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Abstract 

 
Cell walls are important for providing structural integrity to fruit tissues during softening. While 

there are reports on changes relating to fruit softening in kiwifruit cell walls, this study was the 

first to examine two closely related genotypes of Actinidia chinensis  with different softening rates, 

MPM (a fast softener)  and ACS (a slow softener), using an integrated approach of cell wall 

composition analysis, enzyme activity assays, microscopy and molecular techniques. The aim was 

to identify whether the different softening rates between genotypes were influenced by 

fundamental variations in the chemistry of the cell walls, or by comparative increases or decreases 

of gene expression or activity of the enzymes that cause the same cell wall degradative processes 

to occur at different speeds. While the pectin domain of the cell wall showed several dissimilarities 

between MPM and ACS, the main differences observed were in the xyloglucan domain. Compared 

to MPM, ACS appeared to have a higher xyloglucan content in the tightly bound 4 M KOH fraction 

and the cell wall residue, a result supported by a higher distribution of monoclonal antibody LM15 

epitopes (related to xyloglucan) in all cell types in ACS. These results suggest an increased cell 

wall structural integrity in ACS which may resist the changes occurring to the xyloglucan-cellulose 

structure in MPM. Xyloglucan-modifying enzymes also varied between MPM and ACS. MPM 

had a higher xyloglucan endohydrolase (XEH) activity from the unripe stage, suggesting a 

weakened network which might be more easily accessible to other cell wall hydrolases from early 

in softening. Differences in the expression patterns of xyloglucan transglycosylase/hydrolase 

(XTH) genes showed that several were predominantly expressed in MPM and not ACS, suggesting 

that different isoforms of XTH were present in these genotypes. Results showed that softening of 

these genotypes was indeed influenced by differences in cell wall composition, gene expression 

and enzyme activity. Knowledge of the cell wall components, structural properties and genes 

expressed during softening can be applied to identify chemical and genetic markers for breeding 

kiwifruit to enable early stage selection of genotypes with a preferred softening rate, giving the 

New Zealand kiwifruit industry a competitive edge in the global kiwifruit market. 
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Chapter 1 General Introduction 
 

Kiwifruit has become an iconic fruit in New Zealand since its introduction to the country at the 

beginning of the twentieth century. New Zealand is now a world leader in the production of high 

quality, premium quality kiwifruit for export to consumers around the globe. In order for New 

Zealand to maintain its leading position in the marketplace, the kiwifruit industry aims to regularly 

release new cultivars with improved qualities. 

 

Success of new kiwifruit cultivars in the marketplace is determined by a number of attributes. The 

fruit must be deemed acceptable not only in terms of its valuable health promoting attributes (such 

as vitamins, antioxidants and dietary fibre content) but also by its physio-chemical qualities such 

as flavour, colour and texture. Texture is considered to be one of the main attributes of fruit that 

affects customer satisfaction and willingness to repeat purchase. Cultivars with inherently poor 

texture are unlikely to succeed commercially even if flavour and colour are acceptable (Stec et al., 

1989).  

 

The rate at which fruit soften during the period commonly referred to as postharvest storage life, 

is an important factor in determining the success of any new cultivar. In kiwifruit, the storage life 

can be defined as ‘the length of time it takes for the fruit to soften to 1 kilogram firmness (kgF) 

which represents the minimum firmness required for export’ (Manolopoulou & Papadopoulou, 

1998). The shelf life, or eating window, can be defined as the length of time the fruit can be retained 

at eating ripeness after storage life. Changes in cell wall composition and structure during storage 

and shelf life can have a significant impact on texture and softening rate. 

 

Cell wall chemistry and biochemistry may differ among kiwifruit cultivars, resulting in differences 

in the rate of softening. Cell walls are responsible for the strength, texture and maintenance of 

turgor in fruit tissues, and are therefore the key element in determining the rate of fruit softening. 

Fruit softening involves a series of coordinated events that disrupt the integrity of the cell wall. 

This results in the loosening of the structure of the cell wall and softening of the fruit (Brummell, 

2006).  
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Genetic variation between cultivars is the most important factor affecting the rate of softening, and 

therefore the storage quality of kiwifruit (Warrington & Weston, 1990). Until recently, the 

breeding and export of kiwifruit has been focused on ‘Hayward’, Actinidia deliciosa (A. Chev.) 

C. F. Liang et A.R. Ferguson var. delicosa, (marketed as ZESPRITM GREEN) and ‘Hort16A’ a 

variety of Actinidia chinensis Planch. (marketed as ZESPRITM GOLD). Both ‘Hayward’ and 

‘Hort16A’ cultivars have attractive fruit quality attributes and are known for their slow softening 

rate and their excellent postharvest storage life. It is now being accepted that other species that 

were previously considered to be primarily of academic interest (Ferguson, 2007) are a source of 

novel attributes such as peelable and edible skins and novel flavours that may appeal to consumers. 

However, any new kiwifruit cultivar developed would have to have at least the same storage 

potential as ‘Hayward’ and ‘Hort16A’. Hence, the maintenance of firmness in storage in order to 

maximise storage life is one of the main targets for breeders, not only in kiwifruit, but in many 

other fruit crops. An understanding of the mechanisms controlling kiwifruit softening can 

ultimately be used to aid kiwifruit breeding and improvement, leading to new cultivars with 

attributes that would give the New Zealand kiwifruit industry a competitive advantage.  

 

1.1 Anatomical characteristics of kiwifruit 
 

There are more than 76 species and another 50 intra-specific taxa in the Actinidia genus (Ferguson 

& Huang, 2007). Figure 1.1 illustrates the vast range of size and appearance in the Actinidia genus. 

While the varieties differ to some extent in terms of their outward appearance (rough hairy skin 

versus skin with small, delicate hairs), the internal morphological characteristics of the fruit with 

outer pericarp, inner pericarp with seeds, and core are similar. Figure 1.2 shows a cross section of 

‘Hayward’. Kiwifruit such as ‘Hayward’ and ‘Hort16A’ have a skin layer composed of dead, 

radially compressed cells and small phenolic-rich living cells (Hallett & Sutherland, 2005). A 

study on ‘Hayward’ showed that lying beneath this skin layer is the outer pericarp which is 

composed primarily of thin-walled parenchyma cells which appear to fall into two distinct size 

classes. The small cells undergo extensive cell wall disintegration during softening, and large cells 

remain more intact during softening (Hallett et al., 1992; Hallett & Sutherland, 2005). The inner 

pericarp is characterised by the seed locules surrounded by large, thin-walled radially elongated 

cells, many of which contain bundles of calcium oxalate crystals (raphides). These locules are 
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separated by layers of tightly packed, thicker walled parenchyma cells. A ring of vascular bundles 

lies between the inner and outer pericarp and between the inner pericarp and core. The core or 

columella has an off-white appearance and is composed of small parenchyma cells. 

 

Kiwifruit tissue is very hard during the early stages of development but the firmness decreases as 

fruit ripening commences, and the fruit can soften to eating ripeness on the vine. However, normal 

commercial practice is to harvest the fruit while they are still firm. For ‘Hayward’, this is typically 

at a firmness of around 8-10 kilogram firmness (kgF) (Warrington & Weston, 1990). Chemical 

changes in the fruit during softening also lead to the development of flavours and volatiles that 

make the fruit appealing to the consumer. The most marked and well studied change occurs in the 

carbohydrates, especially the conversion of starch to sugar (Reid et al., 1982). The physical, less 

well studied changes in the fruit are primarily a result of the chemical and biochemical changes in 

the cell walls and are important to understand when investigating the regulation of kiwifruit 

softening. 

 

 

Figure 1.1. The natural variation in size and appearance of fruit of members of the Actinidia 

genus. This image includes images of A. arguta (A), A. chinensis (C), A. deliciosa (D), A. eriantha 

(E), A. polygama (P) and A. setosa (S) (Crowhurst et al., 2008). 
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Figure 1.2. Cross section of A. deliciosa ‘Hayward’. Image shows four different tissue zones; 

skin, outer pericarp, inner pericarp and core. 

 

 

1.2 Cell wall components 
 

Cell walls have a high degree of complexity that needs to be taken into account when studying 

changes during fruit softening. Two types of cell walls are recognized; primary cell walls and 

secondary cell walls (Albersheim, 2011; Harris & Smith, 2006). Primary cell walls are composed 

of a thin layer of cell wall polysaccharides that are deposited while the cells are still enlarging. 

Secondary cell walls are deposited after cells have stopped enlarging and in many tissues can 

become thickened and lignified. In primary walls, adjacent cells are ‘cemented’ together by a 

middle lamella. The middle lamella is the first cell wall layer formed during cell division. It makes 

up the outer wall of the cell and is shared by adjacent cells. It is composed of pectic compounds 

and proteins (Jarvis et al., 2003). The primary wall is formed after the middle lamella and consists 

of a rigid skeleton of cellulose microfibrils embedded in a matrix composed of pectin, 

hemicelluloses, and glycoproteins. Parenchyma cells, which comprise the majority of the cells we 

consume in fruit, contain only a primary wall when mature, and very rarely develop features of a 

secondary wall. Therefore, this discussion will focus on the primary plant cell wall and its 

constituents.  
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1.2.1 Pectin 

 

Pectins are a class of galacturonic acid (GalA) containing polysaccharides that comprise as much 

as 30% of walls in eudicotyledons and in many monocotyledons, although cell walls of the Poales 

(including the Poaceae, formerly Gramineae) and related orders contain considerably less pectin, 

approximately 10% of cell walls (w/w). The structural classes of pectin include the galacturonans; 

homogalacturonan (HG), rhamnogalacturonan I (RG-I) and rhamnogalacturonan II (RG-II), as 

well as xylogalacturonan (XGA) and apiogalacturonan (AGA). The fine structure of pectin directs 

the biological role of these molecules within the cell wall (Caffall & Mohnen, 2009). Pectin is 

involved in several functions such as influencing mechanical strength, adhesion, stiffness and 

porosity, but has also been implicated in other processes, including wall slippage, extension and 

intercellular signalling (Burton et al., 2010; Lionetti et al., 2007). Pectin is the most abundant 

polysaccharide in most fleshy fruit including kiwifruit (Redgwell et al., 1988), apples (Schols et 

al., 1995) and tomato (Seymour et al., 1990). In contrast, pineapple cell walls contain only small 

amounts of pectin (Smith & Harris, 1995). Figure 1.3 shows a schematic representation of the 

structural variety of pectin molecules.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. Schematic representation of the structural diversity of pectin molecules. Image is 

modified from Pérez et al. (2003) and shows regions of homogalacturonan (acetylated or 

methylesterified), rhamnogalacturonan I and II (RG-I, II), xylo- and apiogalacturonan.  

Homogalacturonan (HG) 
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HG is the most abundant type of pectin, accounting for, on average, 60% of total pectin (Voragen 

et al., 2009). HG is composed of a backbone of α-(1→4)-GalA chains. Some of the GalA residues 

in HG regions are methylesterified (-COOCH3) at the carboxyl groups at C-6 (Figure 1.4), while 

C-2 and C-3 can be acetylated (Voragen et al., 2009). The pattern and degree of 

methylesterification varies depending on plant species, tissue type and developmental stage 

(Caffall & Mohnen, 2009). 

 

 

 

 

 

 

 

 

 

 

Figure 1.4. Structure of homogalacturonans. Image shows methylesterification of carboxyl 

(COOH) groups (Zamora, 2005). 

 

HG is also the main component of the middle lamella, an adhesive layer rich in calcium-bound 

pectin, said to act like glue by sticking adjacent cells together. The in-vivo structure of the 

unesterified HG-calcium complex is sometimes known as the ‘egg-box’ structure (Figure 1.5) and 

around seven to ten continuous unesterified GalA units are needed for its formation. The 

involvement of strong ionic bonds, hydrogen bonds and hydrophobic interactions form stable 

structures which can result in an increased adhesive strength, particularly in the middle lamella 

(Jarvis et al., 2003; Ralet et al., 2001). Unesterified GalA residues of HG contain a negative charge 

of COO- and as a result, two adjacent pectin chains can form cross-links with Ca2+, resulting in the 

formation of a pectate gel. While the formation of the ‘egg-box’ structure has neither been 

confirmed or ruled out, in-vitro, citris peel pectin was used to demonstarte that pectin gel can be 

formed by addition of salts to pectin de-methylesterified by orange peel pectin methylesterase. 

Analysis by NMR spectroscopy indicated that a helical structure had formed, consistant with the 

‘egg-box’ structure (Yoo et al., 2003).  

Carboxyl 

group 

Methylesterified 

carboxyl group 
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The covalent crosslinking of HG, RG-I and RG-II has been demonstrated repeatedly in the 

literature and this data suggests that the RG-I and RG-II backbones are continuous with the HG 

backbone, rather than HG as a sidechain of  RG-I as suggested by Vincken et al. (2003). Pectins 

have also been proposed to be covalently cross-linked to xyloglucan, to increase the structural 

integrity of the cell wall (Bush et al., 2001; Ridley et al., 2001).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5. The “egg-box” model of calcium cross-linking adjacent HG structures. Image 

from Caffall and Mohnen (2009). 

 

1.2.1.1 Rhamnogalacturonan-I (RG-I) 

 

RG-I is a class of pectin with a backbone consisting of the repeating disaccharide [α-(1→4)-GalA-

α-(1→2)-Rha-α-(1→] (Fisher & Bennett, 1991). HG and RG-I may be different regions of the 

same molecule (Figure 1.3). These regions are sometimes called ‘hairy’ regions because of the 
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long and complex galactan-, arabinan- or arabinogalactan type I or II side chains that can be 

attached to the rhamnose residues (Mohnen, 2008; Schols et al., 1995) (Figure 1.3). Galactans 

consist of a β-(1→4)-linked Gal backbone while arabinans consist of an α-(1→5)-linked Ara 

backbone, which is usually substituted with α-(1→2)-Ara), α-(1→3)-Ara, or  

α-(1→3)-Ara-α-(1→3)-Ara side chains (Ridley et al., 2001). Arabinogalactan type I has the same 

β-(1→4)-linked Gal backbone as galactan but with α-Ara residues attached to O-3 of the galactosyl 

residues. They may also contain branches of α-(1→5)-linked Ara or β-(1→3)-linked Gal residues. 

Arabinogalactan type II has a β-(1→3)-linked Gal backbone, with short side chains of α-(1→6)-

Ara β-(1→6)-Gal. The galactosyl residues of these side chains can also be substituted with α-

(1→3)-Ara residue. Approximately half of the rhamnosyl residues of the RG-I backbone contain 

the side chains mentioned above, depending on the plant material (Ulvskov et al., 2005). RG-I has 

been shown to contribute mechanical strength during plant growth and development through 

interactions of side chains with xyloglucan and cellulose (Popper & Fry, 2008; Ridley et al., 2001; 

Zykwinska et al., 2005). In species where xyloglucans are limited such as onions and celery, 

Zykwinska et al. (2007) found that most of the RG-I sidechains were strongly associated with 

cellulose. Similarly in apple, Oechslin et al. (2003) found considerable amount of arabinose and 

galactose remained tightly associated with the cell wall. 

 

1.2.1.2 Rhamnogalacturonan-II (RG-II) 

 

RG-II is a substituted HG and is composed of a stretch of HG backbone approximately seven to 

nine GalA residues long with complex sidechains. Like RG-I, HG and RG-II may also be different 

regions of the same molecule (Figure 1.3) (Vincken et al., 2003). Sidechains of RG-II include 

sugars such as rhamnose, arabinose and galactose as well as unusual sugars such as  

2-o-methyl xylose, 2-methyl fucose, aceric acid, 2-keto-3-deoxy-manno octulosonic acid and  

2-keto-3-deoxy-lyxo heptulosaric acid (Spellman et al., 1983; Stevenson et al., 1988; York et al., 

1985). RG-II is thought to play an important role in wall function by self-associating to form RG-

II dimers via a boron di-ester bond which is important for normal wall formation as well as for the 

control of wall porosity, wall thickness, strength and flexibility (Cosgrove, 2005; Ishii & 

Matsunaga, 1996). 
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1.2.1.3 Substituted galacturonans 

 

The most common substituted galacturonans are xylogalacturonan and apiogalacturonan. 

Xylogalacturonans have a HG backbone with single β-xylosyl residue attached at the C-3 position 

of GalA (Figure 1.3), while apiogalacturonans have a HG backbone, with  

β-apiofuranosyl residues attached to C-2 or C-3 of GalA residues (Albersheim et al., 1996). While 

xylogalacturonans have been found in the cell walls of pea, Arabidopsis and fruit such as 

watermelon, apiogalacturonans are less common and only found in cell walls of monocotyledons 

and some aquatic plants (Caffall & Mohnen, 2009; Le Goff et al., 2001; Yu & Mort, 1996; 

Zandleven et al., 2007). 

 

1.2.2 Hemicelluloses 

 

Hemicelluloses are a heterogeneous group of polysaccharides, consisting of xyloglucans, xylans 

and mannans. The term hemicellulose is used for a group of wall polysaccharides that are 

characterised by being neither cellulose nor pectin, and by having β-(1→4)-linked backbones of 

glucose, mannose, or xylose. These glycans all have the same equatorial configuration at C1 and 

C4, and hence the backbones have significant structural similarity (Scheller & Ulvskov, 2010). 

The most common hemicelluloses are described below. 

 

1.2.2.1 Xyloglucans 

 

Xyloglucans are abundant in eudicotyledonous cell walls but only make up a minor proportion of 

the primary cell wall in monocotyledons such as grasses (Scheller & Ulvskov, 2010). In 

eudicotyledons, the main hemicelluloses in the primary cell walls are xyloglucans, contributing 

20-30% of the dry weight (Hayashi, 1989). Xyloglucans have a β-(1→4) glucan backbone with 

the addition of xylose side chains which may be substituted with galactosyl, fucosyl or arabinosyl 

residues. The type of xyloglucan sub-unit formed depends on the degree of side chain substitution. 

In the primary cell walls of eudicotyledons, as reported by Hayashi (1989), most xyloglucan 

subunits contain the common heptasaccharide repeating unit three consecutive glucosyl backbone 

residues that are substituted with xylosyl residues and a fourth unbranched backbone residue (ratio 

glucose to xylose 4 : 3), also known as the XXXG motif after a nomenclature developed by Fry et 
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al. (1993) (Figure 1.6A). Another major form of xyloglucan in eudicotyledons is 

fucogalactoxyloglucan (XLFG) (Figure 1.6B), which contains the XXXG motif with side chains 

of xylose, galactose and fucose (Renard et al., 1991c). The chain length of xyloglucans has been 

reported to range from 200 to more than 1000 residues and therefore the length of the xyloglucan 

molecule may range from approximately 100 nm to more than 500 nm (Fry, 1989b). Xyloglucans 

may play a part in cell wall structure by interacting with cellulose and increasing cell wall integrity. 

 

 

 

Figure 1.6. The structure of xyloglucan. (A) Structure of a simple xyloglucan subunit and (B) a 

fucogalactoxyloglucan subunit of glucose/ xylose/ galactose/ fucose (adapted from Pauly et al. 

(1999). The letter G represents an unbranched glucosyl residue, the X represents a glucosyl residue 

with a xylosyl substituent, the letter L represents a X with a galactosyl residue added and F 

represents L with a fucosyl residue added. The sequences XXXG (A) or XLFG (B) therefore 

unequivocally define the two structures shown. 

 

 

1.2.2.2 Xylans  

 

Xylans are a diverse group of polysaccharides with the common feature of a backbone composed 

of β-(1→4)-linked xylose residues. They typically constitute approximately 5% of the primary cell 

walls in eudicotyledons and constitute the largest proportion of non-cellulosic polysaccharides in 

the primary walls of grasses (Bacic et al., 1988). Arabinoxylans are xylans which have a β-(1→4) 

xylan backbone with occasional side chains of arabinose, whereas glucuronoarabinoxylans have 

side chains of both arabinose and glucuronic acid (Carpita, 1996). Although not found to a great 

extent in kiwifruit, glucuronoarabinoxylans are the most abundant non-cellulosic polysaccharides 

A B
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in pineapple cell walls (Smith & Harris, 1995) whereas arabinoxylans are abundant in the 

endosperm of cereal grains (Carpita, 1996). Xylans are thought to have a structural role in the cell 

wall similar to that of the xyloglucans (Brummell et al., 2009). 

 

1.2.2.3 Mannans 

 

Mannans are characterised by a β-(1→4)-mannose backbone that can be interspersed with  

β-(1→4)-glucose residues and include pure mannans, galactomannans, glucomannans and 

galactoglucomannans (Melton et al., 2009; Schröder et al., 2006; Whitney et al., 1998). Whereas 

pure mannans are composed solely of a backbone of β-(1→4)-linked mannose residues, 

glucomannans have β-(1→4)-glucose residues interspersed, usually irregularly (Melton et al., 

2009; Moreira & Filho, 2008). In galactomannans, some of the mannose residues in the β-(1→4)-

mannan backbone are substituted with galactose residues via an α-(1→6)-linkage (Melton et al., 

2009). Galactoglucomannans have a backbone of mannose and glucose residues, either irregularly 

or alternating, both of which can be substitued with galactose residues. In kiwifruit for example, 

galactoglucomannans have a backbone of strictly alternating glucose and mannose residues, with 

approximately one third of the mannose residues substituted with single galactose residues via an 

α-(1→6)-linkage, or the disaccharide β-(1→2)-Gal- α-(1→6)-Gal (Schröder et al., 2001).  

 

Galactoglucomannans are the major non-cellulosic polysaccharide in members of the legume 

family and in gymnosperms they are a major component of the secondary cell wall (Dea & 

Morrison, 1975; Ebringerova et al., 2005). Mannans, however, constitute only a minor proportion 

of primary cell walls in fruit such as apples (Percy et al., 1997) and tomatoes (Prakash et al., 2012; 

Seymour et al., 1990). They are only present in small amounts in the cell walls of kiwifruit where 

they do not change in structure or size during fruit softening (Redgwell et al., 1992).  

 

While galactomannans have been widely studied in their role as seed storage compounds, 

glucomannans and galactoglucomannans can also provide structural components in primary walls 

(Dhugga et al., 2004). They are proposed to have a role in the overall cell wall architecture by 

cross-linking with cellulose microfibrils, in much the same way as has been proposed for 

xyloglucans (Melton et al., 2009; Schröder et al., 2009).  
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1.2.3 Cellulose 

 

Cellulose is a major component of the primary cell wall making up 30% in dry weight in 

eudicotyledons (McNeil et al., 1984). A model of its structure is shown in Figure 1.7. Elucidation 

of the crystal structure of cellulose by x-ray crystallography has shown that cellulose is composed 

of β-(1→4) glucan chains that interact by intra- and intermolecular hydrogen bonding and van der 

Waals forces resulting in an ordered crystalline lattice of microfibrils (Hayashi, 1989; O'Sullivan, 

1997) (Figure. 1.7A). Each microfibril is approximately 3-5 nm in diameter (Shi-You Ding & 

Michael E. Himmel, 2006). Cellulose microfibrils were originally thought to  assemble into 24 to 

36 glucan chains (Brown Jr, 1996; Doblin et al., 2002), however more recent studies are in favour 

of the 18 or 24 chain structure (Fernandes et al., 2011; Oehme et al., 2015). These chains are 

arranged in parallel sheets and form long, rigid and inextensible fibres which provide structural 

rigidity and tensile strength within the cell wall (Rose, 2003). The internal region of microfibrils 

is crystalline and excludes water, while the outer layers of the microfibrils are more amorphous 

(Fernandes et al., 2011; Hayashi, 1989; Pauly et al., 1999) (Figure. 1.7B). If the microfibrils are 

layered in parallel, this will result in crystalline regions, whereas amorphous regions contain more 

disorderly layered microfibrils (Figure. 1.7C).  

 

 

 

Figure 1.7 A model of cellulose structure. (A) Fragments of two cellulose β-(1→4) glucan chains 

showing the hydrogen bonds between (solid arrow) and within (dashed arrow) the cellulose 

molecules. (B) Cross section of the elementary fibril containing 36 glucan chains (crystalline 

chains are indicated as a straight line; noncrystalline and subcrystalline chains are indicated as 

wavy lines). (C) Arrangement of microfibrils in amorphous or crystalline regions of microfibrils. 

Images are modified from Shi-You Ding and Michael E Himmel (2006) and Zhou and Wu (2012). 
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1.3 Cell wall models 
 

Within the cell wall there is a high degree of complexity 

in the way that individual cell wall components interact 

with each other. There have been several models 

proposed for the structure of the wall based on 

techniques such as microcopy, dissection of walls by 

selective extraction and structural analyses, and by 

spectroscopic methods (Cosgrove, 2000b). While 

models proposed to date have much in common, they 

differ in the spatial location of polysaccharides and the 

types of associations between the major cell wall 

components. 

 

Figure 1.8. Alternative models of the plant cell wall 

(taken from Cosgrove (2000a)). (A) ‘Sticky network’ 

model; (B) ‘multi-coat’ model; (C) ‘Stratified’ wall 

model. 

 

The model presented in Figure 1.8A represents the 

‘sticky network’ model (Cosgrove, 2000a). In this 

model, a strong network forms through the interaction of 

xyloglucan with cellulose, as xyloglucan hydrogen-

bonds to the surface glycans of cellulose microfibrils, 

linking them together (Cosgrove, 2005; Fry, 1989b; 

Pauly et al., 1999). Pectin fills the spaces not occupied 

by cellulose and xyloglucan. Xyloglucans are therefore 

important in providing mechanical strength and integrity 

to the cellulose microfibrils and prevent them from laterally associating into large bundles, 

therefore holding them in place in the cell wall matrix (Cosgrove, 2005). In this model, the 

cellulose-xyloglucan network is the major load-bearing network and allows for wall extension and 
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cell enlargement (Cavalier et al., 2008). As well as binding to the surface of cellulose, xyloglucans 

may also be physically entrapped with  macrofibres, as a result of the association of microfibrils 

(Carpita & Gibeaut, 1993; Fry, 1989a; Hayashi, 1989). The neutral sugar side chains of xyloglucan 

may moderate its binding to cellulose (Finkenstadt et al., 1995; Levy et al., 1997).  

 

Another model (Figure 1.8B) proposed by Talbott and Ray (1992) is the ‘multi-coat model’. In 

this model cellulose is coated in a layer of xyloglucan and embedded in layers of successively less 

tightly bound hemicelluloses (including xyloglucans, mannans and xylans) and finally pectin 

which, as in the ‘sticky network’ model, once again fill in the spaces. In this model there were no 

xyloglucan tethers directly linking neighbouring microfibrils. Rather, microfibrils were held 

together by the cohesive forces between successive layers of laterally associated matrix polymers. 

A third model (Figure 1.8C) is the ‘stratified wall model’ proposed by Ha et al. (1997), in which 

pectin is restricted to the space between distinct layers of cellulose microfibrils which are 

connected laterally by xyloglucans.  

 

In addition to the xyloglucan-cellulose network which is predominant in the models detailed 

above, other studies have revealed interactions between pectin and cellulose, and pectin and 

xyloglucan. It has been demonstrated that RG-I side chains (such as galactans and arabinans) can 

also associate with cellulose microfibrils to anchor pectin and cellulose together (Vincken et al., 

2003; Zykwinska et al., 2005; Zykwinska et al., 2007). This is particularly important in cells walls 

with insufficient amounts of xyloglucan to tether to cellulose and provide structural integrity, such 

as in sugar beet and celery (Renard & Jarvis, 1999; Thimm et al., 2002). Pectin therefore may be 

able to maintain the cell wall structure by directly interacting with cellulose microfibrils. In light 

of these more recent studies, Dick-Pérez et al. (2011) suggested a new structural model of plant 

cell walls. In this model, pectin exhibited numerous interactions with the surface of cellulose 

microfibrils. A limited number of xyloglucan segments were embedded in the cellulose 

microfibrils, providing xyloglucans with partial rigidity and heterogeneous dynamics. In this 

model all three types of polysaccharide interacted in a single network. 

 

Xyloglucans have also be shown to cross-link with pectin via covalent linkages between 

xyloglucan and the arabinan/ galactan side chains of RG-I (Harris & Smith, 2006) which contribute 
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to the structural integrity of the cell wall (Marcus et al., 2008; Popper & Fry, 2005, 2008; 

Thompson & Fry, 2000). There is evidence that in Arabidopsis, up to 50% of xyloglucan is 

synthesized on a pectic primer prior to cell wall deposition and that the bonds between xyloglucan 

and pectin are stable in the cell wall (Popper & Fry, 2005, 2008). However, the significance of the 

interactions between xyloglucan and pectin are not yet clear (Marcus et al., 2008). 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. 

 

1.4 Cell wall modifications during fruit softening 
 

During fruit ripening, cell wall polysaccharides are modified or degraded to various degrees 

resulting in fruit softening (Ahmed & Labavitch, 1980; Gross & Sams, 1984). Studies on many 

different fruits such as kiwifruit (Redgwell & Percy, 1992), tomato (Gross & Wallner, 1979; 

Seymour et al., 1990), apple (Knee, 1973), mango (Muda et al., 1995), carambola (Chin et al., 

1999), pepper (Harpster, Brummell, et al., 2002) and watermelon (Karakurt & Huber, 2002) have 

shown that during fruit ripening, there is a loss of neutral sugar residues from cell walls as the 

polysaccharides are degraded. In addition, there is a loss of insoluble pectin accompanied by an 

increase in soluble pectin (Gross & Sams, 1984). Although it was expected that the degradation of 

cellulose might play a role in fruit softening because of its strong, extensive network, studies by 

Gross and Wallner (1979) showed this was generally not the case, although low levels of cellulase 

activity have been detected in fruit such as avocado (Pesis et al., 1978), strawberry (Abeles & 

Takeda, 1990) and blackberry (Abeles & Takeda, 1989). However, it has been suggested that loss 

of the microfibrillar organization in cellulose by degradation of hemicelluloses such as xyloglucan 

may play a role in fruit softening (Fisher & Bennett, 1991). Solid state 13C NMR studies on 

ripening kiwifruit (Newman & Redgwell, 2002) showed that even under extreme cell wall 

dissolution in ripening fruit, there was no evidence for changes in the nature of the cellulose 

crystallites. Therefore, fruit softening is described as the result of the action of a variety of enzymes 

which are responsible for the reduction in molecular weight and the rearrangement of the pectin 

and hemicelluloses (Brummell, 2006). Although cell wall changes associated with fruit 

development do not necessarily proceed in discrete stages, the process of fruit ripening and cell 
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wall disassembly is a consequence of a continuum of highly regulated changes. The main processes 

occurring in the cell walls during ripening are discussed below.  

 

1.4.1 Pectin solubilisation 

 

In kiwifruit, pectin solubilisation is preceded by the transition of pectin from a rigid state to a more 

mobile state, likely to be the result of physical modifications to the cell wall (Newman & Redgwell, 

2002). In fruit such as kiwifruit, boysenberries and apples, pectin solubilisation has been shown to 

occur without changes to the primary structure or degree of polymerisation of the pectin (Ng et al., 

2013; Redgwell et al., 1992; Vicente et al., 2007). The mechanism by which solubilisation of pectin 

occurs without apparent degradation is still unknown. 

 

Redgwell and Percy (1992) concluded that very tightly bound pectin (extractable in 4M KOH) 

may become less tightly bound pectin (extractable in Na2CO3) and eventually pectin that is freely 

soluble in water. Brummell (2006) stated that an increase in the proportion of water-soluble pectin 

released from the wall during ripening suggested that pectin molecules originally held in the wall 

by covalent bonds become more weakly attached to the wall and eventually freely soluble. Their 

loss from the cell wall network would contribute to the disintegration of the cell wall and softening 

of the fruit. The extent of pectin solubilisation differs between species, and is high in kiwifruit and 

tomato and almost absent in apple and watermelon (Redgwell et al., 1992). Pectin solubilisation 

therefore seems correlated with textural differences between these fruit, as kiwifruit ripen to a soft 

melting texture whereas apples and watermelon retain a crisp texture. While pectin solubilisation 

in kiwifruit is a well-documented phenomenon, few studies (with the exception of Redgwell et al. 

(1988)) have focused on tissue zone (outer pericarp, inner pericarp, core) specific solubilisation. 

 

1.4.2 Cell wall swelling 

 

Swelling of the cell walls has been suggested to be a result of pectin solubilisation where voids are 

left in the cellulose-xyloglucan matrix, thus allowing the movement of water into the voids and 

consequent swelling of the cell walls (Redgwell, MacRae, et al., 1997; Schröder & Atkinson, 

2006). Cell wall swelling can not only be observed microscopically in-vivo, but also in-vitro, as 

isolated cell walls immersed in water show swelling that is dependent on softening stage 
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(Redgwell, MacRae, et al., 1997). These authors suggested that the textural characteristics of fruit 

may be, in part, determined by the swelling properties of the cell walls. They showed that fruit 

which ripened to a soft melting texture like strawberries and plums exhibited pronounced wall 

swelling, particularly in-vitro. Fruit which ripened to a crisp, fracturable texture such as apples and 

watermelon did not exhibit wall swelling either in-vivo or in-vitro. In many fruit, including 

kiwifruit, the onset of swelling of the cell wall has been positively correlated with the onset of 

pectin solubilisation, characterised by an increase in water-soluble pectin (Cantu et al., 2008; 

Redgwell, MacRae, et al., 1997). 

 

1.4.3 Pectin degradation 

 

During fruit softening, pectin is degraded by various cell wall enzymes such as pectin 

methylesterase (PME), polygalacturonase (PG), rhamnogalacturonase, pectin- and pectate lyases 

as well as β-galactosidase (BGal) and α-arabinofuranosidase (AFase). These enzymes act on 

methylesterified GalA, the pectin backbone, and the galactan and arabinan side chains 

respectively, thereby weakening of the cell wall and causing an overall softening of the fruit. While 

both pectin solubilisation and degradation are considered universal features of fruit softening, the 

extent and stage of ripening in which they occur varies between fruit species. Degradation occurs 

to a considerable extent in fruit such as kiwifruit (Redgwell & Percy, 1992), grape (Yakushiji et 

al., 2001), melon (Rose et al., 1998) and pear (Yoshioka et al., 1992), however it does not occur 

significantly in apple (Yoshioka et al., 1992) and strawberry (Huber, 1984). In tomato, degradation 

occurs when the fruit are in an unripe to mid-ripe stage, whereas in peach this process takes place 

at a mid-ripe to full ripe stage (Brummell et al., 2004; Brummell & Labavitch, 1997). 

 

1.4.3.1 Demethylesterification 

 

Demethylesterification of the pectin may affect the rigidity of the pectin network and may affect 

the degree in which pectin can be degraded. In tomatoes, de-esterification was shown to begin in 

the middle lamella region (where esterified HG is main constituent) and continue into the primary 

wall (Roy et al., 1992). This was supported by Steele et al. (1997) whose immunological studies 

in tomato showed that while low-esterified pectin was mainly localized in the middle lamella, it 

was also present throughout the cell wall. Removal of the methylester group leaves a negatively 
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charged carboxylic acid group which affects pectin solubilisation and creates electrostatic 

repulsion between negatively charged molecules (Brummell, 2006). This creates charged surfaces 

that can restrict the movement of other proteins through the wall matrix and therefore effects the 

rigidity of the pectin network (Grignon & Sentenac, 1991; Holdaway‐Clarke et al., 2003). 

Alternatively, regions of de-esterified, electrostatically charged pectin can associate by calcium 

cross-links, which may add rigidity to the wall (Jarvis, 1984).  

 

1.4.3.2 Galactose and arabinose loss 

 

Galactose and arabinose are primarily found as large and complex side chains as part of RG-I and 

their losses can be attributed to the activity of BGal and AFase that cleave the galactose and 

arabinose residues respectively off the pectin side chains. The amount of galactose and arabinose 

residues in cell walls varies between species. While galactose is the predominant non-cellulosic 

neutral sugar in kiwifruit, tomato, plum and watermelon, arabinose is predominant in apple and 

nashi pear. Avocado and strawberry appear to have nearly equal amounts of each (Redgwell, 

Fischer, et al., 1997). 

 

The loss of galactose is a prominent feature of fruit softening, occurring in many fruit including 

the Japanese pear (Yamaki et al., 1979), peach (Brummell et al., 2004), persimmon (Nakamura et 

al., 2003) and many other climacteric fruits including kiwifruit (Brummell, 2006). The loss of 

galactose from RG-I sidechains is one of the mechanisms by which the cell wall may become more 

porous. This may compromise its structural integrity by allowing better movement of other 

enzymes involved in cell wall degradation (Smith et al., 2002). Rose et al. (1998) found that in 

melons, solubilisation of pectin coincided with the loss of galactose from tightly bound pectin.  

 

1.4.4 Xyloglucan depolymerisation 

 

Ripening-associated modifications of the xyloglucan structure are important aspects of fruit 

softening and have been documented in many fruit including kiwifruit (MacRae & Redgwell, 

1992), tomato (Brummell, Hall, et al., 1999; Sakurai & Nevins, 1993), strawberry (Huber, 1984) 

and melons (Fisher & Bennett, 1991; Wakabayashi, 2000). The breakdown of the cellulose-

xyloglucan network may contribute to softening as it decreases cell wall integrity which may, in 
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turn, increase the wall pore size, thus enhancing the mobility of hydrolases (Wakabayashi, 2000). 

This may occur indirectly by modifying xyloglucan crosslinks by hydrolysing the inter-microfibril 

connections, or directly by modifying the cellulose-xyloglucan interaction that forms either at the 

boundary of the microfibril or within the less crystalline regions of the microfibrillar core (Rose 

& Bennett, 1999). It is thought that xyloglucan degradation or modification may be one of the last 

events to occur in fruit ripening, since little xyloglucan hydrolase or xyloglucan transglycosylase 

activity has been found in the early stages of ripening of apple (Goulao et al., 2007), persimmon 

(Cutillas-Iturralde et al., 1994) and kiwifruit (Redgwell & Fry, 1993).  

 

Depolymerisation of other hemicelluloses such as mannans or xylans may also contribute to the 

loss of rigidity of the cell wall during fruit softening, however neither is found to a great extent in 

kiwifruit. While depolymerisation of xyloglucan may be the most significant factor, the relative 

abundance of total hemicelluloses changed during ripening in tomato (Brummell, Hall, et al., 1999; 

Harpster, Brummell, et al., 2002), melon and peach (Brummell et al., 2004; Rose et al., 1998). 

 

1.5 Cell wall modifying enzymes 
 

The variety of textures between fruit species is a result of the variation in cell wall composition 

and cell wall modifying enzymes. However, fruit with the same textural characteristics do not 

always exhibit the same enzymatic patterns (Brummell, 2006). Tomatoes and avocados both 

develop a soft texture, yet tomatoes show low endoglucanase (EGase) activity, whereas avocados 

show high levels of EGase activity during softening (Huber & O'Donoghue, 1993). Details of key 

cell wall degrading enzymes are discussed below. 

 

1.5.1 Pectin modifying enzymes 

 

1.5.1.1 Pectin methylesterase (PME) and demethylesterification of pectin 

 

The extent of methylesterification of HGs usually declines during the ripening of fruit as a result 

of the action of PME (Micheli, 2001). Research on ripening tomatoes identified highly esterified 

pectin as the most likely substrates for PME action (Roy et al., 1992). When PMEs act randomly 

on HG, the demethylesterification releases protons that promote the action of polygalacturonase 

(PG) and contribute to cell wall loosening (Moustacas et al., 1991). In fruit softening, it has been 
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suggested that demethylesterification of pectin by PME prepares the substrate for 

depolymerisation by PG which further contributes to the degradation of pectin in the wall, and 

ultimately contributes to fruit firmness loss. However, when PMEs act linearly on HGs, they give 

rise to blocks of free carboxyl groups that could interact with Ca2+, creating a pectate gel (Goldberg 

et al., 1996). Because the action of PGs in such a gel is limited, this action pattern of PMEs 

contributes to cell wall stiffening. Several studies have shown a strong correlation between PME 

activity or PME gene expression and physiological processes such as fruit maturation, tubule 

pollen growth, seed germination and hypocotyl elongation (Bordenave, 1996; Kagan-Zur et al., 

1995; Ren & Kermode, 2000; Wakeley et al., 1998).  

 

While PME activity has been shown to increase in ethylene-treated kiwifruit during softening and 

drop to low levels as fruit ripened (Wegrzyn & MacRae, 1992), Giovane et al. (1990) purified 

PME from kiwifruit and demonstrated the presence of a glycoprotein PME inhibitor (PMEI), 

which could inhibit the action of PME (Balestrieri et al., 1990; Giovane et al., 1995; Giovane et 

al., 2004). Di Matteo et al. (2005) have extensively characterised a recombinant PME inhibitor 

protein (PMEI) from kiwifruit, however little is still known about the role of PME and PMEI in 

kiwifruit softening.  

 

1.5.1.2 Polygalacturonase (PG) and HG backbone degradation 

 

PG is a pectin-degrading enzyme that catalyses the hydrolytic cleavage of α-(1→4)-GalA linkages 

between unesterified GalA units in the pectin. The rate of PG action is determined by the degree 

of esterification and is therefore, in part, dependent on the action of PME.  

 

A number of fruit including peach, pear and papaya contain both exo- and endo- PG. The exo- 

type removes single GalA units from the non-reducing end of GalA, whereas the endo-type cleaves 

these polymers at random (Brummell & Harpster, 2001), however, the amount and extent of 

activity varies between species (Fisher & Bennett, 1991). Endo-PG activity has been correlated 

with increases in soluble pectin and softening that accompany ripening (Fisher & Bennett, 1991). 

Findings by Ghiani et al. (2011) suggested that in several peach cultivars, endo-PG is mainly 

involved in pericarp textural changes, not in firmness reduction. However, in apples down-



 

21 

 

regulation of a PG gene resulted in a reduction in softening rate and increased intercellular 

adhesion, suggesting that PG plays a central role in apple fruit softening (Atkinson et al., 2012). 

This is consistent with strawberry (Quesada et al., 2009) but not tomato, where down-regulation 

of a ripening-related tomato PG gene only slightly reduced fruit softening (Kramer et al., 1992; 

Langley et al., 1994). 

 

There have been several reports on PG in kiwifruit. Soda et al. (1987) found no PG activity in 

unripe kiwifruit (A. chinensis Planch. cv. Abbot) but activity was found in ripe ethylene-treated 

fruit. In ‘Hayward’ only very low levels of PG activity have been detected, and this activity was 

highest in ripe fruit (Bonghi et al., 1996; Soda et al., 1987; Wegrzyn & MacRae, 1992). Bonghi et 

al. (1996) reported an increase in PG activity in the later stages of ‘Hayward’ ripening, whereas 

Wegrzyn and MacRae (1992) reported a decrease.  

 

1.5.1.3 Pectin- and pectate lyases and HG backbone degradation 

 

Lyases such as pectate lyase (PAL) and pectin lyase (PL) also cleave the α-(1→4) galacturonan 

linkages but by a β-elimination mechanism rather than a hydrolytic reaction (Fisher & Bennett, 

1991). These enzymes are not usually found endogenously in fruit but can be produced by 

pathogenic bacteria causing tissue maceration postharvest (Jimenez-Bermudez et al., 2001). 

However, PAL- and PL- like gene expression have been reported in ripe banana fruit (Payasi & 

Sanwal, 2003), tomatoes (Marin-Rodriguez et al., 2002) and strawberries (Medina-Escobar et al., 

1997). Expression of the antisense PAL transgene in ripening transgenic strawberries resulted in a 

decrease in fruit softening, showing that these enzymes contribute to the ripening process 

(Jimenez-Bermudez et al., 2001). 

 

1.5.1.4 Rhamnogalacturonase (RGase) and degradation of the RG-I backbone 

 

RGase is an enzyme that catalyses the hydrolysis of glycosidic bonds between GalA and rhamnose 

units in the RG backbone (Prasanna, 2007). RGase is able to release a GalA residue from the non-

reducing end of the RG chains but not from HG, as the adjacent rhamnose residue is missing 

(Mutter, 1998). RGases have been identified in the fungus Aspergillus aculeatus as well as in 

Botrytic cinerea, an important postharvest fungal pathogen. In fruit, activity has been detected in 
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tomatoes, apples and grapes (Gross et al., 1995). While RGase may not play a large part in fruit 

softening it may alter the RG pectin molecule facilitating solubilisation and degradation by other 

enzymes such as PG. Like PG, RGase appears to be more active on de-esterified pectin than 

esterified pectin, therefore is also somewhat dependent on the activity of PME (Seymour et al., 

1987). This strongly supports the theory that pectin degradation is largely determined by the 

activity of a group of enzymes and not just a single enzyme. 

 

1.5.1.5  β-Galactosidase (BGal) and removal of galactan side chains  

 

BGal is characterised by its ability to hydrolyze terminal, non-reducing β-D-galactosyl residues 

from β-D-galactosides like those associated with pectin and seed xyloglucans in species such as 

Copaifera langsdorffii, a tropical rainforest tree (de Alcântara et al., 1999; Smith & Gross, 2000). 

However, it is usually regarded as a pectin-degrading enzyme since most of the cell wall galactose 

occurs as β-(1→4) -linked galactan covalently attached to the RG-I backbone. BGal appears to be 

involved in the turnover of cell-wall associated galactose throughout fruit growth and 

development. BGal may play a role in plant growth as the purified enzyme was able to degrade 

the galactan side chain during the cell wall loosening that occurs prior to cell elongation in 

chickpea (Martín et al., 2005).  

 

In kiwifruit, BGal has been shown to release galactose from a variety of cell wall polysaccharides 

including Na2CO3-extracted pectin and hemicelluloses such as xyloglucan in in-vitro experiments 

using purified enzyme from ripe and unripe ‘Hayward’ (Ross et al., 1993). Despite the fact that 

‘Hayward’ exhibited significant galactose loss during ripening (Redgwell et al., 1991b), Wegrzyn 

and MacRae (1992) found no significant change in BGal activity as the fruit softened. BGal 

activity remained low in the rapid softening phase where most galactose loss takes place, and 

increased only when the fruit reached the soft, edible phase (Bonghi et al., 1996; Wegrzyn & 

MacRae, 1992). Furthermore, the activity of purified BGal from kiwifruit against substrate 

composed of native kiwifruit galactan was not high enough in in-vitro experiments to explain the 

dramatic galactose loss, therefore Ross et al. (1993) suggested that BGal activity in-vivo must be 

much greater than that observed in-vitro. 
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1.5.1.6 α-Arabinofuranosidase (AFase) and removal of arabinan side chains 

 

AFases have a role in plant growth as well as fruit softening. AFase removes the terminal non-

reducing arabinofuranosyl residues from α-(1→5)-arabinan chains. These chains are widely 

distributed in pectic and hemicellulosic polysaccharides in the cell wall. This enzyme is important 

in plants as arabinosyl residues may be involved in modifications of cell wall polysaccharides and 

cell-to-cell association (Cassab & Varner, 1988; Sozzi et al., 2002). AFase has been widely studied 

in microorganisms and plant tissues (Konno et al., 1987; Saha, 2000).  

 

In tomato, Sozzi et al. (2002) showed that two isoforms of AFase declined during fruit 

development, while a third increased slightly during ripening. AFase activity, has been studied in 

several fruit including apple (Goulao et al., 2007), apricot (Cardarelli et al., 2002) and peach 

(Brummell et al., 2004) and has been associated with a decrease in arabinose content. The role of 

AFases in kiwifruit has not been extensively studied as Redgwell, Fischer, et al. (1997) showed 

that arabinose was a minor neutral sugar in pectin compared to galactose in ‘Hayward’.  

 

1.5.2 Hemicellulose-modifying enzymes 

 

1.5.2.1 Xyloglucan endotransglucosylase/ hydrolase (XTH) and modification of xyloglucan 

 

XTH is an enzyme that potentially possesses two enzymatic activities: xyloglucan endohydrolase 

(XEH) activity and xyloglucan endotransglucosylase (XET) activity (Farkas et al., 1992; Fry et 

al., 1993). XEH activity is characterised by the depolymerisation of xyloglucan, a reaction that has 

been described in kiwifruit and nasturtium (Baumann et al., 2007; Farkas et al., 1992; Schröder et 

al., 1998). XET on the other hand endolytically cleaves the xyloglucan chain and transfers the 

newly created reducing end of the chain, the donor, to the non-reducing end of a different 

xyloglucan chain, the acceptor (Fry et al., 1992) (Figure 1.9). XETs may be responsible for several 

functions in both plant growth and fruit ripening including wall restructuring, or incorporation of 

newly-synthesized xyloglucan polymers into the cell wall, depending on the nature of the 

xyloglucan donor and acceptor substrates (Rose & Bennett, 1999). 
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XTH has been considered a wall-loosening enzyme and has been related with fruit ripening and 

consequently with fruit softening, particularly in fruit where xyloglucan depolymerisation occurs, 

such as persimmon, kiwifruit and tomato (Cutillas-Iturralde et al., 1994; Maclachlan & Brady, 

1994). However, several studies have suggested that XTH may play an important role in cell wall 

turnover and maintenance rather than softening (Hiwasa et al., 2004; Lu et al., 2006; Nishiyama 

et al., 2007). Miedes et al. (2010) over-expressed XTH in transgenic tomatoes and showed that 

fruit softening was reduced. They suggested that increased XET activity may be responsible for 

the observed increase in molecular weight of xyloglucan, and could be related to the maintenance 

of the structural integrity of the cell wall. Comprehensive bioinformatic analyses of XTH gene 

products, together with detailed kinetic data, strongly suggest that xyloglucan endohydrolase 

activity has evolved as a gain of function in an ancestral XET to meet specific biological 

requirements during seed germination, fruit ripening, and rapid wall expansion (Baumann et al., 

2007). 

 

XET activity has been shown to increase in kiwifruit during softening, especially in the core tissue 

(Percy et al., 1996; Redgwell & Fry, 1993). Whereas most XTH enzymes prefer XET activity over 

XEH activity, and often do not exhibit a hydrolase activity at all, a XTH from ripe kiwifruit core 

(identified as XTH6) has been shown to be a true dual activity enzyme. A study by Schröder et al. 

(1998) on the XET activity in the core of ripe kiwifruit showed that XET can transglycosylate 

when given substrates of xyloglucan and xyloglucan oligosaccharides, but can also hydrolyse the 

xyloglucan in the absence of the xyloglucan oligosaccharides. In kiwifruit and tomato the increase 

in XET activity during ripening was accompanied by a reduction in the relative molecular mass of 

xyloglucan (Maclachlan & Brady, 1994; MacRae & Redgwell, 1992; Redgwell & Fry, 1993). 

Several XTH genes have been identified in apple and kiwifruit which have been found to play a 

role in the modification of xyloglucan (Atkinson et al., 2009). Atkinson et al. (2009) suggested 

that there may be many possible isoforms from XTH genes in kiwifruit but it is unknown to date 

which ones code for XTH enzymes with predominantly XEH or XET activity.  
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Figure 1.9. Schematic model of xyloglucan endohydrolase (XEH) (A) and xyloglucan 

endotransglycosylase (XET) (B) activity of the dual activity enzyme xyloglucan 

transglycosylase/hydrolase on xyloglucan (green bars). 

 

1.5.2.2 Cellulase, endo-β-(1→4)-glucanases, and degradation of the β-(1→4)-glucan backbone 

 

Endo-β-(1→4)-glucanases (EGase) and cellulases are able to hydrolyse glucosidic bonds in the  

β-(1→4)-glucan backbone. Cellulase is a general term for enzymes that degrade cellulose (which 

is a β-(1→4)-glucan), so all cellulases are EGases. However, with the exception of strawberry 

(Abeles & Takeda, 1990) and avocado (O'Donoghue & Huber, 1992) , plant enzymes of this type 

are reported to have very little if any activity against crystalline cellulose. Consequently these plant 

enzymes are more accurately referred to as EGase. In maize, EGase is hypothesised to mediate 

wall loosening and cell expansion through the breakdown of mixed-link (1→3)-(1→4)-β-glucan 

chains (Cosgrove, 1999). Low levels of EGase activity have been found in virtually all plant 

organs, with higher levels being associated with developmental processes which involve 

modifications in cell wall structure, such as cell elongation and leaf abscission (Brummell et al., 

1994; Rose et al., 1998). 

 

In tomato, the mRNAs of at least two EGases have been shown to increase in abundance coinciding 

with ripening (Gonzalez-Bosch et al., 1996). While antisense suppression of these genes did not 

result in detectable differences in fruit softening, it did enhance the strength of the abscission zone 
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(Brummell, Hall, et al., 1999). Goulao et al. (2007) found that the role of EGases was more 

prominent during the growth stage than during the ripening stage of apple. EGases have been 

shown to increase during fruit ripening in tomatoes, peach and avocado and strawberry (Knee et 

al., 1977; O'Donoghue & Huber, 1992). Studies by Brummell, Hall, et al. (1999) showed that 

suppression of ripening-related EGase resulted in firmer fruit and over-expression enhanced fruit 

softening. Another role EGases may play is the generation of oligosaccharides that act as acceptors 

for XET activity (Goulao et al., 2007). In fruit the contribution of plant EGases in xyloglucan 

depolymerisation is still unclear as studies using transgenic plants showed that they have a minimal 

effect on xyloglucan molecular weight (Harpster, Brummell, et al., 2002; Harpster, Dawson, et al., 

2002). 

 

1.5.2.3 Mannan endotransglycosylase/ hydrolase (MTH) and modification of mannans 

 

Mannan modifying or degrading enzymes have been found in a variety of organisms including 

bacteria, fungi and plants (Dhawan & Kaur, 2007). Endo-β-mannanases hydrolyse   the backbone 

of mannans between β-(1→4)-mannosyl residues, and are one of the main enzymes involved in 

the loosening and remodelling of the cell wall. They are mainly found in seeds where they play a 

role in mobilisation of storage mannans during germination (Ouellette & Bewley, 1986). Bewley 

et al. (1997) found that they were associated with release from seed dormancy where they break 

down mannans in seed coats. 

 

Endo-β-mannanases have also been found in fruit but their role in fruit ripening is not clear as 

there is little evidence for the degradation of mannans during ripening (Bourgault et al., 2001). In 

tomato, the degradation of mannans in crude hemicellulose extracts has not been proven despite a 

high activity of endo-β-mannanases in ripe fruit (Carrington et al., 2002; Seymour et al., 1990; 

Tong & Gross, 1988). Nevertheless, Schröder et al. (2004) have identified a mannan 

transglycosylase activity (MET) which, rather than hydrolysing mannans, may be active on 

mannans in the same way that XET acts on xyloglucan (Schröder et al., 2009). MET activity has 

been found in several species, with high levels being present in the flowers of some kiwifruit, and 

in ripe tomato. Like endo-β-mannanase activity, MET activity increased during tomato fruit 

ripening from mature green to the red ripe stage (Carrington et al., 2002; Schröder et al., 2004). 
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After expression of the LeMAN4 gene coding for endo-β-mannanase in tomato, the recombinant 

protein showed both MET and endo-β-mannanase activity. Therefore, like XTH, endo-β-

mannanase from tomato is a dual activity enzyme with transglycosylase as well as hydrolase 

activity and should be termed mannan endotransglycosylase/ hydrolase (MTH) (Schröder & 

Atkinson, 2006; Schröder et al., 2009) following the nomenclature suggested for XTH (Rose et 

al., 2002a). Prakash et al. (2012) purified and identified two mannan substrates from tomato cell 

walls, and confirmed that there was no change in molecular weight distribution during ripening. 

To help explain the discrepancies between endo-β-mannanase activity and lack of 

depolymerisation of mannans, Prakash et al. (2012) suggested that either the enzyme and potential 

substrates are not accessible to each other, or that the main activity of endo-β-mannanase is 

transglycosylation rather than hydrolysis. 

 

1.5.2.4 Xylan endotransglycosylase/ hydrolase (XyTH) and modification of xylans 

 

Xylanase is responsible for the hydrolysis of the backbone of xylans and has been identified in 

several plant species and tissues including cereal grains (Caspers et al., 2001) and maize (Bih et 

al., 1999). It has been most extensively studied in the case of degradation of the cell wall of the 

aleurone layer during the germination of cereal grains (Caspers et al., 2001; Fincher, 1989; 

Simpson et al., 2003). While research on cereal grains implies that depolymerisation of the xylan 

backbone is involved in some aspects of plant development, it is likely that other plants will also 

possess β-(1→4)-xylanase families containing multiple genes as xylanase activity appears to be a 

feature of fruit ripening in certain species, such as papaya (Chen & Paull, 2003). 

 

A study by Johnston et al. (2013) found a xylan transglycosylase activity capable of using xylan 

polysaccharides as donor substrates was present in ripe papaya. This enzyme was also present in 

growing primary cell walls, and was able to carry out transglycosylation reactions on a range of 

xylans. In ripe papaya fruit, the activities of both xylanase and xylan endotransglycosylase 

increased as fruit softened (Chen & Paull, 2003; Johnston et al., 2013; Paull & Chen, 1983). Both 

activities are encoded by the same gene, CpaEXY1, indicating that papaya xylanase is another true 

dual activity enzyme like XTH from ripe kiwifruit core and MTH from ripe tomato (Johnston et 

al., 2013; Schröder et al., 1998; Schröder et al., 2006). Xylan endotransglycosylase has also been 
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found in ripe avocado, banana, pineapple and apple, indicating a role in fruit softening (Johnston 

et al., 2013). 

 

1.5.3 Expansins 

 

A family of non-enzymic proteins called expansins have been found to play an important role in 

the loosening of the cell wall structure and were first recognized as being responsible for acid-

induced wall extension during plant growth (Cosgrove & Li, 1993; McQueen-Mason et al., 1992). 

Expansins lack detectable hydrolase or transglycosylase activity but share structural features with 

polysaccharide binding proteins (McQueen-Mason & Cosgrove, 1995; McQueen-Mason et al., 

1992; McQueen-Mason et al., 1993). Expansins have been proposed to weaken the hydrogen 

bonds between cellulose and xyloglucan, temporarily loosening the cell wall (McQueen-Mason & 

Cosgrove, 1994). Expansins have been correlated with growth in many tissues of the plant 

including hypocotyls (McQueen-Mason et al., 1992), internodes (Cho & Kende, 1997b), leaves 

(Keller & Cosgrove, 1995) and unripe fruit (Brummell, Harpster, & Dunsmuir, 1999). Three 

classes of expansins have been found so far; α-expansins, β-expansins and microbial expansins.  

 

α-Expansins are thought to play a role in plant acid growth as well as cell wall modifications and 

fruit softening (Brummell, Harpster, & Dunsmuir, 1999; McQueen-Mason & Cosgrove, 1995; 

Rayle & Cleland, 1992; Rose et al., 1997). Several studies have confirmed the function of these 

proteins as wall-loosening agents. Expression of these genes is highest in growing and 

differentiating cells and the gene products have been found to have a similar wall-loosening effect 

on cell walls in several species including rice, cucumber and tomato (Brummell, Harpster, & 

Dunsmuir, 1999; Cho & Kende, 1997a, 1997b). Ripening-related members of the expansin family 

have been identified in peach (Hayama et al., 2000), strawberry (Harrison et al., 2001), litchi (Yong 

et al., 2006), banana (Wang et al., 2006) and persimmon (Souza et al., 2011). These studies provide 

evidence that expansins may play a vital role in the early stages of fruit softening in the loosening 

of the cell wall and the solubilisation of pectin. This in turn makes way for further cell wall 

degradation leading to fruit softening (Dick-Pérez et al., 2011; Zykwinska et al., 2008). While the 

presence of expansin in fruit softening has been well described (Brummell & Harpster, 2001; 

Cosgrove, 2000b), their function in this process is not well characterised. Brummell, Harpster, and 

Dunsmuir (1999) showed that down-regulation of a tomato expansin (LeExp1) inhibited pectin 
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depolymerisation late in ripening but did not prevent the breakdown of structurally important 

hemicelluloses. Alternatively, over-expression resulted in much softer fruit compared to controls, 

with extensive depolymerisation of hemicelluloses, but pectin depolymerisation was not altered. 

Schröder and Atkinson (2006) suggested that in kiwifruit, expansins may act by breaking hydrogen 

bonds between cellulose and xyloglucan, thereby loosening their attachment. This enables pectin 

to diffuse out and become water-soluble without apparent degradation. The voids left by the pectin 

could be filled with water, resulting in cell wall swelling. In recent cell wall models, pectin has 

been proposed to anchor directly onto cellulose microfibrils via their galactan and arabinan side 

chains (Dick-Pérez et al., 2011; Zykwinska et al., 2008). Therefore, it is also possible that expansin 

could directly disrupt pectin-cellulose binding, thereby releasing pectin from the cell wall network.  

 

β-Expansins and microbial expansins have little to no effect on cell walls from dicotyledonous 

plants. β-Expansins are profusely secreted by grass pollen and have potent wall loosening effects 

on grass cell walls (Cosgrove, 2000b; Cosgrove et al., 1997). Microbial expansins have weak wall-

loosening activity and are thought to play a role in plant pathogenesis (Georgelis et al., 2014). 

 

1.6 Regulation of fruit softening in climacteric and non-climacteric fruit 
 

1.6.1 Ethylene 

 

Ethylene is a growth hormone in plants that acts to stimulate and regulate physiological processes 

such as the ripening of fruit (Wang et al., 2002). Ethylene is thought to regulate fruit ripening by 

coordinating the expression of genes responsible for fruit ripening. Ethylene synthesis occurs in 

two steps: (1) methionine is converted to S-adenosyl-L-methionine and 1-aminocyclopropane-1-

carboxylic acid (ACC) by the action of ACC synthase and (2) ACC is coverted to ethylene by the 

action of ACC oxidase (Kende, 1993). The mechanisms associated with ethylene and fruit ripening 

are different in climacteric and non-climacteric fruit. 

 

1.6.2 Climacteric and non-climacteric fruit 

 

Traditionally fruit were characterised into two main groups, climacteric and non-climacteric. 

Climacteric fruit include tomato, bananas, apricots, apples and avocados. Non-climacteric fruit 
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include strawberries, citrus, grapes, cherries, raspberries. The term climacteric was initially 

proposed to indicate the dramatic increase in respiration of fruit during ripening and therefore fruits 

were classified as climacteric or non-climacteric according to their respiratory patterns (Biale, 

1964). Response of fruit to exogenous ethylene treatment was also shown to differ between 

climacteric and non-climacteric fruit as the application of propylene (an analogue of ethylene) was 

only able to induce a rise in endogenous ethylene production in climacteric fruit (McMurchie et 

al., 1972; Yamane et al., 2007). It has been suggested that a negative feedback mechanism 

(ethylene does not induce its own synthesis) could underlie non-climacteric ripening, while a 

positive feedback mechanism (ethylene induces its own synthesis) could underlie the climacteric 

behaviour during ripening (Atta-Aly et al., 2000). While the ripening of both climacteric and non-

climacteric fruit involves observable changes to phenotypic attributes of the fruit as well as the 

increased respiration of carbon dioxide, the autocatalytic biosynthesis of ethylene is only observed 

in climacteric fruit (Giovannoni, 2004).  

 

A characteristic of climacteric fruit is a burst of ethylene and carbon dioxide production at the 

onset of ripening which continues postharvest. Non-climacteric fruit do not respond to ethylene in 

the same manner as climacteric fruit, yet undergo many of the same physiological and biochemical 

changes associated with ripening. Burg and Burg (1962) reported higher levels of endogenous 

ethylene in climacteric fruits than in non-climacteric fruit while Golding et al. (1999) suggested 

that there was a rapid increase in sensitivity towards ethylene as well as enhancement in the number 

of ethylene receptors after the initiation of ripening in climacteric fruit. While climacteric fruit can 

ripen fully if they are harvested at completion of their growth and maturation period, non-

climacteric fruit can only ripen fully if they remain attached to the plant. Additionally, non-

climacteric fruit do not ripen in response to exogenous ethylene treatment, with the exception for 

the degradation of chlorophyll in citrus fruit and pineapples (Goldschmidt et al., 1993; Noichinda, 

2000).  

 

In more recent studies it has been observed that ripening in many non-climacteric fruit resembles 

the climacteric pattern of ripening. Obando et al. (2007) proposed that the classification of fruit 

into climacteric and non-climacteric categories may be an over-simplification. Some examples of 

this include cucumber (which is classified as non-climacteric but some cultivars show a 
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climacteric-like increase in postharvest ethylene production), citrus (classified as non-climacteric 

but ethylene has been reported to play a role in regulating the ripening of the peel (Goldschmidt, 

1997; Goldschmidt et al., 1993) and melons (which comprises both climacteric and non-

climacteric genotypes). While ethylene is not widely reported as being a critical part of non-

climacteric ripening, a study by Chervin et al. (2008) showed that the transient expression of 

endogenous ethylene in grape increased the diameter of the fruit. Although kiwifruit is considered 

a climacteric fruit (Pratt & Reid, 1974), its softening behaviour differs from that of typical 

climacteric fruit as the majority of ripening-related softening occurs before autocatalytic ethylene 

is produced (Kim et al., 1999). This is discussed further in Section 1.8. 

 

1.7 Tomato as a model organism 
 

Between plant species it has been suggested that there is some conservation in the mechanisms 

employed to regulate fruit ripening (Knapp, 2002; Seymour et al., 2013). The transcriptional 

regulation of genes in particular has been shown to be important for the progression of ripening 

associated attributes to occur (Giovannoni & El-Rakshy, 2004; Giovannoni et al., 1995). The 

expression of genes involved in ripening of some fruit has been shown in some cases to be 

regulated by signalling pathways associated with various plant hormones (Bleecker, 1999; 

Gillaspy et al., 1993). These signalling pathyways have been characterised in model organisms 

such as tomato and Arabidopsis.  

 

Tomato is the predominant model for studying climacteric fruit ripening and is primarily used as 

an experimental system to select genes whose expression has been enhanced or suppressed in 

transgenic fruit (Giovannoni, 2004). Much of the of the understanding of fruit softening has been 

derived from the ‘tomato model’ because of the availability of the genome information, its 

economic importance as a crop species, and its many ripening mutations. It is also easy to generate 

transgenic plants and the plant is able to fruit all year round given the right conditions. Among the 

ripening mutations are the ripening inhibitor (rin) and the colourless non-ripening (Cnr). These 

genes effectively block the ripening process and result in mutant fruit that fail either to produce 

elevated ethylene or to respond to exogenous ethylene by ripening. Fujisawa et al. (2011) 

suggested that RIN controlled fruit softening and ethylene production by the direct transcriptional 
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regulation of cell wall modifying genes and ethylene biosynthesis during ripening. While there is 

limited research into the transcriptional control of Actinidia species, McAtee (2014) suggested that 

the regulatory mechanism involved in the control of ripening is conserved between tomato and 

Actinidia chinensis ‘Hort16A’. Although there may be differences in the cell wall structure and 

softening mechanisms between tomato and kiwifruit, tomato was the starting point for the 

understanding of the softening of kiwifruit. 

 

1.8 Ripening in kiwifruit 
 

Several studies have revealed a number of unique features in relation to ethylene biosynthesis in 

kiwifruit. They have shown that the softening behaviour differs from that of the traditional ripening 

model of fruit such as tomato. While kiwifruit softening seems independent of autocatalytic 

ethylene production, it appears that endogenous ethylene may only play a role in ripening-related 

events such as flavour and aroma production (Richardson et al., 2011). Kiwifruit rarely produce 

endogenous ethylene when unripe at harvest. While there is no measureable increase in ethylene 

production by kiwifruit during ripening-related softening, the capacity of the fruit to respond to 

exogenous ethylene develops before endogenous ethylene productions starts. Application of 

exogenous ethylene to fruit detached after harvest was able to improve edible quality 

characteristics by promoting faster and more uniform fruit ripening among a population of fruit 

(Richardson et al., 2011; Saltveit & Mikal, 1999). 

 

It has been found that in tomatoes and bananas peaks of respiration and ethylene production 

coincide (Inaba, 2007), wheras in kiwifruit there is a lag between the increase in respiration rate 

and the induction of ethylene production. A study by Atkinson et al. (2011) found that while the 

absence of climacteric ethylene production in transgenic 1-aminocyclopropane-1-carboxylic acid 

oxidase (ACO) knockout kiwifruit (A. chinensis) lines decreased the volatile production in the 

fruit, it also increased the length of time the fruit remained at the ‘eating ripe’ stage. The length of 

time needed to soften from firm to the ‘eating ripe’ stage however, was similar in ACO knockouts 

and in normal, non-transgenic kiwifruit, indicating which ripening processes were ethylene-

dependent.  
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A typical softening curve of ‘Hayward’ (taken from Atkinson et al. (2011)) shows that the different 

physiological events occurring in postharvest softening can be described in four distinct phases 

(Figure 1.10). Fruit are harvested firm with a high starch content and, after a lag phase, the 

beginning of slight softening signals the start of the ‘initiation phase’ (Phase 1). At this stage the 

fruit do not produce endogenous ethylene but are very responsive to exogenous ethylene. The fruit 

then enter a period of ‘rapid softening’ (Phase 2) followed by the onset of autocatalytic ethylene 

production in which the fruit soften to ‘eating ripe’ (Phase 3). In Phase 4, fruit continue to produce 

ethylene as they become ‘over-ripe’. In kiwifruit much of the softening process occurs prior to the 

production of ethylene. Kiwifruit, therefore, provide an excellent model system to gain an 

understanding of softening processes that are dependent on endogenous ethylene production and 

those that are not. 
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Figure 1.10. Kiwifruit softening curve. The physiological changes in kiwifruit during softening 

separated into four distinct phases as described by Atkinson et al. (2011). 

