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Abstract 

The fruit skin is a key component in many aspects of fruit development and quality. It is the 

first line of defence against pathogens, controls water loss, contains pigments and 

phytochemicals, and controls fruit growth through its ability to grow and stretch. Malus x 

domestica (apple) skin has two distinct cell layers, the epidermis and hypodermis, which cover 

the cortex (flesh). These distinct cell types are specialised and are known to regulate the 

different biomechanical properties of the skin during development.  

Because of the complex nature of the skin and the difficulty in studying individual cell layers, 

there is a poor understanding of how the skin changes during development and ripening. With 

accessibility to laser capture microdissection technology and the increased sensitivity in 

molecular analysis it is now possible to investigate this in more detail. During fruit ripening 

the skin becomes more porous to water, which contributes to the softening process. 

Spatiotemporal gene regulation of cell wall-related enzymes linked to increased porosity seen 

in fruit during ripening was investigated.  

A laser capture microdissection methodology was developed for isolating the two specific cell 

types of the skin (hypodermis and epidermis), along with the underlying cortex cells. This 

methodology was optimized to retain mRNA quality in each specific cell type. The value of 

cell-type dissection as a transcript-enrichment strategy was confirmed with the enrichment in 

epidermal and hypodermal transcripts associated with cuticle biosynthesis and flavour 

volatiles. Gene expression analysis of these tissues has uncovered many specialized genes and 

expression patterns within key biochemical pathways in fruit development. Active cell wall 

metabolism was also deduced exclusively in the epidermis tissues based on the expression of 

some genes involved in cell wall polysaccharide synthesis and modification. Novel functions 

of the hypodermis tissue layer were uncovered, with expression patterns that suggest a 

significant role in cell wall loosening and anthocyanin/flavonoid production. 

Uncovering a detailed map of tissue-specific gene regulation involved in fruit expansion and 

quality after harvest can enhance our understanding of the mechanisms that govern fruit 

quality. It is anticipated that the discrete spatial and temporal patterns of gene expression seen 

in apple can contribute to future breeding programmes and molecular discovery programmes 

aimed at improving skin quality for an economically important crop. 
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Chapter 1  

General Introduction 

1.1. Fruit development and the origin of cell types 

In flowering plants, fruit are the mechanism by which seeds are provided with a suitable 

environment for maturation and provide systems for dispersal during the plant life cycle. A 

fruit is generally considered to be comprised of enlarged organ tissue that surrounds the 

developing seeds of a plant, or the ripened flower ovary along with any associated accessory 

tissues (Esau, 1977). Evolutionary pressures upon plants have resulted in many fruit structures 

that range in design and function that have co-evolved with animals for attraction and dispersal 

of associated seed (Giovannoni, 2004).  

Most fruits are classed as true fruit, such as the tomato where the flesh develops from 

the ovary tissue found in the carpel. However in a number of other fruits the flesh can develop 

from extra-carpellery tissues, these are known as accessory fruits. Apple is an example of an 

accessory fruit where the development of flesh takes places in the hypanthium tissue 

(MacDaniels, 1940; Pratt, 1988; Rohrer et al., 1991). Fruit flesh is derived from the flower 

structure which accumulates water and many organic compounds during growth and 

development (Coombe, 1976).  The fleshy tissue provides protection for the seed and 

influences its environment, for example regulating exposure to gas, water, and chemicals 

(Coombe, 1976). 
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Figure 1.1. Apple fruit phases of development showing the timing of major physiological events.  
Ripening is shown as a solid and dashed red, solid from the time of the climacteric and dashed for 
events prior to the climacteric (Figure modified from (Janssen et al., 2008)). 

During the growth and development of the fruit there are several phases that are 

characteristic of the changes that occur in the fruit tissues (Figure 1.1). These changes start 

after full bloom, beginning with the developing fruitlet phase, to the rapid growth and 

expansion phase, and later maturation phases. Fruit undergo the process of ripening in the final 

stages of development. Changes in fruit colour, texture, flavour, and aroma are associated with 

the ripening process (Klee & Giovannoni, 2011). These changes cause the fruit to become more 

appealing and palatable for organisms associated with seed dispersal (Causier et al., 2002). 

Regulation of the ripening process is controlled by both external signals and endogenous 

signals. External signals include light, temperature and hydration, and endogenous signals 

include hormonal and genetic regulators (Bartley & Ishida, 2003).  

It has been suggested that the rate of growth of the entire fruit is limited by the physical 

properties of the skin (Bargel & Neinhuis, 2005). The flesh of most fruit crop species grows in 

volume throughout development. In order for the underlying tissues to expand during growth 

the skin must also expand and be sufficiently elastic and strong enough to cope with the forces 

produced by the underlying tissues. The continuing increases in surface area during fruit 

growth that are accommodated by the skin are exacerbated in modern cultivars as they are 
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mostly much larger than their wild ancestors (Knoche & Lang, 2017). Therefore, controlling 

the properties of the fruit skin could regulate fruit size to consumer preferences.  

Four main principal factors determine fruit quality: appearance, flavour, texture and 

nutritional properties. For crispy fruit such as apple, texture is an important aspect due to its 

influence on general fruit and eating quality (Bourne, 2002; Harker et al., 2003). The outward 

appearance of fruit is influenced by its surface (i.e. colour, glossiness, texture, uniformity); 

therefore understanding how the cuticle and pigmentation in the epidermal layers contribute to 

light reflection and refraction is fundamental for improving fruit appearance traits. Qualities 

such as flavour and aroma in fruit arise from a complex mixture of sugars, acids and volatile 

compounds, which increase in production during the ripening process (Souleyre et al., 2014). 

The production of volatile compounds, such as esters and terpenes, are largely restricted to the 

fruit skin (Defilippi et al., 2005; Li et al., 2006). Fruits are an important component in the 

human diet, providing dietary diversity and sources of vitamins, minerals, fibre and 

antioxidants (Keatinge et al., 2010). For example carotenoids, a widespread pigment among 

photosynthetic organisms, are a source for. antioxidants (Rai & Shekhawat, 2014). Therefore 

the importance of fruit development research is key in optimizing these nutritional sources for 

consumption in an increasing human population. 

1.1.1. Apple fruit  

Apple (Malus x domestica Borkh.) is a member of the Rosaceae family of flowering 

plants and is a major fruit crop worldwide (Xia et al., 2012). It is a perennial species with many 

distinct developmental phases and inducible responses during its lifecycle that cannot be easily 

investigated in an annual model species such as Arabidopsis. Apple trees require a period of 5 

to 7 years of juvenility (Xia et al., 2012). Many properties of apple fruit have yet to be fully 

understood, including: fruit growth, control of water loss, pathogen defence, production of 
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phytochemicals, and the production of skin-specific pigments (Tacken et al., 2010; Xia et al., 

2012; An et al., 2014; Shin et al., 2015). 

In apples, fruit colour is a dominant sensory factor in influencing consumer preferences 

(Crassweller & Hollender, 1989). The lack of development of colour in ‘Gala’ apple strains is 

a common problem, particularly southern European countries with hot dry summers which are 

not favourable for colour development (Iglesias & Alegre, 2006). To achieve a degree of colour 

harvest is usually delayed but has a negative impact on firmness, storage qualities, and 

incidences of skin cracking (Iglesias et al., 2008).  To promote anthocyanin production and 

improve colour in apples, orchards have applied practices such as fruit bagging (Arakawa et 

al., 1986), sprinkler irrigation cooling (Williams, 1993), and increasing light intensity using 

reflective film (Ju et al., 1999).  

Apple fruit crops are an important component of human fruit consumption since apple 

comprises almost 12% of world fruit production (Ward & Courtney, 2013). There are also large 

economic interests in apple fruit especially in New Zealand where in 2015 horticultural exports 

to premium markets were $691.8 million (Plant & Food Research & Horticulture New Zealand, 

2016). The ‘Gala’ variety of apples has received particular interest from fruit growers in the 

main production and export countries (Europe, U.S.A., New Zealand, Chile, etc.), and are 

responsible for 9.1% of total apple production in the European Union (Iglesias et al., 2008). 

The mechanical properties of the skin are closely related to the appearance of the fruit 

and skin failure has been associated with several disorders such as fruit cracking, skin spots 

and shrivelling (Khanal & Knoche, 2014; Knoche & Lang, 2017). The development and 

condition of fruit skin is known to be a key factor in the commercial success of apple cultivars, 

with cosmetic blemishes significantly reducing their value, especially in the premium export 

market (Khanal & Knoche, 2014). Commercially relevant cultivars can also exhibit skin 
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disorders such as those seen in russeting apples and skin spots (Grimm et al., 2012; Khanal et 

al., 2013c). A possible approach towards improving commercial fruit quality would be to 

identify key regulators of the biochemical processes involved during fruit expansion and 

ripening.  

1.1.2. Apple structure and development 

Apple belongs to the Rosaceae subfamily Pomoideae which includes pears, rose and quince. 

Pomoideae (pome) fruit consist of three distinct parts (Figure 1.2). The “skin” is the outermost 

tissue layer of the fruit and serves as the boundary to the environment.  The skin is comprised 

of a waxy outer cuticle layer, the epidermal cell layer, and the underlying hypodermal cell 

layers. The “core” is expanded ovary tissue that contains the seeds found in the carpel. The 

carpels of apple are fused, the epicarp and mesocarp are fleshy and difficult to distinguish, and 

the endocarp forms the stony case around the seed. Between these two is the “cortex” which is 

derived from the hypanthium (the tissue beneath the sepals, petals and stamens that surrounds 

the carpels) and expands over the ovary, forming the edible flesh of the fruit and (MacDaniels, 

1940; Ireland et al., 2013). Apple fruit is mainly composed of the fleshy tissue of the cortex 

containing parenchyma cells, vascular tissue and intercellular air spaces (Esau, 1977). 
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Figure 1.2. Structure of tissue layers within apple fruit: skin, cortex, and the core containing seeds 
within the fused carpel tissue. 

 

 

 

Figure 1.3. The sigmoidal growth pattern of apple fruit measured in fruit weight after full bloom. 
Fruitlets taken from thinned trees (unbroken line) and unthinned trees (broken line). Phases: (I) slow 
increase in fruit weight, (II) rapid exponential increase in fruitlet weight, (III) declining rate of growth. 
Figure taken from (Denne, 1960). 
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There are many changes in apple fruit during development and ripening, including an 

increase in size, firmness, water content, colour, aroma, and the tensile strength of the skin. 

Depending on genotype apple fruit generally develop over a 150 day period from pollination 

to full tree ripeness (Denne, 1960, 1963). The  weight of an apple fruit increases expolinearly 

(Figure 1.3) during development with a rapid increase in mass 20-50 days after full bloom 

(Lakso et al., 1995). Two distinct phases of growth are observed in apple fruit: an intensive cell 

division phase which typically lasts 3-5 weeks after full bloom, followed by a phase of cell 

expansion (Lakso et al., 1995).  

The increase in size during the growth of apple fruit is mainly through water uptake and 

an increase in the volume and number of cortical cells in the parenchyma (Pratt, 1988). During 

fruit expansion, firmness declines which coincides with reduced density of cell packing, 

increased cell volume and expanded air spaces (Volz et al., 2003). The main factor in these 

softening and textural changes is due to cell wall modifications that reduces the strength both 

of the primary cell walls and intercellular adhesion (Volz et al., 2003; Brummell, 2006; Bennett 

& Labavitch, 2008; Billy et al., 2008). The gene regulation in specific cell types of the fruit, 

such as the cortical cells in the parenchyma and the epidermal and hypodermal cells in the fruit 

skin, bring about the softening and textural changes over the course of fruit development (Lee 

et al., 2007).  

1.1.3. Cortical cells 

The edible flesh of the apple fruit is comprised of cortical cell tissue. These cells are between 

the cells of the core and of the skin, and are the bulk of the fruit. Essentially the cells are derived 

from hypanthium tissue surrounding the ovary, which consists of the fused base of stamens, 

petals and sepals (MacDaniels, 1940). Cortical cells are storage cells which increase in volume 

throughout development due to the uptake of water, and compared to epidermal and 
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hypodermal cells are larger but have relatively thin walls. The water and solutes taken up during 

development accumulate in the cell vacuoles (Coombe, 1976).  

The firmness of fruit is an important factor in consumer satisfaction, particularly for 

apple where crunchiness and juiciness are perceived as the most important criteria of quality 

(Fillion & Kilcast, 2002). Since cortical cells form the bulk of the fruit, they provide the greatest 

contribution to fruit texture (Pratt, 1988; Atkinson et al., 2012). This is regulated by the 

mechanical and structural properties of the fruit and is influenced by climatic conditions during 

fruit growth, post-harvest storage, fruit maturity and most importantly the variety (Cen et al., 

2013). It has been found that the firmness of apple fruit at the ripe stage is determined primarily 

by water loss and the intercellular adhesion of cortical cells (Atkinson et al., 2012). It is known 

that many of the properties of cortical cells, including its constituents and its relationship with 

its neighbours, are determined well before ripening begins (Volz et al., 2003). The underlying 

forces produced from the expansion of the cortex tissue creates tension on the skin as the fruit 

expands (Khanal et al., 2014). Characterizing this relationship of force/tension between the two 

tissue layers would provide an understanding of the processes of expansion within the apple 

fruit as a whole. 

1.1.4. The epidermis and hypodermis 

The skin is the outermost layer of the apple fruit and an important component in many aspects 

of fruit quality, including pathogen defence, protection against UV-damage, production of 

pigments and phytochemicals, and regulation of water loss (Yeats & Rose, 2013; Martin & 

Rose, 2014). In tomato fruit, the properties of the skin have been shown to limit the rate of 

growth for the entire fruit (Bargel & Neinhuis, 2005).  

The fruit skin consists of the epidermal cell layer with an outer layer of deposited 

cuticular waxes, and the underlying layers of hypodermal cells. The epidermis is outer cell 
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layer of the skin which is just one cell layer thick and is formed as a continuous layer of cells 

responsible for producing and excreting the components of the cuticle (Samuels et al., 2008; 

Albert et al., 2013) and various pigments (Bae et al., 2006; Espley et al., 2007). The hypodermis 

is the basal layer of the fruit skin that is several layers thick lying on top of very large, thin 

walled cortex cells of the fruit interior (Knoche & Lang, 2017). Hypodermal cells are markedly 

smaller than cortex cells and have cell walls that are thicker and collenchymatous (Leroux, 

2012). The fruit cuticle is responsible for the skin’s barrier function and encloses the entire 

epidermal cell layer, and can even extend deep into the hypodermis (Knoche & Lang, 2017). 

Pigments such as anthocyanin, the class of pigments responsible for the red colour in apple, 

have been shown to accumulate in epidermal and hypodermal cells of apple fruit skins under 

light exposure (Kim, 1990; Bae et al., 2006).  

During growth, the volume of the fruit increases, caused principally by the expansion 

of its fleshy mesocarp, the epidermal and hypodermal layers are subjected to marked tangential 

strain and stress (Skene, 1980; Khanal & Knoche, 2014). This build-up of growth induced 

stress is released by cell division and cell extension of the epidermal and hypodermal tissues 

(Skene, 1966). The cells of epidermis and hypodermis have thick cell walls and tight 

intercellular connections which suggest that these cell layers are structured to resist mechanical 

stress (Skene, 1982; Evert, 2006). The thick cell walls and high mechanical strength of the 

epidermal and hypodermal cells layers influence the development of the skin and are important 

factors in the mechanical properties of the skin and help support the skin’s load bearing 

function during development (Domínguez et al., 2011b; Knoche & Lang, 2017). Important 

ripening-related processes in apple fruit have yet to be fully understood. Therefore 

investigating cell specific gene expression in epidermal and hypodermal cells can help our 

understanding of the mechanical and biomechanical processes in apple fruit. 



Chapter 1: General Introduction 

 
10 

1.2. Structure and function of epidermal cells 

1.2.1. Epidermal cell structure 

The epidermis is the outermost layer of cells of an apple skin (Allan-Wojtas et al., 2003). It is 

comprised of one layer of cells, which are smaller than the flesh cells (Figure 1.4). When 

sectioned, the shape of these cells vary and can appear rectangular or triangular to thin or 

flattened. The cell layers just below the epidermis are called the hypodermis, and this forms a 

transition zone between the epidermis and the cortex. The number of cell layers in the 

hypodermis varies between cultivars and species (Allan-Wojtas et al., 2003). The cell walls of 

the epidermis and hypodermis tissues range in thickness, but exhibit thicker cell walls than the 

inner cortex tissue (Allan-Wojtas et al., 2003; Evert, 2006).  

 

 

Figure 1.4. Toluidine blue-stained section of apple taken from ‘Royal Gala’ fruit 60 days after full 
bloom. The approximate extent of the epidermis/cuticle, hypodermal cell layers and the cortex are 
indicated. Scale bar = 100 µm. Figure was taken by Ria Rebstock, Plant & Food Research. 
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Epidermal cells are sealed from the external environment by a continuous lipophilic 

layer called the cuticle that covers virtually all the aerial parts of the plant (Albert et al., 2013). 

The production of the cuticle generally surrounds the epidermal cells, where cuticularization is 

found on the external wall and within anticlinal walls between cells (Konarska, 2013). The 

chloroplasts in the epidermis of apple fruit are generally smaller, flattened and more elongated 

than those within the inner tissues (Phan, 1975; Blanke & Lenz, 1989). Hypodermal 

chloroplasts are elliptical in shape and smaller than those found in leaves (Bain & Mercer, 

1964; Rhodes & Wooltorton, 1967). A variety of soluble flavonoid pigments, most notably 

anthocyanin, accumulate within the vacuoles of epidermal cells (Espley et al., 2007).  

After petal fall, the epidermis of young apple fruit display stomata with uniform 

distribution over the fruit surface (Zschokke, 1897; Blanke & Lenz, 1989). From their 

morphology and dark and light transpiration, these stomatal cells are suggested to function like 

those on leaves (Lenz & Blanke, 1983; Blanke & Lenz, 1989). In leaves, stomatal cells are 

responsible for the control of transpiration and gas exchange in a plant, and may also actively 

limit bacterial entry as part of the plant innate immune system (Melotto et al., 2008). As the 

apple fruit increases in size during growth, stomatal frequency decreases per surface unit (10-

12 stomata mm-2 at petal fall, < 1 stomata mm-2 as the apple continues to expand), though this 

was measured in ‘Golden Delicious’ and may vary with different varieties (Blanke & Lenz, 

1985, 1989). At harvest very few individual still-functioning stomata are found, usually in 

sheltered surface areas or areas of little expansion (Blanke & Lenz, 1989).  

Lenticels are formed from stomata which have lost their activity, as the wall of the 

guard cells are thickened and covered with wax, and the stomatal pores become unregulated 

(Clements, 1935; Schwertfeger & Buchloh, 1968). The transition from stomata to lenticels is a 

continued process which is emphasized in particular areas and at stages of rapid growth and 
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cell expansion (Blanke & Lenz, 1989). Certain bacterial and fungal pathogens can enter fruits 

through lenticels, with susceptibility increasing with age (Irtwange, 2006).  

Trichomes are fruit hairs that are epidermal outgrowths on a plant and are frequently 

found on the surfaces of young apple fruit at petal fall (Zschokke, 1897; Schwertfeger & 

Buchloh, 1968; Blanke & Lenz, 1985). They trap air at the plant surface and increase the 

boundary layer resistance of the fruit cuticle to H2O vapour and CO2 (Wilmer, 1983; Blanke & 

Lenz, 1989). Like stomata, the frequency of trichomes per surface unit declines, from 100-150 

hairs mm-2 to 40-60 mm-2 within a week after petal fall (Schwertfeger & Buchloh, 1968). As 

the apple fruit surface expands during growth trichome hairs become widely separate and break 

off (Schwertfeger & Buchloh, 1968). 

1.2.2. Biosynthesis of the cuticle 

The skin tissue layer of apple fruit is a composite material comprising both cellular and 

polymeric components, of which the cuticle is the outermost layer (Khanal & Knoche, 2014). 

The cuticle is a lipidic layer that functions as a protective barrier in water transport, gas 

exchange, and pathogen defence (Domínguez et al., 2011b). Though the morphology and the 

nomenclature of the cuticle is still under dispute, most researchers accept that it is essentially 

a layer structure and its origin dates back 450 million years ago with the invasion of green algae 

onto dry land (Heredia, 2003). To protect themselves from desiccation, aerial parts became 

coated with the extracellular membrane of soluble and polymerized lipids (Graham, 1993). In 

higher plants most epidermal cells of aerial parts such as leaves, fruits and non-woody stems 

are covered by the continuous cuticle layer (Heredia, 2003; Lara et al., 2014).  
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Figure 1.5. TEM of apple cuticle ultrastructure after harvest; (CP) cuticle proper, (ECL) epicuticular 
layer, (ICL) intracuticular layer. Figure taken from (Konarska, 2013). 

The structure of the cuticle varies among different species, organs and growth stages, 

but it is basically composed of a cutin polyester matrix with wax that is embedded in the cell 

wall (intracuticular) and deposited on the surface (epicuticular), all of which are synthesized 

by the epidermal cells (Figure 1.5) (Heredia, 2003; Samuels et al., 2008). Epicuticular waxes 

are deposited on the outer surface as an amorphous layer or in the form of discontinuous 

crystals (Domínguez et al., 2011b). The cuticle matrix underneath the surface is mainly 

composed of cutin (40-80% weight) (López-Casado et al., 2007; Domínguez et al., 2011b), a 

polyester polymer rich in hydroxylated and epoxy hydroxylated C16 and C18 fatty acids 

(Heredia, 2003). Although the amount of cutin varies depending on species, it can range from 

a few to over 1000 µg cm-2, and thickness can range from submicrons to 10 µm or more 

(Domínguez et al., 2011b). The physical properties of the polyester cutin, including the subtle 

regulation of other minor compounds and its interaction with the cell wall, are mainly 

responsible for the physiological functions of the cuticle (Domínguez et al., 2011b). Also 

present in the cuticle is cutan, a non-ester network of aliphatic compounds formed mainly by 

ester bonds (Lara et al., 2014).  
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Cuticle synthesis has been reported to be influenced by abiotic and hormone stresses 

(Paoletti, 2005; Knoche & Peschel, 2007; Kosma et al., 2009). This is evident during growth 

and development, where the plant cuticle responds to these stresses by changing thickness, 

deposition and modifying the ratio of cuticular components. Studies have shown that cuticle 

composition can also differ significantly on the same plant between different organs, with 

respect to both cutin and wax composition (Baker et al., 1975; Espelie et al., 1979).  

Before a fruit has reached maximum size and begun the ripening process, the deposition 

of the cuticle stops resulting in a reduction of cuticle per surface area and thickness in ripe fruit 

(Belding et al., 1998; Dong et al., 2012; Liu et al., 2012). This is an observed trend among 

different species (Lara et al., 2014). The deposition of cuticle components ending at early 

development and the decrease in cuticle thickness contributes to increased water loss in the 

ripening fruit, and can cause microcrack injury to the fruit as surface strain increases with fruit 

expansion (Knoche et al., 2004; Khanal et al., 2011; Becker & Knoche, 2012). Tomato fruit is 

one exception to this trend as it exhibits an increase in cuticle deposition after early 

development (Kosma et al., 2010). Time-course changes of wax and cutin composition in 

different fruit types have shown substantial differences, indicating different cuticle models 

would be required between species (Lara et al., 2014).  

There have been few biochemical and molecular studies devoted to cuticle formation 

despite significant implications in fruit quality, however there has been some characterization 

of cuticle formation in tomato (Yeats et al., 2012; Shi et al., 2013), apple (Albert et al., 2013) 

and sweet cherry (Alkio et al., 2012). These studies have helped identify potential genes 

involved in the biosynthesis of cuticle components. A cuticle biosynthesis gene (LeCER6), 

encoding a very long-chain fatty acid β-hetacyl-CoA synthase, has been identified and 

characterized in tomato (Vogg et al., 2004). This gene is required for the biosynthesis of very 

long chain fatty acid (>C30) n-alkanes and aldehydes, and when suppressed in transgenic fruit 
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results in altered cuticle permeability and transpiration properties (Leide et al., 2007). It has 

been reported that LeCER6 mRNA abundance progressively increased throughout the 

maturation and ripening stages of tomato fruit (Mintz-Oron et al., 2008). A transcription factor 

gene, SISHINE3, was identified in tomato fruit and was observed to regulate fruit cuticle 

formation and epidermal patterning (Shi et al., 2013). Silencing SISHNE3 caused cutin 

deficiency and significant alterations in epidermis morphology (Shi et al., 2013).  

In apple fruit a range of genes potentially involved in cuticle formation during fruit 

development has been identified by using candidate genes based on the Arabidopsis model 

(Albert et al., 2013). From the candidate genes, peel-specific expression was observed for 

LACS2 (Long-chain acyl-CoA synthase), and KCS7/2 (β-Ketoacyl-CoA synthase). In 

Arabidopsis, LACS2 activates fatty acids by forming acyl-Coenzyme A thioesters in various 

lipid biosynthetic pathways (Schnurr & Shockey, 2004), and KCS7/2 performs condensation 

steps of fatty acid elongation (Joubes et al., 2008). The LACS2 and KCS7/2 apple genes are 

thus likely to contribute to the cuticle-specific lipid biosynthetic pathway in the fruit epidermis 

(Albert et al., 2013). The conservation of some key components in cuticle lipid biosynthesis 

and transport between the Arabidopsis epidermis and apple fruit skin provides possibilities of 

identifying more genes involved in cuticle biosynthesis using candidate genes and expression 

profiles (Albert et al., 2013). 

1.2.2.1. Cutin biosynthesis 

Genes that have been previously linked to cutin biosynthesis include HOTHEAD (HTH) and 

LACERATA (LCR) (Figure 1.6). The LCR gene product CYP86A8 catalyzes ω hydroxylation 

of fatty acids, which are subsequently used in cutin biosynthesis (Wellesen et al., 2001). In 

apple, LCR (MDP0000941955) has been identified as specifically expressed in the fruit skin at 

ripening (Albert et al., 2013). The HTH gene product was found to be involved in the oxidation 



Chapter 1: General Introduction 

 
16 

of long chain ω -hydroxy fatty acids to ω-oxo fatty acid (Kurdyukov et al., 2006). The end 

products of this pathway, α,ω-dicarboxylic fatty acids, are major cuticular monomers and are 

generally required for the cross-linking that ensures the integrity of the outer epidermal cell 

wall (Kurdyukov et al., 2006). Kurdyukov et al. (2006) have shown HTH to be specifically 

expressed in epidermal cells in Arabidopsis.  

Long-chain acyl-CoA synthetases (LACS) are a large family of enzymes that catalyse 

thioesterification of free fatty acids to coenzyme A (CoA) (Schnurr & Shockey, 2004) 

(Figure 1.6). LONG‐CHAIN ACYL‐COA SYNTHETASE 1 (LACS1) and LACS2 are responsible 

for producing very-long-chain wax molecules and long-chain cutin monomers, respectively 

(Schnurr & Shockey, 2004; Lü et al., 2009). In Arabidopsis, the long-chain acyl-CoA 

synthetase encoded by AtLACS2 is an essential component of cuticle development (Schnurr & 

Shockey, 2004). MdLACS2 (MDP0000201853) has been implicated in cutin biosynthesis of 

apple (Albert et al., 2013).  
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Figure 1.6. The cutin and suberin biosynthesis pathway of the cuticle including putative biosynthetic 
genes LONG-CHAIN ACYL-COA SYNTHETASE 2 (LACS2), LACERATA (LCR) and HOTHEAD (HTH). Solid 
lines indicate specific reaction processes whereas dashed lines indicate broad general processes. 
Genes highlighted in yellow were identified in this thesis to have differentially expressed homologues 
between tissue types and/or between growth stages. Pathway figure modified from (Fich et al., 2016). 

 

. 
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1.2.2.2. Wax biosynthesis 

The wax biosynthesis pathway shown in Figure 1.7 putatively includes the products of two 

genes identified as CER1 and CER4. The CER1 gene product aldehyde decarboxylase performs 

a crucial step in shaping the final lipid composition of the wax layers by catalysing the 

conversion of long-chain aldehydes to alkanes (Bernard et al., 2012). The gene product of 

Arabidopsis CER4 has been identified as an alcohol-forming fatty acyl-Coenzyme A reductase, 

specific for very long chain fatty acids, and responsible for the synthesis of the primary alcohols 

of waxes (Rowland et al., 2006; Albert et al., 2013) found peel-specific expression in apple 

fruit for homologs of CER1 and CER4. The LONG‐CHAIN ACYL‐COA SYNTHETASE 1 

(LACS1) is a long-chain acyl-CoA synthetase that has overlapping functions with the LACS2 

gene product for plant wax synthesis (Lü et al., 2009). LACS1 has a defined functionality for 

thioesterification of free fatty acids to coenzyme A, which preferentially modifies very long 

chain fatty acids in wax metabolism (Lü et al., 2009).  

The wax metabolism gene CER6 is required for the elongation of C24 fatty acids, an 

essential step of the cuticular wax production. GUS expression driven by the promoter of CER6 

was detected in the peel epidermis tissue in tomato (Mintz-Oron et al., 2008). Mutation lines 

of CER6 in tomato caused a reduction in wax composition and increased water permeability 

compared to wild type lines (Vogg et al., 2004). In apple, the sub-cellular localisation of CER6 

and involvement in a fruit phenotype has yet to be described, although CER6 was found to be 

downregulated in russet apples compared to waxy apples (Legay et al., 2015) 
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Figure 1.7. The wax biosynthesis pathway of the cuticle including putative biosynthetic genes LONG-
CHAIN ACYL-COA SYNTHETASE 1 (LACS1), ECERIFERUM1 (CER1), ECERIFERUM4 (CER4) and WAX 
SYNTHASE/DIACYLGLYCEROL ACYLTRANSFERASE (WSD). Solid lines indicate specific reaction processes 
whereas dashed lines indicate broad general processes. Genes highlighted in yellow were identified 
in this thesis to have differentially expressed homologues between tissue types and/or between 
growth stages. Pathway figure modified from (Kunst & Samuels, 2009).  
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The product of the WAX SYNTHASE/DIACYLGLYCEROL ACYLTRANSFERASE (WSD) gene 

has been shown to be involved in wax ester synthesis in Arabidopsis (Figure 1.7), where it was 

required to prevent organ fusions that were caused by malformed cuticle layers (Takeda et al., 

2013). GFP fusions of WSD overexpressed in Arabidopsis were shown to be specifically 

expressed in the epidermis of growing petals (Takeda et al., 2013).  

The products of KETOACYL-COA SYNTHASE (KCS) genes take part in controlling the 

biosynthesis of very long chain fatty acids, which are then further modified into different wax 

compounds that are loaded onto the outer surface of epidermal cells (Albert et al., 2013). KCS 

performs the condensation steps of fatty acid elongation and confers substrate and tissue 

specificity to the reaction (Albert et al., 2013). Predominant peel-specific gene expression has 

been found for KCS1 and KCS7/2 in apple fruit (Albert et al., 2013; Albert et al., 2014).  

Several other genes have been identified as important in cuticle formation, although 

their roles in cutin and wax biosynthesis can be incorporated into either one or both biosynthetic 

pathways or their roles are not yet specifically defined. These gene products display roles in 

transcriptional regulation, fatty acid biosynthesis/elongation, and transporting cutin or wax 

monomers to the cuticle surface. The product of the KETOACYL-ACP SYNTHASE1 (KAS1) 

gene plays a crucial role in fatty acid synthesis in Arabidopsis (Wu & Xue, 2010). A gene 

orthologue was identified in apple via QTL analysis of apple fruit exhibiting the russet skin 

disorder (Lashbrooke et al., 2015b). Russet apples result from the development of a 

compromised cuticle exhibiting micro-cracks and the subsequent formation of a waterproofing 

periderm layer consisting largely of suberin (Khanal et al., 2013b).  

1.2.2.3. Regulation of cuticle biosynthesis 

SHINY3/SHN3 (also known as WIN1) (Lashbrooke et al., 2015b) is a transcription factor that  

was identified from a QTL analysis in russet apple. This gene showed a significant segregation 
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with the russet phenotype and extremely low expression in lines with improper cuticle 

formation, suggesting it as a fundamental cuticle regulator in apple (Lashbrooke et al., 2015b). 

Orthologues of SHN transcription factor genes have shown cuticle regulation in Arabidopsis, 

tomato and barley (Aharoni et al., 2004; Taketa et al., 2008; Shi et al., 2013).   

Apple genes found to be implicated in fatty acid elongation, FIDDLEHEAD (FDH) 

(MDP0000654110), PASTICCINO2 (PAS2) (MDP0000337353) and CER10 

(MDP0000722934), had mRNAs that were strongly abundant in the peel of apple fruit 

(Yephremov & Schreiber, 2005; Albert et al., 2013). In tomato, a gene characterized as a cutin 

and wax monomer transporter, ABCG11 (Solyc03g019760), was found to be significantly 

downregulated in cuticle-reduced lines (Lashbrooke et al., 2015a). Two putative lipid 

transporter genes, WHITE–BROWN COMPLEX 11 (WBC11) and LTPG1, have been identified 

(Panikashvili & Aharoni, 2008; DeBono et al., 2009). WBC11 was identified as an essential 

component for the export of both cutin and wax monomers to the surface of Arabidopsis, with 

mutants exhibiting an abnormal cuticle surface (Panikashvili et al., 2007). LTPG1, which 

encodes a glycosylphosphatidylinositol-anchored lipid transfer protein, was identified as 

highly expressed in the epidermis in Arabidopsis stem tissue during cuticle biosynthesis 

(DeBono et al., 2009). Mutant ltpg1 lines with decreased expression exhibited a reduced wax 

load on the stem surface, indicating LTPG may be involved directly or indirectly in cuticular 

lipid deposition (DeBono et al., 2009). 

1.2.3. Biosynthesis of pigments and flavonoids 

Changes in fruit colour accompany the stages of ripening, and are often taken as a visible 

display of fruit quality. Animals browsing on fruit containing mature seeds is highly desirable, 

therefore it is important that seed maturity is signalled quickly and clearly through signals such 

as colour change on fruit skin. (Knoche & Lang, 2017). The red coloration of apple fruit skin 
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is very important in determining the market value of the product (Ubi et al., 2006). The 

reddening of apple fruit skin is for the most part derived from the accumulation of 

anthocyanins, which are a water-soluble class of flavonoids that accumulate in cell vacuoles 

(Honda et al., 2002). This accumulation reduces the danger of photo-oxidative damage by 

limiting the light absorbed by the chlorophyll (Solovchenko & Schmitz-Eiberger, 2003). 

