled on another apple 

cultivar, ‘Sciros’ (marketed as ‘Pacific Rose™’) mature fruit-at-harvest, because it was available at the 

time of the preliminary experiment. Apple cortex tissue was cut into approximately a 5 mm3 cube, and 

coated in a thin layer of dental wax to prevent sample shrinkage and dehydration during the X-ray 

scanning. Sample was viewed using MicroXCT-200 (Xradia Inc, Pleasanton, USA) at the Fonterra 

Research Facility, Palmerston North on absorbance mode. The microCT has several objective lenses 

which can scan specimens with variable field of view from several cm to mm in diameter and 

resolution range from 50 microns to less than 1 micron. 

Experiment 2 

Fresh tissue of ‘Royal Gala’ and ‘Scifresh’ apples that had been stored for 15 weeks at 0.5°C under 

ambient conditions were used for microCT preliminary trials using a different machine, Skyscan-1172 

(Bruker microCT, Kontich, Belgium) at the Bioengineering Institute, University of Auckland. Whilst 

this machine was more accessible for use, it has a lower powered X-ray source, and lower resolution 

range compared with that used in Experiment 1. The aim of this preliminary study was to explore the 

potential use of this technique. 

Results and discussion:  

Experiment 1 
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Additional video material in the form of a CD-ROM is affixed to the back cover of this thesis.  

PC or Mac requirements for viewing: Windows Media Player 

1. For a view of the microCT scans from the top going through the piece of fresh ‘Sciros’ apple 

tissue, see Video Clip 1- Sciros apple fresh tissue_stack of virtual slices.wmv 

(White: cells; black; air space) 

2. For a 3-D reconstruction of part of the fresh ‘Sciros’ apple tissue,  

see Video Clip 2- Sciros apple fresh tissue_3D reconstruction.wmv 

(colour manipulated to a yellow-orange hue for presentation) 

 

Observation of ‘Sciros’ apples using absorbance mode, clearly showed the three dimensional 

arrangement of cells and air spaces within the tissue (Fig. 8.1.). This allows not only estimations of the 

continuity of air spaces through a large volume of the tissue but also to estimate the extent and pattern 

of cellular adhesion, even though cell walls were not visualised. This technique also allows a more 

realistic 3-D reconstruction of a block of native apple tissue (Fig. 8.1C and D), which conventional 

SEM or confocal microscopy techniques cannot achieve (also see videos on CD attached).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 8.1. MicroCT single image centre slice (A) and 3-D models (B, C, D) of ‘Sciros’ fruit-at-
harvest, fresh cortex tissue. Cell shape and arrangement (light) and air spaces (dark) are clearly 
distinguished. Red arrow indicates location of a vascular bundle. 

B 

D C 

A 

1000 µm 
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Figure 8.2. MicroCT single image centre slice of ‘Scifresh’ fruit stored for 20 weeks, fresh cortex tissue 
(A) and ‘Scifresh’ fruitlet, fixed and dehydrated tissue (B). Cell shape and arrangement (light) and air 
spaces (dark) are distinguishable in (A); but only cell walls (light) are distinguishable in (B). 
 

Observations of ‘Scifresh’ tissues were made at two different stages: fruitlet (after fixation and 

dehydration) and 20 week-stored fruit (fresh tissue). The dehydrated tissue shows the appearance of 

cell walls (light) with cell contents having been removed (dark) (Fig. 8.2B). Intercellular air spaces, if 

present do not appear distinct. In comparison, native fresh apple tissue has cells which are fluid-filled 

(light) and gas spaces (dark) distributed within the tissue (Fig. 8.2A). The cellular morphology in Fig. 

8.2B significantly differs to that in Fig. 8.2A, due to fixation and dehydration procedures altering the 

native tissue state, and/or could be due to a difference in tissue age. Regardless, this result serves as a 

reminder that tissue which has been fixed, dehydrated or altered in any way or form is bound to differ 

significantly from reality and thus interpretations have to be made accordingly. 

 Experiment 2 

Based solely on a qualitative analysis, it seemed that ‘Royal Gala’ showed less continuity of 

cell arrangement, with presence of more (but smaller) air space distributed more uniformly throughout 

the tissue scanned (Fig. 8.3.). In comparison, ‘Scifresh’ showed more cell-to-cell contact, more 

continuity between cells (as seen by the larger white areas), and air spaces distributed more sparsely 

between cells (Fig. 8.4.). The cells and air spaces in ‘Royal Gala’ seemed to be arranged in a vertical 

chain-like manner (Fig. 8.3.); while in ‘Scifresh’ seemed to be arranged more in clusters or clumps 

(Fig. 8.4.). This difference in cellular organization and air space distribution could affect the different 

texture observed between these two apple cultivars. The microstructure and distribution of air spaces 

(i.e. porosity) within the tissue are known to affect apple flesh texture (Vincent 1989; Khan and 

Vincent 1993). The work of Mendoza et al. (2007) describes the use of X-ray microCT for 

investigating pore space quantity, connectivity and spatial distribution in ‘Jonagold’ and ‘Braeburn’ 

apples, which showed a significant difference in microstructure between the two apple cultivars. 