 

1.9 Aims and Objectives 
 

The aim of this project was to understand the biochemical, structural and molecular basis of 

postharvest softening in kiwifruit without exogenous ethylene stimulation. The main question to 

be answered was whether the different softening rates were caused by fundamental differences in 

the composition of the cell walls, or by alterations in the rate of gene expression and activity of 

cell wall enzymes which would result in different softening rates. This research is important for 

the development of new kiwifruit cultivars with improved storage time. 
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The objectives were: 

 

1. To define and differentiate the softening processes of two kiwifruit A. chinensis genotypes 

with different softening characteristics by postharvest evaluations of firmness, ethylene 

production, dry matter, and soluble solids concentration.  

 

2. To compare changes in the cell wall composition, cell wall components and cell wall 

enzymes of these genotypes at different stages during softening. 

 

3. To observe changes in cell wall structure during softening by light microscopy, and 

changes in cell wall polysaccharides by fluorescent immunolabelling and fluorescence 

microscopy. 

 

4. To determine how different genes control processes associated with cell wall integrity 

contribute to fruit softening. 

 

1.10 Research Approach  
 

By comparing two genotypes of A. chinensis with different softening rates, differences in cell wall 

biochemistry, cell wall structure, and gene expression will reveal which processes are determining 

the rate of ripening-related kiwifruit softening. The commercial cultivar A. deliciosa cv ‘Hayward’ 

will be investigated for comparison.  

 

Although much emphasis has been put on changes in cell walls polysaccharides and the enzymes 

that are acting on them during kiwifruit softening, little is known about the genetic and biochemical 

control of softening, what induces these changes and to what extent they are happening. Most of 

the information known about changes in the cell wall during softening are from ‘Hayward’ 

(Redgwell et al., 1992). While Sauvageau et al. (2010) and Yuliarti et al. (2015) studied the cell 

wall composition of ‘Hort16A’ on whole ripe fruit, there has been no research conducted on 

changes in cell wall composition of individual tissue zones in naturally ripened kiwifruit, or how 

its softening is regulated.  
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Most research to date on cell wall changes during ripening of kiwifruit has focused on ethylene 

treated fruit, rather than fruit ripened naturally at 20°C (for example (Percy et al., 1996; Redgwell 

et al., 1990; Redgwell et al., 1991b; Wegrzyn & MacRae, 1992). While it is common to ethylene-

treat fruit for scientific purpose in order to encourage an even ripening process, it is likely that 

these treatments induce gene and protein expressions different from those fruit ripened naturally 

at 20°C. The expression of PG has been found to differ in fruit treated with ethylene compared to 

fruit ripened naturally in fruit such as kiwifruit (A. chinensis), banana and peach (Gayathri et al., 

2013; MacRae & Atkinson, 2003; Murayama et al., 2009; Mworia et al., 2012). In apple and 

tomato ethylene treatment lead to the expression of different XTH genes compared to the controls, 

and XET activity was significantly increased by ethylene treatment (Munoz-Bertomeu et al., 

2013).  

 

The results of this research are presented in the following manner. 

 

In Chapter 2, postharvest evaluations of the three genotypes were made. Dry matter, fruit firmness, 

soluble solids concentration and ethylene and CO2 measurements were determined to compare 

physiological differences during postharvest ripening. These evaluations were carried out over 

three consecutive seasons to determine consistency in softening behaviour between different 

seasons, and to select fruit for subsequent chemical analysis. 

 

In Chapter 3, cell wall material was isolated from the outer pericarp of the three genotypes and the 

sugar composition determined in order to relate physiological changes in firmness to chemical 

changes occurring in the cell walls. The outer pericarp alone was used as this is the area most 

commonly used when accessing fruit firmness (White et al., 2005). A sequential fractionation of 

the walls was used to gain information on the polysaccharides which have different degrees of 

association in the wall, ranging from freely-soluble polysaccharides to those which are very 

tightly-bound to cellulose. The molecular weight distribution of cell wall fractions containing 

pectin and hemicelluloses were also investigated by size exclusion chromatography, to investigate 

the changes that occur during softening.  
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In Chapter 4, the activity levels of key cell wall-modifying enzymes during softening were 

examined to investigate their role in kiwifruit softening, and to support chemical data obtained 

through cell wall analysis (Chapter 3). Immunoblotting was carried out to determine the presence 

of specific proteins and possibly isoforms. A potential assay for measuring the activity of expansin 

in kiwifruit was also investigated. 

 

In Chapter 5, examination of the structural changes in tissue using light microscopy and changes 

in the epitope distribution of the cell walls during softening was carried out using 

immunolocalisation techniques. Visualisation of the physical changes in tissue and cell walls is 

important as it can reveal key differences in structure during softening of the different genotypes.  

 

In Chapter 6, quantitative PCR was used to verify softening associated expression of selected XTH, 

EXPANSIN, BGAL, PG and PME kiwifruit genes. Several genes identified by deep sequencing in 

cell wall softening were cloned into an over-expression cassette and were used for transient 

expression in Nicotiana tabacum. The potential to determine the effect of kiwifruit cell wall gene 

products on the structural integrity of the cell wall by a puncture test on tobacco leaves with these 

transiently expressed genes was investigated.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

38 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

39 

 

Chapter 2 Postharvest study 
 

2.1 Introduction 
 

Within the genus Actinidia there is great diversity among species in terms of fruit characteristics 

such as size, shape, skin colour, flavour, texture, chemical composition and storage life, as well as 

changes that occur during softening (Huang et al., 2004). Even within one species there can be 

considerable diversity. Although different genotypes of one species may be morphologically and 

genetically similar, they can still vary significantly in characteristics such as colour and flavor. 

there may also be marked physiological differences in characteristics such as softening rates and 

capacity to store (White et al., 2005). These differences could render one genotype more valuable 

than another to the industry.  

 

The characteristic of softening slowly during storage is a highly desirable trait for commercial 

kiwifruit cultivars, as it allows fruit of consistently high quality to be delivered to consumers over 

a long period. A study by Cheng and Day (2011) on the variation and inheritance of storage life in 

a population of red-fleshed A. chinensis concluded that the softening rate of kiwifruit is determined 

genetically, and that this information would be useful for selecting superior parents for breeding 

programmes. To achieve this, an understanding of the biochemical and molecular regulation of 

kiwifruit softening is essential in order to identify critical genes and develop genetic markers for 

assisted breeding.  

 

There is large natural variability in softening behaviour between the Actinidia genotypes. A study 

by White et al. (2005) showed the wide range of softening behaviours between 25 genotypes 

(species and cultivars) of kiwifruit. While most genotypes softened following a similar sigmoidal 

shaped curve, some did not, and softening times ranged from approximately 7 days (A. setosa) to 

40 days (A. chinensis ‘Hort16A’). White et al. (2005) found that while the softening of most tissue 

zones (outer pericarp, inner pericarp and core) generally followed the same pattern, there were 

some species of A. chinensis, A. glaucophylla and A. rufa where the core softened at a slower rate 

than the other tissue types, or failed to soften at all. Many kiwifruit species are not commercially 

viable as they soften too quickly. Fruit of A. arguta soften rapidly following harvest and, when 

held at 20°C, can often soften to 1-2 kgF (eating firmness) within 3-5 days (Boyd et al., 2002). 
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However, fruit of this species has been commercialised successfully due to its novel berry-like 

appearance.  

 

A major contributor to the commercial success of ‘Hayward’, a variety of A. deliciosa, is the fact 

that the fruit is able to maintain its firmness during cool-storage and transport. ‘Hayward’ is 

typically harvested when it has reached physiological maturity, a stage when the fruit is still very 

firm but will soften when removed from the vine. After harvest, fruit are normally cool-stored to 

reduce the rate of softening and to achieve optimum eating quality when exported (Beever & 

Hopkirk, 1990). Many other non-commercial genotypes of A. deliciosa other than ‘Hayward’ can 

be stored under refrigeration (0ºC, 90-95% relative humidity) for four to six months and still retain 

one to two weeks of shelf life after the fruit has been removed from cold storage (White et al., 

2005).  

 

While fruit softening during storage is integral to the success of a variety, other characteristics 

such as dry matter (DM) in the form of starch, and the development of sugars and flavour are also 

important. As kiwifruit soften, starch is converted to sugars, and firmness begins to decrease (Reid 

et al., 1982). DM is what remains of the fruit after the water has been removed, and in kiwifruit 

comprises mainly starch, sugars and acids, and cell walls. The DM content of kiwifruit at harvest 

is particularly important as it correlates strongly with consumer perception of fruit flavour when 

fruit are at eating ripeness (Burdon et al., 2004; Lancaster, 2002). Consumer evaluation of 

‘Hayward’ showed a greater preference for fruit with a high DM at harvest (and hence a high 

soluble solids content in ripe fruit), than for fruit with a low DM (and low soluble solids content 

when ripe) (Burdon et al., 2004).  

 

In this current study, three different Actinidia genotypes were used (Figure 2.1). They were:  

 

1. Mapping Population Mother (MPM). MPM was chosen for this study because it exhibited very 

rapid softening. This genotype of A.chinensis var. chinensis had a red-fleshed inner pericarp. It 

was used as the female parent for a mapping population developed by Plant and Food Research 

Ltd (PFR) because of its colour, consistent good average weight, high soluble solids content 
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(SSC) and high DM as assessed over several years. These attributes made it a valuable genotype 

for the development of new cultivars.  

 

2. Actinidia chinensis Slow Softener (ACS). This is a pre-commercial selection of A. chinensis var 

chinensis identified by PFR kiwifruit breeders as a genotype that exhibited very slow softening 

in cool storage; therefore ACS served as a contrast to MPM.  

 

3. ‘Hayward’. The commercial cultivar ‘Hayward’ (Actinidia deliciosa C.F. Liang and A.R. 

Ferguson) is a slow softening fruit and was used as a reference for ‘typical’ kiwifruit softening 

in this study. To date, most of the postharvest and biochemical knowledge of kiwifruit ripening 

and softening has been based on this genotype. 

 

 

 

 

 

 

 

 

Figure 2.1. Image of fruit used in this study. (A) The Mapping Population Mother (MPM), (B) 

Actinidia chinensis slow softener and (C) ‘Hayward’. 

 

The purpose of this postharvest study was to define and verify the softening behaviour of MPM 

ACS during natural softening at ambient temperature using ‘Hayward’ as a reference, and to 

determine the consistency of these behaviours over several seasons to enable the selection of a 

representative sample of fruit for in-depth analysis.  

 

2.2 Materials and Methods 

2.2.1 Plant material 

 

All fruit were harvested from PFR research orchards in New Zealand. Fruit were harvested based 

A B C 
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on assessments by orchard staff including fresh weight, DM, SSC, flesh firmness and % dark 

(mature) seeds (Peggy Kashuba, personal communication, PFR). Fruit could not be harvested by 

the author because of restrictions of movements around orchards following the incursion of 

Pseudomonas syringae pv. actinidiae (Psa) in November 2010.  

 

Fruit of MPM in the 2011, 2012 and 2013 seasons were obtained from the PFR Te Puke Research 

Centre in the Bay of Plenty. Fruit of ACS were obtained from the PFR orchard in Hawkes Bay in 

the 2012 and 2013 harvest season and Kerikeri, Northland, in the 2014 season. Fruit of ‘Hayward’ 

were obtained from the PFR orchard in Kerikeri in the 2011, 2012 and 2013 seasons. In the case 

of ACS, fruit were harvested from different locations depending on availability and to avoid using 

fruit from Psa infected orchards. At least 150 fruit were harvested for each genotype. There were 

transported overnight to the PFR Mt Albert Research Centre, Auckland in cardboard boxes at 

ambient temperature. On arrival the fruit were redistributed randomly into plix®-lined trays 

containing 30 fruit each and covered with a thin plastic liner. Fruit were checked for wounding 

and infection and were confirmed to be dry before the tray was closed. Fruit were stored at 20°C 

and allowed to soften without the addition of exogenous ethylene to mimic natural softening as 

much as possible. 

 

2.2.2 Postharvest evaluation 

 

During softening, MPM was assessed approximately every 1-2 days. ACS and ‘Hayward’ were 

assessed approximately every 4-5 days or longer, after checking by hand-feeling whether fruit had 

progressed in softening. This was because ACS and ‘Hayward’ were expected to soften much 

slower than MPM (Dr Rosie Schröder, personal communication, PFR). Fruit were assessed for 

firmness of outer pericarp and core tissue, SSC, ethylene production and respiration, DM and 

weight. DM was assessed only once each season for each genotype, on the day the fruit arrived at 

PFR in Auckland. Ten randomly selected fruit from each cultivar were assessed for the above 

parameters on each assessment day. 

 

Postharvest data and tissue samples were collected for each genotype between the years of 2011 

and 2014 according to Table 2.1. 
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Table 2.1. Seasons in which postharvest data was collected for each genotype. Ticks in white 

boxes, all postharvest data described collected; grey boxes, data not collected; Blue box, only 

outer pericarp firmness data collected. 

Season 2011 2012 2013 2014 

MPM        

ACS        

‘Hayward’        

 

2.2.2.1 Fruit weight measurements 

 

The weight of each randomly selected fruit for sampling was assessed by placing it on a PB303-5 

Delta-range scale (Denver Instrument) and recording the weight.  

 

2.2.2.2 Firmness measurements 

 

Firmness of the outer pericarp were measured by a puncture test, using a materials testing 

instrument (Model 4301, Instron) with a 100 N load cell and a 2.5 mm diameter flat–tipped probe 

moving at 240 mm/min. A 2.5 mm probe was used for consistency with published work on outer 

pericarp firmness. For the outer pericarp, a transverse slice of skin (1 mm thick) was removed 

using a standardised slicer from 2 sides of the fruit directly opposite each other prior to conducting 

the puncture test. Two measurements per fruit, one from each side, were made and the values 

averaged. Each fruit was then cut in half equatorially and a puncture test was performed on the 

core of each half of the fruit using a 2 mm diameter flat-tipped probe, and values averaged. A 2 

mm probe was used due to the limited dimensions of the core in some instances. Figure 2.2 shows 

the fruit handling regime for firmness measurements. Measurements were recorded as kgF.  
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Figure 2.2. Puncture test for measuring firmness of fruit tissue. (A) Firmness of the outer 

pericarp was measured after a slice of skin had been removed. (B) Each fruit was cut in half 

equatorially (see line) and the each half was used for the puncture test on the core.  

 

 

2.2.2.3 Soluble solids concentration (SSC) 

 

SSC was determined by cutting off both ends of the fruit and squeezing a drop of juice from each 

end onto a digital refractometer (model PR-100, Atago). Two measurements per fruit were 

recorded as °Brix, and averaged. ‘°Brix’ is a measure of the dissolved soluble solids content in the 

juice. 

 

2.2.2.4 Dry Matter (DM) 

 

Previous research has shown that DM content (starch, cell walls and other solids) does not change 

during the period of kiwifruit softening therefore it was only measured at harvest (Dr Jeremy 

Burdon, personal communication, PFR). DM content was determined by cutting a 3-4 mm 

equatorial slice from one side of each fruit half after firmness measurements of the outer pericarp 

and core had been carried out. The weight of each fresh slice was recorded. Slices were dried in 

an oven at 65°C for 3 days before being weighed again. DM content was calculated as a percentage 

of the fresh weight. 

 

 

 

 

core 
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B 
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2.2.2.5 Ethylene and respiration measurements 

 

For respiration and ethylene measurements, fruit were placed in small plastic, sealed fruit 

respiration containers (one fruit per container) (volume 529 mL) with lids containing a rubber 

septum as described by Lyons et al. (1962). Blank measurements were prepared by sealing an 

empty container at the same time as the containers were loaded with fruit. After one hour, two 

syringes were inserted through the septum to withdraw gas samples of 1 mL each from the 

headspace, one for ethylene measurements and one for carbon dioxide (CO2) measurements. 

Ethylene (C2H4) was measured using a gas chromatograph as described by Oraguzie et al. (2007). 

This was fitted with a flame ionization detector set at 140°C with H2 and air flow rates of 0.5 and 

5 mL/s, respectively. For separation and quantification of ethylene, the gas chromatograph (GC) 

was equipped with an activated alumina column (1.5 m x 4 mm) (HAYESEP N 80/100) set at 

100°C using nitrogen (N2) as the carrier gas at 0.5 mL/s and a Hewlett Packard integrator (model 

3390A) that was calibrated with external ethylene standards (1 mL pure ethylene) prior to use. The 

second gas sample (1 mL) was analyzed for its CO2 concentration using a gas analyzer equipped 

with a miniature infrared CO2 transducer in series with an oxygen cell. Oxygen (O2) free nitrogen 

was used as a carrier gas with flow rate of 40 mL/min. The gas analyzer was calibrated with 

certified gas standards (5.0% CO2 and 1.67% O2).  

 

The concentrations of ethylene and CO2 were calculated according to (Banks et al., 1995). They 

were based on the Ideal Gas Law: 

 

pV = nR(T + 273.15) (where: p =partial pressure (Pa), V = volume (mL), n = mol, R = gas constant 

(8.3143 m3 ·Pa·mol-1·K-1), T = Temperature (ºC)) 

 

They were calculated using the following formulae: 

 

Ethylene (C2H4) 

𝐶2𝐻4 (𝑛𝑚𝑜𝑙 𝑘𝑔 𝑠)⁄ =  
[101 (𝑘𝑃𝑎)] [𝐶2𝐻4𝑡 − 𝐶2𝐻4𝑜 (𝑝𝑝𝑚)] [𝑉 (𝑐𝑚3) −

[𝑊 (𝑔)]
[1 (𝑔 𝑐𝑚3)]⁄

]

[8.314 (𝐽 𝑚𝑜𝑙 𝐾⁄ ) ][𝑇 (𝐾)][𝑊(𝑔)][𝑡 (𝑚𝑖𝑛𝑠)][60 (𝑠)]
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Carbon dioxide (CO2) 

𝐶𝑂2 (μ 𝑚𝑜𝑙 𝑘𝑔 𝑠)⁄ =  
10[101 (𝑘𝑃𝑎)] [𝐶𝑂2𝑡 − 𝐶𝑂2𝑜 (%)] [𝑉 (𝑐𝑚3) −

[𝑊 (𝑔)]
[1 (𝑔 𝑐𝑚3)]⁄

]

[8.314 (𝐽 𝑚𝑜𝑙 𝐾⁄ ) ][𝑇 (𝐾)][𝑊(𝑔)][𝑡 (𝑚𝑖𝑛𝑠)][60 (𝑠)]
 

 

Where V = container volume, W = fruit weight, T = temperature and t = time, (C2H4)t=ethylene 

concentration (ppm) at t, (C2H4)o= ethylene blank, (CO2)t = carbon dioxide concentration (%) at t, 

(CO2)o = carbon dioxide blank.  

 

2.2.3 Tissue sampling for subsequent chemical, immunological and molecular analysis 

 

According to their outer pericarp firmness (Table 2.2), fruit were categorised into firmness 

categories (FC) that were based upon a typical ‘Hayward’ softening curve (Schröder & Atkinson, 

2006) (Figure 1.10). In physiological terms, the FCs correspond to:  

 

 FC0, mature unripe fruit. 

 FC1, softening initiated. 

 FC2, start of rapid softening.  

 FC3, progressing into the eating ‘window’ and transition phase where fruit start producing 

ethylene.  

 FC4, ripe to over-ripe. 

Fruit that had an outer pericarp firmness that lay within a particular FC after puncture tests (as 

specified in Table 2.2) had their outer pericarp tissue separated from the skin and locules, and the 

outer pericarp tissue frozen in liquid nitrogen. It was stored at -80°C for subsequent chemical and 

molecular analysis. Segments of outer pericarp were fixed for microscopy (refer to Chapter 5 for 

detailed methodology). For each genotype, the outer pericarp tissue of 10 fruit was pooled for each 

FC. Fruit assessed at one time point could be assigned to different categories. Fruit were assessed 

in the same way over three seasons (Table 2.1).  
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Table 2.2. Firmness categories (FC) and corresponding firmness of outer pericarp samples. 

Firmness 

category (FC) 
FC0 FC1 FC2 FC3 FC4 

Corresponding 

firmness (N) 
>9 7-8 4-6 1-3 <0.7 

 

 

2.3 Results 
 

Full details of postharvest data are presented in Appendix I. In the 2014 season, ACS softened 

unnaturally slowly and with great variation between fruit, possibly due to maturity issues at harvest 

therefore the results are not shown.  

 

2.3.1 Change in firmness of outer pericarp tissue during softening 

 

The changes in firmness of the outer pericarp of MPM, ACS and ‘Hayward’ are shown in Figure 

2.3. The results are presented on the basis of time (days postharvest, where Day 0 = FC0), rather 

than fruit category (FC). This was done to emphasize the differences between the three genotypes 

in terms of how long each took to soften naturally. Time represents the average number of days 

required to reach a specific firmness category.  

 

Figure 2.3A shows that in 2011 and 2013 MPM reached FC4 in 5 and 6 days respectively, and the 

shapes of the ripening curves were similar for both seasons. In 2012 the softening curve was 

slightly different. The fruit harvested in 2012 had a higher firmness at harvest (FC0) than in 2011 

and 2013, and it took approximately 8 days for the fruit to enter the rapid softening phase (starting 

at about 6 N in all 3 seasons), thereby taking a total of 16 days to reach the over-ripe stage. 

However, the shape of the rapid softening curve in 2012 until fruit became over-ripe was similar 

to those in 2011 and 2013.  

 

Figure 2.3B shows that the shapes of the softening curves for ACS in 2012 and 2013 were 

relatively similar, with the fruit reaching FC4 within 35 and 31 days respectively. The shape of the 

softening curves were different from those of MPM and ‘Hayward’ in that there was a long lag 

phase before the rapid softening phase in both seasons.  
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Figure 2.3C shows that in 2011 ‘Hayward’ reached FC4 unusually quickly within 13 days, possibly 

due to accidental exogenous ethylene exposure. In 2012 the fruit were harvested at a similar 

firmness to those in 2011, but in 2012 softened following a sigmoidal shaped curve (see Figure 

1.10). It took 32 days to FC4. In 2013, the fruit were harvested at a much firmer stage than in 2011 

and 2012 (13 N compared with 10 N and 9 N and respectively). In 2013 the fruit softened slowly 

until they reached 5 N at about 30 days after harvest, then entered the rapid softening phase and 

softened to FC4 within 10 days, with a resultant total of 40 days for the fruit to reach the over-ripe 

stage. Of these 40 days however, the fruit took approximately 12 days to drop in firmness from 

FC1 to FC2, which makes the time taken for ‘Hayward’ to soften from FC2 to FC4 quite similar 

in the 2012 and 2013 season (30 and 28 days, respectively).  
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Figure 2.3. Softening curves using outer pericarp firmness. Change in the firmness of the outer 

pericarp of (A) ‘MPM’, (B) ACS and (C) ‘Hayward’ during softening over two (ACS) or three 

(MPM and ‘Hayward’) seasons. Points are the mean and vertical lines are the standard deviations 

for each season (n=10).  
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2.3.2 Firmness change of core tissue during softening 

 

The core tissue of all three genotypes was typically firmer than the outer pericarp tissue at each 

FC. However, once the fruit had reached FC4, the firmness of both the core and outer pericarp was 

similar. The shapes of the softening curves of the core tissue were similar to those of the outer 

pericarp in each genotype. The results are shown in Figure 2.4. Note only one season was able to 

be collected for ACS. 

 

2.3.3 Dry matter (DM) 

 

Results for DM assessments for each genotype are shown in Table 2.3. The results show that there 

was variation between genotypes, and variation between seasons for each genotype. MPM had the 

highest DM content at harvest in seasons 2012 and 2013 (20.7% and 20% respectively) while in 

2011 it had an unusually low DM of only 12.5%. ACS had particularly low DM (10.9%). The DM 

of ‘Hayward’ was similar in the 2011 and 2013 seasons (16.6% and 16.9% respectively), but was 

lower in the 2012 season.  

 

Table 2.3. Dry matter content (% fresh weight). Dry matter content of MPM, ACS and 

'Hayward' over one (ACS) or three (MPM and ‘Hayward’). S.D., standard deviation (n=10). 

  Dry Matter (% fresh weight) 

  2011  2012  2013   

Genotype average S.D. average S.D. average S.D. 

MPM 12.5 1.3 20.7 0.7 20.0 0.9 

ACS * * * * 10.9 2.4 

‘Hayward’ 16.6 0.8 11.8 4.0 16.9 0.8 
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Figure 2.4. Softening curves using core firmness. Change in the firmness of the core of (A) 

MPM, (B) ACS and (C) ‘Hayward’ during softening over one (ACS) or three (MPM and 

‘Hayward’) seasons. Points are the mean and vertical line are the standard deviation of one season 

(n=10). 
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2.3.4 Soluble solids content (SSC) 

 

Results for SSC are presented in Figure 2.5. Note in this figure SSC is graphed according to FC. 

In all genotypes, over all seasons, the SSC increased during softening. ACS generally had a higher 

SSC during softening than MPM and ‘Hayward’. In MPM, SSC was similar at the same FC over 

three seasons. In ‘Hayward’, the SSC was similar in the 2011 and 2013 seasons, but in 2012, the 

SSC at harvest was higher and the change in SSC from FC0 to FC4 was smaller than in the 2011 

and 2013 seasons.  

 

2.3.5 Ethylene production and respiration over softening 

 

Changes in ethylene production during softening are shown in Figure 2.6. Note again that this 

figure is graphed by firmness category. In all three genotypes, internal ethylene production marked 

the start of FC3, the edible phase. Ethylene production peaked at FC4, except in ‘Hayward’ in 

2012, where ethylene production decreased from FC3 to FC4 (note the change in scale in Figure 

2.6C). MPM produced more ethylene than ‘Hayward’ in 2011 and 2012 at FC4. ‘Hayward’ 

produced a negligible amount of ethylene in 2012. ACS produced the highest amount of ethylene 

overall in 2013, although there was large variability within the data. The high variability within 

the ethylene data reflects natural variation among fruit. In this study ethylene production was 

accompanied by only a slight increase in CO2 production which generally peaked at FC3 across 

genotypes and seasons, with the exception of ‘Hayward’ in 2012 in which CO2 increased at FC4 

(data shown in Appendix I). However, no clear pattern of CO2 production was determined because 

of the large variability among the samples. 
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Figure 2.5. Change in soluble solids content (SSC) during softening. Change in SSC of (A) 

MPM (B) ACS and (C) ‘Hayward’ at different fruit firmness categories (FC) over one (ACS) or 

three (MPM and ‘Hayward’) seasons. Bars are the mean and vertical lines are the standard 

deviation of one season (n=10). 
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Figure 2.6. Change in ethylene production during softening. Change in ethylene production 

(bars)) of MPM (A), ACS (B) and ‘Hayward’ (C) at different fruit firmness categories (FC) over 

one (ACS) or three (MPM and ‘Hayward’) seasons (n=10). 
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2.3.6 Fruit weights 

 

Changes in fruit weight during softening are shown in Table 2.4. Overall, fruit weights varied 

between seasons within each genotype. This is especially true for ‘Hayward’ in which fruit were 

approximately 1.17 and 1.57 times heavier in the 2012 season than in 2011 and 2013 respectively, 

based on total weight average of fruit collected over all firmness categories during softening. MPM 

fruit were 1.11 and 1.35 times heavier in the 2013 season than in the 2011 and 2012 seasons, 

respectively. Overall, fruit size in MPM and ACS were more uniform within and across seasons 

than Hayward which had the least uniform fruit size, based on standard deviations. 

 

Within each season, mean fruit weights between FC0 and FC4 were quite similar, indicating that 

the fruit were well randomised within a tray. Whether the fruit lost weight during softening because 

of water loss cannot be decided using this experimental approach.  

 

Table 2.4. Change in fruit weight during softening. Change in weight (g) of MPM, ACS and 

'Hayward' over one (ACS) or three (MPM and ‘Hayward’). S.D., standard deviation (n=10). 

    Weight (g) 

   2011  2012  2013   

Genotype 

Fruit 

category average S.D. average S.D. average S.D. 

MPM FC0 * * 58.5 2.8 * * 

 FC1 83.3 8.7 53.6 2.6 80.3 3.8 

 FC2 68.9 7.0 59.0 8.0 79.7 13.1 

 FC3 64.5 6.8 58.7 8.7 76.6 7.0 

 FC4 67.3 9.9 60.3 11.6 77.0 5.9 

ACS FC0 * * * * 149.1 24.2 

 FC1 * * * * 131.5 11.6 

 FC2 * * * * 129.1 16.8 

 FC3 * * * * 137.6 12.6 

 FC4 * * * * 131.7 17.2 

‘Hayward’ FC0 98.3 11.1 130.7 24.3 104.2 14.5 

 FC1 105.7 20.4 122.4 22.3 80.1 8.2 

 FC2 102.4 38.8 119.6 18.5 89.7 12.7 

 FC3 96.4 10.5 116.8 19.3 76.4 36.4 

 FC4 104.7 17.9 107.3 8.1 70.6 10.3 
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2.4 Discussion 
 

This discussion will focus on the variability in softening behaviour noted between the three 

genotypes and between seasons, the importance of fruit maturity at harvest and the patterns 

observed in DM, SSC and ethylene production. In this postharvest study differences were seen 

between MPM, ACS and ‘Hayward’ in terms of softening time, DM and SSC, ethylene production 

and fruit weight. These differences were noted not only between genotypes but also within 

genotypes across the three seasons. Large variation in the data reflects the natural variation within 

and between individual fruit. This variation is also noted in other studies on naturally ripened fruit 

such as tomato (Lana et al., 2005) apple (Saevels et al., 2004) and peach (Maness et al., 1992).  

 

It has been shown that while some Actinidia genotypes have a prolonged initiation phase before 

the rapid softening phase (e.g A. chinensis ‘Luxhanxiang’ and A. chinensis ‘Jinfeng’) most 

genotypes follow a sigmoidal softening curve (White et al., 2005). In 2012, the outer pericarp of 

‘Hayward’ followed the typical softening curve described for this genotype including the lag 

phase, rapid softening phase and climacteric phase (Schröder & Atkinson, 2006; White et al., 

2005). The softening curves of MPM in 2011 and 2013 can be compared to that of A. arguta in 

terms of their shape and their fast softening time (White et al., 2005). ACS had similar outer 

pericarp softening curves in both 2012 and 2013. While they differed from the typical softening 

curve of ‘Hayward’ in the time taken to progress from FC0 to FC1, they then proceeded to soften 

following a sigmoidal shaped softening curve. The softening pattern of the core tissue in all 

genotypes was in accordance with previous studies on kiwifruit softening, with the firmness of the 

outer pericarp and core becoming very similar at FC4 (Jackson & Harker, 1997; White et al., 

2005). 

 

 Maturity at harvest appears to influence the lag phase before initiation of softening (White et al., 

2005). This is true of the data from the current study, as fruit harvested at a higher firmness had a 

longer lag phase. This can be seen in the 2012 season of MPM and the 2013 season of 

‘Hayward’(see Figure 2.4A and Figure 2.4C, 0 days postharvest). Maturity at harvest has been 

shown to alter firmness retention of apples (Mir et al., 2001) and to have an effect on other fruit 

characteristics such as flavour in tomatoes (Kader et al., 1977). While maturity at harvest plays an 
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important role in the quality of fruit, other characteristics such as DM and SSC also play a part. 

Some varieties documented by White et al. (2005), however, showed no lag phase and went 

directly into the rapid softening phase after harvest (e.g A. latifolia and A. setosa). While this shows 

the diversity of kiwifruit softening patterns, it may also reflect differences between the harvest 

criteria and the maturity of the fruit at harvest.  

 

Harvesting fruit with a high DM content is important commercially in order to maximize flavour. 

If the DM is too low it may result in poor flavour development during ripening and the appearance 

of skin disorders which may lead to poor storage performance (Burdon et al., 2004). However, if 

the fruit are left on the vine for longer to increase DM content, the softening process will be 

initiated on the vine, and consequently the storage life after harvest will be shorter. Previous 

postharvest trials on MPM have shown that the DM content has ranged from 17.4 (2010) to 20.1 

(2009) (Dr. Rosie Schröder, personal communication, PFR) and these values are similar to those 

obtained in the 2011 and 2013 season in this current study. Therefore the low DM in 2012 could 

be related to the higher firmness when fruit were harvested and may be related to early maturity. 

‘Hayward’ has been found to have a DM in the range of approximately 12-20% of the fresh weight 

at harvest (Beever & Hopkirk, 1990), which was confirmed in this study. Woodward and 

Clearwater (2008) showed that in ‘Hayward’, larger fruit generally had a higher DM and smaller 

fruit a lower DM. However, they concluded that no such correlation existed across all fruit 

populations and that environmental and seasonal variations needed to be taken into account. This 

has been confirmed in this study, as the average fruit weight of ‘Hayward’ and ACS were 

approximately 1.6 and 2.1 times higher than that of MPM respectively, whereas MPM on average 

had a higher DM content at harvest than that of ‘Hayward’ and ‘ACS’.  

 

The increasing SSC during fruit softening is a reflection of the conversion of starch to sugar. In 

this study SSC increased in all three genotypes during softening in each season. This increase in 

SSC and decrease in starch is a pattern common to other climacteric fruit such as guava (Mercado-

Silva et al., 1998). In New Zealand, a SSC of 6.2% is the minimum standard for harvest of kiwifruit 

for export (Snelgar et al., 1993). There are several factors correlated with SSC of kiwifruit at 

harvest. These include fruit firmness, fruit size, production area, climatic condition and crop load 
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(Hasey, 1994). In this current study, fruit harvested at a higher firmness had a lower SSC, and fruit 

harvested at a lower firmness had a higher SSC.  

 

In many fruit species softening is controlled, at least in part, by the ripening hormone ethylene. 

Kiwifruit, however, is unusual in that although it is considered to be climacteric, fruit ripens to 

eating softness independently of ethylene (Atkinson et al., 2011; Kim et al., 1999). An increase in 

ethylene production and respiration was observed in this study when fruit reached eating ripeness 

at FC3, a pattern also observed by Hyodo and Fukasawa (1985). ‘Hayward’ has been found to 

have a lower respiration rate and lower ethylene sensitivity than other genotypes, contributing to 

its success as a commercial variety. This current study was consistent with these findings as 

‘Hayward’ generally produced the lowest amount of ethylene of all three genotypes. A. arguta 

varieties are thought to be both ethylene sensitive and ethylene producers, which contributes to 

their very short storage time (Boyd et al., 2002). While this may be the case in MPM, there is no 

data available on the ethylene sensitivity of MPM. 

 

Ethylene production may not necessarily correlate with softening rate. In the 2013 season ACS 

produced the most ethylene of all genotypes, despite a softening time similar in length to 

‘Hayward’. MPM started producing ethylene at the same FC as ACS and ‘Hayward’. While the 

high ethylene production in the 2013 season of ACS correlated with a shorter transitioning time 

from FC3 to FC4 than in ‘Hayward’ (which produced little ethylene) this same logic cannot be 

applied to ‘Hayward’ in 2011, which produced little ethylene but still transitioned between FC3 

and FC4 within 1 day. Care must be taken in this interpretation, however, as ‘Hayward’ fruit in 

2011 may have been exposed to exogenous ethylene. This is yet another example of the wide range 

of variability between and within kiwifruit genotypes over different seasons.  

 

It is evident that there is natural seasonal variation between fruit. This is demonstrated by the 

different firmness profiles between three genotypes over three years of harvest. While there was 

variation between MPM, ACS and ‘Hayward’ in terms of their weight, DM, core tissue firmness, 

SSC and ethylene production and respiration, it was the differences in the change of firmness of 

the outer pericarp that was of most interest in this study. This is because this is the region most 

commonly assessed when evaluating total fruit firmness (MacRae et al., 1989; White et al., 2005; 
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Zhang et al., 2003). Due to the seasonal variation found in the postharvest studies, a ‘representative 

season’ needed to be chosen for each genotype in order to be able to compare cell wall chemistry 

and biochemical data between genotypes. The rationales for the choice of the ‘representative 

season’ for each of the genotypes used in this study are: 

 

 MPM 2013 season. While in the 2011 and 2013 season the fruit ripened over a similar 

period of time, the softening pattern for 2013 most closely resembled the sigmoidal shape 

of most kiwifruit softening patterns including ‘Hayward’. Results of this season were 

therefore chosen as the ‘representative season’ for in-depth study. In 2012, fruit of MPM 

are likely to have been harvested immature, hence the longer softening time than in 2011 

and 2013. 

 ASC 2013 season.  In both 2012 and 2013, fruit of ASC softened in a similar fashion, 

however results of the 2013 season were chosen for comparison as this season most closely 

resembled the sigmoidal shape of most kiwifruit softening curves as described above. It is 

also the same season chosen for MPM.  

  ‘Hayward’ 2012 season. The 2012 season was similar to the sigmoidal softening curve 

for ‘Hayward’ as published by Schröder and Atkinson (2006) and White et al. (2005). 

Therefore results of this season were chosen as the ‘representative season’. In the 2011 

season the fruit softened uncharacteristically quickly, possibly because of accidental 

exposure to ethylene. In the 2013 season fruit were still very firm and possibly slightly 

immature when harvested and therefore took longer to ripen than in the previous season.  

 

To evaluate differences in cell wall chemistry, biochemistry, microscopy and gene expression of 

the three genotypes, outer pericarp tissue from FC1-FC4 were used. Fruit at harvest (FC0) were 

deemed inappropriate for further investigation due to the extent of natural variability.  

 

In summary, although multiple seasons for each genotype were analysed for chemical, 

biochemical, structural and molecular differences over softening, the remainder of this study will 

focus on reporting cell wall differences of the outer pericarp of MPM from the 2013 season, ACS 

from the 2013 season and ‘Hayward’ from the 2012 season. A direct comparison between the fast 

softening MPM and the slow softening ACS  will be made as they are both of the species A. 
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chinensis, amd differences between these genoytpes and ‘Hayward’ (A. deliciosa) could be 

attributed to species specificity. ‘Hayward’ will be used as a reference fruit because most of the 

biochemical knowledge of kiwifruit softening is based on this genotype. This information will 

further the understanding of the factors associated with different rates of softening of kiwifruit 

genotypes. 
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Chapter 3 Compositional analyses of cell walls 
 

3.1 Introduction 
 

Cell wall changes of A. deliciosa ‘Hayward’ during softening have been previously studied (e.g 

Redgwell et al. (1992), Redgwell et al. (1991b), Redgwell et al. (1991a)). However, the 

composition and predicted structure of the polysaccharides in the cell walls of other kiwifruit 

genotypes, and how the organisation of the polysaccharides and their composition relate to 

softening rates has not been elucidated. In kiwifruit, it is likely that some aspects of cell walls such 

as the presence of similar types of polysaccharides will be constant due to their genetic similarity. 

However, the proportions of the different polysaccharides and the way they interact in the cell wall 

may be different between species and between genotypes. To determine the composition of 

polysaccharides in cell walls, chemical or enzymatic methods are commonly used to extract and 

fractionate cell walls. Although these methods produce size heterogeneity in polysaccharides, they 

have allowed specific cell wall polysaccharides, or fragments of polysaccharides, to be solubilised 

in quantities sufficient for structural characterisation. 

 

The first step in the cell wall extraction process is to obtain enzymatically inactivated cell wall 

material (CWM). Ideally, CWM consisting only of the primary cell wall and associated middle 

lamella (free of all cytoplasmic contaminants) would be isolated while preserving the in-vivo 

chemical state of the polysaccharides. It is often difficult to achieve this, as there are many ways 

to isolate cell walls. Factors such as the nature of the starting material and the scientific question 

to be answered need to be considered when deciding on the extraction protocol. No matter what 

method is used for obtaining CWM, enzymes within the cell must first be deactivated so that they 

do not alter the cell wall polysaccharides during the isolation procedure. This is because tissue 

homogenisation can initiate the process of cell wall degradation at a rate that greatly exceeds that 

which normally occurs in-vivo (Brummell, 2006; Seymour et al., 1987). Boiling ethanol or 

methanol can be used but has been shown to be inadequate for complete enzyme inactivation in 

some species, for example, tomato (Huber, 1991). Additionally, there is also the danger of β-

elimination of pectin when cells walls are heated in aqueous solutions for an extended time.  
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A 2:1:1 mixture of phenol:acetic acid:water (PAW) has been commonly used to deactivate 

enzymes (Redgwell et al., 1988; Selvendran & Ryden, 1990). While phenol solubilises some of 

the wall structural proteins and deactivates enzymes, the PAW procedure may also alter the 

physical nature of the cell wall polysaccharides. For example, it can alter pectin solubility by 

removing calcium ions from the walls (Huber, 1991). The use of a buffered phenol mixture (e.g. 

Tris- or HEPES buffered phenol) has the advantage over PAW in that it resists pH change with 

lowering temperature, and it does not complex with calcium ions which crosslink with pectin, 

thereby retaining them in the cell walls (Huber, 1992; Koh et al., 1997). Huber (1991) showed that 

pectin from PAW treated walls underwent rapid and extensive depolymerisation, whereas pectin 

from Tris-buffered phenol-treated walls showed no change in molecular weight (MW). The use of 

Tris-buffered phenol has therefore become the most accepted procedure for enzyme deactivation, 

and was used in the current study. In fruit such as kiwifruit or apple where a significant amount of 

starch is present, it can be removed at this stage by the use of dimethyl sulfoxide (DMSO) (Carpita 

& Kanabus, 1987). 

 

Once CWM has been isolated and the water- and DMSO-soluble fractions have been collected, its 

constituent polysaccharides can be further solubilised into different extracts. The most common 

methods for this are the use of enzymes or chemical reagents. Both methods are discussed below. 

 

Using enzymes as a means of extracting cell wall polysaccharides has an advantage in that the 

bonds they cleave are well known. They can be used to partially degrade a polysaccharide into 

smaller oligomers that can be more easily characterised (Selvendran & O'Neill, 1987; York et al., 

1985). Enzymes used for the degradation of pectin and hemicelluloses include pectin lyase, 

polygalacturonase, pectin-esterase, β-(1→4)-glucanases , α-(1→5)-arabinanase, arabinofuranosi- 

dase, rhamnogalacturonase, β-(1→4)-galactanase and β-(1→4)-xylanase (Coll-Almela et al., 

2015; Renard et al., 1991a). This enzyme based approach relies on the presence of highly purified 

enzymes without contaminating activities. Increased availability of purified enzyme preparation, 

and the more recent production of recombinant fungal enzymes without contaminating activities, 

have allowed this method to become reliable and more commonly used. A study by Bauer et al. 

(2006) reported the creation of a substantial collection of recombinant fungal genes encoding 

glycanases with a range of activities that degraded the cell walls of Arabidopsis. These enzymes 
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can be used sequentially or in combination. Extraction or release of cell wall polysaccharides by 

purified enzymes of known specificity allows not only the isolation of pectic polysaccharides and 

hemicelluloses, but enables their structure and linkage to other cell wall constituents to be 

investigated (Renard et al., 1993; Renard et al., 1991a, 1991b, 1991c). 

 

A disadvantage of enzymatic fractionation is that any glycosidic bonds susceptible to the action of 

the enzyme will also be hydrolysed. This creates a large number of fragments which are only 

partially representative of the original polysaccharide. Additionally, the use of enzymatic 

extraction can lead to modifications of the physiochemical properties of pectin (Panouillé et al., 

2006; Ptichkina et al., 2008). In kiwifruit, Yuliarti et al. (2015) showed that while enzymatic 

extraction produced high yields of pectin, it had low viscosity and poor gel strength, suggesting 

that this method was damaging to the pectin molecule in its native state. For these reasons the 

extraction of cell walls by enzymatic means was not used in this current study. 

 

A more common and well established method for extracting polysaccharides from the CWM 

involves chemical solvents that can be used successively to treat the cell walls (Redgwell & 

Selvendran, 1986; Selvendran et al., 1985). In the first step of the fractionation procedure, the use 

of a chelating agent is needed to solubilise polysaccharides attached by calcium bridges to 

insoluble cell wall components. This generates a fraction enriched in pectin held in the wall by 

ionic bonds. Although chemicals such as EDTA and ammonium oxalate have been used in the past 

(Stoddart et al., 1967), the chelating agent trans-1,2-diaminocyclohexane-N,N,N’,N’-tetraacetic 

acid (CDTA) has been shown to produce high yields while causing minimal degradation (Jarvis, 

1982; Jarvis et al., 1981). Following extraction by chelating agents, cold, dilute alkali has been 

used to release the more tightly bound pectins. Selvendran et al. (1985) showed that NaOH + 

EDTA solubilised only 24% of the total uronic acids from apple CWM. However, extraction with 

Na2CO3 following CDTA, gave more acceptable yields of pectin from onion and apples (Redgwell 

& Selvendran, 1986). This was also found to be efficient for the extraction of galactan-rich pectins 

from potato CWM (Jarvis et al., 1981). Pectin and hemicelluloses can be further solubilised from 

the cell walls using a variety of methods.  
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Chaotropic agents such as urea or guanidinium thiocyanate (GTC) break hydrogen bonds, so have 

been used to release mannose-rich polymers from depectinated apples cell walls and lupin 

hypocotyls (Monro et al., 1976; Stevens & Selvendran, 1984). Alternatively, increasing 

concentrations of alkali disrupt the hydrogen bonds and ester linkages that hold pectin and 

hemicelluloses tightly in the cell wall. Agents such as potassium hydroxide (KOH) or sodium 

hydroxide have been used. However, KOH is the preferred agent, as the potassium acetate formed 

on neutralization with acetic acid after extraction is, for example, more soluble than sodium acetate 

formed if sodium hydroxide is used. Increasing strengths of alkali such as 1 M and 4 M KOH were 

routinely used by Selvendran et al. (1985) as they effected the partial fractionation of the 

hemicelluloses. The same concentrations were also successful in extracting hemicelluloses from 

pears and runner beans (Jermyn & Isherwood, 1956). 

 

Analysis of the cell wall fractions obtained through chemical fractionation allows the 

determination of the sugar composition of the cell wall. This can give an indication of the binding 

strength of polysaccharides to cellulose. As chemical extractions of CWM are often based on 

sequential extraction with solvents of increasing strength, it is assumed that the higher the solvent 

concentration needed to solubilise the polysaccharides, the stronger the bonding those 

polysaccharides have with cellulose. Therefore their contribution to cell wall integrity will be 

greater. Polysaccharides in the water-soluble fraction would be freely soluble in the cell wall and 

would not be strongly bound in any cell wall network. Conversely, polysaccharides in the cell wall 

residue (CWR) would have such a strong connection to cellulose that even 4 M KOH would not 

be able to solubilise them. The CDTA fraction generally contains pectins with high 

homogalacturonan (HG) content, but with some rhamnogalacturonan I and II (RG-I and RG-II) 

and sometimes a small amount of hemicelluloses. Pectin extracted by Na2CO3 and KOH generally 

contain pectin with a higher RG-I and RG-II content, as indicated by a higher amount of neutral 

sugars such as arabinose, galactose and rhamnose (Redgwell et al., 1988; Renard et al., 1991a). 

Hemicelluloses such as xyloglucans, xylans and mannans, as well as pectin with galactan and 

arabinan side chains are usually extracted by strongly alkaline solvents (1 M and 4 M KOH) and 

are thought to be very tightly bound to cellulose via hydrogen bonds. After constituent 

polysaccharides have been fractionated from the cell walls, the final insoluble residue contains 

mainly cellulose, but with a component of other neutral sugars of pectin and hemicelluloses. 
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 In this study, cell walls from the outer pericarp of the fast softening MPM and the slow softening 

ACS and ‘Hayward’ at same firmness categories (FC) during softening were isolated with Tris-

buffered phenol and sequentially extracted using CDTA, Na2CO3, 1 M KOH and 4 M KOH. These 

fractions were analysed for yield, sugar composition, and degree of methylesterification (DE). 

Pectin and xyloglucan depolymerisation during softening were investigated by size exclusion 

chromatography of the pectin-rich water-, CDTA- and Na2CO3-soluble fractions, and the 

xyloglucan-rich (1 M KOH- and 4 M KOH-soluble) fractions. Differences in cell wall structure 

that may contribute to different softening rates could be elucidated through the comparison of 

yields, cell wall composition, DE as well as MW distribution of these cell wall fractions. 

 

The aim of this cell wall study was to determine differences the cell wall chemistry and changes 

in the cell wall during softening between the fast softening MPM and the slow softening ACS, 

using ‘Hayward’ as a reference.  

 

3.2 Methods 
 

3.2.1 Cell wall isolation and sequential extraction 

 

The procedure was based on those of Redgwell et al. (1992) and Melton and Smith (2005). Outer 

pericarp tissue of MPM, ACS and ‘Hayward’ was taken at four firmness categories (FC1, FC2, 

FC3, FC4) from firm unripe fruit to over-ripe fruit (Chapter 2, Table 2.1) frozen in liquid N2 and 

ground into a fine powder using liquid N2. For cell wall isolation, samples of fruit tissue were 

taken from a bulk sample of pooled fruit (see Section 2.2.3). Cell wall isolation and sequential 

extraction was carried out for each genotype for each season. The different components were 

obtained by the following methods. 

 

Water-soluble fraction. Samples (50 g) were homogenized in Ultrapure™ Buffer-Saturated 

phenol (100mL, Thermofisher) using an Ultra-Turrex® (model T10 basic, IKA) on high speed for 

5 min. The homogenates were then centrifuged (model RC5C) (8600 g, 20 min, 4°C) and the 

supernatants filtered through Miracloth™ (inert rayon-polyester “fabric” with an acrylic binder) 

and then collected. The residues were then re-suspended in Milli-Q water (100 mL) homogenized, 

re-centrifuged and filtered again through fresh Miracloth™. This water-wash step was repeated 
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once more. Supernatants from each sample were combined, transferred to dialysis tubes with a 

MW cut off 12 kDa (for all extraction steps; Sigma) that had been pre-treated by placing in warm 

Milli-Q water for 20 min. The tubes were dialyzed with running tap water for three days followed 

by eight days of Milli-Q water (10 L each day; for all extraction steps) at 4°C with daily water 

changes. After dialysis the solutions were filtered through glass microfibre filter paper to remove 

precipitated, denatured cell debris (including protein) and then freeze-dried to obtain the water-

soluble fraction.  

 

DMSO-soluble fraction. The residues from the previous extraction step were stirred for 24 h in 

90% (v/v) DMSO at room temperature to solubilize starch (Carpita & Kanabus, 1987) then 

centrifuged (8600 g, 20 min, 4°C) and the supernatants recovered by filtering the solution through 

Miracloth™. The pellets were re-suspended in 90% (v/v) aqueous DMSO (40 mL) using the Ultra-

Turrex® on high speed for 5 min, stirred for a further 48 h then again centrifuged and filtered. The 

remaining residues were washed in Milli-Q water, re-suspended using the Ultra-Turrex®, and 

centrifuged as described above. The DMSO supernatants and water washes were combined, and 

then dialyzed for 8 days with Milli-Q water at 4°C with daily water changes, and freeze-dried to 

obtain the DMSO-soluble fraction.  

 

Cell wall material (CWM). The pellets remaining after DMSO treatment were re-suspended in a 

little water to form thick slurries. They were then dialyzed against Milli-Q water for eight days as 

described above, carefully removed from the dialysis membranes, and then freeze-dried to produce 

the CWM.  

 

CDTA-soluble fraction. The freeze-dried CWM was weighed to determine yield, and 200 mg 

used for sequential extraction. CWM was stirred in 100 mL of 0.05 M CDTA for 6 hours at room 

temperature. The mixture was then centrifuged (8600 g for 10 min, 20°C) and filtered through 

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

CDTA and water-wash supernatants of each sample point were combined, dialyzed against 5 L of 

0.1 M ammonium acetate buffer (pH 5.2) for three days (to aid removal of CDTA) with a daily 

change of buffer, followed by dialysis with Milli-Q water for eight days with daily water changes. 

They were then freeze-dried to produce the CDTA-soluble fraction. 



 

67 

 

 

Na2CO3-soluble fraction. The residual pellets were stirred overnight in a 100 mL solution of 0.05 

M Na2CO3 containing 20 mM sodium borohydride (to promote reductive β-elimination of the 

pectin backbone) at 4°C. The following morning, solutions were allowed to warm to room 

temperature for 1 hour with continuous stirring. After centrifugation (8600 g for 10 min, 20°C) 

and filtering through Miracloth™, the pellets were washed twice with 75 mL water, centrifuged 

and filtered again. Supernatants from each step were combined, neutralised with acetic acid 

(glacial), dialyzed against Milli-Q water for eight days with daily water changes, and then freeze-

dried to give the Na2CO3-soluble fraction. 

 

1 M KOH soluble fraction. The residual pellets from above were stirred overnight in a 75 mL 

solution of 1 M KOH containing 20 mM sodium borohydride at room temperature. The mixture 

was then centrifuged (8600 g for 10 min, 20°C) and subsequently filtered through Miracloth™. 

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

supernatants were combined, neutralised with glacial acetic acid, dialyzed against Milli-Q water 

for 8 days with daily water changes, and then freeze-dried to give the 1 M KOH-soluble fraction. 

 

4 M KOH soluble fraction. The pellets were stirred overnight in a 75 mL solution of 4 M KOH 

containing 20 mM sodium borohydride at room temperature. The mixture was then centrifuged 

(2,500 g for 10 min, 20°C) and filtered through Miracloth™. The pellets were then washed twice 

with 75 mL water, centrifuged and filtered again. Supernatants were combined, neutralised with 

glacial acetic acid, dialyzed against Milli-Q water for 8 days with daily water changes, and then 

freeze-dried to give the 4 M KOH-soluble fraction. 

 

Cell wall residue (CWR). The remaining pellets were neutralized with acetic acid (glacial) and 

re-suspended in a little water to form thick slurries. The suspensions were transferred into dialysis 

tubes and dialyzed against Milli-Q water for eight days with daily water changes, and then freeze-

dried to give the CWR. 

 

Weights of all freeze-dried fractions were recorded to give the yields of each fractions and the 

recovered material was stored dry in a desiccator until further analysis.  
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3.2.2 Identification and quantification of monosaccharide composition of cell wall fractions 

 

3.2.2.1 Determination of noncellulosic neutral monosaccharides following trifluoroacetic acid 

(TFA) hydrolysis. 

 

Gas chromatography was used to identify and quantify the main sugars present in the cell wall 

fractions. The sugars analysed were rhamnose, fucose, arabinose, xylose, mannose, galactose and 

glucose, all commonly found in cell wall polysaccharides (Redgwell et al., 1988). The alditol 

acetate trifluoroacetic acid (TFA) method was used to prepare the samples for GC analysis of the 

neutral monosaccharide composition of cell wall fractions (Albersheim et al., 1967). This method 

consisted of hydrolysing the polysaccharide material with TFA to release monosaccharides, 

converting these sugars into their corresponding alditol acetates, then quantifying them by GC 

analysis as described below. 

 

Duplicate samples (between 1.0–1.5 mg) of freeze-dried cell wall fractions were weighed in small 

glass vials. For hydrolysis, 2 M TFA (1 mL) was added to each vial which was then capped with 

a Teflon-coated lid. Samples were autoclaved for one hour at 121°C to hydrolyze polysaccharides 

into free monosaccharides and centrifuged (Heraeus Labofuge 300; used throughout the 

procedure) (1000 g rpm, 1 min) to remove any condensation from lids. Myo-inositol (2 mg/mL, 20 

µL) was added as an internal standard (as this sugar alcohol is not a cell wall constituent), and 

samples allowed to dry on a heating block under a gentle stream of air (50°C, Silli-Therm Heating 

module). Three drops of 10% aqueous isopropanol (200 µL) were added to each sample using a 

Pasteur pipette and the samples allowed to air dry. This step was repeated to remove any TFA 

remaining in the samples. 

 

To convert the monosaccharides to alditols, 2.5 M ammonium hydroxide (0.25 mL) and sodium 

borohydride (10 mg/ml, in 2.5 M NH4OH, freshly prepared) (0.25 mL) were added to each vial. 

Vials were mixed by vortexing and allowed to stand at room temperature for 1.5 hours. To stop 

the reaction, glacial acetic acid (50 µL) was added. After air drying on the heating block at 50°C, 

0.5 mL of methanol:acetic acid (9:1) was added and the samples again air dried at 50°C to remove 

residual sodium borohydride. This treatment was repeated three times. Anhydrous methanol (0.5 
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mL) was then added to each sample, and air dried. This was repeated at least twice until the samples 

appeared to be completely dry. 

 

The resulting alditols were then acetylated by the addition of pyridine (100 µL) and acetic 

anhydride (200 µL). The vials were mixed thoroughly by vortexing and placed on a heat block 

(100°C) for 5 min. They were vortexed again and returned to the heating block for further 30 min. 

Samples were then centrifuged (1000 g, 5 min) to remove all condensation from lids. Toluene (1 

mL) was then added and evaporated under a flow of air at room temperature. Another 1 mL of 

toluene was added and the evaporation step repeated. Dichloromethane (200 µL) was then added 

and tubes vortexed and centrifuged (1,000 g, 5 min). The supernatant was transferred into to GC-

vials with a spring insert, and a steel cap with rubber septum crimped tightly onto the top of each 

vial.  

 

One µL of each sample was injected by an automatic sampler (equipped with a 10 µL glass syringe; 

Agilent) into 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] maintained at 120°C and fitted 

with a flame ionisation detector (FID) set at 240°C. After the sample was injected, the 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. Two injections were performed for each sample. 

 

A standard neutral sugar mix of rhamnose, fucose, arabinose, xylose, mannose, galactose, and 

glucose (each sugar at 2 mg/mL) was prepared for GC calibration and to identify and quantify the 

cell wall sugars. Of this standard solution, 20 µL was taken, 20 µL myo-inositol (2 mg/mL) added 

as the internal standard, and converted into alditols as described above. The standards were 

prepared in duplicate using 20 µL of the monosaccharide mix and 20 μL myo-inositol (2 mg/ml). 

Derivatisation followed the protocol described earlier starting with the conversion to alditols. After 

standards were run (two injections per vial), a standard calibration curve was created using 

Chemstation software (Agilent). Cell wall sugars were identified and quantified by comparison 

with retention times of the sugar standards, and quantities per µL injected sample calculated using 

Chemstation. After GC measurements were obtained, results were averaged and expressed as µg 
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sugar per mg freeze-dried fraction, as µg sugar per mg fresh weight, and in mol% (molar ratio of 

sugars). For an example of a typical standard chromatogram, see Appendix II. 

 

3.2.2.2 Determination of the cellulosic glucose content of cell wall material (CWM) by sulphuric 

acid hydrolysis 

 

Sulphuric acid (H2SO4) was used to simultaneously hydrolyse cellulose as well as other 

polysaccharides. A two-stage H2SO4 procedure was used (Harris et al., 1988). Five mg of dried 

CWM was weighed out in duplicate into small glass vials. An aliquot of H2SO4 (72%, 125 µL) 

was added to each tube. Tubes were flushed with N2 gas, capped quickly with Teflon lids and 

vortexed. They were then incubated at 30°C for 3 hours. Milli-Q water (1.375 mL) was then added 

and the tubes were again vortexed and flushed with N2 gas. They were incubated for a further 3 

hours at 100°C. After cooling, ammonia solution was added (300 µL, 8 M) to neutralise the 

samples. Myo-inositol (100 µL; 2 mg/mL) was then added and samples vortexed. The solution was 

filtered through sterile glass fibre filter paper and the filtrate (200 µL) was transferred to each of 

two duplicate glass vials (for replication).  

 

Sugar standards were prepared in duplicate using myo-inositol (100 µL; 2 mg/mL) and the sugar 

standard mix (100 µL; prepared as described in Section 3.2.2.1). The monosaccharides after H2SO4 

hydrolysis were converted to alditols by the addition of 2.5 M ammonium hydroxide (0.25 mL) 

and sodium borohydride (0.25 mL, 10 mg/mL, in 2.5 M NH4OH, freshly prepared) to each vial, 

including the standards. Samples were converted to alditol acetates using the method of 

Albersheim (1967) as described in Section 3.2.2.1. Alditol acetates were taken up in 

dichloromethane (1 mL), vortexed and centrifuged (1,000 g, 5 minutes). The supernatants were 

transferred into to GC-vials, and a steel cap with rubber septum crimped tightly onto the top of 

each vial. Sugar identification and quantification was carried out as described above in Section 

3.2.2.1.  
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3.2.2.3 Uronic acid assay 

 

Uronic acid (UA) was quantified using D-galacturonic acid as a standard, according to the methods 

of Blumenkrantz and Asboe-Hansen (1973) and Ahmed and Labavitch (1977). For hydrolysis of 

samples, approximately 1-2 mg of the freeze-dried water-, DSMO-, CDTA-, Na2CO3-, 1 M KOH, 

4 M KOH soluble material and the CWM and CWR fractions were weighed out in 10 mL 

calibrated tubes in duplicate and cooled in ice. Sulphuric acid (96%, 0.5 mL) was added to each 

tube and the solution was stirred on ice with an electronic stirrer bar for 5 min. Another 0.5 mL of 

sulphuric acid was added to each tube. The solution was stirred for another 5 min and followed by 

the addition of 0.25 mL Milli Q water, with stirring for a further 5 minutes. This step was repeated, 

and samples vortexed until all material was dissolved. Stirrer bars were removed from the 

calibrated tubes and water was added up to give a final volume 10 ml. The solutions were vortexed 

to ensure the samples were well mixed.  

 

UA was measured by the intensity of a colour reaction with meta-hydroxy-diphenyl solution 

following treatment with sodium tetraborate sulphuric acid reagent. For the colour reaction, 1.5 

mL sodium tetraborate H2SO4 reagent (4.8 g sodium tetraborate in 1 L 96% H2SO4) was placed in 

a glass vial, chilled in ice, and 150 µL water added followed by 150 µL of sample. The vial was 

mixed thoroughly and returned to ice. After heating in boiling water for 10 minutes (vials capped 

with marbles) vials were cooled to room temperature. Meta-hydroxy-diphenyl solution (5 µL, 

0.15% 3-phenylphenol (85%) in 0.5 M NaOH) was added to each tube and mixed thoroughly by 

vortexing. The resultant pink colour was allowed to develop for 20 min. For each sample, colour 

reactions were carried out in triplicate.  

 

Standards for quantification of UA were prepared by diluting a galacturonic acid (GalA) stock 

solution (1 mg/mL in water) to produce a series of concentrations between 0 and 15 mg/L. 

Triplicate aliquots of 150 µL of each were used for preparing the standard curve. The GalA stock 

solution was stored at -20°C between analyses.  

  

For quantification of UA, aliquots of the test samples and the standards (200 µL) were pipetted 

into a 96-well clear flat-bottomed plate and the colour measured by spectrophotometer at 524 nm 
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(SpectraMax® Plus 384). Using the GalA standard curve, the amount of UA per mg sample was 

calculated, and results expressed as µg of GalA per mg of polysaccharide fraction. For an example 

of a typical GalA standard curve, see Appendix III.  

 

 

3.2.3 Degree of methylesterification 

 

The water-soluble, CDTA-soluble and CWM fractions were analysed for the degree of methyl 

esterification (DE). Only those fractions were used, as esters would have already been saponified 

in the harsher alkali treatments during Na2CO3, 1 M and 4 M KOH extractions. DE was determined 

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

after saponification of pectin. Duplicate samples each of 2 mg of freeze-dried material were 

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 tubes were sealed, mixed thoroughly 

and incubated overnight at 4°C. To neutralise the mixture, 30 µL of 82.5 mM citric acid was added 

and mixed thoroughly. An internal standard of 33.3 µL of 25 mM n-propanol was added to each 

tube and the tubes were centrifuged for 5 min at 20,000 g. An aliquot of 1 µL was withdrawn by 

syringe and analysed by gas-liquid chromatography on a DB-wax capillary column (15 m ×0.25 

µm, Agilent) with a helium flow at a constant pressure 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. These results were used to generate a standard calibration curve 

in order to calculate the amount of methanol in the cell wall samples. Positive controls were 

prepared using commercial citrus pectin with known DE of 26% and 65% (Sigma Aldrich). Pectin 

samples were dissolved in water (5 mg/mL), and 1.0 mL was saponified, neutralised and methanol 

quantified as described above. DE was calculated as a molar ratio of methanol to GalA. 
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3.2.4 Cell wall swelling 

 

For determination of in-vitro cell wall swelling, CWM (5.0 mg) was allowed to swell in 4 mL of 

water overnight. The samples were then vortexed briefly to disperse the material evenly then 

allowed to settle again overnight before vials were photographed. 

 

3.2.5 Size exclusion chromatography (SEC) 

 

SEC was used to investigate changes in the MW distribution of pectin and hemicelluloses 

(xyloglucan) during softening. Two different columns were used. The Superose 6, 10/300 GL 

column (GE Healthcare) was used to fractionate the water-, CDTA- and Na2CO3-soluble fractions 

with a MW within the range of 70-40,000 kDa. The Sephacryl S-300 column was used for the 

separation of MW polymers in the range of 10-20,000 kDa in the 1 M and 4 M KOH fractions 

containing smaller pectin and hemicelluloses.  

 

The water-, CDTA- and Na2CO3-soluble fractions were hydrated in water (1 mg/mL) and were 

passed through Superose 6 (column 1×30 cm) in 0.05 M ammonium acetate buffer (pH 5.0) with 

an average flow rate of approximately 0.25 mL/min. Fractions (1 min) were collected and assayed 

for UA content according to colour reaction described in Section 3.2.2.3 above. The column 

elution profile was calibrated with Blue Dextran (2,000 kDa), Dextran T500 (500 kDa; Pharmacia) 

and glucose (180 Da). Results were presented as µg UA per fraction/ µg total UA content loaded. 

 

The 1 M KOH and 4 M KOH soluble fractions (2-3 mg) were dissolved in 1 mL of water and 

passed through Sephacryl S-300 (column 1.5×75 cm) in a 0.05 M Na acetate, 0.125 M NaCl, 

0.05% chlorobutanol buffer (pH 6.0) with an average flow rate of 6 mL/h. Fractions were collected 

every 20 min for 24 h, and elution profiles created by assaying fractions for UA and total 

carbohydrate content. UA content was determined using 300 µL of each fraction, as described in 

Section 3.2.2.3. Total carbohydrate was determined by the phenol-sulphuric assay (Dubois et al. 

1956) where 1 mL of each fraction was transferred into a glass test tube, followed by addition of 

750 µL of 5% phenol solution and 4 mL of 96% sulphuric acid. The mixture was vortexed and 

allowed to cool at room temperature. The tubes were vortexed again and 200 µL of the mixture in 

each tube was pipetted into a 96 well plate, and absorbance measured at 490 nm. D-Glucose was 
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prepared in the dilution range of 0-0.40 mg/mL and used as the standard. This assay was therefore 

a crude determination of total carbohydrates, based on glucose. The column elution profile was 

calibrated with glucose, Dextrans T10 (10 kDa), T40 (40 kDa), T500 and Blue Dextran 

(Pharmacia). Results were presented as µg total carbohydrate per fraction/ µg total carbohydrate 

content loaded (neutral sugars plus UA content). 

 

3.3 Results 

 

3.3.1 Yields of cell wall extraction  

 

The yields of the water-soluble fractions generally increased during softening while those of the 

DMSO-soluble fraction and the CWM generally decreased during softening (Figure 3.1). Although 

yields of cell wall extractions from all seasons investigated showed similar trends, they were not 

averaged because of the variability in softening characteristics. The yields shown in Figure 3.1 are 

from one cell wall extraction only (see Chapter 2, Section 2.4), therefore they are presented without 

error bars. Data of the remaining seasons can be found in Appendix IV. 

 

The yields of water-soluble fractions (containing polysaccharides not bound to the cell wall) 

increased steadily during softening in MPM and ACS, while it increased at FC4 in ‘Hayward’. 

ACS had higher yields of water-soluble material than MPM throughout softening, whereas 

‘Hayward’ had the lowest yield of the three genotypes. Figure 3.2 shows the water-soluble yields 

on a UA basis, showing the yield of pectin, without the influence of other polymeric materials that 

might be present. Comparing Figure 3.1 and 3.2, trends on a UA basis were similar to those of 

total yield on a fresh weight basis, although yields of MPM and ACS were similar at FC3. The 

DMSO-soluble fractions were expected to contain mostly starch. Yields were highest in firm, 

unripe fruit at FC1 in all genotypes, and decreased in all genotypes as softening progressed. 

However, at FC1 and FC2, ACS yielded approximately twice the amount of DMSO-soluble 

material than MPM. ‘Hayward’ had consistently lower yields than both MPM and ACS at FC1, 

FC2 and FC3. The yields of CWM from all genotypes were highest at FC1 and decreased during 

softening. At FC1 and FC2, the yields from MPM and ACS were similar. ACS lost more CWM 

than MPM between FC2 and FC3. The yields of CWM in ‘Hayward’ decreased in a relatively 

linear fashion.  
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Figure 3.1. Yields of the water- and DMSO-soluble fractions and CWM in mg per g fresh 

weight of MPM, ACS and ‘Hayward’ fruit during softening. Note the different scale for the 

DMSO-soluble fraction. Values represent yields of one extraction per season (n=1). FW, fresh 

weight. 
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Figure 3.2. Yield of the water-soluble material in mg uronic acid per g fresh weight of MPM, 

ACS and ‘Hayward’ during softening. The yield of the water-soluble fraction on a uronic acid 

basis to show the true yield of pectin without the influence of other water-soluble polymeric 

material present. UA, uronic acid; FW, fresh weight. 

  

3.3.2 Sugar composition of CWM  

 

The results of sugar composition of the CWM are presented below on a µg/mg CWM basis. The 

composition of the CWM expressed on a mol% basis can be found in Appendix V.  

 

3.3.2.1 Sugar composition on a µg/mg CWM basis 

 

The non-cellulosic neutral sugar compositions after TFA hydrolysis and the UA composition of 

the CWM are shown in Figure 3.3. The term ‘cellulosic glucose’ (C-glc) refers to the glucose 

derived from cellulose, but may also partly originate from polysaccharides closely associated with 

cellulose such as xyloglucans, all of which may be hydrolysable by the two-stage H2SO4 method. 