Anthocyanin pigments occur in all tissues of higher plants, and their accumulation is influenced 

by environmental stimuli such as light, temperature and nutrition (Lancaster & Dougall, 1992; 

Honda et al., 2002). Anthocyanin biosynthesis in apple fruit skin has been described in detail 

genetically and biochemically (Lancaster & Dougall, 1992; Holton & Cornish, 1995; Ubi, 

2004). In apples, anthocyanins are predominantly glycosylated cyanidins: the main pigment 

responsible for red colour is cyanidin-3-galactoside (idaein) and is regulated by factors such as 

light (Lancaster & Dougall, 1992), temperature (Faragher, 1983), and cultivar (Warrington et 

al., 1990). 

During apple fruit development, changes in the abundance of anthocyanins are known 

to occur (Honda et al., 2002). The biosynthesis of anthocyanin in apple fruit is developmentally 

regulated and occurs in two peaks, one at the fruitlet stage and the second at the ripening stage 

(Lancaster & Dougall, 1992; Ubi et al., 2006). The first peak is found in both red and non-red 

cultivars and is not economically important (Lancaster & Dougall, 1992). The second peak is 

found only in red cultivars and influences the extent and intensity of reddening at the mature 

stage, adding greatly to the market value (Ubi et al., 2006). As an apple fruit matures there is a 

progressive increase in anthocyanin accumulation (Kondo et al., 2002).  

Environmental factors including temperature and light have a significant effect on the 

accumulation of anthocyanins during the ripening stage. Temperature has an important 

stimulative role in the accumulation of anthocyanin, with cooler temperature conditions 

producing redder fruit than warmer conditions (Ubi et al., 2006). Early ripening apple fruit 
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cultivars harvested during a season of relatively high temperature were found to display poor 

pigmentation (Ubi et al., 2006). It has been suggested that the inductive effect of lower 

temperatures on anthocyanin accumulation is caused by a reduction in sugar loss in the skin 

during respiration, which would then flow through to the anthocyanin biosynthesis pathway 

(Lancaster & Dougall, 1992). Light is known to be a requirement in the synthesis and 

accumulation of anthocyanins in apple skin (Arthur, 1932). Anthocyanin biosynthesis is a light-

dependent process that requires light of sufficient energy and spectral composition to initiate 

synthesis (Arakawa, 1988; Dong et al., 1998). In red fruit cultivars anthocyanin accumulation 

is induced by light in the UV-B region in combination with infrared (Arakawa et al., 1986; 

Lancaster & Dougall, 1992).The effect of light in the initiation of anthocyanin biosynthesis is 

attributed to the requirement of a photomorphogenic signal that is possibly mediated by 

photoreceptors (Lancaster & Dougall, 1992; Ubi et al., 2006).  

Molecular analyses have revealed that the regulation of gene expression responsible for 

anthocyanin biosynthesis is one of the determining factors of anthocyanin accumulation in 

apple fruit during ripening (Honda et al., 2002; Kondo et al., 2002; Kim et al., 2003). The 

expression of five anthocyanin genes (chalcone synthase, flavanone 3-hydroxylase, 

dihydroflavonol 4-reductase, anthocyanidin synthase, and UDP-glucose:flavonoid 3-O-

glucosyltransferase) all coincided with an increase in anthocyanin concentration (Ubi et al., 

2006). The expression of these genes was also enhanced by UV-B and low temperature 

treatments (Ubi et al., 2006).  

1.2.3.1. The flavonoid pathway 

Chalcone synthase (CHS) is the first committed step in the flavonoid pathway, which is known 

for providing the starting materials for a range of flavonoids with diverse and important roles 

in flowering plants. Many studies have shown the CHS gene to be constitutively expressed in 
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flowers and that all plants contain at least one CHS gene or often a family of genes with 

different expression patterns (Koes et al., 1987; Dao et al., 2011). CHS is involved in floral 

pigmentation and its expression has been shown to be induced under stress conditions such as 

UV light and microbial infection (Hahlbrock & Scheel, 1989; Dao et al., 2011). It has further 

been shown that UV light and biotic elicitors induce the flavonoid pathway at the 

transcriptional level, and that CHS mRNA is detected after the onset of various stress 

conditions (Dao et al., 2011). It has been suggested that when flavonoids in the cytosol reach 

a certain abundance this feeds back to block CHS accumulation, which therefore avoids 

pigments reaching toxic levels (Dao et al., 2011). A GUS reporter gene fused to CHS and 

transformed into tomato plants has shown CHS expression to be localized specifically in the 

epidermis of peel tissue (Mintz-Oron et al., 2008). In the flavonoid pathway, CHS condenses 

4-coumaroyl-CoA and malonyl-CoA to form the open-chain flavonoid naringenin chalcone, 

which is converted to the flavanone naringenin by chalcone isomerase (CHI) (Figure 1.8) 

(Kang et al., 2014). Naringenin is defined as a crucial branch point in the pathway as it diverges 

for the synthesis of several major classes of flavonoids, including flavonols, condensed tannins 

and anthocyanins (Kang et al., 2014). In tomato, CHI was identified as playing a vital role in 

flavonoid production and was suggested to have a role in coordinating the developmental 

plasticity and the metabolic activity of an epidermal structure that acts as a shield against biotic 

stress (Kang et al., 2014). It has also been suggested that CHI is a rate limiting step in flavonol 

biosynthesis of tomato fruit peel (Muir et al., 2001).  

Flavanols are synthesized from dihydroflavonols by the action of flavonol synthase 

(FLS) (Figure 1.8) (Tanaka et al., 2008). Transcripts of FLS in apple were discovered to be 

significantly higher in samples taken from red skin sections of ‘Cripps Red’ fruit than in the 

green skin sections (Takos et al., 2006a). In ‘Royal Gala’ fruit, it was shown that FLS 

expression was hiigure gher in cortex tissue than in skin (relative to reference genes) (Henry-
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Kirk et al., 2012). Light plays an important role in the regulation of FLS. Fruit bagging of red 

skinned apple fruit resulted in a 70-fold decrease of FLS transcript levels, and while 

anthocyanins disappeared completely flavanols declined by only 40% (Takos et al., 2006b). 

One branch of the flavonoid pathway leads to chlorogenic acids (Figure 1.8), which are 

a polyphenol family of esters, including hydroxycinnamic acids and quinic acid. HCT (quinate 

hydroxycinnamoyl/hydroxycinnamoyl CoA shikimate) and C3H (4-coumarate 3-hydroxylase) 

have been associated with the biosynthesis of chlorogenic acid (El-Sharkawy et al., 2015). QTL 

analysis has shown that HCT is likely to influence the concentration of chlorogenic acid in 

apple fruit (Chagné et al., 2012).   
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Figure 1.8. Anthocyanin/flavonoid biosynthetic pathway including putative biosynthetic genes. Genes 
highlighted in yellow were identified in this thesis to have differentially expressed homologues 
between tissue types and/or between growth stages. Pathway figure modified from (Takos et al., 
2006a; El-Sharkawy et al., 2015; Meng et al., 2016). 

Abbreviations: PAL, phenylalanine ammonia lyase; C4H, cinnamate 4-hydroxylase; 4CL, 4-
coumarate CoA ligase; HCT, quinate hydroxycinnamoyl/hydrxycinnamoyl CoA shikimate; C3H, 4-
coumarate 3-hydroxylase; CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavone 3-
hydroxylase; F3’H, flavonoid 3’-hydroxylase; FLS, flavonol synthase; DFR, dihydroflavonol 
reductase; LAR, leucoanthocyanidin reductase; LDOX, leucoanthocyanidin dioxygenase; ANR, 
anthocyanidin reductase; UFGT, UDP-glucose: flavonoid 3-O-glucosyltransferase; GST, glutathione 
S-transferase; MATE, multidrug and toxic compound extrusion transporters.   
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1.2.3.2. Regulation of anthocyanin biosynthesis 

Anthocyanin biosynthesis is controlled by a transcription factor complex comprised of two 

transcription factor proteins that belong to the MYB and BHLH families, and a WD40 co-

factor protein (Peng & Moriguchi, 2013; El-Sharkawy et al., 2015). This transcription factor 

complex activates a downstream cascade of gene expression (Figure 1.8) (Gonzalez et al., 

2008; An et al., 2012). Although BHLH and WD40 provide an important contribution to the 

complex, it has been shown that the MYB10 protein is a critical component in controlling the 

specific expression of anthocyanin biosynthetic genes and determining the rate and distribution 

of red colour in apple (Chagné et al., 2007; Espley et al., 2009; El-Sharkawy et al., 2015). 

Enzymes and transcripts involved in anthocyanin biosynthesis have been well 

characterized in apple. Correlation analysis of the expression of several structural genes 

involved in the anthocyanin pathway (GST, CHS, F3′H, F3H, MYB10, WD40, UFGT, DFR, 

for abbreviations see Figure 1.8) have detected a significant correlation between expression 

rates and anthocyanin pigment level in apple skin during fruit development  (Meng et al., 2016). 

In apple fruit, it was found that the expression of PAL, CHS, CHI, F3H, and DFR were 

significantly higher in skin peel tissue than in cortex tissue (Henry-Kirk et al., 2012). However, 

their spatial distribution among different fruit cell types at the epidermis and hypodermis level 

has not been previously reported. 

Glutathione S-transferase (GST) is a molecular actor putatively associated with 

vacuolar sequestration of anthocyanins. Along with MYB10, GST was shown to be one of the 

most suppressed anthocyanin gene member in an anthocyanin-deficient yellow-skin somatic 

mutant (Winkel-Shirley, 2001; El-Sharkawy et al., 2015).  

UDP glucose:flavonoid 3-O-glucosyl transferase (UFGT) is a regulatory enzyme for 

anthocyanin biosynthesis in many fruit crops; however, the role of UFGT remains elusive in 
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apple. Previous studies have shown high UFGT activity to be correlated with anthocyanin 

concentration but not with other enzyme activities (Ju et al., 1995; Liu et al., 2013a). UFGT 

was found to be expressed only in red skin apple cultivars, suggesting its importance in 

anthocyanin synthesis (Meng et al., 2016). The gene encoding another enzyme in the 

anthocyanin biosynthesis pathway, leucoanthocyanidin dioxygenase (LDOX), was also shown 

to be expressed only in red-fleshed apple tissue at harvest, and its mRNA abundance correlated 

with anthocyanin levels (Chagné et al., 2013). Upregulation of LDOX has also been correlated 

to the biosynthetic processes in red-fleshed apples (Wang et al., 2015). 

1.2.4. Disease resistance 

A large proportion of fresh produce is wasted globally, in part due to pathogen infections. As 

fruit reach the ripening stage and are subjected to periods of postharvest storage, resistance to 

pathogenic diseases declines (Lara et al., 2014). This is due to a decline in the fruits’ defence 

mechanisms (Cantu et al., 2008) and to fruits becoming more susceptible to wounds and 

mechanical damage after long-term storage, and therefore allowing a route for the development 

of an infection (Lara et al., 2014). The plant cuticle serves as an important physical barrier to 

pathogens, with susceptibility to infection linked to cuticle thickness (Manandhar et al., 1995). 

The wax surface of the cuticle also influences plant-insect interactions and prevents the 

germination of microbes (Samuels et al., 2008). This susceptibility to infection by cuticle 

thickness and structure has also been suggested in apple fruit (Konarska, 2014).  

There are various ways in which the fruit skin responds to limit pathogenic attack. Not 

only do fruit cuticles provide a barrier for external pathogens, they can also exhibit a dynamic 

and localized change in structure in response to an attack (Martin & Rose, 2014). This was 

observed in the increase of cuticle thickness of sweet oranges (Citrus sinensis) in areas affected 

by the fungus Guignardia citicarpa (Marques et al., 2012). There has also been evidence of 
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skin pigments playing an active role in reducing plant susceptibility to pathogens. Over-

production of anthocyanin pigments in transgenic tomato skins was found to reduce 

susceptibility of fruit to the fungal pathogen Botrytis cinerea, better known as grey mould 

(Bassolino et al., 2013).  

In developing countries there are losses in the field due to pests and pathogens as high 

as 20-40% of the potential harvest (Kader, 2004; Lundqvist et al., 2008). Therefore, the 

development in crops less susceptible to pest and pathogen invasion is a pressing need, and a 

better understanding of the biology of skin tissue including the cuticle is likely to prove to be 

an invaluable tool. 

1.3. Skin cell layers during fruit expansion 

1.3.1. Tissue tensions and control of growth in stems 

The role of the epidermis in plant growth was first described in stem elongation and has been 

under critical investigation ever since (Kutschera & Niklas, 2007). In stems, the outermost 

epidermal cells are thought to limit growth, since this tissue layer is usually under tension 

whereas the central cortical layer is under compression (Thimann & Schneider, 1938). 

Classical experiments using sunflower hypocotyl first alluded to the physiological and 

mechanical tension within the outer cell layers of growing stems and petioles (Hofmeister, 

1859, 1860). By observing the elongation of turgid inner pith cells from stems separated from 

the outer tissue, it was concluded by Hofmeister that the inner cell tissue is held in compression 

by the outer epidermal cell layers, which are in turn held in tension (Kutschera & Niklas, 2007).  

The role of the epidermis in regulating stem elongation has been subject to controversy 

in the past with many studies investigating its validity. Studies using the plant hormone auxin, 

a plant growth hormone that causes stem elongation by bringing about cell wall-loosening 

(Cleland, 1971), have demonstrated the importance of the epidermal layer to stem growth. A 
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stress strain analysis on lupin hypocotyls showed that the outermost cell layers were more 

resistant to elongation than the rest of the tissue (Penny et al., 1972). After auxin treatment 

these outer layers increased in plastic extension but the inner tissue did not. Therefore, it was 

suggested that the epidermal cells must increase in extensibility for growth to occur, and the 

rate of expansion of this tissue layer determines the rate of stem growth (Firn & Digby, 1977).  

Auxin responsive growth was found to be virtually absent in stem segments from which 

their epidermal tissue had been removed. This has been reported in etiolated and light grown 

pea stem tissue (Tanimoto & Masuda, 1971; Yamamoto et al., 1974; Brummell & Hall, 1980) 

and sunflower hypocotyl (Firn & Digby, 1977; Mentze et al., 1977). These studies were 

consistent with earlier work that found epidermal tissue being the site for auxin activated 

growth in the split pea curvature test (Van Overbeek & Went, 1937). This was performed by 

splitting an etiolated pea stem longitudinally, and the two split portions were found to bend 

outwards due to the release of tension within the stem tissue. Splitting the stem releases the 

tension from the epidermal cells on the underlying cortical cells, which are under compression 

and have a high capacity for water uptake and extend rapidly. When the portions are placed in 

dilute auxin solution they respond by bending inwards at the tips. This is thought to be due to 

the differential growth seen in the slower growing inner cortical tissue relative to the outer 

epidermal tissue. The faster growth rate in the epidermal tissue under auxin suggests that it is 

the site for controlling auxin induced extension growth in stems (Brummell & Hall, 1980).  

The anatomy and structure of cell walls in differing tissues should also be considered 

in relation to tissue elongation. In sunflower hypocotyls the outer epidermal periclinal cell wall 

of stems are much thicker (~2 µm) than the cell walls of the inner parenchyma tissue (~0.2 µm) 

(Kutschera & Niklas, 2007). The cell walls of the outer cells also exhibit a multilayered, 

helicoidal structure composed of alternating microfibrils that are orientated longitudinally and 

transversely to the axis of the stem (Kutschera & Niklas, 2007). The inner cells usually exhibit 
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cell walls that are unilayered with microfibrils oriented transverse to the direction of elongation 

(Kutschera, 2000). These anatomical and structural differences between the tissue layers 

suggest that there are different levels of physical stress exerted on them and that the outer tissue 

layers are more capable of withstanding stronger forces (Kutschera & Niklas, 2007).  

Further evidence for epidermal growth control include a time and position dependent 

model of stem growth based on the concept of tissue tension from the epidermis, which 

correctly predicted organ dynamics in soybean hypocotyls (Passioura & Boyer, 2003). Also 

consistent is the immediate reduction of organ bending stiffness after the surgical destruction 

of external cell layers of mature axial organs, which shows that the outer cell layers act as a 

“tensile skin” in providing structural support (Niklas & Paolillo, 1997, 1998). The epidermal 

growth control model is consistent with biomechanical theory, concepts in cell wall 

architecture, and observations on mechanical and physiological behaviour on actively growing 

or fully mature plant parts (Kutschera & Niklas, 2007). 

1.3.2. Tissue tensions and control of growth in fruit 

The tissue tension observed in the outer tissue layers of stems is also evident in the expansion 

of fruit during growth and development. During fruit expansion there is mechanical tension 

placed on outer tissue layers (epidermis, hypodermis, and cuticle) (Matas et al., 2004b). This 

is because of the tension placed on the cell walls of the epidermis and hypodermis when the 

primary organs are turgid (Kutschera, 1989; Niklas & Paolillo, 1997, 1998). As in the stem, 

and based on tissue tension observed in tomato fruit, it has been argued that the fruit epidermis 

is a significant factor in determining the rate of expansion (Kutschera, 1989; Thompson et al., 

1998). It has been generally accepted that the interaction of cell wall stress resulting from turgor 

pressure and the mechanical properties of the cell wall determines the rate of growth in plant 

tissue (Lockhart, 1965; Cosgrove, 1993). In determining the viscoelasticity of the epidermis, 
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i.e., how the rate of tensile deformation depends on both the duration and magnitude of applied 

stresses, the properties of the epidermal cell walls in tomato were found to be more significant 

than the properties of the cuticle (Thompson, 2001). 

During apple fruit growth the surface of the skin expands and is subjected to marked 

tangential tensile forces (Skene, 1982; Khanal & Knoche, 2014). These forces are partly 

counteracted by new cells and new cell wall material in the outer layer that take on the tension 

set upon it by the inner tissues (Kutschera & Niklas, 2007), but cause a continuous increase in 

strain that becomes constant at harvest (Khanal & Knoche, 2014). The epidermal and 

hypodermal cell layers of the skin accommodate this strain through cell division and cell 

enlargement, the deposition of new cell wall material, and changes within the cell wall brought 

about by modifying enzymes (Khanal & Knoche, 2014). During skin expansion cell wall 

material is distributed over an enlarging area, thus causing a decrease in the mass of cell wall 

material per unit of skin surface area (Khanal & Knoche, 2014). The epidermal and hypodermal 

cell layers also respond to these forces by flattening, and when viewed from above the periclinal 

diameter increases uniformly whereas the anticlinal (thickness) diameter does not increase or 

may even decrease (Tukey & Young, 1942; Meyer, 1944; Knoche & Lang, 2017). These 

conformational changes are indicative the biaxial strain within these tissue layers during 

development. From uniaxial tensile tests in apple fruit, the thickness of the epidermal layer is 

positively related to the change in stiffness throughout fruit development and after harvest 

(Khanal & Knoche, 2014). In fruit skin, the cells of the epidermis have thickened cell walls 

which suggest that this tissue layer to some extent is structured to resist mechanical stress 

(Evert, 2006; Khanal & Knoche, 2014). As fruit expansion ceases during storage, the tension 

forces decrease due to water loss and the activity of cell wall-degrading enzymes (Khanal & 

Knoche, 2014). 



Chapter 1: General Introduction 

 
33 

The tension on the cuticle layer relieves the stresses within the epidermis and functions 

as a tensile peripheral “lipid skin” depending on its thickness and mechanical properties 

(Kutschera & Niklas, 2007). The cuticle layer of the skin must be sufficiently elastic and strong 

to cope with the tensions generated by fruit expansion (Hen-Avivi et al., 2014). When the 

cuticle layer fails to hold against excessive strain it can form a build-up of stress and result in 

microscopic cracks, water loss, and periderm formation (bark) on apple and pear surfaces 

(Faust & Shear, 1972; Knoche et al., 2004; Peschel & Knoche, 2005). There is also a risk of 

pathogen infection as cuticle fractures in cherry fruit are known to facilitate infection, for 

example, postharvest fruit rot caused by pathogens Botrytis cinerea and Monilinia laxa (Børve 

et al., 2000). 

Mechanical experiments on isolated cuticles of cherry tomato, from cultivars with 

varied susceptibility to cracking when fully ripe, have indicated that they possessed viscoelastic 

behaviour (Matas et al., 2004a; Matas et al., 2004b). The more crack-resistant cultivars 

displayed more viscoelastic behaviour and strain-hardening when subjected to forces than 

crack-prone cultivars. There were also anatomical differences between the cultivars in the 

extent of the cuticle layer. The cuticle of crack-resistant cultivars extended into the hypodermal 

tissue layer, whereas crack-prone cultivars exhibited poorly developed cuticles below the 

epidermis (Matas et al., 2004b).  

The wax component that impregnates and covers the cuticle acts as a supporting filler 

which increases the rigidity of the layer (Petracek & Bukovac, 1995; Bargel et al., 2006; 

Domínguez et al., 2011a; Domínguez et al., 2011b). It is suggested that the high wax content 

in the cuticle layer of fruit may function in mitigating cuticle failure (Khanal et al., 2013a). The 

apple cuticle has a greater wax content (~45%) compared to other fruits such as pear (~33.1%) 

and tomato (~3.4%) (Khanal et al., 2013a). Removing the wax component of the cuticle by 

heating and wax extraction is associated with the release of biaxial strain. The largest release 
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of biaxial strain observed among studied flesh fruit was in apple (~24.5%), compared with pear 

(~10.7%) and tomato (-0.1%) (Khanal et al., 2013a). The wax in the cuticle was found to fix 

the strain (converting reversible strain into irreversible ‘plastic’ strain) and decrease 

extensibility in that layer (Khanal et al., 2013a). There have been good relationships observed 

between the plastic extensibility of tested material and the rate of growth prior to harvest (Van 

Volkenburgh et al., 1983). The concurrent deposition of wax and cutin polymers in the cuticle 

matrix fixes stresses and strains that occur during fruit development as the surface expands 

from underlying growth (Khanal et al., 2013a).   

1.4. Skin cell layers during ripening 

1.4.1. Development of ripening related pigments 

The ripening phase is an important aspect of fruit development and involves the accumulation 

of pigments such as anthocyanins (Gillaspy et al., 1993). Anthocyanins accumulate in the 

vacuoles of epidermal cells and changes in the levels of anthocyanin accumulation occur during 

fruit development (Lancaster & Dougall, 1992; Honda et al., 2002; Espley et al., 2007). The 

most important increase in colour development in ‘Gala’ apple varieties is from 2 weeks before 

the commercial harvest, but this also continues to increase after harvest (Iglesias et al., 2008). 

Fruit colour, however, cannot be used as a maturity index in red apple varieties as colouring is 

very precocious and varies in accordance with environmental factors and cultivar (Dickinson 

& White, 1986; Walsh & Volz, 1990; Iglesias et al., 2008). Differences of fruit 

colour/anthocyanin content between apple varieties were found to be unrelated to the 

differences in fruit quality. Therefore, the time of ripening is not related to the degree of fruit 

colour (Iglesias et al., 2008).  
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1.4.2. Water loss 

The loss of water from fruit is an important factor during growth and development. Fruit quality 

is dependent on water loss since there is a known relationship between the shelf life of mature 

fruits and water loss (Seymour et al., 2013). In the long-term storage of apples excessive water 

loss has been a long standing problem (Hatfield & Knee, 1988).  The impact of relative 

humidity on the quality, such as appearance and texture, has been attributed to water loss (Paull, 

1999). When stored in conditions of high humidity apple fruit have a tendency to swell 

(Wilkinson, 1965). Sensory tests have found that apple fruit with higher water loss were 

tougher and less mealy than control fruit (Hatfield & Knee, 1988). Water loss has been found 

to influence fruit texture physically through cell turgor (Harker et al., 1997a), and 

physiologically by affecting ripening rates (Littmann, 1972). 

The plant cuticle functions as a fixed barrier for excessive water loss. As the fruit 

develops, transpiration is increasingly dominated by unregulated lenticels and the permeability 

of the cuticle (Blanke & Lenz, 1989). The swelling/expansion of hypodermal cells in apple 

fruit has been suggested to influence water loss. This was evident in an investigation of PG 

action in apple fruit, with apple lines that were suppressed in PG displaying densely packed 

hypodermal layers that appeared to be linked to slower water loss and a reduction in shrivelling 

(Atkinson et al., 2012). In control lines the swelling of the hypodermal cell layers during 

ripening correlated with increasing whole-fruit water loss. The indirect action of PG may 

promote fruit water loss during ripening, by reducing intercellular adhesion and allowing the 

swelling of hypodermal cells (Atkinson et al., 2012). 

The texture of plant tissue is determined mainly by turgor pressure and the properties 

of the cell wall and middle lamella (Jackman & Stanley, 1995). Turgor is the result of an 

osmotically driven influx of water into a cell due to a higher concentration of solutes on the 
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inside (Waldron et al., 2003). Fruit expansion occurs as a result of controlled slippage between 

cell wall polymers and there must be elasticity exhibited on fruit surfaces over a range of 

tensions that counter the osmotic flux of water (Waldron & Brett, 1990; Waldron et al., 2003). 

Elasticity is key as there would be no turgidity without it, only rigid and flaccid states (Waldron 

& Brett, 1990). In pepper fruits, water loss has also been found to lead to enhanced pectin 

solubilisation (Lurie et al., 1986). Low turgor may promote pectin solubilisation although other 

processes which maintain cell cohesion may also be promoted to balance the final texture of 

the fruit (Hatfield & Knee, 1988).  

During ripening, cell turgor decreases due to a movement of osmotically active solutes 

from the symplast to the apoplast, and to water loss from the whole fruit (Shackel et al., 1991; 

Saladié et al., 2007; Wada et al., 2008). The loss of water in apple reduces the weight of fruit 

that can be sold, generally with a loss of more than 6% of the harvest weight, and often results 

in an unattractive shrivelled appearance (Hatfield & Knee, 1988). A large proportion of daily 

shrinkage in apple fruits can be accounted for by evaporation (Jones & Higgs, 1982). To 

maintain the water content of stored apples, post-harvest drenches and bulk containers have 

been used to minimize water loss through reducing evaporative conditions (Hatfield & Knee, 

1988). A better understanding of the optimal storage conditions for apple fruit quality regarding 

temperature and humidity can limit the losses experienced from postharvest processing 

(Hardenburg et al., 1990; Paull, 1999). 

1.5. Cell wall modification in fruit skin during growth and ripening 

1.5.1. Cell wall structure and composition 

The plant cell wall is a strong fibrillar network that gives each cell its stable shape and provides 

mechanical strength. Plant cell growth is modulated by the balance between the extensibility 

of the cell wall and the forces exerted on the wall by turgor pressure (Cosgrove, 2005). Plant 
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cell walls also largely contribute to the textural characteristics of the fruit. In the most widely 

accepted models of the plant cell wall there are three major domains recognized: (i) the 

cellulose-xyloglucan framework, which forms the semi-rigid foundation of the wall and acts to 

resist tension, (ii) the pectin polysaccharide network, which acts to resist compression and shear 

and (iii) structural glycoproteins that are involved in stress responses, pathogen infection, 

wounding and cell wall expansion and loosening (McCann M & Roberts, 1991; Cassab, 1998; 

Cosgrove, 2001). The three main polysaccharide classes which make up the structural elements 

of cell wall (cellulose, hemicelluloses, pectin) are described in the following paragraphs.  
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Figure 1.9. A schematic representation of pectin structures and elements. (Figure modified from 
(Voragen et al., 2009)) 

 

 

 

Figure 1.10. Cell wall model based on the model proposed by (Dick-Pérez et al., 2011). All three 
structures of the cellulose, hemicellulose xyloglucan and pectin interact in a single network. 
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Cellulose is the most abundant macromolecule in nature and makes up to 30% of the 

dry weight of the primary cell wall in eudicotyledonous plants (McNeil et al., 1984).  It is a 

hydrophobic polysaccharide composed of (1→4) linked β-ᴅ-glucose units and is in the form of 

crystalline microfibrils held together via hydrogen bonds between aggregated independent 

glucan chains. Cellulose microfibrils are synthesized by large membrane-bound complexes of 

enzymes which extrude the microfibrils from the cell surface (Cosgrove, 2005). Of the cell 

wall polysaccharides, cellulose is the most stable and resistant. In apple cell walls, cellulose 

has been described as constructed of 18–24 glucan chains with  dimensions of 3 × 2.7 nm 

(Newman et al., 1994; Cosgrove, 2014). The  long, rigid and inextensible cellulose microfibrils 

are thought to provide structural rigidity and mechanical strength to the cell wall (Rose et al., 

2003). Cellulose microfibrils are embedded in a matrix of polysaccharides which are divided 

into two classes: hemicelluloses and pectins. 

Hemicellulose are cellulose-binding polysaccharides which have a similar backbone to 

cellulose, but branches and other modifications prevent their structure from forming 

microfibrils (Cosgrove, 2005). Xyloglucans are an important cross-linking hemicellulose in the 

primary cell walls of eudicotyledonous plants (Hoffman et al., 2005). Xyloglucan molecules 

play a key role in the structure and strength of the wall, as short lengths are tethered to restricted 

areas of cellulose by hydrogen bonds and inter-molecular tangling with the outer glucan chains 

of the microfibril to create a strong cellulose-xyloglucan network (Pauly et al., 1999; Bootten 

et al., 2004; Cosgrove, 2005; Park & Cosgrove, 2012a, 2012b). This cellulose-xyloglucan 

framework is embedded in an amorphous pectin matrix composed of polyuronides (Bootten et 

al., 2004). The backbone of xyloglucan resembles cellulose but is decorated with xylose 

branches on 3 out of 4 glucose residues; galactose, arabinose and fucose residues can also be 

serially appended to xylose (Vierhuis et al., 2001; Cosgrove, 2005). Xyloglucan is known to 

play an important role in the cell wall loosening mediated by α-expansins (Park & Cosgrove, 
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2012a). Together with cellulose, xyloglucan helps form a strong and resilient network allowing 

for wall extension and cell enlargement (Cosgrove, 2005; Cavalier et al., 2008). Other 

hemicelluloses present in flowering plants are glucuronoarabinoxylan and glucomannan, which 

are thought to have similar functions in the cell wall as xyloglucan (Cosgrove, 2005; Scheller 

& Ulvskov, 2010).  

Pectins are a heterogeneous group of polysaccharides that are a major component of 

the plant cell wall and are probably the most complex macromolecule in nature (Voragen et 

al., 2009). They can be composed of as many as 17 different monosaccharides, containing more 

than 20 different linkages, which are believed to be covalently linked together (Ridley et al., 

2001; Cosgrove, 2005; Voragen et al., 2009). Most pectin polysaccharides are characterized by 

a backbone of galacturonic acid residues. Structures can be divided into homogalacturonan 

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

galacturonans (Figure 1.9) (Ridley et al., 2001; Voragen et al., 2009). Pectins are present in the 

primary cell wall and middle lamella, and are deposited in the early stages of growth during 

cell expansion (Voragen et al., 2009). 

Many different models of the structure of plant cell walls have been described, which 

try to integrate all compositional and structural details. However, there is no universal model 

which applies to all cell walls, but there are common principals which apply to the larger groups 

of plants. These common principals include primary cell walls comprising of cellulose bound 

to a diverse group of different hemicelluloses and pectins (Cosgrove, 2005; Tenhaken, 2015). 

A more recent model of the cell wall has suggested that cellulose, xyloglucan, and pectin all 

interact in a single network (Figure 1.10) (Zykwinska et al., 2008; Dick-Pérez et al., 2011). 

In apple, cell walls are mainly composed of cellulose, the hemicelluloses xyloglucan, 

heteroxylan and glucomannan, and the pectin polysaccharides HG, RG-I and RG-II, together 
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with some structural proteins (Cosgrove, 2001). Like other fruits, apple has a type I primary 

cell wall with xyloglucan-cellulose microfibril networks embedded in a matrix of pectin 

polysaccharides and other proteins (Carpita & Gibeaut, 1993). Apple cell walls are rich in 

pectin polysaccharides, which can contribute up to 60% of the total polysaccharide content 

(Renard et al., 1993; Schols et al., 1995; Ng, 2012). An understanding of the complexity of the 

cell wall structure is essential for gaining knowledge in the enzyme/non-enzyme driven fruit 

actions on the polysaccharide backbones and side groups during fruit softening. 

The plant cell wall structure is held together by a number of biochemical linkages 

between its components that are potential targets for action from members of several enzyme 

families (Goulao & Oliveira, 2008). During both development and ripening, structural changes 

and rearrangements of the cell wall constituents occur in pectin, hemicelluloses and possibly 

cellulose (Huber, 1983; Seymour et al., 1990; Brummell, 2006). These changes include 

solubilisation, depolymerisation and loss of side chains of some polysaccharides, and also 

rearrangements of their associations. The activity of cell wall enzymes and proteins are at least 

in part responsible for these structural changes and are from the same enzyme and protein 

families that promote growth and extension  (Fischer & Bennett, 1991; Brummell & Harpster, 

2001).  

Modification of polysaccharides may occur to different extents in different species 

(Brummell, 2006). Pectin depolymerisation is said to have occurred additionally in some 

species, whereas pectin solubilisation is a universal feature (Brummell, 2006; Goulao & 

Oliveira, 2008). In soft fruit such as tomato, significant cell wall modifications are brought 

about by both depolymerisation and solubilisation of polyuronides (Huber & O'Donoghue, 

1993; Brummell & Labavitch, 1997), and depolymerisation of hemicelluloses (Huber, 1983; 

Maclachlan & Brady, 1994; Brummell et al., 1999b). In contrast, firm crisp fruit such as apple 
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soften (to a limited extent) without extensive depolymerisation of cell wall polysaccharides 

(Yoshioka et al., 1992; Percy et al., 1997; Goulao et al., 2007). 

The changes in cell wall composition that affect cell mechanical strength and 

intercellular (cell-to-cell) adhesion are considered the most important factors in the textural 

changes that occur during ripening (Fischer & Bennett, 1991; Brummell, 2006; Bennett & 

Labavitch, 2008). The most common structural changes associated with softening are the 

swelling and loosening of cell walls and loss of intercellular adhesion, which may or may not 

be accompanied by cell wall degradation (Volz et al., 2003; Bennett & Labavitch, 2008; Billy 

et al., 2008).  

A gelatinous membrane called the middle lamella (largely composed of HG) is the 

region responsible for holding cells together. HG is composed of long chains of (1→4)α-D-

galacturonic acid residues, and is initially highly methyl-esterified (Brummell & Harpster, 

2001). In tomato, methyl-esterified pectins become increasingly de-esterified in the middle 

lamella at the mature green stage and during ripening (Roy et al., 1992; Blumer et al., 2000), 

allowing the formation of calcium-pectate cross-links. It is believed that during ripening 

regions of un-esterified galacturonic acid residues provide the main bonding between adjacent 

cells through calcium cross-links (Knox et al., 1990; Thompson et al., 1999). Changes in the 

cell wall structure during ripening are associated with the dissolution of this pectin-rich middle 

lamella between cells, together with the weakening of the primary cell wall (Crookes & 

Grierson, 1983). 