A B 

1000 µm 
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Figure 8.3. MicroCT single image slices of ‘Royal Gala’ fruit stored for 15 weeks, fresh cortex tissue. 
A quarter (A), half (B) and three-quarter (C) way through the tissue stack. Bar on Fig. 8.3A= 1000 µm 
for all micrographs. 
 

 
 
Figure 8.4. MicroCT single image slices of ‘Scifresh’ fruit stored for 15 weeks, fresh cortex tissue. A 
quarter (A), half (B) and three-quarter (C) way through the tissue stack. Bar on Fig. 8.4A= 1000 µm for 
all micrographs. 
 

Future work can be directed towards 3-D image analyses for quantifications of cell-to-cell 

connectivity and void volume distributions in ‘Royal Gala’ and ‘Scifresh’ apples. Overall, the microCT 

technique has shown enormous potential for studying cellular morphology in native biological tissue 

towards understanding differences in fruit texture. This preliminary study demonstrated that a lab based 

X-ray microCT can achieve sufficient resolution and contrast to allow rapid characterisation and 

rendering of 3-D models of unstained, whole and hydrated plant tissue. 
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Appendix XVI. AFM protocol for imaging in non-contact mode. 

1. Tip selection 

The tip of most AFM cantilevers is rounded off and has an end radius of a few nanometers. For non-

contact (AC) tapping mode, NSG 11 tips were selected. The tips vary in stiffness (spring constant) 

depending if the sample to be imaged is relatively soft or hard and this determines the magnitude of 

vertical deflection required by the tip. 

 

2. Alignment of laser beam 

The laser spot is focussed precisely onto the back of the cantilever so that the angle of the reflected 

laser can be detected by the position-sensitive photodetector (which usually consist of 4 side-by-side 

photodiodes). The difference between the 4 photodiode signals indicates the position of the laser spot 

on the detector and thus the angular deflection of the cantilever. In contact (DC) mode, the deflection of 

the cantilever is then recorded as an image which represents the topography of the sample surface 

scanned (Torre et al. 2011). Or in non-contact (AC) mode, the amplitude instead of deflection forms the 

image. 

 

3. Adjustment of tip and sample surface contact 

The AFM assembly is put on top of the sample stage and the cantilever is gradually lowered to first 

come into contact with the water immersing the sample, and then it is further lowered to come into 

contact with the sample surface. 

 

4. Calibration of cantilever 

The cantilever can be auto-tuned to calibrate its height in relation to the sample surface. This finds the 

best amplitude needed for oscillation. 

 

5. Set variables of scanning conditions 

a. Scan size: 2-10 µm2 (the larger the scan size, the longer the scan time) 

b. Scan rate: 1-5 Hz 

c. Scan speed: 12.52 or 44.39 µm/s 

d. X offset: anything between + or – 1 to 10 µm (this moves the tip left (-) or right (+) to 

scan adjacent areas at the set distance) 

e. Y offset: anything between + or – 1 to 10 µm (this moves the tip up (+) or down (-) to 

scan adjacent areas at the set distance) 

f. Scan angle: 0, 45 or 90° 
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g. Scan points and scan lines: 256 (lower resolution, but faster scan time) or 512 (higher 

resolution, longer scan time) 

h. Width to height ratio: 1:1 (to obtain a square image) 

i. Set point: 20-50 mV (varies depending on the amplitude achievable, a lower value 

corresponds to harder tapping) 

j. Integral gain: 10-20 (adjusts re-tracing) 

k. Proportion gain: 0 

l. Drive amplitude: 2.0-4.0 V (varies) 

m. Drive frequency: 50-100 Hz (dependent on drive amplitude) 

n. Input gain: 12 dB 

 

6. Engaging the tip 

Once the conditions are set, the AFM is adjusted for sum, deflection, amplitude and Z-voltage, to 

achieve a deflection closest to 0. This ensures that the tip engages to the surface and has made good 

contact with it. 

 

7. Image capture 

As the AFM tip movement which generates the image is very sensitive to noise and vibrations, the 

period of time during which the image is being captured has to be very silent. This length of time can 

be shortened by increasing the scan rate or scan speed, or by decreasing the scan points or scan size. 

However, this will compromise the image resolution.  
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Appendix XVII. Statistical analyses. 

The following results were subjected to single-factor ANOVA analyses using the Microsoft Office 

Excel 2007 for Windows software: 

• Flesh firmness, internal ethylene concentration and dry matter concentration (presented in Figs. 

2.2, 2.4. and Table 4.1); 

• Yield of CWM and fractions (presented in Figs. 2.5 and 2.6); 

• Degree of esterification (presented in Fig. 2.9) 

 

The following results were subjected to two-way ANOVA analyses using the Microsoft Office Excel 

2007 for Windows software: 

• CWM composition (presented in Fig. 2.7 and Tables 4.2 and 4.3) 

• CW fraction composition (presented in Table 2.4) 

• Enzyme activity assay results (presented in Figs. 3.2, 3.3, 3.5 and 3.7) 

 

All means were compared between ‘Royal Gala’ and ‘Scifresh’ at the same developmental point using 

the Fisher’s least significant difference (LSD) post-test at P≤ 0.05 with the SPSS (version 15.0) 

software (IBM, NY, USA). 

 

Means of surface structure widths observed by AFM in the skewed distribution of Fig. 6.14 was tested 

using the Mann-Whitney U test, which does not assume a normal distribution. 
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