For simplicity this glucose will be collectively termed C-glc, although the origin of this glucose 

may not be solely from cellulose. 
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Figure 3.3. Sugar composition of the cell wall material (CWM) (in µg sugar/mg CWM) from 

MPM, ACS and ‘Hayward' after TFA hydrolysis during fruit softening. rha, rhamnose; fuc, 

fucose; ara, arabinose; xyl, xylose; man, mannose; gal, galactose; glc, glucose; UA, uronic acid; 

C-glc, cellulosic glucose (glucose obtained from sulphuric acid hydrolysis minus glucose obtained 

from TFA hydrolysis); FC, firmness category. Note the different vertical scale bars in C-glc and 

UA. Results presented are means ± S.D. of at least two independent gas chromatography or uronic 

acid measurements carried out in duplicate (n=4).  
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UA was the main component of the cell walls in all three genotypes at all firmness categories. In 

all genotypes the amount of UA decreased during softening, and was accompanied by an overall 

decrease in the neutral sugars rhamnose, galactose and arabinose, all components of pectin. The 

amount of rhamnose was similar in MPM and ACS and was lost over softening. While the amount 

of galactose was similar in MPM and ACS at FC1 and FC2, ACS lost most of its galactose between 

FC2 and FC3 whereas MPM lost it between FC3 and FC4. Arabinose was significantly higher in 

ACS at FC1 than MPM, but significantly lower than MPM at FC2, FC3 and FC4. In both ACS 

and MPM, the amount of xylose increased during softening, with a more dramatic increase 

between FC3 and FC4 in ACS. The amount of glucose was higher in ACS than in MPM at FC1 

but decreased to a similar amount as in MPM by FC4. Fucose and mannose constituted only a very 

low proportion of the cell wall in all genotypes. The sum of all the neutral sugars for an individual 

cell wall was around the range of 500-700 mg/g anhydrous CWM. Since these are the results of 

TFA hydrolysis (which only hydrolyses pectin and hemicelluloses) it is likely that the remaining 

300-500 mg/g was cellulose. In terms of cellulose, the amount of C-glc (obtained from sulphuric 

acid hydrolysis minus glucose obtained from TFA hydrolysis) was consistently higher in MPM 

than ACS at FC1, FC2 and FC3 but amounts were similar at FC4.  

 

During softening of ‘Hayward’, the decrease in the neutral monosaccharides rhamnose, xylose, 

fucose, mannose, C-glc and UA followed a pattern similar to that of MPM. The amount of 

galactose in ‘Hayward’ was similar to that in MPM at FC1 and FC4 but, unlike the pattern observed 

in MPM or ACS, in ‘Hayward’ it decreased in a linear fashion. The amount of glucose in the CWM 

of ‘Hayward’ increased during softening and the amount of arabinose remained relatively constant. 

 

3.3.3 Cell wall swelling 

 

‘In-vitro’ cell wall swelling images are shown in Figure 3.4. In all genotypes, cell wall swelling 

was first detected at FC3 when fruit became eating ripe, and was considerably greater by FC4, 

when fruit were becoming over-ripe. The degree of swelling of CWM at FC4 was similar in MPM 

and ACS but was considerably less in ‘Hayward’. 
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Figure 3.4. ‘In-vitro’ cell wall swelling of MPM, ACS and ‘Hayward’. Isolated cell wall 

material (5.0 mg) was allowed to swell in 4 mL of water overnight. FC, firmness category. 

 

3.3.4 Yields of extracted cell wall fractions 

 

Yields of the cell wall fractions obtained by sequential fractionation expressed as a percentage of 

isolated CWM are presented in Figure 3.5. Yields of these fractions in mg/g FW are presented in 

Appendix IV, as are the yields of the remaining seasons. 
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CDTA extraction. The yields of the CDTA fractions from MPM and ACS were similar at FC1 and 

FC2. In MPM, there was a general decrease in yield over softening resulting in the lowest yield of 

all genotypes at FC4. ACS had a particularly low yield of CDTA-soluble material at FC3, a result 

attributed to experimental error (such as loss of material through filtering) in this particular season 

as that pattern was not seen in the 2012 season (Appendix IV). If the FC3 result is disregarded, the 

yield from ACS was relatively constant during softening. The yield of CDTA-soluble material in 

‘Hayward’ also remained similar over softening.  

 

Na2CO3 extraction. In all genotypes, the highest yields obtained were in the Na2CO3-soluble 

fractions therefore representing the largest cell wall fraction. In general, the yields decreased 

during softening in all genotypes. ACS had a higher yield than MPM at all stages except at FC4 

where it was lower. In ‘Hayward’ the yield decreased during softening and was similar to that of 

ACS at FC4. 

 

1 M KOH extraction. In MPM the yield did not change greatly. However, in ACS the yield of the 

1 M KOH soluble fractions decreased during softening. ACS had a higher yield than MPM at FC1 

and FC2 while at FC3 and FC4 the yields were quite similar. Yields of ‘Hayward’ were similar to 

that of MPM.  

 

4 M KOH extraction. In MPM the yield of the 4 M KOH soluble fraction was relatively constant 

during softening. In ACS the yield increased at FC3 but was relatively constant and similar to that 

of MPM at FC1, FC2 and FC3. In ‘Hayward’ the yield of the 4 M KOH soluble fraction was higher 

than that of both MPM and ACS and was relatively constant during softening. 

 

CWR. MPM had the lowest yield of CWR of all genotypes and this remained relatively constant 

during softening. There was an overall increase in the yield of CWR in both ACS and ‘Hayward’ 

during softening. 
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3.3.5 Sugar composition of extracted cell wall fraction 

 

The composition of the cell wall fractions by TFA hydrolysis is presented on a µg/mg anhydrous 

material basis to give absolute amounts (Table 3.1), and a mol% basis to give the proportions of 

polysaccharides present in each fraction (Table 3.2). Fractions on a µg/mg anhydrous material 

basis with estimates of error and those on a mol% basis with estimates of error can be found in 

Appendix VI. While presenting sugar composition results on a fresh weight basis would give the 

absolute sugar compositional changes in the outer pericarp, the calculation is based on yields. As 

a result, the inconsistencies in the yield of the CDTA-soluble fraction of ACS between the 2013 

and 2012 seasons would mean data presented in that way would be unreliable. Therefore while the 

results are not presented in that form in the main text, they are provided in Appendix VI. The sugar 

composition of the remaining seasons can be found in Appendix VII. 

 

3.3.5.1 Sugar composition of extracted fractions  

 

Water-soluble fraction. UA was the predominant sugar in the water-soluble fraction (Table 3.1). 

Arabinose and galactose along with rhamnose and UA indicated the presence of branched pectins. 

Glucose and xylose indicated the presence of unbound xyloglucan. The UA content was 

significantly higher in ACS than in MPM at FC1, and increased during softening. The increase in 

UA during softening was accompanied by a proportional increase in rhamnose in all genotypes 

(Table 3.2). There was also a proportional decrease in arabinose and galactose indicating the loss 

of branched pectins during the softening process. At FC1, MPM contained more of nearly every 

neutral sugar than ACS. This is also evident on a mol% basis (Table 3.2) with MPM having a 

higher proportion of arabinose, galactose, xylose and glucose than ACS. The composition of the 

water soluble fraction from ‘Hayward’ was similar to that of ACS. 
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Figure 3.5. Yields of sequential cell wall fractions. Yields presented as a percentage of CWM 

recovered in the CDTA-, Na2CO3-, 1 M KOH, 4 M KOH soluble fractions and CWR in MPM, 

ACS and ‘Hayward’ during softening. FC, firmness category. Values represent yields of one 

extraction per season (n=1).  
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CDTA-soluble fraction. UA was the most abundant sugar in the CDTA-soluble fraction from all 

genotypes at all softening stages (Table 3.1). It accounted for up to 95% of the fraction in ACS at 

FC3 (Table 3.2) and indicating the solubilisation of calcium-bound pectin. CDTA-soluble pectin 

of MPM had notably less UA than ACS at all softening stages, as evidenced both on a µg/mg 

anhydrous material basis and a mol% basis. MPM had higher proportions of neutral sugars (in 

particular xylose, galactose and glucose) than ACS at FC1, FC2 and FC3, but the proportions were 

similar at FC4. The composition of ‘Hayward’ was similar to that of ACS. 

 

Na2CO3-soluble fraction. After CDTA-soluble polysaccharides had been removed from the wall, 

subsequent extraction with Na2CO3 released polysaccharides thought to be held in the wall by 

alkali-labile ester bonds. This extract usually possesses a higher rhamnose, galactose and arabinose 

content (components of RG-I) than the CDTA fraction, and this was reflected in the results of this 

current study. The Na2CO3-soluble fractions from ACS had a significantly higher amount of UA 

than those from MPM at all softening stages (Table 3.1). MPM exhibited a larger relative increase 

in rhamnose and arabinose than ACS during softening. However, there was a decrease in UA in 

both genotypes (Table 3.2). Towards the end of softening, the Na2CO3-soluble fractions from both 

ACS and ‘Hayward’ had significantly higher amounts of neutral sugars than MPM in this fraction, 

indicating pectin with more branched regions in those genotypes. 

 

1 M KOH soluble fraction. In the 1 M KOH soluble fraction there was little difference between 

MPM and ACS during softening. ‘Hayward’, however, had higher amounts of neutral sugars than 

both MPM and ACS at FC1, FC2 and FC3 (Table 3.1).  

 

4 M KOH fraction. The 4 M KOH fraction of MPM had consistently lower amounts of neutral 

sugars and UA than ACS (Table 3.1). During softening xylose and glucose were more predominant 

in ACS, although the ACS extract also contained higher amounts of rhamnose, arabinose and 

galactose indicating that, while xyloglucans were predominant in this fraction, pectins were also 

present. The different proportions of xylose and glucose in MPM and ACS (Table 3.2), particularly 

at FC1 and FC2 suggested differences in the types of xyloglucans present in those genotypes. At 

FC1 ‘Hayward’ extract had a similar composition to that of ACS, but towards the end of softening 

its composition was similar to that of MPM. 
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CWR. Once the 4 M KOH-soluble pectins and hemicelluloses had been extracted, the remaining 

CWR was predicted to contain mainly cellulose. It was also predicted to be accompanied by pectin 

and hemicellulose so strongly associated with cellulose that they were not able to be extracted by 

strong alkali. The CWR of ACS generally had a higher neutral sugar and UA content than MPM 

at all stages of softening indicating a higher content of pectin in the slower softening genotype 

ACS (Table 3.1). On a mol% basis (Table 3.2), however, MPM had higher proportions of UA in 

the CWR at FC1 and FC2 than ACS. This may have been because of the lower amounts of glucose 

and xylose in MPM, indicating lower proportions of tightly bound xyloglucan in MPM. Small 

proportions of mannose in the CWR suggested the presence of hemicelluloses such as 

glucomannans or galactoglucomannans, with the proportions of those sugars being higher in ACS 

than MPM. The composition of CWR of ‘Hayward’ was similar to that of ACS. 
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Table 3.1. Sugar composition of cell wall fractions (in mg/ g anhydrous material) extracted from cell wall material of MPM, 

ACS and ‘Hayward’ after TFA hydrolysis. rha, rhamnose; fuc, fucose; ara, arabinose; xyl, xylose; man, mannose; gal, galactose; glc, 

glucose; UA, uronic acid; FC, firmness category. (n=4).  

Green=MPM significantly higher than ‘Hayward’, Green=MPM significantly higher than ACS, dark grey= ACS significantly higher 

than ‘Hayward’, dark grey = ACS significantly higher than MPM, grey= ‘Hayward’ significantly higher than MPM, grey= ‘Hayward’ 

significantly higher than ACS, blue = significantly higher than other two genotypes or significantly different from each other. 

Significance is (P < 0.05) according to multivariate ANOVA. 

 
 

 

mg/g anhydrous

FC1 MPM ACS Hayward MPM ACS Hayward MPM ACS Hayward MPM ACS Hayward MPM ACS Hayward MPM ACS Hayward

rha 2.07 4.89 3.13 2.68 4.17 1.78 2.39 5.42 4.13 1.50 3.78 8.15 3.64 8.85 9.70 0.46 1.17 2.09

fuc 2.50 1.90 2.21 0.67 0.90 0.32 0.21 0.67 0.49 0.36 1.29 2.29 0.66 2.82 1.80 0.08 0.26 0.14

ara 28.73 20.62 16.67 7.79 4.21 2.21 5.11 6.92 6.22 3.12 6.98 10.80 6.26 12.54 11.54 0.92 2.63 2.19

xyl 20.76 13.95 15.76 8.30 8.94 4.15 0.56 1.40 1.39 11.13 36.45 92.75 18.56 84.06 41.14 2.10 8.95 3.99

man 11.87 5.78 7.82 2.35 2.31 1.22 0.32 0.30 0.41 1.61 3.13 10.57 9.19 41.87 16.18 0.92 5.87 5.46

gal 77.16 44.37 49.90 24.43 8.44 13.18 10.67 13.52 23.44 13.89 34.15 88.15 40.67 68.36 106.05 4.84 10.48 22.77

glc 56.09 37.30 27.48 13.91 4.41 31.16 2.85 2.24 5.68 15.63 56.75 96.41 41.14 148.65 76.51 12.58 75.42 62.81

UA 186.12 262.32 204.64 169.20 387.41 401.03 224.55 405.33 375.06 267.03 288.03 144.02 82.12 179.36 192.89 79.48 54.29 93.95

total 385.29 391.13 327.60 229.33 420.79 455.04 246.68 435.81 416.83 314.29 430.54 453.15 202.24 546.50 455.80 101.38 159.08 193.39

mg/g anhydrous

FC2 MPM ACS Hayward MPM ACS Hayward MPM ACS Hayward MPM ACS Hayward MPM ACS Hayward MPM ACS Hayward

rha 1.85 4.97 5.83 1.76 2.76 2.32 4.73 13.31 6.29 6.33 3.22 7.14 2.32 3.74 8.48 0.25 1.29 2.72

fuc 2.09 1.57 1.23 0.38 0.46 1.84 0.42 1.29 0.35 0.88 0.84 2.35 0.64 2.27 1.79 0.07 0.23 0.28

ara 20.55 20.61 14.13 4.36 2.82 2.89 10.78 13.40 8.95 11.99 3.80 9.08 4.14 5.34 9.71 0.61 2.27 3.43

xyl 14.00 11.61 11.67 5.04 7.12 2.44 0.87 4.56 2.67 28.98 17.46 72.45 25.49 56.02 40.65 2.68 6.12 4.52

man 6.56 3.77 4.82 1.53 1.92 0.69 1.05 1.89 0.68 4.63 1.69 10.00 12.68 22.79 19.55 1.00 6.13 5.32

gal 51.86 34.49 33.12 12.32 4.68 9.43 23.22 29.93 39.37 49.04 7.66 71.44 29.85 27.72 92.23 3.00 7.82 33.52

glc 37.83 26.26 16.05 10.40 4.05 4.38 19.85 3.42 2.82 36.61 15.47 74.13 57.26 105.46 79.21 13.01 79.93 54.41

UA 286.55 251.68 441.93 149.63 335.84 606.40 145.33 539.87 414.49 314.42 261.35 218.44 55.06 138.95 168.55 36.86 57.32 84.60

total 421.28 354.96 528.78 185.42 359.65 630.40 206.26 607.67 475.63 452.87 311.49 465.02 187.45 362.29 420.17 57.47 161.10 188.80

mg/g anhydrous

FC3 MPM ACS Hayward MPM ACS Hayward MPM ACS Hayward MPM ACS Hayward MPM ACS Hayward MPM ACS Hayward

rha 3.87 9.58 8.76 1.78 1.42 4.16 4.86 10.14 8.15 2.17 1.76 3.89 2.71 8.46 3.52 0.33 0.56 0.53

fuc 1.46 0.94 0.74 0.45 0.33 0.64 0.35 0.91 0.55 0.51 0.96 2.17 0.66 2.69 1.34 0.03 0.13 0.17

ara 19.41 20.08 13.53 5.28 1.92 4.37 7.95 12.25 9.85 5.17 2.98 6.32 4.77 11.40 5.86 0.71 0.83 1.28

xyl 12.26 8.45 8.95 1.80 1.62 3.02 0.84 3.27 3.74 21.36 23.42 76.10 22.92 67.32 34.07 1.38 5.42 2.39

man 3.96 1.98 2.56 0.77 0.93 0.92 0.19 1.31 0.99 6.89 3.48 10.67 14.75 22.16 22.28 1.23 1.57 4.46

gal 38.22 24.93 25.06 6.87 2.45 11.86 13.13 25.48 50.05 19.92 11.46 42.19 34.00 62.53 47.50 4.07 3.74 9.53

glc 26.39 15.19 10.52 1.88 3.25 16.29 0.60 42.60 12.02 23.31 38.07 132.01 45.26 141.35 118.64 13.91 19.09 94.37

UA 401.68 521.07 465.95 194.73 300.56 421.90 170.18 442.77 300.56 149.29 178.12 103.64 45.87 272.28 136.03 93.85 108.88 70.75

total 507.25 602.22 536.06 213.55 312.48 463.18 198.12 538.74 385.92 228.61 260.25 376.98 170.95 588.18 369.23 115.51 140.21 183.48

mg/g anhydrous

FC4 MPM ACS Hayward MPM ACS Hayward MPM ACS Hayward MPM ACS Hayward MPM ACS Hayward MPM ACS Hayward

rha 8.00 8.25 7.60 2.69 2.99 4.23 4.55 6.39 3.41 0.70 2.13 1.90 1.55 7.32 4.08 0.19 0.64 0.21

fuc 1.34 0.72 0.92 0.32 0.68 0.68 0.33 0.92 0.42 0.65 2.25 2.11 0.57 2.43 1.77 0.04 0.09 0.11

ara 25.60 16.39 11.93 6.30 4.04 4.56 6.49 6.86 5.08 2.69 5.28 4.65 2.40 8.74 8.05 0.62 0.96 1.26

xyl 9.87 5.84 7.09 1.62 6.76 3.48 2.34 6.23 4.08 32.88 42.05 90.03 27.62 131.65 68.08 3.27 13.02 3.56

man 3.06 1.62 1.88 0.92 2.46 1.13 0.69 2.17 1.10 6.53 16.40 10.13 19.40 43.47 36.10 1.72 2.72 5.18

gal 35.34 21.04 22.34 5.36 10.07 12.57 8.08 16.19 20.30 10.40 21.46 25.25 16.87 45.10 44.91 2.40 3.76 6.42

glc 15.93 4.78 6.68 5.19 8.60 8.58 2.06 5.68 4.27 54.12 106.68 105.47 61.62 188.23 133.50 24.17 40.17 90.52

UA 426.96 691.34 531.37 180.24 322.06 589.59 98.49 203.60 177.40 79.14 117.66 93.57 43.20 174.59 132.39 35.37 85.36 63.59

total 526.10 749.99 589.80 202.65 357.66 624.82 123.03 248.04 216.06 187.11 313.91 333.11 173.23 601.52 428.87 67.80 146.71 170.84

CWR

water CDTA Na2CO3 1M KOH 4M KOH CWR

water CDTA Na2CO3 1M KOH 4M KOH

CWR

water CDTA Na2CO3 1M KOH 4M KOH CWR

water CDTA Na2CO3 1M KOH 4M KOH

8
5
 

 



 

86 

 

Table 3.2. Sugar composition of cell wall fractions (in mol%) extracted from cell wall material of MPM, ACS and ‘Hayward’ 

after TFA hydrolysis. rha, rhamnose; fuc, fucose; ara, arabinose; xyl, xylose; man, mannose; gal, galactose; glc, glucose; UA, uronic 

acid. FC, firmness category. (n=4).  

Green=MPM significantly higher than ‘Hayward’, Green=MPM significantly higher than ACS, dark grey= ACS significantly higher 

than ‘Hayward’, dark grey = ACS significantly higher than MPM, grey= ‘Hayward’ significantly higher than MPM, grey= ‘Hayward’ 

significantly higher than ACS, blue = significantly higher than other two genotypes or significantly different from each other. 

Significance is (P < 0.05) according to multivariate ANOVA. 

 

 

mol%

FC1 MPM ACS Hayward MPM ACS Hayward MPM ACS Hayward MPM ACS Hayward MPM ACS Hayward MPM ACS Hayward

rha 0.62 1.49 1.09 1.42 1.22 0.52 1.23 1.58 0.92 0.58 1.09 1.45 2.01 1.80 2.03 0.55 0.83 1.22

fuc 0.75 0.58 0.77 0.36 0.26 0.10 0.11 0.20 0.11 0.14 0.36 0.40 0.37 0.57 0.38 0.10 0.18 0.08

ara 9.38 6.87 6.34 4.50 1.36 0.73 2.86 2.20 1.52 1.32 2.13 2.10 3.78 2.79 2.64 1.22 2.06 1.41

xyl 6.78 4.65 5.99 4.81 2.88 1.18 0.31 0.45 0.34 4.74 10.88 17.89 11.30 18.68 9.41 2.76 6.92 2.55

man 3.23 1.61 2.48 1.13 0.62 0.31 0.15 0.08 0.08 0.57 0.81 1.70 4.65 7.75 3.08 1.01 3.76 2.93

gal 20.99 12.34 15.80 11.78 2.28 3.83 4.97 3.58 4.76 4.86 8.46 14.22 20.52 12.66 20.21 5.32 6.67 12.22

glc 15.25 10.37 8.70 6.69 1.19 9.79 1.33 0.59 1.16 5.46 13.70 15.45 20.85 27.53 14.58 13.85 48.22 33.75

UA 43.01 62.08 58.84 69.32 90.18 83.54 89.04 91.32 91.11 82.32 62.56 46.80 36.52 28.22 47.67 75.19 31.37 45.84

total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

mol%

FC2 MPM ACS Hayward MPM ACS Hayward MPM ACS Hayward MPM ACS Hayward MPM ACS Hayward MPM ACS Hayward

rha 0.52 1.68 1.17 1.17 0.96 0.48 2.73 2.63 1.14 1.66 1.21 1.28 1.37 1.16 1.84 0.50 0.94 1.69

fuc 0.59 0.53 0.25 0.25 0.16 0.27 0.25 0.26 0.06 0.23 0.32 0.42 0.38 0.70 0.39 0.14 0.15 0.17

ara 6.38 7.63 3.11 3.17 1.07 0.65 6.90 2.92 1.78 3.45 1.56 1.78 2.68 1.81 2.31 1.37 1.77 2.33

xyl 4.34 4.30 2.57 3.66 2.69 0.53 0.56 0.99 0.53 8.36 7.24 14.19 16.50 18.98 9.68 5.95 4.74 3.07

man 1.70 1.16 0.88 0.92 0.61 0.12 0.52 0.34 0.11 1.11 0.58 1.63 6.84 6.43 3.88 1.86 3.96 3.01

gal 13.41 10.64 6.07 7.46 1.48 2.17 12.16 5.57 6.51 11.81 2.63 11.68 16.10 7.83 18.29 5.54 5.05 18.96

glc 9.77 8.10 2.94 6.28 1.30 0.79 10.13 0.62 0.47 8.83 5.41 12.09 30.89 29.75 15.72 24.28 51.36 30.79

UA 63.28 65.96 83.00 77.08 91.73 94.99 66.76 86.67 89.40 64.54 81.05 56.91 25.24 33.34 47.88 60.35 32.03 39.98

total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

mol%

FC3 MPM ACS Hayward MPM ACS Hayward MPM ACS Hayward MPM ACS Hayward MPM ACS Hayward MPM ACS Hayward

rha 0.93 1.98 2.02 1.05 0.58 1.23 3.04 2.34 1.58 1.12 0.78 0.84 1.74 2.13 0.86 0.36 0.49 0.32

fuc 0.35 0.19 0.17 0.27 0.13 0.14 0.22 0.21 0.11 0.26 0.43 0.47 0.43 0.67 0.33 0.03 0.11 0.10

ara 5.12 4.52 3.41 3.40 0.85 1.35 5.45 3.08 2.09 2.93 1.46 1.50 3.35 3.12 1.57 0.83 0.79 0.84

xyl 3.22 1.90 2.25 1.16 0.72 0.59 0.58 0.82 0.79 12.08 11.61 18.05 16.28 18.37 9.15 1.61 5.19 1.58

man 0.87 0.37 0.54 0.41 0.35 0.18 0.11 0.27 0.17 3.25 1.40 2.11 8.75 5.02 4.98 1.20 1.26 2.45

gal 8.39 4.69 5.26 3.69 0.91 3.74 7.48 5.34 8.84 9.40 4.67 8.33 20.01 14.26 10.62 3.95 2.99 5.24

glc 5.79 2.86 2.21 1.01 1.20 5.63 0.34 8.86 2.12 10.96 15.68 26.07 26.41 32.18 26.50 13.55 15.25 51.87

UA 75.33 83.49 84.16 89.01 95.26 87.14 82.78 79.07 84.30 59.99 63.97 42.63 23.03 51.80 45.98 78.47 73.92 37.59

total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

mol%

FC4 MPM ACS Hayward MPM ACS Hayward MPM ACS Hayward MPM ACS Hayward MPM ACS Hayward MPM ACS Hayward

rha 1.87 0.57 1.32 1.66 1.05 0.85 4.52 3.17 1.16 0.40 0.71 0.35 0.99 1.73 0.71 0.33 0.51 0.13

fuc 0.31 0.05 0.16 0.20 0.24 0.11 0.33 0.46 0.14 0.39 0.74 0.39 0.36 0.61 0.31 0.07 0.07 0.07

ara 6.53 1.23 2.16 4.26 1.55 0.87 7.05 3.73 1.82 1.72 1.85 0.89 1.67 2.30 1.46 1.18 0.82 0.85

xyl 2.52 0.47 1.28 1.10 2.60 0.48 2.54 3.39 1.45 21.23 15.38 17.35 19.18 35.30 12.35 6.13 11.53 2.42

man 0.65 0.11 0.31 0.52 0.79 0.15 0.62 0.98 0.36 3.46 5.10 1.77 11.21 9.79 5.99 2.70 1.96 3.17

gal 7.51 1.46 3.66 3.02 3.22 2.38 7.31 7.33 6.54 5.61 6.66 4.41 9.76 10.03 7.44 3.75 2.72 3.93

glc 3.39 0.31 1.10 2.93 2.76 1.70 1.86 2.57 1.37 29.79 33.07 18.45 35.61 40.24 22.05 38.05 28.82 55.29

UA 77.22 47.65 90.00 86.31 87.80 93.46 75.77 78.37 87.17 37.39 36.48 56.38 21.22 34.26 49.70 47.79 58.21 34.14

total 100.00 51.84 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 104.65 100.00

CWR

water CDTA Na2CO3 1 M KOH 4 M KOH CWR

water CDTA Na2CO3 1 M KOH 4 M KOH

CWR

water CDTA Na2CO3 1 M KOH 4 M KOH CWR

water CDTA Na2CO3 1 M KOH 4 M KOH
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3.3.6 Degree of methylesterification (DE) 

 

In MPM, the DE of the water-soluble pectin increased during softening while in ACS, DE 

decreased. The DE of ACS was higher than that of MPM at FC1 and FC2, and lower in FC4 

(Figure 3.6). The DE in ‘Hayward’ followed a similar pattern to that of MPM. 

 

In the CWM there was a general decrease in DE in ACS during softening, whereas in MPM there 

was no significant change. There was no significant difference in the DE between MPM and ACS 

at FC1 and FC2, but at FC3 and FC4 the DE of MPM was significantly higher than that of ACS. 

The DE in ‘Hayward’ decreased during softening. 

 

In the CDTA-soluble fractions there was a general decrease in DE during softening in all 

genotypes. However, in both MPM and ACS the DE first increased then decreased. A significant 

difference between MPM and ACS was noted at FC3, with MPM having the higher DE than ACS 

at that stage of softening. In ‘Hayward’, DE was higher than in both MPM and ACS at FC1, and 

decreased during softening. 

 

3.3.7 Analysis of pectin side chains 

 

Analysis of the pectin side chains of pectic fractions was carried out according to the method of 

Renard and Ginies (2009), based on molar ratios. The relative amounts of HG and RG-I regions 

in the pectin backbone are revealed by the UA to rhamnose ratio, with a higher ratio indicating a 

higher proportion of HG (Figure 3.7A). The ratio of the sum of arabinose and galactose residues 

to rhamnose is indicative of the relative amounts of galactan and arabinan attached to the RG-I 

backbone, with a higher ratio indicative of longer side chains (Figure 3.7B). The ratio of arabinose 

to galactose provides an estimate of the proportions of arabinan versus galactan as pectic side 

chains of RG-I. A higher ratio suggests a higher proportion of arabinan than galactan (Figure 3.7C).  
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Figure 3.6. Degree of methylesterification of the water-soluble, CWM and CDTA-soluble 

fractions in MPM, ACS and ‘Hayward’ fruit during softening. Results are means from two 

gas chromatography (with two injections each) and two uronic acid (carried out in triplicate) 

measurements ± S.D.  
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Several differences between genotypes were observed in the UA:Rha ratios of the different 

fractions (Figure 3.7A). In the water-soluble pectin, the UA:Rha ratio was higher in MPM than in 

ACS, suggesting more HG regions than RG-I regions in MPM. As MPM reached FC4, this ratio 

decreased greatly. However, it increased in ACS suggesting an increase in the proportion of RG-I 

regions in MPM at that stage, perhaps through loss of HG regions. ‘Hayward’ behaved similarly 

to ACS. In the CDTA-soluble pectin, the ratio increased in both MPM and ACS then decreased 

when fruit became over-ripe at FC4. The UA:Rha ratio in this fraction was consistently higher in 

ACS than in MPM. This suggested either longer regions of HG or a higher proportion of small HG 

regions in ACS. In ‘Hayward’, the change in UA:Rha ratio differed from both MPM and ACS as 

the ratio began high then decreased during softening suggesting the proportion of RG-I increased 

during softening. The UA:Rha ratio of the Na2CO3-soluble pectin was similar in all genotypes and 

declined slightly during softening. In the 1 M KOH soluble pectin the UA:Rha ratio was higher in 

MPM at FC1 than in ACS, suggesting a higher proportion of HG than RG-I regions in this 

genotype when fruit were still firm. Over the course of softening, an increase in the proportion of 

RG-I regions in MPM was observed, while in ACS the ratio stayed relatively constant. ‘Hayward’ 

had a lower UA:Rha ratio than MPM and ACS suggesting a higher proportion of RG-I than HG 

throughout softening. In the 4 M KOH soluble pectin the ratios were again similar between 

genotypes and showed little change during softening. In the CWR, similar patterns were observed 

for MPM and ACS, however, MPM had a higher UA:Rha ratio indicating a higher proportion of 

HG in these pectin. In ‘Hayward’, there was an increase in UA:Rha ratio over softening.  

 

Figure 3.7B showed that the highest (ara+gal)/rha ratios were observed in the water-soluble 

fractions of MPM at FC1 and FC2, indicating relatively long side chains of galactose and arabinose 

in these fractions. At FC1 and FC2, ACS and ‘Hayward’ both had shorter side chains of arabinose 

and galactose. In all three genotypes, these ratios decreased during softening, indicating a 

reduction of arabinan and galactan. ACS had the highest (ara+gal)/rha ratio in the CDTA fraction 

at FC2, indicating long side chains. MPM had consistently higher (ara+gal)/rha ratios in the 1 M 

KOH, 4 M KOH and the CWR fractions indicating longer side chains than ACS. In both MPM 

and ACS the ratios in the 1 M KOH fractions increased and stayed relatively constant during 

softening in the 4 M KOH fraction and the CWR. ‘Hayward’ followed a similar pattern to MPM 

in all fractions. The exception to this was in the water-soluble fraction where the (ara+gal)/rha 
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ratio was similar to that of ACS, and in the CWR where the (ara+gal)/rha ratio increased 

dramatically towards the end of softening. 

 

The Ara/Gal ratio provided an estimate of the proportions of arabinose to galactose as side chains 

of RG-I (Figure 3.7C). The main differences were observed in the pectin-rich fractions (water, 

CDTA and Na2CO3). However, ACS did have a higher ratio at FC2 in the 1 M KOH soluble 

fraction. In the water-soluble fraction, ACS had a higher Ara/Gal ratio indicating a higher 

proportion of arabinose in the side chains in ACS than in MPM. In both genotypes, the ratio 

increased, indicating an increasing proportion of arabinose to galactose during softening, possibly 

related to the loss of galactose. In the CDTA and Na2CO3 fractions there was an increase in the 

Ara/Gal ratio in MPM during softening, while in ACS there was a net decrease. In ‘Hayward’, the 

Ara/Gal was usually the lower than in MPM and ACS, indicating a higher proportion of galactose 

to arabinose in the side chains of this genotype. 
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Figure 3.7. Analysis of pectic side chains based on molar ratios of sugar compositional data during fruit softening of MPM, ACS 

and ‘Hayward’. (A) degree of branching based on the ratio of uronic acid to rhamose (UA:Rha); (B) relative amounts of neutral arabinan 

and galactan side chains (Ara+Gal/Rha); (C) relative proportions of arabinan and galactan side chains (Ara/Gal). FC, firmness category. 
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3.3.8 Size exclusion chromatography (SEC) of pectin- and xyloglucan- rich extracts 

 

SEC was performed on all soluble cell wall extracts (water-, CDTA-, Na2CO3-, 1 M and 4 M KOH 

soluble extracts) to detect changes in the MW of polysaccharides during softening. The water-, 

CDTA- and Na2CO3- soluble extracts consisted mainly of pectin, and the 1 M and 4 M KOH 

extracts were a mixture of pectin and hemicelluloses (see results in Section 3.3.5.1). To create 

elution profiles, UA assays were carried out on all the extracts mentioned above and the phenol-

sulphuric assays were carried out on the 1 M and 4 M KOH eluates. The total carbohydrate in 

concentrated alkali extracts usually elutes as a single peak which encompasses the xyloglucan peak 

assayed by iodine-binding (Brummell 2006). Therefore the depolymerisation of total 

carbohydrates can also represent the depolymerisation of xyloglucans, which makes up the 

majority of hemicelluloses. 

 

The MW profiles of the polyuronates in the water-, CDTA- and Na2CO3- fractions are shown in 

Figure 3.8. Pectin populations in the water-soluble fractions of MPM had a higher and sharper 

main MW peak at approximately 7 mL eluate at FC1 than those of ACS. In both genotypes there 

was a slight shift towards a low MW pectin population at FC4. The corresponding higher MW 

peak had become smaller, indicating pectin degradation. This was more pronounced in MPM. 

‘Hayward’ showed a similar pattern to ACS over softening in the water-soluble fraction. 

 

A difference was noted between CDTA-soluble pectin of MPM and ACS. The main MW peak 

(between 8 and 9 mL eluate) in MPM became smaller during softening, suggesting pectin 

degradation, while there was only a slight change in ACS, and no change in the elution profile in 

‘Hayward’. The height of the main peak at FC1 was also higher in MPM than both ACS and 

‘Hayward’. 

 

A difference between MPM and ACS in the Na2CO3-soluble pectin was also noted, despite the 

MW distribution of pectin at FC1 being similar in both genotypes. In MPM, the MW of pectin 

populations did not change over softening, however the higher MW weight peak became sharper. 

In ACS there was a notable shift towards higher MW populations seen as a height increase of the 
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highest MW pectin peak at FC4. This pattern was also observed in ‘Hayward’, but to a lesser 

extent. 

 

Figure 3.9 shows the distribution of pectin in the 1 M and 4 M KOH fractions. The 1 M KOH- 

soluble pectin profiles of MPM showed little MW change, while ACS showed a small but 

noticeable shift towards lower MW pectin populations during softening. At FC1 elution of pectin 

in MPM started at approximately 50 mL elution volume in a low and broad peak, but in ACS 

elution started much earlier, at approximately 35 mL elution volume. This indicated the presence 

of a high MW pectin population in ACS that were not found in MPM. ‘Hayward’ had a sharper 

and higher peak at FC1 than MPM and ACS, although it was eluted at a similar elution volume to 

MPM. There was no change in MW over softening. 

 

The MW size distribution of the 4 M KOH soluble pectin in ACS did not change during softening, 

however in the MPM it increased in size (Figure 3.9). At FC1, the main peak in MPM was eluted 

at around 80 mL eluate, indicating a lower MW than in ACS at FC1. The main peak then gradually 

shifted towards larger pectin populations at FC2 and FC3. Elution profiles at FC2 and FC3 are also 

presented to show the gradual increase. At FC4, the main peak eluted with approximately 50 mL 

eluate, a little larger than the peak of ACS at FC4. In ‘Hayward’ the MW of pectin populations 

increased slightly. 

 

The MW profiles of total carbohydrates extractable by KOH are shown in Figure 3.10. In the  

1 M KOH fractions at FC1, ACS had a sharp main MW peak while in MPM the corresponding 

MW peak was lower. In ACS, there was a slight decrease in MW of total carbohydrates during 

softening as seen by a reduction of the main MW peak. No change was seen in MPM. The MW 

profiles of ‘Hayward’ at FC1 and FC4 were similar to ACS. In the 4M KOH fraction, elution 

profiles showed no net change in any of the genotypes. However, while elution of hemicelluloses 

started at a similar elution volume in MPM and ACS, elution in ‘Hayward’ started earlier 

(approximately 40 mL compared with 55 mL).  
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Figure 3.8. Size exclusion chromatography profiles of pectin in the water-, CDTA- and Na2CO3- soluble fractions of MPM, ACS 

and ‘Hayward’ over softening. Higher molecular weight peaks are to the left, while lower molecular weight peaks are to the right. FC, 

firmness category. 2000 kDa and 40 kDa refer to the size of the standards used. Samples were eluted on a Superose 6, 10/300 GL 

column. 
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Figure 3.9. Size exclusion chromatography profiles of pectin in the 1 M KOH and 4 M 

KOH fractions of MPM, ACS and ‘Hayward’ during softening.  Higher molecular weight 

peaks are to the left, while lower molecular weight peaks are to the right. Note that FC2 and 

FC3 are shown in the 4 M KOH profile of MPM. FC, firmness category. 500 kDa and 40 kDa 

refer to the size of the standards used. Samples were eluted on a Sephacryl S-300 column. 
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Figure 3.10. Size exclusion chromatography profiles based on total carbohydrate of 1 M 

KOH- and 4 M KOH fractions of MPM, ACS and ‘Hayward’ over softening. Higher 

molecular weight peaks are to the left, while lower molecular weight peaks are to the right. FC, 

firmness category. 500 kDa and 40 kDa refer to the size of the standards used. Samples were 

eluted on a Sephacryl S-300 column. 
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3.4 Discussion 
 

The discussion of this chapter will focus on the differences and similarities in chemistry and 

MW distribution of polysaccharides in each cell wall extract of MPM and ACS. The aim was 

to determine whether the different softening rates were caused by fundamental differences in 

cell wall chemistry, or simply by altered rates of enzyme activity. If the different softening 

rates were caused by a different makeup of the cell walls (for example making access of cell 

wall enzymes to their substrates more difficult) then there should have been marked differences 

in cell wall chemistry between the two genotypes at each firmness category, from FC1 to FC4. 

Differences in cell wall chemistry between the genotypes could result in differences in pectin 

solubilisation, swelling capacity of the CWM, galactose and arabinose loss, and MW changes 

of pectin and hemicelluloses.  

 

In the CWM, the basic components of the cell wall were consistent with literature: UA, 

galactose, arabinose and rhamnose as components of pectin, mannose as a component of 

galactoglucomannan or glucomannan (Schröder et al., 2001), and xylose and glucose as 

components of xyloglucan. In ACS, the higher amounts of xylose at FC1 and FC4 and higher 

amounts of fucose at FC1 and FC2 suggested a greater abundance of xyloglucans with higher 

fucosylation (Li et al., 2006; Li et al., 2009; Redgwell et al., 1991a). Fucose is also present in 

the complex pectin regions of RG-II (Spellman et al., 1983; Stevenson et al., 1988; York et al., 

1985); however other sugars reported as RG-II components (such as 2-o-methyl xylose and 2-

methyl fucose) were not detected in this study after TFA hydrolysis. The higher amount of UA 

in ACS at the beginning of softening indicated that there were differences in the composition 

of the pectin component between genotypes. This was supported by the vastly higher amount 

of arabinose in the cell walls of ACS especially at FC1 compared with MPM, while it was 

significantly lower than in MPM throughout the rest of softening. Arabinose is thought to play 

a minor role in the structure of ‘Hayward’ cell walls (Dawson & Melton, 1991; Redgwell et 

al., 1988). The amount of galactose was similar in MPM and ACS at FC1 and FC2. However, 

ACS lost most of its galactose between FC2 and FC3 (similar to the findings of Bonghi et al. 

(1996) and Wegrzyn and MacRae (1992) on ‘Hayward’, whereas MPM lost most galactose 

between FC3 and FC4. Despite these differences, the percentage loss of galactose from the 

CWM (based on µg/mg anhydrous CWM between FC1 and FC4) during softening of MPM 

and ACS was very similar (63.8% and 61.3% respectively). Differences in the chemistry of 
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pectin were also supported by the DE of the CWM. Despite being similar between genotypes 

at FC1 and FC2, it remained relatively steady over softening in MPM while in ACS it 

decreased.  

 

Cellulose levels as measured by cellulosic glucose (C-glc) in the CWM differed between MPM 

and ACS, with MPM having significantly higher amounts in the early softening stages (Figure 

3.3). Cellulose levels have been found to remain constant during softening in apples (Nelmes 

& Preston, 1968), kiwifruit (Newman & Redgwell, 2002) and tomato (Maclachlan & Brady, 

1994). However, in this study there was an increase in the amount of C-glc in all genotypes. It 

is likely that the loss of GalA, galactose and arabinose from the cell wall during softening could 

have proportionally increased the C-glc content on a µg per mg CWM basis. Alternatively, as 

there is little evidence to suggest that cellulose synthesis continues during softening, it is 

possible that the increase in C-glc observed in this study may have come from another source, 

for example, xyloglucans.  The degradation of cell walls by the two-stage H2SO4 hydrolysis, 

hydrolysed not only cellulose but also all polysaccharides that may have been buried within 

the microfibrils. In this case, hemicelluloses such as xyloglucan might have also contributed to 

the C-glc levels (Fry, 1988).  

 

The fractionation of the CWMs using solvents of different strengths resulted in differential 

partitioning of unbound, loosely bound or tightly bound polysaccharides. In the current study, 

the main fractions in terms of yield were the water- and Na2CO3-soluble fractions, similar to 

results for ‘Hayward’ (Redgwell et al., 1992) and plum (Renard & Ginies, 2009). The yield of 

the pectin in the water-soluble fraction (reported in mg UA per g FW) represented the amount 

of freely soluble, unbound pectin and was therefore indicative of the degree of pectin 

solubilisation occurring (Figure 3.2). In all genotypes there was an increase in the water-soluble 

pectin. However, from FC1 and throughout softening, ACS had a consistently higher yield than 

MPM. Although a correlation was not found between softening rate and pectin solubilisation, 

the increased water solubility of pectin during kiwifruit development is well documented 

(Gallego & Zarra, 1997; Redgwell et al., 1990; Redgwell et al., 1992; Sauvageau et al., 2010). 

As seen in this current study, a correlation has previously been found between pectin 

solubilisation and a decrease in flesh firmness in other fruit such as apricots (Stanley et al., 

2013), papaya (Krongyut et al., 2008) and banana (Duan et al., 2008). Pectin solubilisation 

occurs at the expense of pectin that is insoluble and bound to the cell wall (Mercado et al., 

2011; Wakabayashi, 2000). Therefore, after fractionation of the CWM, the yields of either the 
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CWR, 1 M KOH, 4 M KOH and/or Na2CO3- soluble fractions would be expected to decrease 

as the yield of the water-soluble fraction increased over softening. In this study, the Na2CO3-

soluble fraction decreased markedly during softening in both genotypes, while only in ACS 

did the yield of the 1 M KOH decrease. It seemed that while most of the water-soluble pectin 

was derived from the Na2CO3-soluble fraction in both MPM and ACS, the slower softening 

ACS may have had also had some pectin originating from the more tightly bound 1 M KOH 

fraction. Redgwell et al. (1992) observed that in ‘Hayward’, pectin was solubilised early in 

softening and was similarly associated with a decrease in the yield of the Na2CO3 fractions. 

They therefore concluded that water-soluble pectin was derived from Na2CO3-soluble pectin 

during the softening process. A similar pattern was also found in tomato (Carrington et al., 

1993) and avocado (Wakabayashi, 2000). In kiwifruit, this solubilisation of pectin has been 

positively correlated with an increase in cell wall swelling (Redgwell, MacRae, et al., 1997). 

 

Swelling is thought to be associated with movements of water into voids left in the cellulose-

xyloglucan network by loss of solubilised pectin. The mechanism of this is yet unknown. The 

softening of all genotypes was accompanied by an increase in swelling of the CWM (Figure 

3.4), similar to studies by Redgwell, MacRae, et al. (1997) and Schröder and Atkinson (2006). 

Despite differences in yield of water-soluble pectin between MPM and ACS, the extent of 

swelling was similar between MPM and ACS. There was no direct correlation between 

swelling and pectin solubilisation as pectin solubilisation started at FC1 and consistently 

increased over softening, whereas swelling only started at FC3. 

 

In both MPM and ACS, the water-soluble fraction contained pectin-diagnostic sugars (UA, 

rhamnose, galactose and arabinose) as well hemicellulosic sugars such as xylose and glucose 

and low amounts of fucose and mannose (Table 3.1). However, pectin dominated in this 

fraction. In the water-soluble pectin there were clear structural differences between MPM and 

ACS. ACS had a higher amount of UA as well as a higher DE than that of MPM in the earlier 

stages of softening (FC1 and FC2). However, MPM had a higher abundance of side chains than 

ACS. Analysis of these side chains indicated that at the beginning of postharvest softening, the 

water-soluble pectin in MPM was mainly composed of HG with a small proportion of RG-I. 

This was represented by a few rhamnose residues which carried long arabinose and galactose 

side chains. In contrast, ACS had a higher proportion of RG-I but with arabinose and galactose 

side chains that were relatively short. In carrot (Cybulska et al., 2015) and peach (Zhang et al., 

2012), image analysis of water-soluble pectin visualised using atomic force microscopy 
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suggested that this fraction contained mainly very short pectin polymers. These results are 

indicative of differences in the fundamental structure of water-soluble pectin between the slow 

and fast softening genotypes.  

 

A common occurrence during fruit softening is pectin depolymerisation (Brummell, 2006). 

This was visualised with elution profiles from size exclusion chromatography (SEC). As SEC 

separates on molecular size as well as MW, the higher MW of the water-soluble pectin of MPM 

at FC1 could be a result of the higher HG content allowing it to elute earlier than the water-

soluble pectin in ACS, which contained a higher proportion of branched RG-I (Figure 3.8). 

Previous studies on kiwifruit and tomato have shown a dramatic shift of the high MW peak 

towards that of low MW, indicative of depolymerisation during softening (Inari et al., 2002; 

Redgwell et al., 1992). This large shift was not observed in this current study. In the water-

soluble pectin, the high MW peak in MPM was larger than in ACS, and showed a larger 

decrease in height at FC4 as well as a slight increase in the amount of lower MW pectin 

populations. This was suggestive of a greater MW decrease of the pectin. However, the 

observed decrease in peak height could also be a consequence of the loss of neutral sugar side 

chains, rather than depolymerisation of the pectin backbone. In addition to soluble 

polysaccharides, cell wall degradation during softening is likely to produce small amounts of 

wall-derived mono- and oligosaccharides. Such compounds may have been lost during dialysis 

of the solubilised pectin and therefore would not be identified by SEC. This could be a reason 

why a large shift in MW was not observed in this current study, contrary to findings of 

Redgwell et al. (1990). However, as Redgwell et al. (1990) used the same dialysis membrane 

MW cut off and similar SEC columns, and still observed a MW shift, it is most likely that the 

procedure of preparing cell walls (Tris-buffered phenol versus PAW) might have had an effect 

on MW distribution as suggested by Huber (1991). 

 

Polysaccharides extracted with CDTA consist mainly of pectin originating from the middle 

lamella, which is important for stability and adhesion between cells (Morris et al., 2011). The 

CDTA-soluble pectin in MPM and ACS consisted predominantly of HG but some RG-I regions 

were also present. Small amounts of hemicelluloses were also extracted in this fraction similar 

to the findings of Redgwell et al. (1990) and Brummell (2006). However, a difference was seen 

in the composition of pectin, with ACS having a consistently higher amount of UA, and a 

higher UA/Rha ratio indicating a higher proportion of HG. The high DE of the CDTA-soluble 

pectin compared with DE in the CWM and water-soluble fractions is similar to that reported in 
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apples and apricots (Schols et al., 1995; Stanley et al., 2013). While it may seem counter-

intuitive if CDTA chelates calcium and thereby allows solubilisation of previously cross-linked 

pectin, it is a result of a concentrating effect, as CDTA soluble pectin is a portion of the total 

CWM. Between MPM and ACS there was a difference in when DE was lost. ACS lost a higher 

percentage between FC2 and FC3, whereas MPM lost it later, between FC3 and FC4.  

 

The MW distribution of CDTA-soluble pectin also showed a difference between MPM and 

ACS. MPM had a higher MW peak at FC1 and greater decrease in the height during softening 

compared to ACS. This decrease suggested degradation, possibly influencing strength of 

adhesion of the middle lamella pectin through loss of higher MW pectin. Depolymerisation of 

CDTA-soluble pectin has been reported in other fruit that soften to a soft melting texture such 

as tomato (Brummell & Labavitch, 1997; Huber & O'Donoghue, 1993), peach (Brummell et 

al., 2004) and pepino (O'Donoghue et al., 1997) as well as kiwifruit (Redgwell et al., 1992). 

These studies, however, noted a considerable shift in the high MW peak towards low MW 

pectin populations. This trend was not observed in this study, possibly due to either different 

fruit species or differences in methods used. 

 

The Na2CO3-soluble fraction contained polysaccharides held in the cell wall by ester bonds 

(Brummell, 2006). While the exact ester bonds that this solvent is breaking is relatively 

unknown, Cheng and Huber (1996) treated CDTA-soluble pectin in tomato with Na2CO3 which 

resulted in fragments of pectin being released. This suggested that large fragments of pectin 

may be held together by ester bonds. In MPM the larger relative increase in rhamnose and 

arabinose compared with ACS together with an overall loss of UA and yield over softening 

indicated a preferential loss of the backbone structure of the pectin in this genotype. This was 

also suggested by Redgwell et al. (1990) for ‘Hayward’. Loss of the pectin backbone would 

compromise the structural integrity of the cell wall, thereby contributing to faster breakdown 

and a faster softening rate (Brummell, 2006). However, previous studies have suggested that 

pectin in this extract often shows little change in the MW during softening (Brummell et al., 

2004; Brummell & Labavitch, 1997; Rose et al., 1998; Yoshioka et al., 2011). Instead of pectin 

degradation, there appeared to be an increase in the high MW peak in all genotypes including 

‘Hayward’ over softening (Figure 3.8). This was most pronounced in the slow softening ACS 

and ‘Hayward’. This suggested a population of pectin more closely associated with cellulose 

had been solubilised from the cell wall. This is similar to the findings of Redgwell et al. 
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(1991b), who noted a general movement of pectin from the tightly bound CWR to the 4 M and 

1 M KOH fraction and then to the Na2CO3 fraction.  

 

Increasing strengths of alkali treatment were used to release the increasingly tightly bound 

pectin and hemicelluloses from the CWM. While the sugar composition in the 1 M KOH 

fraction was similar between MPM and ACS during softening, the higher MW population of 

pectin in ACS at FC1 indicated larger pectin earlier in softening, possibly contributing to an 

increased structural integrity. There was some evidence of a MW downshift of xyloglucan in 

ACS in the 1 M KOH fraction between FC1 and FC4 which was not observed in MPM. A 

reduction in the MW of xyloglucan has been reported previously in ‘Hayward’ (MacRae & 

Redgwell, 1992; Redgwell et al., 1991a). Although many types of fruit show a significant 

decrease in MW of hemicelluloses (Brummell & Harpster, 2001), other fruit such as tomato 

(Tong & Gross, 1988), strawberry (Rosli et al., 2004) and melon (Rose et al., 1998) show few 

changes in the MW of these hemicelluloses during softening.  

 

The 4 M KOH fraction of both genotypes was rich in hemicellulose-diagnostic sugars, in 

particular xylose, glucose, mannose and fucose. However pectin-diagnostic sugars were still 

present. While a ratio of 4:3 would be expected if all the xylose and glucose in this fraction 

were to belong to xyloglucan, the higher amount of glucose could be explained by the presence 

of galactoglucomanns (Schröder et al., 2001). Xyloglucan is the most common hemicellulose 

in kiwifruit, and ripe kiwifruit cell walls have been shown to retain a high proportion of 

xyloglucan. This is involved in the structural integrity of the cell wall by cross-linking with 

cellulose or pectin (Li et al., 2009; Redgwell et al., 1988). In this fraction, despite the yields 

being similar between MPM and ACS, the higher amounts of these sugars in ACS at all FCs 

suggested that from early in softening there was a higher proportion of tightly bound 

xyloglucan and pectin in this slow softening genotype. ACS also had a higher amount of fucose 

in this fraction suggesting a greater abundance of xyloglucans with higher fucosylation. As 

previously noted, the neutral sugar side chains of xyloglucan may moderate its binding to 

cellulose (Carpita & Gibeaut, 1993; Finkenstadt et al., 1995; Levy et al., 1997). Analysis of 

this fraction provided evidence that differences in softening rate may be linked to differences 

in xyloglucan composition, similar to the results of Ray et al. (2014) on apples.  

 

In the 4 M KOH soluble fraction, there was a marked difference in the MW distribution of 

pectin between MPM and ACS. The MW distribution in ACS did not change over softening, 
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but the pectin in MPM had a lower MW distribution at FC1 than ACS, and then increased to 

the same MW distribution as ACS over softening (Figure 3.9). As Redgwell et al. (1992) noted, 

certain pectin populations leave the network of polysaccharides in the cell wall and become 

more soluble during softening. Hence, the increase in MW observed in MPM during softening 

may have been caused by higher MW pectin being released from the CWR during softening. 

In accordance with the cell wall model proposed by Vincken et al. (2003), Zykwinska et al. 

(2005) and Zykwinska et al. (2007), where pectin is associated with cellulose microfibrils, it is 

possible that the loss of high MW pectin from the CWR in MPM could have resulted in a pectin 

matrix network with less adhesive strength and thus a weaker cell wall structure. Additionally, 

loss of pectin may increase the accessibility of enzymes to their polysaccharides, resulting in 

more rapid softening of this genotype (Brummell, 2006). 

 

A notable difference between genotypes in the CWR was the total amount of neutral sugars 

from FC2. These were recovered in significantly higher amounts in ACS than in MPM. The 

higher proportion of xylose in ACS suggested a tighter association of xyloglucans with 

cellulose. The higher proportions of RG-I in ACS compared to MPM (determined by the 

UA/Rha ratio) as well as the higher proportions of arabinose in the pectin side chains (as seen 

in the Ara/Gal ratio) in the early stages of softening suggest differences in the chemistry of 

pectin. Additionally, ACS lost a majority of its galactose from this fraction (compared to MPM 

which lost most in the 4 M KOH fraction) suggesting stronger associations of arabinans and 

galactans with cellulose (Bootten et al., 2004; Dick-Pérez et al., 2011; Zykwinska et al., 2006; 

Zykwinska et al., 2007). These strong associations might result in an inherent resistance to 

softening. Therefore, to get to the over-ripe stage of FC4 (and reach the same firmness as MPM) 

a greater number of these more resistant links need to be broken, hence the longer softening 

time of ACS.  

 

There were inconsistencies between results of ‘Hayward’ in this study and those results from 

the literature. Differences in the methodology used to deactivate endogenous enzymes, cell 

wall extraction methods, and the firmness at which the fruit was obtained would have 

contributed to these inconsistencies. The amounts of pectin solubilised, and the division of 

particular polysaccharides to specific extracts are dependent on the solvents used and length of 

extraction steps, therefore comparisons between studies may not always be meaningful. For 

example, Redgwell et al. (1988) used PAW to isolate CWM from the outer pericarp of ethylene 

treated ‘Hayward’. Differences between their study and the current study were seen in the 
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proportions of sugars noted, in particular glucose and UA, the gradual loss of galactose over 

softening, and in MW distributions. Differences in orchard management and the way kiwifruit 

are grown and managed may have also affected direct comparison between studies. It is also 

very likely that over the last 20 years epigenetic differences have caused differences in specific 

processes occurring during fruit softening. Evidence for epigenetics causing changes in 

ripening characteristics have been identified in tomato (Ecker, 2013). Differences observed in 

cell wall chemistry can also be attributed to whether or not ethylene-treated fruit was used. 

Redgwell, MacRae, et al. (1997) showed that cell wall swelling of the CWM in ethylene-treated 

‘Hayward’ started earlier at approximately 2.5 N (which is between FC2 and FC3 in this present 

study), whereas in this study, swelling of all genotypes (including ‘Hayward’) began at 

approximately 1.5 N (FC3). As discussed in Chapter 1 Section 1.9, the treatment of fruit with 

ethylene has been shown to alter gene expression and enzyme activity. Therefore the results of 

this current study noted differences between naturally ripened fruit without the addition of 

exogenous ethylene.  

 

In summary, the results from this chapter revealed marked differences in the chemistry and 

structural makeup of the cell walls between the fast softening MPM, and slow softening ACS. 

These differences were evident in all firmness categories and in all cell wall fractions. This 

study has shown that there were fundamental differences in cell wall composition that could 

influence the softening rates of MPM and ACS and that the difference in their softening 

behaviour is not simply the result of the same cell wall degradation processes occurring at 

different rates. 
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Chapter 4 Activity of cell wall modifying enzymes 
 

4.1 Introduction 

 

Fruit softening involves a series of biochemical events that alter the characteristics of a hard 

unripe fruit, to one with a soft texture that is appealing to the consumer. It is well established 

that enzymes have particular roles during different stages of fruit softening and that a single 

enzyme is not solely responsible for the alteration of the cell wall (Brummell, 2006). To support 

the findings of Chapter 3 and to address the question of whether enzyme activity contributes to 

the regulation of kiwifruit softening, a set of key enzymes were selected to study their roles in 

softening. These key enzymes were: β-galactosidase (BGal), polygalacturonase (PG), pectin 

methylesterase (PME), xyloglucan endotransglycosylase (XET) and xyloglucan endohydrolase 

(XEH). In this chapter a potential method for assaying the non-enzymic protein expansin was 

also investigated, using a recombinant kiwifruit expansin (see Chapter 6 for details). 

 

BGal activity can be assayed using either native galactan substrates or synthetic substrates. The 

use of synthetic substrates such as o-nitrophenyl β-D-galactopyranoside and p-nitrophenyl β-

D-galactopyranoside (PNP-G) has been investigated and shown to be suitable for assaying the 

activity of several forms of tomato BGal, as well as kiwifruit BGal (Pressey, 1983; Ross et al., 

1993). The use of native substrates may be preferable because of better specificity for the 

particular enzyme reaction. However these substrates need to be purified from cell walls and 

cannot be purchased. In addition, Pressey (1983) found that only one BGal isoform from 

tomato was active against a galactan-rich polymer prepared from tomato cell walls, while more 

were active against p-nitrophenol from PNP-G. Therefore it is more convenient to use synthetic 

substrates. In this current investigation BGal activity was assayed by measuring the release of 

p-nitrophenol (PNP) from PNP-G. PNP is yellow in colour and its generation can be measured 

spectrophotometrically, with the intensity of colour varying according to the amount of BGal 

present in the sample (Ross et al., 1993). 

 

The activity of PME is typically measured by assaying the proton or methanol released from 

esterified pectin (Downie et al., 1998; Gainvors et al., 1994; Hagerman & Austin, 1986; Hall 

et al., 1993) . When PME de-esterifies pectin, methanol is released, leaving a free carboxyl 
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group whose hydroxyl group can dissociate at assay pH, causing proton release and a pH 

change. There are several ways to measure proton and methanol release, including titration 

(Guglielmino et al., 1997), spectrophotometry (Anthon & Barrett, 2004; Hagerman & Austin, 

1986), and gas-liquid chromatography (Gainvors et al., 1994). In this study, PME activity was 

measured spectrophotometrically by assaying proton release which induced a colour change in 

the presence of pH indicator methyl red. Methyl red changes its colour from yellow (pH > 6.2) 

to orange to red (pH < 4.4) upon acidification. 

 

Measurement of the transglycosylase activity of xyloglucan transglycosylase/hydrolase (XTH) 

is based on the differential size and labelling of the substrates and products (Rose et al., 2002a). 

Here, the polysaccharide substrate xyloglucan is cleaved by XET activity, and the reducing end 

of the cut chain (the donor) is attached to the non-reducing end of a xyloglucan oligosaccharide 

(XGO) (the acceptor). In this assay the acceptors may be either radioactively labelled (tritium) 

or fluorescently labelled (e.g pyridylamino, sulphorhodamine or fluorescein) to quantify XET 

activity. Alternatively, XET activity can be measured colourimetrically by measuring the 

disappearance of the blue-green coloured iodine:xyloglucan complex in the presence of 

xyloglucan-derived oligosaccharides. It can also be measured viscometrically, as a 

transglycosylation reaction involving a xyloglucan donor and a low molecular weight 

xyloglucan-derived oligosaccharide acceptor (Farkas et al., 1992; Sulova et al., 1995). In this 

current study XET activity was measured using the ‘paper assay’ as this method is quantitative 

and very sensitive (Fry et al., 1992). It is based on the ability of the enzyme to transfer part of 

a non-radioactive xyloglucan molecule (donor) to a [3H]XXXG-oligosaccharide (acceptor), 

creating a [3H]-labelled polysaccharide which remains bound to paper after prolonged water 

washing and can be quantified using a scintillation counter (Fry et al., 1992). 

 

The activity of endohydrolases such as XEH (the hydrolase activity of XTH) and PG can be 

measured by spectrophotometric methods (such as measuring the production of reducing end-

groups), by viscometry and by gel diffusion assays. The reducing sugar end-group assay 

involves measuring the number of reducing ends generated by hydrolysis. Common assays 

measuring reducing ends are the p-hydroxybenzoic acid hydrazide (PAHBAH) method (Lever, 

1972), the dinitrosalicylic acid method (Luchsinger & Cornesky, 1962) and the 

cyanoacetamine method (Gross, 1982). However, these reducing end group assays are not 

specific, as they do not discriminate between exo- and endohydrolytic activity (Bourgault & 

Bewley, 2002). Viscometry is a sensitive method for analysis of endohydrolase activity as only 
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one cleavage event can cause a dramatic change in viscosity. This method, although accurate, 

is time-consuming and inconvenient for large-scale analyses (Bourgault & Bewley, 2002). 

 

Gel diffusion assays have been shown to be effective for detecting activity of several 

endohydrolases, including β-endoglucanase (Wood & Weiwz, 1987), endo-β-mannanase 

(Bourgault & Bewley, 2002; Downie et al., 1998), endoxylanase (Wood & Weiwz, 1987) and 

PG (Hadfield et al., 1998). Gel diffusion assays are thought to be the most sensitive of all 

endohydrolase quantification methods (Bourgault & Bewley, 2002). In this assay, the substrate 

is combined with agarose to create a thin gel matrix. Holes are bored into the gel matrix, into 

which the enzyme extract is inserted and allowed to diffuse into the gel. After staining with a 

dye specific for the polysaccharide used, activity is seen as cleared zones (halos) around the 

holes as the dyes do not stain hydrolysed polysaccharides. The diameter of the cleared zone is 

positively correlated with enzyme activity. In this study XEH and PG activity were quantified 

by gel diffusion assay. 

 

For the quantification of XEH, Congo red dye was used. This dye has been used to specifically 

bind to glucans such as xyloglucans and cellulose, and it does not complex with other cell wall 

polysaccharides such as pectins (Sharrock, 1988; Wood, 1980). Congo red is thought to interact 

with xyloglucan in two ways resulting in a bright red stained gel. Firstly, the amino groups of 

the Congo red interact with the hydroxyl groups of the xyloglucan by hydrogen bonding. 

Secondly, the aromatic groups of Congo red interact with the hydrophobic β-(1→4) backbone 

of xyloglucan via van der Waals forces (Yuguchi et al., 2005). Ruthenium red was used for 

quantification of PG, which stains polygalacturonic acid bright pink. In both cases, the dyes do 

not stain the shorter, hydrolysed chains; therefore enzyme activity is seen as colourless circles 

around the wells. 

 

To measure the non-enzymic activity of expansin, there are two methods in use. One is based 

on extensiometry (Cosgrove, 1989; McQueen-Mason & Cosgrove, 1995), and the other on 

turbidity (Dr. Stuart Thompson, personal communication, University of Westminster). In the 

extensiometry assay, protein extracts from growing cell walls are assayed for their ability to 

induce extension in heat-inactivated cell walls. Using the growing hypocotyls of dark-grown 

cucumber seedlings, extension is assayed using a constant load extensometer. Samples are 

clamped under constant force and their extension recorded using an electronic displacement 

transducer (Cosgrove, 1989; McQueen-Mason & Cosgrove, 1995). The equipment required for 
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this type of expansin assay is unavailable in New Zealand. An alternative method for measuring 

expansin activity measures the turbidity of suspensions of cell wall fragments observed by light 

scattering (Dr Stuart Thompson, personal communication, University of Westminster). Here, 

changes in cell wall volume are observed via changes in the turbidity of a suspension of cell 

wall fragments caused by expansins. This assay is based on the observation that expansins 

increase cell wall free volume and increase hydration, therefore increasing water content. 

(McQueen-Mason & Cosgrove, 1995). An attempt was made to apply the turbidity assay to 

measure expansin activity in kiwifruit.  

 

It is acknowledged that not all enzymes said to be involved in cell wall modifications were 

included in this study. They include arabinofuranosidase, pectate lyase (Fisher & Bennett, 

1991; Jimenez-Bermudez et al., 2001; Marin-Rodriguez et al., 2002; Medina-Escobar et al., 

1997), endoglucanase (Brummell, Harpster, & Dunsmuir, 1999; Gonzalez-Bosch et al., 1996; 

Goulao et al., 2007; O'Donoghue & Huber, 1992) and rhamnogalacturonase (Gross et al., 1995; 

Mutter, 1998; Prasanna, 2007; Seymour et al., 1987). These enzymes were not investigated as 

they have not been reported in the literature to play a role in kiwifruit softening. 

 

The aim of this chapter was to investigate patterns of enzyme activity during softening of MPM 

and ACS using ‘Hayward’ as a reference, and to gain insights into variations in activity that 

may be involved in regulating kiwifruit softening rates. 

 

4.2 Methods 

 

4.2.1 Determination of β-galactosidase (BGal) activity 

 

4.2.1.1 Extraction 

 

Extraction of cell wall enzymes was carried out using low salt (LS) and high salt (HS) 

extraction buffers. The LS extraction was used to remove unbound enzymes and HS extraction 

to remove enzymes bound to the cell wall. The LS extraction buffer contained 0.2 M Na-

acetate, 4.9 mM potassium tetrathionate (KTT), 10 mM dithiothreitol (DTT) and  

50 mM NaCl. The pH was adjusted to 4.7 using acetic acid. The HS extraction buffer contained 

0.3 M 2-(N-morpholino) ethanesulfonic acid (MES), 2.4 mM KTT, 10 mM DTT and 0.6 M 

NaCl. The pH was adjusted to 6.0 using NaOH. Ground outer pericarp tissue samples from 
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MPM, ACS and ‘Hayward’ at FC1, FC2, FC3 and FC4 were used. Pre-ground frozen kiwifruit 

tissue (0.25 g) was combined with polyvinylpolypyrrolidone (PVPP) (25mg, Sigma) in a 1 mL 

Eppendorf tube. LS buffer was added to give a concentration of 1:2 tissue:buffer (w/v) and the 

tissue finely dispersed with an Eppendorf grinder, a small pestle-like device whose tip is shaped 

like an Eppendorf tube to aid dispersion of tissue in buffer. The mixture was thawed on ice for 

5 min before being centrifuged (10 min, 4°C, 10,000 g). The supernatant was pipetted off and 

weighed. The pellet was re-suspended by vortexing in LS buffer (1:1 tissue:buffer (w/v) for 

BGal) to wash the tissue. It was left on ice for 5 min before being centrifuged (10 min, 4°C, 

10,000 g). The supernatant was again removed, added to the first supernatant and re-weighed 

to determine the total volume of LS for each tissue sample. The tissue samples were re-

suspended in HS buffer (1:2 tissue:buffer (w/v)) by vortexing. The samples were left on ice for 

30 min and centrifuged (10 min, 4°C, 10,000 g). The supernatant was removed and weighed 

and the pellets discarded. The sample was again re-suspended in HS buffer (1:1 tissue:buffer 

(w/v)), centrifuged (10 min, 4°C, 10,000 g), the supernatant added to the first supernatant and 

weighed to determine the total volume of HS. Negative controls were prepared by heating 100 

µL of all extracts at 100°C for 15 min to deactivate enzymes. The LS and HS extracts and the 

negative controls were assayed for BGal activity. 

 

4.2.2 BGal activity assay 

 

The reaction was set up in triplicate in a 96-well plate. Milli-Q water (15 µl), BGal assay buffer 

(1 M Na acetate at pH 4.6; 20 µL) and PNP-G (2 mg/ml) were added to each well. LS extracts, 

HS extracts or negative controls (20 µL) were added to the reaction mixture at 15 s intervals 

between wells. Each reaction was allowed to proceed for 60 min at room temperature before 

being stopped by the addition of Tris solution (3%; 80 µL per well), also added at 15 s intervals 

to ensure a constant reaction time for each sample. Absorbance was read at 400 nm. 