Common cell wall modifications that accompany ripening in almost all fruit species 

include the solubilisation of HG and the loss of neutral sugars from side-chains from RG-I 

(Gross & Sams, 1984). The mechanism behind the solubilisation of HG is unknown, but is 

suggested to be due to the loss of a cohesive pectin matrix, involving un-cross-linking between 
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pectin molecules by breakage of ester bonds and possibly loss of galactosyl-rich side-chains of 

rhamnogalacturonans (Seymour et al., 1990; Redgwell et al., 1992). These changes combined 

with HG depolymerisation cause the dissolution of the pectin-rich middle lamella and increase 

hydration of the cell wall as ripening progresses (Goulao & Oliveira, 2008). The weakened 

middle lamella allows cells to be more readily separated from each other, thus affecting the 

final texture of the ripe fruit (Volz et al., 2003).  

In non-woody plant tissues, turgor pressure gives the plant mechanical rigidity and is 

the driving force for growth. However, large forces are also generated and may drive cell 

separation. Tensile strength is the force that pulls tissue apart and is dependent on cell adhesion 

and overall strength of the cell wall (De Belie et al., 2000; Ng et al., 2013).  The strength of 

cell adhesion is dependent on the strength of reinforcing zones of maximum stress points where 

adjacent cells meet (Jarvis et al., 2003). The slow softening apple cultivar ‘Scifresh’ maintains 

strong cell adhesion and it was found that calcium binding sites were present in the corners of 

tricellular junctions, whereas these sites were undetectable in the fast softening ‘Royal Gala’ 

line (Ng et al., 2013).  

The interconnections between adjacent cells in the tissue microstructure affect the 

fracture path across tissues and contribute to the mode of tissue failure (Ng et al., 2013). In 

apple there are three types of tissue failure observed: cell rupture where small portions of the 

cell wall pull away, distortions of the cell wall which cause the cell to collapse and intercellular 

separation with minimal damage, and the fracturing of cells so they break apart often more or 

less equatorially (Harker & Hallett, 1992; Harker et al., 1997a; Harker et al., 1997b). A major 

contribution to the perceived juiciness of ripe apple cultivars is the mode of cell rupture, which 

requires strong intercellular adhesion to ensure rupture of the primary cell walls and release of 

the cell contents when biting and chewing (Allan-Wojtas et al., 2003). Soft and drier 

perceptions of ripe apples have been associated with less cell-to-cell contact and more 
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intercellular airspaces, resulting in cell separation rather than cell breakage (Allan-Wojtas et 

al., 2003). 

There has been an association observed between cell size and fruit texture, as larger 

sizes and more densely packed tissue have been correlated with increased sensory juiciness 

(Allan-Wojtas et al., 2003). Apple cultivars with larger cells were generally found to ripen 

more slowly, which may result from a lower respiratory rate compared with higher respiration 

rates observed in smaller cells (Smith, 1940; Nelmes & Preston, 1968). It has also been found 

that apples that contain more angular cells are firmer, since hexagonal shaped cells with a high 

number of facets have larger areas for cell adherence than spherical-shaped cells (Vincent, 

1989; McAtee et al., 2009).  

1.5.2. Enzymes involved in cell wall modification 

Changes in the cell wall structural network involve the concerted and synergistic action of 

several different enzymatic activities to regulate ordered cell wall modification. This may 

involve one family of cell wall-modifying enzymes mediating the activity of another (Rose & 

Bennett, 1999). During ripening, a large number of enzymes that have the ability to modify 

matrix polysaccharides are produced and secreted into the cell wall space. These enzymes can 

be classified as either pectolytic or non-pectolytic, depending on the specific class of 

polysaccharides they use as a substrate (Goulao & Oliveira, 2008). The pectolytic enzymes are 

able to cleave or modify the nature of the polysaccharide backbone or remove neutral sugars 

from branched side chains of pectins, and examples include: endo- and exo-PG, pectate lyases, 

pectin methylesterase (PME), pectin acetylesterases, β-D-galactosidases, and α-L-

arabinofuroanosidases. Non-pectolytic enzymes are responsible for modifying the 

hemicelluloses, and examples include: endo-1,4-β-glucanases, endo-1,4-β-xylanases, 

xyloglucan endotransglycosylase/hydrolases and expansins (Brummell & Harpster, 2001). The 
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coordinated action of these enzymes accomplish the degradation of a range of polysaccharides 

that alter the physical properties of the cell wall, which include changing the viscosity of the 

matrix and altering the bonding patterns between pectin, hemicelluloses and cellulose (Fischer 

& Bennett, 1991).   

The role of PG has drawn large attention due to the significance of the enzyme in tomato 

fruit. Massive increases in PG mRNA (ca. 200-fold) are associated with tomato ripening and 

softening (Brady et al., 1982; Grierson & Tucker, 1983; DellaPenna et al., 1986; Campbell et 

al., 1990).  However, antisense suppression of tomato PG resulted in only a small decrease in 

softening (Smith et al., 1990; Kramer et al., 1992), perhaps because PG silencing was 

incomplete and the remaining activity was sufficient to cause almost wild type levels of pectin 

depolymerisation (Brummell & Labavitch, 1997). These results have been extrapolated to other 

species and widely interpreted, perhaps wrongly, to suggest that PG action and pectin 

depolymerisation play no role in fruit softening. This was made clear when suppression of PG 

in strawberry substantially reduced fruit softening during ripening (Quesada et al., 2009). 

Additionally, among different species PG abundance differs markedly, with some species such 

as apples apparently lacking detectable endo-PG activity (Siddiqui et al., 1996). However, if a 

protein extract is partially purified then endo-PG activity can be detected (Wu et al., 1993).   
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Figure 1.11. Intercellular adhesion in cortex tissue of ‘Royal Gala’ (RG) control (A, C) and transgenic 
PG1as-41 (B, D) fruit. Toluidine blue-stained sections of cell wall boundaries at harvest (A, B); and after 
ripening stored for 16 weeks at 5°C (C, D). Arrows indicate materials filling the space where the cell 
join (A, B, D). In (C) solid arrow head indicates remnants of cell wall material in intercellular space. In 
(C) open arrow head indicates a region where material has lost between adjacent cells. Bar = 10 µm. 
Figure taken from (Atkinson et al., 2012). 

 

Because of the low abundance of PG protein in apple, approaches using transgenic 

apples are more favourable to investigate the role of the enzyme (Atkinson et al., 2002; 

Atkinson et al., 2012). The ripening-related gene MdPG1 in ‘Royal Gala’ is induced during 

cold storage (Tacken et al., 2010). Down-regulation of this gene caused an increase in cell 

adhesion and firmer fruit (Figure 1.11), whereas over-expression led to an increase in 

intercellular separation in leaves (Atkinson et al., 2002; Atkinson et al., 2012). Ripening-related 

PG1 protein is immunodetectable at greater abundance in fast softening ‘Royal Gala’ compared 

to that of slow softening ‘Scifresh’, indicating that PG expression is cultivar dependent and is 

heavily involved in apple fruit texture (Wakasa et al., 2006; Wei et al., 2010; Longhi et al., 

2013; Ng et al., 2013). It is known that PG influences the solubilisation of pectin since 

‘Scifresh’ and antisense-PG ‘Royal Gala’ apples produce higher yields of CDTA-soluble pectin 
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and less water-soluble pectin than wild type ‘Royal Gala’ (Atkinson et al., 2012; Ng et al., 

2013).  

In addition to PG, pectate lyase (PL) also brings about the cleavage of HG but through 

a lyase reaction rather than by hydrolysis. PL has been described in fruit from several species, 

with both activity and expression increasing during ripening (Medina-Escobar et al., 1997; 

Benítez‐Burraco et al., 2003; Marin-Rodriguez et al., 2003). Antisense suppression of PL in 

strawberry reduced fruit softening during the ripening process (Jiménez-Bermúdez et al., 

2002). Recently, antisense suppression of PL in tomato found that reducing PL activity had a 

large effect on pectin depolymerisation and softening in this species (Uluisik et al., 2016), 

larger than the suppression of PG, although it remains to be seen if this is the case in other fruit. 

PG-mediated pectin depolymerisation has a requirement for the pectin to have been de-

methylesterified by pectin methylesterase (PME) (Brummell & Harpster, 2001). The activity 

of PG is thus known to be limited by PME, and unlike PG, which is synthesized during 

ripening, PME synthesis occurs during fruit development (Tucker & Grierson, 1982; Fischer 

& Bennett, 1991; Harriman et al., 1991). PME activity was also higher in ‘Royal Gala’ fruitlet 

than in ‘Scifresh’, indicating that it could result in the increased generation of non-esterified 

HG, thus creating higher PG substrate and setting the basis for pectin depolymerisation and 

faster softening (Ng et al., 2013). The softening rate in antisense PG ‘Royal Gala’ apples 

decreased compared with wild-type, although they still softened at a faster rate than ‘Scifresh’, 

indicating that other additional factors are involved in apple softening (Atkinson et al., 2012; 

Ng et al., 2013). 

The properties of cell wall pectin have been reported to be determined by the pattern of 

methylester group distribution within the cell wall (Willats et al., 2001; Ralet et al., 2008). 

Demethylesterification of cell wall polygalacturonans by PME is known to affect the pH of the 
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apoplast, alter cell wall hydrolase activity, and modify pectin network rigidity by removing 

methylester side groups and creating negative charges (Grignon & Sentenac, 1991; Cameron 

et al., 2011). PME is found in most plant tissue and exists in various isoforms, however it is 

particularly associated with maturing cell walls, abscission zones, and ripening fruit (Rexova-

Benkova & Markovic, 1976; Huber, 1983; Northcote, 1986).  

Tomatoes with antisense PME suppression showed that PME had a marked influence 

on fruit pectin metabolism as pectin fragments extracted from cell walls show decreased pectin 

degradation and increased methylesterification (Tieman et al., 1992; Gaffe et al., 1994). The 

role of PME in fruit softening has been questioned in the past since antisense PME tomato fruit 

softened normally until the over-ripe stage (Tieman & Handa, 1994), and the non-softening 

tomato mutants nor (non-ripening) and Nr (never-ripe) display similar PME activity to 

normally ripening genotypes (Harriman et al., 1991). However, suppression of a different PME 

isoform actually increased softening rate (Phan et al., 2007), presumably because this prevented 

the formation of calcium-linked junction zones between adjacent HG molecules. Similarly ripe 

fruit of the tomato mutant Cnr (colourless non-ripening), which has a non-ripening phenotype 

with firm fruit, lacks long blocks of un-methylesterified HG in the middle lamella and so also 

lacks the calcium-linked junction zones and has reduced cell-to-cell adhesion (Orfila et al., 

2002). In apple fruit, PME activity increases during growth and decreases during ripening-

related softening, although the role of PME in softening is still unclear (Yoshioka et al., 1992). 

The β-galactosidases (BGAL) are characterized by their ability to hydrolyse terminal, 

non-reducing β-D-galactosyl residues from β-D-galactosides (Smith & Gross, 2000). Most of 

the galactose in the cell wall is present as (1→4) β-D-galactan side chains of RG-I. Studies 

have shown a significant net loss of galactosyl residues from the cell wall of tomatoes 

throughout fruit development, with the rate of loss of galactosyl residues increasing during 

ripening (Smith & Gross, 2000). Three BGAL isoforms from ripening tomato fruits were 
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identified and at least seven BGAL genes were expressed during fruit development, and six 

during ripening (Pressey, 1983; Smith & Gross, 2000). The accumulation of BGAL1, 2, 3, and 

5 was observed in tomato mutants rin (ripening inhibitor), nor (non-ripening), and Nr (never 

ripe) in a chronological pattern similar to that of wild-type (Smith & Gross, 2000). These are 

therefore unlikely to be solely responsible for cell wall modifications resulting in fruit softening 

at ripening (Smith & Gross, 2000).  

There is evidence that particular BGAL isoforms have defined roles in cell wall 

modifications leading to fruit softening. When BGAL4 was reduced by antisense suppression 

there was reduced enzyme activity, changes in cell wall composition and a decrease in the rate 

of fruit deterioration (Smith et al., 2002). The transcript accumulation of BGAL4 was 

significantly impaired in rin and nor mutants relative to wild-type, also suggesting a role in 

fruit softening (Smith et al., 2002). The isoform BGAL6 is highly abundant during the early 

stages of tomato fruit development, in the most rapid period of fruit expansion. When BGAL6 

was suppressed it resulted in fruit cracking, reduced locular space and cuticle thickness 

doubling (Moctezuma et al., 2003). In the slow softening apple cultivar ‘Scifresh’, a lower 

BGAL activity was observed compared to the ‘Royal Gala’ control throughout development 

and correlated to higher cell wall galactose residue content and better structural integrity (Ng 

et al., 2015). High galactan content in the cell wall has been associated with decreased cell wall 

porosity (Smith et al., 2002), which may restrict access of other cell wall-modifying enzymes 

to their substrates.  

Independent of pectin-related changes, xyloglucan endotransglycosylase/hydrolase 

(XTH) enzymes play important roles in the development of apple fruit (Galvez-Lopez et al., 

2011). XTH gene expression in apple was found to increase after ethylene induction, which is 

consistent with a the role of XTH in xyloglucan modification during apple fruit softening 

(Muñoz-Bertomeu et al., 2013). The role of XET enzymes in fruit softening, however, remains 
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unclear since the overexpression of XET in tomato resulted in firmer fruit suggesting the action 

of XET is actually to strengthen the wall while it is being weakened in other ways during 

ripening (Miedes et al., 2010). 

Expansins (EXPA) are a class of protein that cause cell wall loosening integral to plant 

cell expansion (McQueen-Mason & Cosgrove, 1995). They are a large family of cell wall 

loosening proteins that do not hydrolyze cell wall polymers but rather induce stress relaxation 

and irreversible extension of the cell wall in a pH-dependent manner (Cosgrove, 2005). 

Expansins act by reversibly cutting, pasting and breaking hydrogen bonds between xyloglucan 

and cellulose, thereby loosening constraints that allow turgor driven cell expansion (Wakasa et 

al., 2003; Cosgrove, 2015). Expansin proteins were thought to be involved in fruit softening 

after the identification of a fruit specific and ripening-related expansin gene (Rose et al., 1997).  

Several expansin isoforms display characteristic expression patterns during tomato 

growth and ripening but only LeEXPA1 is fruit specific and ripening related (Rose et al., 1997; 

Brummell et al., 1999b). When LeEXPA1 was overexpressed in tomato fruits it resulted in more 

rapidly softening fruit, particularly at the early ripening stages (Brummell et al., 1999a; 

Brummell et al., 2002). Conversely, when LeEXPA1 was suppressed in tomato fruit softening 

occurred at a lower rate than wild-type controls, particularly at the late ripening stage 

(Brummell et al., 1999a; Brummell et al., 2002). In fruit with suppressed accumulation of 

EXPA1 protein the depolymerisation of polyuronides was substantially arrested later in 

ripening, due to reduced pectin breakdown (Brummell et al., 1999a). It has thus been suggested 

that an interrelationship exists between expansin and PG, as the action of expansins may 

promote the access of PG to substrate via increased wall loosening (Brummell et al., 1999a). 

To date there have been eight expansin genes identified in apple (Wakasa et al., 2003; Costa et 

al., 2008; Trujillo et al., 2012). These genes are expressed at various stages during apple 
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ontogeny, with expansin gene MdEXPA3 increasing in expression at ripening (Wakasa et al., 

2003).   

Overall, the gene manipulation of candidate enzymes from cell wall enzyme families 

indicates that no single cell wall enzyme appears to be sufficient or integral to the textural 

changes that occur in a ripening fruit. This also suggests cooperative action between various 

enzymes in order to achieve the various textures characteristic of fruit of different species. The 

action of specific cell wall-modifying proteins may be necessary for subsequent degradation 

by other enzymes, or generate oligogalacturonides/oligosaccharides that induce cell signalling 

pathways (John et al., 1997; Moscatiello et al., 2006). The presence of several isoforms of an 

enzyme family shows that a subtle balance of expression at different times and possibly in 

different cell types should be considered. Because the majority of these studies are 

investigating firmness and not the metabolism of the cell wall, the absence of an easy to 

measure fruit phenotype may not clearly indicate that the studied enzyme is unrelated to 

softening as there may be subtle changes to the metabolism of the cell wall. 

1.5.3. Cell wall polysaccharide biosynthesis 

Three polysaccharide classes make up the main structural elements of cell wall: cellulose, 

hemicellulose and pectin. Cellulose is synthesized by large plasma membrane-bound cellulose-

synthesizing complexes consisting of several different CESA proteins. These proteins, which 

synthesize the glucan chains of which cellulose is composed, are encoded by cellulose synthase 

(CESA) genes. Cellulose microfibrils self-assemble by spontaneous ‘bundling’ and 

crystallization of 18-24 (1→4)-linked β-ᴅ-glucan chains, each of which is made by a CESA 

protein (Cosgrove, 2005). It is likely that hemicelluloses such as xyloglucan become trapped 

in the outer regions of microfibrils during their formation, resulting in disordered regions. 

Cellulose microfibril biosynthesis is thought to limit cell elongation, which was shown in 
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cellulose deficient Arabidopsis mutants that had defects in cytokinesis and cell elongation, with 

radial swelling in roots and hypocotyls (Lane et al., 2001; Williamson et al., 2001; Cosgrove, 

2005). 

Cellulose microfibrils are embedded in an amorphous matrix consisting of 

hemicelluloses and pectins, together with smaller amounts of structural glycoproteins. 

Hemicellulose and pectin polysaccharides are synthesized in the Golgi apparatus and packaged 

into vesicles which fuse with the plasma membrane and deliver the cargo to the wall (Cosgrove, 

2005). These matrix polysaccharides become integrated into the cell wall network by physical 

interaction, enzymatic ligations and crosslinking reactions (Cosgrove, 2005). Matrix 

polysaccharides can be secreted some distance into the wall, aided by turgor pressure that 

stretches the cell wall, increases porosity and provides an energy gradient for driving polymers 

into the wall (Ray, 1967; Cosgrove, 2005).  

Xyloglucans have been predicted to play a central role in the primary cell wall during 

growth where they are thought to interact with cellulose to form the load-bearing structure of 

the primary cell wall. Biosynthesis of xyloglucan requires the activities of several 

xylosyltransferases that add the xylosyl substitution to the glucan backbone (Cavalier et al., 

2008). Analyses have shown that Arabidopsis xyloglucan xylosyltransferase genes XXT1 and 

XXT2 encode enzymes capable of transferring xylosyl residues from UDP-xylose to an array 

of acceptor substrates to form nascent xyloglucan oligosaccharides (Faik et al., 2002; Cavalier 

& Keegstra, 2006; Cavalier et al., 2008). The double mutant xxt1 xxt2 was observed to be 

lacking in detectable xyloglucan, which indicated the requirement of XXT1 and XXT2 for 

xyloglucan biosynthesis (Cavalier et al., 2008). However, the mutant plants exhibited little 

difference in phenotype compared with wild-type, suggesting that the role of xyloglucan in 

wall structure and loosening is not essential and can be replaced by other polymers that may 

interact with cellulose. 
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Changes to the fine structure of hemicellulose and related gene expression have been 

revealed in apple fruit during early development (Dheilly et al., 2016). The CESA family of 

genes belong to a larger superfamily called CELLULOSE SYNTHASE-LIKE (CSL).  CSL 

includes eight other gene families, named CSLA, CSLB and so on, up to CSLH (Cosgrove, 

2005). CSL proteins are considered good candidates for synthases involved in the formation of 

the β-D-glycan backbone of hemicelluloses such as xyloglucan, xylan, mannan and other β-D-

glycans in the cell wall (Cosgrove, 2005). The CELLULOSE SYNTHASE LIKE-A (CSLA) 

genes encode β-mannan synthases which synthesize the mannan backbone of certain 

hemicelluloses (Cosgrove, 2005). Strong correlations were observed between the expression 

profiles of CSLA, glycoside hydrolase family 9 (glucanases), and galactoglucomannan 

oligosaccharide content (Dheilly et al., 2016). Galactoglucomannan is a minor component of 

apple hemicellulose and its function in the primary cell wall is unclear, although the interaction 

it has with cellulose make it a candidate for controlling the aggregation of microfibrils (Melton 

et al., 2009; Park & Cosgrove, 2015). 

Pectin is most abundant in the primary cell walls of expanding cells and comes in a 

number of different forms. Many enzymes are required to synthesize pectin, but few have so 

far been identified (Liwanag et al., 2012). Homogalacturonans (HG) are the most abundant 

pectin polysaccharide, being a linear homopolymer of α-(1→4)-linked galacturonic acid 

residues synthesized in the Golgi apparatus by galacturonosyltransferases (GAUTs) (Sénéchal 

et al., 2014). GAUTs catalyze the transfer of galacturonic acid residues from UDP-galacturonic 

acid onto HG acceptors (Doong & Mohnen, 1998). Through protein immunoprecipitation it 

was found that GAUT1 and GAUT7 function in a protein complex to provide the catalytic core 

for HG biosynthesis (Atmodjo et al., 2011). Galacturonosyltransferase-like proteins (GATL) 

share 23-29% identity to GAUT1, and together with GAUT1 form the GAUT1-related 

superfamily (Atmodjo et al., 2013). GAUT and GATL Arabidopsis mutants were shown to 



Chapter 1: General Introduction 

 
54 

have significantly reduced wall galacturonic acid content (Caffall et al., 2009; Kong et al., 

2011; Atmodjo et al., 2013). GAUT and GATL genes are expressed transcriptionally in all 

major tissues of Arabidopsis, with the exceptions of GAUT2 (a non-functional truncated 

homolog) and GAUT4 (with expression restricted to pollen grains) (Kong et al., 2011; Atmodjo 

et al., 2013). 

Rhamnogalacturonan-I (RG-I) is the other major component of the pectin 

polysaccharide matrix. RG-I has a backbone of alternating GalA and Rha residues, decorated 

with large side chains of galactan and arabinan. Biosynthesis of the arabinan side chains uses 

as a precursor ʟ-arabinose which is found predominantly in the furanose form, as UDP-

arabinofuranose (UDP-Araf), rather than in the thermodynamically more stable pyranose form, 

UDP-arabinopyranose (UDP-Arap) (Sumiyoshi et al., 2014). UDP-arabinopyranose mutases 

(UAMs) interconvert the forms of ʟ-arabinose and are involved in the biosynthesis of 

arabinofuranosyl (Araf) residues (Konishi et al., 2006). Expression of UAM3 in rice displayed 

a role in reproductive developmental processes and involvement in the biosynthesis of the 

pollen cell wall (Sumiyoshi et al., 2014). The other domain of pectin is RG-II, a minor but 

important component which has a backbone like HG and four different side chains consisting 

of numerous sugars. 

1.5.4. Cell wall polysaccharide degradation and modification 

Ripening-related softening of fruit has been directly linked to enzyme-mediated cell wall 

modification that includes disassembly of the middle lamella and the primary walls (Brummell, 

2006; Goulao & Oliveira, 2008), and to changes in water status and turgor that are partly related 

to cuticle composition and integrity (see Section 5.1). Various cell wall modifying enzymes 

cause pectin polymers to undergo extensive structural modifications, and during fruit ripening, 
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softening is largely accounted for by the loss in cohesion of the pectin network (Wang et al., 

2018). 

1.5.4.1. Pectin-modifying enzymes 

The concerted actions of polygalacturonase (PG) and pectin methylesterase (PME) are thought 

be responsible for the depolymerisation of the HG backbone (Fischer & Bennett, 1991). PG 

catalyzes the hydrolytic cleavage of α-(1→4)-galacturonan linkages, while PME catalyzes the 

demethylation of pectin which determines the accessibility of pectin to PG action, since PG 

can act only on demethylated pectin (Fischer & Bennett, 1991). In apple, activities of PG 

(although in this case exo-PG) and PME have been shown to increase during ripening 

(Gwanpua et al., 2014). PME expression levels and patterns may vary among apple cultivars 

and may play different roles. In ‘Royal Gala’ apples, the same variety used in this study, PME 

transcript abundance increased at maturity although at a relatively low level (Qi et al., 2017).  

POLYGALACTURONASE-1 (PG1) is an apple endo-PG whose transcript abundance increases 

during ripening-related fruit softening, beginning to increase at the physiological maturity stage 

(Atkinson et al., 1998; Qi et al., 2017). PG1 has been mapped to a dominant QTL for softening 

(Costa et al., 2010b) and suppression of PG1 resulted in firmer fruit than controls (Atkinson et 

al., 2012). However, PG1-suppressed apples still undergo a significant degree of softening, 

affirming the importance of other cell-wall modifying genes and aligning to tomato studies 

where firmness was affected only after the additional suppression of expansin (Powell et al., 

2003) .   

Pectate lyases (PL) also cleave de-esterified pectin by hydrolyzing α-(1→4)-

galacturonan linkages (Marín‐Rodríguez et al., 2002). PL requires the presence of calcium ions 

and generates oligosaccharides with unsaturated galacturonosyl residues at their non-reducing 
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ends. PL activity was correlated positively with firmness loss in ‘Golden Reinders’ apple fruit 

after storage (Ortiz et al., 2011).  

Acetyl-esterification is a common feature of apple pectin, and is controlled by pectin 

acetylesterases (PA), which cleave the ester bond between a glycosyl carbon and an acetyl 

group (Schols & Voragen, 1996; Segonne et al., 2014). PA was shown to be significantly less 

expressed in non-mealy apples compared to mealy apples (Segonne et al., 2014). PA may play 

a role in regulating PME activities and targeting localized demethylesterification of pectins 

(Segonne et al., 2014). A significant decrease in global cell wall acetyl esterification was 

observed between 110 DAFB and 2 months of postharvest cold storage  (Dheilly et al., 2016). 

One of the main changes in pectin composition that was associated with the loss of 

firmness during ripening was the loss of side chain neutral sugars (Gwanpua et al., 2014; Ng 

et al., 2015). β-Galactosidase (BGAL) and α-ʟ-arabinofuranosidase (AF) degrade the galactan 

and arabinan side chains of RG-I (Goulao et al., 2007; Wei et al., 2010). BGAL and AF activity 

has been correlated positively with firmness loss in ‘Golden Reinders’ apple fruit after storage 

(Ortiz et al., 2011). High expression of BGAL1 in ‘’Granny Smith’ apples during ripening was 

originally reported by (Ross et al., 1994). Subsequently, a second BGAL (BGAL101) was 

identified, homologous to BGAL1 and more highly expressed in ‘Royal Gala’ apple fruit 

(Newcomb et al., 2006). Expression of BGAL1, BGAL101 (termed BGAL2 by Newcomb et al. 

(2006)) and AF2 was upregulated in ‘Jonagold’ and Granny Smith’ apples during ripening, and 

correlation with softening and ethylene production was observed (Gwanpua et al., 2016).   

1.5.4.2. Hemicellulose-modifying enzymes 

Changes to polysaccharide structure and interactions also occur in the non-pectin polymers. 

Expansins are involved in remodeling the interactions between the cellulose and xyloglucan 

network by breaking hydrogen bonds. This causes the loosening of xyloglucan-cellulose 
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interactions during cell expansion (McQueen-Mason et al., 1992; Cosgrove, 2015). Different 

expression patterns between expansin family members have been observed during ripening 

among different apple cultivars (Goulao et al., 2008), with no clear correlations between 

expression and softening. Expression of EXPANSIN (EXPA) genes EXPA2 and EXPA5 was 

initiated when cell enlargement had started after the cell proliferation stage, with EXPA5 being 

limited to the early rapid growth period (Wakasa et al., 2003). EXPA1 and EXPA5 were 

expressed at very low levels or not at all at harvest and after cold storage (Trujillo et al., 2012). 

EXPA2 has been identified as a ripening-related gene because of increased expression during 

the early ripening stage and after incubation of harvested fruit at 24°C for 6 days (Wakasa et 

al., 2003). However, in a study of 14 apple cultivars there was no clear relationship between 

EXPA2 transcript levels and loss of firmness of fruit kept at room temperature (Wakasa et al., 

2006). The EXPA8 gene was expressed at very low levels at harvest and after cold storage. In 

fresh fruit, EXPA2 and EXPA3 were the predominant expansin transcripts, but EXPA2 was the 

only transcript that accumulated in stored fruit since EXPA3 was down-regulated during 

ripening (Trujillo et al., 2012).  

Overall, hemicellulose composition in apple was not significantly affected during fruit 

development and ripening. However, changes to structure and molecular interactions with 

cellulose have been observed, presumably due in part to the activities of xyloglucan 

endotransglycosylase/hydrolases (XTH) (Atkinson et al., 2009) and expansins (Trujillo et al., 

2012). Relaxation of the xyloglucan-cellulose network, possibly accomplished by the action of 

expansins, may be necessary for the depolymerisation of matrix glycan polysaccharides 

including xyloglucan (Brummell, 2006).  

Glycosyl hydrolase family 9 (GH9) comprises endoglucanase (EC 3.2.1.4) enzymes 

that cleave β-(1→4)-D-glucosidic linkages. Strong correlations have been observed between 

the fine structural evolutions of galactoglucomannan and the gene expression of GH9 
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endoglucanases, mannan synthase and β-galactosidase (Dheilly et al., 2016). In addition to 

GH9 and XTH endoglucanases, several other enzymes that modify xyloglucan in the cell wall 

have been detected, one of which is an α-fucosidase (FXG) which removes the terminal α-ʟ-

fucosyl residue from the xyloglucan side chain (Fry, 1995; de la Torre et al., 2002). In apple, 

an FXG gene MDP0000543167 was shown to be highly expressed in mature fruit development. 

 XTHs are thought to participate in a wide range of physiological processes which 

include the degradation of xyloglucan in seed reserves during germination, loosening and 

rejoining of xyloglucan tethers that cross-link cellulose microfibrils in the primary cell wall 

and integrating newly synthesized xyloglucans into the cell wall (Rose et al., 2002). XTH 

enzymes have been thought to play a significant role in fruit ripening, since they modify 

xyloglucan and could loosen the cell wall in preparation for further modification by other cell 

wall enzymes (Rose et al., 2002). In apple, XTH10 was highly expressed in ripe fruit, whereas 

XTH4 had low but detectable expression (Atkinson et al., 2009). mRNA accumulation of XTH1 

reached maximum at harvest and was nearly constitutive during the whole fruit developmental 

phases (Goulao et al., 2008). XTH members that have been  found to be differentially expressed 

between developmental stages in apple include XTH4 which was down regulated during 

ripening, and XTH1 which was significantly upregulated (Qi et al., 2017). However, transgenic 

work in tomato has suggested that XET activity might actually strengthen the wall during fruit 

softening, counterbalancing the disassembly and weakening caused by the activity of other 

enzymes (Miedes et al., 2010). 

 

1.5.4.3. Regulation of genes encoding cell wall-modifying enzymes 

Several studies have shown that autocatalytic ethylene can regulate the temporal expression of 

cell wall-modifying genes during ripening (Brummell & Harpster, 2001; Trainotti et al., 2003; 

Ireland et al., 2014). This was due to the different sensitivities and dependencies each gene has 
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to ethylene, resulting in differential transcriptional regulation. Over ripening, cell wall-

modifying genes that were expressed earlier were switched off by ethylene and genes expressed 

later were positively regulated by autocatalytic ethylene. When coupled to different 

dependencies and sensitivities to ethylene, a differential temporal transcriptional response of 

appropriate magnitude was seen for each gene. PG1 in particular may be subject to additional 

controls over gene regulation, since the temporal progression of PG1 transcription is highly 

depended on ethylene, with increasing concentrations of ethylene inducing earlier expression 

(Ireland et al., 2014). BGAL101 and AF1 expression can be enhanced by treatments with 

increasing concentrations of ethylene, although they have a moderate ethylene dependency. 

Temporal response experiments found that BGAL101 and AF1 expressed before more highly 

dependent genes, like PG1 (Ireland et al., 2014). This can be shown in a model describing the 

relationship between ethylene levels over ripening and the transcriptional regulation of 

softening genes (Figure 1.12).  

 

Figure 1.12. A relationship model between ethylene levels over ripening and the transcriptional 
regulation of softening genes. Cell wall-modifying gene expression is regulated by ethylene expression 
and coincides with the non-linear progression of apple fruit softening. Figure from (Ireland et al., 
2014).  
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Early and rapid fruit softening was also found to be more associated with EXPA genes when 

expression patterns were aligned to the softening curve (Figure 1.12) (Johnston et al., 2001; 

Ireland et al., 2014). Expansins seem to have a role in early ripening with some expression 

occurring independently of ethylene. In particular EXPA3/5 may play a part in the ethylene 

independent drop in firmness. (Figure 1.12). The model of ethylene-regulated transcription of 

cell wall-modifying genes can be aligned to the model for the progression of cell wall 

disassembly, consisting of solubilisation, loss of side chains, then depolymerisation 

(Brummell, 2006; Schroder & Atkinson, 2006). These changes are probably performed though 

the sequential and combined actions of expansins, side chain hydrolases BGAL101 and 

AFase1, and finally endo-acting PG1.  

1.6. Cell-specific gene expression in fruit 

1.6.1. Spatiotemporal gene expression 

There is considerable variation in gene expression among the numerous different cell types in 

a plant organ at a given time (Brady et al., 2007). Transcriptional states of specific cell types 

and developmental stages can provide a better understanding of the spatial and temporal control 

an organism’s transcriptional activity. (Brady et al., 2007). The molecular mechanisms that 

regulate temporal and spatial specific processes like cell division and cell differentiation in 

plant are not well understood (Gillaspy et al., 1993). Therefore, identifying variable gene 

expression among cells could reveal information on many important biomechanical processes 

that occur during different stages of development and their roles in development of the fruit as 

a whole.  

In studies that have sampled entire plant organs their sample tissues may include 

numerous different cell types therefore diluting data. An increasing number of studies have 

taken into account the spatial differences in gene expression. In a study investigating funiculus 
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tissue of Brassica napus (canola), Laser Capture Microdissection (LCM) was used to separate 

epidermis, cortex, and vasculature tissue, and when compared to an analysis of the whole organ 

the authors found an additional 7761 genes to be expressed in the separated tissues (Chan et 

al., 2016). LCM is a high-resolution method which allows for the targeted capture of individual 

cells that would otherwise be difficult to access through conventional dissection techniques. 

Specific cell types can be isolated by cutting them away from unwanted cells to obtain enriched 

cell populations. These enriched cell populations can be used to generate cDNA libraries for 

gene expression analysis. A more cell-specific sampling comparison provides a more 

comprehensive analysis both of gene regulation between cell types during development 

(Janssen et al., 2008), and cell type-specific metabolite profiles (Rogers et al., 2012). When 

spatial variation among cell types is ignored the gene expression data produced is obscured by 

non-target tissue and fails to produce significant details on regulatory processes.  

Studies that have sampled specific cell types in rice and Arabidopsis have observed 

patterns of significant differential expression between cell types, and there has also been 

significant variation in datasets with developmental stage and environment (Brady et al., 2007; 

Nobuta et al., 2007).  In apple fruit, a global gene expression analysis revealed that there are 

many coordinated levels of expression between different cell types and changes in expression 

levels throughout development (Janssen et al., 2008). Developmental events in fruit such as 

ripening are genetically programmed and involve the regulated expression of specific genes 

within specific cell types, though it is unclear if ripening changes affect all cell types equally 

(Lelièvre et al., 1997). 

1.6.2. Comparison of methods for cell-type specific expression analysis 

Investigating differential expression among cell types requires sampling methods that can 

isolate the targeted cells. However in plant biology the majority of datasets for transcriptome 
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analysis have been obtained from the whole plant or tissue samples which contain multiple 

homogenized cell types (Hennig, 2007). Many biochemical signalling pathway studies have 

provided an understanding on fruit transcriptomes. However, an increase in the spatial 

resolution of gene expression data through cell type specific techniques can reveal hidden 

signalling pathways and the detection of novel genes that have otherwise been diluted by a 

broad data pool (Alba et al., 2004; Grimplet et al., 2005).  

It is generally difficult to isolate a pool of specific cells for study if they are not naturally 

amenable, such as pollen grains. This limitation prevents the high precision analysis of 

expressed genes of targeted cell types. A way to overcome this is by using LCM, a system that 

uses a microscopic assisted laser beam to excise targeted cells from tissue sections. LCM 

employs a UV (355 nm) laser cutting beam to cut regions of specific tissue. An LCM specific 

membrane slide is used during this cutting process, where the membrane is lifted from the slide 

along with the cut tissue to allow for the non-contact capture of targeted tissue. This method is 

a favourable option for cell isolation in plant species due to the highly regular organization of 

plant tissue and because no cell-specific markers or transgenes are needed (Meyers et al., 2004). 

When compared to hand dissection, LCM has been shown to improve accuracy of tissue 

extraction and provide higher data resolution. This was evident in a study by (Hollender et al., 

2014), where strawberry carpel tissue was extracted using both hand dissection and LCM, it 

was found that LCM samples detected about 10,000 more expressed genes than hand dissected 

samples. When coupled with microarray technology, LCM technology used in a study 

investigating the maize shoot apical meristems identified 962 maize genes that were found to 

be differentially expressed (Brooks III et al., 2009). LCM has helped promote gene discovery 

and has improved our understanding of the specialized nature between specific cell types.  

A microarray system is an effective method in identifying levels of gene expression 

from extracted mRNA. However, there are limitations to this method, which include high 
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background levels from cross-hybridization, lack of sensitivity of low expression levels, and a 

reliance on existing knowledge of sequences (Huang et al., 2011; Osaka et al., 2013). These 

limitations have been overcome by next-generation sequencing techniques such as RNA-

sequencing (RNA-seq). RNA-seq determines the RNA presence and quantity from isolated 

tissues at a given moment in time with higher sensitivity and offers possibilities in identifying 

alternative splicing and sequence variation. RNA-seq also offers important opportunities in 

whole genome sequencing and the global identification of novel genes which has not been 

readily available before (Marioni et al., 2008; Wang et al., 2009). The architecture is also open, 

meaning that previously unknown sequences are identified and measured. In a study utilizing 

RNA-seq on Brassicaceae cell types, approximately half of the genes detected by RNA-seq 

had not been previously annotated and identified by microarray (Osaka et al., 2013). It has been 

shown that LCM coupled with RNA-seq can provide effective identification of gene expression 

from various cell types, as described for tomato and citrus below (Matas et al., 2010; Matas et 

al., 2011). 

Transcriptome profiles from genome-wide expression studies can generate a network 

of information for a plant species. This network of information is called an “atlas” and it 

consists of comparative analyses of all cell types of a particular plant species and may reveal 

molecular profile patterns among anatomically similar cells which may even redefine cell types 

(Fraser & Marcotte, 2004). The development of expression profiles genome-wide has 

progressed our understanding of regulatory networks in the growth and development of plant 

species. 

1.6.3. Tomato and citrus 

Previous studies have proven the utility of LCM on tomato and citrus fruit model species and 

have elucidated the regulatory systems of epidermal cells and the cuticle (Mintz-Oron et al., 
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2008; Matas et al., 2010; Matas et al., 2011). LCM was used to isolate epidermal and 

hypodermal cells of immature, expanding Citrus clementina fruit, and subsequent 

transcriptional analysis showed considerable differences in gene expression between the cell 

types (Matas et al., 2010). A high proportion of genes were found with no known function, and 

there was evidence of cell specialization, with transcript profiles of the epidermis being 

primarily involved in cuticle biosynthesis and the sub-epidermis primarily involved in 

photosynthesis and cell wall biosynthesis (Matas et al., 2010).  

 

Figure 1.13. Tomato fruit pericarp tissue-related transcript expression profile. The Venn diagram 
displays transcript expression distribution among five different pericarp tissues. Figure taken from 
(Matas et al., 2011). 

 

The examination of tissue specific gene expression can produce tissue-related transcript 

expression profiles that display the distribution of transcripts among different tissues. A tissue-

related transcript expression profile of green tomato fruit pericarp had shown 624 genes that 

were tissue specific from 20,976 gene transcripts that were profiled (Figure 1.13). The 

remainder of the genes were distributed among different tissue combinations. The approach of 
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using LCM coupled with RNA-seq has even demonstrated its utility in discovering unidentified 

plant material. This was evident when patterns of similar gene expression between tissues in 

green unripe tomato led to the characterization of a previously unidentified cuticle on the inner 

surface of the tomato pericarp (Matas et al., 2011). 

In 2012 the full tomato genome sequence was released (Tomato Genome Consortium, 

2012), which allows many insights into the regulation of gene expression in this fruit and the 

discovery of gene homologues in other related fruit species. Genomic comparisons between 

tomato and apple have identified conservative orthologous ripening-related genes (Costa et al., 

2010a). Tomato gene homologues have been crucial in apple gene discovery, as was evident 

in the discovery of a gene involved in ethylene production (Ross et al., 1992). 

1.6.4. Apple 

So far there have been no studies on apple, or indeed on ripe fruit of any species that have 

utilized LCM methodology to investigate cell type specific gene expression during 

development and ripening. However the technique has been useful in characterizing other 

biological processes, one of which includes discovering the long distance transport of mRNA 

in apple phloem cells (Kanehira et al., 2010). The tissue of apple skin hangs together and 

therefore lends itself to be favourable for LCM technology for isolating specialized cell types, 

even when fruit are ripe or over ripe. Additionally the availability of a genome sequence for 

apple means that there are opportunities in identifying novel and homologous genes from 

isolated apple cell types (Velasco et al., 2010). 

1.7. Project aims 

Our main hypothesis is that the structural characteristics of fruit skin exert a significant 

influence on overall fruit quality and determine its biomechanical properties. Finding key genes 

and molecular pathways through gene expression in skin-specific cells can provide an 
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understanding of the influence the skin has on the fruit. Characteristics of the fruit skin such as 

expansion, flexibility, and permeability will also be investigated and differences will be 

identified between changes in the skin and the inner cortical cells during development. This 

will be achieved by examining spatial and temporal differences of gene expression in skin cell  

layers relative to the underlying flesh tissues during development and ripening. The use of 

LCM in this study to capture specific cell types for RNA-seq analysis will be a powerful tool 

in obtaining these cell specific differences in gene expression of apple skin.  

The key objectives of this study are:  

• To harvest ‘Royal Gala’ apple skin tissue at three determined stages of fruit 

development (expansion, mature, and ripe).  

• Isolate three specific cell types (epidermis, hypodermis, and cortex) using LCM.  

• Extract, quantify and amplify cell specific RNA using protocols specific for picogram 

quantities of RNA.  

• Obtain deep sequencing data using the Illumina RNA-Seq platform.  

• Bioinformatic analysis of the high throughput sequencing data using SAM/BAM 

alignments for mapping reads to the ‘Royal Gala’ reference genome.  

• Map the transcription expression distribution among the three different tissue types 

isolated over the three stages of development .  

• Using gene expression data investigate molecular regulation networks between the 

tissues in relation to the whole fruit from these data sets, therefore, interrelationships 

among different cell types and their contribution to fruit quality can be uncovered.  

• Generate a library gene expression data  specific to apple skin cells that can be a useful 

resource for other research programs with related aims. 
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The knowledge gained from this research will increase understanding of how the 

biomechanical properties of the epidermal and hypodermal cells in fruit skin are molecularly 

controlled via regulation of cell wall metabolism. Thus, defining the biomechanical properties 

of the fruit skin can improve our understanding of fruit development. This could potentially 

allow for the regulation of fruit size, extending long-term storage, and accommodating 

consumer preferences. 
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Chapter 2  

Materials and Methods 

2.1. Fruit harvesting and tissue collection 

2.1.1. Fruit harvesting 

Apple fruit (Malus x domestica Borkh.) ‘Royal Gala’ were sampled from the Plant & Food 

Research orchard, Hawkes Bay, New Zealand during 2014 and 2015. Fruits were harvested at 

five stages of apple growth and ripening. Fruit stages were categorized based on number of 

days after full bloom (DAFB), shown in Table 2.1. At each stage, nine fruit were collected by 

taking three apples in similar canopy positions from the three trees targeted throughout this 

study. Fruit sampled at 64 DAFB, where the fruit were at the end of the cell division phase and 

at the beginning of cell expansion, were termed ‘fruitlet’. Fruit at 106 DAFB, where fruit 

expansion begins to slow down was termed ‘expansion’. At 147 DAFB, where fruit were 

equivalent to commercial harvest, the fruit were termed ‘mature’. Fruit harvested at 147 DAFB 

were then put in cool storage (0.5°C) for six weeks and sampled at the end of cool storage; this 

stage was termed ‘ripe’. Remaining fruit from cool storage were then stored at ambient room 

temperature (20-22°C) for 2 weeks, and sampled at the end of storage, these were termed ‘over 

ripe’.  

Table 2.1. Growth and developmental stages of wild-type ‘Royal Gala’. 

Stage 1 2 3 4 5 

DAFB 64 106 147 190 204 

Dates 
16 December 
2014 

27 January 
2015 

9 March 
2015 

21 April 
2015 

5 May  
2015 

Description Fruitlet Expansion 
(Early ripening) 

Mature 
(Commercial 
Harvest) 

Ripe  
(Cool Storage)  

Overripe 
(Ambient 
softening) 
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Transgenic antisense apple lines with altered expression of the cell wall hydrolase 

ENDO-POLYGALACTURONASE (PG1) (Atkinson et al., 2012) were also harvested along 

with ‘Royal Gala’ control apples (the background cultivar of the transgenic plants) for 

comparative experimentation. PG1-suppressed lines were harvested at mature, ripe and over 

ripe stages. Lines of ‘Royal Gala’ overexpressing the ripening-related PG1 gene under the 

control of the 35S promoter were generated by Ross Atkinson, and grown in a glasshouse. PG1 

overexpressing lines were harvested at 80 DAFB, during rapid expansion of the fruit. 

Transgenic plants were grown in a containment greenhouse alongside untransformed ‘Royal 

Gala’ control plants. Plants were grown under natural daylight and temperature conditions in 

50 L planter pots. The tissue collection protocol of transgenic apples was carried out along with 

wild type control lines, and each stage of sampling was identical to apples collected at the 

Hawkes Bay orchard. 

2.1.2. Tissue collection 

Physiological assessments were made of the nine fruits collected at each stage. These 

measurements included: diameter, weight, soluble solids, and firmness. Weight and diameter 

measurements were taken at fruit collection and prior to skin peel extraction. Soluble solids 

and firmness measurements were made after skin peel samples was taken. Flesh firmness of 

the fruit was measured after removal of a 1 cm2 area of the skin using a TAXT Plus Texture 

Analyzer (Stable Microsystems Ltd., London, UK) fitted with an 7.9 mm Effegi penetrometer 

probe. The probe was driven into the fruit flesh at a rate of 4 mm.s2 to a depth of 9 mm. A 

firmness value was indicated as a Newton (N) unit, calculated by the maximum kilogram force 

(kg/f) multiplied by 9.8. The firmness measurements were taken twice per fruit, 180° apart 

(Johnston et al., 2009). Analysis of soluble solid content (SSC) was measured using the juice 

released from the probe firmness measurement. An aliquot of juice was analyzed using a PAL-
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1 refractometer (Atago Corporation Ltd., Tokyo, Japan) to measure degrees Brix (°Bx), which 

estimates sugar content. 

Skin and cortex samples from each fruit were collected at each sample stage using a peeler. 

Peeled samples were 1 mm thick, 10 mm long and 4 mm wide.  Cortex tissue was peeled 

5 – 6 mm below the skin. Once the samples were collected they were quick frozen in liquid 

nitrogen and stored in -80°C. To evaluate the potential to use of a wax embedding protocol 

additional samples were also collected in an RNA fixative comprising of ethanol:acetic acid 

(5:1). These samples were placed in a vacuum desiccator on ice and evacuated for 5 – 10 min 

at 20 psi and stored in 4°C. 

2.2. Cell isolation and RNA extraction 

RNase free water from the NanoPure DiamondTM ultra-pure water purification system (Thermo 

Fisher Scientific Inc., Waltham, MA, USA) was used for solutions and RNA processes that 

were otherwise not from a manufacturer’s kit. Tissue isolation and RNA-seq were successfully 

performed on the expansion, mature and ripe developmental stages. The fruitlet and over-ripe 

stages were omitted due to sample degradation and time constraints. 

2.2.1. Cryosectioning 

The frozen tissue samples of skin and cortical cells were cryosectioned in a Leica CM1900 

cryostat (Leica Camera AG, Wetzlar, Germany) at -20°C. The sections were cut at 18 µm 

thickness to obtain a single cell layer within the sections. Skin sections were then mounted on 

a nuclease-free adhesive-coated membrane slide ‘MembraneSlide 1.0 PEN (D)’ (Carl Zeiss 

AG, Jena, Germany). Prior to mounting, slides were placed under UV light (254 nm for 30 min) 

in a cell culture hood to improve sample adhesion by increasing the hydrophilic properties of 

the slide membrane. For cortical cell sections, samples were mounted on a nuclease-free non-

membrane glass slide, as they did not undergo microdissection.  
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After mounting, the frozen sections were treated immediately in 70% (v/v) ethanol at 

RT for 10 min, followed by dehydration steps at 4°C of 1 min each in 95% (v/v) ethanol, 100% 

ethanol and twice in 100% xylene. Sections were then air dried in a fume hood and stored at -

20°C with silica gel desiccant until used for microdissection. 

2.2.2. Laser microdissection 

Laser capture microdissection (LCM) was performed using a Zeiss Palm MicroBeam IV Laser 

Capture Microscope (Carl Zeiss AG). This system was equipped with a 351 nm UV laser and 

configured on a fully automated Zeiss AxioObserver Z1 inverted microscope (Carl Zeiss AG), 

with the RoboMover automated stage, which permits synchronized movement of the sample 

isolation and collection tube.  

Prepared tissue sections mounted onto membrane slides were placed upright onto the 

LCM stage and laser microdissected at RT. Samples were visualized on the microscope with 

10x, 20x and 40x objectives (Figure 2.1A). The targeted tissue for capture was traced using the 

Freehand Tool in the PALMRobo software version 4.3 (Carl Zeiss AG). During the cutting 

procedure the laser cut through the tissue and the membrane around the targeted cells 

(Figure 2.1B). The cut around the sample was not completed, leaving an intact portion of 

membrane between the start of the cut to the end (Figure 2.1B). This was to prevent flipping 

the targeted tissue onto itself and losing the sample. The targeted cells were then captured by 

using the pulse tool in the PALMRobo software, and the intact membrane portion between the 

start and the end of the cut was targeted for this. The UV pulse catapulted the targeted sample, 

along with the underlying membrane (Figure 2.1C), onto a 0.5 ml clear adhesive cap tube 

‘AdhesiveCap 500 clear (D)’ (Carl Zeiss AG), placed above the membrane slide by the 

automated RoboMover before executing the UV pulse. This “dry collection” procedure 

(Figure 2.1D), without liquid minimizes RNase activity. The laser values were specified in 



Chapter 2: Materials and Methods 

 
72 

such a way as to minimize the amount of energy utilized and minimize tissue damage 

(Kummari et al., 2015). The LCM isolation conditions were as follows: 40x objective lens, UV 

focus: 40, UV energy: 70 (slide membrane), 75-80 (cell walls), 80-85 (cuticle and UV pulse 

tool). Targeted cell tissue was captured from 10 – 20 mounted sections with 200 – 1000 cells 

isolated per sample (Figure 2.1D). Both epidermal and hypodermal tissues were captured using 

these settings from mounted tissue sections (Figure 2.2) 
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Figure 2.1. LCM of epidermal cells. (A-C) Epidermal cells cut and excised using UV laser. (D) Captured 
cells on adhesive cap-tube. Arrows indicate isolated and excised epidermal cell layer. 

 

 

Figure 2.2. A mounted skin section after laser capturing epidermal cells (E) and hypodermal cells (H). 
Arrows indicate locations of excised tissue layers.  
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2.2.3. RNA extraction 

Extraction buffer (20 µl) from the ARCTURUS® PicoPure® RNA Isolation Kit (Thermo 

Fisher Scientific Inc.) was added to the captured cells attached to the adhesive cap. The cap 

tube was then wrapped in parafilm, inverted and hand flicked to ensure the extraction buffer 

covered the isolated cells. The cap tube was then incubated at 42°C for 30 min, after which the 

tube was centrifuged at 800 x g for 2 min. Samples were then either placed in -80°C for storage 

or immediately used for RNA extraction. 

Total RNA was isolated using the ARCTURUS® PicoPure® RNA Isolation Kit 

(Thermo Fisher Scientific Inc.). An aliquot of extraction buffer (20 µl) was added to the 

isolated cell extract and mixed by pipetting. The cell extract/ethanol mix was loaded onto a 

preconditioned RNA purification column and centrifuged at 100 x g for 2 min, immediately 

followed by 16,000 x g for 30 s. Flow-through was removed and then 100 µl of PicoPure wash 

buffer 1 was added to the column and centrifuged at 8,000 x g for 1 min. Then 40 µl of DNase 

incubation mix (5 µl DNase I stock solution and 35 µl buffer RDD) (Qiagen, Hilden, Germany) 

was added to the purification column and incubated at RT for 15 min. A further aliquot (40 µl) 

of wash buffer 1 was added to purification column and it was centrifuged at 8,000 x g for 15 s, 

then followed by 100 µl wash buffer 2 and centrifuged at 8,000 x g for 1 min. A further 100 µl 

of wash buffer 2 was added to the purification column and centrifuged at 16,000 x g for 2 min, 

the flow-through was removed and then centrifuged again at 16,000 x g for 1 min. The column 

was transferred to a clean 0.5 ml collection tube and 11 µl of elution buffer was applied directly 

to the membrane of the purification column and incubated at RT for 1 min. The tube was then 

centrifuged at 1,000 x g for 1 min, then immediately at 16,000 x g for 1 min to elute the RNA. 

Extracted total RNA was stored at -80°C. 
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Figure 2.3. RNA quality determined by the RNA Integrity Number scale (RIN, scale of 1 (degraded) to 
10 (intact)). Electrophoretic measurements were taken of 18S and 28S eukaryotic RNA fragments to 
extract an algorithm that describes RNA quality. Figure modified from Agilent 2100 Bioanalyzer 2100 
Expert User’s Guide (Agilent Technologies). 

 

Total RNA was assessed for RNA yield and quality using a RNA 6000 Pico Chip Kit 

(Agilent Technologies, CA, USA) analyzed with the Eukaryote Total RNA Pico Series II assay. 

The total RNA yield from LCM cells was generally between 800 pg – 2 ng per collection batch. 

RNA quality was determined using the RNA Integrity Number (RIN, scale of 1 (degraded) to 

10 (intact)). RIN was calculated using electrophoretic measurements of 18S and 28S eukaryotic 

RNA fragments recorded with an Agilent 2100 bioanalyzer (Agilent Technologies) 

(Figure 2.3), using an algorithm that describes RNA quality (Schroeder et al., 2006). 

Downstream cDNA synthesis protocols require a RIN ≥ 7 (Takahashi et al., 2010), and can 

synthesize cDNA from as little as 10 pg of total input RNA. 

LCM was not performed on cortical cell sections, and instead total RNA was extracted 

from these samples after cryosectioning. A sterile razor blade was used to scrape the tissue 

from the slide into a tube containing 10 µl of RNA extraction buffer. These samples then 

followed the RNA extraction protocol carried out for LCM samples. 
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2.3. cDNA synthesis library construction and sequencing 

2.3.1. cDNA synthesis 

The SMART-Seq® v4 Ultra® Low Input RNA Kit for Sequencing (Clontech Laboratories 

Inc., CA, USA) was used to synthesize cDNA from total RNA samples. This kit was designed 

to generate high-quality, full length cDNA directly from 1 – 1000 cells or 10 pg – 10 ng of 

total RNA. The technology of SMART (Switching Mechanism at 5’ End of RNA Template) 

technology relies on the template switching activity of reverse transcriptases to enrich for full-

length cDNAs and add defined PCR adapters to both ends of the first-strand cDNA to ensure 

that the final cDNA library contains the 5’ end of the mRNA and maintains the true 

representation of the original transcripts (Chenchik et al., 1998).  

First-strand synthesis was the initial step in the protocol, which involved standardizing 

the input amount of total RNA to 100 pg diluted with nuclease-free water to make up a 9.5 µl 

sample volume. Reaction buffer (1 µl) containing RNase inhibitor and 10X lysis buffer was 

added to each sample, followed by 2 µl of 3' SMART-Seq CDS Primer II A. Reaction tubes 

were incubated at 72°C for 3 min, followed by immediate placement on ice for 2 min. Then 

7.5 µl of master mix was added to each reaction containing (5X Ultra Low First Strand Buffer, 

SMART-Seq v4 oligonucleotide, RNase inhibitor, and SMARTScibe Reverse Transcriptase), 

reactions were mixed well then snap spun. Reaction tubes were incubated at 42°C for 90 min, 

70°C for 10 min, and then held on ice.  

The next step was cDNA amplification by long-distance PCR with PCR optimization. 

Added to the 20 µl of first-strand cDNA product was a 30 µl PCR master mix (25 µl SeqAmp 

PCR buffer, 1 µl PCR Primer II A 12 µM, 1 µl SeqAmp DNA polymerase, 3 µl nuclease-free 

water). The 50 µl reaction was run with the following PCR protocol: 95 °C for 1 min, 16 cycles 
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of (98 °C for 10 s, 65 °C for 30 s, 68 °C for 3 min), final extension at 72 °C for 10 min, 4 °C 

hold.  

Purification of the amplified cDNA was performed using the Agencourt AMPure XP 

kit (Beckman Coulter Inc., Taiwan). An aliquot (1 µl) of 10X Lysis Buffer was added to each 

PCR product and mixed. Then 50 µl AMPure XP beads was added to each sample and mixed 

thoroughly by pipetting up and down 10 times, then incubated at RT for 8 min. Samples were 

snap spun, tubes were placed in a magnet concentrator, and beads were allowed to collect on 

the magnet.  The supernatant was removed, and beads containing the amplified cDNA were 

washed twice with ethanol by adding 200 µl of 80% ethanol, waiting 30 s, and removing the 

ethanol wash. cDNA was eluted by adding 17 µl of Elution Buffer (10mM Tris-HCl, pH 8.5) 

to resuspend the beads and then incubating for 2 min.  Samples were snap spun, with the beads 

then collected on a magnet concentrator as above, and supernatant transferred to fresh tubes.  

Amplified cDNA was stored at -20 °C.  

 

 

Figure 2.4. Fragment analysis of cDNA synthesized from the SMART-Seq® v4 Ultra® Low Input RNA Kit 
for Sequencing. Smear analysis 300 bp to 5000 bp, 0.7924 ng/µl.  
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Quality control (QC) analysis was performed on amplified cDNA using Fragment 

analyzerTM Automated CE System (Advanced Analytical Technologies, IA, USA). The 

fragment analyzer QC ran under methods DNF-474-33 - HS NGS Fragment 1-6000bp and 

DNF-488-33 - HS Genomic DNA. Successful cDNA synthesis and amplification produced 

product between 400 bp and 10,000 bp. Smear analysis of 300 bp to 5000 bp was performed 

on the quantified cDNA to determine concentration in ng/µl, an example shown in Figure 2.4. 

2.3.2. Library preparation  

The cDNA was used as input in a Nextera® XT DNA Library Preparation Kit (Illumina, CA, 

USA) to generate multiplexed libraries suitable for next-generation sequencing. Tagmentation 

protocols were performed on cDNA, which is a process that fragments DNA and then tags the 

DNA with adapter sequences. The cDNA was diluted to 130 pg/µl in a 5 µl starting volume as 

input for the library protocol. This was then combined with 10 µl of tagment DNA buffer and 

mixed. Amplicon tagment mix (5 µl) was added to the reaction, mixed and centrifuged at 280 

x g at 20°C for 1 min. The reaction was then incubated at 55 °C for 5 min, transferred on ice 

and snap spun. Then 5 µl of neutralize tagment buffer was immediately added to the reaction, 

mixed and centrifuged at 280 x g at 20°C for 1 min. The tagmented DNA was then incubated 

at RT for 5 min.  

The next step amplifies the tagmented DNA using a limited-cycle PCR program. The 

PCR step adds two index adapters which provide the sequences required for cluster formation. 

DNA Library indices were created using the Nextera® XT Index Kit (Illumina). Indices were 

arranged in TruSeq Index Plate Fixture according to the Nextera low plex pooling guidelines. 

A dual indexing strategy was used with a two 8 base indices. The dual index sequencing 

workflow uses two unique and compatible barcodes for each index. The pooled libraries were 
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colour balanced for each base of the index read being sequenced. Colour balancing was 

important in preventing index read sequencing failure.    

The first assigned index was added as 5 µl to the appropriate tube, followed by the 

second assigned index as 5 µl. Then 15 µl of Nextera PCR master mix was then added to the 

reaction, mixed, and centrifuged at 280 x g at 20°C for 1 min. A PCR reaction was then run on 

the reaction with the following program: 72 °C for 3 min, 95 °C for 30 s, 12 cycles of (95 °C 

for 10 s, 55 °C for 30 s, 72 °C for 30 s), 72 °C for 5 min, 10 °C hold. 

The next step was to clean up the libraries by purifying library cDNA with AMPure XP 

beads. The reaction was centrifuged at 280 x g at 20°C for 1 min.  The volume of reaction was 

adjusted to 50 µl, and then 30 µl of AMPure XP beads were added and mixed. The reaction 

was held on a shaker at 1400 rpm for 2 min, then incubated at RT for 5 min. The reaction was 

then snap spun and placed on a magnet concentrator, allowing the solution to clear. The 

supernatant was then removed from the reaction and the beads were washed twice with 200 µl 

80% ethanol. The samples were air-dried for 5-10 min and removed from the magnet. Then 28 

µl of resuspension buffer was added to the dried beads and mixed. The solution was then held 

on a shaker at 1400 rpm for 2 min, and then incubated at RT for 2 min. The reaction was then 

snap spun, placed on a magnet allowing the solution to clear. Finally, 28 µl of supernatant 

containing the purified cDNA library was transferred to a fresh tube and stored at -20°C. 

QC analysis was performed on the libraries using fragment analysis. Typical Nextera-XT 

libraries show a broad size distribution of ~250–1000 bp, though tagmentation protocols should 

produce libraries of ~400 bp. A library fragment size of ~400 bp is ideal for optimal cluster 

density as well as for sequencer optics and cluster-finding algorithms. Because the Nextera® 

XT DNA Library Preparation Kit produces a broad size distribution of libraries, replicates were 
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normalized through the tagmentation steps to maintain consistency with fragment peaks and 

avoid the loss of uniform coverage of the transcriptome during sequencing.  

If any library contained a primer contamination, a primer contamination clean-up was 

performed by adding a 1.2 volumes of AMPure beads to the library, mixing thoroughly, and 

incubating at RT for 10 min. The tube was then snap spun, placed on a magnet, and once clear 

the supernatant was aspirated slowly. Two washes of 200 µl 80% ethanol were then performed 

on the beads and they were then air dried for 2 min. When the beads were dry, 27 µl of RSB 

was added to the tube, which was mixed thoroughly and incubated at RT for 2 min. The tube 

was then snap spun, placed on a magnet, and once the solution was clear, 27 µl of supernatant 

containing the purified cDNA library transferred to a fresh tube. QC analysis was performed 

again to confirm primer contamination clean-up. 

2.3.3. Sequencing 

Nextera XT cDNA libraries were sent to the sequencing provider Australian Genome Research 

Facility (AGRF) in a 25 μl volume at a concentration of 10 nM or greater, suspended in 

Illumina resuspension buffer (Illumina). Sequencing was performed on the Illumina 

HiSeq2500 platform with a 100 bp single read sequencing flow cell of one lane containing up 

to 18 samples. Single end reads between 10,930,232 - 30,917,984 single were collected per 

sample. Image analysis was performed in real time by the HiSeq Control Software (HCS) 

v2.2.68 and Real Time Analysis (RTA) v1.18.66.3, running on the instrument computer. RTA 

performs real-time base calling on the HiSeq instrument computer. Then the Illumina bcl2fastq 

2.19.1.403 pipeline was used to generate the sequence data. Sequence read were received from 

AGRF as compressed FastQ formatted sequence files containing untrimmed 100 bp reads. 

These files contain the read sequence output with the corresponding Illumina quality scores. 
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2.4. Analysis of sequencing data 

2.4.1. Data processing 

The Galaxy platform run on a local workstation was used for processing the received RNA-seq 

data (Goecks et al., 2010). The Pre FastQC tool was used to a pre-quality check of the data. 

Adapter sequences were clipped using the NGS: QC and manipulation toolbox where Nextera 

adapters were removed using Illumina clip, minimum sequence length set to 15. The FastQC 

Trimmer tool was used to perform hard trimming on sequences, offset from the 5' end set at 15 

and offset from 3' end set at 5. A FastQC quality check was performed for post processed data. 

2.4.2. Sequence Alignment 

The processed sequence data was aligned to the apple Malus x domestica reference 

transcriptome using the BOWTIE2 alignment tool. Using the SAM-to-BAM tool the SAM file 

(Sequence Alignment Map) was converted to a BAM file (binary format). BAM files were 

filtered for a quality score above 5 to get more probable alignments, and also filtered for unique 

reads. Gene count index was generated using the SAM/BAM to Counts tool. 

2.4.3. Generation of heat-maps and graphs 

Gene counts were normalised to transcripts per million (TPM). TPM was utilized to avoid the 

statistical bias inherent in the more widely used RPKM measure, where an inconsistent 

measure of relative molar concentration in RPKM can lead to as much as a 14% error in 

between sample comparisons (Wagner et al., 2012). Since the RNA-seq library fragmentation 

process goes through an initial transcript fragmentation step followed by size selection, the 

longer transcripts will tend to produce more fragments than shorter transcripts therefore 

normalisation is required. RPKM normalises a proxy for transcript number by sequencing reads 

per million, however, this is not a measure of total transcript number. TPM is a more advanced 

model that calculates the total number of transcripts by dividing the mapped read by the length 
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of the transcript. This takes into account the variable size distribution of RNA transcripts that 

can differ between samples (Wagner et al., 2012). Heat-maps and graphs were constructed 

using R (version 3.0.1) and Microsoft Office 2013 Excel (Microsoft Corporation, Redmond, 

WA, USA). 

2.4.3. Differential expression and gene-level exploratory analysis 

Differential expression analysis was performed using R Bioconductor packages which 

followed a workflow for gene-level exploratory analysis and differential expression (Love et 

al., 2015). Using the package DESeq2, a ‘DESeqDataSet’ object was constructed from the 

summarized experiment of the RNA-seq counts. Differentially expressed genes were 

determined for each tissue pairwise comparison within each growth stage. Test comparisons of 

pairs were performed using the Wald test to produce log2 fold change (LFC) data. Using the 

Benjamini-Hochberg method an adjusted p-value or false discovery rate (FDR) was produced, 

this was to control the family-wise error rate (Benjamini & Hochberg, 1995). Genes with a 

pvalue < 0.05 was considered statistically significant. Differentially expressed genes were 

determined for being statistically significant and having a LFC greater than 1 or less than -1 

(fold change of 2). 
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Chapter 3 

Methods Results and Development 

Many studies have found success in isolating different types of plant tissue using LCM, with 

different strategies in tissue preparation for LCM and library preparation for next generation 

sequencing. In developing the laser capture microdissection method, multiple alternative 

strategies were investigated to determine the most appropriate protocol for preparing apple skin 

tissue for microdissection and the extracted RNA for library preparation. 

3.1. Tissue harvesting and collection 

Based on days after full bloom (DAFB), five developmental stages were targeted (Table 2.1.) 

and fruit samples were measured and collected during these periods. The phenotype of these 

fruits during the sampling periods are illustrated in Figure 3.1. Fruit firmness shows a gradual 

decline over development (Figure 3.1A), soluble solids shows an increase and plateaued after 

fruit ripe (Figure 3.1B), fruit weight displayed an increase over development and then a 

decrease in average fruit weight after ripe (Figure 3.1C), and fruit diameter increased during 

development and plateaued after maturity (Figure 3.1D). 
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Figure 3.1 Flesh firmness (A), soluble solids (B), weight (C) and diameter (D) phenotype measurements 
of ‘Royal Gala’ taken at sampling. * = measurement not taken. 
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3.2. Cell-type isolation 

3.2.1. Post-section dehydration treatments 

Mounted sections from the cryostat were tested for various post-section treatments to optimize 

sample adhesion, dehydration, and RNA integrity. Complete dehydration of tissue is a critical 

step in post-sectioning and any water not removed will affect the ability to recover cells from 

the slides (Kummari et al., 2015). There were two dehydration techniques tested. These 

treatments were modified from previous studies and were 100 % ethanol, and ethanol + xylene 

(Matas et al., 2011; Honaas et al., 2013). 