 

4.2.2.1 Quantification of BGal activity 

 

To convert optical density to corresponding free galactose levels, standard curves using PNP 

were prepared. Stock solution for the LS standards contained 50 mM PNP; stock solution for 

HS standards contained 30 mM PNP. Stock solutions were stored in aliquots at –20°C and 

combined with LS or HS buffer to make the dilutions. LS and HS buffer were each combined 

with PNP to create LS and HS standards with concentrations ranging from 1.25-20 mM PNP 
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for LS and 0.313-3.75 mM PNP for HS. BGal activity was expressed in Mol PNP released per 

hour per gram fresh weight, taking the total volume of each extract and the amount of  tissue 

used into account. 

 

4.2.3 Determination of pectin methylesterase (PME) activity 

 

4.2.3.1 Extraction 

 

LS and HS extractions were carried out as described for BGal in Section 4.2.1.1. 

 

4.2.3.2 PME Activity assay 

 

The substrate used in this assay was highly esterified citrus pectin (≥85% DE, Sigma), which 

was dissolved at a concentration of 0.5% (w/v) in NaCl (0.15 M) at a pH of 7.0 (6.97-7.03; 

adjusted with NaOH/ HCl), the pH optimum of PME. Methyl red was dissolved in ethanol to 

a concentration of 1%, to form ethanolic methyl red which was added to the pectin solution (2 

drops ethanolic methyl Red per 25 mL pectin solution, using a Pasteur pipette). PME substrate 

was stored in the cold room (4°C) for up to 1 week. 

 

Each LS and HS enzyme extract was adjusted to pH 7.0 (pH 6.97-7.03) using NaOH/HCl, and 

each extract re-weighed to determine the volume. Negative controls were prepared by heating 

100 µL of all extracts at 100°C for 15 min to inactivate enzymes. The LS and HS extracts and 

the negative controls were assayed for PME activity. Extract (50 µL) was inserted into a 96-

well plate in quadruplicate and substrate added (200 µL per well) at 15 s intervals. Absorbance 

at 519 nm was read directly after the addition of the substrate into the last well as T=0 by the 

spectrophotometer. Absorbance was read every 30 min thereafter for  

5 h. Between readings, plates were kept covered and incubated at 28°C. 

 

4.2.3.3 Quantification of PME activity 

 

Enzyme activity was calculated based on the rate of free galacturonic acid (GalA) residues and 

therefore protons released during the reaction. For this, standard curves using known amounts 

of GalA were prepared. The stock solution for the LS standards contained 50 mM GalA and 

the stock solution for HS standards contained 200 mM GalA. LS and HS buffers were adjusted 

to pH 7.0 (pH 6.97-7.03) and combined with D-GalA, (Sigma) to create LS and HS standards 
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with concentrations ranging from 5-25 mM GalA for LS and 12.5-100 mM GalA for HS. These 

stock solutions were stored in aliquots at –20°C between uses. LS and HS standards (20 μL) 

were then inserted into a 96-well clear flat-bottomed plate in triplicate and substrate added (200 

μL per well). Negative controls were either LS or HS buffer (20 μL) and were assayed in 

triplicate. Absorbance at 519 nm was measured as described above. 

 

Based on the standard curve, each optical density read over the 5 h time course was expressed 

as mmol GalA per L, and the rate of generation of GalA calculated in mmol GalA per L per 

min. From here, PME activity could be calculated as μmol GalA released per min per g fresh 

weight. 

 

4.2.4 Determination of xyloglucan endotransglycosylase (XET) activity 

 

4.2.4.1 Extraction 

 

LS and HS extractions were carried out as described for BGal in Section 4.2.1.1 

 

4.2.4.2 Activity assay 

 

For the XET activity assays the substrate solution consisted of 0.5 mL 1% tamarind xyloglucan 

(w/v, in water; Megazyme), 125 µL [3H]-XXXG-oligosaccharides (4 µg/µL) and 1.375 mL 

Milli Q water. The [3H]XXXG-oligosaccharides were prepared after Fry et al. (1992) and had 

a specific activity of 15.4 kBq per µg. 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 s intervals. The tubes were vortexed, incubated 

at 23°C for 90 min and the reaction terminated by the addition of 50 µL of 40% formic acid to 

each tube at 30 s intervals. Control reactions were prepared for each extract by adding 50 µL 

of 40% formic acid prior to adding the extract to obtain a background value on radioactivity 

that remains on the paper in the absence of enzyme action. Each reaction mixture was spotted 

onto a 3×3 cm square of Whatman 3MM paper (Whatman), allowed to air dry and washed 

under running tap water for 2 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 (Amersham Biosciences). 
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4.2.4.3 Quantification of XET activity 

 

Background values were subtracted from those obtained using active enzyme extract. XET 

activity was calculated as Bq of radioactivity incorporated into high molecular products per 

kBq of radioactive oligosaccharides supplied per hour per gram fresh weight.  

 

4.2.5 Determination of endopolygalacturonase (PG) activity 

 

4.2.5.1 Plate preparation 

 

The plate assay used to measure PG activity was similar to that described by Hadfield et al. 

(1998) and Taylor and Secor (1988). The enzyme substrate was prepared in an agarose gel 

matrix using McIlvaine buffer (0.05 M citric acid, 0.1 M Na2HPO4
 at pH 5.0) containing 

polygalacturonic acid [from citrus, Sigma; at a final concentration of 0.01% (w/v), dissolved 

in dilute NaOH, set to pH 4.25 with acetic acid], agarose [Biorad; at 1% (w/v) final 

concentration] and 25 µg/mL gelatine (Davis). Gelatine was added as a stabiliser for enzymes 

in the extract. The solution (in a beaker) was loosely covered with aluminium foil and heated 

on a hotplate with a stirrer bar until boiling. After boiling, the solution was held at 75°C. Petri 

dishes were pre-warmed by floating in a water bath (75°C). The pipette tip was preheated by 

drawing up and expelling 75°C distilled water then used to draw up 6 mL of liquid gel in 3 mL 

aliquots. The gel was spread using a glass spreader to obtain an even coverage and gel 

thickness, then placed on a flat, levelled surface to cool. Once set, the gels were held at 4°C for 

at least 2 h to allow the gel to firm before having wells punched into it using a cork borer. Eight 

wells (3.7 mm diameter) were placed 15 mm apart and 15 mm from the edge of the dish, in a 

circular configuration (Figure 4.1). An arrow was marked in each gel to indicate orientation. 

 

4.2.5.2 Enzyme extraction 

 

Pre-ground frozen kiwifruit tissue (0.25 g) was combined with PVPP (25 mg) in a 1 mL 

Eppendorf tube. HS buffer (1:2 tissue:buffer (w/v); containing 0.3 M MES, 2.4 mM KTT,  

10 mM DTT and 0.6 M NaCl, pH 6) was added and the tissue finely dispersed with an 

‘Eppendorf grinder’. Samples were left on ice for 30 min and centrifuged (10 min, 4°C,  

10,000 g). The supernatant was removed and weighed. The sample was again re-suspended in 
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buffer (1:1 tissue:buffer (w/v)), centrifuged (10 min, 4°C, 10,000 g) and the supernatant added 

to the first supernatant and weighed to determine the total volume of extract. 

 

The extracts were desalted prior to assaying by exchanging the NaCl-containing buffer with 

desalting buffer (a buffer with very low salt concentration) using a concentrator (Vivaspin 500 

with a polyethersulfone membrane, 5 kDa molecular weight (MW) cut-off, Vivascience, 

France). The desalting buffer contained 0.3 M MES, 10 mM DTT, 13 mM EDTA and 50 mM 

NaCl, adjusted to pH 6 with NaOH. The desalting step was carried out as a high concentration 

of NaCl can create a ring around the application well, interfering with quantification of the 

activity assay (Dr Rosie Schröder, personal communication, Plant and Food Research Ltd 

(PFR)). PG extract (300 μL) was added to the concentrator and centrifuged (8 min, 4°C,  

14,000 g) for 8 min. Salts in the solution passed through the membrane and proteins were 

retained as the concentrate. After centrifugation, the concentrate was re-suspended in desalting 

buffer (300 µL) and the concentrator centrifuged for a further 8 min. This was repeated twice 

more. The final concentrate was made up to 300 µL with desalting buffer and was kept on ice. 

Negative controls were prepared by heating 100 µL of desalted extracts at 100°C for 15 min to 

inactivate enzymes. They were centrifuged (10 min, 4°C, 10,000 g), and then the supernatant 

transferred to a fresh Eppendorf tube. 

 

4.2.5.3 Activity assay 

 

Desalted extracts and boiled extracts as negative controls (6 µL) were added to the wells as 

shown in Figure 4.1A. Each sample was assayed in sextuplicate. 

 

A commercially prepared fungal PG with known activity (Aspergillus aculeatus; 5000 U/mL; 

Megazyme) was used as standard. Standards were prepared in desalting buffer. Six 

concentrations were prepared ranging, from 0.1 – 100 U/mL. Standards and desalted buffer 

blanks (6 µL) were pipetted into the wells as shown in Figure 4.1B. 

 

After extracts, standards, and negative controls had diffused into the gel and were no longer 

visible in the well, Petri dishes were covered with lids, sealed with parafilm and incubated for 

18 h at 30°C. They were placed in an inverted position to prevent condensation on the lids. 
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Figure 4.1. Plate setup for gel diffusion assays for polygalacturonase (PG) activity. (A) 
Plate set up for activity assay. Blue, desalted (DS) extracts (triplicate); red, deactivated enzyme 

(negative control). (B) Plate setup for standards for gel diffusion assays for PG activity. Yellow, 

standards; Green, desalting (DS) buffer blank. An arrow was marked in the gel to indicate gel 

orientation. Not shown to scale. 

 

4.2.5.4 Staining 

 

Following incubation, gel plates were stained with aqueous ruthenium red (0.05%, 10 mL, 

Fluka) for 30 min on an orbital shaker (60 rpm). Plates were then washed four times in distilled 

water (10 mL) for 30 min each and left to destain in water overnight. Enzyme activity could be 

seen as a reduction in staining around the wells, as areas that contained un-hydrolysed 

polygalacturonic acid remained bright pink. Figure 4.2 shows an example of a set of standard 

samples (A) and ‘Hayward’ extracts (B). Gels were photographed (Nikon D80 digital SLR 

camera, with a 60mm macro Nikkor lens, Nikon Corporation, Japan) using a light box. 

 

4.2.5.5 Quantification of PG activity 

 

Results were analysed using a program written in the programming language MATLAB ®. 

This program analyses the photo of the plate in RGB (red green blue) format with assigned 

colour intensity for each of the three colours. Contrast between areas of enzyme activity and 

areas of no enzyme activity was mostly in the green colour channel of the image. The red and 

blue colour components were discarded leaving a monochromatic green image (Figure 4.3). 

Activity was measured by counting the number of pixels that had green colour intensity 
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between defined minimum and maximum values. The minimum value was defined by trial and 

error based on both the experimental and standard plates, and was then held constant to ensure 

consistency. The maximum value was defined so that the well was not included in the pixel 

count, as it displayed significantly higher intensity of green colour. Pixels were converted to 

mU using the standard curve and results were expressed in mU/g fresh weight. 

 

 

Figure 4.2. Staining of PG gel diffusion assays using ruthenium red. PG activity can be 

seen as colourless to pale yellow circles around the wells. (A) (clockwise from top) six PG 

standards created by dilution of commercial PG (5000 U/mL), ranging from 0.1 – 100 U/mL. 

(B) (clockwise from top) desalted ‘Hayward’ extracts in sextuplet, with each triplicate 

separated by a deactivated enzyme extracts (negative controls). Arrows indicating gel 

orientation can be seen. 

 

 

 

A B A 
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Figure 4.3. Image showing analysis of diffusion gels using a purpose built MATLAB® 

script. (A) shows the intensity of the green colour component in the photo of the stained gel 

plate represented using the jet colour scale, (B) shows stained gel plates in true colour and (C) 

shows a zoomed in version of A, that shows the number of pixels that had green colour intensity 

between a defined maximum and minimum value that are contained within the black circle (D) 

defines the maximum and minimum values. 

 

 

4.2.6 Determination of xyloglucan endohydrolase (XEH) activity 

 

4.2.6.1 Plate preparation 

 

Another plate assay was used to determine the activity of XEH. Xyloglucan from tamarind 

(Megazyme) was dissolved according to manufacturer’s instructions and combined (0.1% final 

concentration) with agarose (1% final concentration), gelatine (25 µg/mL) and pH 5 McIlvaine 

buffer. The plates were prepared as described in Section 4.2.4.1 for PG. 

 

4.2.6.2 Enzyme extraction 

 

LS and HS extractions were carried out as described for BGal in Section 4.2.1.1. 

 

4.2.6.3 Activity assay 

 

LS or HS extracts (6µL) were inserted in triplicate. Negative controls were prepared by heating 

100 µL of all extracts at 100°C for 15 min. The plate set up for the enzyme extracts can be seen 

in Figure 4.4. 
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Commercially prepared endocellulase (500 U/mL) and buffer (LS buffer, HS buffer) were used 

to create standards by dilution to 1:500, 1:750, 1:1,000, 1:5,000,1:10,000 and 1:50,000. Each 

standard (2 µL) was added into wells in the gel. The plate set up for the standards is the same 

for that of PG (Figure 4.1B), but LS buffer and HS buffer were used as blanks instead of DS 

buffer. A separate plate was used for LS and HS standard. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4. Plate setup for gel diffusion assays for xyloglucan endohydrolase activity. An 

arrow was marked in the gel to indicate gel orientation. Green, low salt (LS) extract (triplicate); 

yellow, deactivated LS enzyme blank (negative control); blue, high salt (HS) extract 

(triplicate); red, deactivated HS enzyme blank (negative control). Image not shown to scale. 

 

After the extracts, standards, and negative controls had diffused into the gel and were no longer 

visible in the wells, all Petri dishes were covered with lids, sealed with parafilm and incubated 

for 18 h at 30°C. They were placed in an inverted position to prevent condensation on lids. 

 

 

4.2.6.4 Staining of plates 

 

Following incubation, Petri dishes were placed on an orbital shaker (60 rpm) (Labnet Orbit 

1000, MedicaPacifica, New Zealand) and washed in pH 7 McIlvaine buffer for 30 min, using 

7 mL per dish. Each plate was then stained using Congo red (0.2%, 7 mL, 30 min, Sigma), 

which stains high MW xyloglucan a deep pink-purple. Gels were washed in distilled water (7 
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mL, two min) and destained with 96% ethanol (7 mL) for 10 min. Gels were then washed again 

in three changes of pH 7 McIlvaine buffer (9 mL) for 20 min each and the colour was developed 

over a minimum of 2 h in NaCl (1 M, 9 mL), with a minimum of three changes of NaCl. Figure 

4.5 shows an example of a set of standard samples (A) and ‘Hayward’ extracts (B). 

 

Gels were photographed according to Section 4.2.5.4. Areas that contained unhydrolysed 

xyloglucan remained pink-purple. Enzyme activity was seen as colourless to pale pink circles 

around the wells, as Congo red does not stain the shorter, hydrolysed xyloglucan chains.  

 

4.2.6.5 Quantification of XEH 

 

Results were analysed as described in Section 4.2.5.5 using the same green channel, and 

expressed as mU/g fresh weight. 

 

  

 

 

 

 

 

 

 

 

 

Figure 4.5. Staining of XEH gel diffusion assays using Congo red. XEH activity can be seen 

as colourless to pale yellow circles around the wells. (A) (clockwise from top) six XEH 

standards created by dilution of commercial endocellulase (500 U/mL), ranging from 1:500-

1:50,000. (B) (clockwise from top) low salt and high ‘Hayward’ extracts in triplicate, with each 

triplicate separated by a deactivated enzyme extracts (negative controls). Arrows indicating gel 

orientation can be seen. 

 

4.2.7 SDS-Page and Immunoblotting for identification of proteins 

 

Total protein from frozen, ground kiwifruit tissue was extracted using a buffer containing Bis 

Tris (0.1 M), glycerol (2 M), sodium dodecyl sulphate (SDS) (0.28 M), DTT (0.2 M) and 

brilliant blue G (0.01%) (Shagger & von Jagow, 1987). Kiwifruit tissue (0.2 g) was added 

B A 
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slowly to 0.5 mL extraction buffer preheated to 100°C, mixed thoroughly by vortexing, and 

the sample incubated at 100°C for 5 min. Samples were left to cool to room temperature before 

being centrifuged (10 min, 4°C, 10,000 g). The proteins were fractionated by sodium dodecyl 

sulphate polyacrylamide gel electrophoresis (SDS-PAGE) using Mini-PROTEAN ® TGX™ 

Stain-free gels (Bio-Rad™). Each lane was loaded with 10 µL of sample and one lane with a 

standard (5 µL, Precision Plus Dual Protein Standard, BioRad). Proteins were separated using 

a voltage of 150 and a current of 90 mA for approximately 1 hr, until the dye front had run off 

the bottom of the gel. After separation, the gels were visualised and photographed using a Gel-

Doc 3000® (Bio-Rad™) gel documentation system. 

 

Immunoblotting was performed as described by Nieuwenhuizen et al. (2007). The proteins 

separated by SDS-PAGE were electroblotted onto polyvinylidende difluoride membranes 

(PVDF) (Millipore) by using the trans-blot apparatus (Pharmacia Biotech) 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 incubation with 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, with constant gentle agitation. 

After incubation, the membrane was washed three times in TBS/T20 in 5 min applications, 

then incubated with the secondary antibody 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. 

Bands were visualized using 2.0 mL of 1-step™ NBT/BCIP solution (Thermo Scientific), 

ensuring even coverage of the solution over the membrane. To stop the reaction, the membrane 

was plunged into a container full of water, left to air dry and photographed. 

 

Primary antibodies against BGal, XTH7 and expansin were produced at AgResearch, Ruakura 

in rabbits from recombinant proteins made by Dr Sarah Johnston (Plant and Food Research). 

Details can be found in Appendix VIII. Antibodies for kiwifruit PG and PME were not 

available for use. 

 

4.3 Results 

 

Enzyme activities can be presented on a protein amount basis, also known as specific activity, 

or on a fresh weight basis. If expressed on protein basis, the activity depends on the amount of 
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protein present and its extractability from the fruit at the different stages of softening. The 

amount of protein extracted at each FC was not always consistent, and in general there was a 

higher protein content in FC4 than FC1 extracts. This may be because at FC4, more protein 

can be extracted from the swollen cell walls, thus the presentation of data on a protein basis 

would give a false indication of the enzyme activity. Presenting enzyme activities on a fresh 

weight basis can also present a problem especially when there is a difference in starch content 

as in kiwifruit at different stages of softening. However, enzyme activity calculations based on 

fresh weight may more accurately reflect enzyme activity changes over the course of softening. 

In the interest of being able to compare the activities of different enzymes and compare them 

between genotypes, results presented in this chapter are on a fresh weight basis. Activity 

calculated on protein basis can be found in Appendix IX. Statistical analysis was carried out 

on these data using a one-way analysis of variance (ANOVA), using 95% confidence limits to 

conclude that a p-value less than 0.05 means that the results are statistically different. 

 

4.3.1 β-Galactosidase (BGal) activity during softening 

 

In all genotypes, most BGal activity was detected in the LS extracts, indicating that BGal was 

not bound to the cell wall (Figure 4.6). There was very little activity in the HS extracts. 

Therefore, the results will focus on the LS extracts. BGal activity levels in MPM decreased 

slightly while in ACS did not change significantly over softening. Similarly, activity in 

‘Hayward’ did not change significantly during softening, but was significantly higher than in 

MPM and ACS at FC2 and FC3. 

 

 

 

 



 

121 

 

 
 

Figure 4.6. β-Galactosidase (BGal) activity in MPM, ACS and ‘Hayward’ during 

softening. Values are means of three biological replicates, each carried out in triplicate ± S.D. 

FC, Firmness category. 

 

The immunoblots after hot SDS extraction of fruit tissue revealed several BGal bands in both 

MPM and ACS, indicating that BGal in kiwifruit is present in multiple isoforms (Figure 4.7). 

In both MPM and ACS, the band detected at 59 kDa corresponds to the size of the BGal 

previously reported for kiwifruit (Ross et al., 1993). In MPM, strong bands were detected at 

approximately 46 kDa at all FCs, and the band at approximately 67 kDa increased in intensity 

during softening. A band at approximately 50 kDa was detected at FC2. In ACS, only two of 

the bands detected in MPM were seen, at approximately 59 kDa and 67 kDa. The intensity of 

the band at 67 kDa also increased during softening in this genotype. The protein bands detected 

in ‘Hayward’ were similar to those detected in ACS and showed similar changes during 

softening. 
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Figure 4.7. Immunoblot stained with a rabbit polyclonal antibody for β-Galactosidase 

(BGal) in MPM, ACS and ‘Hayward’. Lane 1, Precision Plus Dual Protein Standard 

(BioRad); lane 2-5, FC 1-4 protein extracts; FC, firmness category. Arrows indicate the 

presence of immunopositive protein bands resembling BGal proteins. 

 

 

4.3.2 Xyloglucan endotransglucosylase (XET) and xyloglucan endohydrolase (XEH) 

activity during softening 

 

XET activity was similar in both LS and HS fractions in all genotypes during softening with a 

significant increase in XET activity observed in MPM towards the end of softening at FC4, 

with this being most pronounced in the HS fraction (Figure 4.8). XEH activity on the other 

hand was predominant in the unbound fraction (LS), with no activity in the HS fraction. Results 

presented here are therefore from the LS fraction only (Figure 4.9). Although XEH activity 

increased in all genotypes over softening, the point at which activity increased differed. In 

MPM, considerable XEH activity was already present at FC1 whereas in ACS, XEH activity 

started to increase between FC1 and FC2. In ‘Hayward’, no XEH activity was detected at FC1 

and FC2 but was detected at FC3 and FC4.  
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Immunoblots using an antibody directed against XTH7 revealed two bands in MPM, at ~30 

kDa and 70 kDa (Figure 4.10), of which the high MW band, due to its size, is unlikely to be an 

XTH. The band at 30 kDa, exhibiting the right size for an XTH, decreased in intensity over 

softening. In both ACS and ‘Hayward’ two high molecular bands were detected at 70 kDa and 

73 kDa. In ACS a faint band at 30 kDa was visible at FC1. ‘Hayward’ did not show any 

immunopositive bands around 30 kDa, where XTH proteins would be expected to run.  

 

 

 

Figure 4.8. Xyloglucan endotransglycosylase (XET) activity in MPM, ACS and 

‘Hayward’ during softening. Values are means of three biological replicates each carried out 

in triplicate ± S.D. FC, Firmness category. 
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Figure 4.9. Xyloglucan endohydrolase (XEH) activity in MPM, ACS and ‘Hayward’ 

during softening. FC, Firmness category. Values are means of two biological replicates each 

carried out in triplicate ± S.D. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10. Immunoblot stained with a rabbit polyclonal antibody for XTH7 in MPM, 

ACS and ‘Hayward’. Lane 1, Precision Plus Dual Protein Standard (BioRad); lane 2-5, FC 1-

4 protein extracts; FC, firmness category. An arrow at approximately 30 kDa indicates the 

presence of immunopositive protein bands possibly resembling XTH7 or XTH proteins closely 

related to XTH7. 
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4.3.3 Polygalacturonase (PG) activity during softening 

 

There were significant differences in PG activity between MPM and ACS (Figure 4.11). In 

MPM, PG activity was low and only detected at FC2 and FC3, during the period of rapid 

softening. In ACS, PG activity increased over softening but no activity was detected at FC3. 

In ‘Hayward’, PG activity was present from FC1 onwards, and increased significantly at FC3 

and FC4. In the absence of an antibody against kiwifruit PG, immunoblots using an antibody 

against apple PG was attempted but it did not appear to cross react with kiwifruit protein. 

 

 
Figure 4.11. Polygalacturonase (PG) activity in MPM, ACS and ‘Hayward’ during 

softening. FC, Firmness category. Values are means of four biological replicates carried out in 

sextuplicate ± S.D. 

 

 

4.3.4 Pectin methylesterase (PME) activity during softening 

 

Most PME activity was detected in the HS fractions, and negligible activity in the LS fraction 

(Figure 4.12). In MPM, activity was low throughout softening. PME activity levels in ACS 

were similar to MPM at FC1 and FC4, and higher at FC2 and FC3. In ‘Hayward’, PME activity 

was detected at FC2 and FC3 at high levels but no activity was detected at FC1 or at the over-

ripe stage at FC4. There was no PME antibody available for immunoblotting. 
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Figure 4.12. PME activity in MPM, ACS and ‘Hayward’ during softening. FC, Firmness 

category. Values are means of two biological replicates carried out in triplicate ± S.D. 

 

4.3.5 Identification of expansin proteins by immunoblotting 

 

In the absence of an assay to determine the activity of expansin, the presence of expansin 

protein in MPM, ACS and ‘Hayward’ was investigated by immunoblotting (Figure 4.13) using 

an antibody generated against expansin from ripe kiwifruit (EXP3, EST number 79746). In 

MPM, two potential expansin protein bands were identified. An immunopositive band at 23 

kDa increased in intensity during softening and was strongest at FC4, whereas a band at 17 

kDa was only detected at FC4. In comparison, ACS only showed the band at  

23 kDa which decreased in intensity during softening. Both genotypes showed immunopositive 

bands at around 40 kDa. In ‘Hayward’ two bands were detected, a strong band 23 kDa that was 

maintained during softening, and weak band at 17 kDa only detectable at FC4, similar to that 

observed in MPM. The dashed arrows in Figure 4.13 could indicate unspecific binding as that 

MW is greater than that of the expansin protein.  
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Figure 4.13. Immunoblot stained with a rabbit polyclonal antibody for expansin in MPM, 

ACS and ‘Hayward’. Lane 1, Precision Plus Dual Protein Standard (BioRad); lane 2-5, FC 1-

4 protein extracts; FC, firmness category. Solid arrows indicate the presence of expansin 

proteins; dashed arrows indicate possible specific binding of the antibody. 

 

4.4 Expansin activity assay development, methodology and results  

 

The principles of the turbidity assay and extensiometry for determining expansin activity were 

learned in Dr Stuart Thompson’s lab at University of Westminster, London.  

 

4.4.1 Turbididy assay 

 

In the development of an assay to determine expansin activity based on turbidity, sunflower 

hypocotyls were used as a “substrate”, and snail acetone powder (Sigma S-9764, now 

discontinued) used to mimic the activity of expansin. Snail acetone powder from the visceral 

hump of Helix pomatia had been claimed to contain an expansin-like protein that may have 

been responsible for the long-term extension of heat-inactivated cell walls (Cosgrove & 
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Durachko, 1994). Sunflower (Helianthus annuus) seeds were imbibed in tap water in a beaker 

overnight and sown in pots containing water-saturated perlite. The pots were fully covered with 

a plastic lid and plants were grown for 5 days at 30°C in complete darkness to obtain etiolated 

hypocotyls. When the hypocotyls were about 8 cm long, the top 2 cm (approximately 1 g of 

tissue) were used for preparing cell wall fragment suspension. The hypocotyls were boiled for 

2 min to inactivate endogenous expansins, then homogenized in 10 mL of 10 mM MES buffer 

(5 mM KCl, 1 mM CaCl2 at pH 5), using an Ultra-Turrex® (model T10 basic, IKA) at high 

speed for 5 min. The homogenized suspension was then centrifuged for 5 min at 1800 g to 

remove unfragmented tissue pieces. The supernatant was removed and centrifuged again for 

10 min at 1450 g. The pellet was re-suspended in 10 mL of fresh MES buffer and the 

supernatant discarded. The optical density of the resuspended fragments was determined using 

a spectrophotometer at a wavelength of 750nm. The suspension (1 mL) was pipetted into a 

plastic cuvette and the optical density was recorded for around 30 s to ensure that the reading 

was stable. After 0.5 min a known volume of snail acetone powder solution (50 mg/mL in 

deionized water) was added and the cuvette gently inverted to mix the solution. The cuvette 

with the suspension was returned to the spectrophotometer and the OD was recorded for a 

further 1.5 min. 

 

Figure 4.14 shows that there was an increase in turbidity of the cell wall suspension with the 

addition of 50 µL of snail acetone powder. The dilution factor and any absorbance of the 

treatment solution were taken into account. 

 

In the experiment described next, the recombinant kiwifruit expansin that was expressed in 

Nicotiana tabacum leaves (see Chapter 6, Section 6.2.2 for details) was tested in the assay. The 

recombinant expansin was extracted from the leaves using a LS/ HS approach (as described in 

section 4.2.1.1) using 0.25 g of frozen, ground tobacco leaf tissue. Tobacco tissue infected with 

the empty vector phex was used as a control. Immunoblots were carried out on the LS and HS 

extracts (according to Section 4.2.7) to determine whether the protein had been extracted from 

the tobacco leaf tissue using these buffers. The pellets that remained after the LS/HS extraction 

were also extracted for total protein using a hot SDS extraction (as described in Section 4.2.6) 

before immunoblot analysis. 
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The immunoblot showed that an expansin protein was present in the LS fraction at ~23 kDa, 

but not in the HS fraction (Figure 4.15). A strong band at ~23 kDa detected in the pellet  

remaining after the LS/HS extraction suggested that not all the recombinant expansin protein 

was extracted. No expansin protein was detected in the extracts of control tissue infected with 

phex vector only. The turbidity assay was performed using the LS expansin extract. Figure 4.16 

shows there was no increase in turbidity of the sunflower hypocotyl cell wall suspension after 

the addition of the recombinant LS expansin extract suggesting no expansin activity. 

 

 

Figure 4.14. Effects of the addition of snail acetone powder to sunflower hypocotyls. 

Arrow indicates where the snail powder was added. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.15. Immunoblot assessing the presence of a recombinant kiwifruit expansin 

protein after a low salt/ high salt extraction of Nicotiana tabacum leaves. The empty phex 

vector was used as a control. LS, low salt; HS, high salt; Exp/phex pellet, pellet remaining after 

LS/HS extraction. An arrow indicates the presence of expansin in the LS expansin extract and 

the expansin pellet at approximately 23 kDa. 
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Figure 4.16. Turbidity assay using recombinant kiwifruit expansin and sunflower 

hypocotyls as a substate. Effects of the addition of recombinant expansin after low salt 

extraction from N. tabacum leaves to sunflower hypocotyls. Arrow indicates when the extract 

was added. 

 

 

To test if the sunflower suspensions were perhaps an unsuitable substrate for kiwifruit expansin 

(a possible reason by the assay was negative) they were replaced by kiwifruit tissue in the 

turbidity assay. The outer pericarp from supermarket-bought ‘Hayward’ kiwifruit at eating 

ripeness (around 1.5-2 N), was excised and prepared for the assay as described for the 

sunflower hypocotyls. Snail acetone powder was added, and an increase in the turbidity of the 

kiwifruit cell wall suspension was observed (Figure 4.17A). After that, recombinant LS 

expansin extract was used on the kiwifruit cell wall suspension, but as with sunflower 

hypocotyls, the expansin extract did not increase the turbidity of the kiwifruit cell wall 

suspension (Figure 4.17B). 

 

To test whether the recombinant expansin may have been too dilute to have an effect on the 

cell wall suspension, LS extracts were concentrated using a concentrator (polyethersulfone 

membrane, 5 kDa MW cut-off, Vivascience). The turbidity assay was performed using both 

sunflower hypocotyls and kiwifruit cell wall suspensions and showed no increase in turbidity. 

In order to see a possible negative effect of salt on the assay, extracts were desalted using a 

PD-10 desalting column (GE Healthcare). No increase in turbidity was observed in either cell 

wall suspension (results not presented). 
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Figure 4.17. Turbidity assay using snail acetone powder to mimic expansin activity 

recombinant kiwifruit expanisn using kiwifruit outer pericarp as a substrate. Effects of 

the addition of snail acetone powder and recombinant expansin from low salt extracts of 

tobacco leaves on the optical density of 1 mL of kiwifruit outer pericarp cell wall fragment 

suspensions in MES buffer at pH 5. (A) Snail acetone powder (B) recombinant expansin. 

Arrow indicates addition of snail acetone powder or recombinant kiwifruit expansin. 

 

4.4.2 Effect of expansin of cell wall swelling 

 

To investigate whether the expansin extract had an effect on inducing swelling of cell wall 

material (CWM) from unripe kiwifruit, concentrated LS expansin extract (2 ml) was added to 

‘Hayward’ CWM (5 mg) from tissue at harvest firmness (FC0, see Chapter 2) and left stirring 

overnight at room temperature. LS phex extract, LS buffer, and water were used as controls. 
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No swelling was observed after the addition of the concentrated recombinant LS expansin 

extract (Figure 4.18).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.18. Effect of recombinant kiwifruit expansin on cell wall swelling. Effect of 

concentrated low salt (LS) expansin extract from transient tobacco leaves on the swelling of 

‘Hayward’ cell wall material (isolated from tissue at harvest firmness). Controls were 

concentrated LS phex extract, LS buffer and water. 

 

 

A study by Koh and Schröder (PFR, unpublished) showed that a purified celery expansin was 

able to release pectin from unripe kiwifruit cell wall material in-vitro (Dr. Rosie Schröder, 

personal communication, PFR). Therefore, a uronic acid (UA) assay (Chapter 3, Section 

3.2.2.3) was performed on the supernatant of the cell wall swelling assay to determine if pectin 

solubilisation had occurred. Vials were centrifuged to ensure no CWM was in the supernatant, 

and UA assays performed in duplicate using 300 µL of supernatant. Results showed no 

significant difference in UA content between the concentrated recombinant LS expansin extract 

and the controls (concentrated phex LS buffer and water) (Figure 4.19).  
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Figure 4.19. Effect of recombinant kiwifruit expansin on the release of pectin from unripe 

kiwifruit cell wall material. Uronic acid assay on the supernatant after overnight incubation 

of cell wall material with concentrated recombinant expansin (Exp), concentrated phex vector, 

low salt buffer (LS) and water. 

 

4.4.3 Extensiometry 

 

The recombinant expansin had no effect on cell wall swelling using the turbidity and cell wall 

swelling assays. Therefore the extensiometry equipment available at the University of 

Westminster, London, England was used to investigate the effect of the recombinant expansin 

on cell wall extension (Figure 4.20). A computer attached to the extensiometer recorded the 

displacement data from the LVDT core via a Bede PCADH24 analogue input card (Bede 

Technology). Every 30 s, each LVDT core position was determined 1000 times and the average 

was recorded.  

 

For extensiometry, six 20 mm long segments were cut from the elongating part of the sunflower 

hypocotyls. They were longitudinally split into two using a double edged razor blade, boiled 

for 90 s and then incubated in MES buffer at pH 5.0 for 10 min at room temperature. The strips 

were clamped into the extensiometer with a reservoir volume of 120 μL. Six hypocotyls could 

be tested at one time. One end of the hypocotyl was glued between two small pieces of plastic 

and was held in place by a cork at the bottom of the reservoir. The other end was clipped at one 

end of a cantilever arm. About 10 mm of the hypocotyl was exposed inside the reservoir, which 

contained pH 5.0 MES buffer. After loading into the extensiometer, the strips were left to settle 
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for about 20 min. A force of 0.098 N was then applied to the hypocotyls which were left to 

extend for an hour. Force was increased to 0.147 N and the hypocotyls left for a further hour. 

Force was increased to 0.172 N for 5 min, then reduced to 0.147 N. The reservoirs were topped 

up with distilled water every hour to compensate for evaporation. The strips were allowed to 

extend for approximately 2 h and then the bathing solution was removed using a syringe and 

replaced with LS expansin extract for four hypocotyls and LS phex extract for two hypocotyls, 

and the test material was allowed to extend under a constant load for at least 1.5 h. The 

computer recorded the displacement of the LVDT core throughout. 

 

 

Figure 4.20. A purpose-built extensiometer to observe the effects of protein on cell wall 

extensibility. Custom built by the Biological Sciences workshop at the University of Lancaster, 

England. 

 

Out of the six sunflower assays set up, three hypocotyls broke in the extension process (two 

sample hypocotyls and one control hypocotyl). When using the LS extract no difference was 

observed between the recombinant expansin protein and the control protein. However, after the 

extracts were desalted using a PD-10 column, a difference was observed (Figure 4.21). Of the 

remaining three hypocotyls, one sample showed extension with the recombinant expansin. The 

other did not, and remained similar to the control. Unfortunately, due to time constraints and 
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the lack of extensiometry equipment available in New Zealand, this effect could not be pursued 

further. 

 

 

Figure 4.21. Effect of recombinant kiwifruit expansin on the extension of sunflower 

hypocotyls. Shows the changes in extension of boiled sunflower hypocotyls after addition of 

desalted recombinant expansin (blue and red lines) and desalted phex (control, green line). 

 

 

4.5 Discussion 

 

This discussion focuses on the similarities and differences in enzyme activities between MPM 

and ACS, with the aim of determining whether softening rate is caused simply by altered rates 

of enzyme activity. In this present study, while experimental conditions were optimized to 

produce the best results possible, results of in-vitro enzyme assays may not necessarily have 

mimicked in-vivo conditions. Results of enzyme activity assays can be influenced by several 

factors including incomplete extraction, enzyme lability, inhibition of enzyme function, or 

activity contributed by multiple isoforms (Goulao & Oliveira, 2008). Because the enzyme-

substrate compartmentalization is disrupted during the extraction procedure, 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 and how much may remain inaccessible in the cell wall.  
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The most significant differences between the genotypes were found in the activities of XET 

and XEH. The increase in activity of all genotypes during softening was similar to the findings 

of Redgwell and Fry (1993) and Percy et al. (1996) on ‘Hayward’ following ethylene treatment. 

In these studies, the highest XET activity was found in the inner pericarp and core tissue during 

softening, while the outer pericarp showed the highest percentage increase in XET activity 

during softening. For the most part, the activity of the xyloglucan transglycosylating enzyme 

XET in MPM and ACS was similar in both the LS and HS extracts. However, a large increase 

was noted in both fractions of MPM at FC4. While this increase was noted when fruit were 

already over-ripe, it may be associated with the rearrangement of xyloglucan and the swelling 

of the cell wall. Percy et al. (1996) also noted that during kiwifruit development, XET activity 

increased throughout the later stages of fruit growth and continued to increase after harvest 

until fruit were ripe. They suggested that XET may play a key role early in kiwifruit ripening 

with loosening of the wall in preparation for further modification by other cell wall associated 

enzymes. Furthermore, MPM exhibited a strong protein band at ~30 kDa, the typical size of an 

XTH protein (Campbell & Braam, 1998; Schröder et al., 1998). This band was not detected in 

ACS or ‘Hayward’, suggesting this enzyme was more active in MPM than in ACS. 

 

The activity of the xyloglucan hydrolysing enzyme XEH in MPM was already established at 

FC1 when fruit were still very firm, whereas in ACS it appeared and increased only later in 

softening. In tomato, XEH activity was accompanied by a decrease in the MW of xyloglucan. 

However it was found that its activity was highest during fruit development and declined during 

fruit softening (Maclachlan & Brady, 1994). Since XET and XEH are dual activities of the 

protein XTH, it is possible that the high in-vitro XET activity found in MPM at the over-ripe 

stage could stem from an XTH that perhaps has predominantly XEH activity in-vivo. The 

expression pattern of different kiwifruit XTH genes are investigated in Chapter 6. 

 

It has been suggested that the loss of galactan as side chains of RG-I (if one assumes that these 

are the native substrates for BGal) would make the cell wall more porous thereby 

compromising its structural integrity (Smith et al., 2002). It was hypothesised that the slow 

softening ACS might have lower BGal activity than the fast ripening MPM as down-regulation 

of a BGal isoform in tomato resulted in firmer fruit (Bennett & Labavitch, 2008; Smith et al., 

2002; Smith & Gross, 2000). Similarly in apple, the slow softening cultivar ‘Scifresh’ had 

lower BGal activity (and less galactose loss) than the faster softening ‘Royal Gala’ (Ng et al., 
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2015). The results obtained in this study show that this was not the case for kiwifruit, as MPM 

and ACS had a similar BGal activity, and this activity did not change significantly over 

softening. This pattern was also observed in ‘Hayward’, similar to the findings of Wegrzyn and 

MacRae (1992) who noted that there was no significant change in BGal activity in ethylene-

treated ‘Hayward’ as fruit softened.  

 

The model substrate PNP-G which has been shown to be a suitable substrate for several forms 

of tomato BGal was used in this study (Pressey, 1983). However, the disadvantage of this assay 

is that additional BGals may be detected which may not be cell wall polymer specific. They 

may, for example, also be related to flavour development, as some of the isoforms might be 

able to remove sugar residues from flavour pre-compounds in the vacuole during softening 

(Ross Atkinson, personal communication, PFR). The use of native substrates would seem like 

an alternative method to differentiate BGals that are active against cell wall galactans from 

those which are not. Additionally, the presence of signal peptides at the 3’ end which guide the 

BGal mRNAs to the endoplasmatic reticulum might give an indication of which BGals are 

destined to the cell wall and which ones are destined to the cytoplasm or vacuole.  

 

While enzyme assays indicated enzyme activity, immunoblotting using an antibody generated 

against BGal from apple can gave an indication of the actual proteins present. More isoforms 

of BGal appeared to be present in MPM compared with ACS and ‘Hayward’. A study by Ross 

et al. (1993) showed that while the size of the predominant ‘Hayward’ BGal was at 59 kDa, 

there were several other proteins detected at 67, 46 and 34 kDa as well as some minor low MW 

proteins. In this study, the low molecular band at 34 kDa was not detected in any genotype, 

while the higher MW bands were detected. These bands, however, could have arisen partly 

from different isoforms of BGal or from non-specific binding of proteins with epitopes also 

recognized by the polyclonal antibody. The increase in intensity of the immunopositive bands 

was not reflected in an increase in BGal activity in any genotype. This was possibly because 

the PNP method used detected total BGal activity and that not all activity may be cell wall 

related. 

 

PME is a cell wall bound enzyme, and high salt concentrations are needed for its release (Puri 

et al., 1982), a finding confirmed in this study. The increase in PME activity in ACS at FC2 

and FC3 correlated with a decrease in the degree of esterification of the cell wall material 

during softening (Chapter 3). Although there were differences in PME activity between MPM 



 

138 

 

and ACS, suppression of PME activity in tomato showed that PME activity plays a minimal 

role in fruit softening but substantially affects tissue integrity and fruit processing 

characteristics (Thakur, Singh, & Handa, 1996; Thakur, Singh, Tieman, et al., 1996; Tieman 

et al., 1992). In tomato, PME activity was present during fruit development, peaking early in 

ripening and then declining slightly (Harriman et al., 1991; Tieman et al., 1992). PME may 

therefore play a similar role in kiwifruit, having more of an effect on texture than softening 

rate. Previous studies have shown that in ethylene-treated ‘Hayward’, PME activity decreased 

to low levels as fruit ripened (Wegrzyn & MacRae, 1992). In this current study, while room 

temperature-ripened ‘Hayward’ had the highest PME activity of all genotypes at FC2 and FC3, 

it was not detected at FC1 and FC4. This result in ‘Hayward’ could be caused by the presence 

of a PME inhibitor (Balestrieri et al., 1990; Giovane et al., 1995; Mattei et al., 2002). However 

this is purely speculative, as the presence of PME or PME inhibitor protein at these stages could 

not be confirmed because of the lack of specific antibodies. 

 

In this current study, PG activity generally increased in ACS during softening, with no activity 

detected at FC3. However, it did not change greatly in MPM, which was only detected at FC2 

and FC3. Previous studies on ‘Hayward’ have obtained varying results for PG activity. While 

the activity of PG increased during softening of ‘Hayward’ during this study, Wegrzyn and 

MacRae (1992) found low PG activity in the early stages of softening of ethylene-treated fruit, 

with the highest PG activity noted in ripe fruit. Sharma et al. (2015) found that PG activity 

increased then decreased towards the end of softening in fruit ripened at ambient temperature. 

Overall in this current study, high PG activity was correlated with a slow softening rate in ACS, 

while PG activity was low in the fast softening MPM. Ghiani et al. (2011) suggested that in 

peach, PG is involved in pericarp textural changes rather than firmness reduction. In contrast 

to that study, strawberry PG activity has been found to be highest in fast softening cultivars 

and low in slow softening cultivars (Figueroa et al., 2008; Villarreal et al., 2008). This was also 

the case in apple, where Ng et al. (2013) demonstrated the absence of ripe apple PG in a slow 

ripening apple cultivar whereas a PG protein was detected in a fast ripening cultivar. 

Transgenic studies on apple and strawberry have indicated a central role of PG in fruit 

softening, as down-regulation of PG in these species lead to a slower softening rate compared 

to the wild type controls (Atkinson et al., 2012; Quesada et al., 2009). On the other hand, in 

tomato the suppression of PG activity resulted in fruit with altered pectin metabolism but had 

no effect on fruit firmness compared with controls. Additionally, over-expression caused 

solubilisation of the pectin but did not affect fruit softening (Giovannoni et al., 1989; Smith et 
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al., 1988). However, tomato contained a vast amount of this enzyme, therefore despite down-

regulation the residual enzyme activity still allowed fruit to soften normally (Dr David 

Brummell, personal communication, PFR). These studies demonstrate the range of roles PG 

may play in fruit ripening and that PG in kiwifruit may affect textural changes similar to the 

role it has in peach, rather than influencing softening. 

 

While an activity assay for expansin was not carried out, immunoblot analysis using a kiwifruit 

expansin antibody showed differences in expansin proteins in these genotypes. The MW of the 

two expansins initially reported were about 29 kDa, although subsequent work has suggested 

that the MW of expansins is ~25-27 kDa (Cho & Kende, 1997b; Keller & Cosgrove, 1995; Li 

et al., 2002; McQueen-Mason et al., 1992). MPM had the most immunopositive protein bands 

present, with an intense band of 23 kDa at FC4. The bands detected at approximately 40 kDa 

in MPM and ACS were most likely the result of unspecific binding of the expansin antibody. 

Expansins have been suggested to prepare the way for XETs by disrupting the hydrogen bonds 

between xyloglucan and cellulose (Cosgrove et al., 2002). Therefore, it is interesting to note 

that the intense expansin protein band at FC4 correlated with the high XET activity in MPM at 

FC4. However, the specific activity of expansin was not determined in this study.  

 

A potential method of assaying expansin activity was investigated in this study. It has been 

hypothesised that expansins allow turgor-driven creep (extension) by weakening the non-

covalent bonding of the wall polysaccharides by a unique mechanism, but their exact 

biochemical mechanism and their site of action is uncertain (McQueen-Mason et al., 1992). 

Additionally, it has been proposed that expansins increase the hydration of cell walls, 

increasing the cell wall free volume. As kiwifruit cell walls show swelling in-vivo as well as 

in-vitro (Redgwell, MacRae, et al., 1997), the turbidity assay seemed promising to investigate 

the role of expansins in kiwifruit. Snail acetone powder contained a variety of enzymes such 

as β-glucuronidase, sulfatase and β-D-mannosidase that can act on plant cell walls. All these 

may have contributed to the swelling of the cell wall suspension and therefore the observed 

increase in turbidity may not have been the effect of expansin-like activity (Dr Daniel 

Cosgrove, personal communication, Pennsylvania State University). This is likely, as the 

recombinant expansin did not show any swelling inducing capacity with either the turbidity 

assay or effects on swelling of kiwifruit CWM. However, the preliminary extensiometry data 

did suggest the possibility of an active protein that may cause cell wall extension, rather than 

an increase in turbidity or cell wall swelling. This protein may be inhibited by the presence of 
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salt or another low MW component in the extract. In this present study, the release of UA from 

the cell wall could not be induced by treating unripe kiwifruit CWM (which showed no 

swelling in water at all, Figure 3.3) with the recombinant expansin. This is not consistent with 

the findings that Koh and Schröder reported (Dr Rosie Schröder, personal communication, 

PFR). However, Koh and Schröder used purified expansin from celery cell walls to treat unripe 

kiwifruit cell wall material.  

 

There are several reasons why these methods may have been unsuccessful using the transiently 

expressed kiwifruit expansin. While the immunoblot confirmed the presence of an expansin 

protein at 23 kDa, in both the LS extract and pellet after extraction, it was unclear whether or 

not this protein was active. The substrates used (sunflower hypocotyls, and kiwifruit outer 

pericarp at eating firmness) may not have been suitable and did not mimic the substrates used 

by expansin in-vivo. It is also possible, however, that the recombinant expansin was not active, 

as expansins are very difficult to express in bacterial, yeast or insect systems (Rochange & 

McQueen-Mason, 2000). Wang et al. (2011) expressed an expansin-like protein in Escherichia 

coli, however this was in an inactive form. More recently, a study by Seki et al. (2015) 

successfully expressed active expansins from Oryza sativa in E. coli. The expression pattern 

of expansin genes during kiwifruit softening is investigated further in Chapter 6.  

 

There were several main conclusions to come out of this enzyme study. The activities of XET 

and XEH showed the largest differences between the fast and slow softening genotype. This 

suggested that modifications to xyloglucans in MPM are weakening the cell wall thereby 

contributing to the fast softening time of this genotype. It is possible that multiple isoforms of 

BGal may be involved in kiwifruit softening. However, the role BGals play in determining 

softening rate has not been fully elucidated as the PNP assay may have not discriminated 

between cell wall and non-cell wall related BGal enzymes. Results showed that in kiwifruit, 

PG and PME may play more of a role in determining fruit texture than in influencing the 

softening rate. The effect of expansin isoforms on kiwifruit cell walls and their roles during 

fruit softening remain elusive. Overall the results show that kiwifruit ripening is not simply a 

matter of a reduced enzyme activity in the slow softening genotype compared to the fast 

softening genotype, but that other factors are at play. 
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Chapter 5 Histochemical and immunofluorescence                 

studies on cell walls 
 

5.1 Introduction 
 

An important adjunct to understanding cell wall chemistry is to understand where the different 

polysaccharides are located, and how the changes in the chemistry of the cell walls are reflected 

in the physical structure of the wall. Microscopy has been used in this study to investigate both 

structural changes in the wall and changes in the localisation of cell wall polysaccharides. It 

has also been used to show how they changed during the softening process and how they 

differed between the kiwifruit genotypes. 

 

The use of antibodies labelled with fluorescent probes that bind to specific components of the 

cell wall is one of the most direct ways to investigate the structure and composition of cell 

walls at the molecular level (Knox, 2008). Antibodies are glycoproteins that are produced by 

animals in response to a foreign molecule, or antigen. In the study of plant cell wall structure 

and composition, the antigens are derived from a portion of the target polysaccharide. In 

general, antibodies bind to the antigen molecules via a site on the surface of the antigen called 

the epitope. The antibody is specific to a particular site or set of sites (epitopes) that satisfy the 

requirements for binding. Thus the presence or absence of labelling relates to the availability 

of those epitopes to the antibody from which the presence or absence of the target 

polysaccharide can be inferred. 

 

Antibodies may be classified as either polyclonal or monoclonal depending on the way in 

which they are generated. A polyclonal antibody is produced after direct inoculation of 

different immune cells with the antigen. As it is made from a number of different immune cells, 

it has specificity and affinity to a range of epitopes on the surface of an antigen. During an 

immune response, the composition of the polyclonal serum changes, creating inconsistencies 

among antibodies produced at different harvest times. It may therefore lack reproducibility 

(Nelson et al., 2000). Because polyclonal antibodies have the ability to react with multiple 

epitopes on the surface of antigens, their use in the localization of plant cell wall polymers is 

limited by the variety of monosaccharides present. This makes their use less specific. 

Monoclonal antibodies on the other hand are mono-specific, which means they bind 

specifically to a defined epitope, or a variety of different larger motifs. In contrast to polyclonal 
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antibodies, monoclonal antibodies are produced from single cell lines which are clones of a 

unique parent cell. Monoclonal antibodies have monovalent affinity, binding to the same 

epitope. Therefore they are used more extensively as molecular probes for plant cell wall 

polymers.  

 

The generation of primary monoclonal antibodies requires the immunization of an animal 

(usually mice or rats) with an antigen which elicits an immune response. This involves the 

production of antibodies from B-cells in the spleen, which bind to the antigen. The spleen cells 

of these animals can then be isolated and fused with myeloma cells in-vitro, and the hybridised 

malignant spleen cells isolated separately and grown indefinitely in culture, resulting in a series 

of immortal cell lines known as hybridoma clones (Nelson et al., 2000). It is then possible to 

screen individual hybridoma clones to identify and select hybridomas that produce antibodies 

of the appropriate specificity. Monoclonal antibodies are produced by culturing the hybridoma 

cell lines that produce single antibodies, and these antibodies are harvested by centrifugation 

of the cell culture (Goding, 1996). A particular advantage of this method is that the continuous 

culture of hybridoma cells producing monoclonal antibodies can offer the potential of an 

unlimited supply of reagent as well as consistency in the quality of antibodies produced. 

Hybridoma technology, therefore, has had a major impact on understanding the architecture of 

plant cell walls (Willats et al., 2000). 

 

After the binding of a primary antibody, a secondary antibody that has been raised against the 

species of the primary antibody is then used to visualise the primary binding. This secondary 

antibody is conjugated to a fluorescent probe which can be used for visualisation. The 

production of secondary antibodies requires species that are different from those of primary 

antibodies, for example in the case of rats or mice as a source for primary antibodies, secondary 

antibodies can be raised in animals such as goats or rabbits. The secondary antibodies are made 

after injection of the host animal with antibodies from rats or mice (Goding, 1996; Watson et 

al., 2005). Since the secondary antibody is directed against the primary antibody’s Fc domain 

which is constant within the same animal class, only one type of secondary antibody is required 

to bind to many types of primary antibodies. A diagram of how immunolocalisation of plant 

cell walls works is shown in Figure 5.1.  

 

In this study, only monoclonal antibodies (mAB) were used. They were selected with the aim 

of supporting cell wall chemistry data (Chapter 3). The selected mABs are shown in Table 5.1. 



 

143 

 

While there were some differences noted in Chapter 3 in regards to arabinan side chains, LM6 

(specific for α –(1→5)-arabinosyl residues) was not included in this study due to the fact that 

it has not been successful in labelling several different kiwifruit genotypes, including 

‘Hayward’ (Paul Sutherland, personal communication, Plant and Food Research). 

 

 

 

 

 

  

 

 

 

Figure 5.1 Example of how immunolocalisation works. The primary monoclonal antibody 

attaches to a specific antigen on a polysaccharide and the fluorescing secondary antibody 

attaches to the Fc domain of the primary antibody (Paul Sutherland, Plant and Food Research). 

 

The aim of this study was to identify differences in structure, arrangement and intensity of 

pectin and xyloglucan epitopes of MPM and ACS during softening. ‘Hayward’ was used as a 

reference.  

 

Three time points were chosen to give an overall impression of changes occurring during 

softening: FC1, the initiation phase; FC2, the rapid softening phase and FC4, the over-ripe 

phase (phases are defined in Figure 1.10). In association with the results of chemical and 

biochemical studies, a more holistic understanding of the cell wall softening processes was 

obtained. 
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Table 5.1 Monoclonal antibodies used in this study. This table details the monoclonal 

antibodies used in this study, their specific targets and known location within the cell wall of 

other tissues as reported in literature. HG, homogalacturonan 

 

Antibody Target Reported location Reference 

JIM5/LM19 Low methylesterified 

or de-esterified HG 

 

Middle lamella and 

cell corner of 

Arabidopsis seeds 

Knox et al. (1990); 

Verhertbruggen et al. 

(2009) 

JIM7/LM20 High 

methylesterified HG 

 

Abundant 

throughout the 

middle lamella 

(carrot root, sugar 

beet root) 

Guillemin et al. 

(2005); 

Knox et al. (1990) 

 

LM5 Four consecutive  

β-(1→4)-galactan 

residues 

Narrow region of 

the cell wall 

adjacent to the 

plasma membrane 

Jones et al. (1997) 

LM15 XXXG motif of 

xyloglucan 

Outer thicker 

regions of the cell 

wall, adjacent to the 

middle lamella in 

parenchyma of 

tamarind seeds 

Marcus et al. (2008) 

 

5.2 Methods and Materials 
 

5.2.1 Tissue sampling, fixation and sectioning 

 

General preparation for microscopy and localization of cell wall epitopes was carried out 

according to Sutherland et al. (2009). Using a razor blade, small rectangles (5 x 2 x 2 mm) of 

outer pericarp tissue from MPM, ACS and ‘Hayward’ were taken from fruit at three softening 

stages: FC1, FC2 and FC4, as defined earlier. All samples were submerged in 2% 

paraformaldehyde (w/v) with 0.1% glutaraldehyde (v/v) in 0.1M phosphate buffer (pH 7.2) 

under vacuum for 1 h. Fixed tissue was stored at 4°C until processed. The tissue was then 

dehydrated in an ethanol series using 30%, 50%, 70% and 95% dry ethanol for each for 15 

min. Tissue was dehydrated twice in 100% dry ethanol, each time for 15 min. Tissue was then 

embedded in LR White resin (London Resin). Infiltration was carried out over three days on a 

PELCO® R1 rotator (Ted Pella) with daily resin changes. Each tissue sample was then placed 

in a sealed gelatine capsule (ProSciTech) with LR White resin and polymerised in a hot air 
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oven at 55ºC. Once hardened, the gelatine capsules were removed and the embedded material 

was trimmed with a razor blade to produce a suitable sized and shaped face for sectioning. A 

glass knife was used on a Leica UCT ultramicrotome (Leica Microscopy Systems Ltd) to face 

off the material and obtain a smooth surface. A diamond knife was then used on the Leica UCT 

ultramicrotome to section the material. Semi-thin sections (1 µm thickness) were prepared for 

histochemical staining with toluidine blue and ultra-thin sections (200 nm thickness) were 

prepared for antibody labelling. These thin sections were used to reduce the effect of any 

inherent autofluorescence of the sample. Sections were mounted on Superfrost ® poly-L-

Lysine coated slides (25 x 75 x 1 mm, Biolab) using a drop of ultrapure water 

(Barnstead/Thermolyne Corporation) and a wire loop. Three sections (1 µm or 200 nm) of each 

genotype were placed on a slide, with one slide for each FC, and dried overnight on a hot plate 

(45°C). 

 

5.2.2 Toluidine blue staining and light microscopy 

 

To visualise changes in cell structure during softening, the 1 µm tissue sections from the 

different stages, prepared as above, were stained with 0.05% toluidine blue (BDH Chemicals) 

in benzoate buffer (pH 4.4) for 5 min. They were washed extensively in tap water and air dried 

under mild heating. Samples were mounted in SHUR/Mount ™ (Triangle Biomedical 

Sciences) and covered with a glass coverslip (24 x 50 mm). Samples were then examined using 

transmitted light on a compound microscope (Olympus Vanox AHT3, Olympus Optical Co. 

Ltd.). The images were captured using a Roper Scientific CoolSnap colour digital camera 

system (RoperScientific Ltd). 

 

5.2.3 Immunolabelling and fluorescence microscopy 

 

The antibodies used in this study were rat mABs as described earlier (Table 5.1) supplied by 

PlantProbes (Leeds, UK). For immunolocalisation, sections (200 nm) were mounted on glass 

slides and encircled with a hydrophobic barrier using a PAP pen (PST, Daido Sangyo Ltd), and 

left to air dry for approximately 2 h. Sections were blocked with 0.1% bovine serum albumin 

(BSA-C, Aurion) in phosphate-buffered saline plus 0.1% Tween 80, blocking buffer (PBS-T) 

for 15 min. These were then incubated overnight with antibodies diluted in 0.1% BSA-C in 

PBS-T (dilutions are shown in Table 5.2) in a humid chamber (Petri dish with moist filter 

paper) at 4°C. After incubation, the slides were washed in three 1 mL applications of PBS-T 
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and incubated for 1 h with the secondary antibody (goat anti-rat IgG AlexaFluor 488 

(Molecular Probes)), diluted 1:600 in PBS), with 200 µL applied to each slide. Sections were 

washed in three 1 mL applications of PBS-T followed by three 1 mL applications of Ultrapure 

water and allowed to air dry at room temperature. Samples were mounted in Citifluor (Agar 

Scientific) and covered with a glass coverslip (24 x 50 mm).  

 

It has been suggested the epitopes required for LM15 binding may be masked by pectin 

(Marcus et al., 2008). Therefore a pre-treatment was applied to some sections to unmask the 

epitopes of interest before labelling. Sections were incubated in a microbial pectate lyase 

solution (10 µg/ml) for 2 h at room temperature in 50 mM N-cyclogexyl-3-aminopropane 

sulfonic acid (CAPS), 2 mM CaCl2 (pH 10) buffer. The high pH of the enzyme buffer removes 

the methyl esters in the cell walls and makes the homogalacturonan (HG) susceptible to pectate 

lyase degradation. Sections were then washed in buffer followed by water. They were allowed 

to dry, blocked in 0.1% BSA-c in PBS-T and labelled with LM15 as described above. Negative 

controls were included for all antibodies where the application of the primary antibody was 

omitted and only the secondary antibody was applied onto the sections 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.  

 

Labelled sections were viewed under epifluorescence with the Vanox compound microscope 

using a mercury light source and an Olympus BH2-DMIB interference blue filter set. Images 

were captured using a Roper Scientific CoolSnap colour digital camera system. All images 

presented in the results section are based on fixed exposure. A fixed exposure setting for each 

antibody at each magnification was used to enable some degree of understanding of difference 

in intensity of labelling as well as pattern of localisation. 

 

 

Table 5.2 Primary antibodies, their targets, and corresponding dilution factors used for 

immunolabelling. 

Antibody Target Dilution (v/v) 

JIM5 Unesterified or partially esterified homogalacturonan 1:20 

JIM7 Methylesterified homogalacturonan 1:20 

LM19 Unesterified, partially esterified homogalacturonan 1:50 

LM20 Methylesterified homogalacturonan 1:50 

LM5 (1-4)-β-D-galactan 1:100 

LM15 XXXG motif of xyloglucan 1:40 
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5.2.4 Image processing 

 

All images were processed using Adobe Photoshop Version 6.0 and saved as copies of original 

files. When fluorescence occurred at low intensity, brightness and contrast were adjusted to 

enhance its visibility against a black background. This was done to the same degree for all 

images which were to be compared to each other. Where these adjustments were made is noted 

in the results. 

 

5.3 Results 
  

5.3.1 Bright field microscopy 

 

The histological changes in the outer pericarp tissue of MPM, ACS and ‘Hayward’ are shown 

in Figure 5.2. The outer pericarp tissue of all genotypes comprised parenchyma cells of two 

different types designated ‘large’ and ‘small’. In all images ‘1’ represents large cells, while 

unlabelled cells are small cells. In cross section, large cells were nearly circular, while the small 

cells were of more irregular outline across all genotypes. It was interesting to note that in most 

instances, the profiles of the small cells of MPM were considerably smaller than those of ACS 

and ‘Hayward’. The small cells of MPM were most frequently approximately 50 µm in 

diameter, while in ACS and ‘Hayward’ they were more commonly approximately 100 µm in 

diameter. 

 

A pattern common to all three genotypes during softening was the apparent loss of cell wall 

integrity with a corresponding reduction in the intensity of toluidine blue staining. Large cells 

in all genotypes retained a greater degree of cell wall integrity and an ability to stain as the fruit 

softened. This was more evident in MPM and ACS than in ‘Hayward’. In all genotypes at FC4, 

the small cells had lost most of their ability to be stained and only large cells were still visible. 

Light staining of some portion of the cell wall in small cells sometimes occurred and walls 

were still visible as faint blue lines (arrows, Figure 5.2).  

 

At FC4, in-vivo cell wall swelling was observed in all genotypes; however, the degree of cell 

wall swelling and cell separation differed between genotypes in all cell types. In MPM, the 

large cells were strongly stained while the small cells exhibited cell wall swelling (Figure 5.2C, 

Figure 5.3 A). In ACS, the large cells exhibited a higher degree of swelling than MPM (Figure 
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5.2F, Figure 5.3 B). The densely stained areas of the small cells could indicate the presence of 

plasmodesmatal pit fields. In ‘Hayward’, the large cells had a thin area of densely stained cell 

wall at the cell-lumen interface (the side of the cell wall adjacent to the cell lumen), with lightly 

stained diffuse material at the cell-cell interface indicating swelling (Figure 5.2I, Figure 5.3 C). 

The small cells of ‘Hayward’ exhibited a larger degree of swelling than MPM and ACS. There 

was evidence of both swelling of cell walls and splitting of adjacent cells in ‘Hayward’, where 

cells had pulled away from each other and the intercellular spaces (ic) were visible.  
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Figure 5.2 Staining with toluidine blue. Toluidine blue stained resin-embedded section of 

MPM (A-C), ACS (D-F) and ‘Hayward’ (G-I), at FC1, FC2 and FC4. Bar = 50 µm in all 

images. Arrows indicate blue outline of small cells. ‘ic’, intercellular spaces; 1, large cells. 

 

 

 

FC1 FC2 FC4 
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Figure 5.3. Higher magnification images of staining with toluidine blue. Toluidine blue 

stained resin-embedded section of MPM (A), ACS (B) and ‘Hayward’ (C), at FC4. Bar = 10 

µm in all images. Arrows indicate the extent of the swollen wall. ‘ic’, intercellular spaces; ‘sw’, 

swelling; ‘sp’, splitting; 1, large cells. Note that these images have been enhanced. 

 

 

 

5.3.2 Immunofluorescence   

 

In the images presented, antibody labelling is green. The yellowish fluorescence in some 

images is autofluorescence of the cell wall and other components in the section. 

 

5.3.2.1 Localisation of low methylesterified or unesterified homogalacturonan (HG) regions 

of pectin using JIM5 

 

The antibody JIM5 recognises low methylesterified epitopes of HG and can also bind to 

unesterified HG. Images are presented in Figure 5.4. In MPM at FC1, labelling of JIM5 was 

concentrated at the tricellular junctions (Figure 5.4A) with some patchy labelling in the cell 

walls. There was little change in the labelling pattern between FC1 and FC2, with labelling still 

primarily located at the tricellular junctions. At FC4 in MPM, JIM5 was visible as more or less 

continuous lines at the cell-lumen interface of the large cells. In the small cells it was visible 

as randomised patches of labelling at the cell lumen interface and the middle lamella region 

(Figure 5.4C).  

 

In ACS at FC1, JIM5 was localised not only at tricellular junctions but also in the middle 

lamella region of large and small cells (Figure 5.4D and Figure 5.6B). Discrete regions had 

reduced labelling in the cell walls. As in MPM, there was little difference in the distribution of 
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the epitope detected by JIM5 between FC1 and FC2. By FC4, most of the labelling had been 

lost in small cells, while there was still patchy labelling in the cell walls of the large cells, 

mainly located at the cell lumen interface.  

 

In ‘Hayward’ at FC1, immunolabelling was localised in some regions of the cell walls of the 

large cells, while it was patchy in other regions of the large and small cells (Figure 5.4G). 

Unlike in ACS or MPM at FC1, it was not localised as strongly at the tricellular junctions. 

Between FC1 and FC2 some labelling had been lost from the middle lamella of both small and 

large cells, and the epitope was mainly localized at the tricellular junctions. By FC4, the small 

cells were no longer clearly defined, and the intercellular space between cells was visible more 

so in ‘Hayward’ than in MPM and ACS (Figure 5.4I). Labelling was still present at the cell 

lumen interface of large cells.  
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Figure 5.4. Immunofluroescence labelling with JIM5. Immunofluorescence labelling of low 

methylesterified or unesterified homogalacturonan with the antibody JIM5 in MPM  

(A-C), ACS (D-F) and ‘Hayward’ (G-I), at FC1, FC2 and FC4. Bar = 50 µm for all images. tj, 

tricellular junction; ic, intercellular spaces; 1, large cells. 

 

FC1 FC2 FC4 
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5.3.2.2 Localisation of low methylesterified or unesterified homogalacturonan (HG) regions 

of pectin using LM19 

 

LM19 is a more recently introduced rat mAB specific for the HG region of pectin with a 

preference for low methylesterified and unesterified HG. In this study it was used for 

comparison with JIM5. It is specific for epitopes similar to, but not identical with those of 

JIM5. 

 

Images of labelling with LM19 are presented in Figure 5.5. In MPM at FC1, LM19 showed 

strong and consistent labelling in both large and small cells (Figure 5.5A). There were several 

gaps, possibly at the site of plasmodesmata pit fields (pl). At FC2, labelling of LM19 was in a 

narrower region of both the large and small cells and labelling was mostly consistent, with a 

few patchy regions in both cell types (Figure 5.5B). At FC1 and FC2, LM19 labelled more 

regions of the cell wall than JIM5 (for FC1 see Figure 5.6). At FC4, labelling had mostly been 

lost in both large and small cells, but the cell lumen interface was still visible in the large cells 

(Figure 5.5C). At FC4, the labelling patterns of LM19 and JIM5 were similar. 

 

In ACS, labelling of LM19 at FC1 was also located in a thicker region of the cell wall including 

the middle lamella region in both the large and small cells. Labelling extended across a greater 

width of the cell wall than JIM5 at FC1 (Figure 5.5D and Figure 5.6). As fruit reached FC2, 

LM19 was localised in a thinner region of the middle lamella of both cell types with some less 

well labelled patches (Figure 5.5D, E). At FC2, labelling by LM19 and JIM5 was similar. At 

FC4, labelling was still visible in both cell types, although it had become diffuse and the cells 

walls were less defined (Figure 5.5F). LM19 labelled a larger region of the wall with a greater 

intensity than JIM5 at FC4. 