The 100% ethanol method involved placing the slides in RT 100% ethanol for 5 min x 

3 washes, then the slides were allowed to dry in a fume hood for 30 min. The RNA isolated 

from this post-sectioning method consistently had RIN values of 5 – 7 (Table 3.1). In plants, 

RNA with a quality value of RIN > 6 is of acceptable quality for gene expression analyses 

(Takahashi et al., 2010; Osaka et al., 2013). This method showed that it could deliver quality 

RNA, although this was inconsistent. The mounted sections did have better adhesion to the 

polyethylene naphthalate (PEN) membrane slide (Carl Zeiss AG), less “flaky” tissue compared 

to the ethanol + xylene method (Figure 3.2). With this dehydration technique, laser cutting 

through the sample cell walls was also easier during LCM. 
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Table 3.1 Bioanalysis results of RNA quality from various treatments during troubleshooting 
methodology. Wax embedded tissue did not require dehydration treatment or transient heat on slide. 

Sample # Tissue Treatment Heat Storage RIN 

1 Frozen Xylene+ethanol + 1 day > 8 

2    1 week > 8 

3    2 weeks > 8 

4   -  > 8 

5  100% Ethanol +  5 - 7 

6   -  5 - 7 

7 Wax   1 day < 6 

8    1 week < 4 

9    2 weeks < 3 

 

 

 

 

Figure 3.2. Cryosectioned frozen skin samples post dehydration using xylene+ethanol method (A) and 
100% ethanol method (B). Xylene+ethanol treated sections were less adhesive to the slide but 
retained higher RNA quality. 
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The ethanol + xylene method involved taking the slides containing the mounted sections and 

treating them in a series of organic solvent baths (RT 70% ethanol (10 min), 4°C 70% ethanol 

(2 min), 4°C 95% ethanol (2 min), 4°C 100% ethanol (2 min), 4°C 100% xylene (1 min), and 

RT 100% xylene (1 min). The slides were allowed to dry in a fume hood for 30 min. The 

ethanol + xylene method consistently produced high quality RNA, RIN > 8 (Table 3.1). 

However, the sections were less adhesive than for the 100% ethanol method and it was difficult 

to cut though the tissue during LCM. This method in the end was favoured over the 100% 

ethanol method due the consistently high quality total RNA produced.   

These methods were also tested with the use of transient heat to improve sample 

adhesion to the slide. This was performed after mounting the sections in -20°C and placing the 

back of the slide on the back of a gloved hand for 2 - 3 s. The slides were then processed with 

one of the two dehydration steps. There was concern that the transient warming of the slides 

would cause RNA degradation, although there was no evidence of this from the bioanalysis 

results as samples treated either with or without heat had similar RIN values (Table 3.1).  

3.2.2. Wax embedded sampling and sectioning 

An alternative method that involved sectioning wax embedded material at RT was trialed along 

with the frozen material cryosectioning method. This method was trialed due to the relative 

ease of sectioning and its use in previous plant LCM studies (Tang et al., 2006; Thiel et al., 

2008; Voo et al., 2013). Wax embedded material was fixed in a coagulative fixative before 

processing. A fixative of 5:1 ethanol:acetic acid was used, according to a wax embedding 

methodology modified from (Voo et al., 2013) and (Thiel et al., 2008). At sampling, skin and 

flesh peel samples (10 x 3 mm) were placed in 20 ml vials of fixative sitting in ice. The samples 

were then infiltrated under vacuum on ice at 20 psi for 40 min and transferred to 20 ml vials of 

fresh fixative sitting in ice. The samples were then fixed for 12 h at 4°C. Samples were rinsed 



Chapter 3: Methods Development 

 
88 

in 95% ethanol in RNase-free water, and then dehydrated in a series of organic solvent baths 

(RT 95% ethanol (40 min.), RT 100% ethanol (1 h), RT 100% ethanol (1 h), 40°C 100% ethanol 

(1 h)).  

Samples were then embedded in Steedman’s wax, a synthetic polyester wax with a low 

melting point (37°C), by infiltration using a gradient series of wax concentrations diluted with 

ethanol. Samples were evacuated in a vacuum at 20 psi between each step consisting of: 40°C 

25% Steedman’s wax (3 h), 40°C 50% Steedman’s wax (3 h), 40°C 75% Steedman’s wax (3 

h), 40°C 100% Steedman’s wax (4 h), 40°C 100% Steedman’s wax (4 h), 40°C 100% 

Steedman’s wax (4 h). Wax infiltrated samples were then embedded in plastic moulds of 100% 

Steedman’s wax and set in RT for 2 h. To avoid RNA degradation, embedded samples were 

kept dry at 4°C in sealed plastic bags filled with silica gel desiccant. 

 

 

Figure 3.3. A microtome operated at RT used to produce a ribbon of sections from wax embedded 
sections of skin tissue. 
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Figure 3.4. Frozen tissue sample #1 (A) and wax embedded tissue sample #7 (B). 

Ribbon-like sections (18 µm) were prepared using a microtome operated at RT 

(Figure 3.3). The sections were floated on RNase free water and mounted to PEN nuclease free 

1.0 membrane slides (Carl Zeiss AG) and flattened with RNase free water. Slides were allowed 

to dry in a fume hood for 30 min. The slides were then placed in 30°C (where) to soften the 

wax (2 min) and then the wax was dissolved in 100% ethanol (3 x 1 min). Slides were dried in 

a fume hood for 30 min and stored in 4°C with silica gel desiccant until used for LCM.  

LCM, RNA extraction and RNA quantification analysis on wax embedded samples 

were performed identically to frozen samples. Epidermal/hypodermal/cortical cells were 

isolated into AdhesiveCap 500 clear tubes (Carl Zeiss AG). RNA was then extracted using a 

ARCTURUS® PicoPure® RNA Isolation Kit (Thermo Fisher Scientific Inc.), and the integrity 

determined on the Agilent Bioanalyzer using the RNA 6000 Pico Kit (Agilent Technologies) 

with Eukaryote Total RNA Pico Series II assay. The RNA quality of wax embedded samples 
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was below RIN = 6 and therefore below the threshold of acceptable quality and inferior to the 

frozen samples (Figure 3.4; Table 3.1). It was determined that the wax embedded sample 

method did not produce RNA of sufficiently high quality and so the frozen sample 

cryosectioning alternative was preferred. 

3.2.3. Storage trials 

The storage time for sections stored at -20°C over a 2 week period was tested to determine if 

the quality of RNA could be sustained over this time. For the wax embedded samples, RNA 

quality rapidly reduced over a 2 week period (Table 3.1, Sample #7 - 9). Frozen samples on 

the other hand showed very little RNA degradation over a 2 week period (Table 3.1, Sample # 

1 - 3). These storage trials have shown that frozen samples demonstrated a very slow 

degradation of RNA integrity over a 2-week period. Samples that could retain quality RNA 

were preferred as this enabled samples to be stocked after sectioning before LCM for up to 2 

weeks. 

3.2.4. Conclusion 

For tissue preparation, strategies included either using tissue fixation or fresh frozen tissue. 

Precipitative fixatives (e.g. acetone and ethanol) can produce good histological detail while 

maintaining relatively good recovery of biomolecules. Although this method preserves 

excellent tissue morphology required for LCM, the RNA yield can be reduced compared with 

that from frozen samples (Day et al., 2005). Fresh frozen tissue and cryosectioning has been 

known to give best yield and quality of RNA. However in frozen tissues, ice crystals can form 

in vacuoles and large air spaces between cells damaging tissue morphology, although this loss 

of integrity is tissue dependent (Day et al., 2005).  

The most successful strategy for tissue preparation in this study was utilising fresh 

frozen skin peel tissue stored in -80°C which was then cryosectioned in -20°C. Mounted 
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sections were then dehydrated in a series of organic solvent baths of ethanol and xylene before 

being subjected to LCM. Good quality RNA was extracted from this method and the 

morphology of the tissue was preserved with discernible tissue types, suggesting apple skin 

tissue may be less susceptible to tissue damage from this process than other tissue types. This 

method also proved to be successful in studies investigating tomato pericarp tissues (Matas et 

al., 2011) and maize coleoptile tissues (Nakazono et al., 2003). However, advanced tools such 

as the CryoJane transfer system was used in these studies to help preserve tissue morphology. 

The alternative tissue strategy tested in this study, used fixed tissues (in acetone and 

ethanol) that were embedded in a low melting wax. These wax embedded tissues were 

sectioned and mounted on slides at RT, which was a less challenging process than working 

with frozen tissues. However, this strategy had failed to produce RNA of sufficient quality 

from apple tissue. Using fixed tissue and wax embedding did find success in isolating 

strawberry floral tissues (Hollender et al., 2014), maize kernels (Zhan et al., 2015) and 

ectomycorrhizal root tips of Tuber melanosporum (Hacquard et al., 2013). The strategies used 

for tissue preparation would be tissue dependent, determined by either the ability of the tissue 

structure to retain integrity after freezing and retention of RNA quality from tissue fixation. 

The “crisp” texture of the apple skin would likely contribute to the tissues nature to retain 

structural integrity after freezing. 

3.3. RNA amplification, cDNA synthesis and library preparation 

The following was the initial method for producing RNA-seq libraries using RNA-

amplification and in-house library protocols. Due to negative results in troubleshooting this 

method was eventually superseded by the method described in Section 2.3.  
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3.3.1. RNA amplification 

The amplification of LCM-extracted total RNA was the next step towards cDNA library 

preparation and acquiring RNA-seq data. This involved producing amplified RNA (aRNA) 

samples from LCM extracted total RNA and using it as an input for preparing cDNA libraries. 

A previous study that combined LCM and RNA-seq techniques to investigate tomato pericarp 

tissues used the TargetAmp system to amplify total RNA to high concentrations of aRNA 

(Matas et al., 2011). The TargetAmp system utilizes an “Eberwine” procedure for amplifying 

Poly(A) RNA from as little as 10 pg of total cellular RNA (Van Gelder et al., 1990). 

The first round of the TargetAmp system can produce 5,000 – 11,000 fold amplification 

of poly(A) RNA. With a total RNA input of 400 pg (containing ~8 pg poly(A) RNA, which is 

within the concentrations extracted using LCM, up to 40 – 88 ng of aRNA can be produced). 

This is sufficient aRNA for the in-house library construction method, which requires a 10 ng 

aRNA input. The TargetAmp system was tested using the TargetAmp 2 aRNA Amplification 

Kit 2.0 (Epicenter Bio-technologies, WI, USA), following the first round of the manufacturer’s 

instructions. 

The first step of the TargetAmp system was to synthesize the 1st strand of cDNA. 

TargetAmp T7-Oligo(dT) primer B was annealed to the total RNA sample. A reaction tube 

containing 2 µl total RNA sample (10-500 pg) and 1 µl TargetAmp T7-Oligo(dT) Primer B 

was incubated at 65°C for 5 min. This was then chilled on ice for 1 min and spun down. The 

reaction was then added to a master mix for 1st-Strand cDNA Synthesis (1.25 µl TargetAmp 

Reverse Transcription PreMix-SS, 0.25 µl RiboGuard RNase Inhibitor, 0.25 µl DTT, 0.25 

µl SuperScript III Reverse Transcriptase (200 U/µl) (Invitrogen)) and then mixed and 

incubated at 50°C for 30 min.  
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The next step was synthesizing the 2nd strand of cDNA. The reaction was added to the 

2nd-strand cDNA master mix (4.5 µl TargetAmp DNA Polymerase PreMix-SS 1, 0.5 µl 

TargetAmp DNA Polymerase-SS 1) then mixed and incubated at 65°C for 10 min. After 

incubation the reactions were spun down and chilled on ice. Finally, 1 µl of TargetAmp cDNA 

Finishing Solution-SS was added to the reaction, mixed and then incubated at 37°C for 10 min, 

then 80°C for 3 min, and then spun down and chilled on ice.  

The next step was in vitro transcription of the synthesized cDNA to aRNA. A volume 

of 40 µl of in vitro transcription master mix (4 µl TargetAmp T7 Transcription Buffer, 27 µl 

TargetAmp In Vitro Transcription PreMix A, 4 µl DTT, 4 µl TargetAmp T7 RNA Polymerase, 

1 µl RiboGuard RNase Inhibitor) was added to the cDNA sample. The reaction was mixed and 

then incubated at 42°C for 4 h. Then 2 µl of RNase-Free DNase I was added to the reaction, 

mixed and then incubated at 37°C for 15 min. 

RNA purification was performed on the reaction using the RNeasy MinElute Cleanup 

Kit (Qiagen). The sample was combined with 47.5 µl RNase-free water, 0.5 µl poly(I), 350 µl 

RLT/β-ME Solution, and 250 µl 100% ethanol. The reaction was then added to an RNeasy 

MinElute spin column in a 2 ml collection tube and centrifuged at 8,000 x g for 15 s, and the 

flow-through was discarded. RPE Solution (650 µl) was added to the column and centrifuged 

at 8,000 x g for 15 s, and the flow-through discarded. A wash of 650 µl of 80% ethanol was 

then added onto the column and centrifuged at 8,000 x g for 15 s, and the flow-through 

discarded. The column was then centrifuged at 17,000 x g for 5 min and then transferred to a 

1.5 ml collection tube. aRNA was eluted with 14 µl of RNase-free water, incubated at RT for 

5 min, and centrifuged at 17,000 x g for 1 min. aRNA was quick frozen with liquid nitrogen 

and stored at -80°C. The aRNA yield was quantified on an Agilent Bioanalyzer using the RNA 

6000 Pico Kit with Eukaryote Total RNA Pico Series II assay. 
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An input of total RNA from LCM-extracted hypodermal cells was tested using 264 pg 

total RNA (~5 pg poly(A) RNA). The resulting RNA concentration calculated using the 

bioanalyzer shows a concentration of 3,121 pg/µl aRNA. The total yield of aRNA after 

amplification was 43.7 ng in a 14 µl volume, displaying an 8,276 fold amplification 

(Table 3.2). This was enough aRNA for the in-house library preparation, which was optimized 

for a 10 ng aRNA input. However, the fragment peak of 200 bp was not within the size 

distribution of 300 – 3,000 bp typically produced by the TargetAmp system (Figure 3.4B). This 

was an indication of degraded RNA. This was seen in all samples produced by the TargetAmp 

system, even with the HeLa aRNA controls (Figure 3.4A), indicating that this degradation of 

RNA was not the result of the LCM method but with the TargetAmp protocol. An in-house 

library protocol was performed on these samples to test if cDNA libraries could be produced. 

 

Table 3.2. Total RNA yield from RNA amplification of HeLa control sample and LCM isolated tissue. 

Sample 
Total RNA input 
(pg/ µl)  

aRNA conc  
(pg/ µl) 

Total aRNA yield 
(ng) 

Amplification 
(fold) 

HeLa control 260 4,102 57.0 10,961 

LCM isolated 
epidermis tissue 

264 3,121 43.7 8,276 
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Figure 3.5. Bioanalysis electropherogram of aRNA for HeLA control (A) and LCM isolated epidermis 
aRNA (B), after one round of amplification using the TargetAmp kit. 

 

3.3.2. Library Preparation  

The purification steps during library preparation were carried out as “bead washes” by adding 

1.8 volumes of AMPure XP beads (Beckman Coulter Inc.), mixing well (pipette 10X) and 

incubating at RT for 10 – 15 min. The SPRI-beads were collected on a magnet concentrator for 

≥2 min and then washed twice with 200 µl of 75% ethanol. The samples were air-dried ≤2 min, 

then eluted. 

cDNA libraries were prepared for each tissue from aRNA using the following in-house 

protocol. For RNA fragmentation, which was the first step, 5 µl of aRNA (10 ng) was added 

to a 5 µl fragmentation buffer (2 µl 5X Protoscript II Buffer, 0.5 µl oligo-dT(12)VN primer 
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(100 ng/µl), 0.5 µl random hexamer (1 µg/µl), 0.5 µl DTT (100 mM), 1.5 µl Ultrapure water). 

The reaction was incubated at 94°C for the fragmentation time determined for each sample, 

then immediately placed on ice.  

First-strand cDNA synthesis was performed on fragmented RNA. Prepared on ice, 10 

µl of fragmented RNA was added to 10 µl of First Strand cDNA Synthesis buffer (0.5 µl 

RNasin Plus RNase Inhibitor, 0.12 µl Actinomycin D (1 µg/µl), 1 µl DTT (100 mM), 1 µl 

dNTP mix (10 mM), 0.5 µl Protoscript II Reverse Transcriptase, 6.88 µl Ultrapure water). The 

reverse transcriptase reaction was performed at 25°C for 10 min, then 50°C for 50 min and 

finally placed on ice. RNAClean XP (36 µl) was added to the cDNA and mixed well, and then 

incubated on ice for 15 min. The SPRI-beads were collected on a magnet for ≥5 min and then 

washed twice with 200 µl 75% ethanol. The samples were air-dried ≤2 min to remove ethanol, 

then the RNA/cDNA hybrid was eluted with 10 µl ultrapure water. 

Second-strand synthesis with dUTP was then performed. The total volume of the 

RNA/cDNA hybrid was added to 5 µl of second-strand synthesis buffer (1.5 µl 10X Blue 

Buffer, 1 µl dUTP/dVTP mix (10 mM), 0.2 µl RNase H (5 U/µl), 1 µl DNA polymerase I (10 

U/µl), 1.3 µl Ultrapure water). The reaction was incubated at 16°C for 2.5 h and then placed 

on ice. The double stranded DNA (dsDNA) was purified by “bead wash” and eluted with 10 µl 

ultrapure water. 

The end repair step followed, in which the total 10 µl volume of double stranded DNA 

(dsDNA) was combined with 5 µl of the end repair buffer (1.5 µl 10X end repair buffer, 0.5 µl 

dNTP mix (10 mM), 0.25 µl 1:2 diluted end repair enzyme mix LC, 2.75 µl ultrapure water). 

The reaction was incubated at 20°C for 30 min. The dsDNA was purified by “bead wash” then 

eluted with 10 µl ultrapure water. 
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A-tailing was then performed by taking the 10 µl volume of end-repaired dsDNA and 

adding 5 µl A-tailing buffer (1.5 µl 10X Blue Buffer, 0.5 µl dATP (10 mM), 0.5 µl Klenow 

(3'→5', exo-) LC, 2.5 µl ultrapure water). The reaction was then incubated at 37°C for 30 min. 

The dsDNA was purified by “bead wash” and eluted with 9 µl ultrapure water. 

The dsDNA sample then underwent a Y-Shaped adaptor ligation step. The total 9 µl of 

A-tailed dsDNA was added to 11 µl of Adaptor Ligation buffer (10 µl 2X Rapid Ligation 

Buffer, 0.5 µl T4 DNA Ligase HC (600 U/µl), 0.5 µl universal adaptor (5 µM). The reaction 

was then incubated at 22°C for 15 min and then 4°C for 30 min.  

The next steps were size selection and uracil DNA glycosylase (UDG) digestion. 

Samples were purified by “bead wash” using 1.4 volumes of AMPure beads and then eluted 

with 15.5 µl TE+UDG buffer (15 µl TE, 0.5 µl Uracil DNA glycosylase (2 U/µl)). The reaction 

was then incubated at 37°C for 15 min to allow UDG digestion. 

 

 

Figure 3.6. Library preparation gel after 14 cycles of PCR, showing a predominant band of <200 bp. 

 

PCR enrichment of the adapted-ligated UDG-digested library was performed. This 

involved combining 3 µl adapted-ligated UDG-digested library with 0.9 µl Index and 

Universal Primer mix (5 µM), 3 µl 5X Phusion HF Buffer, 0.3 µl dNTP Mix (10 mM), 

0.3 µl Phusion Hot Start II Hi-Fi DNA Polymerase, 7.5 µl ultrapure water. This reaction was 
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put in the PCR program: initial denature at 94°C for 2 min, 11 cycles of (98°C for 10 s, 65°C 

for 30 s, 72°C for 30 s), final extension at 72°C for 5 min, finish with 4°C hold. To examine 

the reaction product, 2 µl of PCR product was then run on a 1% agarose gel with RedSafe at 

110 V for 10 min, using a loading dye with no bromophenol blue to prevent obscuring the 

band. A single band with the strongest intensity at ~250 bp would confirm the presence of a 

successfully prepared library. However, the PCR gels of two prepared libraries using this 

protocol produced a single band <200 bp (Figure 3.6) was which indicative of degraded 

samples. This confirmed that the total RNA amplified to aRNA using the TargetAmp system 

had degraded.  

The strategy of amplifying total RNA and then preparing cDNA libraries was deemed 

to be a failure and an alternative strategy was critical for the necessary steps from extracting 

total RNA from LCM cells to RNA-seq. An alternative method used in a previous study 

investigating strawberry receptacle tissue converted low picogram quantities of total RNA to 

cDNA and then amplified the cDNA before creating cDNA libraries (Hollender et al., 2014). 

This alternative strategy was eventually the direction which led to successful preparation of 

our cDNA libraries for RNA-seq. 

3.3.3. cDNA synthesis using the SMART-Seq® v4 Ultra® Low Input RNA Kit 

The alternative strategy of synthesizing the low concentration of total RNA to cDNA was 

trialed, and troubleshooting was performed using the SMART-Seq® v4 Ultra® Low Input 

RNA Kit for Sequencing (Clontech Laboratories Inc.). In this kit the manufacturer guidelines 

were to use 14 - 15 cycles for 100 pg (10 cells), and 17 – 18 cycles for 10 pg (1 cell). These 

guidelines were based on control mouse brain total RNA and the recommended cycles were a 

rough guide for working with small amounts of RNA. Optimal parameters may vary for 

different templates, different cell types, and different thermal cyclers.  
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It was strongly recommended to perform a range of cycles to determine the optimal 

number of cycles for the sample and conditions. A sample input of 100 pg for the kit was 

chosen as the optimal concentration input, considering the amount of total RNA that was 

obtained by LCM for the various samples. Fourteen and sixteen PCR cycles were performed 

with a 100 pg total RNA input. The fragment analysis results (Table 3.3; Figure 3.7) show that 

16 cycles was able to produce cDNA concentrations from the 100 pg RNA input, whereas 14 

cycles did not produce sufficient cDNA. Appropriate cDNA fragment sizes were also produced 

within the 400 – 3000 bp smear analysis (Figure 3.7B). This method was then subsequently 

used for successful cDNA synthesis of LCM-isolated total RNA outlined in Chapter 2.3. 

 

Table 3.3. cDNA concentrations using different PCR cycle protocols on low input total RNA using the  
SMART-Seq® v4 Ultra® Low Input RNA Kit. cDNA concentration calculated using 400 bp to 3000 bp 
smear analysis. 

PCR protocol cDNA conc (ng/ µl) 

14 cycles 0.0486 

16 cycles 0.1408 
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Figure 3.7. HS NGS Fragment 1-6000 bp method using smear analysis 400 bp to 3000 bp. cDNA product 
after 14 PCR cycles (A), cDNA product after 16 PCR cycles (B). 

 

3.3.4. Library Preparation using Nextera® XT DNA Library Preparation Kit 

Multiplexed libraries suitable for next-generation sequencing were produced using Nextera® 

XT DNA Library Preparation Kit. Library replicates were normalized through the tagmentation 

steps to maintain consistency with fragment peaks and avoid the loss of uniform coverage of 

the transcriptome during sequencing (Figure 3.8)  

If there were any libraries containing primer contamination (Figure 3.9A), a primer 

contamination clean-up was performed. A follow-up QC analysis of the libraries would then 

confirm the primer contamination clean-up (Figure 3.9B). 
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Figure 3.8. Fragment analysis of Nextera XT DNA library samples. Fragment peaks are all within a 
consistent range of each other. 

 

 

Figure 3.9. Fragment analysis QC of Nextera XT library sample. (A) Primer contaminated library 
sample; and (B) library after primer contamination clean-up. 
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3.3.5. Conclusion 

High-throughput identification of differentially expressed transcripts have been applied to 

LCM isolated RNA transcript sampling by sequencing cDNA libraries. One significant 

troubleshooting step in this study was creating cDNA libraries from the pico-gram quantities 

of LCM extracted RNA. The original protocol was to amplify the LCM isolated RNA by using 

the TargetAmp system and then convert the amplified RNA (aRNA) to cDNA, this proved to 

be successful in previous LCM fruit tissue-related studies (Matas et al., 2011). Sufficient RNA 

quantities were produced after two rounds of in vitro transcription (IVT)-based amplification, 

however, the aRNA produced was severely degraded.  

After repeated testing and troubleshooting an alternative strategy was required. 

Eventually a low input method was tested where the pico-gram quantities of LCM isolated 

RNA was converted to cDNA followed by cDNA amplification, this method had shown 

success in other LCM-related studies (Hollender et al., 2014; Zhan et al., 2015). The low input 

method proved successful for this study and produced good quality cDNA libraries. It was 

unclear whether the failure of RNA amplification using the TargetAmp system was from 

sample processing error or faulty manufacturing of the kits. However, the low input method 

for producing cDNA libraries had shown to be more effective possibly less prone to RNA 

degradation. 
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Chapter 4  

Global RNA-seq analysis 

Before undertaking an in-depth analysis of genes that changed, a global comparisons of the 

RNA-seq data was undertaken.  The aims were: 

1. To establish the variation between the biological replicates and the spread of variation 

by tissue-type and by developmental stage.  

2. Visualize the abundance of expressed genes and the patterns of gene distribution 

between cell-types at each developmental stage using transcript data..  

3. Determine the number of differentially expressed genes (DEG) through pairwise 

comparisons of tissues to observe fold changes in gene expression. Within this study 

the DEGs with the highest fold changes in gene expression between tissue-types were 

also identified.  

4. Identify tissue-specific genes that exhibited differential expression over the other two 

skin tissues.  

5. Through homology, identify potential biological processes that are unique for each 

specific tissue-type at the three stages of fruit development.  

From these analyses, spatial and temporal patterns of gene expression were discovered within 

the tissue layers of apple skin from fruit expansion to ripe. 

4.1. Gene exploratory analysis and visualization 

4.1.1. Exploratory analysis of RNA-seq relationships 

RNA-seq was performed on the cDNA libraries using an Illumina HiSeq2500 platform with a 

100 bp single read sequencing flow cell. The numbers of single end reads ranged between 

10,930,232 and 30,917,984 per sample (Table 4.1).  This showed that the minimum sequencing 



Chapter 4: Global RNA-seq analysis 

 
104 

depth of 10 million reads previously recommended for detecting differentially expressed genes 

(DEG) were achieved for all libraries  (Liu et al., 2013b).  All RNA-seq reads were aligned to 

the Apple gene models (Velasco et al., 2010) and normalised to Transcripts Per Million (TPM)  

To determine the relationship between normalized transcript populations in the 

different tissues over time for each replicate, a principal component analysis (PCA) was 

performed (Figure 4.1). The first component representing 29% of the variance separated the 

samples by fruit development. The second component representing 24% of the variance 

separated by the samples by tissue type. The biological replicates for each developmental stage 

formed into distinct groups, and showed a sequential progression of temporal development 

from left (earlier development) to right (later development).  

The transcript populations from the epidermis and hypodermis  overlapped in the 

expansion and mature stages of growth (Figure 4.1). This suggests a similarity of global 

expression in these two tissues.  While this similarity may suggest contamination of tissue types 

in the LCM, in Chapter 5, we identified tissue-specific expression of genes with lower 

expression in these two tissues suggesting this was not an issue.  

All cortex tissue replicates were grouped together, clearly defined by developmental 

stage and separated from the dermal tissues (epidermis and hypodermis) (Figure 4.1). Sample 

replicates from the ripe stage of development were grouped by tissue type and showed a 

horizontal pattern of variance that aligned to the morphological organization of cell layers in 

the fruit skin, from top (epidermis) to bottom (cortex). Unlike the previous two stages, the 

epidermis and hypodermis replicates were separated at ripe, suggesting that the genes of 

highest expression exhibited greater differences between the epidermis and the hypodermis 

later in development. The cortex tissue replicates at ripe had a wider spread of expression 
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compared to the cortex tissues in other two stages of development. This might indicate 

increased variation in the flesh sample as the fruit ripened. 

Table 4.1. RNA-seq data yield from 100bp single end reads. 

Stage Tissue Replicate Sample Name Single Reads 

Expansion Epidermis 1 T1F2EJ 15,062,202 

Expansion Hypodermis 1 T1F1HJ 11,557,582 

Expansion Cortex 1 T1F2CJ 13,957,733 

Expansion Epidermis 2 T2F1EJ 13,880,313 

Expansion Hypodermis 2 T2F1HJ 15,261,241 

Expansion Cortex 2 T2F1CJ 13,781,105 

Expansion Epidermis 3 T3F3EJ 14,743,128 

Expansion Hypodermis 3 T3F3HJ 15,396,502 

Expansion Cortex 3 T3F1CJ 14,767,051 

Mature Epidermis 1 T1F2EM 13,796,931 

Mature Hypodermis 1 T1F1HM 13,242,489 

Mature Cortex 1 T1F2CM 13,132,891 

Mature Epidermis 2 T2F1EM 12,899,181 

Mature Hypodermis 2 T2F1HM 13,404,024 

Mature Cortex 2 T2F1CM 14,096,515 

Mature Epidermis 3 T3F1EM 14,111,980 

Mature Hypodermis 3 T3F1HM 13,685,431 

Mature Cortex 3 T3F1CM 12,662,098 

Ripe Epidermis 1 T1F2EA 21,857,100 

Ripe Hypodermis 1 T1F2HA 20,068,873 

Ripe Cortex 1 T1F2CA 29,114,254 

Ripe Epidermis 2 T2F1EA 23,412,535 

Ripe Hypodermis 2 T2F1HA 26,548,154 

Ripe Cortex 2 T2F1CA 24,236,812 

Ripe Epidermis 3 T3F1EA 24,685,310 

Ripe Hypodermis 3 T3F1HA 30,917,984 

Ripe Cortex 3 T3F1CA 10,930,232 
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Figure 4.1. Principal component analysis (PCA) of tissue and developmental stage-specific datasets. 
Epidermis (circle), hypodermis (triangle), cortex (square), expansion (red), mature (green), ripe (blue). 

 

Figure 4.2. Top 20 genes that exhibited the highest variance across samples.  
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Table 4.2. List of top 20 genes of highest variance across samples. 

MDP number Gene description 

MDP0000195885 1-aminocyclopropane-1-carboxylate oxidase 1 (ACC oxidase 1) 

MDP0000698024 Dehydrin DHN1 (AmDHN1) (probable) 

MDP0000921319 36.4 kDa proline-rich protein (similar to) 

MDP0000192235 Peroxidase 42 (Atperox P42), Precursor (similar to) 

MDP0000196174 Endochitinase 2, Precursor (probable) 

MDP0000750789 Cell wall protein TIR3, Precursor (probable) 

MDP0000427722 MLP-like protein 423 (putative) 

MDP0000184619 GDSL esterase/lipase LTL1 (AtLTL1), Precursor (similar to) 

MDP0000496434 GDSL esterase/lipase LTL1 (AtLTL1), Precursor (putative) 

MDP0000476415 GDSL esterase/lipase LTL1 (AtLTL1), Precursor (putative) 

MDP0000228673 Dehydration-responsive protein RD22, Precursor (similar to) 

MDP0000285074 Non-specific lipid-transfer protein (LTP), Precursor 

MDP0000163110 Cytochrome P450 71A1 (probable) 

MDP0000069348 Protein WAX2 (probable) 

MDP0000032171 hypothetical protein 

MDP0000179031 hypothetical protein 

MDP0000252292 Glutathione S-transferase F12 (AtGSTF12) (probable) 

MDP0000612469 Probable E3 ubiquitin-protein ligase RHA2B 

MDP0000843913 1-aminocyclopropane-1-carboxylate oxidase homolog (probable) 

MDP0000218810 Flavonol synthase/flavanone 3-hydroxylase (FLS) (probable) 
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Figure 4.3. Two examples of genes from the top 20 largest variance across samples. Expression was 
measured by RNA-seq and transcripts per million (TPM) within tissues epidermis (EPI), hypodermis 
(HYP) and cortex (COR) across the three stages of development. Values are means SE (n = 3).  
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A distance heat map of the top 20 genes with the largest variance across samples was 

created to visualize sample clustering and identify genes that significantly deviate from the 

average across all samples (Figure 4.2), a list of these genes are provided in Table 4.2. The 

clustering for variance show distinct sample groups by developmental stage (Figure 4.2). Two 

examples of high variance genes are shown in Figure 4.3 with high epidermis and hypodermis 

gene expression measurements relative to the cortex tissue for gene MDP0000069348, 

although with high standard error between samples. The sample groups of developmental 

stages were separated by cortex tissue and the dermal tissue samples. However, one tissue 

sample of the hypodermis at ripe was identified as an outlier and situated between the cortex 

samples of ripe and expansion. Close relationships were observed for epidermis and 

hypodermis tissues. Highly enriched expression was observed in the epidermis at expansion 

for genes: MDP0000196174, MDP0000750789, MDP0000427722, MDP0000184619, 

MDP0000496434 and MDP0000476415, all of which were relatively lower in hypodermis 

samples (Figure 4.2).  

One of the top most variable genes was MDP0000195885, which was homologous to 

1-aminocyclopropane-1-carboxylate oxidase 1 (ACC OXIDASE 1), involved in the ethylene 

biosynthetic pathway and responsible for the final reaction of the pathway converting 1-

Aminocyclopropane-1-carboxylate (ACC) to ethylene (Kende, 1993). 1-

AMINOCYCLOPROPANE-1-CARBOXYLATE OXIDASE (ACO)  homologs are known to be 

functionally expressed during ripening and ethylene overproduction is thought to be due to the 

increase in ACO production (Kende, 1993; Shi & Zhang, 2012). MDP0000195885 exhibited 

relatively low transcript abundance in expanding tissues, which then increased in mature tissues 

and again in ripe tissues (Figure 4.2). Higher transcript abundance was observed the cortex 

tissues of ripe samples compared to the ripe dermal tissues. Apples are highly dependent on 
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ethylene for fruit softening and the expression pattern of ACO1 has been correlated to the 

decrease in fruit firmness observed during fruit development (Johnston et al., 2009).  

Among the top 20 most variable genes the largest abundance in expression was 

observed in the dermal tissues of expanding fruit. Three genes that were found to be highly 

expressed in the dermal tissues at expansion relative to the mature and ripe stages were 

MDP0000184619, MDP0000496434, and MDP0000476415 (Figure 4.2). These genes encode 

for precursors of GDSL esterase/lipase LTL1 which have a molecular function in lipid 

metabolic process. A difference was seen between the epidermis and the hypodermis, where 

epidermal samples exhibited a relatively higher abundance in expression. A large difference in 

expression was also observed between the dermal tissues and the cortex, where the latter 

exhibited relatively low expression. These expression patterns can be linked to the development 

of the cuticle, which is a lipidic layer synthesized by the epidermal cells (Heredia, 2003; 

Samuels et al., 2008).  

Low transcript abundance was observed in the cortex tissue for genes MDP0000228673 

and MDP0000285074, which were encoding genes for a Dehydration-responsive protein and 

Non-specific lipid-transfer protein (LTP), respectively. These two genes exhibited increased 

transcript abundance in dermal samples, albeit slighting higher in most epidermal samples 

compared to hypodermis samples (Figure 4.2). MDP0000285074 was identified as homolog to 

an LTP in tomato which was specifically expression in the epidermal tissue (Matas et al., 2011). 

Another gene which also exhibited this expression pattern was MDP0000750789, encoding a 

cell wall protein TIR3. TIR3 is a GPI-modified cell wall protein which has been observed to be 

strongly upregulated under anaerobic conditions in S. cerevisiae (Klis et al., 2006). The gene 

MDP0000218810 encoding a flavonol synthase (FLS) involved in flavonol biosynthesis 

(Tanaka et al., 2008), exhibited differences in transcript abundance with higher expression in 

dermal mature and ripe samples than expansion samples. Cortex samples had lower FLS than 
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epidermis and hypodermis samples, and most hypodermal samples were lower than epidermal 

samples in mature and ripe fruit (Figure 4.2). In general, large variation was observed between 

the three developmental stages and between the cortex tissues and dermal tissues. Slight 

differences were observed between the epidermis and hypodermis, however variation was seen 

among these samples. 

4.1.2. Total expression of genes in specific skin cells over development 

Gene counts from RNA-seq were normalised to transcripts per million (TPM) to determine the 

abundance of gene expression. Genes that exhibited a TPM ≥ 1 were defined to be expressed. 

The number of expressed genes and respective expression in each sample library were 

quantified, with the gene numbers and relative expression rates shown for each tissue replicate 

at different stages (Figure 4.4). Two libraries with the lowest number of genes which exhibited 

TPM ≥ 1 was an epidermis replicate (T2) at the expansion stage with 16,545 and in a cortex 

replicate (T1) at expansion with 17,524. These two libraries may have been subject to over 

amplification however they were not outliers in the PCA and the clusters suggest that the highly 

expressed genes were unaffected (Figure 4.1). One library with the highest number of TPM ≥ 1 

genes was seen an epidermis library (T1) at ripe the stage of development with 33,457 genes. 

The majority of expressed genes throughout all the libraries exhibited relative expression rates 

between 10 – 500 TPM (Figure 4.4). 

Within each growth stage the cortex tissue generally exhibited a lowest number of 

expressed genes compared to the dermal tissues (Figure 4.4). Which may indicate higher gene 

regulation in the upper layer of cells in skin tissue compared with the underlying flesh. Between 

developmental stages, the ripe stage showed increased transcriptional abundance compared to 

the expansion and mature stages. This was observed with an increased number of genes with 

TPM > 1,000 at the ripe stage relative to the expansion and mature stages (Figure 4.4). This 
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increase in the number of gene transcripts at the ripe stage suggests an increase gene regulation 

possibly due to the processes of ripening e.g. volatile aroma production and ethylene 

biosynthesis. The discrepancies in the number of expressed genes between samples suggest 

differences in global gene regulation between developmental stages and between tissue layers.  

 

 

 

Figure 4.4. Number of expressed genes and respective expression levels based on TPM (transcripts 
per million) in each RNA-seq replicate (T#) over 3 stages of development: EXPANSION, MATURE, RIPE. 
Tissues: epidermis (EPI), hypodermis (HYP), and cortex (COR). 
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4.1.3. General observations around the distribution of data in RNA-seq 

General observations of the RNA-seq data indicate that the three developmental stages 

investigated were significantly grouped apart from one another. Between the tissues a close 

relationship between the epidermis and hypodermis tissues within the expansion and mature 

stages of development. This relationship indicates a strong similarity of highly expressed genes 

between the epidermis and the hypodermis. Cortex samples were found to be significantly 

separated in the distribution of variance from the dermal tissues. Ripe samples exhibited clear 

separation of tissues compared to the expansion and mature stages suggesting increased 

differentiation of tissue types later in development. The larger number of expressed genes 

observed in ripe compared to the earlier stages also indicate increased gene regulation in later 

development. The difference seen in the number of expressed genes also indicate differences 

in global gene regulation between tissue layers. 

4.1.4. Spatiotemporal distribution of gene expression 

The average transcript abundance from three biological replicates were used to visualize the 

spatial distribution of gene expression between tissue layers at each developmental stages 

(Figure 4.5). Genes that only showed a TPM ≥ 1 in a specific tissue was assigned to that tissue, 

whereas a gene that exhibited a TPM ≥ 1 in multiple tissues was assigned to the appropriate 

tissue overlap sector in the Venn diagram (Figure 4.5). In cortex tissue, there were less genes 

with TPM ≥ 1 observed than in epidermis and hypodermis tissue, at all three developmental 

stages. In the epidermis tissue, there were more genes with TPM ≥ 1 in the ripe stage of 

development than in the expansion and mature stages (Figure 4.5). The epidermis tissue at the 

ripe stage of development exhibited the largest number of genes with TPM ≥ 1 than in the 

hypodermis and cortex tissues (Figure 4.5C). This would suggest that the epidermis would be 

the skin tissue with the highest number of transcriptionally regulated genes in ripe fruit. 
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However, in the hypodermis tissue the number of genes exhibiting TPM ≥ 1 decreased after 

expansion at the mature stage and furthermore at the ripe stage (Figure 4.5). The decrease of 

transcript abundance in the hypodermis after expansion suggests that the hypodermis may have 

increased gene regulation during fruit expansion than in the later developmental stages. 

The highest overlap in gene expression between two tissues was between the epidermis 

and the hypodermis for all three stages of development. The number of genes with the 

epidermis/hypodermis overlap decreases from 5,418 at the expansion stage (Figure 4.5A) to 

3,372 at the ripe stage (Figure 4.5C). This suggests that the number of genes that were found 

to be expressed in both tissues decreased over development. Although the number of genes that 

were found to be expressed in all tissues gradually increased over development from 24,100 at 

expansion (Figure 4.5A) to 26,962 at ripe (Figure 4.5C). This showed that there was an increase 

in the number of expressed genes in all three tissue types in later development.  

The number of expressed genes were also represented at each developmental stage 

(Figure 4.6), with average TPM across three biological replicates which showed stage specific 

gene numbers and developmental overlaps shown for each tissue type. For the epidermis and 

cortex tissues, the ripe stage of development had the highest number of expressed genes with 

3,291 in the epidermis and 3,815 in the cortex (Figure 4.6). For the hypodermis tissue the 

expansion stage had the highest number of genes with 3,015 genes (Figure 4.6B). 

Overall, the lowest number of genes seen in each tissue was at the mature stage 

(Figure 4.6). This may suggest a reduction in transcriptional abundance across all skin tissues 

at mature stage of development. The ripe stage on the over hand showed larger numbers of 

gene transcripts across all skin tissues, particularly in the epidermis and the cortex (Figure 4.6). 

This may indicate that the ripe stage of development exhibits an increase in skin tissue gene 

transcription compared to the earlier stages of fruit development. 
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Figure 4.5. Venn diagrams showing spatial distribution of expressed genes between tissue-types at 
each developmental stage. (A) expansion, (B), mature, (C) ripe. Gene number based on average TPM 
counts of three biological replicates, genes of TPM≥1.0 were defined as expressed.  
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Figure 4.6. Venn diagram showing temporal distribution of expressed genes between developmental 
stages within each tissue-type. (A) epidermis, (B), hypodermis, (C) cortex. Gene number based on 
average TPM counts of three biological replicates, genes of TPM≥1.0 were defined as expressed.  
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4.2. Differential gene expression and tissue-specific expression 

4.2.1. Differential expression of skin tissues over fruit development 

Pairwise comparisons were made between each tissue-type at each of the three stages of growth 

and development. Differentially expressed genes (DEGs) were determined from these 

comparisons when genes were statistically significant (p-value < 0.05) and exhibited a log2 

fold change (LFC) greater than 1 or less than -1 (fold change of 2). For each paired comparison 

(e.g. EPI_HYP) genes that were found to be differentially expressed with a LFC ≥ 1 were 

upregulated in tissue before underscore (e.g. EPI_) and genes with LFC ≤-1 were upregulated 

in tissue after the underscore (e.g. _HYP) (Figure 4.7). From the three pairwise comparisons 

conducted at each developmental stage, the total number of DEGs at expansion were 12,204, 

at mature 8385 and ripe 8416. This high number observed at expansion highlights the large 

number of genes upregulated in the dermal tissues versus the cortex during expansion, with 

4029 and 3943 upregulated in the epidermis and hypodermis respectively (Figure 4.7A), 

whereas at mature: 3016 (epidermis) and 2901 (hypodermis) (Figure 4.7B), and ripe 2367 

(epidermis) and 1901 (hypodermis) (Figure 4.7C). At all three developmental stages there were 

generally less DEGs upregulated in the cortex when paired with the epidermis or hypodermis 

(Figure 4.7). Suggesting a larger number of significant gene activity in the upper tissue layers 

of the skin.  

DEGs from epidermis and hypodermis pairwise comparisons would determine 

important genes that were found to be significantly differentiated between the two neighboring 

tissue types. At each developmental stage, the pairwise comparisons with the lowest number 

of DEGs were found between the epidermis and the hypodermis tissues (Figure 4.7). This 

fewer number of DEGs found between the dermal tissues showed a much higher degree of 

transcriptional overlap between the epidermis and the hypodermis, when compared to pairwise 

comparisons between the cortex with the dermal tissues (Figure 4.7). The number of DEGs 
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upregulated in the epidermis versus the hypodermis at expansion and mature were 633 and 434, 

respectively (Figure 4.7A&B). At ripe, this number increased to 1306 genes (Figure 4.7C). The 

increase in the number of DEGs between the dermal tissues at ripe suggest an increase in 

specialization of the tissue layers in later fruit development. For the hypodermis tissue, the 

largest number of DEGs upregulated in the hypodermis versus the epidermis was seen at 

expansion, with 1133 genes Figure 4.7A). At mature and ripe, 447 and 506 DEGs were 

upregulated in the hypodermis versus the epidermis, respectively (Figure 4.7B&C) Indicate a 

larger number of significant gene expression in the hypodermis in expanding fruit than in later 

development. 

In pairwise comparisons between the epidermis and the hypodermis tissues versus the 

cortex, differential expression was generally upregulated in the dermal tissues (Figure 4.7). In 

these comparisons at each stage, more DEGs were found to be upregulated in the epidermis 

than the hypodermis (Figure 4.7). This indicated that less differential expression occurred 

between the hypodermis and the cortex than in the epidermis and cortex. This would be 

expected as morphologically, the hypodermis acts as the buffer zone of cell tissue between the 

epidermis and the cortex tissues. The number of DEGs upregulated to the epidermis and the 

hypodermis versus the cortex were generally close at the expansion and mature stages 

(Figure 4.7A&B), however the highest discrepancy was seen at ripe with 2367 and 1901 in the 

epidermis and hypodermis, respectively (Figure 4.7C). These patterns of DEGs throughout 

development highlighted significant differences between the tissue-types, further suggesting 

that hypodermis tissue gene regulation was increased at fruit expansion and that epidermis 

tissue gene regulated was increased at ripe.  
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Figure 4.7 Numbers of differentially expressed at each of the 3 stages of growth and development; 
Expansion (A), Mature (B) and Ripe (C). Within each paired analysis (e.g. EPI_HYP) genes that were 
found to be differentially expressed with a log2 fold change (LFC) > 1 (Blue) were upregulated in tissue 
before underscore (e.g. EPI_) and genes with LFC < -1 (orange) were upregulated in tissue after the 
underscore (e.g. _HYP). Tissues: epidermis (EPI), hypodermis (HYP), and cortex (COR). 



Chapter 4: Global RNA-seq analysis 

 
120 

4.2.2. Top differentially expressed genes 

Of the DEGs identified from pairwise comparisons the top 10 genes upregulated to the 

epidermis and hypodermis are listed in Tables 4.3 – 4.8. These tables are separated top to 

bottom with the top 10 genes upregulated versus the cortex (top) and versus the other dermal 

tissue (epidermis or hypodermis) (bottom). Higher LFCs were generally observed in the 

pairwise comparisons versus the cortex than versus the dermal tissues, this would not be 

unexpected due to the close relationships in gene expression observed previously between the 

two neighboring tissues. 

4.2.2.1 Expansion 

The DEGs upregulated to the epidermis in expanding fruit showed that the genes with the 

highest fold change over the cortex constituted of three GDSL esperase/lipase genes involved 

in lipid metabolic processes, with the largest LFC being 13.83 over the cortex (Table 4.3). The 

gene MDP0000201853, was identified as a homolog of LONG CHAIN ACYL-COA 

SYNTHETASE 2 (LACS2) which is linked to cutin biosynthesis in cuticle development (Albert 

et al., 2013) exhibited a 11.78 LFC versus the cortex (Table 4.3). Two genes encoding 

aquaporin NIP1-1, MDP0000309427 and MDP0000626382 were identified with LFCs of 

12.10 and 11.85 versus the cortex, respectively (Table 4.3). NIP1-1 has been linked to water 

transport and tolerance to toxic substances such as arsenite (Kaldenhoff & Fischer, 2006; 

Kamiya et al., 2009). GFP fusions with NIP1-1 have showed subcellular localization to the 

epidermal cells of Arabidopsis roots (Kamiya et al., 2009). 

The top DEGs upregulated in the epidermis versus the hypodermis in expanding fruit 

was MDP0000702949, described as encoding for a RAD50-interacting protein 1 (RINT-1) 

with an LFC of 7.60 versus the hypodermis (Table 4.3). RINT-1 has been linked to cell cycle 

regulation with control after DNA damage (Xiao et al., 2001). The second highest DEG versus 
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the hypodermis was MDP0000312242, encoding a RAN GTPase-activating protein 2 

(AtRanGAP2) with an LFC of 7.41 (Table 4.3) AtRanGAP2 have been observed to be 

localized to the nuclear envelope at interphase and suggested to organize microtubular mitotic 

structures (Pay et al., 2002). 

The top DEGs upregulated in the hypodermis versus the cortex was MDP0000858983 

encoding a Cytochrome P450 86A2 with an LFC 12.62 (Table 4.4). Cytochrome P450s have 

been linked to metabolizing fatty acids in many aspects of plant biology including synthesis of 

protective biopolymers such as cutin (Pinot & Beisson, 2011). In pairwise comparisons versus 

the epidermis, the top gene upregulated in the hypodermis was MDP0000138284 encoding a 

chalcone isomerase with an LFC of 7.90. Chalcone isomerase has been described as a rate 

limiting step in flavonoid biosynthesis (Muir et al., 2001). 
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Table 4.3. Top 10 DEGs in epidermis tissue of expanding apple skin. Differential expression between 
tissues displayed as log2 fold change (LFC). Versus the cortex = top, versus the hypodermis = bottom. 

MDP number Gene description Gene ontology  LFC 

MDP0000149267 
GDSL esterase/lipase At5g33370, Precursor 
(putative) 

lipid metabolic process 13.83 

MDP0000858983 Cytochrome P450 86A2 (putative) iron ion binding 13.29 

MDP0000309427 Aquaporin NIP1-1 (putative) transporter activity 12.71 

MDP0000696168 
GDSL esterase/lipase LTL1 (AtLTL1), 
Precursor (similar to) 

lipid metabolic process 12.10 

MDP0000560198 
Inorganic phosphate transporter 1-4 
(AtPht1) (putative) 

inorganic phosphate 
transmembrane 
transporter activity 

12.08 

MDP0000228673 
Dehydration-responsive protein RD22, 
Precursor (similar to) 

#N/A 11.88 

MDP0000626382 Aquaporin NIP1-1 (similar to) transporter activity 11.85 

MDP0000941955 Cytochrome P450 86A2 (putative) iron ion binding 11.82 

MDP0000201853 
Long chain acyl-CoA synthetase 2 (similar 
to) 

catalytic activity 11.78 

MDP0000927927 
GDSL esterase/lipase At5g45910, Precursor 
(putative) 

lipid metabolic process 11.76 

MDP0000702949 
RAD50-interacting protein 1 (RINT-1) 
(probable) 

#N/A 7.60 

MDP0000312242 
RAN GTPase-activating protein 2 
(AtRanGAP2) (putative) 

#N/A 7.41 

MDP0000919562 
tRNA (guanine-N(7)-)-methyltransferase 
(similar to) 

tRNA modification 7.20 

MDP0000320862 
Probable leucine-rich repeat receptor-like 
protein kinase At1g35710, Precursor 

protein kinase activity 7.07 

MDP0000270398 
DNA polymerase delta catalytic subunit 
(putative) 

nucleotide binding 6.92 

MDP0000308446 Putative nuclease HARBI1 (probable) #N/A 6.67 

MDP0000303896 Nexilin (probable) #N/A 6.58 

MDP0000476668 hypothetical protein transferase activity 6.51 

MDP0000196007 Putative glucose-6-phosphate 1-epimerase catalytic activity 6.45 

MDP0000321031 Triacylglycerol lipase SDP1 (probable) #N/A 6.44 
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Table 4.4. Top 10 DEGs in hypodermis tissue of expanding apple skin. Differential expression between 
tissues displayed as log2 fold change (LFC). Versus the cortex = top, versus the epidermis = bottom. 

MDP number Gene description Gene ontology  LFC 

MDP0000858983 Cytochrome P450 86A2 (putative) iron ion binding 12.62 

MDP0000149267 
GDSL esterase/lipase At5g33370, Precursor 
(putative) 

lipid metabolic process 12.22 

MDP0000560198 
Inorganic phosphate transporter 1-4 
(AtPht1) (putative) 

inorganic phosphate 
transmembrane 
transporter activity 

11.66 

MDP0000228673 
Dehydration-responsive protein RD22, 
Precursor (similar to) 

#N/A 11.18 

MDP0000941955 Cytochrome P450 86A2 (putative) iron ion binding 11.17 

MDP0000309427 Aquaporin NIP1-1 (putative) transporter activity 11.10 

MDP0000250804 
Omega-hydroxypalmitate O-feruloyl 
transferase (probable) 

transferase activity 11.10 

MDP0000696168 
GDSL esterase/lipase LTL1 (AtLTL1), 
Precursor (similar to) 

lipid metabolic process 11.06 

MDP0000161955 Squalene monooxygenase (SE) (similar to) 
squalene 
monooxygenase activity 

11.03 

MDP0000129670 
Palmitoyl-monogalactosyldiacylglycerol 
delta-7 desaturase, chloroplastic, Precursor 
(similar to) 

lipid metabolic process 10.93 

MDP0000138284 
Chalcone--flavonone isomerase (Chalcone 
isomerase) (probable) 

intramolecular lyase 
activity 

7.90 

MDP0000249686 
Putative uracil phosphoribosyltransferase 
(similar to) catalytic activity 

7.78 

MDP0000244612 
Chalcone--flavonone isomerase (Chalcone 
isomerase) (probable) 

intramolecular lyase 
activity 

7.57 

MDP0000904060 WD repeat-containing protein 48 (probable) protein binding 7.18 

MDP0000269990 Gibberellin 2-beta-dioxygenase 8 (putative) oxidoreductase activity 7.09 

MDP0000861535 Thaumatin-like protein, Precursor (putative) #N/A 6.96 

MDP0000276844 
Putative uracil phosphoribosyltransferase 
(similar to) catalytic activity 

6.80 

MDP0000486223 
Putative metallophosphoesterase 
At3g03305, Precursor hydrolase activity 

6.73 

MDP0000209819 
Polynucleotide 5'-hydroxyl-kinase NOL9 
(similar to) #N/A 

6.71 

MDP0000933051 
Delta-aminolevulinic acid dehydratase, 
chloroplastic (ALADH), Precursor (putative) catalytic activity 

6.68 
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4.2.2.2 Mature 

The top DEG that was upregulated in the epidermis of mature fruit versus the cortex, with an 

LFC of 12.70, was MDP0000129670, encoding palmitoyl-monogalactosyldiacylglycerol 

delta-7 desaturase and associated in lipid metabolic processes according to gene ontology 

(Table 4.5). Another top epidermal DEG was MDP0000193438, which was found to be 

homologous to a putative lipid transporter gene WHITE–BROWN COMPLEX 11 (WBC11) 

(Table 4.5).  WBC11 has been identified as an essential component in the export of cutin and 

wax monomers to the surface of Arabidopsis (Panikashvili et al., 2007). A top epidermal DEG 

versus the hypodermis was MDP0000149035 with an LFC of 7.30, encoding ABC transporter 

B family member 13 and linked to nucleotide binding and transmembrane transport. 

The top hypodermal DEG in mature fruit was MDP0000161955 encoding for squalene 

monooxygenase, which exhibited an LFC of 12.34 versus the cortex (Table 4.6). Squalene 

monooxygenase has been described to be involved in sterol biosynthesis in essentially all 

eukaryotes (Schäfer et al., 1999). Another top hypodermal DEG versus the cortex was 

MDP0000069348, which was found to be a homolog to CER1 and involved in wax biosynthesis 

by shaping the final lipid composition of the wax layers (Bernard et al., 2012). The top DEG 

upregulated in the hypodermis versus epidermis of mature fruit, with an LFC of 7.41, was 

MDP0000578467 encoding a dual specificity protein kinase pom1. Dual specificity protein 

kinase pom1 has been identified to be involved in the localization of polarized growth and 

cytokinesis, and may interact with both actin and the microtubule skeleton (Hachet et al., 2011). 
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Table 4.5. Top 10 DEGs in epidermis tissue of mature apple skin. Differential expression between 
tissues displayed as log2 fold change (LFC). Versus the cortex = top, versus the hypodermis = bottom. 

MDP number Gene description Gene ontology  LFC 

MDP0000129670 
Palmitoyl-monogalactosyldiacylglycerol 
delta-7 desaturase, chloroplastic, Precursor 
(similar to) 

lipid metabolic process 12.70 

MDP0000242697 
Hydroxycinnamoyl-Coenzyme A 
shikimate/quinate 
hydroxycinnamoyltransferase (probable) 

transferase activity 12.50 

MDP0000161955 Squalene monooxygenase (SE) (similar to) 
squalene 
monooxygenase activity 

12.28 

MDP0000193438 
ABC transporter G family member 11 (ABC 
transporter ABCG.11) (probable) 

nucleotide binding 12.10 

MDP0000784053 
3-ketoacyl-CoA synthase 21 (KCS-21) 
(putative) 

catalytic activity 12.03 

MDP0000120594 Vinorine synthase (probable) transferase activity 11.84 

MDP0000178344 Vinorine synthase (probable) transferase activity 11.84 

MDP0000135974 
3-ketoacyl-CoA synthase 1 (KCS-1) 
(putative) 

catalytic activity 11.79 

MDP0000180902 
Gibberellin 3-beta-dioxygenase 4 
(AtGA3ox3) (probable) 

oxidoreductase activity 11.77 

MDP0000069348 Protein WAX2 (probable) 
fatty acid biosynthetic 
process 

11.67 

MDP0000149035 
ABC transporter B family member 13 (ABC 
transporter ABCB.13) (putative) 

transmembrane 
transport 

7.30 

MDP0000901478 
Vacuolar protein sorting-associated protein 
18 homolog (probable) 

#N/A 6.74 

MDP0000716544 
Putative F-box/FBD/LRR-repeat protein 
At5g44950 (probable) 

protein binding 6.54 

MDP0000251781 F-box protein At2g27310 (probable) protein binding 6.42 

MDP0000207289 hypothetical protein endocytosis 6.24 

MDP0000820971 
Transcription initiation factor TFIID subunit 
8 (TAFII-43) (probable) 

#N/A 5.87 

MDP0000140993 6-phosphofructokinase 3 (putative) 
6-phosphofructokinase 
activity 

5.87 

MDP0000264118 6-phosphofructokinase 3 (putative) 
6-phosphofructokinase 
activity 

5.86 

MDP0000827768 
Insulin-degrading enzyme (Insulinase) 
(probable) 

catalytic activity 5.81 

MDP0000267478 
Mitochondrial uncoupling protein 4 (UCP 4) 
(probable) 

binding 5.78 
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Table 4.6. Top 10 DEGs in hypodermis tissue of mature apple skin. Differential expression between 
tissues displayed as log2 fold change (LFC). Versus the cortex = top, versus the epidermis = bottom. 

MDP number Gene description Gene ontology  LFC 

MDP0000161955 Squalene monooxygenase (SE) (similar to) 
squalene 
monooxygenase activity 

12.34 

MDP0000129670 
Palmitoyl-monogalactosyldiacylglycerol 
delta-7 desaturase, chloroplastic, Precursor 
(similar to) 

lipid metabolic process 11.96 

MDP0000193438 
ABC transporter G family member 11 (ABC 
transporter ABCG.11) (probable) 

nucleotide binding 11.83 

MDP0000242697 
Hydroxycinnamoyl-Coenzyme A 
shikimate/quinate 
hydroxycinnamoyltransferase (probable) 

transferase activity 11.54 

MDP0000149064 
ABC transporter G family member 15 (ABC 
transporter ABCG.15) (putative) 

nucleotide binding 11.35 

MDP0000135974 
3-ketoacyl-CoA synthase 1 (KCS-1) 
(putative) 

catalytic activity 11.32 

MDP0000069348 Protein WAX2 (probable) 
fatty acid biosynthetic 
process 

11.30 

MDP0000784053 
3-ketoacyl-CoA synthase 21 (KCS-21) 
(putative) 

catalytic activity 11.22 

MDP0000120594 Vinorine synthase (probable) transferase activity 11.12 

MDP0000180902 
Gibberellin 3-beta-dioxygenase 4 
(AtGA3ox3) (probable) 

oxidoreductase activity 11.11 

MDP0000578467 
Dual specificity protein kinase pom1 
(probable) 

protein kinase activity 7.41 

MDP0000249881 
Nucleolar complex protein 3 homolog 
(NOC3 protein homolog) (probable) 

binding 6.59 

MDP0000257802 
mRNA (guanine-N(7)-)-methyltransferase 
(probable) 

#N/A 6.57 

MDP0000277813 
Transcription factor MYB1R1 (StMYB1R-1) 
(similar to) 

DNA binding 6.43 

MDP0000585188 
DNA-damage-repair/toleration protein 
DRT100, Precursor (putative) 

protein binding 6.42 

MDP0000297656 
Probable cytokinin riboside 5'-
monophosphate phosphoribohydrolase 
LOGL1 (similar to) 

#N/A 6.01 

MDP0000239508 
Zinc phosphodiesterase ELAC protein 2 
(RNase Z 2) (probable) 

endoribonuclease 
activity, producing 5'-
phosphomonoesters 

5.89 

MDP0000120180 
Serine-rich adhesin for platelets, Precursor 
(probable) 

#N/A 5.86 

MDP0000169619 Elongation factor 2 (EF-2) (similar to) GTP binding 5.78 

MDP0000285768 
Probable methyltransferase PMT2 (similar 
to) 

methyltransferase 
activity 

5.74 
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4.2.2.3 Ripe 

The top DEG upregulated to the epidermis of ripe fruit versus the cortex was MDP0000364885 

encoding a cobalt transport protein, with an LFC of 10.55 (Table 4.7). Among the top DEGs 

upregulated in the epidermis versus the hypodermis at ripe were homologues involved in cutin 

biosynthesis, this was seen with LACS2 (MDP0000314713), and HOTHEAD (HTH) genes 

MDP0000727481, MDP0000748068 and MDP0000538071 (Table 4.7). HTH is involved in 

the oxidation of long chain ω -hydroxy fatty acids, where the end products, α,ω-dicarboxylic 

fatty acids major cuticular monomers (Kurdyukov et al., 2006). GFP fusion of HTH have 

shown to be specifically expressed in epidermal cells in Arabidopsis (Kurdyukov et al., 2006). 

In the hypodermis tissues the top DEGs identified versus the cortex were ABC 

transporter genes 15 and 11 with LFCs of 9.20 (Table 4.7). Another top DEG versus the cortex 

was, MDP0000787808, encoding Protein ODORANT1 with an LFC of 9.05 (Table 4.7).  

ODORANT1 has been described to be involved in the production of volatile benzoides, which 

is a scent for attracting pollinators. The gene MDP0000138500 which has been noted as gene 

EXPA1 was upregulated in the hypodermis versus the cortex at 8.17 LFC (Table 4.7). 

Suppression of EXPA1 in tomato inhibited polyuronide depolymerization and produced firmer 

fruit in transgenic tomatoes, while overexpression of this gene resulted in softer fruit 

(Brummell et al., 1999a; Powell et al., 2003). In apple, EXPA1 was found to be expressed in 

low quantities in fresh fruit (Wakasa et al., 2003). Top DEGs upregulated in the hypodermis 

versus the epidermis were MDP0000156837 and MDP0000204345 with LFCs of 6.48 and 

6.30, respectively (Table 4.7). These genes encode RGP which has been associated cellulose 

metabolism and cell wall activity. Another DEG upregulated in the hypodermis versus the 

epidermis was MDP0000184487, encoding a Fasciclin-like arabinogalactan protein (FLA).  

FLA has been linked to cell adhesion in association with specific xyloglucan structures (Dheilly 

et al., 2016).  
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Table 4.7. Top 10 DEGs in epidermis tissue of ripe apple skin. Differential expression between tissues 
displayed as log2 fold change (LFC). Versus the cortex = top, versus the hypodermis = bottom. 

MDP number Gene description Gene ontology  LFC 

MDP0000364885 
Putative cobalt transport protein CbiM 1 
(ECF transporter S component CbiM 1) 
(probable) 

#N/A 10.55 

MDP0000242697 
Hydroxycinnamoyl-Coenzyme A 
shikimate/quinate 
hydroxycinnamoyltransferase (probable) 

transferase activity 10.39 

MDP0000193438 
ABC transporter G family member 11 (ABC 
transporter ABCG.11) (probable) 

nucleotide binding 10.31 

MDP0000094058 
ABC transporter G family member 15 (ABC 
transporter ABCG.15) (putative) 

nucleotide binding 10.21 

MDP0000120595 Vinorine synthase (probable) transferase activity 10.15 

MDP0000178344 Vinorine synthase (probable) transferase activity 10.02 

MDP0000200335 
ABC transporter G family member 11 (ABC 
transporter ABCG.11) (similar to) 

nucleotide binding 9.92 

MDP0000149064 
ABC transporter G family member 15 (ABC 
transporter ABCG.15) (putative) 

nucleotide binding 9.86 

MDP0000135974 
3-ketoacyl-CoA synthase 1 (KCS-1) 
(putative) 

catalytic activity 9.74 

MDP0000120594 Vinorine synthase (probable) transferase activity 9.71 

MDP0000288155 
CASP-like protein VIT_05s0020g01820 
(similar to) 

#N/A 9.54 

MDP0000231050 Fatty acid desaturase 1 (D5D) (probable) iron ion binding 8.97 

MDP0000669940 hypothetical protein #N/A 8.83 

MDP0000727481 Protein HOTHEAD, Precursor (similar to) 
oxidoreductase activity, 
acting on CH-OH group 
of donors 

8.48 

MDP0000734649 TATA-box-binding protein (TBP) (probable) #N/A 8.42 

MDP0000748068 Protein HOTHEAD, Precursor (similar to) 
oxidoreductase activity, 
acting on CH-OH group 
of donors 

8.24 

MDP0000538071 Protein HOTHEAD, Precursor (similar to) 
oxidoreductase activity, 
acting on CH-OH group 
of donors 

7.86 

MDP0000314713 
Long chain acyl-CoA synthetase 2 (similar 
to) 

catalytic activity 7.85 

MDP0000679031 
Tyrosine-protein phosphatase, Precursor 
(probable) 

#N/A 7.81 

MDP0000140853 

N-acyl-phosphatidylethanolamine-
hydrolyzing phospholipase D (N-acyl 
phosphatidylethanolamine phospholipase 
D) (probable) 

#N/A 7.73 
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Table 4.8. Top 10 DEGs in hypodermis tissue of ripe apple skin. Differential expression between tissues 
displayed as log2 fold change (LFC). Versus the cortex = top, versus the epidermis = bottom. 

MDP number Gene description Gene ontology  LFC 

MDP0000149064 
ABC transporter G family member 15 (ABC 
transporter ABCG.15) (putative) 

nucleotide binding 9.20 

MDP0000150931 
ABC transporter G family member 11 (ABC 
transporter ABCG.11) (similar to) 

nucleotide binding 9.20 

MDP0000291544 
Abscisic acid 8'-hydroxylase 1 (ABA 8'-
hydroxylase 1) (putative) 

iron ion binding 9.14 

MDP0000787808 Protein ODORANT1 (putative) DNA binding 9.05 

MDP0000204616 Calcium-binding protein PBP1 (similar to) calcium ion binding 8.77 

MDP0000132983 
Probable ubiquitin-conjugating enzyme E2 
24 (putative) 

acid-amino acid ligase 
activity 

8.52 

MDP0000453295 2-isopropylmalate synthase A (similar to) catalytic activity 8.47 

MDP0000269361 Ataxin-7 (probable) #N/A 8.33 

MDP0000138500 
Expansin-A8 (AtEXPA8), Precursor (similar 
to) 

extracellular region 8.17 

MDP0000193438 
ABC transporter G family member 11 (ABC 
transporter ABCG.11) (probable) 

nucleotide binding 8.01 

MDP0000150425 
Receptor-like serine/threonine-protein 
kinase ALE2, Precursor (similar to) 

protein kinase activity 7.08 

MDP0000478356 
Protein FAR1-RELATED SEQUENCE 3 (similar 
to) 

DNA binding 7.06 

MDP0000156837 
Alpha-1,4-glucan-protein synthase [UDP-
forming] (RGP) (similar to) 

cell wall 6.48 

MDP0000258604 
Isoamylase 2, chloroplastic (AtISA2), 
Precursor (similar to) 

catalytic activity 6.43 

MDP0000164822 F-box protein SKIP14 (probable) #N/A 6.38 

MDP0000204345 
Alpha-1,4-glucan-protein synthase [UDP-
forming] (RGP) (similar to) 

cell wall 6.30 

MDP0000277557 
Pentatricopeptide repeat-containing 
protein At1g14470 (similar to) 

binding 6.17 

MDP0000297791 Transcription factor RF2b (similar to) 
sequence-specific DNA 
binding transcription 
factor activity 

6.11 

MDP0000184487 
Fasciclin-like arabinogalactan protein 17, 
Precursor (similar to) 

#N/A 6.04 

MDP0000305387 Transcription factor RF2b (similar to) 
sequence-specific DNA 
binding transcription 
factor activity 

5.95 
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4.2.3. Tissue specific genes and gene ontology associations 

For each developmental stage, tissue-specific genes were determined by identifying genes that 

exhibited differential expression (LFC > 1, p-value < 0.05) from pairwise comparisons versus 

the other two tissues, e.g. epidermis specific LFC ≥ 1, p-value < 0.05 versus the hypodermis 

and LFC ≥ 1, p-value < 0.05 versus the cortex (Table 4.7). Gene ontology (GO) classification 

analysis was performed on tissue-specific genes to label their primary association in either 

molecular function, cellular component, biological process, or of unknown function.  