 

In ‘Hayward’ at FC1, labelling was less intense than in MPM and ACS and was stronger at the 

tricellular junctions in both the large and small cells. LM19 labelled more regions of the cell 

wall at FC1 than JIM5, including the tricellular junctions. Compared with MPM and ACS, in 

‘Hayward’ at FC1, LM19 was not labelling as greater region of the cell wall (Figure 5.5G). At 

FC2, labelling by LM19 appeared stronger and more consistent in both cell types than JIM5, 

with labelling detected in the lumen of small cells (Figure 5.5H). At FC4, both the large and 
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small cells were poorly defined, and labelling was only seen in patches in the small cells (Figure 

5.5I). 

 

A comparison of labelling by JIM5 and LM19 at FC1 is shown in Figure 5.6. These results 

show that labelling in the cell wall (cw), with JIM5 was similar in MPM and ACS. However, 

ACS had more labelling at the tricellular junctions (tj) than MPM. In ACS, LM19 appeared to 

extend across the wall to the cell-lumen interface as well as the middle lamella whereas in 

MPM labelling showed labelling in a thin region of the wall. Neither genotype showed labelling 

at the tricellular junctions with LM19. 

 

5.3.2.3 Localisation of high methylesterified or partially esterified homogalacturonan 

regions of pectin using JIM7 

 

The antibody JIM7 is specific for the HG region of pectin with a relatively high degree of 

esterification, and labelling patterns are shown in Figure 5.7. In MPM at FC1, JIM7 was 

localized across the cell walls of both large and small cells, with more intense labelling in the 

large cells (Figure 5.7A). At FC2, labelling was still strong and consistent in both small and 

large cells (Figure 5.7B). At FC4, the labelling was located in a thin region, possibly at the 

lumen face of the large cells, and had become patchy in the small cells (Figure 5.7C).  

 

In ACS at FC1, JIM7 labelling was localized in a thick region across the cell wall of the large 

cells (Figure 5.7D). In the small cells it was localised mainly at the cell-lumen interface and 

was less intense in the middle lamella region. At FC2, labelling was more intense at the 

tricellular junctions of the small cells, although this was not consistent across all the small cells 

(Figure 5.7E). By FC4, labelling was still seen in the large cells, although it had become less 

uniform, while the walls of the small cells were poorly defined and had lost most of their ability 

to be labelled (Figure 5.7F). 

 

In ‘Hayward’ JIM7 labelling at FC1 was located in a thick region of the large cells, a pattern 

similar to that of ACS (Figure 5.7G). At FC2, labelling was localised at the tricellular junctions 

and in thinner regions of the walls of both the large and small cells (Figure 5.7H). Labelling 

was patchy in some regions of walls of the small cells, while some regions no longer appeared 

to be labelled. At FC4, labelling of the walls of the large cells was weaker than at FC2 but the 
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edge of the wall remained well defined. In the small cells, labelling was patchy and cells walls 

had lost their definition (Figure 5.7I).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5. Immunofluroescence labelling with LM19. Immunofluorescence labelling 

of low methylesterified or unesterified homogalacturonan regions with the antibody 

LM19 in MPM (A-C), ACS (D-F) and ‘Hayward’ (G-I), at FC1, FC2 and FC4. Bar = 50 

µm for all images. pl, plasmodesmata; 1, large cells.  
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Figure 5.6. Higher magnification images of immunofluorescence labelling with JIM5 and 

LM19. Higher magnification images of immunofluorescence labelling of low methylesterified 

or de-esterified homogalacturonan regions with the antibodies JIM5 and LM19 of MPM (A, 

B) and ACS (C, D) at FC1. Bar = 10µm for all images. tj, tricellular junction; cw, cell wall. 

 

5.3.2.4 Localisation of high methylesterified or partially esterified homogalacturonan 

regions of pectin using LM20 

 

LM20 is a more recently introduced rat mAB specific for the HG region of pectins with a 

preference for esterified and partially esterified HG, and was used as a comparison with JIM7.  

 

Images of labelling with LM20 are shown in Figure 5.8. In MPM at FC1, LM20 was localized 

in a thin region of walls of both large and small cells, with some areas of weaker labelling. 

Unlike JIM7, LM20 was also localized in the middle lamella region between some cells (Figure 

5.8A). Labelling of both FC1 and FC2 was similar, retaining intensity at the tricellular junctions 

(Figure 5.8A, B). At FC4, labelling in the large cells was restricted to the lumen side of the cell 
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walls. In the small cells, labelling was patchy and cells were less defined (Figure 5.8C). 

Labelling patterns of LM20 were similar to that of JIM7 at FC4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7. Immunofluorescence labelling with JIM7. Immunofluorescence labelling of high 

methylesterified or partially esterified homogalacturonan regions with the antibody JIM7 in 

MPM (A-C), ACS (D-F) and ‘Hayward’ (G-I), at FC1, FC2 and FC4. Bar = 50 µm for all 

images. ic, intercellular spaces; 1, large cells.  

FC1 FC2 FC2 FC4 FC1 
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In ACS at FC1, LM20 labelling was seen in a thin region of the cell walls in both large and 

small cells, with some areas of weaker labelling. Labelling was localised at the cell lumen 

interface with a region of little or no labelling in the middle lamella region (Figure 5.8D). In 

contrast, labelling with JIM7 was observed in the middle lamella region (Figure 5.9). At FC2, 

labelling with LM20 was more intense at the tricellular junctions, and was weaker at the cell 

walls of both the large and small cells (Figure 5.8E). This pattern was similar to the JIM7 

labelling pattern observed in ACS at FC2. At FC4, labelling was patchy in both the large and 

small cells, with more labelling detected in cell walls of the large cells (Figure 5.8F). 

 

Labelling in ‘Hayward’ was patchy in the cell walls of both the large and small cells, more so 

than in MPM and ACS, and was more intense at the tricellular junctions (Figure 5.8G). At FC2, 

LM20 appeared to be mostly located at the tricellular junctions and was either absent or 

irregularly found in the adjacent walls of both the large and small cells, a pattern similar to that 

observed at FC1 (Figure 5.8H). At FC4, labelling was patchy in walls of the small cells and 

more continuous at the lumen margin of large cells. There was greater cell-cell separation at 

FC4 in ‘Hayward’ than in either ACS or MPM (Figure 5.8I). 

 

A comparison between labelling with JIM7 and LM20 in MPM and ACS at FC1 is shown in 

Figure 5.9. In ACS, JIM7 labelled more of the middle lamella (ml) region than it did in MPM, 

whereas LM20 labelling was more intense in the middle lamella region of MPM than in ACS. 

Labelling was not observed at the tricellular junctions of either genotype with either antibody.  

 

5.3.2.5 Localisation of β-(1→4)-galactan with LM5 

 

The presence of β-(1→4)-galactan was visualised by immunolabelling with LM5. Note that 

the images in Figure 5.10 have been enhanced in order to visualise localisation within the wall, 

and that labelling in the original images was much weaker. Images in Figure 5.11 have not 

been enhanced. In the FC1 samples of MPM, labelling was localised on the lumen side of the 

walls of both the large and small cells. The large cells had continuous labelling, while the small 

cells had patches of weaker labelling (Figure 5.10A, arrow). At a higher magnification, some 

speckled labelling was observed across the cell walls (Figure 5.11A). At FC2, labelling was 

still strong at the tricellular junctions, and on the lumen side of the cell walls of both cell types 
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(Figure 5.10B). At FC4, labelling was visible on the lumen side of the cell walls of large cells 

of MPM, but had been lost in the small cells (Figure 5.10C).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8. Immunofluorescence labelling with LM20. Immunofluorescence labelling of 

high methylesterified or partially esterified homogalacturonan regions with the antibody LM20 

in MPM (A-C), ACS (D-F) and ‘Hayward’ (G-I), at FC1, FC2 and FC4. Bar = 50 µm for all 

images. ic, intercellular spaces; 1, large cells.  

FC1 FC2 FC4 
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Figure 5.9. Higher magnification images of immunofluorescence labelling with JIM7 and 

LM20. Higher magnification images of immunofluorescence labelling of high methylesterified 

or partially esterified homogalacturonan regions with the antibodies JIM7 and LM20 of MPM 

(A, B) and ACS (C, D) at FC1. Bar = 10µm for both images. ml, middle lamella. 

 

In ACS at FC1, labelling was weak in the cell walls of both the large and small cells and was 

located on the lumen side of the cell walls. As with MPM, some speckled regions were 

observed across the cell wall (Figure 5.10D). Labelling was lost as softening progressed, with 

little labelling in both cell types in FC2 (Figure 5.10E). There was little difference in terms of 

labelling between FC2 and FC4, suggesting most of the epitopes required for binding of this 

antibody had been lost by FC2.  

 

In Hayward at FC1, labelling was localized on the lumen side of both the large and small cells, 

but was not found in the middle lamella region (Figure 5.10G), a pattern also observed in MPM 

and ACS. At FC2, as observed in ACS, most of the capacity for labelling had been lost in both 

the large and small cells with only a few bright spots visible around the small cells (Figure 
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5.10H). By FC4, there was even less labelling but small discrete portions of the cell wall were 

still labelled giving a speckled appearance. Large and small cells could not be differentiated 

anymore (Figure 5.10I). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10. Immunofluroescence labelling with LM5. Immunofluorescence labelling with 

the anti-galactan antibody LM5 in MPM (A-C), ACS (D-F) and ‘Hayward’ (G-I), at FC1, FC2 

and FC4. Bar = 50 µm for all images. tj, tricellular junction; 1, large cells. Note that these 

images have been enhanced. 

FC1 FC2 FC4 
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Figure 5.11. Higher magnification image of immunofluorescence labelling with LM5. 

Higher magnification image of immunofluorescence labelling with anti-galactan antibody 

LM5 in MPM (A) and ACS (B) at FC1. Bar = 10 µm. Arrows indicate speckling across an 

unstained region.  

 

5.3.2.6 Localisation of xyloglucan with LM15 

 

LM15 detects the presence of the XXXG motif of xyloglucan and the pattern of labelling is 

shown in Figure 5.12. In some cases the LM15 epitope may be masked by pectin, hence some 

sets of sections in this study were pre-treated with pectate lyase to degrade pectin. However, 

there was no detectable difference in the distribution of LM15 epitope between treated and 

untreated sections; therefore, only the images of untreated sections are presented.  

 

In MPM at FC1, there was uneven labelling in the cell walls of both the large and the small 

cells (Figure 5.12A). At FC2, LM15 was localised at the cell-lumen interface of both large and 

small cells, and showed a speckled pattern (Figure 5.12B). At FC4, speckled labelling remained 

at the cell-lumen interface of the large cells, but had been lost in the small cells (Figure 5.12C).  

 

In ACS at FC1, LM15 was localised at the cell lumen interface between both the large and 

small cells, and displayed a speckled pattern (Figure 5.12D). There was little change in 

labelling between FC1 and FC2; however, labelling was also detected in the cell lumen of the 

small cells at FC2 (Figure 5.12E). At FC4, LM15 was located at the cell lumen interface of the 

large cells, and a patchy labelling pattern was noted in the cell walls of the small cells. No 

labelling was detected in the cell lumen of either cell type (Figure 5.12F).  
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In ‘Hayward’ at FC1, LM15 was localised at the cell-lumen interface of both the large and 

small cells (Figure 5.12G). Epitopes were also detected inside the small cells. There was a 

similar labelling pattern in both FC1 and FC2, except that there was less labelling in the large 

cells and more in the cell lumen of small cells at FC2 (Figure 5.12H). The intensity of labelling 

decreased as softening progressed from FC2 to FC4, and by FC4 labelling was weak and patchy 

in both the large and small cells (Figure 5.12I).  
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Figure 5.12. Immunofluorescence labelling with LM15. Immunofluorescence labelling with 

the anti-xyloglucan antibody LM15 in MPM (A-C), ACS (D-F) and ‘Hayward’ (G-I), at FC1, 

FC2 and FC4. ic, intercellular spaces Bar = 50 µm for all images. 1, large cells. 
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5.4 Discussion 
 

The aim of this chapter was to visualise the compositional changes of cell walls of kiwifruit 

genotypes with different softening characteristics. Histological and immunological techniques 

targeting specific epitopes, each corresponding with a specific cell wall component were used 

to visualise differences in structure and changes in cell wall composition of MPM and ACS 

during postharvest kiwifruit softening. ‘Hayward’ was used as a reference.  

 

Cell walls of the outer pericarp tissue were stained with toluidine blue to investigate changes 

in cell structure, cell size and cell arrangement between kiwifruit genotypes at different 

softening stages. In all genotypes at FC1, the cells were more tightly packed and staining was 

more intense than in FC4 samples. The loss of staining correlated with the dissolution of the 

middle lamella and cell separation, both of which were associated with a loss of fruit firmness. 

A similar pattern was observed earlier by Hallett et al. (1992) in ‘Hayward’. The histological 

evidence of cell wall dissolution is consistent with the biochemical evidence presented in 

Chapter 3, which showed that the yield of cell wall material per gram of fresh fruit decreased 

during softening. However, there were differences between the genotypes. ACS exhibited a 

mixture of cell swelling and separation, while MPM exhibited swelling only. Hallett et al. 

(1992) concluded that in over-ripe ‘Hayward’, the larger gaps between the cells could indicate 

both swelling of wall material and splitting from adjacent cells, although it was often difficult 

to distinguish between the two. This pattern of fruit tissue change during softening differs from 

that of other fruit such as tomato, which showed minimal swelling of the walls but clear 

separation of the cells with little or no stainable material between (Hallett et al., 1992; 

Redgwell, MacRae, et al., 1997; Sutherland et al., 1999).  

 

MPM and ACS both had two distinct classes of cells, large and small, similar to that observed 

in ‘Hayward’ both in this study and by Hallett et al. (1992). This would appear to be a consistent 

feature of the outer pericarp of kiwifruit, and is not seen in other fleshy fruit such as tomato or 

persimmon (Roth, 1977). This study showed that while the small cells underwent extensive 

cell wall disintegration during softening, the walls of the large cells remained relatively more 

intact. This is consistent with the findings of Hallett et al. (2005). There were noticeable 

differences in the size of the small cells between MPM and ACS, with those of MPM being 

smaller and more irregular in shape than those of ACS, particularly at FC1. In apple, cell size 

has been shown to affect ripening time with larger cell sizes being correlated with slower 
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ripening during storage (Nelmes & Preston, 1968; Smith, 1940). Therefore the larger cell size 

in ACS could possibly be a factor in contributing to its slower softening rate. 

 

The patches in the cell wall densely stained with toluidine blue in ACS at FC4 are likely to be 

plasmodesmatal pit fields, as observed by Hallett et al. (1992). These areas do not appear to be 

affected by cell wall degrading enzymes therefore permitting continued connectivity between 

adjacent cells (Ben-Arie et al., 1979). Redgwell et al. (1990) suggested that in kiwifruit, these 

regions are likely to contain highly branched pectin, while in tomato, Orfila and Knox (2000) 

suggested that these regions contain predominantly HG. The retention of plasmodesmata 

particularly in ACS may help maintain a degree of tissue integrity late into fruit softening, 

contributing to its slower softening time. 

 

The compositional analyses in Chapter 3 indicated the amounts of uronic acid (UA) present in 

the cell walls of the different genotypes and the changes during softening. The complementary 

immunofluorescence studies provided a more detailed insight into the physical attributes of the 

outer pericarp tissue by physically locating the distribution of the unesterified and esterified 

HG within the cell walls. The pattern and degree of esterification (DE) of HG varies between 

plant materials and has been thought to be tightly regulated by the plant through development 

(Caffall & Mohnen, 2009). HG present in the cell walls of unripe fruit is usually highly 

esterified and the DE decreases during ripening (Wakabayashi et al., 2003). Accordingly, in 

tomato, labelling with JIM5 (Roy et al., 1992) and LM19 (Hyodo et al., 2013) became more 

intense and localised in a greater area of the wall as ripening progressed. The opposite was seen 

in this current kiwifruit study, however this result was consistent with the observation of 

Sutherland et al. (1999) on ‘Hayward’. In MPM, some areas of the cell walls remained intensely 

labelled throughout softening while other areas showed weaker labelling. Patchy labelling was 

more intense in MPM at FC4 than in ACS and ‘Hayward’. Willats et al. (2001) suggested this 

patchy labelling could be due to the blockwise action of pectin methylesterase (PME) resulting 

in regions of unesterified HG. 

 

In the slow softening genotype ACS, epitopes for JIM5 were located both at the intercellular 

and tricellular junctions, indicating a higher density of low or unesterified HG in those locations 

of the cell walls. In MPM however, weak labelling at the cell boundaries indicated either a 

lower amount of low or unesterified HG at those locations in general, or the presence of an HG 

that does not meet the epitope requirements for antibody binding. Immunolabelling with LM19, 
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also designed to detect low-esterified HG, showed a different labelling pattern from that of 

JIM5. With LM19 there was uniform labelling of the whole cell wall in all genotypes, 

particularly at FC1 and FC2, indicating the presence of low-esterified HG throughout the cell 

wall. Differences in the location of low-esterified pectin in tissues of different species are not 

uncommon. In the parenchyma of carrot and broccoli, epitopes for low-esterified pectin were 

also localised in the tricellular junctions, whereas in the parenchyma cells of sugar beet, they 

were restricted to cell junctions of adjacent cells (Christiaens et al., 2011; Guillemin et al., 

2005). This study has revealed differences in the distribution of epitopes for HG within the cell 

wall of the same species of Actinidia indicating that the epitopes recognized by JIM5 and LM19 

may occur on a range of structurally distinct domains within the pectin, a phenomenon 

previously reported by Willats et al. (2000) in lime pectin. 

 

As previously noted, JIM5 and LM19 are specific to different epitopes in relation to HG 

methyl-esterification (Willats et al., 2000). The specificity to a particular epitope may be 

effected by several factors. These include the extent of methyl-esterification of the HG, the 

pattern of methylesterified groupings and the presence of rhamnose resides. Other factors that 

could influence antibody recognition include HG acetylation and substitution with xylose 

residues (Verhertbruggen et al., 2009). Therefore, while the action of PME would increase the 

relative percentage of unesterified HG in the cell walls, the HG backbone-hydrolysing enzyme 

polygalacturonase acts between non-esterified galacturonic residues, therefore the specific 

epitope required for JIM5 binding may be lost, while the epitope for LM19 labelling may 

remain, or vice versa. Thus it is not surprising to find differences in the labelling patterns of 

JIM5 and LM19, as found in this study, even though both are specific for low-esterified 

residues. 

 

Labelling with JIM7 suggested that ACS had more esterified pectin than MPM at FC1, and that 

the epitope for JIM7 was localized in the intercellular boundaries and middle lamella regions. 

This distribution of highly esterified pectin and its decrease during fruit softening is similar to 

that described by Sutherland et al. (1999) on ‘Hayward’ (also using JIM7). As the fruit 

softened, the intensity of the JIM7 labelling decreased. LM20, however, labelled a more limited 

region of the wall of all genotypes, particularly at FC1. As with JIM5 and LM19, these results 

suggest these antibodies are specific for epitopes of HG and bind to a range of undefined sub-

optimal epitope structures, involving methylesterified HG. Therefore, care must be taken in 

their interpretation. By combining the results of labelling with all four antibodies for HG (JIM5, 
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LM19, JIM7, LM20) an estimate of the location of most of the HG in the cell wall was 

achieved. This suggests there was a difference in the distribution of esterified and unesterified 

HG in the cell walls of the fast and slow softening genotypes. 

 

The results of the immunolabelling studies with LM5 (binding to β-(1→4)-galactan) were in 

agreement with the biochemical data presented in Chapter 3. The most intense labelling was 

detected in fruit at FC1, when the greatest concentrations of galactose were found. The decrease 

in intensity of LM5 labelling observed during softening corresponded with a measured 

decrease of galactose in the cell walls. This is consistent with earlier kiwifruit studies which 

demonstrated the loss of galactose from the side chains of pectin during ripening (Sutherland 

et al., 1999) and is consistent with studies on other fruit such as grapes and tomatoes (Moore 

et al., 2014; Roy et al., 1992) . 

 

In MPM and ACS labelling of LM5 was largely absent from the middle lamella region. This is 

consistent with previous studies on tomato and sugar beet root which showed that the epitope 

and hence the target β-(1→4)-galactan was localized close to the plasma membrane (Guillemin 

et al., 2005; Jones et al., 1997). While the labelling in the cell walls of the large cells of MPM 

at FC4 remained intense during softening, it remained intense in the small cells of ACS. Large 

cells have previously shown to resist softening (Hallett et al., 2005). As postulated by Orfila 

and Knox (2000) in tomato and Peña and Carpita (2004) in apple, a reason for this could be 

that the maintenance of galactose in the large cells has made them less susceptible to enzymatic 

degradation. However, it should be noted that while the large cells comprise around 42% of 

the volume of the outer pericarp, their cell walls contribute under 20% to the total cell wall 

volume, thereby the impact of this on the rate of fruit softening is possibly minimal (Hallett et 

al., 2005). Several studies have suggested the role of galactan in the conservation of texture in 

fruit (McCartney et al., 2000; Redgwell, Fischer, et al., 1997). This may suggest that the 

maintenance of β-(1→4)-galactan in the small cells of ACS may have a more profound effect 

on fruit texture and softening than the maintenance of galactan in the large cells of MPM.  

The presence of xylose in the cell walls (Chapter 3) was indicative of the presence of 

xyloglucan and was visualised with LM15 in the cell walls of all three genotypes. There is 

some evidence that xyloglucan can be attached to pectin (Marcus et al., 2008; Ordaz-Ortiz et 

al., 2009). Early use of LM15 labelling included the use of pectate lyase to enzymatically 

remove pectin that may mask the xyloglucan epitopes of tamarind and nasturtium seeds. 
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Following treatment, epitopes of LM15 were detected in greater abundance (Marcus et al., 

2008). In this current study, however, there was no detectable difference in either the location 

or intensity of LM15 labelling between those sections treated with pectate lyase and those that 

were not.  

 

During softening, MPM consistently had a lower intensity of labelling of the LM15 epitope, 

thus indicating a potentially lower content of xyloglucan with this particular epitope in MPM 

cell walls than in ACS and ‘Hayward’. This correlated with biochemical data which showed 

that MPM had a lower xylose content than ACS in its CWM at FC1, FC2 and FC4. Another 

explanation for this result is that while the LM15 epitope XXXG is regarded as the most 

common motif found in xyloglucan of primary cell walls (Hayashi, 1989), it is possible that 

MPM cell walls may predominantly contain a different xyloglucan motif such as XLFG or 

XXFG that would not be recognised by LM15 (Harris, 2005; Renard et al., 1991c). However, 

without linkage analysis of the polysaccharides involved, this is purely speculative. At FC4, 

labelling by LM15 was more concentrated in the large cells of MPM while in ACS it was 

detected in both the large and small cells. This result may suggest that there is either a 

difference in the distribution of xyloglucans between the fast and slow softening genotypes, or 

that epitopes for LM15 were differentially exposed in the genotypes at different stages during 

softening as noted by Sutherland et al. (1999).  

 

One can speculate that the more intense labelling of LM15 in the large cells of MPM at FC4 

may be attributed to the high xyloglucan transglycosylase (XET) activity in MPM at FC4, as 

discussed in Chapter 4. XET rearranges xyloglucan, rather than hydrolysing it, thereby 

conserving the epitope enabling it to be labelled by LM15. A recent study by Takizawa et al. 

(2014) showed that during tomato ripening, there was an increase rather than a decrease in 

LM15 labelling in all fruit tissues during ripening. They concluded that the distribution of 

xyloglucan in the cell wall may be having a role in the regulation of fruit softening. Ordaz-

Ortiz et al. (2009) showed that the LM15 epitope was present at the surface of cell walls isolated 

from unripe tomato fruit, suggesting that xyloglucan may be involved in cell to cell adhesion 

in pericarp parenchyma cells in tomato.  

 

The observations made in this microscopy study supported several main findings from the 

analyses of cell wall composition and enzyme changes during fruit softening. The results 

indicate that the cell walls of the two kiwifruit genotypes with different softening rates (MPM 
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and ACS) were fundamentally different as evidenced by differences in the localisation of the 

main non-cellulosic polysaccharides, pectin and xyloglucan. It must be acknowledged 

however, that this study was limited to relatively few antibodies chosen specifically to 

complement the cell wall compositional study in Chapter 3. A wider selection of antibodies 

with a greater range of epitope specificities would be required to provide more accurate 

visualisation of the distribution of polysaccharides in the cell wall. 
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Chapter 6 Molecular study and gene function assays 
 

6.1 Introduction 
 

In this chapter genomic techniques were applied to gain some understanding into the genetic 

control of fruit softening. Identifying the specific genes that underlie the key enzyme activities 

established in Chapter 4 is vital for faster breeding of new varieties of kiwifruit and identifying 

those with a commercially sustainable softening period. In kiwifruit, multiple gene families are 

involved in coding for particular functions within the cell wall (MacRae & Atkinson, 2003). 

Based on the results obtained in previous chapters, the following gene families were chosen: 

xyloglucan transglycosylase/hydrolase (XTH), expansin, β-galactosidase (BGal), 

polygalacturonase (PG) and pectin methylesterase (PME). The expression patterns of these 

genes were investigated using quantitative polymerase chain reaction (qPCR) to observe any 

differences between the slow softening and fast softening genotypes. A particular focus was 

placed on the XTH family as they showed the largest difference in enzyme activity between 

the fast and the slow softening genotypes (see Chapter 4). Emphasis was also placed on the 

expansin gene family as expansins are implicated in fruit softening, but results from Chapter 4 

showed the difficulty in assaying this protein. Data mining was carried out to identify specific 

genes in these large gene families that may be important in kiwifruit softening. Functional 

analysis of selected cell wall genes was also attempted in this part of the study. To do this, 

highly expressed XTH, expansin, BGal, PG and PME genes from previously obtained relevant 

deep sequencing data were identified, cloned and transiently expressed in Nicotiana tabacum 

to investigate their effect on the cell wall integrity at a physiological level.  

 

Functional analysis of genes in-planta is useful to obtain information on the effects that genes 

have in a plant system. Functional analysis can be done in a number of ways, most of which 

rely on the expression of transgenes to manipulate biological processes in transgenic plants. 

These approaches include phenotypic studies, made by generating mutants with over-expressed 

or downregulated genes using transient expression (Schaffer et al., 1998; Wilson et al., 1996). 

The transient expression process involves using plants as an expression system. This process 

offers several advantages over prokaryotic or non-plant expressions systems in that 

components required for transcriptional initiation, RNA processing and translation initiation 

are already present in the plant (Hellens et al., 2005). Several studies in Arabidopsis thaliana 

have successfully used over-expression of specific genes to investigate the effects of factors 

 



 

172 

 

such as stress tolerance, freezing tolerance, hypocotyl elongation and root growth habit (Jaglo-

Ottosen et al., 1998; Sunkar et al., 2003; Tian et al., 2004). Arabidopsis has been successful as 

a model system due to its small size, short life cycle, small genome and easy transformability 

(Bechtold et al., 1993; Leutwiler et al., 1984). While Arabidopsis is the most common plant 

model system, tobacco (N. tabacum and N. benthamiana) has also been successfully used as a 

model system for tissue culture studies and for Agrobacterium-mediated transformation 

(Ganapathi et al., 2004; Hellens et al., 2005). 

 

The aim of this chapter is to investigate the role of cell wall enzyme-related genes coding for 

XTH, expansin, BGal, PG and PME and how these may influence softening of kiwifruit by the 

expression of their products. 

 

6.2 Methods and Materials 
 

6.2.1 Expression analysis by quantitative PCR (qPCR) 

 

6.2.1.1 Selection of genes for analysis by quantitative PCR  

 

6.2.1.1.1 Gene selection 

 

Kiwifruit genes were found by first searching for the gene family (e.g expansin) in ‘The 

Arabidopsis Information Resource’ (TAIR) (http://www.arabidopsis.org/). The selected 

Arabidopsis protein sequences were downloaded and blasted against the ‘Actinidia chinensis 

Hongyang Predicted Proteins’ (http://bioinfo.bti.cornell.edu/) using BLASTp (Huang et al., 

2013) . Sequences producing significant alignments (E value <0.05) were selected for further 

phylogenetic analysis. 

 

6.2.1.1.2 Phylogenetic analysis 

 

Phylogenetic analysis was used to identify kiwifruit genes belonging to the gene families of 

XTH and expansin. Phylogenetic studies were carried out on the protein sequences identified 

above using Geneious version 6.1.8. The Geneious subprogram PHYML (Phylogenetic 

estimation using Maximum Likelihood) was used to produce a phylogenetic tree using the 

following parameters;  

 

http://www.arabidopsis.org/
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 Substitution model: MtREV,  

 Transition / tranversion ratio: 4,  

 Proportion of invariable sites: Estimated,  

 Number of substitution rate categories: 1, 

 Optimize: None.  

 Bootstrap values from 1000 bootstraps were included.  

 

For phylogenetic analysis on expansin a previously reported tomato expansin, LeEXP1 

(Genbank database accession number U82123; Rose et al. (1997)) was included to compare 

the functional analysis of this gene to kiwifruit expansins.  

 

6.2.1.2 RNA extractions 

 

RNA extractions were performed on the outer pericarp tissue of MPM, ACS and ‘Hayward’ at 

FC1-FC4. For each sample pre-ground fruit tissue was added to 15 mL Gomez lysis buffer 

(150 mM Tris base, 50 mM EDTA, 2% SDS (w/v), adjusted to pH 7.5 with boric acid), 0.5 g 

of PVPP and 150 µl β-mercaptoethanol, and mixed thoroughly. Potassium acetate (1.5 mL) 

and ethanol (4 mL) was added and the solution mixed again. An equal volume of 

chloroform/isoamyl alcohol (20 mL) was added, thoroughly mixed by inversion and 

centrifuged for 10 min at 20,000 g. The top aqueous phase was removed and re-treated with an 

equal volume of chloroform/isoamyl alcohol (10mL) and 10 mL Tris buffered phenol, mixed 

thoroughly and centrifuged at 20,000 g for 10 min. The top aqueous phase was once again 

removed. LiCl was added to the top aqueous phase to a final concentration of 3 M and the 

samples stored at 4°C overnight. The next day samples were centrifuged at 20,000 g for 15 min 

to pellet the RNA and the supernatant was removed. The pellet was dissolved in  

350 µL of RNase free water and transferred to a clean tube. Potassium acetate (35 µL) and 

ethanol (962.5 µL) were added and the samples left for 1 h at -80°C to precipitate the RNA. 

The samples were centrifuged for 30 min at 16,000 g at 4°C to pellet the RNA and the 

supernatant discarded. The pellet was then dissolved in 200 µL of RNase free water. A 1 µL 

aliquot from each sample was diluted 1:10 in RNase free water. Of this, 1 µL was used to assess 

the concentration of RNA using a NanoDrop® ND-1000 UV-Vis Spectrophotometer 

(NanoDrop Technologies). Pure samples of RNA were achieved when the A260/A280 ratio 

was between 1.8 and 2.0. The remaining aliquot used to assess the quality of the RNA by 

agarose gel electrophoresis, as detailed below. RNA was stored at -80°C until further use. 

 



 

174 

 

 

 

6.2.1.3 Agarose gel electrophoresis 

 

UltraPURE™ agarose (Invitrogen™) gels of 1% in 1x Tris/Borate/EDTA (TBE) 

(Invitrogen™) with ethidium bromide (Invitrogen™) were used for the separation of 28S and 

18S RNA bands. Fixed amounts of RNA ranging between 300 ng and 400 ng were loaded with 

1 µl of loading buffer (0.25% bromophenol blue and 30% glycerol in water). A volume of 5 µl 

of 1 kb plus ladder (Invitrogen™) was loaded to each gel to assess fragment sizes. Agarose gels 

were electrophoresed for 20 min at 90-120 V. RNA bands were visualised and photographed 

using a Gel-Doc 3000® (Bio-Rad™) gel documentation system. A representative gel is shown 

in Figure 6.1. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1. Representative gel electrophoresis results for ‘Hayward’ RNA samples. A ‘1 

kb plus DNA ladder’ (Invitrogen) is shown in lane 1. Firmness categories 1-4 (lanes 2 -5 

respectively) show two clear bands of 28S and 18S RNA with little smearing, indicating good 

RNA quality for subsequent cDNA synthesis. 

 

6.2.1.4 cDNA synthesis 

 

RNA samples were treated with DNase (Ambion, Applied Biosciences), according to the 

manufacturer’s instructions. The RNA concentrations of the product were determined using a 

NanoDrop® ND-1000 UV-Vis Spectrophotometer, using 1 µL of each sample. Reactions were 

performed using a cDNA synthesis kit (Tetro cDNA synthesis kit, Bioline) according to 

manufacturer’s instructions. The amount of RNA for each cDNA synthesis was kept constant 

at 500 ng for each sample.  

28S 

18S 

1 2 3 4 5
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6.2.1.4.1 Confirmation PCR for cDNA quality  

 

PCR was used to validate the success of cDNA synthesis prior to quantitative gene expression 

profiling. Primers specific to a 100 bp fragment kiwifruit actin (accession number EF063572) 

were used to confirm the quality of each cDNA sample in this study (Atkinson et al., 2009).  

 

PCR was carried out using 20 µL reactions with the following conditions: 

Step 1 Initial denaturation  94 °C, 6 min 

Step 2 Denaturation   94 °C, 30 s 

Step 3 Annealing  57.5 °C, 30 s 

Step 4 Elongation  72 °C, 1 min/kb 

Repeat steps 2-4 for 35 cycles 

Step 5 Final elongation 72 °C, 6 min 

 

 

Amplified cDNA products were analysed on an agarose gel to confirm the presence and 

amplification of cDNA (according to Section 6.2.1.3), using 1 µL of each cDNA sample with 

1 µl of 10x loading buffer (0.25% bromophenol blue and 30% glycerol in water). A volume of 

5 µl of 1 kb plus ladder (Invitrogen™) was loaded to each gel to assess fragment sizes. The 

bands at approximately 100 bp correspond to a fragment of kiwifruit actin. Bands were 

visualised and photographed using a Gel-Doc 3000® (Bio-Rad™) gel documentation system. 

A representative gel is shown in Figure 6.2. 

  

 

 

 

 

 

 

 

 

 

 

Figure 6.2. Representative gel electrophoresis result confirming the presence of amplified 

cDNA for subsequent qPCR analysis in ‘Hayward’ RNA samples. Firmness categories 1-

4 (lanes 2-5 respectively). A ‘1 kb plus DNA ladder’ (Invitrogen) is shown in lane 1. 

 

1 2 3 4 5
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6.2.1.5 Oligonucleotide primers for qPCR 

 

Oligonucleotide primers for fourteen published kiwifruit XTH genes, and kiwifruit actin 

(accession number EF063572) for the purpose of qPCR were designed by Dr. Sarah Johnston 

(Plant and Food Research). These XTH sequences (Table 6.1) were obtained by Atkinson et 

al. (2009), from a database of over 130,000 Actinidia EST’s from whole plant and fruit 

libraries. Expansin (Exp) primers were also designed by Dr. Sarah Johnston (Plant and Food 

Research Ltd (PFR)) and were identified by EST expression data by Dr. Ross Atkinson (PFR). 

The PG primer was designed by Dr. Sarah Johnston (PFR) while the primers for PME and 

BGal were designed by the author. The PG, PME and BGAL genes were selected from deep 

sequencing data by Dr. Ross Atkinson (PFR). Kiwifruit actin was used as the ‘housekeeper’ 

gene as it was constantly expressed on a similar level in all kiwifruit tissues, from root to flower 

(Atkinson et al., 2009). Primers were designed in Geneious version 6.1.8 from the open reading 

frame. They were 18-30 base pairs long, and had a GC content of 40-50%. Primers were 

designed to bind within the first 150 base pairs of a gene sequence, and had the minimum 

amount of hairpin loops and dimers possible to avoid the primer from binding to itself.  

 

6.2.1.6 Quantitative PCR (qPCR) 

 

Quantitative PCR was used to enable both the detection and quantification of specific gene 

expression in kiwifruit outer pericarp. Reactions were performed in quadruplicate using 

LightCycler® 480 SYBR Green I Master Mix (Roche Diagnostics) (5 µL), primers (2 µL) and 

cDNA diluted in nuclease free water (1:40) (3 µL). Reagents were pipetted into a 384-well 

plate using the Biomek® 3000 Laboratory Automation Station (Beckman Coulter). Plates were 

centrifuged (room temperature, 1 min, 1500 g) (Sorvall RC5C Plus, Dupont) prior to qPCR to 

mix the contents well. A negative control was included in each run with nuclease free water 

used in place of cDNA. The qPCR conditions were 5 min at 95°C followed by 40 cycles of  

5 s at 95°C, 5 s at 60°C and 10 s at 72°C, followed by 65-95°C melting curve detection. 
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Table 6.1. Oligonucleotide primers for qPCR. Primers for xyloglucan transglycosylase/hydrolase (XTH) and kiwifruit actin primers (Atkinson 

et al. 2009), expansin (EXP), β-galactosidase (BGAL), polygalacturonase (PG) and pectin methyl esterase (PME) genes. Fwd, forward primer; 

Rev, reverse primer. 

Name EST number Primer sequence (5'-3') Origin Name EST number Primer sequence (5'-3') Origin 

XTH1 168438 Fwd CTCGTACAAGGACTTCAGCGTGGA A. eriantha EXP1 101700 Fwd AGGGTCACGACAACGGATGGAGT A. delisiosa 

  168438 Rev TGGATACACAGGCAGGGTAAGGGT     101700 Rev CGAGCTAGAGAAGGTTTGGCCGA   

XTH2 209282 Fwd GCGGCGGCTTTCCACACTTA A. setosa EXP2 241533 Fwd TCAATCAAGGGGTCAAAGACAGGGT A. delisiosa 

  209282 Rev TGGGACTCCTCTGGCTTCATTGTT     241533 Rev TTTGGCCCCAATTCCTCGACA   

XTH3 169130 Fwd GAGCGGGGAGCCTTATCTGGTT A. eriantha EXP3 79746x Fwd CATGTCAAGGAACTGGGGCCA A. delisiosa 

  169130 Rev ACCCACACCGTTCACATACACGTT     79746x Rev GATGGTTCTTCCGTCACTGGTGGT   

XTH4 48397 Fwd GGGTCAGGTCCAAGCACATGGT A. deliciosa EXP4 113980 Fwd TCTGCCCACCAAACAGTGAAGGA A. chinensis 

  48397 Rev CACCGGAAACCTAGTCTTGTCGCT     113980 Rev GCAATGTGTTGGAAGACAGGCTGA   

XTH5 76656 Fwd CGAGACCTCGACGCCTTCCA A. deliciosa EXP5 245002 Fwd CCTCCAAACAATGCCTTACCAAACA A. eriantha 

  76656 Rev CAGGAGGCATGGTGGGGTATCTT     245002 Rev TGTTGGAAGACAGGCTGAGAGAGGT   

XTH6 80768 Fwd GCTCCAGTGGGTACGCTCCAAA A. deliciosa EXP6 169237 Fwd GGGGCAAAATTGGCAAAGCA A. eriantha 

  80768 Rev ACGTCCCGATCTCTGCTGCATT     169237 Rev GGAGACCACACTGCGACCATCA   

XTH7 84623 Fwd CAAGGAGGGAGAGTGAAGACGGATT A. deliciosa EXP7 169713 Fwd GGCGCAGGGAATATAGTGAGGGT A. eriantha 

  84623 Rev AAGAGTGTACGCAAGCATTGGCATT     169713 Rev GTTCCGGCTCATGCTCATCCA   

XTH8 56451 Fwd CATGTAGTCCCCGCTCTTGCACTT A. deliciosa EXP8 173856 Fwd GGGGGCAAAACTGGCATATAAACA A. arguta 

  56451 Rev CCATCTCAGTCGCCTTCGGCTATA     173856 Rev CGGTGAGTTCAAATGCAAGAGGCT   

XTH9 203872 Fwd AGGCTCCAGTGGGTGCAGAAGAA A. hemsleyana BGAL1 5520587 Fwd ATTTGTCAAGCTGGTGAAAC A. chinensis 

  203873 Rev AACATTCTGGAGGGAGGCCCTGT     5520587 Rev CCCTGAGACTCGTATAAC   

XTH10 112960 Fwd GCTCTTCTTCCTCCTCGTGTTCCAA A. deliciosa BGAL2 5520636 Fwd GATGCCCCAGATCCAGTG A. chinensis 

  112960 Rev GATCCTTTCTTGGCCGGTCGA     5520636 Rev GTAAACCAGCCACTCCAAG   

XTH11 322470 Fwd TCCTACAGAAAATTCAATGCTCGGG A. chinensis BGAL3 5521052 Fwd TGATAAATGCGTGCAATGGG A. chinensis 

  322470 Rev GAGAGGAGGTTGAGGTTGAGGTTGG     5521052 Rev GCGATATCCTCAGCTGAC   

XTH12 170276 Fwd AGCGGAGATGGGAGAATTATAGGGA A. eriantha BGAL4 5522903 Fwd GTGGCGTTCAGATCAAAAGAC A. chinensis 

  170276 Rev TGTGTTGGATCAAACCATAGGTGGA     5522903 Rev CTTTGATCCAATGCAGGCCT   

XTH13 100241 Fwd CCCTCCGTCGGAATGTGCAA A. deliciosa PG-C 237143 Fwd AGGCAACAGCCCAAACACC A. chinensis 

  100241 Rev GGCCCCCTCCGAATGTGACT     237143 Rev CGACATTCTCGATCCACAAATTC   

XTH14 238745 Fwd AGTAGAGAGGCGGCAATTCAAGGAT A. chinensis PME 5537380 Fwd ACGACGTCGTTTGAAGGGGAAGCG A. chinensis 

  238745 Rev CATGCGTGACACCTGGCCTTTT     5537380 Rev CCCCAACCGTCGTGAAGTTACCG   

Actin * * TGCATGAGCGATCAAGTTTCAAG A. chinensis          

  * * TGTCCCATGTCTGGTTGATGACT              

1
7
7
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Data was analysed using LightCycler® software (version 1.5, Roche Diagnostics). Gene 

expression was expressed as a ratio of target gene to reference gene (kiwifruit actin). Melting 

curve analysis was performed on qPCR samples using the LightCycler 480 software to ensure 

that primers produced one PCR product (Figure 6.3). All reactions were carried out for two 

biological replicates at each firmness category (FC). For each biological replicate four technical 

replicates were carried out. For each gene, a standard curve was generated using a cDNA serial 

dilution. The resultant efficiencies were used to calculate expression corrected for kiwifruit 

actin to minimise variation in cDNA template levels. 

 

 

Figure 6.3. A representative melt curve analysis. All qPCR experiments were followed by a 

melt curve analysis to check for the amplification of a single product (red). Water control 

samples were included (grey). Data was analysed with the LightCycler 480 software (Roche). 

 

6.2.2 Cloning of genes for functional analysis 

 

6.2.2.1 Selection of genes for cloning 

 

6.2.2.1.1 Selected genes for functional analysis 

 

Five Actinidia genes were selected for functional assays (Table 6.2). With the exception of 

EXP3 and XTH14, these genes do not correspond to the genes chosen for qPCR but were chosen 

based on EST presence in fruit libraries by Dr. Ross Atkinson (PFR). This was due to the fact 

that functional analysis experiments were performed concurrently with qPCR experiments. 
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Table 6.2. Five Actinidia genes selected for cloning and transient expression and their 

corresponding EST’s. 

 

Gene EST 

EXP3 79746 

BGALX 240533 

PMEX 192950 

PGX 102058 

XTH14 238745 

 

 

6.2.2.1.2 Bioinformatic Analysis 

 

Actinidia ESTs (from Table 6.2) with homology to Arabidopsis proteins of interest (as 

described in Section 6.2.1.1.1) were mined by BLASTp match from the Plant & Food Research 

EST database. DNA sequences were obtained. 

 

6.2.2.1.3 Sequence Analysis 

 

DNA sequences from the Plant & Food Research Actinidia sequence databases and sequence 

products were analysed by Geneious version 6.1.8. 

 

6.2.2.2 Gene Cloning 

 

Cloning was performed using the Gateway® system (Life Technologies). This system has 

emerged as a powerful high-throughput cloning method that allows for the in-vitro 

recombination of DNA with high speed, accuracy and reliability (Curtis & Grossniklaus, 2003). 

 

6.2.2.3 Oligonucleotides for cloning 

 

Oligonucleotide primers were designed in Geneious version 6.1.8 to sense (fwd) or antisense 

(rev). Primers were designed from the open reading frame, were 18-30 base pairs long, and had 

a GC content of 40-50%. Primers were designed to bind within the first 150 base pairs of a 

gene sequence, and had the minimum amount of hairpin loops and dimers possible to avoid the 

primer from binding to itself. Primers required attB sequences to be compatible with the 

Gateway® system. Sequences of primers used in cloning experiments and the attB sequences 

required for cloning are shown in Table 6.3. 

 



 

180 

 

The forward primers contained the following structure: 

- Four guanine (G) residues at the 5’ end followed by 

- The 25 pb attB1 site followed by 

- An 18-30bp primer. 

 

The reverse primers contained the following structure: 

- Four guanine (G) residues at the 5’ end followed by 

- The 25 pb attB2 site followed by 

- An 18-30bp primer. 

 

 

 

Table 6.3. Primer sequences for gene cloning. Primer name, EST number from the Plant and 

Food Research EST database and Primer Sequences (5’ to 3’) are provided. The nucleotide 

sequences for attB sites are shown. Fwd, forward primer; Rev, reverse primer. 

 

Primer 

name EST 

 

Nucleotide sequence 

EXP3  79746 Fwd ATGGCTATTCCAGCTTTCTCCAT 

EXP3  79746 Rev TTAGAATTGACCGCCTTCAAATGT 

BGALX  240533 Fwd ATGTGGGAAATGTTGAGAATCAAAG 

BGALX  240533 Rev TCAAGTTGTTCTTCTAACCAACGAA 

PMEX  192950 Fwd ATGCATCATCTCAGGAAAAGACC 

PMEX  192950 Rev CTACGTACTCGAAATAGGCCCCC 

PGX  102058 Fwd ATGACAATGGTGCAACCACTGA 

PGX  102058 Rev CTACAAGCAACTTGAGGGCTTAACT 

XTH14  238745 Fwd ATGGATATTTCTCGTTCTCTCTCCA 

XTH14  238745 Rev TCAATCTTCATCTTGGTCTTCATAAGT 

attB   Nucleotide sequence 

attB1 *  GGGGACAAGTTTGTACAAAAAAGCAGGCTTC 

attB2 *  GGGGACCACTTTGTACAAGAAAGCTGGGTC 

 

6.2.2.3.1 Preparation of plasmid DNA 

 

DNA inserts were cloned into pBluescript SK (-) vectors under the direction of Sakuntala 

Karunairetnam (PFR) as described in Hellens et al. (2000). 

 

6.2.2.3.2 Full length gene PCR 

 

Full length PCR was performed to amplify the gene of interest. PCR was carried out using  

20 µL reactions in a MasterCycler Gradient (Eppendorf, Germany), with the following 

conditions for Platinum Taq pfx (Invitrogen). 

 

 



 

181 

 

Step 1 Initial denaturation  94 °C, 5 min 

Step 2 Denaturation   94 °C, 15 s 

Step 3 Annealing  55 °C, 30 s 

Step 4 Elongation  68 °C, 1 min/kb 

Repeat steps 2-4 for 35 cycles 

Step 5 Final elongation 68 °C, 5 min 

 

 

6.2.2.3.3 Agarose gel electrophoresis 

 

Agarose gel electrophoresis was used to visualise DNA fragments as described in Section 

6.2.1.3. DNA bands were visualised and photographed using a Gel-Doc 3000® gel 

documentation system. 

 

6.2.2.3.4 Recombination for introduction of sequences into pDONR211 

 

A BP recombination reaction was performed between an attB-flanked DNA fragment and an 

attP containing donor vector (pDONR211) to generate an entry clone. BP clonase 

recombination reactions were carried out according to the manufacturer’s instructions 

(Invitrogen). 

 

6.2.2.4 Growth and selection of bacteria 

 

Luria-Bertani (LB) (1% (w/v) bactotryptone, 0.5% (w/v) yeast extract, 1% (w/v) NaCl, pH 7.0) 

growth media was sterilised by autoclaving at 120°C for 20 min. If necessary the pH was 

adjusted using NaOH or HCl. Selection antibiotics were added as required. Growth media was 

prepared by Geeta Chhiba (PFR). 

 

6.2.2.4.1 Transformation of DH5α Escherichia coli with pDONR211 and gene of interest 

 

The products of the BP reactions were used to transform competent E. coli strain DH5α using 

the heat shock method. A 2 µL aliquot of plasmid DNA was added to 50 µL of thawed cells in 

a 1.5 mL Eppendorf tube and gently mixed. The cells were incubated on ice for 30 minutes 

before heat shock at 42°C for 30 s on a heating block. The cells were then cooled on ice for 2 

min. LB media (250 µL) was added to each tube and incubated on a horizontal shaker  

(250 rpm) for an hour at 37°C. Aliquots of 40 µL were spread onto LB agar plates containing 

kanamycin for the experimental reactions, negative control and positive control. Kanamycin 
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was used as pDONR211 has resistance to this antibiotic. The plates were incubated at 37°C 

overnight. 

 

6.2.2.4.2 Liquid culture of DH5α E.coli with pDONR211 and gene of interest 

 

Colonies were selected in duplicate from each experimental plate and a 1 µL inoculation loop 

used to transfer cells from the plate to the liquid media containing 4 mL LB media and 1 µL 

kanamycin (50mg/mL). All tubes were incubated overnight on a horizontal shaker (250 rpm) 

at 37°C. Plasmid DNA was then purified from 4 mL of the LB cultures of E.coli using the 

Invitrogen Miniprep kit (Invitrogen), according to the manufacturer’s instructions. 

 

6.2.2.4.3 DNA sequencing 

 

DNA sequencing of purified plasmid DNA was carried out by the Allan Wilson Centre 

Genome sequencing service at Massey University, Palmerston North, using capillary 

separation on an ABI3730 Genetic Analyser (Applied Biosystems). 

 

6.2.2.4.4 Recombination reactions for introduction of sequences into pHEX2 

 

LR clonase reactions used to transfer DNA fragments from attL-containing entry clones to 

attR-containing destination vectors were carried out according to the manufacturer’s 

instructions (Invitrogen). The product of recombination reactions (LR reactions) was used to 

transform competent E. coli strain DH5α using the heat shock method as described in Section 

6.2.2.4.1. Aliquots of 60 µL were spread onto LB agar plates containing spectinomycin for 

each experimental reaction, and negative and positive control. Liquid culture preparation was 

carried out according to Section 6.2.2.4.2 using LB plates containing spectinomycin for each 

experimental reaction, and negative and positive control.  

 

Plasmid DNA purification was carried out as described in Section 6.2.2.4.2 using the Invitrogen 

Miniprep kit. DNA sequencing was carried out as described in Section 6.2.2.4.3. 

 

6.2.2.5 Transformation of Agrobacterium GV3101 

 

Agrobacterium tumefaciens GV3101 was transformed by electroporation with pHEX2 

containing ESTs of interest (Hellens et al., 2005). Competent cells (50 µL aliquots) were 

thawed on ice and plasmid DNA (1 µL) was added, gently mixed, and pipetted into a pre-
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chilled electroporation cuvette (0.2 cm gap, Bio-Rad Laboratories). The cuvette was placed in 

a GenePulser (Bio-Rad Laboratories) and electroporation was carried out at a voltage of 2.5 

KV (capacitance 25 µFd, resistance 400 Ω) with a pulse time of 7-9 msec. The cells were 

recovered by addition of 1 mL LB media, transferred to 1.5 mL tubes and incubated at room 

temperature with agitation (60 rpm) for 2 h. Aliquots of 200 µL were spread onto separate LB 

plates containing the appropriate antibiotics (kanamycin 50mg/ml; spectinomycin 50 mg/ml; 

rifampicin 25 mg/ml). Plates were grown at 30°C for 48 h. DNA sequencing was carried out 

according to section 6.2.2.4.3. 

 

6.2.2.6 Formation of a glycerol stock 

 

A sterile loop was used to select and streak a single transfected Agrobacterium tumefaciens 

‘GV101’ colony onto a fresh agarose plate containing kanamycin. This was incubated for one 

day at 30°C. A large amount of bacterial matter from this plate was collected with a sterile loop 

and was added to 500 µl of 50:50 LB glycerol. A further 500 µl of LB broth was added and the 

solution mixed. Glycerol stocks were stored at -80°C and used for subsequent transformation 

experiments.  

 

6.2.2.7 Transient transformation of Nicotiana tabacum 

 

N. tabacum was used as its leaves were large enough to provide a suitable surface area to 

perform functional assays in the form of a puncture test. N. tabacum plants were grown under 

glasshouse condition in full potting mix using natural light. 

 

Transient transformation of the selected kiwifruit genes was carried out using the methods 

described in Hellens et al. (2005). Agrobacterium was cultured on LB agar containing 

antibiotics (kanamycin 50mg/ml; spectinomycin 50 mg/ml; rifampicin 25 mg/ml) and 

incubated overnight at 30°C. A 10 µL loop of bacteria was re-suspended in 4 ml of infiltration 

buffer (10 mM MgCl2, 0.5 µM acetosyringone). Cultures were adjusted to an OD600 of 0.5-0.7 

before being incubated at room temperature for 3 h. Approximately 1 ml of infiltration buffer 

containing Agrobacterium was infiltrated at two points on each young leaf of N. tabacum. A 

pen was used to draw a line around the infiltrated areas. Leaves were left for three days before 

being harvested. To investigate if time had an effect on expression, the experiment was 

repeated and infiltrated leaves left for five days.Several controls were used:  
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 (1) Apple PG [(Atkinson et al., 2002); cloned by Hilary Ireland (PFR)] was used a positive 

control (as active PG protein was known to be produced from this clone).  

(2) A driselase/cellulase/pectinase mix (0.2%, 1%, and 0.05%, respectively; all from Sigma 

Aldrich) was made up in water and approximately 1 ml infiltrated at 2 points on each young 

leaf of N. tabacum. This was used to see the effect of highly degradative enzymes on the 

integrity of the leaf during puncture tests and therefore acted as a positive control.  

(3) Leaves with infiltrated empty phex vector were used as a negative control. 

(4) Un-infiltrated tobacco leaves were used as negative controls.  

 

Some leaves for each gene were used for functional analysis (described in Section 6.2.3) while 

some were used for enzyme assays. For leaves destined for enzyme assays the infiltrated area 

was cut out, frozen and ground in liquid N2 and stored at -80°C until further analysis. 

 

6.2.3 Functional analysis 

 

6.2.3.1 Puncture tests 

 

To assess the effect of the expressed kiwifruit genes on the infiltrated tobacco leaves a puncture 

test was carried out using a GUSS FTA penetrometer (GUSS Manufacturing Ltd) with a 7.9 

mm probe. Penetration speed, trigger force and penetration distance were 10mm/s, 0.5 Newtons 

(N) and 8 mm, respectively. A less discriminatory high strain rate puncture test was used, rather 

than a slower strain rate (as used by Lopez-Sanchez et al. (2015)) as it was large differences in 

the structural integrity of the tobacco leaves that were trying to be detected. A small plastic 

container (Thermofisher Scientific New Zealand Limited; volume 70 ml) was used to create an 

apparatus to hold a section of infiltrated leaf while the puncture test was being performed. The 

section of infiltrated leaf was held in place between two rubber washers. A schematic 

representation of the apparatus used is shown in Figure 6.4.  
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Figure 6.4. Schematic representation of apparatus used for puncture test. (A) Apparatus 

used to hold the leaf for puncturing. (B) Small plastic container used to make the apparatus 

used for leaf puncturing. The dotted yellow line shows where the middle of the lid was cut out. 

 

6.2.3.2 Confirmation of presence of recombinant protein 

 

6.2.3.2.1 Immunoblots 

 

Immunoblots were carried out using antibodies specific for EXP3, an apple BGal and XTH7. 

Total protein from frozen, ground infiltrated leaf tissue was extracted, separated by SDS-Page 

and immunoblotted according to Section 4.2.7. Leaf tissue with the empty phex vector and 

non-infiltrated tobacco leaf were used as controls in these assays.  

 

6.2.3.2.2 Enzyme assays 

 

To assess whether any of the recombinant proteins were active, BGal, XET, PG and PME 

assays were carried out as described in Chapter 4. For all enzyme assays a high salt (HS) 

extraction was performed to release bound and unbound proteins. The HS extraction buffer 

contained 0.3 M MES, 2.4 mM KTT, 10 mM DTT and 0.6 M NaCl. The pH was adjusted to 

6.0 using NaOH. Pre-ground leaf tissue with the over-expressed protein (0.25 g) was combined 

with PVPP (25mg, Sigma) in a 1 mL Eppendorf tube. Leaf tissue with the empty phex vector 

and non-infiltrated tobacco leaf were used as negative controls. HS buffer (1:2 tissue:buffer 

(w/v)) was added and the tissue finely dispersed with an Eppendorf grinder. The mixture was 

allowed to thaw on ice for 30 min before being centrifuged (10 min, 4°C,  

10,000 g). The supernatant was pipetted off and weighed. The pellet was resuspended by 
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vortexing in HS buffer (1:1 tissue:buffer (w/v) for BGal) to wash the tissue. It was left on ice 

for 20 min before being centrifuged (10 min, 4°C, 10,000 g). The supernatant was removed, 

added to the first supernatant and re-weighed to determine the total volume of HS extract for 

each tissue sample. 

 

6.3 Results 
 

6.3.1 Comparison of XTH and EXPANSIN (EXP) gene families using phylogenetic 

analysis  

 

The aim of the phylogenetic analysis was to identify kiwifruit XTH and EXP genes using 

Actinidia gene models, previously published XTH genes (Atkinson et al., 2009) and EXP genes 

identified by Dr. Ross Atkinson (PFR). The Actinidia gene models are computer generated 

gene predictions from the published ‘Hongyang’ genome models based on the A. chinensis 

kiwifruit genome (Huang et al., 2013). 

 

The protein sequences of 14 previously reported XTH genes from kiwifruit were 

phylogenetically aligned with Actinidia gene models and XTH sequences from Arabidopsis 

using Geneious version 6.1.8. The 14 XTH genes used for gene expression analysis are coloured 

in brown. While most of these genes had a corresponding Actinidia gene model (Achn) number 

(presented with the XTH gene name in Figure 6.5 and Table 6.4), XTH3 and XTH4 did not 

(annotated by *), implying that these genes are orthologs of each other.  

 

The PFR in-house ID number, predicted kiwifruit gene model and published kiwifruit XTH 

gene names as determined by phylogenetic analysis are shown in Table 6.4. The published 

XTH genes were used for expression analysis in this study as these genes have ESTs expressed 

predominantly in fruit. An additional 27 XTH-like genes were identified in the genome and 

labelled. XTH15-XTH42 (coloured green in Figure 6.5) were given proposed names based on 

analysis of the genome and comparison of Actinidia gene models and Arabidopsis sequences. 

These XTH-like genes had ~45% identity to the catalytic domain of the 14 published XTH 

genes but did not have EST presence in fruit libraries so it was unlikely that they contributed 

significantly to fruit softening. Therefore in this study only XTH1-XTH14 genes were 

investigated for expression patterns. 
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The phylogram in Figure 6.6 showed the separation of expansin genes into three groups; α-

expansin (EXPA), β-expansin (EXPB) and expansin like genes (EXL). The tree confirmed that 

the eight genes used for expression analysis in this study were EXPA. The EXPA genes were 

of interest as they have been shown to play a role in cell wall loosening of fruit (see Chapter 

1). Within the EXPA group only EXP7 and EXP8 had a corresponding gene model, while gene 

models were well represented within the EXPB and EXL groups. This suggests that the genome 

annotations for expansins are not complete. The kiwifruit expansin that was most closely 

related to the tomato gene LeEXP1 was EXP7 (Figure 6.6). Table 6.5 presents the gene name 

and predicted kiwifruit models for kiwifruit expansins.  
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Figure 6.5. Phylogram of XTH sequences from kiwifruit. The protein sequences of 14 

kiwifruit XTH genes (brown), Actinidia gene models (Achn number) (green) and representative 

XTH sequences from Arabidopsis (AT numbers) (black) were aligned using Geneious version 

6.1.8. XTH11 was used to anchor the phylogram. Values represent bootstrap confidence values 

from 1000 bootstraps. Arabidopsis sequences were downloaded from The Arabidopsis 

Information Resource (TAIR). Clades 1,2 and 3 refer to the three major phylogenetic clades 

defined by Rose et al. (2002b) and presented in Atkinson et al. (2009); ‘*’, shows XTH3 and 

XTH4 on the same branch with no corresponding Actinidia gene model number. 

Clade 2

Clade 1

Clade 3

*
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Table 6.4. Table showing the in-house ID number, predicted kiwifruit model and published 

kiwifruit XTH gene names. ‘*’, no predicted kiwifruit model. 

 

In-house ID Predicted kiwifruit model Published 

6853626 Achn151151 XTH1 

6850172 Achn088411 XTH2 

* * XTH3 

* * XTH4 

6864086 Achn349841 XTH5 

6854769 Achn220651 XTH6 

6848548 Achn376911 XTH7 

6860392 Achn151141 XTH8 

6860107 Achn091561 XTH9 

6857757 Achn023381 XTH10 

6829893 Achn213821 XTH11 

6830025 Achn311961 XTH12 

6840456 Achn237511 XTH13 

6867407 Achn091901 XTH14 

In-house ID Predicted kiwifruit model Proposed name 

6831266 Achn380371 XTH15 

6835651 Achn349851 XTH16 

6835981 Achn212811 XTH17 

6838811 Achn257401 XTH18 

6839321 Achn057491 XTH19 

6839676 Achn363431 XTH20 

6840219 Achn146121 XTH21 

6842754 Achn295871 XTH22 

6844081 Achn326261 XTH23 

6844463 Achn009121 XTH24 

6845198 Achn070241 XTH25 

6848826 Achn212831 XTH26 

6849795 Achn105781 XTH27 

6849927 Achn212821 XTH28 

6851517 Achn139571 XTH29 

6852595 Achn181071 XTH30 

6853412 Achn339061 XTH31 

6854010 Achn010221 XTH32 

6854769 Achn220651 XTH33 

6856193 Achn333951 XTH34 

6857296 Achn220131 XTH35 

6859204 Achn312391 XTH36 

6859881 Achn053801 XTH37 

6862102 Achn367751 XTH38 

6862413 Achn380361 XTH39 

6865859 Achn032701 XTH40 

6866133 Achn174171 XTH41 

6866881 Achn367761 XTH42 
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Figure 6.6. Phylogram of expansin (EXP) sequences from kiwifruit. The protein sequences 

of 8 kiwifruit EXP genes (blue), Actinidia gene models (Achn number) (green) and 

representative expansin sequences from Arabidopsis (AT numbers) (black) were aligned using 

Geneious version 6.1.8. DdEXPL2 from Dictyostelium discoideum was used as an outgroup to 

plant sequences (Change et al., 2014). Values represent bootstrap confidence values from 1000 

bootstraps. Arabidopsis sequences were downloaded from The Arabidopsis Information 

Resource (TAIR). red; LeEXP1 tomato expansin (Rose et al., 1997); EXPA, α-expansins; 

EXPB, β-expansins; EXL, expansin-like. 

 

Table 6.5. Gene Table showing the in-house ID number, predicted kiwifruit model and 

proposed kiwifruit expansin gene names. EXP, α-expansin; EXPB, β-expansin; EXL, 

expansin-like protein. *, no corresponding in-house ID number or predicted kiwifruit model. 

 

In-house 

ID 

Predicted kiwifruit 

model 

Proposed 

name 

* * EXP1 

* * EXP2 

* * EXP3 

* * EXP4 

* * EXP5 

* * EXP6 

6852497 Achn336951 EXP7 

6834507 Achn239361 EXP8 

6836453 Achn185111 EXPA1 

6848692 Achn051331 EXPA2 

6867613 Achn194511 EXPA3 

6833760 Achn066521 EXPA4 

6829942 Achn317751 EXPA5 

6856630 Achn019731 EXPA6 

6859962 Achn188391 EXPB1 

6853335 Achn365931 EXPB2 

6849395 Achn259931 EXPB3 

6846100 Achn160761 EXPB4 

6839561 Achn322581 EXPB5 

6865606 Achn011111 EXPB6 

6850726 Achn235101 EXPB7 

6830120 Achn318401 EXPB8 

6866393 Achn080971 EXPB9 

6842641 Achn151751 EXPB10 

6864276 Achn009421 EXPB11 

6842567 Achn042911 EXPB12 

6829310 Achn027191 EXPB13 

6840082 Achn269821 EXL1 

6849219 Achn141651 EXL2 

6864111 Achn227981 EXL3 

6834592 Achn363151 EXL4 

6857591 Achn382301 EXL5 
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6.3.2 Quantitative PCR results 

 

The results for gene expression presented here are also presented as tables showing values in 

Appendix X. A two-tailed t-test was applied to the PCR results, and differences were deemed 

significant if (P < 0.05). Significant differences between MPM and ACS are denoted on the 

graphs with a ‘*’, indicating a significantly higher expression in one or other of these 

genotypes. 

 

6.3.2.1 XTH gene expression 

 

The results of the expression analysis of 14 XTH genes in MPM, ACS and ‘Hayward’ during 

softening are shown in Figure 6.7. Genes have been grouped together based on expression 

levels relative to each other (Table 6.6).  

 

Table 6.6. Expression level groups of 14 kiwifruit XTH genes. 

Expression level Gene 

High XTH7, XTH13 

Moderately high XTH2, XTH5, XTH9, 

Medium XTH11, XTH14 

Low XTH8, XTH10 

Very low 

XTH1, XTH3, XTH4, XTH6, 

XTH12 

  

XTH7 was the most highly expressed XTH gene across all genotypes. MPM and ACS had 

similar expression patterns at FC1 and FC2, while MPM had significantly higher expression at 

FC3 and ACS had significantly higher expression at FC4. ‘Hayward’ had significantly higher 

expression than MPM and ACS at FC1 and FC3 and expression decreased significantly over 

softening. The second highly expressed gene was XTH13. Its expression increased in all 

genotypes during softening, and was consistently low in MPM and ACS and higher in 

‘Hayward’ while ACS had a significantly higher expression than MPM at FC1 and FC4. Apart 

from the final stages of softening the expression of XTH13 was much lower than XTH7.  

 

Compared to XTH7 and XTH13, three XTH genes were expressed at a moderately high level. 

The expression of XTH2 increased in MPM and ACS during softening and it was significantly 

higher in ACS than in MPM at all softening stages. The expression level of XTH2 in ‘Hayward’ 

did not change significantly over softening. MPM had the highest expression of XTH5 during 
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softening, and this expression increased significantly at FC3 and FC4, while ACS and 

‘Hayward’ had very low expression levels of this gene. Expression of XTH9 was low in both 

MPM and ACS but increased in ACS during softening. In ‘Hayward’, expression was 

significantly higher than MPM and ACS between FC1-FC3 but decreased at FC4.  

 

Several genes were expressed at a medium level. The expression of XTH11 increased in ACS 

during softening while in MPM it peaked at FC3. Expression was highest in ‘Hayward’ at FC4. 

Expression of XTH14 was generally very low across all genotypes. MPM had significantly 

higher expression than ACS at FC2 and FC4. All genotypes had significantly higher expression 

at FC4 than at FC1. 

 

XTH8 and XTH10 were expressed at relatively low levels; however there were some significant 

differences in the expression between genotypes. MPM had the highest expression at FC1, but 

expression decreased at FC2 and remained low for the rest of softening. In ACS, expression 

remained low throughout. The expression of XTH8 in ‘Hayward’ also decreased during 

softening. MPM showed significantly higher expression of XTH10 at FC1 and FC2 than ACS. 

This expression increased significantly between FC1 and FC2 then dropped and remained low 

for the rest of softening. Expression in ‘Hayward’ was similar to that of ACS.  

 

Several genes were expressed at very low levels in the fruit. The expression of XTH1 was low 

across all genotypes. The only significant difference in expression was seen in MPM, with the 

expression of XTH1 at FC4 being significantly lower than at FC1. The expressions of XTH3 

and XTH4 were very low and variable. The expression of XTH6 was significantly higher in 

MPM at FC1 than in ACS. At FC2 and FC4 there was no significant difference in expression 

of XTH6 between genotypes. In all genotypes expression of XTH12 was very low and was 

similar between genotypes. 
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Figure 6.7. Xyloglucan transglycosylase/hydrolase (XTH) mRNA expression during fruit softening in MPM, ACS and ‘Hayward’ 

measured using quantitative PCR. In this figure a two-tailed t-test was used to calculate the significance of sample means between genotypes. 

‘*’, MPM significantly higher than ACS; ‘*’, ACS significantly higher than MPM; FC, firmness category. Note the different scales. 
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6.3.2.2 Expansin (EXP) gene expression 

 

The expression of selected EXP genes is shown in Figure 6.8. Genes with different expression 

levels are presented in Table 6.7. Note that the expression level groups here do not correspond 

with the same expression levels of the XTH gene groups but have been grouped together based 

on expression levels relative to each other.  

 

Table 6.7. Expression level groups of EXP genes. 

Expression 

level Gene 

Very high EXP3 

High EXP2 

Medium EXP1 

Low EXP5, EXP6, EXP8 

Very low EXP4, EXP7 

 

The most highly expressed EXP gene in all genotypes was EXP3. During softening there was 

a significant increase in expression in all genotypes. The expression of EXP3 was significantly 

higher in ‘Hayward’ than MPM and ACS, while MPM had significantly higher expression than 

ACS at FC2. 

  

The expression of EXP2 was significantly higher in ‘Hayward’ than MPM and ACS at all FCs. 

Expression in ‘Hayward’ increased significantly at FC4, while it remained low in MPM and 

ACS. 