At total of 2736 tissue-specific genes were identified for each of the three tissues 

isolated at the three stages of development (Table 4.7). The common GO classifications found 

among the tissue specific genes identified were associations with molecular function followed 

by unknown function (Table 4.7). The large number of unknown genes identified from tissue-

specific analyses indicates the potential for gene discovery from tissue specific analyses of the 

skin. At expansion, the total number of specifically expressed genes were 1095, with 292 in 

the epidermis, 355 in the hypodermis and 448 in the cortex (Table 4.7A). At mature, the total 

number of tissue-specific genes were 584, with 150 in the epidermis, 123 in the hypodermis 

and 311 in the cortex (Table 4.7B). At ripe, the total number of tissue-specific genes were 1057 

with 490 in the epidermis, 126 in the hypodermis and 441 in the cortex (Table 4.7C).  

The general patterns observed among the tissue-specific genes showed that a large 

number of hypodermis-specific genes were identified at the expansion stage relative to the later 

stage of development, highlighting that the hypodermis tissue may have a more pronounced 

functional role in early fruit development. (Table 4.7). It was also observed that a large number 

of epidermis-specific genes were identified at ripe, suggesting a specific function of the tissue 

in fruit ripening (Table 4.7C). Throughout development, a large number of cortex-specific 

genes were identified, though this would be due to the low number of DEGs found between 
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the dermal tissues. The differences observed in the number of tissue-specific genes identified 

in the skin during development demonstrate the fluctuating spatial expression patterns between 

the skin tissues.  

 

Figure 4.8. Number of tissue-specific genes divided by their gene ontology association at each of the 
3 stages of growth and development; Expansion (A), Mature (B) and Ripe (C). 
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Tissue-specific genes that were primarily annotated for biological function were organized into 

their functional sub-categories at each stage of development (Figures 4.9, 4.10, 4.11). At 

expansion, a large proportion of epidermis-specific genes were assigned for lipid and glycerol 

metabolic processes which were not seen in the other tissues (Figure 4.9). Glycerol metabolic 

processes are chemical reactions and pathways involving glycerol, 1,2,3-propanetriol, a sweet, 

hygroscopic, viscous liquid, widely distributed in nature as a constituent of many lipids. These 

processes related to lipid metabolism which were specifically seen only in the epidermis tissue  

highlight an enhanced function of the epidermis for processing lipids, such as those primarily 

involved in cuticle development. In hypodermis tissue at expansion a large proportion of genes 

specifically were associated with metabolic processes (Figure 4.9). This suggests that the 

hypodermis would have an enhanced function in metabolic processes resulting in cell growth. 

In the cortex tissue, a proportion of genes that are associated with carbohydrate metabolic 

processes were observed specifically in this tissue (Figure 4.9), confirming that the cortex 

tissue has a functional role in the storage of carbohydrates not seen in the dermal tissues. 

Epidermis-specific genes at the mature stage of development exhibited specific lipid 

metabolic processes not seen in the hypodermis and cortex (Figure 4.10), which was also 

observed at the expansion stage. Other processes seen only in the epidermis were glycogen 

biosynthetic processes and endocytosis (Figure 4.10). A proportion of hypodermis-specific 

genes were associated include photosynthesis, light harvesting. Active photosynthesis in the 

hypodermis aligns to a previous observation of chloroplasts localised specifically in fruit 

hypodermal cells and not the epidermal cells of fruit (Matas et al., 2010). Cortex-specific 

biological processes include, a number of genes involved in carbohydrate metabolic processes, 

lipid transport, response to stress and transport (Figure 4.10). 

At ripe, a large proportion biological processes that were epidermis-specific were 

associated with lipid metabolic processes and lipid transport (Figure 4.11), this follows what 
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was previously seen in epidermis-specific processes in earlier development. In the hypodermis 

a large proportion of biological processes involve lipid metabolic processes and metabolic 

processes, which was also observed at expansion (Figure 4.11). Cortex-specific biological 

processes include, a large proportion associated with defence response and metabolic processes 

(Figure 4.11). A unique function also observed was for cell wall macromolecule catabolic 

process, suggesting that a number of cortex-specific genes were involved in cell wall 

breakdown, possibly ripening and softening related in flesh. 

In general, the biological processes highlighted that there was a large proportion of 

epidermis-specific processes related to lipid metabolism were functioning throughout 

development. Many of these genes possibly in functioning in cuticle development. The 

hypodermis tissue exhibited a significant proportion of genes related to cell metabolism, 

possibly related to increased cell division and growth. It was noted that a large proportion of 

cortex tissue genes were associated with carbohydrate metabolic processes which highlight the 

role of these cells in energy storage. 
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Figure 4.9. Expanding fruit specific-tissue gene ontology by annotated biological function. 
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Figure 4.10. Mature fruit specific-tissue gene ontology by annotated biological function. 

  



Chapter 4: Global RNA-seq analysis 

 
136 

 

 

Figure 4.11. Ripe fruit specific-tissue gene ontology by annotated biological function. 
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4.3. Conclusion 

Analysis of the tissue layer components of the apple skin during development revealed patterns 

of global gene regulation and specific biological activity. Of the three tissues analysed 

throughout development significant similarities were observed between epidermis and 

hypodermis tissues early in development, particularly in genes of high expression related to 

lipid metabolism. Differences in gene number between tissue types and developmental stages 

indicate specific global gene regulation among tissue types at different stages of development. 

This was evident with a large number of highly expressed genes were observed in ripe tissues 

relative to the earlier stages in development. In differential expression analysis there were more 

DEGs identified to be upregulated in the dermal tissues when contrasted with the cortex. There 

were fewer DEGs identified between epidermis and hypodermis paired comparisons than 

cortex tissue pairs. This indicated close association in gene regulation between the 

neighbouring dermal tissues and the significance of DEGs identified from their paired 

comparison. Tissue-specific genes that were identified had showed high gene expression from 

the hypodermis tissue over the epidermis at the expansion stage of development. Although, 

later in development at ripe it was found that the epidermis had higher expression than the 

hypodermis. These patterns suggest increased tissue gene function in expanding fruit from the 

hypodermis and in ripe fruit from the epidermis.  

Gene ontology associations have indicated that lipid metabolism and metabolic 

processes as significant biological functions in the epidermis and hypodermis tissue layers. 

Biochemical processes regulated by the skin tissue such as cuticle biosynthesis, flavonoid 

biosynthesis and cell wall polysaccharide metabolism will be explored further in chapter 5. 

Some of the genes from those processes have already been identified from the top differential 

gene expression lists. These include, epidermal genes associated with lipid metabolism and 
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cuticle development (HTH, WBC11, LACS2), and hypodermal genes associated with the cell 

wall (EXPA, RGP) and flavonoid production (CHI). 
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Chapter 5 

Analysis of expression of genes in selected pathways in different 

tissues 

In this chapter, gene expression associated with three physiological and morphological 

characteristics of the skin was investigated in detail.  These pathways are cuticle biosynthesis, 

pigment biosynthesis, and cell wall modification. It has been shown that the apple skin, which 

contains the red pigment anthocyanin (Espley et al., 2007), has a protective waxy cuticle 

(Belding et al., 1998), an epidermal layer, and a hypodermal layer that can be several cells 

deep. During growth and ripening, there is activity associated with cell wall modifications 

(Fischer & Bennett, 1991; Goulao & Oliveira, 2008), although the tissue specificity of these 

modifications remains relatively unexplored.  A number of previous studies on fruit have also 

shown that many significant regulatory genes in these pathways exhibit high expression 

towards the skin of the fruit (Kondo et al., 2002; Matas et al., 2010; Albert et al., 2013; Fasoli 

et al., 2016a; Meng et al., 2016). However, it is not known how many cell layers down from 

the epidermis this regulation of gene transcription is present, and which cell types have specific 

functions.  

Links have also been shown between the three pathways of cuticle biosynthesis, 

pigment biosynthesis, and cell wall modification. For example, the accumulation of flavonoids 

in the cuticle matrix has been reported to increase cuticle stiffness, and the cutinization of 

epidermal and hypodermal cell walls leads to an increase in the contribution of cell wall 

polysaccharides to the mechanical properties of the cuticle (Khanal & Knoche, 2017). These 

pathways are also known to be significantly involved in regulating important factors of fruit 

quality such as post-harvest storage, water loss, fruit colour, flavour, firmness, and texture 

(Gapper et al., 2013; Seymour et al., 2013). 
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For each of the selected pathways, differentially expressed genes (DEG) were defined 

by tissue type and developmental stage, and were used to identify significant spatiotemporal 

gene expression patterns. Pairwise analysis between each tissue type (epidermis, hypodermis 

and cortex) were performed at each developmental stage from expansion to maturity to ripe. 

Genes were considered differentially expressed if they had a p-value (< 0.05) and a log2 fold 

change (LFC) greater than 1 or less than -1 (fold change of 2). Gene expression was considered 

to be specific if it was differentially expressed in one tissue relative to the other two tissues. 

Pairwise analysis of each tissue type was also performed between each of the three 

developmental stages. The differential expression between each developmental stage was used 

to indicate periods of increased or decreased mRNA abundance. 

5.1. Cuticle biosynthesis in plants 

The cuticle is made up of cutin polymers and waxes, which are a diverse array of hydrophobic 

compounds including very-long-chain fatty acids and their derivatives. The two main 

components of the cuticle are the cutin polyester matrix and the waxes that are embedded in 

the matrix and deposited on the cuticle surface (Samuels et al., 2008).  In apple, cuticle 

development can encase the entire cells of the epidermis and hypodermis (Khanal & Knoche, 

2017). Epidermal cells dedicate more than half of their lipid metabolism to the synthesis of 

cuticular lipids, which seal and protect the plant (DeBono et al., 2009).  

The biosynthesis of cuticle components is outlined in Figures 1.6 & 1.7. The 

biosynthesis of cuticular components proceeds in several different cellular compartments, C16 

and C18 chain length fatty acids being synthesized in the plastids, followed by further extension 

in elongation complexes residing in the endoplasmic reticulum (Joubes et al., 2008). The 

resulting cutin and wax monomers are finally loaded onto the outer surface of the epidermal 
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cells. A variety of enzymes have been identified that perform modifications and transportation 

of lipid molecules (Kunst & Samuels, 2003). 

5.1.1. Expression of cuticle biosynthesis genes in apple 

Differentially expressed genes (DEGs) that belong to specific biochemical pathways associated 

with cuticle biosynthesis and regulation were identified from the RNA-seq data (Table 5.1). 

DEGs genes were identified by either MDP numbers or by the most significant homology from 

previous studies referenced in Table 5.1. Differential expression between each tissue type was 

measured at each of the three stages of fruit development (Table 5.2). Log Fold change (LFC) 

values were also produced for changes of one tissue (+) over the other (-).  

Of the cuticle DEGs identified, three were found to be involved in the cutin biosynthetic 

pathway (Figure 1.6). LCR (MDP0000941955) and LACS2 (MDP0000201853) were two genes 

candidates that were identified previously to be involved in cuticle formation and peel specific 

(Albert et al., 2013), and in the current study these genes displayed some of the largest LFC 

values for tissue differentiation among the cuticle-related genes (Table 5.2). Both DEGs 

exhibited significant differential expression in epidermis and hypodermis versus the cortex, 

and exhibited LFCs between 10.8 and 11.8 in expanding fruit. One other LCR-like DEG 

(MDP0000858983) was identified and showed similar expression patterns, although even 

higher LFCs were observed with 13.29 in the epidermis versus the cortex and 12.62 in the 

hypodermis versus the cortex (Appendix 2). One LACS2-like DEG (MDP0000314713) also 

exhibited differential expression in the epidermis and hypodermis, with substantial but lower 

LFCs < 10 (Appendix 2). LACS2 (MDP0000201853) exhibited epidermis-specific expression 

in ripe fruit, with differential expression seen preferentially towards the epidermis and absent 

towards both the hypodermis and the cortex (Table 5.2). The epidermis-specific expression of 

LACS2 observed in at the ripe stage suggest involvement of cuticle composition in ripening-
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related changes. The LACS2 homologue (MDP0000314713) also showed this epidermis-

specific pattern of gene expression (Appendix 2).  
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Table 5.1. Genes identified to be putatively linked to cuticle biosynthesis and regulation. Shaded 
colours of gene names indicate defined roles in cutin biosynthesis (BLUE), wax biosynthesis (GREEN) 
and non-specific biosynthesis/cuticle regulation (GREY). 

Gene Malus ID # Description/role References 

LCR MDP0000941955 
Fatty acid ω-hydroxylation in cutin 

biosynthesis 
(Albert et al., 2013) 

HTH MDP0000158474 
Oxidation of ω -hydroxy fatty acids in 

cutin biosynthesis 

(Kurdyukov et al., 2006; 

Albert, 2014) 

LACS2 MDP0000201853 
Catalyses free fatty acids to fatty acyl-

CoAs for cutin biosynthesis 
(Albert et al., 2013) 

CER1 MDP0000461409 
Converts long-chain aldehydes to 

alkanes in wax biosynthesis 
(Legay et al., 2015) 

CER4 MDP0000271183 
Synthesis of primary alcohols in wax 

biosynthesis 
(Albert et al., 2013) 

CER6 MDP0000392495 
Decarbonylation and acyl-reduction in 

wax synthesis  
(Legay et al., 2015) 

LACS1 MDP0000244216 
Catalyses free fatty acids to fatty acyl-

CoAs for wax biosynthesis 
(Lü et al., 2009) 

WSD11 MDP0000184929 Wax ester biosynthesis (Lashbrooke et al., 2015b) 

KCS1 MDP0000632951 
Very long chain fatty acid 

biosynthesis 
(Albert et al., 2014) 

KCS7/2 MDP0000433567 
Very long chain fatty acid 

biosynthesis 
(Albert et al., 2013) 

SHN3 MDP0000178263 Cuticle transcription factor (Lashbrooke et al., 2015b)  

KAS1 MDP0000250127 Crucial role in fatty acid synthesis (Lashbrooke et al., 2015b) 

FDH MDP0000654110 Fatty acid elongation (Albert et al., 2013) 

PAS2 MDP0000337353 Fatty acid elongation (Albert et al., 2013) 

CER10 MDP0000722934 Fatty acid elongation (Albert et al., 2013) 

WBC11 MDP0000193438 Cuticle lipid transporter (Albert et al., 2013) 

LTPG1 MDP0000118904 Cuticle lipid transporter (Albert et al., 2013) 

ABCG11 MDP0000248808 Cuticle lipid transporter (Legay et al., 2015) 
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Table 5.2. Cuticle genes differentially expressed (LFC) by tissue pair comparisons at each stage of fruit 
development. Shaded colours of gene names indicate defined roles in cutin biosynthesis (BLUE), wax 
biosynthesis (GREEN) and non-specific biosynthesis/cuticle regulation (GREY). Tissues: epidermis (EPI), 
hypodermis (HYP) and cortex (COR). Tissues denoted (+) indicate the tissue that is 
upregulated/downregulated relative to the compared tissue denoted (-). Tissues that are not 
differentially expressed with p-values < 0.05 denoted “—“. 

 Expansion Mature Ripe 

Genes 

EPI (+) HYP (+) EPI (+) EPI (+) HYP (+) EPI (+) EPI (+) HYP (+) EPI (+) 

COR (-) COR (-) HYP (-) COR (-) COR (-) HYP (-) COR (-) COR (-) HYP (-) 

LCR 11.82 11.17 — 8.87 7.36 1.51 — — — 

HTH 4.41 — 3.85 — — — — — — 

LACS2 11.78 10.80 — 8.57 8.23 — 6.85 — 6.40 

CER1 9.01 7.72 — 6.98 6.00 — 6.21 3.43 2.78 

CER4 8.44 8.03 — 10.26 9.89 — 7.60 4.80 2.81 

CER6 10.35 10.00 — 8.23 7.81 — 8.61 6.33 2.28 

LACS1 — 3.36 — 6.35 6.00 — 3.31 — — 

WSD11 9.67 8.63 — 8.69 8.41 — 4.05 — — 

KCS1 8.63 7.55 — 11.16 10.09 — 7.69 4.83 2.87 

KCS7/2 8.00 7.87 — 6.53 3.25 3.28 6.27 5.16 — 

SHN3 8.80 8.12 — 4.90 — 3.99 — — — 

KAS1 7.58 5.33 — 6.32 5.42 — 5.66 — 5.81 

FDH 7.12 6.46 — 3.65 2.93 — 4.66 2.35 2.31 

PAS2 2.98 1.86 — 3.17 2.43 — 3.20 1.44 1.76 

CER10 3.75 2.72 1.03 3.33 2.58 — 2.01 — 1.77 

WBC11 9.87 9.07 — 12.10 11.83 — 10.31 8.01 2.30 

LTPG1 5.77 4.02 — 4.71 4.10 — 5.12 4.16 — 

ABCG11 6.99 7.69 — 7.66 7.72 — 6.76 3.52 3.24 
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Table 5.3. Cuticle genes differentially expressed (LFC) by developmental stage pair comparisons for 
each tissue type. Shaded colours of gene names indicate defined roles in cutin biosynthesis (BLUE), 
wax biosynthesis (GREEN) and non-specific biosynthesis/cuticle regulation (GREY). Stages: expansion 
(EXP), mature (MAT) and ripe (RIP). Stages denoted (+) indicate the stage that is 
upregulated/downregulated relative to the compared stage denoted (-). Stages that are not 
differentially expressed with p-values < 0.05 denoted “—“. 

 Epidermis Hypodermis Cortex 

Genes 

MAT (+) RIP (+) RIP (+) MAT (+) RIP (+) RIP (+) MAT (+) RIP (+) RIP (+) 

EXP (-) MAT (-) EXP (-) EXP (-) MAT (-) EXP (-) EXP (-) MAT (-) EXP (-) 

LCR -4.26 -9.61 -13.87 -5.11 -8.27 -13.38 — — — 

HTH -4.41 — -4.42 — — — — — — 

LACS2 -2.91 — -4.14 -2.26 -7.30 -9.55 — — — 

CER1 — — — — -3.53 -3.62 — — — 

CER4 — -3.09 -1.99 — -5.53 -4.39 — — — 

CER6 — — — — -2.86 -2.31 2.74 — — 

LACS1 — — — — — — — — — 

WSD11 — -2.89 -3.87 — -4.66 -4.87 — — — 

KCS1 — -3.32 -2.43 — -5.10 -4.21 — — — 

KCS7/2 — — — -4.62 — -3.08 — — — 

SHN3 -3.90 -5.22 -9.11 -7.21 — -8.50 — — — 

KAS1 — — — — -5.73 -6.13 — — — 

FDH — — — — -2.23 -2.29 3.48 — — 

PAS2 — — -1.55 — -1.94 -2.19 — — -1.76 

CER10 — -1.00 -1.65 — -2.02 -2.40 — — — 

WBC11 — — 2.06 2.17 — — — — — 

LTPG1 — — — — — — — — — 

ABCG11 — — — — -4.49 -4.45 — — — 
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HTH (MDP0000158474) was previously identified in apple (Albert, 2014) and was the most 

similar gene to the Arabidopsis orthologue AtHTH (Kurdyukov et al., 2006). HTH exhibited 

differential expression specific to the epidermis in expanding fruit (Table 5.2). The expression 

pattern observed for the HTH gene show that cutin monomers may be synthesized exclusively 

in the epidermis and predominantly earlier in development before maturity. Four other HTH-

like DEGs were annotated for HTH and shared homology; these homologues exhibited 

epidermis and hypodermis expression that was upregulated versus the cortex at the expansion 

and mature stages (Appendix 2). All four HTH-like DEGs also showed epidermis-specific 

expression at the ripe stage. 

Over fruit development, temporal differential expression was measured by pairwise 

comparisons made between the three developmental stages of each tissue type (Table 5.3). LFC 

values were produced from each pairwise comparison to show gene upregulation of one stage 

(+) over the other (-). The cutin biosynthesis DEG candidates HTH, LCR and LACS2 were 

shown to decline in expression at mature and ripe stages when compared to the expansion stage 

(Table 5.3). This was also evident for the homologues of each candidate (Appendix 2). This 

suggests that out of the three developmental stages, the expansion stage was the peak stage of 

cutin biosynthesis. There was also no preferential gene expression observed in the cortex tissue 

over the three developmental stages, indicating that cutin biosynthesis was restricted to the 

tissues of the epidermis and the hypodermis. 

Wax-related DEGs involved in cuticle development were observed to be preferentially 

expressed in the epidermis and the hypodermis, with no differential expression favouring the 

cortex (Table 5.2). This was also seen for all of the related gene homologues (Appendix 2). 

The largest LFCs observed for the wax genes were for CER4, CER6, WSD11 and KCS1, which 

were expressed preferentially in the epidermis and hypodermis tissues versus the cortex, at the 

mature stage (Table 5.2). At ripe, CER4, CER6, KCS1 and CER1 each exhibited epidermis-
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specific expression. Although the hypodermis still exhibited differential expression over the 

cortex, this may indicate stratified levels of expression from the epidermis to the hypodermis. 

The CER4-like DEGs also showed patterns of epidermis and hypodermis preferential 

differential expression at expansion and maturity, and epidermis-specific expression at ripe 

(Appendix 2). CER1 (MDP0000461409), which was significantly downregulated in russeted 

apples (Legay et al., 2015), exhibited upregulated expression in the epidermis and hypodermis 

versus the cortex in expanding and mature fruit, while in ripe fruit epidermis-specific 

expression was observed (Table 5.2). Other CER1-like homologues were also found to exhibit 

upregulated expression in the epidermis and hypodermis versus the cortex, although only one 

other DEG (MDP0000309240) showed epidermis-specific expression in ripe fruit 

(Appendix 2). Differential expression was observed to be reduced in magnitude after fruit 

maturity for CER1, CER4, WSD11 and KCS, with the exception of CER6 which showed 

upregulation in the cortex tissue after expansion (Table 5.3). No differential expression was 

observed to decrease after expansion in the epidermis and hypodermis tissues (Table 5.3).  

The LACS1 DEG candidate (MDP0000244216) exhibited differential expression 

preferentially in the epidermis and hypodermis tissues at maturity (Table 5.2). While the other 

wax biosynthesis gene candidates displayed a decrease in differential expression over time, 

LACS1 did not show an observable decrease. These expression patterns may imply that while 

other wax genes decline at ripening, LACS1 expression may still be required for other processes 

related to ripening.  LACS1-like DEGs exhibited similar expression patterns between tissues, 

although between stages expression of these genes appeared to fluctuate within the cortex tissue 

(Appendix 2 & 3).  

SHN3 (MDP0000178263), which was identified as a crucial transcription factor in 

cuticle development, exhibited differential expression in the epidermis and hypodermis tissues 

over the cortex (Table 5.2). After fruit expansion, SHN3 exhibited epidermis-specific 
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expression in mature fruit, with no transcript abundance observed in the hypodermis. At ripe, 

no differential expression was observed for SHN3 between tissues (Table 5.2), and there was 

also a 5.22 LFC decrease in the epidermis after the mature stage (Table 5.3), showing that 

differential expression of SHN3, and possibly cuticle formation decreases after the mature stage 

of development. 

Two genes linked to fatty acid synthesis and elongation, KAS1 (MDP0000250127) and 

CER10 (MDP0000722934), exhibited differential expression in the epidermis and the 

hypodermis versus the cortex in mature fruit (Table 5.2). Expression patterns for these DEGs 

became specific to the epidermis tissue in ripe fruit, since increased differential expression 

towards the epidermis versus the hypodermis was evident (Table 5.2). These expression 

patterns suggest fatty acid synthesis and elongation may be regulated specifically in the 

epidermis of ripening fruit. 

The highest LFC observed between tissues from DEG candidates involved in cuticle 

development was WBC11 (MDP0000193438) (Table 5.2). WBC11 has been identified as an 

essential component for the export of cutin and wax monomers to the plant surface. LFCs of 

12.18 and 11.83 were observed in the epidermal and the hypodermal tissues, respectively, over 

the cortex in mature fruit (Table 5.2). High LFCs (> 9) were also seen in expanding and ripe 

fruit. Presumably the high LFC values observed reflect the high export rate of cuticle 

monomers towards the outer dermal tissues during development. Another WBC11-like gene, 

(MDP0000150931), also showed this pattern of gene expression, albeit with lower LFCs 

(Appendix 2). 

ABCG11 (MDP0000248808), which was identified as a lipid transporter gene, showed 

increased expression in the epidermis and hypodermis tissues versus the cortex, in expanding 

and mature fruit (Table 5.2). In ripe fruit, epidermis-specific expression was observed 



Chapter 5: Analysis of tissue expression of selected pathways 

 
149 

(Table 5.2), due to the decrease in hypodermis expression after the mature stage (Table 5.3). 

This would suggest regulation of lipid transport specifically in the epidermis tissue at this time. 

LTPG1 (MDP0000118904) was another DEG identified to be involved in lipid transport. 

LTPG1 exhibited differential expression in both the epidermis and hypodermis (versus the 

cortex) at expansion, mature and ripe stages of development (Table 5.2), but did not show 

differential expression between developmental stages (Table 5.3). This suggests consistent 

expression of LTPG1 over development, perhaps because lipid transport is required in the outer 

skin tissue at all three stages of development. 

5.1.2. Conclusion 

In this section, and consistent with the literature (Albert et al., 2013; Albert et al., 2014; 

Lashbrooke et al., 2015b; Legay et al., 2015), genes associated with cuticle biosynthesis were 

shown to be regulated both by development and tissue type. Unlike in previous studies it was 

possible to assign gene expression to specific tissues/cell types. This was observed with the 

HTH gene which was specifically expressed in the epidermis tissue (Figure 5.1). This is 

consistent with previous reports in Arabidopsis using a  HTH::GFP construct that showed 

fluorescence only in epidermal cells (Kurdyukov et al., 2006). This also demonstrates the 

effective separation of the epidermis and the hypodermis tissue in our experiments.  With this 

in mind it was clear that many of the other cuticle biosynthetic gene expression extended into 

the hypodermal tissue, but not the underlying cortex. These included epidermis/hypodermis 

specific genes in apple fruit (LCR, LACS2, CER1, WBC11, CER4, KCS7/2, SHN3, LTPG1). 

The temporal gene expression patterns also matches when apple cuticle is developing. 

There appears to be a two-step development of the cuticle, of cutin deposition followed by wax 

deposition. Waxes are deposited within the cutin matrix and are known to act as a supporting 

filler, increase rigidity, fix strain and decrease extensibility (Petracek & Bukovac, 1995; Khanal 
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et al., 2013a; Khanal & Knoche, 2017). Cuticle deposition rates per unit area are at maximum 

during early organ development and is known to end before the fruit has reached maximum 

size and prior to the onset of ripening (Belding et al., 1998; Dong et al., 2012; Liu et al., 2012). 

Consistent with cutin deposition early in development, transcripts of the HTH gene were 

abundant in expanding fruit, and transcripts of the other cutin associated genes LCR and LACS2 

decreased in abundance in mature and ripe fruit (Figure 5.1). There was a consistent abundance 

of wax gene mRNAs after the expansion stage (Figure 5.1), aligning with the hypothesis that 

wax is added later as a supporting filler in the cuticle structure, once cutin deposition has 

ceased. The increased rigidity may be required after the decrease in fruit expansion. The higher 

abundance of transcripts of wax genes CER1, CER4, CER6 and KCS1 in the epidermis of ripe 

fruit suggests that wax synthesis is still occurring later fruit development in this outer cell layer 

(Figure 5.1). 
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Figure 5.1. Gene expression heat mapping of cuticle-related genes using absolute transcript numbers. 
Shaded colours of gene names indicate defined roles in cutin biosynthesis (BLUE), wax biosynthesis 
(GREEN) and non-specific biosynthesis (GREY). Maps separated by low transcript number (A) and high 
transcript number (B). Coloured cells indicate mean TPM (n = 3). 
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5.2. Anthocyanin/flavonoid biosynthesis 

Flavonoids serve a diverse array of functions throughout plant growth, e.g. as visible pigments, 

plant defence, UV protection, signalling molecules, disease resistance, antioxidants, and 

pollinator attractants or feeding deterrents (Dao et al., 2011; Vimolmangkang et al., 2013). 

Anthocyanins are best known for conferring fruit colour, whereas chalcones, flavonols and 

flavones play a variety of roles and have been found in the earliest plants, where their functions 

in protecting against UV radiation is likely to have been a key factor in the success of plants 

colonising land (Markham, 1988). In the biosynthesis pathway, anthocyanins, flavonols and 

condensed tannins share several biosynthetic steps (Takos et al., 2006a; El-Sharkawy et al., 

2015; Meng et al., 2016).  

5.2.1. Expression of anthocyanin/flavonoid pathway genes in apple 

Anthocyanin/flavonoid biosynthesis DEGs highlighted in Table 5.4 were identified by their 

MDP number from previous studies. Associated gene families and differential expressions are 

provided in Appendix 4, 5 and 6. Differential expression between tissues were measured at 

each stage of development (Table 5.5), and LFC values were produced for changes of one 

tissue (+) over the other (-). Temporal differential expression over the three stages of 

development were also measured for each tissue type (Table 5.6), with LFC values at one stage 

(+) over the other (-). 

Differential expression of anthocyanin/flavonoid genes was found in the epidermis and 

hypodermis tissues, relative to the cortex (Table 5.5). Genes that exhibited increased 

differential expression in both epidermis and hypodermis versus the cortex generally had 

similar LFCs between the epidermis and hypodermis (Table 5.5). The largest LFCs observed 

between tissue types was during the mature stage of development, where genes exhibited 

differential expression in both the epidermis and hypodermis versus the cortex (Table 5.5). The 
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highest LFC’s between tissue types observed were for FLS (MDP0000229796), with 8.09 and 

7.74 in the epidermis and hypodermis, respectively, relative to the cortex. MDP0000229796 

has previously been identified to be highly associated with anthocyanin contents (El-Sharkawy 

et al., 2015). High LFC values (> 7) between tissue types were also seen in three other FLS 

family genes (MDP0000218810, MDP0000147913 and MDP0000183682) (Appendix 5). 

MDP0000218810 also exhibited hypodermis-specific expression in expanding fruit, with 

expression being absent in both the epidermis and the cortex (Appendix 5). 
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Table 5.4. Genes identified to be putatively linked to the anthocyanin/flavonoid pathway. Shaded 

colours of gene names indicate defined roles as transcription factors (BLUE), anthocyanin biosynthesis 

(RED) and flavonols, condensed tannins, chlorogenic acid biosynthesis (GREEN). 

Gene Malus ID # Description References 

WD40 MDP0000129392 WD40 co-factor (El-Sharkawy et al., 2015) 

MYB10 MDP0000259614 MYB10 transcription factor 
(El-Sharkawy et al., 2015; Wang 
et al., 2015; Meng et al., 2016) 

PAL MDP0000191304 Phenylalanine ammonia lyase (Chagné et al., 2012) 

C4H MDP0000225698 Cinnamate 4-hydroxylase (Chagné et al., 2012) 

CHS MDP0000126567 Chalcone synthase (El-Sharkawy et al., 2015) 

CHI MDP0000252589 Chalcone isomerase 
(Bai et al., 2015; El-Sharkawy et 
al., 2015) 

F3H MDP0000323864 Flavone 3-hydroxylase (Flachowsky et al., 2012) 

DFR MDP0000494976 Dihydroflavonol reductase (Wang et al., 2015) 

LDOX MDP0000360447 Leucoanthocyanidin dioxygenase (Wang et al., 2015) 

GST MDP0000252292 Glutathione S-transferase 
(El-Sharkawy et al., 2015; Wang 
et al., 2015) 

HCT MDP0000264424 
hydroxycinnamoyl CoA shikimate/ 
quinate hydroxycinnamoyl transferase 

(Chagné et al., 2012) 

C3H MDP0000836708 4-coumarate 3-hydroxylase (Chagné et al., 2012) 

ANR MDP0000243194 Anthocyanidin reductase (Chagné et al., 2012) 

F3’H MDP0000190489 Flavonoid 3’-hydroxylase 
(El-Sharkawy et al., 2015; Wang 
et al., 2015) 

FLS MDP0000229796 Flavonol synthase (El-Sharkawy et al., 2015) 
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Table 5.5. Anthocyanin/flavonoid genes differentially expressed (LFC) by tissue pair comparisons at 
each stage of fruit development. Shaded colours of gene names indicate defined roles as transcription 
factors (BLUE), anthocyanin biosynthesis (RED) and flavonols, condensed tannins, chlorogenic acid 
biosynthesis (GREEN). Tissues: epidermis (EPI), hypodermis (HYP) and cortex (COR). Tissues denoted 
(+) indicate the tissue that was upregulated/downregulated relative to the compared tissue denoted 
(-). Tissues that were not differentially expressed with p-values < 0.05 denoted “—“. 

 Expansion Mature Ripe 

Genes 

EPI (+) HYP (+) EPI (+) EPI (+) HYP (+) EPI (+) EPI (+) HYP (+) EPI (+) 

COR (-) COR (-) HYP (-) COR (-) COR (-) HYP (-) COR (-) COR (-) HYP (-) 

WD40 — — — — 4.10 -4.09 — — — 

MYB10 — 6.20 -3.13 6.59 5.75 — — 4.36 — 

PAL — 4.51 — 3.62 3.80 — — — — 

C4H — — — 1.65 1.52 — — — — 

CHS 4.42 4.73 — 7.22 7.20 — — 5.07 -4.45 

CHI — — — 5.26 5.35 — 4.81 2.82 — 

F3H 3.47 2.84 — 4.87 5.01 — — — — 

DFR — — — 4.83 5.31 — — — — 

LDOX — — — 2.54 2.94 — 2.08 4.08 -2.01 

GST — — — 5.43 5.60 — — — — 

HCT 5.33 4.23 — 6.93 7.34 — 5.24 — 4.04 

C3H — — — 4.87 4.79 — — — — 

ANR — — — 2.04 2.17 — — — — 

F3’H — — — 5.48 5.47 — — — — 

FLS — — — 8.09 7.74 — — — — 
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Table 5.6. Anthocyanin/flavonoid genes differentially expressed (LFC) by developmental stage pair 
comparisons for each tissue type. Shaded colours of gene names indicate defined roles as transcription 
factors (BLUE), anthocyanin biosynthesis (RED) and flavonols, condensed tannins, chlorogenic acid 
biosynthesis (GREEN). Stages: expansion (EXP), mature (MAT) and ripe (RIP). Stages denoted (+) 
indicate the stage that was upregulated/downregulated relative to the compared stage denoted (-). 
Stages that were not differentially expressed with p-values < 0.05 denoted “—“. 