 

EXP1 was expressed at a medium level compared to the other EXP genes. Expression was low 

in all genotypes at FC1, FC2 and FC3. While it remained low in ACS at FC4 expression 

increased significantly in both MPM and ‘Hayward’. 

 

Three expansin genes were expressed at low levels in MPM and ACS during softening. 

Expression of EXP5 decreased in all genotypes during softening, however was consistently 

higher in ‘Hayward’. Only ‘Hayward’ showed expression of EXP6 and EXP8, and in both cases 

expression decreased over softening (for reference/target ratio for MPM and ACS see 

Appendix X). 
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Expression of EXP4 and EXP7 remained very low in all genotypes during softening. While the 

expression of EXP7 increased in MPM between FC1 and FC3, and stayed relatively constant 

in ACS, expression was significantly higher in ‘Hayward’ at FC1 and this decreased over 

softening. Expression of EXP4 stayed relatively constant in ‘Hayward’, while there was a 

general decrease in expression of this gene in MPM and ACS.  

 

6.3.2.3 β-Galactosidase (BGAL) gene expression 

 

The BGAL genes used for expression analysis in this study were selected from deep sequencing 

data of MPM and ‘Hayward’ by Dr Ross Atkinson (PFR). The expression of the four BGAL 

genes is shown in Figure 6.9. Expression of BGAL4 was significantly higher in ‘Hayward’ at 

all softening stages than in MPM and ACS, and although its expression decreased between FC3 

and FC4, it was the most prominent BGAL gene in ‘Hayward’. Expression of this gene was 

significantly higher in ACS at FC1 and FC2, was significantly higher in MPM at FC3. 

Expression of BGAL2 was significantly higher in MPM at FC1 and FC2 than ACS and 

‘Hayward’. Expression of BGAL2 in MPM and ‘Hayward’ decreased during softening, whereas 

expression did not change significantly in ACS. While the expression of BGAL3 was very low 

in all genotypes at FC1, FC2 and FC3, expression increased significantly in MPM at FC4. 

Expression also increased in ACS but remained low, while expression in ‘Hayward’ remained 

low and did not change significantly over softening (See Appendix X). While the expression 

of BGAL1 was low in all genotypes, it was consistently higher in MPM, and lower in both ACS 

and ‘Hayward’. Expression of BGAL1 in MPM increased significantly at FC4, whereas 

expression did not change significantly over softening in ACS and ‘Hayward’ (for ‘Hayward’ 

refer to Appendix X). With the exception of BGAL4, MPM generally had a higher expression 

of BGAL genes than ACS. 
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Figure 6.8. Expansin (EXP) mRNA expression during fruit softening in MPM, ACS and ‘Hayward’ measured using quantitative PCR. In 

this figure a two-tailed t-test was used to calculate the significance of sample means between genotypes. ‘*’, MPM significantly higher than ACS; 

‘*’, ACS significantly higher than MPM; FC, firmness category. Note the different scales. 
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Figure 6.9. β-Galactosidase (BGal) mRNA expression during fruit softening in MPM, 

ACS and ‘Hayward’ measured using quantitative PCR. In this figure a two-tailed t-test was 

used to calculate the significance of sample means between genotypes. ‘*’, MPM significantly 

higher than ACS; ‘*’, ACS significantly higher than MPM; FC, firmness category. Note the 

different scales. 

 

 

6.3.2.4 Polygalacturonase (PG) gene expression 

 

While three PG cDNA clones (PG-A, PG-B and PG-C) have been isolated from A. chinensis, 

only PG-C was observed in softening fruit and reached expression levels 50-fold higher than 

of PG-A and PG-B (Wang et al., 2000). Therefore only PG-C was investigated in this study. 

In all cultivars expression of PG-C increased throughout softening (Figure 6.10). Expression 

was significantly higher in MPM than ACS at FC1, FC2 and FC4.  

 

6.3.2.5 Pectin methylesterase (PME) gene expression 

 

The PME gene investigated had very high homology to other kiwifruit PMEs. It was chosen 

because it was highly expressed in Next Generation Sequencing samples in kiwifruit including 

MPM and ‘Hayward’ (Dr Ross Atkinson, personal communication, PFR). The expression of 

the selected kiwifruit PME gene differed between genotypes (Figure 6.10). In MPM, 

expression did not change significantly over softening, whereas in ACS it increased 

significantly and in ‘Hayward’ it decreased significantly. 
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Figure 6.10. Polygalacturonase (PG-C) and pectin methylesterase (PME) mRNA 

expression during fruit softening in MPM, ACS and ‘Hayward’ measured using 

quantitative PCR. In this figure a two-tailed t-test was used to calculate the significance of 

sample means between genotypes. ‘*’, MPM significantly higher than ACS; ‘*’, ACS 

significantly higher than MPM; FC, firmness category. Note the different scales. 

 

 

6.3.3 Functional analysis  

 

Selected genes (Table 6.2) were transiently expressed in N. tabacum and puncture tests were 

performed on the area of leaf that had been infiltrated to see what effect these genes had on the 

structural integrity of the cell wall. There was no difference in results for leaves left infiltrated 

on the plant for three or five days, therefore results presented here are for leaves left for 3 days. 

It was hypothesised that the infiltrated and expressed kiwifruit genes may disrupt the structural 

integrity of the tobacco leaf cell wall, thereby making the force required to penetrate the leaf 

lower than that required for the phex and the non-infiltrated leaf control. The results in Figure 

6.11 show, however, that the puncture test with leaves containing the kiwifruit genes EXP3, 

PGX, BGALX, PMEX and XTH14 required a significantly higher force to penetrate the leaf 

than both the phex and leaf controls. There was no significant difference required to puncture 

the non-infiltrated leaf and the leaf with the phex vector. On the other hand, the force required 

to penetrate the leaf with recombinant apple PG was significantly lower than the phex and leaf 

controls. Also the driselase/ pectinase/cellulose mix required approximately half the force 

needed to penetrate the phex- and leaf controls.  
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Figure 6.11. Maximum force required to penetrate Nicotiana tabacum leaves infiltrated 

with Agrobacterium tumefaciens containing kiwifruit cell wall genes. EXP3, expansin; 

PGX, polygalacturonase; BGalX, β-Galactosidase; PMEX, pectin methylesterase; XTH14, 

xyloglucan transglycosylase/ hydrolase; phex, empty vector. Leaf, un-infiltrated tobacco leaf; 

Apple PG; apple polygalacturonase; Driselase mix; driselase/ cellulase/ pectinase mix (0.2%, 

1%, and 0.05%, respectively). 

 

 

6.3.3.1 Confirmation of the presence of recombinant protein in transient tissue 

 

Figure 6.12 shows the results of immunoblots for expansin, BGal and XTH. Figure 6.12A 

shows the presence of an expansin immunopositive band at approximately 23 kDa in the 

infiltrated leaf tissue. No bands were detected in the controls, suggesting that this protein was 

not native to tobacco leaves and that it was indeed the recombinant kiwifruit expansin. In Figure 

6.12B protein bands were visible that cross-reacted with the BGal antibody. These bands were 

also present in the negative (phex and non-infiltrated) controls, indicating that the kiwifruit 

BGal protein was either not transiently expressed, or not immunoreactive. Similarly, the faint 

immunopositive XTH bands at approximately 30 kDa detected in all samples including 

controls (Figure 6.12C), indicated that this protein had not been expressed. There was no 

kiwifruit PG antibody available to perform immunoblots, and the apple PG antibody available 

did not cross-react with kiwifruit PG. Similarly there was no PME antibody available. 
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Figure 6.12. Immunoblots assessing the presence of recombinant protein in Nicotiana 

tabacum leaves. (A) immunoblot using an antibody specific for expansin. The arrow indicates 

the presence of an expansin like protein at approximately 23 kDa; (B) immunoblot using an 

antibody specific for BGal; (C) immunoblot using an antibody specific for XTH. Exp, expansin 

extracted from transgenic tobacco leaves; XTH, xyloglucan transglycosylase hydrolase 

extracted from transgenic tobacco leaves; BGal, β-galactosidase extracted from transgenic 

tobacco leaves; phex, empty vector extracted from transgenic tobacco leaves; leaf, un-

infiltrated tobacco leaves. 

 

 

6.3.3.2 BGal, XET, PG and PME activity assays 

 

Results shown in Figure 6.13 support the results from the immunoblots and confirm that there 

were most likely no active BGal and XTH proteins present. In both cases the activity of the 

infiltrated samples was similar or lower than that of the non-infiltrated tobacco leaf sample. 

PME activity was generally higher in the non-infiltrated tobacco leaf sample, indicating again 

that this protein was either not present or had not been accurately synthesised. Expansin activity 

was not detected using the turbidity assay (see Chapter 4, Section 4.4). The PG gel diffusion 

assay (Chapter 4, Section 4.2.4) showed no difference in activity between the phex- and non-

infiltrated leaf tissue controls and the PG-infiltrated tissue.  
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Figure 6.13. Enzyme activity in leaf samples with recombinant proteins and control 

samples (phex and leaf). (A) β-galactosidase (BGal), (B) xyloglucan endotransglycosylase 

(XET), (C) polygalacturonase (PG), (D) pectin methylesterase (PME). FW, fresh weight. phex, 

empty vector. Values are means of 2 assays carried out in triplicate (BGal and XET), sextuplet 

(PG) and quadruplicate (PME) ± S.D. 

 

 

An immunoblot for apple PG (Figure 6.14) showed the presence of an apple PG protein at 

approximately 46 kDa, in accordance with Atkinson et al. (2002). Despite the presence of apple 

PG protein in the infected leaves and effect on structural integrity of the leaf tissue (Figure 

6.11), no PG activity was detected in the gel diffusion assay. However, negative results for gel 

diffusion PG assays performed on apple tissue have also been experienced independently by 

other colleagues at PFR (Dr. Rosie Schröder, personal communication, PFR), suggesting that 

apple PG might have some specific substrate requirements or enzymatic action that is not met 

by gel diffusion assays using polygalacturonic acid from citrus. However, given that there was 

an effect of apple PG on the tobacco leaves, it can be said with some degree of certainty that 

this recombinant protein was active. 
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Figure 6.14. Immunoblot assessing the presence of recombinant apple polygalacturonase 

(PG) protein in Nicotiana tabacum. Extracts produced after a low salt (LS)/ high salt (HS) 

extraction of Nicotiana tabacum leaves and immunoblotting performed using an antibody 

directed against ripe apple PG. The empty phex vector was used as a control. PG/phex pellet, 

pellet remaining after LS/HS extraction. An arrow indicates the presence of apple PG in the LS 

PG extract, the PG pellet after LS/HS extraction, and after sodium dodecyl sulphate buffer 

extraction at approximately 46 kDa.  

 

6.4 Discussion 
 

The aim of this study was to gain a better understanding into the regulation of kiwifruit 

softening at the molecular level. The genes for this study were chosen based on results of work 

reported in previous chapters and were considered to provide a sound basis for determining  

differences in genetic control between fast and slow softening kiwifruit genotypes. It is 

acknowledged that only one PG and one PME gene were investigated as these were thought to 

best represent expression in kiwifruit as explained in the earlier results (Sections 6.3.2.4 and 

6.3.2.5). This discussion will focus on the main differences between MPM and ACS in terms 

of gene expression and, where appropriate, compare results of ‘Hayward’ to that of previous 

studies on the same genes. The potential for assessing functional analysis of transiently 

expressed kiwifruit cell wall genes in N. tabacum leaves using a puncture test will be discussed. 

 

The phylogenetic analysis of XTH sequences supported the previous division of XTH 

sequences into three large clades (Atkinson et al., 2009; Rose et al., 2002b). It also revealed 

further well-supported branches within these three clades. These branches (or subclades) 

typically contained both kiwifruit and Arabidopsis XTH sequences which, in general, suggests 

ancient separation of genes before subsequent speciation (Taylor et al., 2001). 
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The most highly expressed gene in all genotypes during ripening was XTH7 which is in 

accordance with Atkinson et al. (2009) who found the same expression pattern in the outer 

pericarp tissue of ‘Hayward’ at similar fruit firmness’s during softening. XTH13 was also 

highly expressed in this study. Although Atkinson et al. (2009) found that this gene was not as 

highly expressed in ‘Hayward’ as it was in this study the same expression pattern was observed, 

with an increase in expression during softening. While XTH7 and XTH13 were the most highly 

expressed genes, the fact that they belong to different clades (Figure 6.5) may suggest that these 

genes have different functions in the cell wall or different functions during different 

development stages, as has been suggested for tomato (Miedes & Lorences, 2009). Despite the 

low expression of XTH2 compared with XTH7 and XTH13, the expression pattern of XTH2 in 

a way mirrored that of XTH13, being significantly higher in ACS than in MPM at all softening 

stages. These results suggest that the gene products of XTH13 and XTH2 may play more of a 

role in the softening of ACS than MPM. Over-expression of an XTH gene in tomato by Miedes 

et al. (2010) showed a lower xyloglucan depolymerisation and lower fruit softening in 

transgenic fruit compared with controls, suggesting that XTH could be related to the 

maintenance of the structural integrity of the cell wall.  

 

On the other hand, XTH5, XTH8 and XTH10 were expressed at significantly higher degrees in 

MPM than ACS at various stages during softening. XTH5 was of interest as its expression 

pattern showed a similarity to the pattern of XET enzyme activity in MPM (see Chapter 4, 

Section 4.3.2), and was preferentially expressed in MPM. An activity assay performed by 

Atkinson et al. (2009) on a recombinant XTH5 gene product found that it did indeed possess 

XET activity. XTH5 corresponds to the AdXET5 gene shown previously to be expressed late in 

kiwifruit softening (Schröder et al., 1998).  

 

Phylogenetic analyses confirmed that all of the expansin genes whose expression was 

investigated in this study belong to the group of α-expansins (Figure 6.8). α-Expansins are 

thought to play a role in fruit ripening (Brummell, Harpster, & Dunsmuir, 1999; McQueen-

Mason & Cosgrove, 1995; Rayle & Cleland, 1992; Rose et al., 1997). In an analysis of  the 

expression patterns of the EXP genes in the current study, expression tended to be higher in 

‘Hayward’. However, this was not the case in the other slow softening genotype ACS. 

Therefore a correlation between EXP expression and the rate of softening was not evident. 

Hence expansins may play a more prominent role in softening of the species A. deliciosa than 

in A. chinensis. The expression of EXP1 was, however, significantly higher in MPM than in 
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ACS at FC4. While only α-expansins were investigated, a study by Yang et al. (2007) identified 

two kiwifruit expansin genes belonging to the α- and β-expansin families involved in kiwifruit 

ripening. α-Expansins are mainly involved in fruit ripening, while β-expansins are mostly 

related to rapid cell expansion and loosening of grass cell walls and generally not associated 

with fruit softening (Cosgrove, 2000c; Cosgrove et al., 1997).  

 

A study by Rose et al. (1997) showed that α-expansin LeEXP1 was expressed in the later stages 

of tomato ripening, during a developmental period when growth had stopped and when 

breakdown of the cell wall components was occurring. LeEXP1 activity was also identified in 

ripening melons and strawberries, suggesting that it is a common feature of fruit undergoing 

rapid softening (Rose et al., 1998). Brummell et al. (2002) showed that the suppression of 

LeEXP1 resulted in a firmer tomato fruit and prevented the final stages of pectin 

depolymerisation. Alternatively, over-expression of the same gene in tomato resulted in a 

substantially increased rate of fruit softening. A phylogenetic analysis in this current study 

suggested that LeEXP1 was most closely related to kiwifruit EXP7. From the qPCR data, 

however, EXP7 was expressed at very low levels, and while expression decreased during 

softening in ‘Hayward’, it was relatively constant in MPM and ACS. This could mean that 

LeEXP1, which is important in tomato, may have no significant role or perhaps a different role 

in kiwifruit softening. However, given that few branches had bootstrap values (Figure 6.6) over 

80% there is a possibility that this tomato expansin may also be related to several other kiwifruit 

expansin genes. This would include EXP1, EXP2 and EXP3, all of which had a significant 

increase in expression during softening. In order to determine the role that EXP7 plays in 

kiwifruit and compare this to the role LeEXP1 plays in tomato, functional analysis would need 

to be carried out.  

 

The BGAL genes used for expression analysis in this study were selected from deep sequencing 

data of MPM and ‘Hayward’. Their expression patterns in this study followed a pattern similar 

to those identified from the deep sequencing data (Dr. Ross Atkinson, personal communication, 

PFR). The BGAL4 gene was first isolated in ‘Hayward’ by Ross et al. (1993), and its enzyme 

product was shown to be involved in galactose loss from galactan side chains by testing its 

activity against a range of potential native substrates. In this study, expression of BGAL4 was 

higher in ‘Hayward’ throughout softening than in MPM and ACS. In tomato and pear, several 

studies have suggested that it is a family of BGal enzymes that are collectively responsible for 

the removal of galactose residues from galactan side chains (Carey et al., 2001; Mwaniki et al., 
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2005), and down-regulation of a single tomato BGal gene (TBG1) had no apparent effect on 

cell wall galactose levels compared with the control (Carey et al., 2001). These authors 

suggested that this gene may not be involved in fruit softening but may act on a specific cell 

wall substrate. Indeed, Smith and Gross (2000) found a family of at least seven BGAL genes 

expressed during tomato fruit development and that the expression patterns of these genes 

varied widely. In this study it could be suggested that in MPM, BGAL2 may be involved in the 

early stages of softening, while BGAL1 and BGAL3 could be involved in the later stages of 

softening. While none of the BGAL genes investigated here showed predominant expression in 

ACS, BGAL1 and BGAL2 were expressed consistently during softening, albeit at low levels, 

leaving the possibility of a particular BGAL gene prominent in ACS that was not investigated 

in this study. 

 

The expression of the kiwifruit PG-C gene increased in all genotypes during softening. This is 

in accordance with Wang et al. (2000) and Atkinson and Gardner (1993) who noted similar 

expression patterns in tomato. A close relationship between PG activity and fruit softening has 

also been recognized in other species such as apple, capsicum and pear (Atkinson et al., 2012; 

Hiwasa et al., 2003; Rao & Paran, 2003). Wang et al. (2000) showed that, as in this current 

kiwifruit study, PG-C expression in softening A. chinensis fruit was detected prior to ethylene 

production and the highest degree of expression correlated with the respiratory climacteric. It 

was interesting to note that the expression of PG-C increased in MPM between FC1 and FC2, 

whereas in ACS it did not increase significantly until FC3, and ‘Hayward’ FC4. This suggests 

that the early onset of PG-C expression may contribute to the fast softening rate of MPM, 

although this did not correlate with the PG enzyme activity shown in Chapter 4. 

 

The results of the expression of the selected PME gene showed that expression increased in 

ACS but stayed relatively constant in MPM during softening. The PME enzyme is thought to 

prepare HG for PG-mediated depolymerisation by demethylesterification. In both MPM and 

ACS, expression of PME preceded that of PG. In tomato, PME was controlled by a small gene 

family consisting of a least four genes, however, some of these are highly homologous (Gaffe 

et al., 1997; Turner et al., 1996). However, it is acknowledged that only one PME gene was 

investigated in this study, and that more would need to be studied to gain a greater 

understanding into the role PME plays in kiwifruit softening. 
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The use of the tobacco transgenic system to determine gene functionality was chosen as it has 

been proven to be successful in previous studies of transiently expressed proteins (Hellens et 

al., 2005; Osteryoung et al., 1990). Osteryoung et al. (1990) produced a tomato PG that was 

almost indistinguishable from the PG that normally occurs in tomato fruit in terms of 

glycosylation and proteolytic processing. Hence this was considered to be a good system to 

produce active, kiwifruit-derived cell wall enzymes and then to measure their potential for 

lessening cell wall integrity of tobacco leaves using a puncture assay. This was done with 

caution, however, as it has been noted that in some cases expression of proteins in this system 

results in the accumulation of molecular forms not normally observed in native tissue (Higgins 

et al., 1988; Post-Beittenmiller et al., 1989). Unfortunately most of the genes that were 

expressed using the transient system were not immunodetectable and/ or active in in-vitro 

assays, and did not have the expected degradative effect on the tobacco leaves using the 

puncture test. Apple PG was the only protein that had an effect on the tobacco leaves with the 

force to penetrate the leaf being lower than in controls. A study by Atkinson et al. (2002) 

showed that over-expression of apple PG in transgenic apple plants resulted in abnormal cell 

separation and loss of cell adhesion in the leaves. If this same process was occurring in tobacco 

leaves it would lessen the integrity of the leaf thereby requiring less force to penetrate the leaf. 

A similar pattern was found in the current study. This result suggests that the effects of a fruit 

cell wall hydrolase on tobacco leaf cell wall integrity has the potential to be measured using 

the puncture test method. However, Osteryoung et al. (1990) showed that expression of a 

tomato PG in tobacco had little effect on plant morphology or development and was insufficient 

to promote pectin degradation in tobacco leaf tissue. However, the difference between the 

results of Osteryoung et al. (1990) and those of the current kiwifruit study is that they were 

able to prove that the tomato PG enzyme was present and showed activity in-vitro. Had the 

transiently expressed proteins in this study been active (as demonstrated by in-vitro enzyme 

assays and effect on force required to penetrate the leaves), the leaves would have been 

examined at a cellular level using techniques such as light microscopy, immunolabelling or 

cell wall analysis to assess their potential influence on characteristics such as cell separation, 

cell wall composition and degree of esterification. 

 

Although the transiently expressed kiwifruit proteins in this study were not proven to be active, 

they still had an effect on the tobacco leaves by increasing the force required to penetrate the 

leaves. However, there was little difference in effect on the tobacco leaves between different 

kiwifruit enzymes. It was interesting to note that in the enzyme activity assays for BGal, XET 
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and PME, the potential enzyme plus the empty phex vector control had a significantly lower 

activity than that in the un-infiltrated wildtype leaf. This could be because of the expression of 

a proteinase inhibitor generated by plants in response to mechanical wounding, gene co-

suppression (Peña-Cortés et al., 1995; Smyth, 1997), a more general plant defence reaction to 

the addition of a foreign protein, or perhaps an artefact of the infiltration process.  

 

In summary, the expression of different XTH genes in MPM and ACS suggests they may have 

an important role in softening. Expression of the selected BGAL genes showed several may be 

involved in fruit softening and that those investigated were predominantly expressed in MPM. 

The role of expansin remains unclear and future work should focus on both the α- and β- 

expansins and their role in kiwifruit softening. While the kiwifruit proteins transiently 

expressed in tobacco in this study were not proven to be active, the effects of the apple PG 

along with the effects of the driselase/cellulose/pectinase mix suggest that, with optimisation, 

the puncture test method described in this chapter could be an effective way to investigate the 

effects of recombinant cell wall enzymes on the structural integrity of the cell wall. 
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Chapter 7 General discussion 
 

 

Ripening enhances organoleptic properties of fruit, making them suitable for human 

consumption. However, fruit quality diminishes as ripening reaches an advanced stage, with 

changes in flavour, increased susceptibility to rots and over-softening. The rate of softening is 

important for determining postharvest shelf life. Therefore, delayed fruit softening is one of 

the major targets of kiwifruit breeding programmes. This study was the first to examine two 

closely related genotypes of Actinidia chinensis with different softening characteristics by 

integrating cell wall composition analysis, enzyme activity assays, microscopy, and gene 

expression. MPM softened rapidly within a few days at ambient temperature whereas ACS 

took several weeks to soften to an over-ripe stage. The cultivar ‘Hayward’ (A. deliciosa), 

although belonging to a different species, is a commercial genotype with a long postharvest 

softening time. It was used in this study as a ‘reference’ fruit, as its ethylene-induced cell wall 

changes have been well investigated. This work was designed to take a broad approach to the 

processes involved in softening. 

 

The aim of this study was to identify whether differences in softening rate between the two 

genotypes were caused by (a) fundamental differences in the cell wall chemistry or structure 

that changed the way the enzymes could degrade the wall or (b) alterations in the rate of gene 

expression and activity of cell wall enzymes which would result in different softening rates. 

This study showed that fruit softening is a complex process involving many different factors, 

and that there were indeed differences in the cell wall composition, differential enzyme activity 

and gene expression between the fast and slow softening genotypes.  

 

In general, cell wall disassembly responsible for softening is thought to involve four main 

processes: (1) the solubilisation and depolymerisation of pectin, (2) the loss of the neutral 

sugars arabinose and galactose from pectin side chains, (3) the depolymerisation of xyloglucan 

and (4) the swelling of the cell wall (Brummell, 2006). This discussion will focus on these main 

processes, and the role they may play in regulating the rate of kiwifruit softening.  
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7.1 Xyloglucan depolymerisation  
 

The most significant differences observed during the softening of MPM and ACS were in 

relation to the hemicellulose-domain of the cell wall, and in particular xyloglucan. Xyloglucans 

are predominantly found in the 1 M KOH and 4 M KOH soluble cell wall fractions as the 

strength of the bonds between xyloglucan and cellulose requires a strong solvent to interrupt 

them. The higher proportion of xylose and glucose in the 4 M KOH fractions of ACS compared 

with MPM throughout softening suggests that there was a higher proportion of xyloglucan in 

the cell walls of this genotype from the beginning of postharvest softening. This was supported 

by immunolocalisation of xyloglucan with the antibody LM15 which showed that the XXXG 

epitope was located in both the large and small cells at FC4 in ACS, whereas in MPM it was 

only found in the large cells. A study by Takizawa et al. (2014) showed that during ripening  

of tomato the tissue-specific distribution of xyloglucan may be required for the regulation of 

fruit softening while Ordaz-Ortiz et al. (2009) suggested that xyloglucan may be involved in 

cell adhesion in tomato pericarp parenchyma cells. As xyloglucans contribute to the structural 

integrity of the cell wall by holding cellulose microfibrils in place in the cell wall matrix 

(Cosgrove, 2005), it can be assumed that ACS is likely to show more cell wall structural 

integrity than MPM. This greater structural integrity may resist the changes occurring to the 

xyloglucan-cellulose structure during softening through the action of xyloglucan 

endotransglycosylase (XET) and xyloglucan endohydrolase (XEH) activity.  

 

As well as the increased structural integrity in ACS, there was also an inherently lower in-vitro 

activity of XEH and XET compared with MPM throughout softening. In in-vitro assays, ACS 

showed lower XEH activity at FC1 and FC2 and low XET activity throughout softening. On 

the other hand, in MPM, XEH activity was already well established when fruit were still firm 

at FC1, and it had very high XET activity at FC4. Additionally, there were more XTH protein 

bands detected in MPM by immunoblotting than in ACS. Therefore, it might be expected that 

changes in molecular weight (MW) distribution should be evident, particularly in MPM. 

However, there was little evidence for xyloglucan MW change in MPM in either the 1 M or 4 

M KOH fractions, while in ACS a small decrease in MW was observed only in the 1 M KOH 

fraction. Redgwell et al. (1991a) showed that an increase in XET activity was associated with 

a reduction in the relative MW of xyloglucan in ethylene-treated ‘Hayward’ during softening, 

and other studies also have found a direct relationship between the maintenance of the MW of 

xyloglucan and fruit firmness (Maclachlan & Brady, 1994; Miedes et al., 2010). Over-
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expression of an XET gene from tobacco in tomato resulted in an increase in average MW of 

xyloglucan and firmer tomatoes than the wildtype (Miedes et al., 2010).  

 

The findings of this study show a similarity to the findings of Prakash et al. (2012) on mannan 

transglycosylase/hydrolase (MTH) in tomato. High MET and MEH activities were observed 

in-vitro but there was no evident reduction in the MW of mannans in-vivo. Prakash et al. (2012) 

speculated that the enzyme was perhaps not in close proximity to its substrates, or that the 

mannan substrates were ‘masked’ and therefore not available to the enzyme. This was similar 

to the suggestion by Marcus et al. (2008), who found that in a number of species and tissues 

xyloglucans were often ‘masked’ by pectin. However, ‘masking’ of xyloglucan by pectin in 

softening fruit seems unlikely, especially in the advanced stages of softening, as through 

solubilisation and depolymerisation processes, pectin is being removed (Brummell, 2006). 

Furthermore, pre-treatment of sections with pectate lyase prior to immunolabelling in this 

current study showed no sign of masking. It is also possible that the in-vivo xyloglucan 

substrates for XET or XEH activity in MPM were not extracted in the 1 M KOH or 4 M KOH 

fractions, but remained in the CWR. As this residue was insoluble, size exclusion 

chromatography could not be carried out, so no data on MW changes were available. However, 

reduction of the MW of the very tightly bound xyloglucans in this CWR would in itself weaken 

the cell wall and contribute to a faster softening rate of MPM. A possibility that cannot be 

disregarded is that the XTH enzymes extracted had mainly XET (transglycosylase) activity in-

vivo, which would result in little to no change in MW of xyloglucan. However, in-vitro they 

may have shown both XET and XEH (hydrolase) activity, depending on the substrates that 

were offered in the assays (Schröder et al., 1998).  

 

Multiple isoforms of XTH have been identified in kiwifruit, highlighted by the 42 XTH genes 

that were identified in the newly sequenced genome (Huang et al., 2013), 14 of which have 

been published (Atkinson et al., 2009). Isoforms are usually present in plant tissues and may 

have different donor and acceptor substrate specificities and different predominant activities 

(Strohmeier et al., 2004). In this study, multiple isoforms of XTH were present, as shown by 

immunoblotting and gene expression analysis. Most XTH enzymes act mainly as XETs and 

have no XEH activity, whereas only few act predominantly as XEHs (Rose et al., 2002b). 

While true dual activity XTH enzymes are rare, Schröder et al. (1998) showed that the gene 

product of AdXET6 (which corresponds to XTH6 in this current study) purified from the core 



 

212 

 

tissue of ‘Hayward’ did have both XET and XEH activity in-vitro, depending on the nature of 

the substrates available.  

 

From the results of this study, it was possible to speculate which XTH genes were responsible 

for the occurrence of the in-vitro XEH and XET activity. However, this is not without risk, 

because as noted earlier, in-vivo activity and in-vitro activity may be different depending on 

the substrates available. With this in mind, the gene products of XTH13 and XTH2 which were 

predominantly expressed in ACS could act as XEH and be responsible for the slight reduction 

in the MW of the 1 M KOH xyloglucan. XTH8 and XTH10 were preferentially expressed in 

MPM at the beginning of softening, therefore a possibility exists that the enzymes encoded by 

these genes possess the XEH activity that is present in MPM at the beginning of softening. The 

expression of XTH5 (previously AdXET5, as reported by (Schröder et al., 1998)) increased in 

the outer pericarp tissue of MPM during softening but remained very low in ACS. Interestingly, 

this gene is highly homologous to XTH6, which, as noted previously, encodes a true dual 

activity enzyme, and the gene products show 92.9% amino acid identity, as identified by 

Schröder et al. (1998). Therefore, it is possible that XTH5 also generates a dual activity enzyme, 

as Xu et al. (1996) suggested that closely related genes that encode XTHs are likely to have 

related enzymatic activities. In-vitro, the product of XTH6 in the core tissue of ‘Hayward’ 

appeared to be  more active as an XET, but in-vivo it appeared to be acting as an XEH, as the 

MW of xyloglucan decreased during softening (Redgwell et al., 1991a; Schröder et al., 1998). 

One could speculate that XTH5 may be behaving in a similar manner in MPM. In-vitro, XTH5, 

like XTH6, may lead to high XET activity, but in-vivo, it may generate XEH activity and act 

as a hydrolase on xyloglucan in the cell wall, contributing to the fast softening rate of MPM.  

 

It has been suggested that expansins may play a role in the loosening of the cellulose-

xyloglucan hydrogen bonds, thereby increasing the accessibility of XTH to its xyloglucan 

substrate in-vivo (Cosgrove et al., 2002). When bound to cellulose, xyloglucan is inaccessible 

to XEH (Pauly et al., 1999), but the presence of expansin may allow the loosening of the 

hydrogen bonds or sufficient separation between the chains to allow XEH to bind. Brummell, 

Harpster, Civello, et al. (1999) showed that over-expression of LeEXP1 in green tomato fruit 

caused depolymerisation of xyloglucans, presumably mediated by XEH or other hydrolases 

such as endoglucanase. In the absence of data on expansin activity, any speculation on the role 

of expansin in MPM and ACS can only be based on gene expression data. However, MPM had 

a higher number of immunopositive bands reacting with the expansin antibody, suggesting the 



 

213 

 

presence of several isoforms of expansin not detected in ACS and possibly resulting in a higher 

expansin activity in MPM. If this was the case it could have increased the binding capacity and 

therefore the in-vivo activity of XEH by enabling access to its xyloglucan substrate early in 

softening. This would again contribute to its faster softening rate. Collectively, the results from 

this study on the hemicellulose-domain of the cell wall present a logical interpretation and 

provide direction in terms of the need for further study the complex relationship between 

hemicellulose and other cell wall components.  

 

7.2 Pectin solubilisation 
 

Pectin solubilisation is a central part of fruit softening, as pectin that was bound to cell wall 

becomes freely soluble and can be extracted with water. In previous studies on ethylene-treated 

‘Hayward’, the start of pectin solubilisation coincided with the start of in-vivo cell wall swelling 

at an equivalent firmness to FC2 (Redgwell, MacRae, et al., 1997). In the current study, pectin 

solubilisation did not correlate with cell wall swelling in any genotype. Pectin solubilisation 

had already started at FC1 in both MPM and ACS, and in ‘Hayward’ (as seen by an increase 

in yield of the water-soluble fraction) whereas in-vivo and in-vitro swelling of the cell walls 

began much later in all genotypes at around FC3.There was also no obvious relationship 

between degree of swelling and the extent of pectin becoming water-soluble.  

 

In ‘Hayward’, it has been suggested that for pectin solubilisation to occur, very tightly bound 

pectin became progressively less tightly bound and eventually freely soluble in water 

(Redgwell & Percy, 1992). Similarly, in strawberry, pectin was solubilised from the covalently 

bound form in the cell walls, such as that found  in the Na2CO3 and 1 M KOH soluble fractions 

(Posé et al., 2011). In both MPM and ACS most of the solubilised pectin originated from the 

Na2CO3-soluble fraction, but particularly early in softening at FC1 and FC2, ACS also had 

some pectin originating from the more tightly bound 1 M KOH fraction. Additionally, pectin 

solubilisation was more pronounced in the slow softening ACS than in MPM. This implies that 

for ACS to achieve the same firmness’s as MPM, more pectin had to be solubilised. 

Additionally, as the solubilisation of more tightly bound pectin would take more time. This is 

another factor that could contribute to its slower softening rate.  

 

The MW of solubilised pectin may also be an important factor that could influence softening 

rate. It can be assumed that the greater the amount of large MW water-soluble pectin molecules, 
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the greater impact their loss would have on the structural integrity of the cell wall by increasing 

cell wall porosity (Somerville et al., 2004). Indeed, in this study the water-soluble pectin in 

MPM had a higher MW than that in ACS at FC1, which, once solubilised from the cell wall 

could result in a weaker cell wall structure and a faster softening rate. Solubilisation of very 

tightly bound pectin such as that found in the 4 M KOH soluble fraction and the CWR could 

also influence the structural integrity of the cell wall. In MPM, the 4 M KOH soluble pectin 

had a lower MW distribution than ACS at FC1, suggesting that the cell wall structure was 

already somewhat weaker at this unripe stage. This may also have resulted in a cell wall that 

was more accessible to cell wall degrading enzymes. The increase in MW of the 4 M KOH 

soluble pectin in MPM during softening suggests the release of larger MW pectin molecules 

from the CWR, which then became extractable in 4 M KOH. This would have an effect on the 

structural integrity of the cell wall, leading to a more rapid softening rate. In ACS on the other 

hand, the MW distribution did not change during softening, indicating that the population of 

large MW pectin was not degraded during softening. This would help retain structural integrity 

in the 4 M KOH pectin and may result in a longer softening time in ACS.  

 

The mechanism of pectin solubilisation is not entirely understood. Posé et al. (2013) suggested 

that in strawberry the loss of pectin from the Na2CO3 fraction may be correlated with a higher 

PG activity. This might also have been the case in this study, as ACS had the highest yield of 

the Na2CO3-soluble fraction and indeed a higher PG activity than MPM. Although in ACS 

pectin solubilisation appeared to correlate with an increase in PG activity, in the fast softening 

MPM pectin solubilisation occurred when PG activity was low or absent, and therefore seemed 

to be PG-independent. Hence, similar to the suggestion for peach (Yokisama et al., 2011), 

factors other than PG activity might induce the solubilisation of cell wall pectin in this fast 

softening genotype.  

 

In MPM, a possible mechanism for pectin solubilisation may once again involve expansins 

which have been shown to play a vital role the loosening of the cell wall in the early stages of 

fruit softening in tomato (Brummell, Harpster, Civello, et al., 1999). Non-covalent bonding 

between pectin and cellulose, or between pectin and xyloglucan have been proposed in recent 

cell wall models by Vincken et al. (2003), Zykwinska et al. (2005) and Popper and Fry (2005). 

In ‘Hayward’, Schröder and Atkinson (2006) hypothesised that expansins may act by loosening 

the attachment of cellulose microfibrils to pectin and/ or xyloglucan, thereby enabling pectin 

to diffuse out and become soluble. At the protein level, MPM had a higher number of 
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immunopositive bands reacting with an expansin antibody. However, the expansin genes 

investigated in this study did not reveal an EXP gene with consistently high expression in MPM 

(with the exception of EXP1 having a significantly higher expression at FC4).While in MPM 

the action of expansin may contribute to pectin solubilisation, in ACS it could be caused 

predominantly by the action of PG. Alternatively, in MPM the weakened cell wall structure 

caused by expansin could allow a lower PG activity to have a more profound effect on 

solubilisation, thereby resulting in a faster softening rate of  this genotype. 

 

While it is a common assumption that solubilisation of pectin occurs without degradation (Ng 

et al., 2013; Redgwell et al., 1992; Vicente et al., 2007) and as has been shown in the current 

study, PG is a pectin-backbone degrading enzyme, and its involvement in pectin solubilisation 

seems unusual. In persimmon, solubilisation occurred in the apparent absence of PG activity 

(Cutillas-Iturralde et al., 1993). In contrast, Atkinson et al. (2012) showed that down-regulation 

of PG-1 in apples decreased the yield of water-soluble pectin with little effect on the MW 

distribution, suggesting that PG may indeed play a role in pectin solubilisation. It is possible 

that the mechanism of pectin solubilisation could be different in MPM and ACS despite the 

genotypes being closely related. This is a question that could be subject to further research. 

 

7.3 Galactose and arabinose loss  
 

Galactose and arabinose are present in cell walls mostly in the form of long and branched 

arabinan and galactan side chains of RG-I, which are tightly associated with cellulose 

(Zykwinska et al., 2007). In tomato, arabinans appear to have a role in intercellular adhesion 

and wall flexibility (Orfila et al., 2001) while in apples, loss of arabinans is associated with the 

loss of texture (Peña & Carpita, 2004; Tong et al., 1999). While ACS lost more arabinose from 

its cell walls during softening than MPM, it took 31 days to do so, whereas the softening of 

MPM occurred in a short six day period. This suggests that arabinose, most likely in form of 

arabinan side chains, might have been harder to access by α-arabinofuranosidase (AFase) in 

ACS than in MPM. Alternatively, the additional loss of arabinose from cell walls in ACS could 

reflect the longer time the enzyme AFase had to remove more tightly bound arabinans. 

However, more data would be needed to determine the role of these RG-I arabinan side chains 

in kiwifruit cell walls, as well as further examination of the activity of AFase and its gene 

expression. 
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Changes in galactose content have been reported to play a major role in wall loosening during 

growth and are also involved in fruit softening This is most likely through loss of galactan side 

chains of RG-I, which would both reduce strength and increase wall porosity. These neutral 

galactan side chains of RG-I can anchor pectin to the wall through binding to either xyloglucans 

or cellulose (Fischer et al., 1994; Popper & Fry, 2005; Renard et al., 1991b; Zykwinska et al., 

2005). Previous studies have suggested a correlation between galactose loss and decrease in 

firmness. A difference noted between ACS and MPM was that ACS lost a majority of its 

galactose from the CWR while MPM lost a majority from the 4 M KOH fraction. Strong 

associations between galactan and cellulose are thought to be important for maintaining cell 

wall strength (Zykwinska et al., 2006; Zykwinska et al., 2007). In ACS, the galactans were so 

tightly associated with cellulose that the association could not be broken even by 4 M KOH. 

The length of time ACS took to soften may reflect the greater difficulty in removing galactose 

from these galactans to soften to the same firmness categories as MPM.  

 

While there was little difference in total galactose loss from the cell wall material (CWM) 

during softening, ACS lost most galactose between FC2 and FC3, while MPM lost most 

galactose later in softening, between FC3 and FC4. The rapid softening in MPM, caused by a 

number of factors, may have outpaced the loss of galactose. In ACS, a slower rate of overall 

softening may have meant that even though the galactose was only being removed slowly, the 

period between FC2 and FC3 was long enough for much more of it to be lost over this time. 

This pattern of galactose loss was supported by immunolabelling with LM5 (specific for 

galactan) that showed a similar distribution of the epitope in  MPM and ACS at FC1 and FC2, 

but by FC4 was more intense in the large cells of MPM while being more intense in the small 

cells of ACS. The structural integrity of the tissue is likely to be based on the strength and 

connectivity of the small cells which provide the matrix in which the large cells are embedded 

(Hallett et al., 2005). In pea cotyledons (McCartney et al., 2000), potato (Ulvskov et al., 2005), 

tomato (Smith et al., 2002) and kiwifruit (‘Hayward’) (Redgwell, Fischer, et al., 1997), reduced 

galactose content was correlated with a decrease in wall strength and tissue firmness. In potato 

tubers, a reduction in galactans resulted in increased solubility of pectin and increased wall 

porosity (Sørensen et al., 2000). Since the large cells constitute a lower percentage of the outer 

pericarp cell walls than the small cells (Hallett et al., 2005), it is possible that the loss of 

galactose in the small cells of MPM could result in more porous walls, thus providing easier 

access for cell wall degrading enzymes to their substrates (McCartney et al., 2000). These 

results suggest that in kiwifruit, with its unusual large cell/ small cell arrangement, it is perhaps 
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just as important to know from which cell type the galactose is lost, as it is to know from which 

cell wall fraction or at which point during softening it is lost. 

 

During softening there was little increase in BGal activity in either MPM or ACS, despite an 

increase in intensity of the immunopositive bands, suggesting that the measured total BGal 

activity might not be completely cell wall-related (see Chapter 4). In tomato, while total BGal 

activity was high and did not change significantly during ripening, transcripts derived from 

seven BGal genes detected during fruit development showed different patterns of expression 

(Carey et al., 1995; Carrington & Pressey, 1996; Pressey, 1983; Smith & Gross, 2000). Smith 

et al. (2002) found that the down regulation of tomato TBG4 (Tomato BGal 4), a gene expressed 

early in ripening and shown to increase more than 4-fold during ripening in wildtype (Carey et 

al., 1995) resulted in firmer fruit compared with the control. This was possibly because of  a 

decrease in BGal activity and, as a result, a decrease in wall porosity leading to the obstruction 

of access of other cell wall degrading enzymes and hindering the depolymerisation of structural 

polysaccharides (Brummell & Harpster, 2001; Redgwell, Fischer, et al., 1997). The detection 

of a higher number of protein bands in MPM by immunoblotting with a BGal antibody 

suggested that more isoforms were present in this genotype, quite possibly with different 

activity patterns. This was supported by the significantly higher expression of BGAL2 in MPM 

compared with that in ACS at the beginning of softening, and significantly higher expression 

of BGAL1 and BGAL3 in MPM later in softening. The results of this study suggest that in the 

genotypes investigated, the gene products of a family of BGAL genes may be required for fruit 

softening. It is acknowledged that there may be more isoforms of BGal that were not analysed 

in this study. Further expression work on genes related to individual isoforms may provide 

more information as to the role that galactose loss may play in regulating kiwifruit softening.  

 

7.4 Pectin demethylesterification 
 

Demethylesterification of homogalacturonan (HG) by pectin methylesterase (PME) is common 

to the softening of many fruit, and some degree of demethylesterification is necessary before 

HG can be cleaved by PG (Prasanna, 2007; Pressey & Avants, 1982; Wakabayashi, 2000; 

Wakabayashi et al., 2003). During softening, activity of PME increased and then decreased to 

a greater extent in ACS than in MPM. This correlated with the expression of the PME gene 

investigated whose expression was higher in ACS than in MPM. During softening the degree 

of esterification (DE) in the CWM of MPM stayed relatively constant, whereas in ACS it 
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decreased. A difference in the DE would not only affect the rigidity of the pectin network, but 

may also modify the diffusion and accessibility of cell wall degrading enzymes (Cameron et 

al., 2011). In the presence of Ca2+, unesterified regions of HG associate and form localised 

domains of calcium-pectate gel, which can increase wall stiffness (Almeida & Huber, 1999). 

Therefore the decrease in DE in ACS in the CWM during softening, may suggest that regions 

of de-methylesterified pectin could associate by Ca2+ cross-links creating a gel. Although PG 

has a preference for low esterified HG microdomains (Steele et al., 1997), its movement and 

that of other enzymes is limited in such a gel, which may contribute to a stronger cell wall 

network similar to that suggested by Goldberg et al. (1996) and Jarvis (1984). In-vitro, ACS 

had a higher PG activity than MPM, which may have overcome the obstacle of a strong pectate 

gel to a certain extent, requiring a longer period of time to result in fruit softening, thereby 

contributing to a slower softening rate. This is speculative however, as calcium content in the 

cell walls was not determined. 

 

The pattern of methylester group distribution within the wall is also important in determining 

pectin properties that impact upon cell expansion, cell development and intercellular adhesion 

(Ralet et al., 2008; Willats et al., 2001). Analysis of CDTA pectin (common in the middle 

lamella) indicated that it consisted predominantly of HG in both genotypes. The JIM7 antibody, 

which labels more highly esterified HG regions, seemed to extend over a greater part of the 

cell wall including the middle lamella in ACS at FC1. In MPM labelling seemed localised to a 

greater extent at the cell-lumen interface. In ACS this could be contributing to increased 

intercellular adhesion in the early stages of softening. The opposite pattern of labelling was 

seen with LM20, suggesting the localisation of different epitopes of highly esterified pectin 

between the two genotypes. Immunolabelling using JIM5, which detects lowly-esterified HG 

regions showed a patchy and uneven distribution in MPM at FC1, while labelling was more 

intense in ACS. Labelling with LM19 showed similar patterns in both genotypes at FC1, while 

labelling remained strong in all cells of ACS at FC4. The immunolabelling results therefore 

suggest a difference in location of epitopes for HG between MPM and ACS. However, it is 

uncertain what the role the pattern of methylester group distribution may play in regulating 

softening. Collectively these results show that there are some differences in DE and localisation 

of pectin in MPM and ACS. 
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7.5 Pectin depolymerisation 
 

In-vitro, PG hydrolyses the HG backbone of pectin with a low DE and hence is likely to play 

a role in pectin depolymerisation during fruit softening. Based on the uronic acid size exclusion 

profiles in this study, it was difficult to speculate the role of PG in these genotypes, and on 

which pectin substrate the enzyme might act. While the lack of a large shift in MW of pectin 

in all pectin-rich fractions (water- CDTA- and Na2CO3-soluble) was inconsistent with previous 

work on ‘Hayward’ (Redgwell et al., 1992), undetectable or very slight depolymerisation 

occurred in strawberry (Huber, 1984), apple (Ng et al., 2013; Yoshioka et al., 1992) and pepper 

(Harpster, Brummell, et al., 2002). When considering pectin solubilisation, a fraction such as 

the CDTA or Na2CO3-soluble fraction extracted late in softening may contain different 

polymers from those extracted by the same reagent early in softening, such as those originally 

contained in the more tightly bound CWR, 1 M and 4 M KOH fractions. Studies on kiwifruit 

and tomato have shown evidence of this reallocation of fractions during sequential extraction, 

resulting in clear MW shifts (Brummell & Labavitch, 1997; Redgwell et al., 1992). This is 

similar to those observed in the Na2CO3-soluble fractions in this study. Therefore a decrease in 

MW in a certain fraction might not necessarily point to the action of PG. In summary, although 

there was some evidence for pectin depolymerisation in MPM and ACS, it deserves further 

investigation. Some studies link high expression of PG in apple to more rapid softening 

(Tacken et al., 2010; Wakasa et al., 2006), while high expression in transgenic tomato resulted 

in the expected pectin depolymerisation but not fruit softening (Giovannoni et al., 1989).  

 

While the fractions containing the pectin substrates of PG in kiwifruit are not fully defined, 

Atkinson et al. (2012) suggested that pectin in the CDTA-soluble fraction in apple may be a 

potential substrate for PG. Suppression of PG-1 resulted in a decrease in the yield of this 

fraction, and the MW distribution of the CDTA-soluble pectin was higher than in control fruit. 

However in MPM, it was the Na2CO3-soluble fraction that had a larger relative increase in 

rhamnose and arabinose combined with an overall loss of UA and yield, which could suggest 

a greater loss of the backbone structure of the pectin in this genotype compared to ACS. This 

increase in rhamnose and arabinose in the Na2CO3-soluble fraction was also observed in 

‘Hayward’ (Redgwell et al., 1992) and could possibly be a result of PG acting on the HG region 

of the pectin backbone leaving the more highly branched regions of the pectin attached to the 

cell wall. Despite the consistently higher expression of PG-C in MPM than in ACS at all FCs, 

MPM had very low extractable PG activity at FC1 and FC4. It is noted that PG activity is often 
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present at very low levels in ripening fruit (Hadfield et al., 1998; Nogata et al., 1996). In 

strawberry and apple, while PG activity was reported to be low (Huber, 1984; Nogata et al., 

1996), down-regulation of PG still resulted in an increased firmness of the fruit mainly because 

of the decrease in pectin solubilisation and depolymerisation (Atkinson et al., 2012; Posé et al., 

2013). Giovannoni et al. (1989) found that increasing PG activity in tomato mutants resulted 

in the degradation of cell wall pectin but had no significant effect on fruit softening.  

 

While ACS had a higher PG activity during softening than MPM, Brummell and Labavitch 

(1997) and Brummell, Harpster, Civello, et al. (1999) suggested that access of PG to its 

substrate, rather than the amount of PG activity, is a major factor controlling pectin 

disassembly. This accessibility could once again be increased by the action of expansin. In this 

respect, a study by Brummell, Harpster, Civello, et al. (1999) showed that suppression of a 

ripening-related expansin gene (LeEXP1) in tomato resulted in reduced pectin 

depolymerisation late in ripening. Additionally, Powell et al. (2003) showed that in tomato, 

suppression of both LeEXP1 and PG resulted in firmer fruit compared to the controls. While 

the activity of expansin was not able to be tested in this study, it is possible that in MPM (due 

to the higher number of protein bands), expansin may be having a more profound effect on 

pectin depolymerisation by disrupting the cell wall structure. However, results from the present 

study suggest that the genes encoding expansin proteins in MPM might not have been identified 

in this study, as expression of the EXP genes investigated were predominant in ‘Hayward’, 

while none were predominant in MPM.  

 

The results obtained in both this study and in previous studies, highlight the complexity of PG 

and its involvement fruit softening.  In summary, the role that changes to the pectin domain 

may play in determining the softening rate was not conclusive. Although these changes are 

characteristic of kiwifruit softening, as discussed in Chapter 4 the actions of PME and PG may 

play more of a role in the textural changes that occur during softening, rather than in softening 

itself.  

 

7.6 Cell wall swelling 

Changes in the chemistry of the cell wall are manifested in its physical properties. It has been 

suggested that the CWM of fruit such as kiwifruit and tomato are extremely hydrophilic and 

show a physical change in the structure of their cell walls (Redgwell, MacRae, et al., 1997). 
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The cell walls therefore possess an enhanced capacity to interact with water compared with the 

cell walls in fruit such as apples (whose cell walls are less hydrophilic), as there is an increase 

in the surface area available for particle-particle interaction. Redgwell, MacRae, et al. (1997) 

concluded that in-vitro swelling was characteristic of fruit which ripened to a soft, melting 

texture. In this present study cell wall swelling was a characteristic of softening. While in-vitro 

and in-vivo swelling occurred in all genotypes, in-vitro swelling was most pronounced in MPM 

and ACS at FC4, while in-vivo swelling was most marked in the small cells of ‘Hayward’ at 

FC4, as demonstrated with bright field microscopy. The results of this study suggest that the 

extent of cell wall swelling may be more species specific and perhaps associated with textural 

differences. In unripe fruit, potential substrates for cell wall degrading enzymes are present, 

but are inaccessible because of their location or because of the physical state in the wall 

(Redgwell et al., 1992). Therefore, while cell wall swelling may not be a determinant of 

softening rate, it may still be involved in softening by rendering enzymes more mobile and 

substrates more susceptible to enzyme attack (Redgwell, MacRae, et al., 1997; Redgwell et al., 

1992).  

 

7.7 Conclusions 
 

The results from this study highlight the complexity of the fruit softening process. In agreement 

with the literature, processes such as pectin solubilisation, pectin depolymerisation, loss of 

galactose and arabinose, depolymerisation of xyloglucan and cell wall swelling are 

characteristics of kiwifruit softening. Compositional analysis of cell walls during softening 

showed differences in cell wall composition between genotypes at the same firmness. This 

indicated that the faster softening rate of MPM is not just a matter of increased enzyme activity 

or increased gene expression, but that there are differences in the cell wall structure from early 

in the softening process. From this study, while several differences between the fast softening 

MPM and slow softening ACS were observed in the pectin domain of the cell wall, the main 

differences observed were related to changes in the hemicellulose domain, in particular 

xyloglucan. It was shown that the connectivity of the xyloglucan-cellulose structure may have 

been weaker in MPM than ACS from earlier in the softening process. In addition, higher XET 

and XEH enzyme activity and corresponding XTH gene expression may also contribute to the 

faster softening rate of MPM. The main differences between the fast and slow softening 

genotypes are listed below (Table 7.1). 
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Table 7.1. Summary of main differences observed between the fast softening genotype, 

MPM, and the slow softening genotype, ACS, during softening. FC, firmness category; 

MW, molecular weight; XET, xyloglucan endotransglycosylase; XEH, xyloglucan 

endohydrolase. 

 

Fast softening genotype (MPM) 

 

 

 Softened to an over-ripe state within 

approximately 6 days after harvest. 

 

 Lower proportion of xyloglucan in 

the 4 M KOH fraction and cell wall 

residue. 

 

 Increase in MW distribution of 4 M 

KOH pectin during softening. 

 

 LM15 xyloglucan epitopes lost from 

the small cells during softening with 

labelling only remaining in the large 

cells. 

 

 Higher XEH activity already 

established at FC1. 

 

 Significant increase in XET activity 

at the end of softening. 

 

 Increase in expression of XTH5 over 

softening with products potentially 

possessing dual enzyme activity.  

 

 Indications that pectin solubilisation 

was occurring via the action of 

expansin. 

Slow softening genotype (ACS) 

 

 Softened to an over-ripe state within 

approximately 30 days after harvest. 

 

 Higher proportion of xyloglucan in 

the 4 M KOH fraction and cell wall 

residue. 

 

 No change in MW distribution of 4 M 

KOH pectin. 

 

 LM15 xyloglucan epitopes retained 

in both the large and small cells 

during softening.  

 

 

 Lower XEH activity at FC1 and FC2. 

 

 

 No significant increase in XET 

activity during softening.  

 

 Predominant expression of different 

XTH genes during softening 

compared to MPM. 

 

 Indications that pectin solubilisation 

was occurring via the action of PG. 



 

223 

 

7.8 Suggestions for future research 
 

In any study of this type where a holistic approach is applied to create an overview of the 

changes occurring during softening, an important outcome is to identify those components that 

need more in-depth investigation. Firstly, more genotypes need to be examined to validate that 

the differences seen between the slow and fast softening genotypes in this study are common 

to a wider population of kiwifruit, and are indeed determinants of softening rate. Additionally, 

while this study focused on postharvest changes in the cell wall, the composition of the cell 

walls and the processes that occur prior to harvest may influence the way fruit subsequently 

soften. Therefore a similar study during kiwifruit maturation may be advantageous. The results 

of this study have highlighted areas that should be subject to further research. These areas, 

listed below, relate particularly to xyloglucan, expansin and its contribution to softening in 

kiwifruit, and the specific interactions of pectin, cellulose and xyloglucan with each other in 

the cell wall.  

 

 In order to verify the role that XTH is playing in regulating the softening rate of 

kiwifruit several approaches could be taken.  

 

o The genes identified as important in this study could be expressed in 

Escherichia coli and XET and XEH activity assays performed on the 

recombinant proteins to see if they preferentially exhibit transglycosylating or 

hydrolysing activity in-vitro. This would provide more information into which 

specific genes play a role xyloglucan depolymerisation and therefore in 

regulating kiwifruit softening.  

 

o A more sensitive method to evaluate xyloglucan MW changes using crude 1 M 

and 4 M KOH extracts may be used such as epitope detection chromatography 

after size exclusion chromatography.  This method combines chromatographic 

separations with the use of glycan-directed monoclonal antibodies as detection 

tools (Cornuault et al., 2014). 
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 The expansin assay needs further investigation.  

 

o While gene expression analysis gives an indication of which genes are present, 

this does not necessarily correlate with enzyme activity, as there are many 

processes between transcription and translation to a protein. A direct correlation 

between gene expression and the subsequent protein level and enzyme activity 

is only speculative. Therefore, while gene expression may provide valuable 

information on different isoforms present, to gain further understanding into the 

role expansins play in kiwifruit softening, it would be advantageous for an 

expansin assay to be developed. 

 

o A greater focus needs to be placed on the extensiometry assay, similar to that 

used by Cosgrove (1989) and McQueen-Mason and Cosgrove (1995) as the 

turbidity assay proved unsuccessful using kiwifruit expansins.  

 

 Specific interactions of pectin, cellulose and xyloglucan with each other in the cell wall 

can be investigated in several ways to provide a greater understanding into how the 

actual structure of the outer pericarp tissue may affect softening rates. 

 

o Techniques such as transmission electron microscopy and atomic force 

microscopy would provide information on the physical organisation and 

arrangement of polysaccharides. It would also provide information on 

ultrastructural changes in the fruit that would provide insight into the role of 

pectin and xyloglucan disassembly mechanisms during fruit softening 

(Cybulska et al., 2010; Cybulska et al., 2013).  

 

o 13C solid state NMR has been shown to be able to provide information about 

crystalline forms of cellulose and to test for the presence of polysaccharides 

associated with cellulose microfibrils (Newman & Redgwell, 2002; Newman et 

al., 1996; Newman et al., 1994). 

 

o Techniques such as glycosyl linkage analysis (as described by Sauvageau et al. 

(2010)) could be employed to provide information on which sugar belongs to 
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which polysaccharide; and therefore give a more accurate impression of the 

polysaccharides present. 

 

 Research could focus around the co-ordination and transcriptional control of kiwifruit 

ripening, expanding on the research carried out by McAtee (2014). This is a potential 

route to identifying the genes and enzymes involved in kiwifruit softening. 

By studying differences in cell wall composition and processes occurring during postharvest 

softening of kiwifruit genotypes with different softening rates, this research provided screening 

targets such as XTH gene expression, which can be applied in the development of high-

throughput methodologies for analysing these cell wall biomarkers, thereby enabling early 

prediction of softening rates of kiwifruit. 
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Appendix I. Postharvest data summary  
 

Postharvest data collected on MPM, ACS and ‘Hayward’ for (A) outer pericarp and core firmness, (B) ethylene and carbon dioxide production, 

(C) soluble solids concentration and (D) dry matter and weight. *; data not collected. 

 

(A)   

  

Fruit 

category Outer pericarp firmness (N) Core firmness (N) 

Genotype (FC) 2011 2012 2013 2011 2012 2013 

    Mean S.D. Mean S.D. Mean S.D. Mean S.D. Mean S.D. Mean S.D. 

MPM FC0 * * 10.02 0.82 * * * * 15.55 1.37 * * 

  FC1 8.48 0.86 8.44 0.59 7.74 0.51 13.41 1.58 13.75 2.77 12.04 1.61 

  FC2 5.70 0.72 5.49 1.57 5.08 0.67 5.70 1.33 10.68 1.97 7.96 1.72 

  FC3 2.61 1.15 2.12 0.47 2.35 0.70 2.61 2.99 5.59 3.01 6.70 2.49 

  FC4 0.40 0.18 0.43 0.09 0.38 0.13 0.42 1.87 0.15 0.03 0.48 0.23 

ACS FC0 * * 10.94 0.99 12.59 0.81 * * * * 17.97 1.88 

  FC1 * * 7.73 1.09 7.85 0.43 * * * * 14.44 1.84 

  FC2 * * 5.65 0.69 5.77 0.83 * * * * 11.85 0.75 

  FC3 * * 2.20 0.37 1.36 0.48 * * * * 1.36 1.84 

  FC4 * * 0.58 0.19 0.46 0.11 * * * * 0.18 0.04 

‘Hayward' FC0 10.14 0.57 9.40 0.86 13.75 0.84 16.04 0.76 14.27 1.56 26.13 7.48 

  FC1 8.62 0.50 7.77 0.46 7.59 0.67 13.94 0.66 13.53 2.07 14.76 5.16 

  FC2 5.72 0.63 4.83 2.19 5.09 0.63 11.01 1.27 13.38 2.18 13.48 0.99 

  FC3 2.20 0.44 1.72 0.69 2.09 0.66 5.37 2.59 6.82 2.35 8.74 4.68 

  FC4 0.63 0.12 0.59 0.23 0.50 0.11 0.59 0.23 0.41 0.09 0.14 0.02  

 

 

2
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(B) 

  

Fruit 

category Ethylene (nmol/Kg s) Carbon dioxide production (umol/Kg s) 

Genotype (FC) 2011 2012 2013 2011 2012 2013 

    Mean S.D. Mean S.D. Mean S.D. Mean S.D. Mean S.D. Mean S.D. 

MPM FC0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

  FC1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

  FC2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

  FC3 0.32 0.60 0.01 0.01 0.00 0.00 0.24 0.02 0.20 0.03 0.30 0.01 

  FC4 5.20 8.69 1.37 0.41 1.20 0.30 0.26 0.05 0.29 0.03 0.39 0.05 

ACS FC0 * * * * 0.00 0.00 * * * * 0.00 0.00 

  FC1 * * * * 0.00 0.00 * * * * 0.00 0.00 

  FC2 * * * * 0.00 0.00 * * * * 0.00 0.00 

  FC3 * * * * 0.29 0.59 * * * * 0.31 0.17 

  FC4 * * * * 7.25 12.96 * * * * 0.22 0.05 

'Hayward' FC0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

  FC1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

  FC2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

  FC3 0.32 0.60 0.14 0.03 0.01 0.01 0.38 0.04 0.14 0.05 0.14 0.05 

  FC4 1.34 0.41 0.02 0.00 1.71 2.60 0.31 0.01 0.05 0.12 0.20 0.05 
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(C) 

  

Fruit 

category Soluble solids concentration Dry Matter 

Genotype (FC) 2011 2012 2013 2011 2012 2013 

    Mean S.D. Mean S.D. Mean S.D. Mean S.D. Mean S.D. Mean S.D. 

MPM FC0 * * 8.96 1.38 * * 12.50 1.30 20.7 0.70 20.00 0.90 

  FC1 9.21 1.31 12.13 2.33 12.27 2.90 * * * * * * 

  FC2 11.73 0.99 15.13 1.22 13.45 0.90 * * * * * * 

  FC3 14.62 1.40 17.63 1.10 11.72 1.73 * * * * * * 

  FC4 16.44 1.84 19.62 1.10 17.37 1.02 * * * * * * 

ACS FC0 * * * * 10.54 1.05 * * * * 10.90 2.40 

  FC1 * * * * 15.90 0.99 * * * * * * 

  FC2 * * * * 16.93 1.08 * * * * * * 

  FC3 * * * * 20.18 0.57 * * * * * * 

  FC4 * * * * 20.71 0.98 * * * * * * 

‘Hayward' FC0 6.19 0.51 11.14 1.71 5.98 0.31 16.60 0.80 11.80 40 16.90 0.80 

  FC1 5.88 0.59 13.18 1.13 11.38 0.98 * * * * * * 

  FC2 11.03 0.64 13.41 1.11 11.78 0.57 * * * * * * 

  FC3 12.97 1.36 15.12 1.05 12.86 1.11 * * * * * * 

  FC4 13.39 1.32 16.93 1.39 16.45 1.25 * * * * * * 

2
6
0
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Appendix II. Standard gas chromatogram.  

 

Example of a typical 7-sugar standard gas chromatogram used for the identification and 

quantification of neutral monosaccharides. . rha, rhamnose; ruc, fucose; ara, arabinose; xyl, 

xylose; man, mannose; gal, galactose; glc, glucose; inos, myo-inositol 
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Appendix III. Galacturonic acid standard curve 
 

A typical galacturonic acid standard curve used for the determination of uronic acid content. 
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Appendix IV. Summary of yields for all seasons 
 

Table of yields of MPM, ACS and ‘Hayward’ in (A) the CWM, water-soluble and DMSO-

soluble fractions and the CDTA, Na2CO3, 1M KOH, 4M KOH and CWR fractions for the 

2011, 2012 and 2013 seasons in (B) mg/g FW and (C) % CWM. *, data not collected. 

(A) 

MPM CWM Water DMSO 

mg/g FW 2011 2012 2013 2011 2012 2013 2011 2012 2013 

FC1 14.7 15.9 9.2 1.7 1.6 1.7 47.3 24.1 41.2 

FC2 12.6 12.0 8.7 1.8 1.7 2.0 33.9 18.2 25.5 

FC3 17.2 7.4 7.5 2.2 2.1 3.2 30.0 23.5 21.6 

FC4 12.2 7.0 4.2 5.8 4.2 5.1 4.4 1.2 2.1 

ACS CWM Water DMSO 

mg/g FW 2011 2012 2013 2011 2012 2013 2011 2012 2013 

FC1 * 13.4 10.2 * 1.56 2.77 * 59.19 79.07 

FC2 * 11.0 9.2 * 1.58 3.69 * 43.19 49.28 

FC3 * 9.3 4.1 * 2.98 5.21 * 16.31 15.84 

FC4 * 3.3 2.3 * 5.57 6.43 * 4.38 7.65 

‘Hayward’ CWM Water DMSO 

mg/g FW 2011 2012 2013 2011 2012 2013 2011 2012 2013 

FC1 18.0 10.3 12.1 1.4 0.4 2.4 41.6 23.0 34.8 

FC2 19.3 8.6 13.3 3.5 0.5 2.4 29.7 18.2 31.6 

FC3 12.0 5.9 10.4 3.8 0.7 4.2 18.7 17.9 22.4 

FC4 4.6 3.6 4.9 5.5 3.9 7.7 0.8 1.3 9.3 

 (B) 

mg/g FW MPM ACS 'Hayward' 

    2011 2012 2013 2011 2012 2013 2011 2012 2013 

CDTA FC1 1.91 3.12 1.09 * 1.76 0.30 0.90 0.77 0.82 

  FC2 1.46 1.46 1.33 * 1.25 0.28 0.81 0.57 0.74 

  FC3 1.84 0.75 0.68 * 1.06 0.10 0.55 0.51 0.66 

  FC4 0.66 0.43 0.29 * 0.22 0.30 0.44 0.55 0.29 

Na2CO3 FC1 3.39 5.16 2.46 * 0.65 0.75 4.29 1.03 0.79 

  FC2 2.90 5.31 2.13 * 0.48 0.59 3.34 0.92 0.79 

  FC3 3.19 0.42 1.42 * 0.40 0.60 1.64 0.60 0.74 

  FC4 1.29 2.02 0.52 * 0.23 0.16 0.45 0.27 0.38 

1 M KOH FC1 1.92 1.95 0.95 * 0.32 0.38 2.30 0.36 0.32 

  FC2 1.85 2.10 0.89 * 0.36 0.26 1.52 0.36 0.23 

  FC3 2.00 0.89 0.71 * 0.32 0.18 0.97 0.40 0.43 

  FC4 1.66 0.72 0.34 * 0.26 0.18 0.10 0.24 0.45 

4 M KOH FC1 0.74 1.65 0.66 * 0.19 0.17 1.36 0.54 0.26 

  FC2 0.80 1.69 0.59 * 0.24 0.14 2.13 0.51 0.26 

  FC3 0.90 1.13 0.60 * 0.22 0.23 1.31 0.56 0.43 

  FC4 0.56 0.98 0.32 * 0.38 0.14 0.46 0.32 0.38 

CWR FC1 0.79 0.56 0.45 * 0.12 0.20 0.28 0.29 0.10 

  FC2 0.82 1.17 0.36 * 0.17 0.09 3.03 0.51 0.15 

  FC3 1.72 1.51 0.55 * 0.32 0.10 2.38 0.58 0.15 

  FC4 1.26 1.08 0.30 * 0.63 0.28 1.49 0.48 0.19 
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(C) 

% CWM MPM ACS ‘Hayward’ 

    2011 2012 2013 2011 2012 2013 2011 2012 2013 

CDTA FC1 13.0 19.6 11.8 * 13.0 15.0 15.0 13.7 20.2 

  FC2 11.5 12.2 15.1 * 11.3 14.3 14.5 12.4 18.2 

  FC3 10.7 10.1 9.1 * 11.3 4.8 12.8 13.5 15.4 

  FC4 5.4 6.2 6.7 * 9.6 16.3 9.4 12.3 8.0 

Na2CO3 FC1 23.0 33.3 26.6 * 33.4 37.9 23.7 24.6 19.5 

  FC2 21.8 3.5 24.2 * 24.0 30.3 17.2 22.5 19.2 

  FC3 18.5 27.2 18.9 * 20.3 29.4 13.6 14.6 17.3 

  FC4 10.5 8.3 12.2 * 11.3 8.8 9.7 9.1 10.5 

1 M KOH FC1 13.0 13.2 10.3 * 16.5 19.1 12.7 8.6 7.8 

  FC2 14.7 7.4 10.1 * 18.3 13.1 7.9 8.8 5.7 

  FC3 11.6 9.6 9.4 * 14.0 9.0 8.1 9.7 10.0 

  FC4 13.5 11.3 7.9 * 10.1 9.7 2.1 8.1 12.4 

4 M KOH FC1 7.2 10.6 7.2 * 9.8 8.6 7.5 12.9 6.4 

  FC2 5.8 9.4 6.7 * 11.9 7.3 11.0 12.5 6.3 

  FC3 5.5 13.1 8.0 * 11.2 11.2 10.9 13.6 10.0 

  FC4 8.1 11.7 7.5 * 9.0 7.5 9.8 10.9 10.6 

CWR FC1 6.1 7.3 4.9 * 6.3 10.4 6.4 6.9 2.5 

  FC2 6.5 12.6 4.1 * 8.4 4.6 15.6 12.5 3.8 

  FC3 10.0 14.6 7.3 * 15.9 5.0 19.8 14.1 3.4 

  FC4 10.2 11.8 6.9 * 21.6 15.0 22.0 16.2 5.3 
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Appendix V. Molar ratios of sugars in cell wall material 
 

Molar ratios (mol %) of sugars in cell wall material hydrolysed by TFA of MPM, ACS and 

‘Hayward’ during softening. rha, rhamnose; fuc, fucose; ara, arabinose; xyl, xylose; man, 

mannose; gal, galactose; glc, glucose; UA, uronic acid; FC, firmness category. Results 

presented are means and S.D. each with two GC or UA replicate measurements. 

 

CWM MPM ACS 'Hayward' 

FC1 mean S.D. mean S.D. mean S.D. 

rha 1.66 0.18 1.28 0.25 1.23 0.06 

fuc 0.26 0.03 0.61 0.05 0.24 0.02 

ara 3.09 0.27 4.14 0.36 1.58 0.08 

xyl 5.55 0.34 5.19 0.01 4.76 0.30 

man 1.38 0.13 1.24 0.15 1.08 0.05 

gal 13.14 1.11 8.71 0.72 11.24 1.14 

glc 3.53 0.04 10.69 1.86 6.45 0.06 

UA 71.38 2.02 68.14 2.15 73.41 1.67 

FC2 mean S.D. mean S.D. mean S.D. 

rha 1.81 0.31 1.71 0.21 1.34 0.08 

fuc 0.25 0.02 0.49 0.06 0.28 0.05 

ara 3.39 0.61 3.82 0.15 1.77 0.01 

xyl 5.96 1.03 5.15 0.59 5.68 0.11 

man 1.57 0.21 1.11 0.16 1.39 0.04 

gal 11.66 1.87 7.66 0.52 12.02 0.44 

glc 5.07 1.20 8.90 0.83 4.48 0.16 

UA 70.29 5.27 71.16 1.81 73.03 0.55 

FC3 mean S.D. mean S.D. mean S.D. 

rha 2.46 0.20 3.40 0.74 1.48 0.17 

fuc 0.37 0.03 0.53 0.06 0.40 0.04 

ara 4.63 0.29 4.48 0.78 2.07 0.05 

xyl 9.19 0.59 4.92 1.08 9.36 0.28 

man 2.45 0.26 0.69 0.26 2.39 0.13 

gal 15.01 1.78 6.52 1.51 12.33 0.65 

glc 4.97 0.57 6.64 1.43 17.54 2.38 

UA 60.93 3.72 72.83 5.86 54.44 3.72 

FC4 mean S.D. mean S.D. mean S.D. 

rha 1.79 0.02 1.11 0.13 1.10 0.28 

fuc 0.43 0.03 0.34 0.06 0.42 0.08 

ara 3.21 0.05 1.55 0.30 1.76 0.45 

xyl 16.02 0.08 20.82 0.31 12.09 2.97 

man 3.90 0.05 2.68 0.22 3.15 0.36 

gal 8.60 0.04 5.71 0.65 9.02 0.99 

glc 10.62 0.26 7.17 0.57 15.34 2.75 

UA 55.42 0.49 60.63 2.23 57.12 7.87 
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Appendix VI. Neutral monosaccharide and UA composition of all cell wall fractions in selected seasons 
Neutral monosaccharide and UA composition of all fractions (water, DMSO, CDTA, Na2CO3, 1 M KOH, 4 M KOH and CWR) in MPM (2013 

season), ACS (2013 season) and ‘Hayward’ (2012 season) expressed in (A) mg/mg anhydrous material (B) molar ratio (C) µg/ g fresh weight 

fruit hydrolysed by TFA. rha, rhamnose; fuc, fucose; ara, arabinose; xyl, xylose; man, mannose; gal, galactose; glc, glucose; UA, uronic acid; 

FC, firmness category. Results presented are means and S.D. each with two GC or UA replicate measurements. 

2
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Water

FC1 mean S.D. mean S.D. mean S.D.

rha 2.07 0.4 4.89 0.59 3.13 0.18

fuc 2.5 0.02 1.9 0.27 2.21 0.29

ara 28.73 0.13 20.62 3.22 16.67 0.1

xyl 20.76 0.44 13.95 2.05 15.76 0.56

man 11.87 0.45 5.78 0.75 7.82 0.23

gal 77.16 1.15 44.37 3.53 49.9 1.14

glc 56.09 3.15 37.3 2.97 27.48 0.92

UA 186.12 31.5 262.32 59.53 204.64 37.95

FC2 mean S.D. mean S.D. mean S.D.

rha 1.85 0.41 4.97 0.52 5.83 1.54

fuc 2.09 0.23 1.57 0 1.23 0.09

ara 20.55 3.51 20.61 0.01 14.13 0.62

xyl 14 2.32 11.61 0.09 11.67 0.7

man 6.56 1.17 3.77 0.06 4.82 0.29

gal 51.86 8.67 34.49 0.5 33.12 1.86

glc 37.83 7.05 26.26 0.68 16.05 1.26

UA 286.55 65.07 251.68 25.56 441.93 101.03

FC3 mean S.D. mean S.D. mean S.D.

rha 3.87 0.74 9.58 1.9 8.76 1.21

fuc 1.46 0.34 0.94 0.28 0.74 0.06

ara 19.41 3.78 20.08 5.88 13.53 1.4

xyl 12.26 3.19 8.45 2.39 8.95 1.03

man 3.96 0.96 1.98 0.51 2.56 0.19

gal 38.22 8.49 24.93 4.42 25.06 1.27

glc 26.39 6.01 15.19 2.65 10.52 1.04

UA 401.68 66.49 521.07 47.18 465.95 94.57

FC4 mean S.D. mean S.D. mean S.D.

rha 8 0.81 8.25 2.85 7.6 0.35

fuc 1.34 0.19 0.72 0.21 0.92 0.1

ara 25.6 3.05 16.39 5.73 11.93 1.5

xyl 9.87 1.03 5.84 1.49 7.09 1.15

man 3.06 0.35 1.62 0.49 1.88 0.29

gal 35.34 4.58 21.04 4.65 22.34 4.6

glc 15.93 1.55 4.78 1.43 6.68 1.18

UA 426.96 48.58 691.34 50.39 531.37 87.22

MPM ACS 'Hayward' DMSO

FC1 mean S.D. mean S.D. mean S.D.

rha 0.07 0.01 0.14 0.09 0.09 0.01

fuc 0.05 0.01 0.25 0.27 0.27 0.02

ara 3.43 0.1 2.48 0.16 1.56 0

xyl 1.45 0.07 1.58 0.85 3.83 0.3

man 1.13 0.19 1.05 0.13 3.6 0.05

gal 0.71 0.02 1.06 0.38 2.59 0.32

glc 733.68 10.73 613.62 12.1 623.17 58.83

UA 68.69 2.29 71.16 7.48 63.54 4.17

FC2 mean S.D. mean S.D. mean S.D.

rha 0.29 0.24 0.17 0.02 0.08 0.01

fuc 0.12 0 0.13 0.05 0.22 0.02

ara 2.64 0.65 2.51 0.12 1.98 0

xyl 2.96 0.82 2.31 0.21 4.5 0.37

man 1.45 0.39 1.11 0.02 3.44 0

gal 3.52 1.98 1.2 0.01 2.39 0.08

glc 530.62 11.61 579.23 69.17 410.83 266.1

UA 83.85 10.81 85.72 4.04 54.72 2.96

FC3 mean S.D. mean S.D. mean S.D.

rha 0.07 0.01 0.16 0.11 0.25 0.08

fuc 0.16 0.07 0.18 0.03 0.39 0.13

ara 3.31 0.88 3.95 2.39 1.95 0.98

xyl 2.76 0.27 4.63 1.42 10.31 2.38

man 1.56 0.33 1.62 0.41 4.83 0.84

gal 5.48 5.31 3.66 0.51 5.53 1.24

glc 682.2 126.36 609.88 84.89 530.31 135.62

UA 77.74 15.52 70.32 6.75 59.64 3.56

FC4 mean S.D. mean S.D. mean S.D.

rha 0.86 0.2 1.1 0.18 0.46 0

fuc 1.02 0.24 1.34 0.11 1.04 0.02

ara 3.44 0.23 2.98 0.11 1.55 0.19

xyl 25.06 5.1 37.37 4.05 36.33 1.8

man 8.5 1.75 12.09 0.47 13.11 0.31

gal 19.3 1.38 23.96 2.7 18.54 0.65

glc 163.39 32.86 117.44 37.17 263.6 26.38

UA 77.7 11.77 108.11 11.24 67.31 11.6

MPM ACS 'Hayward'

A - mg/g anhydrous material 
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CDTA

FC1 mean S.D. mean S.D. mean S.D.

rha 2.68 0.22 4.17 3.42 1.78 0.67

fuc 0.67 0.18 0.9 0.88 0.32 0.19

ara 7.79 0.92 4.21 2.73 2.21 0.52

xyl 8.3 0.09 8.94 6.18 4.15 2.87

man 2.35 0.21 2.31 1.01 1.22 0.88

gal 24.43 1.17 8.44 3.79 13.18 4.87

glc 13.91 2.24 4.41 1.8 31.16 5.98

UA 169.2 22.22 387.41 94.04 401.03 91.8

FC2 mean S.D. mean S.D. mean S.D.

rha 1.76 0.14 2.76 1.88 2.32 0.51

fuc 0.38 0.2 0.46 0.23 1.84 2.21

ara 4.36 0.43 2.82 1.78 2.89 0.08

xyl 5.04 0.37 7.12 5.78 2.44 0.29

man 1.53 0.17 1.92 1.17 0.69 0.02

gal 12.32 1.35 4.68 2.55 9.43 0.35

glc 10.4 2.15 4.05 0.53 4.38 0.52

UA 149.63 30.68 335.84 56.17 606.4 88.99

FC3 mean S.D. mean S.D. mean S.D.

rha 1.78 0.29 1.42 0.75 4.16 0.81

fuc 0.45 0.06 0.33 0.24 0.64 0.06

ara 5.28 0.9 1.92 1.06 4.37 0.88

xyl 1.8 0.04 1.62 0.76 3.02 0.65

man 0.77 0.08 0.93 0.57 0.92 0.21

gal 6.87 1.11 2.45 1.33 11.86 2.17

glc 1.88 0.13 3.25 1.88 16.29 5.68

UA 194.73 25.6 300.56 79 421.9 57.59

FC4 mean S.D. mean S.D. mean S.D.

rha 2.69 0.07 2.99 0.77 4.23 1.39

fuc 0.32 0.01 0.68 0.08 0.68 0.3

ara 6.3 0.05 4.04 0.76 4.56 1.66

xyl 1.62 0.14 6.76 2 3.48 1.69

man 0.92 0.03 2.46 0.64 1.13 0.45

gal 5.36 0.14 10.07 2.45 12.57 5.42

glc 5.19 0.05 8.6 0.27 8.58 2.72

UA 180.24 15.31 322.06 68.96 589.59 84.39

'Hayward'MPM ACS Na2CO3

FC1 mean S.D. mean S.D. mean S.D.

rha 2.39 0.34 5.42 1.09 4.13 0.64

fuc 0.21 0.04 0.67 0.14 0.49 0.21

ara 5.11 0.4 6.92 0.66 6.22 0.64

xyl 0.56 0.06 1.4 0.46 1.39 0.08

man 0.32 0.22 0.3 0 0.41 0.07

gal 10.67 1.21 13.52 2.89 23.44 5.1

glc 2.85 0.9 2.24 0.06 5.68 1.02

UA 224.55 51.51 405.33 153.02 375.06 70.13

FC2 mean S.D. mean S.D. mean S.D.

rha 4.73 1.74 13.31 13.21 6.29 1.13

fuc 0.42 0.03 1.29 1.16 0.35 0.05

ara 10.78 2.03 13.4 11.45 8.95 1.83

xyl 0.87 0.13 4.56 4.66 2.67 0.2

man 1.05 1.14 1.89 1.46 0.68 0.06

gal 23.22 9.38 29.93 9.71 39.37 6.84

glc 19.85 14.23 3.42 2.74 2.82 0.01

UA 145.33 55.88 539.87 38.47 414.49 85.4

FC3 mean S.D. mean S.D. mean S.D.

rha 4.86 1 10.14 0.87 8.15 0.86

fuc 0.35 0.11 0.91 0.04 0.55 0.14

ara 7.95 1.43 12.25 1.29 9.85 0.29

xyl 0.84 0.15 3.27 0.45 3.74 1.07

man 0.19 0.01 1.31 0.18 0.99 0.17

gal 13.13 3.25 25.48 2.82 50.05 2.11

glc 0.6 0.19 42.6 17.64 12.02 1.02

UA 170.18 55.58 442.77 104.58 300.56 54.07

FC4 mean S.D. mean S.D. mean S.D.

rha 4.55 0.36 6.39 0.75 3.41 0.42

fuc 0.33 0.06 0.92 0.07 0.42 0.04

ara 6.49 0.49 6.86 0.35 5.08 0.33

xyl 2.34 0.32 6.23 0.55 4.08 0.07

man 0.69 0.04 2.17 0.36 1.1 0.11

gal 8.08 1.14 16.19 0.84 20.3 1.11

glc 2.06 0.24 5.68 0.04 4.27 0.22

UA 98.49 11.97 203.6 34.47 177.4 18.59

MPM ACS 'Hayward'
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1 M KOH

FC1 mean S.D. mean S.D. mean S.D.

rha 1.5 0.7 3.78 1.35 8.15 3.17

fuc 0.36 0.11 1.29 0.1 2.29 0.41

ara 3.12 1.65 6.98 0.31 10.8 2.31

xyl 11.13 4.93 36.45 12.3 92.75 10.79

man 1.61 0.68 3.13 0.6 10.57 0.76

gal 13.89 9.27 34.15 12.75 88.15 12.75

glc 15.63 10.84 56.75 38.91 96.41 25.84

UA 267.03 62.83 288.03 40.54 144.02 33.38

FC2 mean S.D. mean S.D. mean S.D.

rha 6.33 2.32 3.22 2.84 7.14 0.06

fuc 0.88 0.11 0.84 0.71 2.35 0.13

ara 11.99 3.29 3.8 3.25 9.08 0.15

xyl 28.98 5.97 17.46 12.98 72.45 9.59

man 4.63 0.83 1.69 1.34 10 0.23

gal 49.04 5.28 7.66 6.12 71.44 2.12

glc 36.61 1.85 15.47 8.97 74.13 10.34

UA 314.42 58.47 261.35 76.17 218.44 41.06

FC3 mean S.D. mean S.D. mean S.D.

rha 2.17 0.03 1.76 0.92 3.89 0.07

fuc 0.51 0.05 0.96 0.52 2.17 0

ara 5.17 0.36 2.98 1.52 6.32 0.07

xyl 21.36 3.29 23.42 7.63 76.1 0.93

man 6.89 0.52 3.48 2.34 10.67 0.33

gal 19.92 1.51 11.46 5.62 42.19 1.55

glc 23.31 4.76 38.07 13.79 132.01 6.31

UA 149.29 62.59 178.12 61.69 103.64 16.35

FC4 mean S.D. mean S.D. mean S.D.

rha 0.7 0.49 2.13 0.83 1.9 0.08

fuc 0.65 0.14 2.25 1.27 2.11 0.23

ara 2.69 1.41 5.28 2.86 4.65 0.07

xyl 32.88 12.62 42.05 17.19 90.03 1.43

man 6.53 3.5 16.4 9.26 10.13 0.17

gal 10.4 3.67 21.46 12.54 25.25 0.57

glc 54.12 6.3 106.68 63.55 105.47 12.69

UA 79.14 11.86 117.66 16.7 93.57 40.88

ACS 'Hayward'MPM 4 M KOH

FC1 mean S.D. mean S.D. mean S.D.

rha 3.64 1.28 8.85 1.43 9.7 1.33

fuc 0.66 0.2 2.82 0.3 1.8 0.1

ara 6.26 2.42 12.54 0.36 11.54 1.44

xyl 18.56 5.5 84.06 7.35 41.14 3.58

man 9.19 2.84 41.87 0.63 16.18 2.29

gal 40.67 14.06 68.36 0.25 106.05 0.87

glc 41.14 12.63 148.65 6.69 76.51 3.21

UA 82.12 25.9 179.36 39.64 192.89 38.28

FC2 mean S.D. mean S.D. mean S.D.

rha 2.32 0.38 3.74 0.19 8.48 0.67

fuc 0.64 0.07 2.27 0.03 1.79 0.03

ara 4.14 0.44 5.34 0.12 9.71 0.8

xyl 25.49 1.24 56.02 2.83 40.65 3.52

man 12.68 0.33 22.79 0.5 19.55 0.35

gal 29.85 1.77 27.72 0.92 92.23 5.44

glc 57.26 0.85 105.46 7.38 79.21 0.27

UA 55.06 13.76 138.95 30.54 168.55 26.96

FC3 mean S.D. mean S.D. mean S.D.

rha 2.71 0.78 8.46 4.37 3.52 0.83

fuc 0.66 0.03 2.69 0.79 1.34 0.03

ara 4.77 1 11.4 5.03 5.86 1.12

xyl 22.92 0.77 67.32 22.84 34.07 3.7

man 14.75 1.35 22.16 5.68 22.28 1.26

gal 34 2.82 62.53 25.65 47.5 1.86

glc 45.26 12.67 141.35 52.73 118.64 13.67

UA 45.87 23.42 272.28 86.7 136.03 31.62

FC4 mean S.D. mean S.D. mean S.D.

rha 1.55 0.55 7.32 3.08 4.08 0.06

fuc 0.57 0.08 2.43 0.17 1.77 0.06

ara 2.4 0.17 8.74 2.84 8.05 1.14

xyl 27.62 1.15 131.65 27.24 68.08 8.53

man 19.4 1.48 43.47 6.82 36.1 1.68

gal 16.87 0.2 45.1 10.42 44.91 3.09

glc 61.62 4.41 188.23 88.12 133.5 17.69

UA 43.2 8.97 174.59 42.65 132.39 18.48

MPM ACS 'Hayward'
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CWR

FC1 mean S.D. mean S.D. mean S.D.

rha 0.46 0.13 1.17 0.47 2.09 0.8

fuc 0.08 0.09 0.26 0.13 0.14 0.2

ara 0.92 0.3 2.63 0.7 2.19 0.5

xyl 2.1 0.79 8.95 3.3 3.99 1.49

man 0.92 0.31 5.87 2.4 5.46 0.56

gal 4.84 1.7 10.48 4.74 22.77 2.44

glc 12.58 3.64 75.42 31.49 62.81 2.92

UA 79.48 11.86 54.29 11.46 93.95 17.12

FC2 mean S.D. mean S.D. mean S.D.

rha 0.25 0.11 1.29 0.18 2.72 0.54

fuc 0.07 0.03 0.23 0.17 0.28 0.13

ara 0.61 0.25 2.27 0.32 3.43 0.49

xyl 2.68 1.3 6.12 1.31 4.52 1

man 1 0.41 6.13 1.31 5.32 0.39

gal 3 1.46 7.82 1.69 33.52 2.4

glc 13.01 4.95 79.93 21.46 54.41 2.96

UA 36.86 7.57 57.32 24.02 84.6 23.48

FC3 mean S.D. mean S.D. mean S.D.

rha 0.33 0.13 0.56 0.01 0.53 0.07

fuc 0.03 0.02 0.13 0.01 0.17 0.04

ara 0.71 0.26 0.83 0.01 1.28 0.07

xyl 1.38 0.55 5.42 0.95 2.39 0.27

man 1.23 0.45 1.57 0.17 4.46 0.16

gal 4.07 1.44 3.74 0.04 9.53 0.69

glc 13.91 3.99 19.09 0.08 94.37 3.08

UA 93.85 14.87 108.88 16.57 70.75 29.88

FC4 mean S.D. mean S.D. mean S.D.

rha 0.19 0.05 0.64 0.19 0.21 0.08

fuc 0.04 0.03 0.09 0.04 0.11 0.04

ara 0.62 0.15 0.96 0.44 1.26 0.02

xyl 3.27 1.09 13.02 0.19 3.56 0.46

man 1.72 0.47 2.72 0.96 5.18 0.29

gal 2.4 0.71 3.76 1.07 6.42 0.17

glc 24.17 4.38 40.17 16.19 90.52 1.51

UA 35.37 7.9 85.36 27.12 63.59 9.9

MPM ACS 'Hayward'
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Water

FC1 mean S.D. mean S.D. mean S.D.

rha 0.62 0.11 1.49 0.12 1.09 0.07

fuc 0.75 0.01 0.58 0.06 0.77 0.10

ara 9.38 0.13 6.87 0.80 6.34 0.00

xyl 6.78 0.08 4.65 0.50 5.99 0.25

man 3.23 0.09 1.61 0.14 2.48 0.06

gal 20.99 0.50 12.34 0.48 15.80 0.27

glc 15.25 0.72 10.37 0.41 8.70 0.24

UA 43.01 0.38 62.08 2.51 58.84 0.35

FC2 mean S.D. mean S.D. mean S.D.

rha 0.52 0.08 1.68 0.17 1.17 0.31

fuc 0.59 0.03 0.53 0.00 0.25 0.02

ara 6.38 0.69 7.63 0.04 3.11 0.14

xyl 4.34 0.45 4.30 0.01 2.57 0.16

man 1.70 0.20 1.16 0.03 0.88 0.05

gal 13.41 1.39 10.64 0.10 6.07 0.34

glc 9.77 1.20 8.10 0.16 2.94 0.23

UA 63.28 4.04 65.96 0.37 83.00 0.03

FC3 mean S.D. mean S.D. mean S.D.

rha 0.93 0.13 1.98 0.32 2.02 0.25

fuc 0.35 0.06 0.19 0.05 0.17 0.01

ara 5.12 0.72 4.52 1.16 3.41 0.30

xyl 3.22 0.67 1.90 0.47 2.25 0.23

man 0.87 0.16 0.37 0.08 0.54 0.03

gal 8.39 1.41 4.69 0.66 5.26 0.19

glc 5.79 1.01 2.86 0.39 2.21 0.19

UA 75.33 4.15 83.49 3.13 84.16 1.21

FC4 mean S.D. mean S.D. mean S.D.

rha 1.87 0.14 1.38 0.44 1.32 0.18

fuc 0.31 0.04 0.12 0.03 0.16 0.05

ara 6.53 0.61 3.01 0.97 2.16 0.25

xyl 2.52 0.20 1.07 0.24 1.28 0.10

man 0.65 0.06 0.25 0.07 0.31 0.01

gal 7.51 0.78 3.22 0.62 3.66 0.34

glc 3.39 0.24 0.73 0.20 1.10 0.07

UA 77.22 2.05 90.21 2.58 90.00 0.15

MPM ACS 'Hayward' DMSO

FC1 mean S.D. mean S.D. mean S.D.

rha 0.01 0.00 0.02 0.01 0.01 0.00

fuc 0.01 0.00 0.04 0.04 0.04 0.01

ara 0.52 0.02 0.44 0.03 0.27 0.02

xyl 0.22 0.01 0.28 0.15 0.67 0.00

man 0.14 0.02 0.15 0.02 0.53 0.04

gal 0.09 0.00 0.16 0.06 0.38 0.01

glc 91.72 0.11 90.04 0.46 90.71 0.70

UA 7.30 0.10 8.87 0.13 7.39 0.64

FC2 mean S.D. mean S.D. mean S.D.

rha 0.05 0.04 0.03 0.01 0.02 0.01

fuc 0.02 0.00 0.02 0.01 0.06 0.03

ara 0.51 0.12 0.46 0.03 0.60 0.34

xyl 0.58 0.17 0.42 0.01 1.40 0.88

man 0.24 0.07 0.17 0.02 0.87 0.49

gal 0.58 0.33 0.18 0.02 0.61 0.36

glc 86.42 0.66 87.63 1.25 84.84 8.67

UA 11.60 0.17 11.09 1.17 11.61 6.55

FC3 mean S.D. mean S.D. mean S.D.

rha 0.01 0.00 0.02 0.01 0.04 0.01

fuc 0.02 0.01 0.03 0.00 0.07 0.01

ara 0.52 0.06 0.67 0.33 6.96 9.20

xyl 0.44 0.03 0.80 0.14 1.92 0.18

man 0.20 0.01 0.24 0.03 0.75 0.03

gal 0.78 0.82 0.54 0.15 0.86 0.08

glc 89.25 2.19 88.91 0.77 82.05 9.90

UA 8.77 1.41 8.79 1.15 7.36 1.01

FC4 mean S.D. mean S.D. mean S.D.

rha 0.41 0.02 0.41 0.00 0.12 0.00

fuc 0.49 0.02 0.50 0.03 0.28 0.01

ara 1.83 0.22 1.22 0.14 0.43 0.08

xyl 13.21 0.20 15.19 0.70 10.02 0.19

man 3.73 0.07 4.12 0.48 3.30 0.12

gal 8.58 1.01 8.11 0.34 4.67 0.12

glc 71.75 0.92 39.11 6.51 66.28 2.59

UA 29.55 5.57 31.35 4.83 14.89 2.61

MPM ACS 'Hayward'

B – molar ratio 
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CDTA

FC1 mean S.D. mean S.D. mean S.D.

rha 1.42 0.08 1.22 0.95 0.52 0.09

fuc 0.36 0.09 0.26 0.25 0.10 0.07

ara 4.50 0.42 1.36 0.82 0.73 0.01

xyl 4.81 0.07 2.88 1.86 1.18 0.54

man 1.13 0.07 0.62 0.24 0.31 0.15

gal 11.78 0.27 2.28 0.90 3.83 0.94

glc 6.69 0.91 1.19 0.42 9.79 2.37

UA 69.32 1.76 90.18 5.43 83.54 0.55

FC2 mean S.D. mean S.D. mean S.D.

rha 1.17 0.06 0.96 0.61 0.48 0.11

fuc 0.25 0.12 0.16 0.07 0.27 0.31

ara 3.17 0.21 1.07 0.63 0.65 0.03

xyl 3.66 0.16 2.69 2.09 0.53 0.03

man 0.92 0.08 0.61 0.35 0.12 0.00

gal 7.46 0.59 1.48 0.75 2.17 0.08

glc 6.28 1.11 1.30 0.11 0.79 0.07

UA 77.08 2.34 91.73 4.60 94.99 0.58

FC3 mean S.D. mean S.D. mean S.D.

rha 1.05 0.15 0.58 0.29 1.23 0.18

fuc 0.27 0.04 0.13 0.09 0.14 0.02

ara 3.40 0.53 0.85 0.45 1.35 0.17

xyl 1.16 0.01 0.72 0.32 0.59 0.09

man 0.41 0.04 0.35 0.21 0.18 0.04

gal 3.69 0.55 0.91 0.47 3.74 0.45

glc 1.01 0.05 1.20 0.67 5.63 1.38

UA 89.01 1.29 95.26 2.50 87.14 2.34

FC4 mean S.D. mean S.D. mean S.D.

rha 1.66 0.05 1.05 0.25 0.85 0.08

fuc 0.20 0.01 0.24 0.02 0.11 0.02

ara 4.26 0.03 1.55 0.25 0.87 0.03

xyl 1.10 0.09 2.60 0.71 0.48 0.01

man 0.52 0.02 0.79 0.19 0.15 0.04

gal 3.02 0.08 3.22 0.71 2.38 0.50

glc 2.93 0.03 2.76 0.02 1.70 0.30

UA 86.31 0.10 87.80 2.14 93.46 0.95

MPM ACS 'Hayward' Na2CO3

FC1 mean S.D. mean S.D. mean S.D.

rha 1.23 0.15 0.90 0.48 0.92 0.13

fuc 0.11 0.02 0.11 0.02 0.11 0.05

ara 2.86 0.18 1.32 0.69 1.52 0.13

xyl 0.31 0.03 0.35 0.25 0.34 0.02

man 0.15 0.10 0.07 0.04 0.08 0.01

gal 4.97 0.49 4.55 2.58 4.76 0.97

glc 1.33 0.40 7.68 5.31 1.16 0.19

UA 89.04 1.34 85.01 9.36 91.11 1.40

FC2 mean S.D. mean S.D. mean S.D.

rha 2.73 0.60 2.63 2.49 1.14 0.18

fuc 0.25 0.02 0.26 0.22 0.06 0.01

ara 6.90 0.23 2.92 2.32 1.78 0.33

xyl 0.56 0.01 0.99 0.96 0.53 0.03

man 0.52 0.53 0.34 0.24 0.11 0.01

gal 12.16 3.11 5.57 1.31 6.51 1.02

glc 10.13 6.01 0.62 0.46 0.47 0.01

UA 66.76 10.44 86.67 7.99 89.40 1.58

FC3 mean S.D. mean S.D. mean S.D.

rha 3.04 0.51 2.34 0.08 1.58 0.16

fuc 0.22 0.06 0.21 0.00 0.11 0.03

ara 5.45 0.78 3.08 0.17 2.09 0.05

xyl 0.58 0.08 0.82 0.07 0.79 0.23

man 0.11 0.00 0.27 0.03 0.17 0.03

gal 7.48 1.58 5.34 0.33 8.84 0.32

glc 0.34 0.10 8.86 3.26 2.12 0.17

UA 82.78 3.11 79.07 3.94 84.30 0.46

FC4 mean S.D. mean S.D. mean S.D.

rha 4.52 0.25 3.17 0.33 1.16 0.32

fuc 0.33 0.07 0.46 0.03 0.14 0.04

ara 7.05 0.36 3.73 0.14 1.82 0.51

xyl 2.54 0.28 3.39 0.25 1.45 0.29

man 0.62 0.03 0.98 0.15 0.36 0.07

gal 7.31 0.85 7.33 0.27 6.54 0.94

glc 1.86 0.17 2.57 0.02 1.37 0.05

UA 75.77 1.86 78.37 1.15 87.17 2.22

'Hayward'MPM ACS
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1 M KOH

FC1 mean S.D. mean S.D. mean S.D.

rha 0.58 0.21 1.09 0.55 1.45 0.61

fuc 0.14 0.03 0.36 0.09 0.40 0.06

ara 1.32 0.57 2.13 0.25 2.10 0.52

xyl 4.74 1.63 10.88 1.95 17.89 1.48

man 0.57 0.19 0.81 0.28 1.70 0.07

gal 4.86 2.83 8.46 1.84 14.22 2.53

glc 5.46 3.33 13.70 7.58 15.45 3.63

UA 82.32 8.78 62.56 10.20 46.80 1.58

FC2 mean S.D. mean S.D. mean S.D.

rha 1.66 0.53 1.21 0.95 1.28 0.04

fuc 0.23 0.02 0.32 0.24 0.42 0.01

ara 3.45 0.77 1.56 1.19 1.78 0.04

xyl 8.36 1.29 7.24 4.59 14.19 1.31

man 1.11 0.14 0.58 0.40 1.63 0.03

gal 11.81 0.66 2.63 1.83 11.68 0.12

glc 8.83 0.02 5.41 2.46 12.09 1.20

UA 64.54 3.39 81.05 11.66 56.91 2.29

FC3 mean S.D. mean S.D. mean S.D.

rha 1.12 0.05 0.78 0.31 0.84 0.02

fuc 0.26 0.01 0.43 0.18 0.47 0.00

ara 2.93 0.05 1.46 0.56 1.50 0.03

xyl 12.08 1.22 11.61 2.16 18.05 0.33

man 3.25 0.07 1.40 0.78 2.11 0.08

gal 9.40 0.21 4.67 1.68 8.33 0.36

glc 10.96 1.66 15.68 3.52 26.07 1.08

UA 59.99 3.19 63.97 9.18 42.63 0.26

FC4 mean S.D. mean S.D. mean S.D.

rha 0.40 0.22 0.71 0.17 0.35 0.01

fuc 0.39 0.02 0.74 0.32 0.39 0.07

ara 1.72 0.64 1.85 0.86 0.89 0.11

xyl 21.23 4.69 15.38 7.49 17.35 2.77

man 3.46 1.33 5.10 1.90 1.77 0.00

gal 5.61 1.06 6.66 2.63 4.41 0.17

glc 29.79 1.61 33.07 13.47 18.45 2.50

UA 37.39 6.35 36.48 11.87 56.38 5.63

MPM ACS 'Hayward' 4 M KOH

FC1 mean S.D. mean S.D. mean S.D.

rha 2.01 0.30 1.80 0.27 2.03 0.27

fuc 0.37 0.03 0.57 0.07 0.38 0.02

ara 3.78 0.70 2.79 0.06 2.64 0.32

xyl 11.30 1.03 18.68 1.47 9.41 0.80

man 4.65 0.48 7.75 0.05 3.08 0.44

gal 20.52 2.93 12.66 0.06 20.21 0.21

glc 20.85 2.13 27.53 1.48 14.58 0.65

UA 36.52 7.60 28.22 0.24 47.67 0.11

FC2 mean S.D. mean S.D. mean S.D.

rha 1.37 0.18 1.16 0.10 1.84 0.10

fuc 0.38 0.03 0.70 0.01 0.39 0.00

ara 2.68 0.20 1.81 0.02 2.31 0.14

xyl 16.50 0.32 18.98 0.31 9.68 0.61

man 6.84 0.02 6.43 0.08 3.88 0.02

gal 16.10 0.48 7.83 0.01 18.29 0.64

glc 30.89 0.45 29.75 1.06 15.72 0.32

UA 25.24 0.74 33.34 1.15 47.88 1.14

FC3 mean S.D. mean S.D. mean S.D.

rha 1.74 0.35 2.13 1.26 0.86 0.22

fuc 0.43 0.02 0.67 0.25 0.33 0.00

ara 3.35 0.41 3.12 1.63 1.57 0.32

xyl 16.28 2.01 18.37 7.77 9.15 1.12

man 8.75 1.58 5.02 1.72 4.98 0.21

gal 20.01 0.14 14.26 7.00 10.62 0.57

glc 26.41 5.08 32.18 14.66 26.50 2.68

UA 23.03 2.07 51.80 4.67 45.98 0.66

FC4 mean S.D. mean S.D. mean S.D.

rha 0.99 0.37 1.73 0.19 0.71 0.10

fuc 0.36 0.05 0.61 0.15 0.31 0.04

ara 1.67 0.15 2.30 0.02 1.46 0.12

xyl 19.18 1.20 35.30 4.06 12.35 1.20

man 11.21 0.62 9.79 1.62 5.99 0.28

gal 9.76 0.32 10.03 0.91 7.44 0.19

glc 35.61 1.81 40.24 6.53 22.05 0.86

UA 21.22 0.44 34.26 10.90 49.70 1.07

MPM ACS 'Hayward'
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CWR

FC1 mean S.D. mean S.D. mean S.D.

rha 0.55 0.11 0.83 0.10 1.22 0.41

fuc 0.10 0.10 0.18 0.04 0.08 0.12

ara 1.22 0.30 2.06 0.04 1.41 0.25

xyl 2.76 0.83 6.92 0.59 2.55 0.84

man 1.01 0.26 3.76 0.48 2.93 0.16

gal 5.32 1.46 6.67 1.18 12.22 0.72

glc 13.85 2.94 48.22 6.67 33.75 0.06

UA 75.19 6.01 31.37 9.02 45.84 2.21

FC2 mean S.D. mean S.D. mean S.D.

rha 0.50 0.15 0.94 0.29 1.69 0.32

fuc 0.14 0.08 0.15 0.10 0.17 0.08

ara 1.37 0.34 1.77 0.05 2.33 0.32

xyl 5.95 1.97 4.74 0.21 3.07 0.66

man 1.86 0.46 3.96 0.17 3.01 0.24

gal 5.54 1.86 5.05 0.23 18.96 1.22

glc 24.28 5.36 51.36 5.11 30.79 1.90

UA 60.35 10.05 32.03 5.49 39.98 0.29

FC3 mean S.D. mean S.D. mean S.D.

rha 0.36 0.12 0.49 0.02 0.32 0.05

fuc 0.03 0.02 0.11 0.01 0.10 0.02

ara 0.83 0.25 0.79 0.00 0.84 0.04

xyl 1.61 0.53 5.19 0.86 1.58 0.20

man 1.20 0.36 1.26 0.12 2.45 0.06

gal 3.95 1.14 2.99 0.01 5.24 0.45

glc 13.55 2.98 15.25 0.22 51.87 1.04

UA 78.47 5.41 73.92 0.74 37.59 0.47

FC4 mean S.D. mean S.D. mean S.D.

rha 0.33 0.05 1.73 0.19 0.13 0.04

fuc 0.07 0.05 0.61 0.15 0.07 0.02

ara 1.18 0.15 2.30 0.02 0.85 0.13

xyl 6.13 1.38 35.30 4.06 2.42 0.71

man 2.70 0.44 9.79 1.62 3.17 0.30

gal 3.75 0.70 10.03 0.91 3.93 0.26

glc 38.05 2.62 40.24 6.53 55.29 1.25

UA 47.79 5.39 34.26 10.90 34.14 2.59

MPM ACS 'Hayward'
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Water

FC1 mean S.D. mean S.D. mean S.D.

rha 3.59 0.70 13.55 1.62 1.24 0.07

fuc 4.34 0.04 5.26 0.76 0.88 0.11

ara 49.82 0.23 57.16 8.93 6.63 0.04

xyl 36.00 0.77 38.67 5.67 6.27 0.22

man 20.59 0.78 16.03 2.09 3.11 0.09

gal 133.81 2.00 123.02 9.80 19.86 0.45

glc 97.28 5.47 103.40 8.25 10.93 0.36

UA 322.80 54.63 1022.57 165.03 81.43 15.10

FC2 mean S.D. mean S.D. mean S.D.

rha 3.86 0.85 18.34 1.93 3.44 0.91

fuc 4.37 0.49 5.79 0.01 0.73 0.05

ara 42.90 7.32 76.03 0.03 8.34 0.37

xyl 29.22 4.85 42.84 0.32 6.89 0.42

man 13.70 2.45 13.91 0.23 2.85 0.17

gal 108.25 18.11 127.24 1.86 19.54 1.10

glc 78.96 14.71 96.87 2.49 9.47 0.74

UA 672.67 135.84 960.18 71.99 270.37 59.62

FC3 mean S.D. mean S.D. mean S.D.

rha 12.49 2.39 49.90 9.87 6.95 0.96

fuc 4.71 1.10 4.89 1.46 0.59 0.05

ara 62.57 12.18 104.59 30.65 10.72 1.11

xyl 39.51 10.30 43.98 12.47 7.09 0.82

man 12.77 3.10 10.33 2.68 2.03 0.15

gal 123.23 27.36 129.85 23.04 19.86 1.00

glc 85.08 19.38 79.10 13.80 8.33 0.82

UA 1294.98 214.36 2752.37 225.71 369.29 74.95

FC4 mean S.D. mean S.D. mean S.D.

rha 40.87 4.16 53.04 18.31 29.94 1.39

fuc 6.86 0.97 4.63 1.35 3.61 0.40

ara 130.79 15.59 105.41 36.88 46.98 5.89

xyl 50.44 5.26 37.56 9.61 27.93 4.52

man 15.61 1.80 10.44 3.14 7.41 1.16

gal 180.60 23.42 135.28 29.91 88.00 18.13

glc 81.40 7.92 30.75 9.20 26.32 4.64

UA 2181.66 248.22 4445.30 360.78 2093.23 343.57

'Hayward'ACSMPM DMSO

FC1 mean S.D. mean S.D. mean S.D.

rha 2.89 0.49 10.86 6.76 2.12 0.23

fuc 2.15 0.22 19.43 21.51 6.18 0.38

ara 141.69 3.95 195.77 12.33 36.05 0.11

xyl 59.93 2.92 125.08 67.48 88.50 7.02

man 46.43 7.88 83.36 10.15 82.98 1.05

gal 29.31 0.93 83.78 29.68 59.76 7.43

glc 30278.36 442.68 48518.32 956.92 14382.85 1357.90

UA 119.12 3.97 202.31 20.74 17.74 1.21

FC2 mean S.D. mean S.D. mean S.D.

rha 7.29 3.08 8.61 0.50 1.41 0.08

fuc 3.15 0.02 6.44 1.26 4.06 0.15

ara 67.28 8.29 123.66 2.92 36.16 0.01

xyl 75.40 10.47 113.69 5.07 82.32 3.43

man 36.95 5.02 54.67 0.44 62.86 0.03

gal 89.78 25.29 58.93 0.27 43.70 0.73

glc 13534.58 148.02 28545.48 1704.30 7515.21 2433.88

UA 194.74 22.56 317.28 14.89 28.51 1.51

FC3 mean S.D. mean S.D. mean S.D.

rha 1.59 0.23 2.54 1.67 2.03 0.63

fuc 3.40 1.61 2.81 0.46 3.08 1.03

ara 71.68 19.06 62.53 37.86 269.47 351.27

xyl 59.63 5.89 73.35 22.44 82.28 18.96

man 33.77 7.13 25.74 6.51 38.50 6.69

gal 118.52 114.89 57.93 8.10 44.09 9.87

glc 14763.41 2734.61 9661.48 1344.85 4231.33 1082.11

UA 257.38 50.04 383.12 26.74 32.92 2.06

FC4 mean S.D. mean S.D. mean S.D.

rha 1.87 0.44 8.42 1.38 0.61 0.01

fuc 2.23 0.51 10.24 0.87 1.37 0.03

ara 7.48 0.51 22.79 0.86 2.04 0.25

xyl 54.51 11.09 286.01 31.02 47.79 2.37

man 18.48 3.81 92.55 3.59 17.25 0.41

gal 41.98 3.00 183.39 20.65 24.40 0.85

glc 355.49 71.50 898.74 284.42 346.82 34.71

UA 365.18 60.14 678.10 72.25 32.07 5.55

'Hayward'ACSMPM

C - mg/g fresh weight 
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CDTA

FC1 mean S.D. mean S.D. mean S.D.

rha 1.23 0.10 2.48 2.03 2.21 0.38

fuc 0.31 0.08 0.53 0.52 0.43 0.30

ara 3.58 0.42 2.50 1.62 2.84 0.04

xyl 3.81 0.04 5.31 3.67 4.58 2.09

man 1.08 0.10 1.37 0.60 1.42 0.71

gal 11.22 0.54 5.02 2.25 17.83 4.26

glc 6.39 1.03 2.62 1.07 45.68 11.33

UA 77.70 10.20 230.14 49.79 229.80 52.60

FC2 mean S.D. mean S.D. mean S.D.

rha 1.08 0.09 1.58 1.08 2.67 0.65

fuc 0.24 0.12 0.27 0.13 1.49 1.76

ara 2.67 0.26 1.62 1.02 3.31 0.16

xyl 3.09 0.23 4.09 3.31 2.69 0.14

man 0.94 0.10 1.10 0.67 0.75 0.01

gal 7.55 0.83 2.69 1.47 13.29 0.60

glc 6.37 1.31 2.32 0.30 4.86 0.46

UA 91.62 18.79 192.75 25.93 306.54 44.99

FC3 mean S.D. mean S.D. mean S.D.

rha 0.64 0.10 0.30 0.16 4.29 0.75

fuc 0.16 0.02 0.07 0.05 0.50 0.10

ara 1.89 0.32 0.40 0.22 4.28 0.66

xyl 0.65 0.01 0.34 0.16 1.88 0.33

man 0.28 0.03 0.19 0.12 0.68 0.18

gal 2.47 0.40 0.51 0.28 14.28 2.11

glc 0.68 0.05 0.68 0.39 21.52 5.84

UA 69.92 9.19 62.67 37.55 234.06 31.95

FC4 mean S.D. mean S.D. mean S.D.

rha 0.57 0.02 1.37 0.35 5.04 1.42

fuc 0.07 0.00 0.31 0.04 0.65 0.22

ara 1.33 0.01 1.85 0.35 4.90 1.42

xyl 0.34 0.03 3.10 0.92 2.68 0.60

man 0.20 0.01 1.13 0.29 0.92 0.34

gal 1.13 0.03 4.62 1.12 14.68 4.84

glc 1.10 0.01 3.95 0.13 10.48 3.10

UA 38.13 3.24 147.81 19.76 213.68 14.49

'Hayward'ACSMPM Na2CO3

FC1 mean S.D. mean S.D. mean S.D.

rha 2.48 0.35 8.14 1.64 3.72 0.58

fuc 0.22 0.04 1.01 0.20 0.45 0.19

ara 5.29 0.41 10.38 0.99 5.61 0.58

xyl 0.58 0.07 2.10 0.69 1.26 0.08

man 0.33 0.23 0.45 0.00 0.37 0.06

gal 11.04 1.25 20.30 4.34 21.15 4.60

glc 2.95 0.93 3.36 0.09 5.13 0.92

UA 232.34 53.29 608.40 131.77 386.55 72.28

FC2 mean S.D. mean S.D. mean S.D.

rha 4.65 1.71 16.21 16.09 5.67 1.02

fuc 0.41 0.03 1.57 1.41 0.31 0.05

ara 10.59 2.00 16.33 13.95 8.08 1.65

xyl 0.86 0.12 5.56 5.67 2.41 0.18

man 1.03 1.12 2.30 1.78 0.62 0.06

gal 22.81 9.21 36.45 11.82 35.53 6.17

glc 19.49 13.97 4.16 3.34 2.54 0.01

UA 142.73 54.88 657.50 37.95 380.74 78.44

FC3 mean S.D. mean S.D. mean S.D.

rha 3.64 0.75 13.00 1.11 7.36 0.77

fuc 0.26 0.08 1.16 0.05 0.50 0.13

ara 5.96 1.07 15.70 1.65 8.89 0.26

xyl 0.63 0.11 4.19 0.58 3.38 0.97

man 0.14 0.01 1.68 0.24 0.89 0.15

gal 9.84 2.44 32.65 3.62 45.16 1.90

glc 0.45 0.14 54.59 22.60 10.85 0.92

UA 127.47 41.63 567.36 89.23 179.25 32.24

FC4 mean S.D. mean S.D. mean S.D.

rha 1.74 0.14 1.59 0.19 3.08 0.38

fuc 0.13 0.02 0.23 0.02 0.38 0.04

ara 2.49 0.19 1.70 0.09 4.58 0.30

xyl 0.90 0.12 1.55 0.14 3.68 0.06

man 0.26 0.02 0.54 0.09 1.00 0.10

gal 3.10 0.44 4.02 0.21 18.32 1.00

glc 0.79 0.09 1.41 0.01 3.85 0.20

UA 37.74 4.59 50.52 11.66 47.52 4.98

'Hayward'ACSMPM
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1 M KOH

FC1 mean S.D. mean S.D. mean S.D.

rha 0.60 0.28 2.85 1.02 4.23 1.64

fuc 0.14 0.04 0.97 0.08 1.19 0.21

ara 1.25 0.66 5.26 0.23 5.61 1.20

xyl 4.45 1.97 27.50 9.28 48.16 5.60

man 0.65 0.27 2.36 0.45 5.49 0.40

gal 5.56 3.71 25.76 9.62 45.77 6.62

glc 6.25 4.34 42.81 29.36 50.06 13.42

UA 106.83 25.14 217.31 27.17 51.58 11.95

FC2 mean S.D. mean S.D. mean S.D.

rha 2.59 0.95 1.70 1.50 3.71 0.03

fuc 0.36 0.05 0.44 0.38 1.22 0.07

ara 4.91 1.35 2.00 1.72 4.72 0.08

xyl 11.87 2.44 9.21 6.85 37.62 4.98

man 1.90 0.34 0.89 0.71 5.19 0.12

gal 20.08 2.16 4.04 3.23 37.10 1.10

glc 14.99 0.76 8.16 4.73 38.49 5.37

UA 128.77 23.95 137.80 57.05 78.63 14.78

FC3 mean S.D. mean S.D. mean S.D.

rha 0.81 0.01 0.69 0.36 2.02 0.03

fuc 0.19 0.02 0.38 0.20 1.13 0.00

ara 1.93 0.13 1.17 0.60 3.28 0.04

xyl 7.96 1.22 9.20 2.99 39.52 0.49

man 2.57 0.19 1.37 0.92 5.54 0.17

gal 7.42 0.56 4.50 2.21 21.90 0.81

glc 8.69 1.77 14.95 5.42 68.55 3.27

UA 55.62 23.32 69.95 41.47 41.27 6.51

FC4 mean S.D. mean S.D. mean S.D.

rha 0.17 0.12 0.58 0.23 0.98 0.04

fuc 0.16 0.04 0.61 0.35 1.10 0.12

ara 0.67 0.35 1.44 0.78 2.41 0.04

xyl 8.20 3.15 11.45 4.68 46.75 0.74

man 1.63 0.87 4.47 2.52 5.26 0.09

gal 2.59 0.92 5.84 3.42 13.11 0.30

glc 13.50 1.57 29.06 17.31 54.76 6.59

UA 19.75 2.96 32.05 6.55 22.48 9.82

'Hayward'ACSMPM 4 M KOH

FC1 mean S.D. mean S.D. mean S.D.

rha 1.02 0.36 3.00 0.48 2.37 0.21

fuc 0.18 0.06 0.95 0.10 0.47 0.14

ara 1.75 0.68 4.25 0.12 2.05 0.34

xyl 5.19 1.54 28.46 2.49 10.76 3.27

man 2.57 0.79 14.18 0.21 5.15 0.39

gal 11.38 3.93 23.15 0.09 25.16 4.25

glc 11.51 3.53 50.33 2.26 25.21 5.90

UA 22.98 7.25 71.13 15.72 104.39 20.72

FC2 mean S.D. mean S.D. mean S.D.

rha 0.63 0.10 1.09 0.06 2.08 0.16

fuc 0.17 0.02 0.66 0.01 0.44 0.01

ara 1.12 0.12 1.56 0.04 2.38 0.20

xyl 6.89 0.34 16.35 0.83 9.95 0.86

man 3.43 0.09 6.65 0.15 4.79 0.09

gal 8.07 0.48 8.09 0.27 22.58 1.33

glc 15.48 0.23 30.78 2.15 19.39 0.07

UA 14.89 3.72 68.00 14.94 85.87 13.73

FC3 mean S.D. mean S.D. mean S.D.

rha 0.85 0.25 4.15 2.14 0.86 0.20

fuc 0.21 0.01 1.32 0.39 0.33 0.01

ara 1.50 0.32 5.58 2.46 1.43 0.27

xyl 7.21 0.24 32.98 11.19 8.34 0.91

man 4.64 0.43 10.85 2.78 5.45 0.31

gal 10.70 0.89 30.63 12.57 11.63 0.46

glc 14.24 3.99 69.24 25.83 29.05 3.35

UA 14.44 7.37 118.17 40.69 75.74 17.61

FC4 mean S.D. mean S.D. mean S.D.

rha 0.37 0.13 1.54 0.65 1.00 0.02

fuc 0.13 0.02 0.51 0.04 0.43 0.02

ara 0.57 0.04 1.84 0.60 1.97 0.28

xyl 6.51 0.27 27.75 5.74 16.67 2.09

man 4.57 0.35 9.16 1.44 8.84 0.41

gal 3.97 0.05 9.51 2.20 10.99 0.76

glc 14.51 1.04 39.68 18.58 32.68 4.33

UA 10.17 2.11 91.50 24.19 42.76 5.97

ACSMPM 'Hayward'
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CWR

FC1 mean S.D. mean S.D. mean S.D.

rha 0.09 0.02 0.48 0.19 0.25 0.10

fuc 0.02 0.02 0.11 0.05 0.02 0.02

ara 0.18 0.06 1.08 0.29 0.26 0.06

xyl 0.40 0.15 3.67 1.35 0.48 0.18

man 0.18 0.06 2.41 0.98 0.66 0.07

gal 0.93 0.32 4.30 1.94 2.74 0.29

glc 2.41 0.70 30.92 12.91 7.56 0.35

UA 15.19 2.27 14.24 2.91 27.29 4.97

FC2 mean S.D. mean S.D. mean S.D.

rha 0.04 0.02 0.24 0.03 0.33 0.06

fuc 0.01 0.00 0.04 0.03 0.03 0.02

ara 0.10 0.04 0.42 0.06 0.41 0.06

xyl 0.45 0.22 1.14 0.25 0.54 0.12

man 0.17 0.07 1.14 0.25 0.64 0.05

gal 0.50 0.24 1.46 0.32 4.04 0.29

glc 2.17 0.83 14.93 4.01 6.55 0.36

UA 6.15 1.26 21.23 3.66 43.26 12.01

FC3 mean S.D. mean S.D. mean S.D.

rha 0.10 0.04 0.12 0.00 0.06 0.01

fuc 0.01 0.01 0.03 0.00 0.02 0.00

ara 0.21 0.08 0.18 0.00 0.15 0.01

xyl 0.40 0.16 1.18 0.21 0.29 0.03

man 0.35 0.13 0.34 0.04 0.54 0.02

gal 1.17 0.41 0.82 0.01 1.15 0.08

glc 4.00 1.15 4.17 0.02 11.37 0.37

UA 26.99 4.28 81.02 11.11 45.87 17.23

FC4 mean S.D. mean S.D. mean S.D.

rha 0.04 0.01 0.27 0.08 0.03 0.01

fuc 0.01 0.01 0.04 0.02 0.01 0.00

ara 0.14 0.03 0.40 0.18 0.15 0.00

xyl 0.71 0.24 5.49 0.08 0.43 0.06

man 0.37 0.10 1.15 0.41 0.62 0.03

gal 0.52 0.16 1.58 0.45 0.77 0.02

glc 5.26 0.95 16.94 6.83 10.90 0.18

UA 7.70 1.72 86.32 0.00 30.44 4.74

'Hayward'ACSMPM
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Appendix VII. Neutral monosaccharide and UA composition of all fractions in remaining seasons 
Neutral monosaccharide and UA composition of all fractions (water, DMSO, CDTA, Na2CO3, 1 M KOH, 4 M KOH and CWR) and CWM in 

(A) MPM (2012 season), ACS (2012 season) and ‘Hayward’ (2013 season) and (B) MPM (2011 season), and ‘Hayward’ (2011 season) 

expressed in mg/g anhydrous material hydrolysed by TFA. rha, rhamnose; fuc, fucose; ara, arabinose; xyl, xylose; man, mannose; gal, galactose; 

glc, glucose; UA, uronic acid; FC, firmness category. Results presented are means and S.D. each with two GC or UA replicate measurements. 
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Water

FC1 mean S.D. mean S.D. mean S.D.

rha 1.37 0.20 2.30 0.13 3.27 0.83

fuc 3.73 0.01 1.20 0.27 1.71 0.02

ara 30.01 0.07 13.04 2.08 17.30 2.59

xyl 20.57 0.32 9.40 1.66 20.92 1.36

man 17.43 0.19 6.63 0.96 4.89 0.28

gal 98.07 0.38 39.71 5.78 39.73 0.78

glc 80.82 0.60 48.38 4.04 24.30 2.71

UA 183.81 36.50 202.71 63.47 505.17 96.04

FC2 mean S.D. mean S.D. mean S.D.

rha 3.52 0.77 1.88 0.90 4.34 1.41

fuc 1.96 0.17 0.54 0.16 1.35 0.11

ara 21.94 0.19 15.79 11.06 15.76 3.83

xyl 15.89 0.59 6.36 1.41 20.26 1.85

man 8.86 0.29 3.60 0.63 4.27 0.26

gal 59.16 1.43 26.18 5.77 27.19 14.86

glc 30.66 5.49 22.05 4.74 19.88 2.23

UA 383.98 115.47 301.33 62.16 616.61 59.50

FC3 mean S.D. mean S.D. mean S.D.

rha 6.12 0.08 3.41 0.07 4.49 0.71

fuc 1.62 0.04 1.92 2.02 0.78 0.04

ara 17.60 1.69 10.31 0.09 9.73 1.11

xyl 11.78 0.03 5.44 0.06 10.32 1.66

man 4.19 1.03 2.63 0.03 1.41 0.46

gal 28.26 3.87 21.89 0.67 15.52 2.67

glc 16.42 4.84 12.83 0.50 7.91 1.23

UA 428.61 86.55 506.22 135.16 700.45 84.60

FC4 mean S.D. mean S.D. mean S.D.

rha 7.02 0.07 6.54 0.96 5.12 0.90

fuc 0.85 0.06 1.78 1.76 0.76 0.11

ara 15.08 0.21 11.40 0.86 8.36 1.08

xyl 3.96 0.26 3.89 0.38 7.98 1.57

man 2.09 0.09 1.75 0.21 1.19 0.49

gal 20.14 0.28 19.32 2.13 13.37 3.11

glc 7.49 0.84 7.28 0.94 3.98 1.09

UA 410.93 79.53 534.63 93.80 733.83 152.78

MPM ACS 'Hayward' DMSO

FC1 mean S.D. mean S.D. mean S.D.

rha 0.07 0.04 0.03 0.00 0.35 0.02

fuc 0.11 0.07 0.15 0.09 0.15 0.01

ara 1.49 0.29 0.79 0.34 2.05 0.11

xyl 3.09 0.67 0.77 0.24 2.05 0.27

man 3.05 0.16 1.53 0.16 1.92 0.15

gal 2.33 0.07 0.56 0.05 2.98 0.42

glc 614.59 7.02 313.57 79.62 630.35 31.29

UA 55.98 12.31 31.17 9.18 99.01 20.58

FC2 mean S.D. mean S.D. mean S.D.

rha 0.08 0.01 0.03 0.05 0.11 0.02

fuc 0.17 0.00 0.19 0.01 0.12 0.01

ara 1.75 0.22 0.94 0.14 1.72 0.03

xyl 3.46 0.65 1.49 0.44 2.61 0.18

man 3.83 0.24 1.35 0.55 2.12 0.01

gal 3.68 0.97 0.60 0.09 1.52 0.13

glc 488.57 55.06 419.30 110.07 705.19 8.31

UA 49.96 5.34 49.06 17.39 84.54 10.90

FC3 mean S.D. mean S.D. mean S.D.

rha 3.72 4.92 0.03 0.04 0.15 0.03

fuc 7.11 9.40 0.43 0.34 0.15 0.00

ara 25.08 33.54 1.04 0.44 1.79 0.14

xyl 33.50 19.58 2.66 0.46 4.10 0.29

man 11.55 8.37 1.16 0.71 2.11 0.11

gal 19.24 12.08 0.62 0.28 2.32 0.07

glc 495.99 11.23 365.27 6.06 641.44 23.00

UA 44.63 11.36 49.59 12.21 100.73 19.30

FC4 mean S.D. mean S.D. mean S.D.

rha 0.85 0.15 0.63 0.11 1.15 0.26

fuc 1.10 0.21 0.53 0.05 1.13 0.01

ara 4.20 0.23 1.07 0.03 2.84 0.21

xyl 45.61 0.02 12.04 0.79 37.64 3.19

man 20.58 1.25 4.86 0.48 10.56 0.10

gal 31.35 0.05 8.30 0.45 21.30 1.11

glc 108.70 2.62 27.68 0.88 40.13 3.80

UA 48.81 9.50 71.36 16.51 104.68 10.90

MPM ACS 'Hayward'

A – MPM (2012 season), ACS (2012 season) and ‘Hayward’ (2013 season) 
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CDTA

FC1 mean S.D. mean S.D. mean S.D.

rha 1.69 0.12 4.42 5.02 0.75 0.71

fuc 0.39 0.08 0.74 0.87 0.17 0.05

ara 5.31 0.71 6.68 5.98 0.79 1.11

xyl 4.03 0.79 4.65 5.07 2.80 3.12

man 2.30 0.76 2.83 2.85 0.64 0.91

gal 17.78 1.89 13.57 12.15 3.37 4.52

glc 280.79 49.28 63.68 53.27 3.93 2.13

UA 236.94 34.95 368.31 82.26 253.15 59.79

FC2 mean S.D. mean S.D. mean S.D.

rha 23.61 3.82 3.49 1.72 0.93 0.49

fuc 1.56 0.51 0.35 0.50 0.25 0.03

ara 30.43 5.30 6.49 0.08 1.22 0.54

xyl 8.05 1.66 1.17 1.65 1.30 0.90

man 1.41 0.48 1.06 1.49 0.34 0.14

gal 23.01 1.17 11.84 4.60 1.81 0.80

glc 17.10 0.17 183.00 243.11 2.47 0.56

UA 479.66 99.95 366.51 74.21 495.43 182.53

FC3 mean S.D. mean S.D. mean S.D.

rha 4.57 3.42 2.97 0.19 1.67 0.05

fuc 1.58 1.78 0.35 0.49 0.40 0.04

ara 10.96 7.30 5.21 0.19 1.91 0.19

xyl 67.36 93.01 3.05 0.98 2.44 0.27

man 17.64 23.91 1.69 0.14 0.65 0.00

gal 46.33 55.08 12.28 0.25 3.19 0.45

glc 100.14 128.86 24.43 9.82 1.46 0.01

UA 309.20 36.50 388.06 47.14 344.03 118.13

FC4 mean S.D. mean S.D. mean S.D.

rha 4.53 0.30 4.87 0.33 1.81 0.37

fuc 0.72 0.37 0.54 0.10 0.49 0.12

ara 12.53 1.84 6.41 0.15 2.46 0.47

xyl 2.20 0.16 2.37 0.00 2.59 0.05

man 1.39 0.21 1.30 0.01 1.03 0.28

gal 9.36 0.76 13.93 0.50 4.66 0.33

glc 3.42 0.55 7.70 0.11 3.27 1.00

UA 284.06 102.70 338.11 81.34 438.83 77.53

MPM ACS 'Hayward' Na2CO3

FC1 mean S.D. mean S.D. mean S.D.

rha 4.96 1.28 2.12 0.19 5.34 2.70

fuc 0.25 0.05 0.19 0.09 0.56 0.19

ara 9.10 1.90 3.67 0.14 5.46 2.33

xyl 0.89 0.18 0.51 0.04 1.25 0.64

man 0.67 0.23 1.65 0.60 0.38 0.23

gal 28.06 0.17 10.69 0.62 15.16 6.44

glc 147.70 14.80 330.01 95.33 4.24 2.50

UA 328.16 28.83 267.31 34.86 230.38 72.29

FC2 mean S.D. mean S.D. mean S.D.

rha 6.32 0.22 5.26 0.07 8.36 1.46

fuc 0.70 0.43 0.60 0.03 0.88 0.03

ara 12.23 0.35 7.06 0.03 8.13 0.77

xyl 7.74 1.05 1.65 0.15 6.62 6.13

man 3.02 1.68 0.64 0.01 1.82 1.46

gal 51.18 6.02 15.57 0.18 21.73 0.38

glc 12.75 7.32 19.71 2.07 7.11 2.77

UA 77.79 17.87 471.35 56.76 324.29 70.64

FC3 mean S.D. mean S.D. mean S.D.

rha 15.78 2.87 11.23 5.20 5.60 2.94

fuc 0.97 0.01 0.91 0.37 0.80 0.03

ara 23.25 5.05 16.99 8.31 4.98 2.22

xyl 2.72 0.02 3.13 1.49 13.66 6.88

man 0.73 0.12 1.13 0.65 3.39 1.33

gal 45.70 9.37 32.14 16.50 14.32 2.58

glc 5.16 1.35 5.04 2.84 6.74 2.87

UA 293.18 55.43 554.43 61.60 276.04 83.15

FC4 mean S.D. mean S.D. mean S.D.

rha 12.31 5.85 7.30 0.54 6.37 0.36

fuc 1.16 0.37 0.68 0.26 0.87 0.01

ara 17.82 7.84 10.34 0.62 8.64 0.73

xyl 7.53 1.57 5.82 0.21 11.48 1.90

man 2.66 0.34 1.42 0.12 2.15 0.33

gal 25.89 9.30 28.52 1.69 15.50 2.51

glc 4.24 0.56 4.47 0.67 4.14 2.38

UA 262.94 70.59 348.56 34.22 186.26 40.59

'Hayward'MPM ACS
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1 M KOH

FC1 mean S.D. mean S.D. mean S.D.

rha 3.68 0.16 5.86 1.42 3.22 2.12

fuc 1.16 0.05 1.90 0.56 0.47 0.26

ara 9.40 0.39 7.50 1.81 3.99 2.45

xyl 69.72 4.90 75.94 24.60 29.16 12.89

man 7.64 0.43 21.01 7.19 3.44 2.25

gal 45.20 2.05 42.65 11.48 18.83 11.31

glc 433.21 45.39 143.20 21.66 25.73 4.52

UA 106.54 22.71 117.21 9.52 162.46 36.08

FC2 mean S.D. mean S.D. mean S.D.

rha 1.24 0.60 3.79 0.02 5.47 0.54

fuc 1.04 0.58 2.13 0.06 0.90 0.07

ara 3.27 1.64 6.03 0.12 5.83 0.35

xyl 41.90 20.52 103.20 11.45 39.93 2.14

man 8.02 4.62 27.66 0.38 5.13 0.39

gal 26.55 14.11 41.53 0.02 17.51 0.53

glc 142.97 65.22 162.36 3.33 26.58 2.45

UA 43.88 10.41 113.34 19.54 191.74 50.23

FC3 mean S.D. mean S.D. mean S.D.

rha 3.53 0.56 5.11 1.72 2.03 0.14

fuc 1.40 0.22 2.13 0.13 0.92 0.11

ara 7.67 0.95 7.22 2.09 2.94 1.05

xyl 58.83 11.03 92.51 8.02 47.45 6.51

man 16.91 2.52 29.82 6.95 6.36 0.91

gal 30.12 17.48 44.79 6.93 13.14 1.98

glc 79.27 13.04 144.65 3.90 33.37 4.97

UA 90.41 11.66 121.38 16.29 117.84 21.37

FC4 mean S.D. mean S.D. mean S.D.

rha 1.69 0.35 2.68 0.63 0.54 0.15

fuc 2.18 0.45 0.50 0.09 0.64 0.16

ara 5.35 1.56 3.90 0.73 3.53 0.85

xyl 108.78 27.86 55.66 14.44 33.61 18.93

man 18.48 4.59 22.72 6.26 4.77 1.82

gal 31.67 7.50 24.96 5.73 7.94 1.73

glc 133.44 22.80 76.14 15.01 28.07 10.97

UA 68.20 16.27 67.49 5.74 84.95 12.97

MPM ACS 'Hayward' 4 M KOH

FC1 mean S.D. mean S.D. mean S.D.

rha 5.91 1.98 8.33 3.02 0.82 0.13

fuc 0.49 0.17 1.08 0.21 0.39 0.07

ara 8.33 2.43 12.90 2.58 1.49 0.23

xyl 15.90 6.40 56.79 10.24 13.51 0.82

man 10.94 0.71 28.84 5.87 8.23 1.77

gal 40.57 13.43 95.24 16.43 13.12 2.27

glc 32.58 3.62 144.47 14.20 31.98 4.93

UA 174.43 49.52 107.58 17.41 136.02 29.95

FC2 mean S.D. mean S.D. mean S.D.

rha 2.44 0.92 0.90 0.12 2.46 1.09

fuc 1.05 0.76 1.17 0.23 1.01 0.04

ara 5.29 0.57 2.44 0.34 4.32 1.46

xyl 16.06 1.59 45.07 6.30 35.61 0.71

man 12.42 1.44 33.19 7.15 18.55 3.57

gal 25.71 3.99 38.90 8.56 26.10 8.39

glc 33.45 5.44 156.52 27.63 70.92 6.90

UA 139.85 14.30 44.34 9.05 139.09 37.04

FC3 mean S.D. mean S.D. mean S.D.

rha 3.81 1.82 9.12 6.81 2.49 0.95

fuc 0.68 0.31 0.63 0.80 2.03 0.78

ara 5.27 2.15 11.70 5.86 5.47 2.10

xyl 24.85 10.20 84.60 37.03 69.85 26.46

man 19.11 6.94 43.79 3.11 30.10 11.49

gal 32.20 11.69 56.29 6.97 37.42 14.12

glc 57.35 17.77 139.39 19.16 127.27 49.07

UA 129.78 14.64 71.67 11.74 106.89 15.52

FC4 mean S.D. mean S.D. mean S.D.

rha 8.87 1.00 1.08 0.04 1.60 0.27

fuc 1.05 0.21 1.08 0.16 0.60 0.20

ara 10.34 1.06 3.39 0.09 4.67 1.39

xyl 30.61 0.38 46.41 3.29 28.36 10.84

man 22.26 10.94 37.00 2.38 12.40 4.50

gal 52.07 9.20 34.05 2.50 27.65 14.79

glc 66.56 28.27 111.87 8.96 48.10 1.74

UA 86.53 5.70 58.50 10.42 195.00 27.27

MPM ACS 'Hayward'
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CWR

FC1 mean S.D. mean S.D. mean S.D.

rha 1.30 0.16 1.63 0.11 0.36 0.23

fuc 0.10 0.14 0.00 0.00 0.09 0.01

ara 2.50 0.14 2.09 0.30 0.75 0.33

xyl 7.38 0.26 11.24 0.68 2.79 0.52

man 4.53 0.20 4.70 0.73 1.98 0.65

gal 17.39 2.36 12.31 1.33 9.15 8.20

glc 57.10 0.79 56.76 6.95 24.56 7.44

UA 81.29 13.32 78.83 25.47 95.29 18.09

FC2 mean S.D. mean S.D. mean S.D.

rha 0.09 0.12 3.98 0.24 0.28 0.18

fuc 0.08 0.12 0.00 0.00 0.02 0.02

ara 0.72 0.02 5.19 0.49 0.57 0.27

xyl 3.04 0.30 36.78 3.90 2.08 0.02

man 4.54 0.53 0.00 0.00 2.02 0.96

gal 6.41 0.74 16.98 1.76 3.87 1.78

glc 62.08 3.05 52.00 5.66 26.56 12.65

UA 57.54 5.53 101.31 18.77 96.80 17.15

FC3 mean S.D. mean S.D. mean S.D.

rha 0.85 0.06 0.94 0.28 0.12 0.01

fuc 0.04 0.05 0.13 0.08 0.11 0.00

ara 1.58 0.39 1.46 0.66 0.18 0.01

xyl 4.54 1.40 13.09 4.02 0.56 0.05

man 4.04 0.72 5.95 0.46 0.82 0.19

gal 8.85 2.31 9.65 3.95 1.42 0.29

glc 55.40 7.50 59.87 23.59 11.26 2.72

UA 51.36 5.64 102.92 40.80 84.63 13.29

FC4 mean S.D. mean S.D. mean S.D.

rha 0.26 0.02 0.61 0.00 0.20 0.05

fuc 0.09 0.02 0.12 0.00 0.07 0.06

ara 0.86 0.21 0.95 0.05 0.56 0.01

xyl 4.67 0.09 22.79 0.92 1.57 0.19

man 5.48 0.72 4.74 0.72 2.01 0.23

gal 7.57 0.70 7.42 1.29 2.33 0.31

glc 63.39 4.71 55.93 11.72 22.70 3.75

UA 50.35 10.86 97.44 25.26 89.52 6.58

MPM ACS 'Hayward' CWM

FC1 mean S.D. mean S.D. mean S.D.

rha 6.19 2.25 1.84 0.44 6.59 0.22

fuc 0.76 0.12 0.25 0.01 1.01 0.09

ara 9.63 3.16 2.86 0.40 7.76 0.50

xyl 17.11 5.36 7.64 0.68 24.40 2.05

man 4.30 0.85 2.15 0.47 5.05 0.40

gal 39.62 9.40 10.54 2.76 29.85 3.34

glc 34.90 12.48 65.78 2.13 19.36 0.51

UA 235.52 39.99 293.22 47.78 524.46 32.98

FC2 mean S.D. mean S.D. mean S.D.

rha 2.45 0.55 2.96 0.77 4.60 0.96

fuc 0.67 0.16 0.37 0.22 0.76 0.21

ara 4.49 0.93 4.22 1.08 4.84 1.09

xyl 24.76 3.87 10.33 2.47 18.31 3.82

man 6.84 0.78 4.33 1.20 4.01 0.21

gal 23.95 1.95 13.87 3.12 15.62 2.42

glc 38.36 3.32 12.84 4.27 10.14 2.02

UA 215.58 53.28 295.57 20.33 499.07 92.24

FC3 mean S.D. mean S.D. mean S.D.

rha 5.52 0.13 2.22 0.31 5.25 0.04

fuc 0.78 0.11 0.37 0.01 0.86 0.07

ara 8.72 0.66 3.08 0.38 5.52 0.13

xyl 19.86 2.15 11.24 1.06 20.91 0.14

man 5.90 0.66 3.56 0.56 4.65 0.70

gal 26.39 2.12 11.00 1.05 17.94 0.86

glc 16.38 1.39 9.61 2.33 11.59 0.04

UA 202.57 26.58 309.59 54.34 537.39 81.23

FC4 mean S.D. mean S.D. mean S.D.

rha 4.28 0.47 1.67 0.13 5.90 0.79

fuc 1.50 0.03 0.36 0.03 1.12 0.19

ara 16.67 1.61 2.47 0.26 5.61 0.37

xyl 29.64 2.61 24.68 1.16 31.82 1.25

man 7.79 0.31 5.48 0.64 6.62 0.61

gal 70.74 3.42 11.62 0.97 21.20 2.00

glc 60.73 28.54 18.54 2.37 13.21 0.80

UA 115.25 14.70 191.53 34.16 313.82 16.98

'Hayward'MPM ACS
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Water

FC1 mean S.D. mean S.D.

rha 2.18 0.79 1.49 0.02

fuc 2.24 0.02 2.73 1.25

ara 24.66 0.76 16.04 6.97

xyl 24.54 2.23 27.68 8.98

man 17.78 1.41 11.51 4.52

gal 57.55 23.27 57.51 22.04

glc 71.44 8.35 42.00 14.07

UA 197.23 43.19 109.22 26.41

FC2 mean S.D. mean S.D.

rha 1.33 0.31 4.74 0.05

fuc 1.89 0.60 2.28 0.08

ara 15.73 12.61 16.32 1.72

xyl 16.20 1.18 22.07 1.84

man 6.76 7.12 7.52 0.67

gal 22.01 21.28 43.46 4.63

glc 45.11 10.74 28.68 2.55

UA 201.33 44.35 273.61 54.32

FC3 mean S.D. mean S.D.

rha 2.88 0.05 6.20 1.23

fuc 1.68 0.53 1.34 0.36

ara 21.21 3.04 12.95 2.25

xyl 16.12 2.40 13.07 2.34

man 10.56 0.99 3.84 0.61

gal 56.66 7.48 31.21 4.92

glc 37.06 4.13 14.91 2.30

UA 322.25 77.94 268.24 63.76

FC4 mean S.D. mean S.D.

rha 11.38 0.55 8.76 1.06

fuc 0.96 0.08 0.62 0.13

ara 23.41 1.07 12.89 2.56

xyl 9.07 0.41 7.39 1.43

man 4.01 0.31 12.22 15.07

gal 31.09 0.14 26.01 4.05

glc 19.82 0.11 6.58 0.03

UA 412.28 97.30 376.28 77.18

MPM 'Hayward' DMSO

FC1 mean S.D. mean S.D.

rha 0.09 0.05 0.04 0.06

fuc 0.12 0.03 0.12 0.08

ara 1.19 0.26 3.24 1.32

xyl 1.52 0.07 4.23 3.38

man 1.93 0.14 4.12 2.05

gal 0.94 0.39 2.68 1.13

glc 628.08 8.18 744.74 115.94

UA 36.76 11.57 49.80 6.08

FC2 mean S.D. mean S.D.

rha 0.11 0.00 0.00 0.00

fuc 0.11 0.01 0.08 0.11

ara 0.96 0.09 5.67 2.15

xyl 1.58 0.00 4.06 1.27

man 1.93 0.08 4.36 0.66

gal 1.47 0.02 2.94 0.40

glc 335.33 20.71 165.08 37.46

UA 49.96 24.39 43.06 6.03

FC3 mean S.D. mean S.D.

rha 0.05 0.08 0.10 0.08

fuc 0.16 0.01 0.21 0.00

ara 1.26 0.27 3.74 0.84

xyl 2.28 0.62 7.14 3.96

man 1.98 0.25 4.41 1.72

gal 1.41 0.20 2.70 1.24

glc 539.07 53.02 157.07 10.39

UA 24.25 5.79 33.52 7.00

FC4 mean S.D. mean S.D.

rha 0.21 0.01 0.04 0.06

fuc 0.29 0.03 0.28 0.10

ara 1.89 0.03 2.63 0.57

xyl 12.78 0.01 11.69 6.78

man 6.62 0.12 5.74 2.31

gal 7.70 0.01 4.22 1.76

glc 376.78 7.51 117.08 17.50

UA 40.34 7.95 54.37 11.52

MPM 'Hayward' CDTA

FC1 mean S.D. mean S.D.

rha 1.06 0.01 2.35 1.76

fuc 0.21 0.07 0.60 0.48

ara 4.78 0.91 7.72 5.71

xyl 0.95 0.15 1.85 0.29

man 1.30 0.14 0.88 0.12

gal 14.17 1.62 73.78 72.52

glc 277.82 29.62 173.62 89.08

UA 345.43 58.35 307.06 70.63

FC2 mean S.D. mean S.D.

rha 2.65 1.55 4.70 0.92

fuc 0.23 0.12 0.37 0.17

ara 5.55 0.92 8.52 0.76

xyl 0.99 0.10 1.44 0.06

man 1.12 0.54 0.54 0.01

gal 19.21 1.14 36.59 0.94

glc 231.97 19.70 10.25 0.51

UA 443.78 95.07 409.11 75.80

FC3 mean S.D. mean S.D.

rha 1.72 0.20 7.21 0.16

fuc 0.19 0.03 0.49 0.07

ara 4.39 0.09 10.17 0.23

xyl 0.68 0.16 1.42 0.03

man 0.91 0.04 0.60 0.02

gal 7.56 1.90 36.22 1.37

glc 201.41 109.70 4.73 0.44

UA 493.48 88.57 339.65 76.44

FC4 mean S.D. mean S.D.

rha 2.42 1.47 10.61 3.61

fuc 0.12 0.01 0.55 0.20

ara 4.71 3.07 16.77 7.73

xyl 0.50 0.35 3.06 1.45

man 0.63 0.36 2.89 3.00

gal 4.62 2.86 68.72 28.54

glc 1.87 1.26 4.52 1.81

UA 242.76 33.85 440.68 65.65

MPM 'Hayward'

B – MPM (2011 season) and ‘Hayward’ (2011 season) 
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1 M KOH

FC1 mean S.D. mean S.D.

rha 3.60 0.84 1.76 0.76

fuc 0.66 0.16 0.61 0.20

ara 7.79 1.97 4.97 3.67

xyl 49.59 11.55 37.93 23.56

man 8.19 2.18 1.63 0.96

gal 29.95 8.56 25.80 10.60

glc 49.95 23.47 322.62 263.40

UA 230.09 54.25 76.43 20.52

FC2 mean S.D. mean S.D.

rha 3.25 1.49 4.05 0.30

fuc 3.80 2.18 1.12 0.08

ara 25.39 18.27 5.92 0.45

xyl 32.42 6.92 49.21 3.72

man 15.96 8.71 2.72 0.33

gal 77.44 72.26 58.26 6.33

glc 344.72 85.27 54.88 5.97

UA 142.37 27.77 128.33 23.52

FC3 mean S.D. mean S.D.

rha 6.15 2.80 2.55 0.81

fuc 1.18 0.50 1.00 0.16

ara 10.59 1.64 4.34 1.60

xyl 43.97 23.98 44.35 14.50

man 13.18 2.18 4.10 0.92

gal 28.19 4.29 31.22 3.38

glc 89.19 10.42 44.95 13.40

UA 172.22 30.12 100.78 16.06

FC4 mean S.D. mean S.D.

rha 3.51 2.03 0.49 0.19

fuc 1.34 0.83 0.35 0.11

ara 9.15 5.49 1.24 0.39

xyl 79.22 46.54 17.75 3.74

man 14.71 8.98 2.32 0.15

gal 25.45 23.13 6.67 2.36

glc 117.95 77.56 16.38 5.25

UA 159.70 31.22 65.28 10.48

MPM 'Hayward' 4 M KOH

FC1 mean S.D. mean S.D.

rha 11.91 4.12 5.75 2.19

fuc 1.46 0.80 1.51 0.55

ara 17.81 5.31 10.40 3.49

xyl 32.85 2.37 38.16 16.18

man 18.86 3.32 12.17 5.23

gal 108.39 16.50 62.92 1.07

glc 56.27 4.49 96.88 41.34

UA 255.04 77.71 127.21 27.95

FC2 mean S.D. mean S.D.

rha 17.07 7.80 5.01 4.68

fuc 0.82 0.45 0.81 0.22

ara 26.20 12.91 5.80 5.57

xyl 39.49 32.65 20.93 14.28

man 22.41 15.87 6.30 6.55

gal 136.16 54.65 57.45 45.05

glc 95.65 40.94 28.25 12.33

UA 186.66 38.47 183.59 47.93

FC3 mean S.D. mean S.D.

rha 11.04 4.09 4.97 0.86

fuc 0.84 0.31 1.56 0.04

ara 16.42 6.78 9.29 2.17

xyl 31.58 15.97 52.07 4.29

man 19.34 6.57 17.37 2.11

gal 98.85 42.84 42.52 50.22

glc 70.32 35.16 99.93 5.89

UA 172.83 27.32 161.45 28.45

FC4 mean S.D. mean S.D.

rha 6.56 2.71 7.52 1.28

fuc 0.58 0.13 1.34 0.21

ara 8.30 2.61 13.72 1.62

xyl 39.25 13.28 80.60 1.38

man 28.17 6.28 32.35 1.77

gal 36.19 10.61 80.83 2.92

glc 65.37 16.44 106.25 19.32

UA 124.31 19.88 148.31 17.89

MPM 'Hayward'
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CWR

FC1 mean S.D. mean S.D.

rha 2.26 0.66 2.19 0.23

fuc 0.04 0.06 0.16 0.08

ara 3.93 0.48 2.81 0.47

xyl 6.11 0.02 3.50 0.73

man 4.07 0.48 4.39 0.80

gal 18.96 1.11 35.92 3.02

glc 55.51 6.12 55.95 12.23

UA 149.65 16.67 60.12 10.24

FC2 mean S.D. mean S.D.

rha 1.75 0.17 1.17 0.53

fuc 0.13 0.02 0.16 0.02

ara 2.77 0.42 1.54 0.49

xyl 3.35 0.11 1.68 0.56

man 3.49 0.52 4.05 1.21

gal 15.68 1.40 20.94 8.45

glc 47.51 7.91 51.96 13.68

UA 68.62 20.80 69.07 18.83

FC3 mean S.D. mean S.D.

rha 1.99 0.15 1.05 0.10

fuc 0.26 0.20 0.06 0.09

ara 3.56 0.03 1.49 0.20

xyl 7.81 1.31 2.19 0.04

man 3.99 0.07 4.10 0.01

gal 20.09 0.74 19.92 2.16

glc 55.81 1.01 55.94 1.44

UA 83.65 21.02 65.71 14.55

FC4 mean S.D. mean S.D.

rha 0.60 0.06 0.54 0.11

fuc 0.05 0.01 0.12 0.07

ara 1.28 0.18 1.07 0.08

xyl 4.67 0.31 2.46 0.16

man 3.98 0.67 5.47 0.24

gal 7.82 1.11 11.17 1.51

glc 45.76 7.52 66.72 4.00

UA 64.00 20.54 51.24 10.84

MPM 'Hayward' CWM

FC1 mean S.D. mean S.D.

rha 5.97 0.59 3.81 0.01

fuc 0.71 0.19 0.53 0.00

ara 10.03 1.49 5.05 0.07

xyl 18.90 1.46 9.75 4.49

man 4.61 0.41 2.53 0.23

gal 44.61 5.69 54.57 0.27

glc 50.64 23.16 71.69 27.00

UA 224.20 46.76 244.50 51.95

FC2 mean S.D. mean S.D.

rha 6.46 0.20 4.63 1.70

fuc 0.72 0.02 0.65 0.11

ara 10.00 0.37 5.49 2.07

xyl 17.35 0.46 15.65 4.68

man 4.81 0.15 3.84 0.65

gal 42.51 1.57 55.91 25.04

glc 55.23 2.92 31.68 11.43

UA 217.34 46.51 230.65 53.24

FC3 mean S.D. mean S.D.

rha 3.60 3.53 7.81 2.85

fuc 0.61 0.24 1.19 0.36

ara 6.48 5.60 9.24 2.96

xyl 13.86 6.87 26.01 6.30

man 3.18 2.15 7.08 2.03

gal 30.12 13.59 87.36 25.63

glc 87.87 7.74 68.83 15.49

UA 208.30 61.78 228.18 44.28

FC4 mean S.D. mean S.D.

rha 3.50 0.49 2.84 0.81

fuc 0.51 0.07 0.61 0.14

ara 6.23 0.51 3.98 0.98

xyl 22.63 1.73 18.79 4.51

man 6.38 0.55 4.95 1.86

gal 21.62 1.86 30.35 9.59

glc 20.82 2.67 17.19 6.01

UA 125.86 21.04 153.53 32.38

MPM 'Hayward'
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Appendix VIII. Polyclonal antibody production for use in Western blot analysis 

of XTH7, expansin and BGal. 
 

XTH7 and expansin were made according to Atkinson et al. (2009). The mature coding 

region of XTH7 without the N-terminal leader sequence was amplified using primers RA405 

5’ – ACGGGATCCGGCAGCTTCGAGGATGTTGAA-3’ and RA405 5’ 

CGTGAGCTCTCAGAGAAACCTTGAACGCTT-3’ and expansin using primers 

79746_mature_fwd ACGGGATCCACTTTCTACGGTGGGGGAGACGCATCCGGCA and 

79746_mature_rev TCCGCTCGAGTTAGAATTGACCCCCTTCAAATGTTTGCCC. 

Amplified bands were purified using Qiaquick ® OCR cleanup columns (Qiagen GmbH), 

digested with appropriate restriction enzymes underlined in the primers above (BamH1 and 

SacI for XTH7; BamHI and Xhol for expansin), and ligated into the corresponding sites of 

the pET30a(+) vector (Novagen, USA). Each clone was sequence verified against the original 

EST. The BGal antibody was cloned according to Ross et al. (1994). 

 

For XTH7, expansin and BGal the recombinant His-tagged protein was purified by Ni-

affinity chromatography under denaturing conditions (Schroder et al., 1998). Fractions of the 

eluate were separated on 10% (w/v) SDS-Tris-Tricine gels and the presence of recombinant 

protein determined by the presence of a major band. After Coomassie staining, the main band 

was cut out and used to raise a polyclonal antibody in rabbits (Ric Broadhurst, Agresearch, 

Ruakura, NZ). 
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Appendix IX. Protein content of enzyme extracts and specific enzyme activity values.  
*, no activity identified. 

 

Protein content (ug protein/g FW) (n = 4) 

Genotype MPM ACS ‘Hayward’ 

Fruit category 

(FC) Low salt S.D. High salt S.D. Low salt S.D. High salt  S.D. Low salt S.D. High salt  S.D. 

FC1 0.67 0.07 1.37 1.08 1.15 0.10 2.89 0.16 0.86 0.12 1.52 0.17 

FC2 0.93 0.08 1.48 0.67 1.67 0.14 3.94 0.10 0.95 0.14 1.81 0.06 

FC3 0.77 0.11 1.26 0.61 1.23 0.18 3.78 0.23 1.10 0.15 3.64 1.94 

FC4 1.12 0.13 1.77 0.75 1.26 0.06 3.38 0.26 1.11 0.10 1.96 0.34 

 

Specific activity of XET (Bq inc/ kBq prov/ µg protein)   

  MPM ACS Hayward' 

LS Mean S.D. Mean S.D. Mean S.D. 

FC1 84.04 27.35 36.82 7.46 19.42 10.94 

FC2 56.5 34.71 35.01 13.96 12.86 8.04 

FC3 56.80 22.60 61.85 20.09 38.67 27.30 

FC4 91.79 31.74 56.63 21.61 22.10 12.10 

HS Mean S.D. Mean S.D. Mean S.D. 

FC1 114.82 57.01 29.03 24.16 18.70 10.23 

FC2 65.87 38.13 48.27 33.55 12.77 10.69 

FC3 80.71 29.16 45.85 13.36 27.28 6.88 

FC4 260.55 79.16 41.16 28.10 20.06 3.70 
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Specific activity of PG 

(mU/ µg protein) 

  MPM ACS ‘Hayward’ 

  Mean S.D. Mean S.D. Mean S.D. 

FC1 * * 476.37 125.65 533.50 169.97 

FC2 1097.52 36.23 1543.61 400.10 349.87 188.93 

FC3 715.32 31.75 * * 442.34 255.27 

FC4 * * 1290.66 259.06 740.49 334.21 

 

Specific activity of XET (Bq inc/ kBq prov/ µg protein) 

  MPM ACS ‘Hayward’ 

LS Mean S.D. Mean S.D. Mean S.D. 

FC1 84.04 27.35 36.82 7.46 19.42 10.94 

FC2 56.52 34.71 35.01 13.96 12.86 8.04 

FC3 56.80 22.60 61.85 20.09 38.67 27.30 

FC4 91.79 31.74 56.63 21.61 22.10 12.10 

HS Mean S.D. Mean S.D. Mean S.D. 

FC1 114.82 57.01 29.03 24.16 18.70 10.23 

FC2 65.87 38.13 48.27 33.55 12.77 10.69 

FC3 80.71 29.16 45.85 13.36 27.28 6.88 

FC4 260.51 79.16 41.16 28.10 20.06 3.70 
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Specific activity of XEH 

(mU/ µg protein)     

  MPM ACS ‘Hayward’ 

  Mean S.D. Mean S.D. Mean S.D. 

FC1 8022.89 2709.25 1070.87 1165.10 * * 

FC2 5542.49 1680.25 4806.83 867.98 * * 

FC3 8715.36 2695.90 6931.00 599.53 4002.15 244.23 

FC4 6522.26 3018.04 10506.80 1038.95 5846.73 166.90 
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Appendix X. Expression levels of XTH, EXP, BGAL, PG and PME kiwifruit genes 

in MPM, ACS, ‘Hayward’ during softening. 
    MPM ACS ‘Hayward’ 

Gene 

Fruit category 

(FC) 

Reference/ 

Target 

ratio S.D. 

Reference/ 

Target 

ratio S.D. 

Reference/ 

Target 

ratio S.D. 

XTH1 FC1 9.20E-03 3.77E-03 9.44E-03 3.47E-03 1.83E-02 7.99E-03 

  FC2 6.53E-03 5.30E-03 8.62E-03 2.83E-03 3.41E-02 5.50E-03 

  FC3 7.10E-03 2.79E-03 3.43E-03 1.55E-03 6.03E-03 1.20E-03 

  FC4 2.68E-03 2.06E-03 1.21E-02 1.09E-03 1.42E-02 6.04E-03 

XTH2 FC1 3.57E-03 3.64E-03 2.97E-02 1.31E-02 2.14E-01 3.20E-02 

  FC2 1.45E-03 6.38E-04 4.16E-02 1.78E-02 1.28E-01 5.85E-02 

  FC3 7.05E-03 8.00E-03 2.17E-01 1.19E-01 1.82E-01 8.31E-02 

  FC4 1.64E-01 5.31E-02 1.25E+00 3.49E-01 5.81E-01 3.70E-01 

XTH3 FC1 5.00E-03 5.71E-03 3.11E-03 2.61E-03 3.58E-03 2.85E-03 

  FC2 2.84E-03 2.20E-03 3.06E-03 4.03E-03 7.49E-03 6.70E-03 

  FC3 2.40E-03 1.19E-03 3.83E-04 1.60E-03 2.50E-03 5.70E-03 

  FC4 1.93E-04 5.94E-04 4.12E-03 5.85E-04 1.38E-03 5.45E-03 

XTH4 FC1 2.53E-03 1.72E-03 3.97E-03 2.33E-03 9.25E-03 1.03E-02 

  FC2 4.67E-04 1.70E-03 1.27E-03 1.87E-03 4.42E-03 9.73E-03 

  FC3 4.15E-03 4.68E-03 2.75E-03 1.76E-03 1.90E-03 3.77E-03 

  FC4 1.63E-03 2.95E-03 1.32E-02 1.42E-02 1.01E-02 8.17E-03 

XTH5 FC1 3.15E-01 4.06E-02 2.04E-03 1.39E-03 2.74E-02 1.04E-02 

  FC2 5.64E-02 1.80E-02 8.17E-04 1.61E-03 1.89E-02 1.00E-02 

  FC3 1.72E+00 8.46E-01 4.32E-02 2.39E-02 4.26E-02 1.90E-02 

  FC4 1.19E+00 3.83E-01 4.56E-02 6.50E-03 1.80E-01 1.21E-01 

XTH6 FC1 2.41E-02 8.76E-03 5.14E-03 2.13E-03 2.19E-02 2.17E-03 

  FC2 8.17E-03 2.84E-03 5.48E-03 3.35E-03 1.52E-02 6.25E-02 

  FC3 2.75E-02 9.30E-03 4.06E-02 2.28E-02 8.11E-03 4.52E-03 

  FC4 8.97E-03 3.75E-03 1.14E-02 4.49E-03 1.39E-02 1.11E-02 

XTH7 FC1 6.35E+00 1.78E+00 5.19E+00 2.30E+00 2.00E+01 3.13E+00 

  FC2 2.33E+00 6.35E-01 3.28E+00 2.08E+00 2.70E+01 1.03E+01 

  FC3 8.67E+00 2.53E+00 7.73E+00 1.02E+00 9.50E+00 3.73E+00 

  FC4 1.48E+00 5.00E-01 9.36E+00 3.74E+00 4.81E+00 3.31E+00 

XTH8 FC1 2.01E-01 3.66E-02 8.13E-03 4.74E-03 1.25E-01 1.96E-02 

  FC2 1.28E-02 4.95E-03 1.54E-03 2.25E-03 1.32E-01 4.79E-02 

  FC3 2.50E-02 7.62E-03 1.01E-02 4.02E-03 8.03E-02 2.99E-02 

  FC4 3.22E-03 5.15E-03 9.72E-01 3.35E-01 1.23E-02 1.23E-02 

XTH9 FC1 1.31E-01 2.08E-02 4.42E-02 1.95E-02 1.08E+00 1.19E-01 

  FC2 3.01E-02 7.37E-03 7.44E-02 2.69E-02 1.01E+00 3.69E-01 

  FC3 1.96E-01 3.78E-02 1.29E-01 8.16E-02 6.18E-01 2.62E-01 

  FC4 1.66E-02 6.22E-03 2.50E-01 5.36E-02 1.14E-01 9.15E-02 

XTH10 FC1 4.51E-02 1.43E-02 1.13E-02 4.96E-03 1.84E-02 8.71E-03 

  FC2 1.93E-01 7.25E-02 2.14E-02 1.11E-02 2.46E-02 1.13E-02 

  FC3 7.39E-03 4.38E-03 5.78E-03 4.60E-03 6.38E-03 3.09E-03 

  FC4 2.81E-03 1.98E-03 2.68E-02 7.03E-03 1.40E-02 8.91E-03 
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XTH11 FC1 1.12E-02 3.84E-03 1.12E-01 1.87E-02 3.66E-03 3.77E-03 

  FC2 7.58E-03 4.89E-03 1.54E-01 5.79E-02 1.24E-01 1.03E-01 

  FC3 5.68E-02 1.11E-02 1.15E-01 4.73E-02 6.11E-02 1.12E-02 

  FC4 1.61E-02 6.07E-03 4.21E-01 2.68E-01 2.05E-01 8.51E-02 

XTH12 FC1 2.87E-04 6.34E-04 6.66E-04 6.44E-04 2.36E-03 4.27E-04 

  FC2 9.11E-04 8.90E-04 1.55E-04 4.98E-04 5.10E-03 5.00E-04 

  FC3 2.52E-04 2.47E-04 4.03E-04 2.84E-04 3.92E-03 3.07E-03 

  FC4 3.03E-04 4.97E-04 4.92E-02 1.73E-02 1.85E-03 2.45E-03 

XTH13 FC1 6.00E-02 1.30E-02 7.33E-01 2.87E-01 3.62E+00 5.02E-01 

  FC2 4.59E-01 1.33E-01 1.30E+00 7.22E-01 3.03E+00 1.10E+00 

  FC3 3.57E-01 6.46E-02 4.06E+00 6.77E-01 2.38E+00 9.10E-01 

  FC4 1.69E+00 6.05E-01 2.54E-01 8.79E-02 2.00E+01 1.32E+01 

XTH14 FC1 2.54E-02 7.71E-03 4.55E-02 1.65E-02 1.96E-02 3.66E-03 

  FC2 1.20E-01 4.31E-02 5.06E-02 1.80E-02 2.88E-02 7.61E-03 

  FC3 5.70E-02 7.99E-03 7.29E-02 2.10E-02 1.70E-02 6.63E-03 

  FC4 1.31E-01 3.09E-02 1.61E-02 5.94E-03 3.16E-01 2.21E-01 

 

 

    MPM ACS ‘Hayward’ 

Gene 

Fruit category 

(FC) 

Reference/ 

Target 

ratio S.D. 

Reference/ 

Target 

ratio S.D. 

Reference/ 

Target 

ratio S.D. 

EXP1 FC1 5.78E-03 1.51E-03 2.93E-03 1.30E-03 4.22E-02 8.30E-03 

  FC2 7.89E-03 1.81E-03 3.74E-03 2.06E-03 5.13E-02 3.72E-02 

  FC3 1.37E-01 2.33E-02 1.02E-01 6.50E-02 2.03E-02 8.48E-03 

  FC4 2.45E+00 8.10E-01 4.50E-02 9.04E-03 1.99E+00 1.37E+00 

EXP2 FC1 4.98E-01 1.11E-01 2.38E-02 1.06E-02 1.76E+00 1.99E-01 

  FC2 1.14E+00 2.75E-01 6.59E-02 2.55E-02 1.71E+00 5.56E-01 

  FC3 5.26E-01 8.60E-02 6.23E-01 5.16E-01 1.18E+00 4.58E-01 

  FC4 7.81E-01 2.87E-01 8.90E-01 1.42E-01 2.93E+01 1.88E+01 

EXP3 FC1 3.58E+00 6.96E-01 1.74E+00 1.21E+00 7.25E+00 1.23E+00 

  FC2 8.09E+00 1.59E+00 2.33E+00 1.06E+00 8.92E+00 4.90E+00 

  FC3 1.06E+01 1.50E+00 7.67E+00 4.50E+00 3.15E+00 1.46E+00 

  FC4 3.52E+01 1.20E+01 1.99E+01 3.85E+00 8.63E+01 9.83E+00 

EXP4 FC1 2.64E-02 5.00E-03 2.86E-02 1.01E-02 2.94E-02 9.45E-03 

  FC2 4.73E-02 1.67E-02 2.99E-02 1.33E-02 3.40E-02 1.82E-02 

  FC3 3.08E-02 6.09E-03 7.61E-03 1.10E-02 2.43E-02 1.13E-02 

  FC4 1.01E-02 3.65E-03 1.39E-02 2.09E-03 4.91E-02 3.80E-02 

EXP5 FC1 1.23E-01 5.52E-02 6.56E-02 2.61E-02 3.36E-01 4.05E-02 

  FC2 6.29E-02 1.67E-02 8.06E-02 3.50E-02 2.10E-01 1.25E-01 

  FC3 5.91E-02 2.19E-02 5.89E-03 8.96E-03 1.32E-01 6.08E-02 

  FC4 1.81E-02 7.58E-03 3.38E-02 6.98E-03 1.13E-01 9.58E-02 



 

293 

 

 

EXP6 FC1 8.18E-04 1.33E-03 3.73E-04 7.72E-04 5.03E-01 5.35E-02 

  FC2 3.77E-05 2.57E-05 2.51E-04 1.64E-03 8.94E-01 4.44E-01 

  FC3 1.85E-04 1.03E-03 2.60E-05 1.67E-04 3.52E-01 1.69E-01 

  FC4 9.25E-05 2.23E-04 4.88E-04 5.24E-04 6.93E-02 4.74E-02 

EXP7 FC1 3.13E-03 1.74E-03 9.70E-03 8.45E-03 3.38E-02 1.38E-02 

  FC2 7.30E-03 6.57E-03 1.09E-02 1.05E-02 3.39E-02 1.01E-02 

  FC3 1.73E-02 7.09E-03 3.97E-03 2.53E-03 7.87E-03 4.77E-03 

  FC4 3.91E-03 1.82E-03 1.15E-02 8.41E-03 1.61E-02 8.47E-03 

EXP8 FC1 7.25E-03 6.83E-03 2.43E-03 7.57E-04 2.45E-01 3.84E-02 

  FC2 4.55E-03 2.11E-03 4.38E-03 3.50E-03 3.34E-01 1.97E-01 

  FC3 3.71E-03 1.03E-03 1.71E-03 1.63E-03 1.82E-01 7.34E-02 

  FC4 1.65E-03 1.32E-03 5.43E-03 4.21E-03 6.27E-02 3.84E-02 

 

 

    MPM ACS ‘Hayward’ 

Gene 

Fruit category 

(FC) 

Reference/ 

Target 

ratio S.D. 

Reference/ 

Target 

ratio S.D. 

Reference/ 

Target 

ratio S.D. 

BGAL1 FC1 4.04E-03 9.80E-04 1.37E-03 1.21E-03 5.15E-04 2.78E-04 

  FC2 2.70E-03 1.34E-03 1.11E-03 1.01E-03 5.62E-05 3.05E-07 

  FC3 7.30E-03 2.44E-03 3.47E-03 1.68E-03 1.64E-04 2.38E-04 

  FC4 4.27E-02 7.12E-03 2.68E-03 1.98E-03 9.79E-05 0.00E+00 

BGAL2 FC1 2.80E-01 3.56E-02 5.32E-02 9.08E-03 1.47E-01 1.25E-02 

  FC2 2.40E-01 3.21E-02 2.47E-02 1.14E-02 6.66E-02 9.46E-03 

  FC3 9.17E-02 3.12E-02 3.87E-02 8.27E-03 1.05E-01 1.81E-02 

  FC4 3.71E-02 3.43E-03 2.96E-02 5.81E-03 5.44E-03 2.49E-03 

BGAL3 FC1 2.60E-04 5.44E-04 1.51E-03 8.41E-04 6.68E-04 4.09E-03 

  FC2 2.38E-04 1.36E-04 2.29E-03 1.01E-02 2.07E-04 1.69E-04 

  FC3 9.22E-04 3.03E-04 1.07E-02 3.98E-03 1.56E-03 1.65E-03 

  FC4 2.63E-01 1.34E-02 1.05E-02 1.93E-03 1.37E-03 1.08E-03 

BGAL4 FC1 5.73E-02 2.31E-02 1.90E-01 3.06E-02 2.83E+00 1.34E-01 

  FC2 2.68E-02 5.76E-03 2.36E-01 8.59E-02 2.59E+00 1.09E+00 

  FC3 9.84E-02 3.94E-02 2.96E-02 1.00E-02 3.73E+00 6.96E-01 

  FC4 1.07E-01 9.91E-01 5.08E-02 4.50E-03 1.40E+00 4.41E-01 

PG FC1 1.74E-01 1.05E-01 8.51E-03 6.65E-03 1.42E-02 9.33E-03 

  FC2 2.24E+00 6.84E-01 4.36E-02 3.27E-02 1.32E-01 8.42E-03 

  FC3 2.35E+00 1.08E+00 1.19E+00 6.61E-01 5.77E-02 2.48E-02 

  FC4 7.70E+00 2.01E+00 3.99E+00 8.63E-01 1.21E+01 2.27E+00 

PME FC1 2.67E+00 4.22E-01 4.66E+00 1.44E+00 5.59E+00 6.57E-01 

  FC2 1.89E+00 7.56E-01 6.07E+00 8.77E-01 1.81E+00 1.94E-01 

  FC3 3.53E+00 5.63E-01 5.44E+00 1.29E+00 4.46E+00 8.91E-01 

  FC4 3.64E+00 1.28E+00 1.87E+01 3.10E+00 2.40E+00 8.77E-01 
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Appendix XI. Tabulated matrices of p-values from a two-tail t-test of XTH, EXP, BGAL, PG and PME kiwifruit genes in 

MPM, ACS, ‘Hayward’ during softening.  
Cells highlighted in green have p-values less than 0.05 and signify a difference between the sample means. Cells highlighted in red have p-

values greater than 0.05 and signify no difference between the sample means. 

 

 

 

XTH1 MPM FC1 MPM FC2 MPM FC3 MPM FC4 ACS FC1 ACS FC2 ACS FC3 ACS FC4 ‘Hayward’ FC1 ‘Hayward’ FC2 ‘Hayward’ FC3 ‘Hayward’ FC4

MPM FC1 1.000

MPM FC2 0.510 1.000

MPM FC3 0.473 0.877 1.000

MPM FC4 0.047 0.294 0.078 1.000

ACS FC1 0.938 0.463 0.404 0.034 1.000

ACS FC2 0.840 0.574 0.537 0.032 0.764 1.000

ACS FC3 0.058 0.376 0.103 0.636 0.041 0.039 1.000

ACS FC4 0.254 0.134 0.034 0.001 0.257 0.102 0.001 1.000

‘Hayward’ FC1 0.133 0.086 0.070 0.022 0.137 0.104 0.025 0.239 1.000

‘Hayward’ FC2 0.001 0.002 0.001 0.000 0.001 0.001 0.000 0.001 0.037 1.000

‘Hayward’ FC3 0.224 0.879 0.568 0.059 0.168 0.205 0.071 0.001 0.046 0.000 1.000

‘Hayward’ FC4 0.278 0.159 0.124 0.026 0.289 0.207 0.030 0.582 0.507 0.008 0.070 1.000

XTH2 MPM FC1 MPM FC2 MPM FC3 MPM FC4 ACS FC1 ACS FC2 ACS FC3 ACS FC4 ‘Hayward’ FC1 ‘Hayward’ FC2 ‘Hayward’ FC3 ‘Hayward’ FC4

MPM FC1 1.000

MPM FC2 0.364 1.000

MPM FC3 0.524 0.281 1.000

MPM FC4 0.003 0.003 0.004 1.000

ACS FC1 0.021 0.014 0.051 0.008 1.000

ACS FC2 0.015 0.011 0.028 0.013 0.396 1.000

ACS FC3 0.027 0.026 0.029 0.516 0.043 0.053 1.000

ACS FC4 0.002 0.002 0.002 0.003 0.002 0.002 0.005 1.000

‘Hayward’ FC1 0.000 0.000 0.000 0.226 0.000 0.000 0.965 0.004 1.000

‘Hayward’ FC2 0.014 0.013 0.016 0.461 0.036 0.058 0.298 0.003 0.076 1.000

‘Hayward’ FC3 0.014 0.013 0.015 0.771 0.026 0.036 0.693 0.004 0.563 0.401 1.000

‘Hayward’ FC4 0.043 0.042 0.043 0.111 0.049 0.053 0.166 0.070 0.147 0.090 0.128 1.000

XTH3 MPM FC1 MPM FC2 MPM FC3 MPM FC4 ACS FC1 ACS FC2 ACS FC3 ACS FC4 ‘Hayward’ FC1 ‘Hayward’ FC2 ‘Hayward’ FC3 ‘Hayward’ FC4

MPM FC1 1.000

MPM FC2 0.567 1.000

MPM FC3 0.475 0.775 1.000

MPM FC4 0.207 0.101 0.035 1.000

ACS FC1 0.625 0.895 0.686 0.118 1.000

ACS FC2 0.652 0.935 0.796 0.276 0.987 1.000

ACS FC3 0.236 0.180 0.140 0.855 0.184 0.333 1.000

ACS FC4 0.802 0.373 0.074 0.000 0.542 0.671 0.013 1.000

‘Hayward’ FC1 0.717 0.735 0.537 0.100 0.841 0.863 0.151 0.761 1.000

‘Hayward’ FC2 0.644 0.304 0.251 0.119 0.339 0.371 0.134 0.425 0.395 1.000

‘Hayward’ FC3 0.614 0.927 0.979 0.517 0.872 0.893 0.564 0.644 0.780 0.370 1.000

‘Hayward’ FC4 0.463 0.685 0.764 0.724 0.641 0.685 0.774 0.426 0.562 0.275 0.816 1.000
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XTH4 MPM FC1 MPM FC2 MPM FC3 MPM FC4 ACS FC1 ACS FC2 ACS FC3 ACS FC4 ‘Hayward’ FC1 ‘Hayward’ FC2 ‘Hayward’ FC3 ‘Hayward’ FC4

MPM FC1 1.000

MPM FC2 0.199 1.000

MPM FC3 0.598 0.256 1.000

MPM FC4 0.667 0.580 0.466 1.000

ACS FC1 0.460 0.233 0.775 0.374 1.000

ACS FC2 0.428 0.089 0.955 0.330 0.705 1.000

ACS FC3 0.428 0.607 0.367 0.863 0.309 0.177 1.000

ACS FC4 0.883 0.167 0.648 0.597 0.493 0.501 0.362 1.000

‘Hayward’ FC1 0.317 0.206 0.471 0.274 0.613 0.427 0.245 0.332 1.000

‘Hayward’ FC2 0.754 0.519 0.967 0.655 0.877 0.941 0.605 0.782 0.581 1.000

‘Hayward’ FC3 0.803 0.574 0.545 0.926 0.429 0.455 0.804 0.738 0.299 0.693 1.000

‘Hayward’ FC4 0.176 0.101 0.322 0.151 0.472 0.265 0.127 0.187 0.914 0.473 0.174 1.000

XTH5 MPM FC1 MPM FC2 MPM FC3 MPM FC4 ACS FC1 ACS FC2 ACS FC3 ACS FC4 ‘Hayward’ FC1 ‘Hayward’ FC2 ‘Hayward’ FC3 ‘Hayward’ FC4

MPM FC1 1.000

MPM FC2 0.000 1.000

MPM FC3 0.035 0.019 1.000

MPM FC4 0.011 0.004 0.370 1.000

ACS FC1 0.000 0.003 0.017 0.003 1.000

ACS FC2 0.000 0.003 0.017 0.003 0.366 1.000

ACS FC3 0.000 0.481 0.019 0.003 0.031 0.028 1.000

ACS FC4 0.000 0.374 0.019 0.003 0.000 0.000 0.876 1.000

‘Hayward’ FC1 0.000 0.061 0.018 0.003 0.009 0.007 0.341 0.051 1.000

‘Hayward’ FC2 0.000 0.026 0.018 0.003 0.034 0.027 0.165 0.012 0.356 1.000

‘Hayward’ FC3 0.000 0.405 0.019 0.003 0.014 0.013 0.974 0.809 0.279 0.115 1.000

‘Hayward’ FC4 0.128 0.140 0.026 0.007 0.052 0.051 0.113 0.113 0.082 0.070 0.110 1.000

XTH6 MPM FC1 MPM FC2 MPM FC3 MPM FC4 ACS FC1 ACS FC2 ACS FC3 ACS FC4 ‘Hayward’ FC1 ‘Hayward’ FC2 ‘Hayward’ FC3 ‘Hayward’ FC4

MPM FC1 1.000

MPM FC2 0.030 1.000

MPM FC3 0.669 0.019 1.000

MPM FC4 0.040 0.779 0.024 1.000

ACS FC1 0.015 0.200 0.010 0.184 1.000

ACS FC2 0.018 0.337 0.012 0.282 0.888 1.000

ACS FC3 0.297 0.059 0.400 0.064 0.044 0.046 1.000

ACS FC4 0.075 0.346 0.043 0.511 0.082 0.129 0.082 1.000

‘Hayward’ FC1 0.690 0.001 0.360 0.004 0.000 0.001 0.218 0.015 1.000

‘Hayward’ FC2 0.816 0.854 0.750 0.871 0.793 0.800 0.538 0.921 0.859 1.000

‘Hayward’ FC3 0.037 0.986 0.023 0.810 0.349 0.454 0.061 0.418 0.005 0.853 1.000

‘Hayward’ FC4 0.267 0.426 0.166 0.499 0.237 0.264 0.129 0.728 0.275 0.974 0.441 1.000
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XTH7 MPM FC1 MPM FC2 MPM FC3 MPM FC4 ACS FC1 ACS FC2 ACS FC3 ACS FC4 ‘Hayward’ FC1 ‘Hayward’ FC2 ‘Hayward’ FC3 ‘Hayward’ FC4

MPM FC1 1.000

MPM FC2 0.014 1.000

MPM FC3 0.250 0.008 1.000

MPM FC4 0.006 0.129 0.005 1.000

ACS FC1 0.110 0.164 0.034 0.045 1.000

ACS FC2 0.522 0.093 0.139 0.042 0.414 1.000

ACS FC3 0.110 0.482 0.036 0.204 0.738 0.335 1.000

ACS FC4 0.293 0.001 0.579 0.000 0.012 0.141 0.021 1.000

‘Hayward’ FC1 0.001 0.000 0.004 0.000 0.000 0.001 0.001 0.001 1.000

‘Hayward’ FC2 0.019 0.009 0.030 0.008 0.012 0.016 0.011 0.023 0.311 1.000

‘Hayward’ FC3 0.243 0.022 0.762 0.014 0.056 0.149 0.053 0.465 0.013 0.039 1.000

‘Hayward’ FC4 0.510 0.258 0.169 0.145 0.647 0.876 0.528 0.203 0.002 0.016 0.164 1.000

XTH8 MPM FC1 MPM FC2 MPM FC3 MPM FC4 ACS FC1 ACS FC2 ACS FC3 ACS FC4 ‘Hayward’ FC1 ‘Hayward’ FC2 ‘Hayward’ FC3 ‘Hayward’ FC4

MPM FC1 1.000

MPM FC2 0.000 1.000

MPM FC3 0.000 0.067 1.000

MPM FC4 0.000 0.069 0.009 1.000

ACS FC1 0.000 0.091 0.010 0.632 1.000

ACS FC2 0.000 0.296 0.023 0.279 0.436 1.000

ACS FC3 0.000 0.016 0.004 0.627 0.229 0.082 1.000

ACS FC4 0.000 0.501 0.030 0.128 0.187 0.610 0.024 1.000

‘Hayward’ FC1 0.025 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.000

‘Hayward’ FC2 0.104 0.008 0.012 0.006 0.006 0.007 0.005 0.007 0.831 1.000

‘Hayward’ FC3 0.007 0.012 0.027 0.007 0.008 0.009 0.006 0.010 0.081 0.174 1.000

‘Hayward’ FC4 0.000 0.958 0.189 0.289 0.377 0.604 0.194 0.775 0.000 0.009 0.015 1.000

XTH9 MPM FC1 MPM FC2 MPM FC3 MPM FC4 ACS FC1 ACS FC2 ACS FC3 ACS FC4 ‘Hayward’ FC1 ‘Hayward’ FC2 ‘Hayward’ FC3 ‘Hayward’ FC4

MPM FC1 1.000

MPM FC2 0.001 1.000

MPM FC3 0.048 0.001 1.000

MPM FC4 0.000 0.060 0.000 1.000

ACS FC1 0.003 0.295 0.002 0.067 1.000

ACS FC2 0.034 0.040 0.006 0.015 0.176 1.000

ACS FC3 0.970 0.090 0.255 0.063 0.139 0.320 1.000

ACS FC4 0.016 0.001 0.210 0.001 0.002 0.004 0.084 1.000

‘Hayward’ FC1 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.000

‘Hayward’ FC2 0.009 0.006 0.013 0.006 0.006 0.007 0.010 0.017 0.756 1.000

‘Hayward’ FC3 0.024 0.012 0.040 0.011 0.013 0.016 0.027 0.063 0.039 0.196 1.000

‘Hayward’ FC4 0.765 0.174 0.211 0.125 0.252 0.504 0.839 0.077 0.000 0.010 0.026 1.000
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XTH10 MPM FC1 MPM FC2 MPM FC3 MPM FC4 ACS FC1 ACS FC2 ACS FC3 ACS FC4 ‘Hayward’ FC1 ‘Hayward’ FC2 ‘Hayward’ FC3 ‘Hayward’ FC4

MPM FC1 1.000

MPM FC2 0.018 1.000

MPM FC3 0.007 0.007 1.000

MPM FC4 0.004 0.006 0.160 1.000

ACS FC1 0.012 0.007 0.357 0.041 1.000

ACS FC2 0.072 0.010 0.099 0.036 0.211 1.000

ACS FC3 0.006 0.007 0.680 0.351 0.219 0.075 1.000

ACS FC4 0.103 0.011 0.010 0.002 0.026 0.508 0.008 1.000

‘Hayward’ FC1 0.040 0.009 0.109 0.030 0.276 0.728 0.078 0.250 1.000

‘Hayward’ FC2 0.109 0.011 0.058 0.022 0.122 0.741 0.045 0.787 0.487 1.000

‘Hayward’ FC3 0.006 0.007 0.757 0.153 0.207 0.074 0.860 0.006 0.075 0.044 1.000

‘Hayward’ FC4 0.024 0.008 0.301 0.087 0.662 0.412 0.215 0.109 0.572 0.261 0.220 1.000

XTH11 MPM FC1 MPM FC2 MPM FC3 MPM FC4 ACS FC1 ACS FC2 ACS FC3 ACS FC4 ‘Hayward’ FC1 ‘Hayward’ FC2 ‘Hayward’ FC3 ‘Hayward’ FC4

MPM FC1 1.000

MPM FC2 0.360 1.000

MPM FC3 0.001 0.001 1.000

MPM FC4 0.290 0.117 0.003 1.000

ACS FC1 0.012 0.125 0.000 0.012 1.000

ACS FC2 0.060 0.321 0.001 0.030 0.556 1.000

ACS FC3 0.117 0.108 0.313 0.130 0.096 0.099 1.000

ACS FC4 0.001 0.001 0.655 0.002 0.000 0.000 0.342 1.000

‘Hayward’ FC1 0.000 0.000 0.007 0.000 0.000 0.000 0.852 0.010 1.000

‘Hayward’ FC2 0.008 0.007 0.036 0.009 0.006 0.007 0.679 0.042 0.289 1.000

‘Hayward’ FC3 0.013 0.011 0.092 0.016 0.009 0.010 0.901 0.112 0.916 0.414 1.000

‘Hayward’ FC4 0.046 0.045 0.066 0.048 0.043 0.043 0.133 0.068 0.104 0.153 0.110 1.000
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XTH13 MPM FC1 MPM FC2 MPM FC3 MPM FC4 ACS FC1 ACS FC2 ACS FC3 ACS FC4 ‘Hayward’ FC1 ‘Hayward’ FC2 ‘Hayward’ FC3 ‘Hayward’ FC4

MPM FC1 1.000

MPM FC2 0.004 1.000

MPM FC3 0.001 0.287 1.000

MPM FC4 0.006 0.019 0.013 1.000

ACS FC1 0.007 0.072 0.034 0.123 1.000

ACS FC2 0.010 0.194 0.078 0.057 0.454 1.000

ACS FC3 0.031 0.103 0.073 0.511 0.471 0.260 1.000

ACS FC4 0.000 0.000 0.000 0.006 0.001 0.001 0.005 1.000

‘Hayward’ FC1 0.000 0.000 0.000 0.008 0.001 0.000 0.006 0.410 1.000

‘Hayward’ FC2 0.006 0.010 0.009 0.123 0.026 0.017 0.072 0.228 0.439 1.000

‘Hayward’ FC3 0.007 0.015 0.012 0.324 0.051 0.031 0.170 0.050 0.093 0.463 1.000

‘Hayward’ FC4 0.048 0.051 0.050 0.062 0.055 0.053 0.058 0.092 0.085 0.078 0.070 1.000

XTH14 MPM FC1 MPM FC2 MPM FC3 MPM FC4 ACS FC1 ACS FC2 ACS FC3 ACS FC4 ‘Hayward’ FC1 ‘Hayward’ FC2 ‘Hayward’ FC3 ‘Hayward’ FC4

MPM FC1 1.000

MPM FC2 0.013 1.000

MPM FC3 0.004 0.055 1.000

MPM FC4 0.002 0.739 0.010 1.000

ACS FC1 0.668 0.016 0.009 0.003 1.000

ACS FC2 0.114 0.038 0.327 0.008 0.177 1.000

ACS FC3 0.076 0.050 0.600 0.012 0.114 0.730 1.000

ACS FC4 0.014 0.150 0.274 0.044 0.020 0.135 0.221 1.000

‘Hayward’ FC1 0.296 0.010 0.001 0.002 0.173 0.045 0.033 0.008 1.000

‘Hayward’ FC2 0.610 0.015 0.007 0.003 0.966 0.172 0.110 0.019 0.119 1.000

‘Hayward’ FC3 0.212 0.009 0.001 0.002 0.133 0.039 0.029 0.007 0.571 0.099 1.000

‘Hayward’ FC4 0.072 0.192 0.098 0.210 0.074 0.088 0.093 0.116 0.068 0.074 0.066 1.000

EXP1 MPM FC1 MPM FC2 MPM FC3 MPM FC4 ACS FC1 ACS FC2 ACS FC3 ACS FC4 ‘Hayward’ FC1 ‘Hayward’ FC2 ‘Hayward’ FC3 ‘Hayward’ FC4

MPM FC1 1.000

MPM FC2 0.182 1.000

MPM FC3 0.000 0.000 1.000

MPM FC4 0.003 0.003 0.004 1.000

ACS FC1 0.056 0.012 0.000 0.003 1.000

ACS FC2 0.225 0.047 0.000 0.003 0.588 1.000

ACS FC3 0.051 0.055 0.415 0.004 0.046 0.048 1.000

ACS FC4 0.001 0.001 0.001 0.004 0.000 0.001 0.195 1.000

‘Hayward’ FC1 0.001 0.001 0.001 0.004 0.000 0.001 0.177 0.704 1.000

‘Hayward’ FC2 0.088 0.100 0.020 0.004 0.074 0.078 0.297 0.787 0.695 1.000

‘Hayward’ FC3 0.033 0.056 0.000 0.003 0.017 0.022 0.084 0.018 0.024 0.219 1.000

‘Hayward’ FC4 0.054 0.054 0.066 0.635 0.053 0.053 0.063 0.057 0.057 0.058 0.055 1.000
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EXP2 MPM FC1 MPM FC2 MPM FC3 MPM FC4 ACS FC1 ACS FC2 ACS FC3 ACS FC4 ‘Hayward’ FC1 ‘Hayward’ FC2 ‘Hayward’ FC3 ‘Hayward’ FC4

MPM FC1 1.000

MPM FC2 0.013 1.000

MPM FC3 0.736 0.014 1.000

MPM FC4 0.171 0.175 0.201 1.000

ACS FC1 0.001 0.001 0.000 0.006 1.000

ACS FC2 0.001 0.001 0.000 0.008 0.046 1.000

ACS FC3 0.698 0.184 0.762 0.662 0.101 0.121 1.000

ACS FC4 0.013 0.215 0.013 0.583 0.000 0.000 0.428 1.000

‘Hayward’ FC1 0.000 0.026 0.000 0.005 0.000 0.000 0.016 0.002 1.000

‘Hayward’ FC2 0.014 0.172 0.015 0.049 0.003 0.004 0.055 0.055 0.900 1.000

‘Hayward’ FC3 0.054 0.916 0.060 0.260 0.007 0.008 0.222 0.346 0.100 0.254 1.000

‘Hayward’ FC4 0.045 0.048 0.045 0.046 0.043 0.043 0.046 0.047 0.052 0.052 0.049 1.000

EXP3 MPM FC1 MPM FC2 MPM FC3 MPM FC4 ACS FC1 ACS FC2 ACS FC3 ACS FC4 ‘Hayward’ FC1 ‘Hayward’ FC2 ‘Hayward’ FC3 ‘Hayward’ FC4

MPM FC1 1.000

MPM FC2 0.006 1.000

MPM FC3 0.001 0.104 1.000

MPM FC4 0.006 0.012 0.017 1.000

ACS FC1 0.070 0.003 0.000 0.005 1.000

ACS FC2 0.147 0.003 0.001 0.005 0.551 1.000

ACS FC3 0.180 0.884 0.335 0.014 0.078 0.102 1.000

ACS FC4 0.001 0.004 0.011 0.090 0.001 0.001 0.016 1.000

‘Hayward’ FC1 0.006 0.500 0.031 0.010 0.003 0.003 0.882 0.003 1.000

‘Hayward’ FC2 0.121 0.793 0.595 0.017 0.057 0.072 0.759 0.028 0.592 1.000

‘Hayward’ FC3 0.666 0.011 0.002 0.006 0.251 0.462 0.159 0.001 0.014 0.108 1.000

‘Hayward’ FC4 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.000

EXP4 MPM FC1 MPM FC2 MPM FC3 MPM FC4 ACS FC1 ACS FC2 ACS FC3 ACS FC4 ‘Hayward’ FC1 ‘Hayward’ FC2 ‘Hayward’ FC3 ‘Hayward’ FC4

MPM FC1 1.000

MPM FC2 0.093 1.000

MPM FC3 0.383 0.169 1.000

MPM FC4 0.006 0.013 0.004 1.000

ACS FC1 0.755 0.158 0.760 0.031 1.000

ACS FC2 0.687 0.217 0.924 0.055 0.894 1.000

ACS FC3 0.044 0.019 0.025 0.730 0.060 0.075 1.000

ACS FC4 0.010 0.019 0.006 0.180 0.057 0.093 0.380 1.000

‘Hayward’ FC1 0.653 0.167 0.838 0.022 0.924 0.956 0.049 0.039 1.000

‘Hayward’ FC2 0.518 0.392 0.784 0.076 0.672 0.768 0.085 0.115 0.713 1.000

‘Hayward’ FC3 0.782 0.106 0.426 0.093 0.650 0.603 0.127 0.177 0.580 0.471 1.000

‘Hayward’ FC4 0.353 0.945 0.448 0.137 0.408 0.448 0.130 0.170 0.424 0.562 0.329 1.000

2
9
9

 

 



 

300 

 

 

 

 
 

 

EXP5 MPM FC1 MPM FC2 MPM FC3 MPM FC4 ACS FC1 ACS FC2 ACS FC3 ACS FC4 ‘Hayward’ FC1 ‘Hayward’ FC2 ‘Hayward’ FC3 ‘Hayward’ FC4

MPM FC1 1.000

MPM FC2 0.130 1.000

MPM FC3 0.121 0.821 1.000

MPM FC4 0.022 0.008 0.028 1.000

ACS FC1 0.164 0.886 0.754 0.029 1.000

ACS FC2 0.311 0.465 0.409 0.030 0.578 1.000

ACS FC3 0.015 0.003 0.012 0.132 0.013 0.016 1.000

ACS FC4 0.039 0.038 0.115 0.047 0.097 0.073 0.008 1.000

‘Hayward’ FC1 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.000

‘Hayward’ FC2 0.324 0.100 0.096 0.046 0.109 0.146 0.038 0.060 0.158 1.000

‘Hayward’ FC3 0.855 0.115 0.107 0.023 0.142 0.259 0.016 0.039 0.005 0.380 1.000

‘Hayward’ FC4 0.886 0.409 0.382 0.146 0.442 0.601 0.111 0.210 0.014 0.340 0.787 1.000

EXP6 MPM FC1 MPM FC2 MPM FC3 MPM FC4 ACS FC1 ACS FC2 ACS FC3 ACS FC4 ‘Hayward’ FC1 ‘Hayward’ FC2 ‘Hayward’ FC3 ‘Hayward’ FC4

MPM FC1 1.000

MPM FC2 0.355 1.000

MPM FC3 0.543 0.815 1.000

MPM FC4 0.393 0.690 0.886 1.000

ACS FC1 0.637 0.487 0.811 0.572 1.000

ACS FC2 0.661 0.831 0.956 0.875 0.912 1.000

ACS FC3 0.352 0.909 0.803 0.697 0.482 0.823 1.000

ACS FC4 0.999 0.999 0.999 0.999 1.000 0.999 0.999 1.000

‘Hayward’ FC1 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.160 1.000

‘Hayward’ FC2 0.018 0.018 0.018 0.018 0.018 0.018 0.018 0.074 0.190 1.000

‘Hayward’ FC3 0.016 0.015 0.016 0.015 0.016 0.016 0.015 0.319 0.201 0.105 1.000

‘Hayward’ FC4 0.055 0.053 0.053 0.053 0.053 0.053 0.053 0.830 0.000 0.024 0.039 1.000

EXP7 MPM FC1 MPM FC2 MPM FC3 MPM FC4 ACS FC1 ACS FC2 ACS FC3 ACS FC4 ‘Hayward’ FC1 ‘Hayward’ FC2 ‘Hayward’ FC3 ‘Hayward’ FC4

MPM FC1 1.000

MPM FC2 0.336 1.000

MPM FC3 0.020 0.133 1.000

MPM FC4 0.615 0.428 0.025 1.000

ACS FC1 0.245 0.714 0.286 0.299 1.000

ACS FC2 0.259 0.633 0.422 0.304 0.881 1.000

ACS FC3 0.655 0.450 0.028 0.975 0.312 0.314 1.000

ACS FC4 0.150 0.521 0.406 0.185 0.799 0.939 0.195 1.000

‘Hayward’ FC1 0.013 0.030 0.126 0.014 0.050 0.071 0.014 0.063 1.000

‘Hayward’ FC2 0.003 0.012 0.068 0.004 0.025 0.041 0.004 0.032 0.992 1.000

‘Hayward’ FC3 0.167 0.908 0.114 0.237 0.757 0.665 0.266 0.539 0.028 0.010 1.000

‘Hayward’ FC4 0.048 0.214 0.858 0.059 0.397 0.535 0.063 0.538 0.118 0.067 0.202 1.000
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EXP8 MPM FC1 MPM FC2 MPM FC3 MPM FC4 ACS FC1 ACS FC2 ACS FC3 ACS FC4 ‘Hayward’ FC1 ‘Hayward’ FC2 ‘Hayward’ FC3 ‘Hayward’ FC4

MPM FC1 1.000

MPM FC2 0.543 1.000

MPM FC3 0.416 0.562 1.000

MPM FC4 0.222 0.099 0.085 1.000

ACS FC1 0.279 0.162 0.142 0.416 1.000

ACS FC2 0.547 0.945 0.764 0.262 0.389 1.000

ACS FC3 0.230 0.124 0.131 0.967 0.517 0.284 1.000

ACS FC4 0.711 0.761 0.523 0.198 0.279 0.754 0.212 1.000

‘Hayward’ FC1 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.000

‘Hayward’ FC2 0.035 0.034 0.034 0.033 0.033 0.034 0.033 0.035 0.478 1.000

‘Hayward’ FC3 0.009 0.009 0.009 0.008 0.008 0.009 0.008 0.009 0.242 0.266 1.000

‘Hayward’ FC4 0.057 0.047 0.045 0.040 0.042 0.047 0.040 0.050 0.002 0.067 0.055 1.000

BGAL1 MPM FC1 MPM FC2 MPM FC3 MPM FC4 ACS FC1 ACS FC2 ACS FC3 ACS FC4 ‘Hayward’ FC1 ‘Hayward’ FC2 ‘Hayward’ FC3 ‘Hayward’ FC4

MPM FC1 1.000

MPM FC2 0.221 1.000

MPM FC3 0.084 0.035 1.000

MPM FC4 0.000 0.000 0.000 1.000

ACS FC1 0.031 0.259 0.013 0.000 1.000

ACS FC2 0.016 0.163 0.010 0.000 0.787 1.000

ACS FC3 0.637 0.560 0.076 0.000 0.139 0.092 1.000

ACS FC4 0.337 0.992 0.052 0.000 0.372 0.276 0.621 1.000

‘Hayward’ FC1 0.002 0.040 0.005 0.000 0.285 0.370 0.030 0.119 1.000

‘Hayward’ FC2 0.001 0.019 0.004 0.000 0.118 0.130 0.017 0.070 0.035 1.000

‘Hayward’ FC3 0.001 0.023 0.004 0.000 0.150 0.175 0.020 0.081 0.158 0.467 1.000

‘Hayward’ FC4 0.001 0.020 0.004 0.000 0.127 0.143 0.018 0.073 0.048 0.000 0.649 1.000

BGAL2 MPM FC1 MPM FC2 MPM FC3 MPM FC4 ACS FC1 ACS FC2 ACS FC3 ACS FC4 ‘Hayward’ FC1 ‘Hayward’ FC2 ‘Hayward’ FC3 ‘Hayward’ FC4

MPM FC1 1.000

MPM FC2 0.209 1.000

MPM FC3 0.001 0.002 1.000

MPM FC4 0.000 0.000 0.030 1.000

ACS FC1 0.000 0.000 0.095 0.035 1.000

ACS FC2 0.000 0.000 0.017 0.131 0.020 1.000

ACS FC3 0.000 0.000 0.036 0.776 0.096 0.147 1.000

ACS FC4 0.000 0.000 0.019 0.110 0.013 0.538 0.180 1.000

‘Hayward’ FC1 0.002 0.006 0.035 0.000 0.000 0.000 0.000 0.000 1.000

‘Hayward’ FC2 0.000 0.000 0.239 0.004 0.137 0.005 0.012 0.002 0.000 1.000

‘Hayward’ FC3 0.001 0.001 0.544 0.001 0.007 0.001 0.002 0.001 0.021 0.022 1.000

‘Hayward’ FC4 0.000 0.000 0.005 0.000 0.000 0.036 0.001 0.001 0.000 0.000 0.000 1.000
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BGAL3 MPM FC1 MPM FC2 MPM FC3 MPM FC4 ACS FC1 ACS FC2 ACS FC3 ACS FC4 ‘Hayward’ FC1 ‘Hayward’ FC2 ‘Hayward’ FC3 ‘Hayward’ FC4

MPM FC1 1.000

MPM FC2 0.950 1.000

MPM FC3 0.125 0.016 1.000

MPM FC4 0.000 0.000 0.000 1.000

ACS FC1 0.083 0.049 0.306 0.000 1.000

ACS FC2 0.743 0.740 0.824 0.000 0.899 1.000

ACS FC3 0.006 0.006 0.008 0.000 0.011 0.239 1.000

ACS FC4 0.000 0.000 0.000 0.000 0.001 0.228 0.935 1.000

‘Hayward’ FC1 0.871 0.863 0.919 0.000 0.741 0.807 0.029 0.013 1.000

‘Hayward’ FC2 0.880 0.815 0.016 0.000 0.046 0.736 0.006 0.000 0.853 1.000

‘Hayward’ FC3 0.252 0.226 0.539 0.000 0.965 0.907 0.014 0.002 0.741 0.217 1.000

‘Hayward’ FC4 0.174 0.133 0.524 0.000 0.862 0.881 0.011 0.001 0.787 0.126 0.871 1.000

BGAL4 MPM FC1 MPM FC2 MPM FC3 MPM FC4 ACS FC1 ACS FC2 ACS FC3 ACS FC4 ‘Hayward’ FC1 ‘Hayward’ FC2 ‘Hayward’ FC3 ‘Hayward’ FC4

MPM FC1 1.000

MPM FC2 0.077 1.000

MPM FC3 0.180 0.026 1.000

MPM FC4 0.935 0.894 0.989 1.000

ACS FC1 0.002 0.000 0.025 0.890 1.000

ACS FC2 0.018 0.008 0.053 0.831 0.424 1.000

ACS FC3 0.115 0.687 0.032 0.898 0.000 0.009 1.000

ACS FC4 0.653 0.002 0.092 0.926 0.001 0.014 0.020 1.000

‘Hayward’ FC1 0.000 0.000 0.000 0.005 0.000 0.000 0.000 0.000 1.000

‘Hayward’ FC2 0.010 0.010 0.011 0.033 0.013 0.014 0.010 0.010 0.712 1.000

‘Hayward’ FC3 0.000 0.000 0.000 0.004 0.000 0.000 0.000 0.000 0.080 0.186 1.000

‘Hayward’ FC4 0.003 0.003 0.004 0.093 0.005 0.006 0.003 0.003 0.003 0.142 0.004 1.000

PG-C MPM FC1 MPM FC2 MPM FC3 MPM FC4 ACS FC1 ACS FC2 ACS FC3 ACS FC4 ‘Hayward’ FC1 ‘Hayward’ FC2 ‘Hayward’ FC3 ‘Hayward’ FC4

MPM FC1 1.000

MPM FC2 0.004 1.000

MPM FC3 0.018 0.883 1.000

MPM FC4 0.001 0.007 0.010 1.000

ACS FC1 0.042 0.002 0.013 0.001 1.000

ACS FC2 0.096 0.003 0.014 0.001 0.128 1.000

ACS FC3 0.047 0.114 0.172 0.003 0.027 0.030 1.000

ACS FC4 0.001 0.040 0.095 0.032 0.000 0.001 0.007 1.000

‘Hayward’ FC1 0.047 0.002 0.013 0.001 0.432 0.194 0.028 0.000 1.000

‘Hayward’ FC2 0.522 0.003 0.016 0.001 0.000 0.006 0.040 0.001 0.000 1.000

‘Hayward’ FC3 0.121 0.003 0.014 0.001 0.021 0.579 0.032 0.001 0.036 0.004 1.000

‘Hayward’ FC4 0.000 0.001 0.001 0.052 0.000 0.000 0.000 0.002 0.000 0.000 0.000 1.000
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PME MPM FC1 MPM FC2 MPM FC3 MPM FC4 ACS FC1 ACS FC2 ACS FC3 ACS FC4 ‘Hayward’ FC1 ‘Hayward’ FC2 ‘Hayward’ FC3 ‘Hayward’ FC4

MPM FC1 1.000

MPM FC2 0.181 1.000

MPM FC3 0.086 0.030 1.000

MPM FC4 0.267 0.097 0.899 1.000

ACS FC1 0.070 0.032 0.262 0.402 1.000

ACS FC2 0.002 0.002 0.008 0.042 0.206 1.000

ACS FC3 0.017 0.009 0.066 0.148 0.516 0.514 1.000

ACS FC4 0.000 0.000 0.000 0.001 0.001 0.001 0.001 1.000

‘Hayward’ FC1 0.001 0.001 0.009 0.066 0.354 0.484 0.861 0.001 1.000

‘Hayward’ FC2 0.024 0.866 0.004 0.058 0.019 0.000 0.005 0.000 0.000 1.000

‘Hayward’ FC3 0.025 0.012 0.186 0.402 0.852 0.077 0.333 0.001 0.139 0.004 1.000

‘Hayward’ FC4 0.656 0.480 0.119 0.226 0.068 0.004 0.020 0.000 0.004 0.307 0.035 1.000
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