 Epidermis Hypodermis Cortex 

Genes 

MAT (+) RIP (+) RIP (+) MAT (+) RIP (+) RIP (+) MAT (+) RIP (+) RIP (+) 

EXP (-) MAT (-) EXP (-) EXP (-) MAT (-) EXP (-) EXP (-) MAT (-) EXP (-) 

WD40 — — — 4.10 -4.16 — — — — 

MYB10 5.52 -7.21 — — -3.65 — — — — 

PAL 6.27 -8.97 — 4.29 -8.33 -4.04 5.00 — — 

C4H 2.01 -2.93 — 2.00 -3.09 -1.08 — -1.96 -1.49 

CHS 4.04 -8.23 -4.18 3.71 -3.76 — — — — 

CHI 4.07 -4.47 — 3.14 -6.55 -3.41 — -4.02 -3.94 

F3H — -3.12 — 2.94 -3.71 — — — — 

DFR — -3.16 — — -3.57 — — — — 

LDOX 2.06 -6.29 -4.22 2.07 -4.68 -2.61 — -5.82 -6.18 

GST 5.51 -6.15 — 4.57 -5.46 — — — — 

HCT — — — 3.09 -6.37 -3.28 — — — 

C3H 3.36 — — — — — — — — 

ANR 1.62 — — 1.12 — — — — — 

F3’H — -3.42 — — -4.95 -3.16 -2.61 — — 

FLS 8.05 — 8.49 4.86 — 4.63 — 7.51 7.51 
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Large LFC values were observed for the DEG candidate CHS (MDP0000126567) with 7.22 

and 7.20 in the epidermis and hypodermis tissues versus the cortex, respectively (Table 5.5). 

MDP0000126567 was previously identified as a DEG highly associated with anthocyanin 

contents (El-Sharkawy et al., 2015). All CHS-like DEGs identified exhibited preferential 

expression in epidermal and hypodermal cells at maturity (Appendix 5). Large LFCs (> 6) were 

also seen in CHS genes (MDP0000686666 and MDP0000343259) (Appendix 5). Hypodermis-

specific expression was observed for CHS members MDP0000686666 and MDP0000343259 

in ripe fruit. MDP0000686666 had previously been reported to be upregulated in the 

biosynthetic processes of red-fleshed apples (Wang et al., 2015).  

CHI (MDP0000252589) was identified as a member of co-expression networks 

involved in anthocyanin contents (El-Sharkawy et al., 2015) and apple fruit acidity (Bai et al., 

2015). CHI exhibited differential expression that increased in both the epidermis and 

hypodermis, versus the cortex, in both mature and ripe fruit (Table 5.5). Differential expression 

to the epidermis and the hypodermis was found in two other CHS DEGs (MDP0000759336 

and MDP0000134791) (Appendix 5). Two CHI members exhibited hypodermis expression 

over the epidermis, in expanding fruit (MDP0000244612 and MDP0000138284) (Appendix 5). 

One CHI member exhibited epidermis-specific expression in ripe fruit (MDP0000129431) 

(Appendix 5). 

HCT (MDP0000264424) exhibited large LFCs at maturity, with 6.93 and 7.35 towards 

the epidermis and hypodermis relative to the cortex, respectively (Table 5.5). Epidermis-

specific expression was also seen in ripe fruit, with LFCs of 4.04 and 5.24 relative to the 

hypodermis and cortex, respectively (Table 5.5). HCT has been associated with the 

biosynthesis of chlorogenic acid, and MDP0000264424 was found to be co-located with 

chlorogenic acid content in a QTL analysis (Chagné et al., 2012). Other HCT-like homologs 
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(MDP0000242697 and MDP0000137138) also exhibited these expression patterns 

(Appendix 5). 

The MYB10 gene (MDP0000259614), which is the significant regulatory transcription 

factor for anthocyanin biosynthesis, exhibited LFCs of 6.59 and 5.75 in the epidermis and 

hypodermis relative to cortex, respectively, in mature fruit (Table 5.5). Hypodermis-specific 

expression was seen for MYB10 in expanding fruit, with 3.13 and 6.20 over the epidermis and 

cortex, respectively (Table 5.5). In ripe fruit, the only differential expression observed was 

towards the hypodermis versus the cortex, with an LFC of 4.36. MDP0000259614 has 

previously been highly associated with anthocyanin content in red-fleshed apples (El-

Sharkawy et al., 2015; Wang et al., 2015; Meng et al., 2016). WD40 (MDP0000129392), a co-

factor to MYB10, exhibited hypodermis-specific expression in mature fruit, with LFCs of 4.09 

and 4.10 versus the epidermis and cortex, respectively (Table 5.5). MDP0000129392 

expression was previously shown to be highly associated with anthocyanin content (El-

Sharkawy et al., 2015).  

LDOX (MDP0000360447) exhibited hypodermis-specific expression in ripe fruit, with 

LFCs of 2.01 and 4.08 versus the epidermis and cortex, respectively (Table 5.5). In mature 

fruit, differential expression of LDOX was found in the epidermis and hypodermis tissues over 

the cortex (Table 5.5). This was also seen in other LDOX homologues (Appendix 5), although 

hypodermis-specific expression was evident only in MDP0000360447. It was previously 

reported that MDP0000360447 was one of the DEGs identified in red-fleshed apples (Wang et 

al., 2015). From the UFGT family of genes, three DEGs (MDP0000306121, MDP0000864442 

and MDP0000846257) exhibited preferential expression towards the epidermis and 

hypodermis tissues, versus the cortex, with one gene (MDP0000864442) exhibiting epidermis 

specific expression in ripe fruit (Appendix 5). 
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Pairwise comparisons between developmental stages revealed that the mature stage had 

the highest anthocyanin/flavonoid transcript abundance. All genes with the exception of F3’H 

(MDP0000190489) showed increases in differential expression from expansion to mature 

(Table 5.6). For the MYB10 gene, increased differential expression at maturity was observed 

only in the epidermis tissue (Table 5.6). This suggests that the epidermis exhibited the largest 

increase in MYB10 expression during peak anthocyanin biosynthetic activity compared to the 

hypodermis and cortex tissues. 

The increase in transcriptional abundance of DEGs at maturity was generally greater in 

the epidermis tissue compared to the hypodermis (Table 5.6). This was especially evident for 

the FLS gene, with LFC values of 8.05 and 4.86 in the epidermis and hypodermis relative to 

cortex, respectively (Table 5.6). Other FLS-like genes MDP0000218810 and MDP0000147913 

also exhibited large increases in differential expression at maturity (Appendix 6). A decrease 

in differential expression of F3’H was observed in the cortex tissue at the mature stage, and 

most of the other F3’H gene members also exhibited this decrease after the expansion stage 

(Appendix 6). 

LFC values of DEGs generally decreased after the mature stage of development 

(Table 5.6), suggesting that the mature stage was the peak time point for anthocyanin/flavonoid 

transcript abundance. For most genes, the epidermis appeared to have a greater LFC decrease 

after maturity than the hypodermis. This was seen for MYB10, with LFC’s of -7.21 and -3.65 

in the epidermis and hypodermis, respectively (Table 5.6). Other genes that exhibited this 

pattern were CHS, LDOX, and GST, all of which have been associated with anthocyanin content 

(El-Sharkawy et al., 2015; Wang et al., 2015). This suggests that anthocyanin associated genes 

sharply decrease their transcriptional abundance in the epidermis after maturity and when the 

fruit has been harvested from the tree. Unlike the other candidate DEGs, FLS exhibited an 

increase in differential expression after maturity (Table 5.6). This increase was seen in the 
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cortex tissue, and was also apparent in other FLS gene members MDP0000218810, 

MDP0000159000, MDP0000739070, MDP0000593536 and MDP0000147913 (Appendix 6). 

This unique developmental increase in FLS among the anthocyanin/flavonoid candidate genes 

suggests a unique temporal pattern in the biosynthesis of flavonols from the rest of the 

flavonoids. 

5.2.2. Conclusion 

In conclusion, genes involved in the anthocyanin/flavonoid pathway were shown to exhibit 

peak gene transcriptional abundance during the mature stage of fruit development. During this 

time of peak mRNA abundance, it was observed that differential expression was preferential 

towards both the epidermis and hypodermis at similar LFCs versus the cortex. In apple skin, 

the anthocyanin/flavonoid pathway was shown to be regulated in not only the top layer of 

epidermal skin cells but also in the several layers of cells underneath.  

Epidermis-specific expression in ripe fruit was identified for HCT (MDP0000264424) 

and its related homologues. HCT has previously been associated with the concentration of 

chlorogenic acid by QTL analysis (Chagné et al., 2012).  HCT orthologues have also been 

observed to be specifically upregulated in the isolated epidermal layer of plant tissues (Chan et 

al., 2016), and the results in this current study suggest that apple HCT is specifically 

upregulated in the epidermal tissue of ripe apple fruit (Figure 5.2). This suggests the production 

of chlorogenic acid in later fruit development could be localized to the epidermis tissue. 

The hypodermis tissue was observed to be the location of specific gene expression for 

DEG candidates involved in anthocyanin biosynthesis (Figure 5.2). Anthocyanin biosynthesis 

transcription factor MYB10 (MDP0000259614) and its co-factor WD40 (MDP0000129392) 

exhibited hypodermis-specific expression. This pattern was seen in expanding fruit for MYB10 

and mature fruit for WD40 (Table 5.2). The specific expression observed in hypodermal tissue 
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of these two DEG candidates suggest an enhanced function of the hypodermis in anthocyanin 

accumulation, since both MYB10 and WD40 have previously been associated with anthocyanin 

content (El-Sharkawy et al., 2015; Wang et al., 2015). This may also be analogous to a previous 

report of anthocyanin pigments accumulating in the hypodermis tissue in transgenic apple 

leaves overexpressing MYB10 (Espley, 2009). MYB10 also exhibited preferential expression in 

the hypodermal tissue of ripe fruit, with differential expression versus the cortex (Table 5.5). 

Differential expression in the hypodermal tissue was also observed for other DEGs associated 

with anthocyanin/flavonoid biosynthesis: PAL, LDOX, C3H, ANR, and CHS (Figure 5.2). This 

enhanced differential expression towards the hypodermis tissue during fruit development 

suggest that it may be the site of tissue specific anthocyanin/flavonoid production. The 

hypodermis-specific gene expression patterns observed also further confirms the ability of 

LCM to separate hypodermal and epidermal tissue and suggest that the hypodermis has a 

distinct role from the epidermis and cortex tissues. The preferential expression of 

anthocyanin/flavonoid genes observed may indicate a heightened role of this biochemical 

pathway in the hypodermis over the epidermis. 
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Figure 5.2. Gene expression heat mapping of anthocyanin/flavonoid DEGs using absolute transcript 
numbers. Shaded colours of gene names indicate defined roles as transcription factors (BLUE), 
anthocyanin biosynthesis (RED) and flavonol, condensed tannins, chlorogenic acid biosynthesis 
biosynthesis (GREEN). Maps separated by low (A) and moderate (B) and high transcript number (C). 
Coloured cells indicate mean TPM (n = 3).  
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5.3. Cell wall modification 

The plant cell wall undergoes many changes during the various stages of fruit development, 

and the biophysical properties of the cell wall and middle lamellae are the primary determinants 

of the mechanical properties of the skin (Khanal & Knoche, 2017). During the expansion stage 

of apple fruit development, both the structural and barrier functions must be maintained as the 

fruit surface expands. The cell wall needs to be extensible to accommodate the increase in cell 

volume from the uptake of water (Lakso et al., 1995), and new cell wall material must be 

synthesized rapidly and incorporated into the growing cell wall network to maintain wall 

thickness and strength to allow the capacity for further expansion (Nelmes & Preston, 1968). 

The differences observed between each tissue layer of the skin would identify key regulators 

of cell wall structure and skin tissue properties that would contribute to fruit quality. 

5.3.1. Expression of cell wall-related genes in apple 

5.3.1.1. Cell wall polysaccharide biosynthesis 

A list of DEGs involved in cell wall polysaccharide biosynthesis is provided in Table 5.7. 

Genes were identified by MDP number or by the most significant homology from previous 

studies referenced in Table 5.7. Associated gene families and differential expressions are 

provided in Appendix 7, 8 and 9. Differential expression between tissues were measured at 

each stage of development (Table 5.8), and LFC values were produced for changes of one 

tissue (+) over the other (-). Temporal differential expression over the three stage of 

development were also measured for each tissue type (Table 5.9), with LFC values at one stage 

(+) over the other (-).  
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5.3.1.1.1. Non-pectic cell wall polysaccharides 

One CESA gene annotated as CESA2 (MDP0000185368) was expressed specifically in the 

hypodermis at the mature stage of development, with LFCs of 2.21 and 3.62 against the 

epidermis and cortex, respectively (Table 5.8). One other CESA2-like gene (MDP0000322053) 

also exhibited this hypodermis-specific expression pattern (Appendix 8). Other CESA-like 

genes (MDP0000123310, MDP0000627599 and MDP0000220159) exhibited increased 

differential expression towards the epidermis and hypodermis tissues, versus the cortex 

(Appendix 8). Over time, expression of CESA2 decreased across all tissues from expansion to 

ripe (Table 5.9), and most other CESA DEGs also displayed a pattern of decreased expression 

from expansion to ripe (Appendix 9). CESA2 has been listed as a biomarker for browning in 

firm flesh during cold storage (Rudell et al., 2017). 

Two DEGs annotated as encoding for α-1,4-glucan-protein synthase (RGP1: 

MDP0000156837 and RGP2: MDP0000204345) and involved in cellulose biosynthesis and 

cell wall organization were found to be specifically expressed in the hypodermis tissue of ripe 

fruit (Table 5.8). RGP1 and RGP2 both exhibited relatively high LFCs to the hypodermis (> 6) 

over the epidermis and cortex. Over time, there was a large increase in expression observed in 

the hypodermis tissue from expansion to ripe, and at the same time for both genes a large 

decrease in expression was observed in the cortex tissue (Table 5.9). RGP1 and RGP2 have 

been identified as biomarkers for soft scald during cold storage of fruit, a disorder that affects 

skin but often extends into the flesh (Rudell et al., 2017). The tissue-specific expression 

observed for CESA2, RGP1 and RGP2 in the hypodermis tissue of mature and ripe fruit suggest 

a relatively high biosynthesis of cellulose in hypodermal cells relative to the epidermis and 

cortex. 



Chapter 5: Analysis of tissue expression of selected pathways 

 
165 

Cellulose synthase-like genes CSLA2 (MDP0000263736), CSLA9 (MDP0000717000) 

and CSLE (MDP0000196876) were also identified among hemicellulose-related DEGs. CSLA2 

and CSLA9 exhibited differential expression towards the dermal tissues. CSLA2 showed 

upregulation towards the epidermis and hypodermis tissues versus the cortex in expanding fruit 

(Table 5.8) and CSLA9 exhibited hypodermis-specific expression in mature fruit (Table 5.8). 

However, CSLE showed a different expression pattern that excluded the epidermis (DEG 

towards the hypodermis and cortex) at the expansion stage (Table 5.8). However, expression 

of CSLE significantly increased in the epidermis at maturity (LFC 7.27) (Table 5.9). Other 

CSLE-like DEGs (MDP0000131947 and MDP0000196876) also showed tissue differential 

expression patterns that excluded the epidermis in expanding fruit (Appendix 8). CSLA2 and 

CSLA9 have been shown to be positively correlated with cell wall galactose and mannose 

contents, and expressed in early fruit development, whereas CSLE was positively correlated 

with fucose and xylose content, and expressed in late fruit development (Dheilly et al., 2016). 

Temporal differential expression in the current study align with these previous correlations, 

since CSLA2 and CSLA9 exhibited downregulation after fruit expansion, and CSLE exhibited 

upregulation after expansion (Table 5.9). The different expression patterns of CSL members in 

skin tissues suggest that specific spatial distribution is evident between CSL family members, 

and that different cell types could have slightly different cell wall characteristics and 

hemicellulose composition.  

Six xylosyltransferase (XXT) genes identified (MDP0000137993, MDP0000715754, 

MDP0000123687, MDP0000155219, MDP0000270038 and MDP0000162834) exhibited 

differential expression that increased in the epidermis and hypodermis tissues versus the cortex, 

at the expansion and mature stages (Appendix 8). A decrease in differential expression after 

fruit expansion was observed in the epidermis and hypodermis tissues for several members 

(MDP0000137993, MDP0000885638, MDP0000270038, MDP0000295443 and 
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MDP0000162834) (Appendix 9). The expression patterns of XXT suggest xylosyltransferase 

transcript accumulation is restricted to the outer tissue layers (epidermis and hypodermis) of 

expanding and mature fruit. 

5.3.1.1.2. Pectic cell wall polysaccharides 

Genes putatively involved in pectin biosynthesis are shaded in purple in Table 5.7. A gene 

annotated as GALACTURONOSYLTRANSFERASE4 (GAUT4) (MDP0000210431) was 

differentially expressed in the epidermis and hypodermis tissues in expanding fruit (Table 5.8). 

A reciprocal BLAST discovered an orthologue of GAUT4 in Arabidopsis (At5g47780). 

At5g47780 has been implicated in cell wall organization and pectin biosynthetic processes, and 

a lack of recoverable gaut4 mutants suggest a significant role in plant growth and development 

(Caffall et al., 2009). Another GAUT4 homologue, (MDP0000594960), also exhibited 

increased differential expression in epidermis and hypodermis tissues at expansion 

(Appendix 8). Hypodermis-specific expression was also observed in 

GALACTURONOSYLTRANSFERASE-LIKE4 (GATL4) (MDP0000315192) in expanding fruit 

(Table 5.7). Reciprocal BLAST of GATL4 discovered At3g06260 in Arabidopsis, which has 

been implicated to be involved in cell wall organization and pectin biosynthetic processes. 

GALACTURONOSYLTRANSFERASE-LIKE3 genes GATL3-1 (MDP0000124674) and 

GATL3-2 (MDP0000856834) both exhibited hypodermis-specific tissue expression in ripe fruit 

(Table 5.8). GATL3-2 also showed epidermis-specific expression in mature fruit (Table 5.8). 

After expansion both GATL3 genes displayed a reduction in expression (Table 5.9). This 

correlated to a previous report for GATL3-1 (MDP0000124674) and GATL3-2 

(MDP0000856834) where expression was observed during the early developmental stages 

(Dheilly et al., 2016). Both genes were also positively correlated with cell wall galactose and 
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mannose contents, as well as oligosaccharides attributed to mannans and xylans (Dheilly et al., 

2016). 

DEGs annotated as encoding UDP-arabinopyranose mutase (UAM) were identified, 

UAM1 (MDP0000133673) and UAM5 (MDP0000461829) (Table 5.7). UAM1 exhibited 

hypodermis-specific expression in ripe fruit, with 4.91 LFC and 5.82 LFC versus the epidermis 

and cortex, respectively (Table 5.8). A significant increase from expanding fruit to ripening 

(LFC of 5.53) was observed in the hypodermis (Table 5.9). BLAST identified At3g08900 as 

an Arabidopsis orthologue that has been described as functioning in UDP-L-arabinose 

metabolic process and cell wall organization. UAM1 (MDP0000133673) has also been 

identified as a biomarker for soft scald apple disorder during cold storage (Rudell et al., 2017). 

UAM5 (MDP0000461829) exhibited epidermis specific expression in expanding fruit 

(Table 5.8). These patterns observed for genes annotated for involvement in pectin biosynthesis 

reveal specific spatial expression that is largely restricted to the epidermis and hypodermis 

tissues. BLAST of UAM5 identified At5g16510 as an Arabidopsis orthologue with a function 

in UDP-L-arabinose metabolic processes and cell wall organization. DEG candidates involved 

in cell wall polysaccharide biosynthesis generally decreased in the fruit after the expansion 

stage of development. There were varying degrees of tissue specific expression, but most were 

restricted to the epidermis and hypodermis tissues and excluded the cortex, rather than the 

reverse. 
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Table 5.7. Genes identified to be involved in cell wall polysaccharide biosynthesis. Shaded colours of 

gene names indicate involvement in cellulose (GREEN) and hemicellulose biosynthesis (ORANGE) or 

pectin biosynthesis (PURPLE). 

Gene Malus ID # Description 
References/ 
Arabidopsis thaliana gene 

CESA2 MDP0000185368 
Cellulose synthase A catalytic 
subunit 2 

(Dheilly et al., 2016) 
(Rudell et al., 2017) 

RGP1 MDP0000156837 
Alpha-1,4-glucan-protein synthase 
[UDP-forming] (RGP) 

(Rudell et al., 2017) 

RGP2 MDP0000204345 
Alpha-1,4-glucan-protein synthase 
[UDP-forming] (RGP) 

(Rudell et al., 2017) 

CSLA2 MDP0000263736 Cellulose synthase-like A2 (Dheilly et al., 2016) 

CSLA9 MDP0000717000 Cellulose synthase-like A9 (Dheilly et al., 2016) 

CSLE MDP0000196876 Cellulose synthase-like E (Dheilly et al., 2016) 

GAUT4 MDP0000210431 Galacturonosyltransferase 4 At5g47780 

GATL4 MDP0000315192 Galacturonosyltransferase-like 4 At3g06260 

GATL3-1 MDP0000124674 Galacturonosyltransferase-like 3-1 (Dheilly et al., 2016) 

GATL3-2 MDP0000856834 Galacturonosyltransferase-like 3-2 (Dheilly et al., 2016) 

UAM1 MDP0000133673 UDP-arabinopyranose mutase 1 
At3g08900,  
(Rudell et al., 2017) 

UAM5 MDP0000461829 UDP-arabinopyranose mutase 5  At5g16510 

  



Chapter 5: Analysis of tissue expression of selected pathways 

 
169 

Table 5.8. Genes identified to be involved in cell wall polysaccharide biosynthesis that were 
differentially expressed (LFC) by tissue pair comparisons at each stage of fruit development. Shaded 
colours of gene names indicate involvement in cellulose (GREEN) and hemicellulose biosynthesis 
(ORANGE) or pectin biosynthesis (PURPLE). Tissues: epidermis (EPI), hypodermis (HYP) and cortex 
(COR). Tissues denoted (+) indicate the tissue that was upregulated/downregulated relative to the 
compared tissue denoted (-). Tissues that were not differentially expressed with p-values < 0.05 are 
denoted “—“. 

 Expansion Mature Ripe 

Genes 

EPI (+) HYP (+) EPI (+) EPI (+) HYP (+) EPI (+) EPI (+) HYP (+) EPI (+) 

COR (-) COR (-) HYP (-) COR (-) COR (-) HYP (-) COR (-) COR (-) HYP (-) 

CESA2 — — — — 3.62 -2.21 — — — 

RGP1 — -6.01 — — — — — 6.36 -6.48 

RGP2 — -5.57 — — — — — 6.17 -6.30 

CSLA2 7.67 8.33 — — — — — — — 

CSLA9 — — — — 4.74 -4.69 — — — 

CSLE -3.51 — -5.91 — — — — — — 

GAUT4 2.88 2.33 — — — — — — — 

GATL4 — 4.43 -4.42 — — — — — — 

GATL3-1 — — — 3.32 — — — 3.21 -3.49 

GATL3-2 — — — 3.72 — 3.62 — 3.68 -3.99 

UAM1 — — — — — — — 5.82 -4.91 

UAM5 4.36 2.14 2.22 — — — — — — 
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Table 5.9. Genes identified to be involved in cell wall polysaccharide biosynthesis that were 
differentially expressed (LFC) by developmental stage pair comparisons for each tissue type. Shaded 
colours of gene names indicate involvement in cellulose (GREEN) and hemicellulose biosynthesis 
(ORANGE) or pectin biosynthesis (PURPLE). Stages: expansion (EXP), mature (MAT) and ripe (RIP). 
Stages denoted (+) indicate the stage that was upregulated/downregulated relative to the compared 
stage denoted (-). Stages that were not differentially expressed with p-values < 0.05 are denoted  
“—“. 

 Epidermis Hypodermis Cortex 

Genes 

MAT (+) RIP (+) RIP (+) MAT (+) RIP (+) RIP (+) MAT (+) RIP (+) RIP (+) 

EXP (-) MAT (-) EXP (-) EXP (-) MAT (-) EXP (-) EXP (-) MAT (-) EXP (-) 

CESA2 -4.69 -4.13 -8.81 -3.01 -5.06 -8.07 -5.21 — -6.66 

RGP1 — -5.83 — — — 6.14 — -6.06 -6.23 

RGP2 — — — — — 5.94 — -5.48 -5.81 

CSLA2 -8.42 — -8.80 -5.91 -3.61 -9.52 — — — 

CSLA9 -7.62 — -8.00 -3.38 -5.14 -8.52 -6.89 — -7.10 

CSLE 7.27 — 7.25 — — — — — 3.64 

GAUT4 -2.31 — — — — — — — — 

GATL4 — — — -4.41 — -4.47 — — — 

GATL3-1 — -3.96 -6.71 -4.26 — -3.17 -3.80 — -4.16 

GATL3-2 — -6.10 -8.13 -5.41 — -3.90 -3.06 — -5.14 

UAM1 — -4.05 — 3.51 — 5.53 — — — 

UAM5 -1.78 — -2.31 — — — — — 2.92 
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5.3.1.2. Cell wall polysaccharide degradation and modification 

Several DEGs were identified as homologs of genes involved in cell wall polysaccharide 

degradation and modification (Table 5.10). Differential expression between tissues was 

measured at each stage of development (Table 5.11), and temporal differential expression 

between each developmental stage was also measured at each tissue type (Table 5.12). 

Associated gene families and differential expressions are provided in Appendix 10, 11 and 12. 

5.3.1.2.1. Non-pectic cell wall polysaccharides 

An endoglucanase gene belonging to the GH9 family and involved in carbohydrate metabolic 

processes, ENDOGLUCANASE6 (EGLU6) (MDP0000276676), was differentially expressed 

in the epidermis and hypodermis tissues (versus the cortex) of mature fruit (Table 5.11). 

EGLU6 expression largely decreased across tissues after the expansion stage (Table 5.12). 

MDP0000276676 has previously been identified as a biomarker for CO2 injury during cold 

storage of fruit. (Rudell et al., 2017). 

A gene (MDP0000543167) identified by (Dheilly et al., 2016), as α-L-FUCOSIDASE 

1 (FXG1) showed strong epidermis-specific transcript expression at the expansion stage of 

development, with LFCs of 4.19 and 5.05 against the hypodermis and cortex, respectively 

(Table 5.11). After expansion, FXG1 differential expression increased in the hypodermis and 

cortex tissues, while no significant changes were observed in the epidermis (Table 5.12). The 

tissue expression pattern of FXG1 suggests that the removal of α-ʟ-fucosyl residues from 

xyloglucan could be enhanced specifically in the epidermis of expanding fruit.  

XYLOGLUCAN ENDOTRANSGLYCOSYLASE/HYDROLASE (XTH) genes belong to 

the glycoside hydrolase family 16 (GH16) of enzymes, and several of these genes exhibited 

varying expression patterns between tissues and growth stages. Differential expression of 

XTH1 (MDP0000398765) increased in both the epidermis and hypodermis tissues in ripe fruit 
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(Table 5.11). Expression of XTH1 was previously shown to be upregulated in ripe fruit (Goulao 

et al., 2008; Qi et al., 2017). XTH1 expression in ripe fruit appears to be predominantly 

localized to the epidermal and hypodermal tissues of the fruit skin. The XTH4 genes XTH4-1 

(MDP0000269483) and XTH4-2 (MDP0000310152) exhibited increased differential 

expression relative to the cortex tissue during the mature and ripe stages of development 

(Table 5.11). XTH4-1 and XTH4-2 exhibit significant homology to XTH4, which showed low 

expression in ripe fruit (Atkinson et al., 2009). Temporal differential expression of XTH4 genes 

showed a reduction in the epidermis and hypodermis after fruit expansion (Table 5.12). 

However, no change was observed in the cortex tissue for XTH4.1 expression (Table 5.12). 

XTH6 (MDP0000311765), exhibited hypodermis-specific expression in expanding 

fruit, with 4.49 LFC against both the epidermis and cortex tissues (Table 5.11). It was noted 

that transcript abundance of XTH6 was exclusively found in the hypodermis of expanding fruit 

with zero transcripts counted in all other tissues over all three stages of development 

(Figure 5.4A). Two Arabidopsis orthologues of XTH6 were identified: At3g44990 and 

At2g36870. Both genes were abundantly expressed in expanding Arabidopsis vegetative 

tissues and double knockouts resulted in significantly reduced xyloglucan endo-hydrolase 

(XEH) activity in the expanding zone (Kaewthai et al., 2013). The exclusive expression of 

XTH6 observed in the hypodermis of expanding fruit may indicate a specialized role for this 

XTH in the hypodermis tissue of expanding fruit, and raises the possibility that its activity is 

XEH rather than XET . 

Epidermis-specific expression was observed for the DEG XTH10 (MDP0000208105) 

in ripe fruit (Table 5.11). XTH10 was previously found to be highly expressed in ripe fruit 

(Atkinson et al., 2009). In the current study, XTH10 expression in ripe fruit appears to occur 

predominantly in the epidermis tissue. Several other XTH genes in the GH16 family exhibited 

diverse expression patterns, and unlike many cell wall modifying genes in this study, many 
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members showed upregulated expression in the cortex (Appendix 11). Differential expression 

to the epidermis and hypodermis tissues over the cortex was observed for three members at 

fruit expansion (MDP0000128432, MDP0000302385 and MDP0000128432). There were also 

several members that exhibited differential expression away from the hypodermal tissue, with 

expression upregulated to the epidermis and cortex tissues versus the hypodermis 

(MDP0000151934, MDP0000139485, MDP0000158544 and MDP0000323987). The XTH 

gene family is a large family of genes that exhibit differential expression across all tissues. 

However, tissue specific members in fruit skin were also evident, with XTH6 upregulated in 

the hypodermis of expanding fruit and XTH10 upregulated in the epidermis of ripe fruit. This 

could suggest specific roles for XTH members in different skin tissues during fruit expansion 

and ripening.  

5.3.1.1.2. Pectic cell wall polysaccharides 

DEGs involved in pectin polysaccharide degradation and modification (shaded in purple in 

Table 5.10) exhibited specific expression patterns. The important fruit-expressed genes, PG1 

(MDP0000326734) and PME1 (MDP0000836165), both showed an increase in differential 

expression in cortex tissue after the mature stage of development, PG1 with slightly higher 

LFCs than PME1 (Table 5.12). However, no differential expression between tissues was 

observed for PG1 (Table 5.11). PME1 did exhibit differential expression between tissues, with 

higher expression in the cortex relative to the epidermis in ripe fruit (Table 5.11). PG1 has been 

identified as a major gene in regulating fruit softening in apple (Atkinson et al., 2012), and 

from the current study predominant expression of PG1 occurs in the cortex tissue layer. Other 

polygalacturonase-like genes in glycoside hydrolase family 28 (GH28) also exhibited relatively 

higher expression in the cortex tissue (Appendix 11). 
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Table 5.10. Genes identified to be involved in cell wall polysaccharide modification. Shaded colours of 

gene names indicate involvement in cellulose (GREEN) and hemicellulose modification (ORANGE) or 

pectin modification (PURPLE). 

Gene Malus ID # Description References/Arabidopsis gene 

EGLU6 MDP0000276676 Endoglucanase 6 At1g64390 

FXG1 MDP0000543167 α-L-fucosidase 1 (Dheilly et al., 2016)  

XTH1 MDP0000398765 
Xyloglucan endotransglycosylase/ 
hydrolase protein 101 

(Goulao et al., 2008; Qi et al., 
2017) 

XTH4-1 MDP0000269483 
Xyloglucan endotransglycosylase/ 
hydrolase protein 4 

(Atkinson et al., 2009; Qi et 
al., 2017) 

XTH4-2 MDP0000310152 
Xyloglucan endotransglycosylase/ 
hydrolase 104 

(Atkinson et al., 2009) 

XTH6 MDP0000311765 
Xyloglucan endotransglycosylase/ 
hydrolase protein 6 

(Kaewthai et al., 2013) 
At3g44990 and At2g36870 

XTH10 MDP0000208105 
Xyloglucan endotransglycosylase/ 
hydrolase protein 10 

(Atkinson et al., 2009) 

PG1 MDP0000326734 Polygalacturonase 1 (Gwanpua et al., 2016) 

PME1 MDP0000836165 Pectin methylesterase 1 (Gwanpua et al., 2016) 

PE1 MDP0000162904 Pectinesterase 1 (Gwanpua et al., 2016) 

PE3 MDP0000222620 Pectinesterase 3 At1g53830 

PE51 MDP0000297071 Pectinesterase 51 At5Gg9760  

PA MDP0000834641 Pectin acetylesterase (Dheilly et al., 2016)  

PL5-1 MDP0000266603 Pectate lyase 5 (Dheilly et al., 2016) 

PL5-2 MDP0000319156 Pectate lyase 5  (Dheilly et al., 2016) 

PL5-3 MDP0000631698 Pectate lyase 5  (Dheilly et al., 2016) 

BGAL1 MDP0000416548 Beta-galactosidase 1 (Ireland et al., 2014) 

BGAL101 MDP0000127542 Beta-galactosidase 101 (Ireland et al., 2014) 

BGAL3 MDP0000030527 Beta-galactosidase 3 (Dheilly et al., 2016)  

BGAL8 MDP0000265046 Beta-galactosidase 8 (Dheilly et al., 2016) 

AF2 MDP0000256049 Alpha-L-arabinofuranosidase 2 (Gwanpua et al., 2016) 
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Table 5.11. Genes identified to be involved in cell wall polysaccharide modification that were 
differentially expressed (LFC) by tissue pair comparisons at each stage of fruit development. Shaded 
colours of gene names indicate involvement in cellulose (GREEN) and hemicellulose modification 
(ORANGE) or pectin modification (PURPLE). Tissues: epidermis (EPI), hypodermis (HYP) and cortex 
(COR). Tissues denoted (+) indicate the tissue that was upregulated/downregulated relative to the 
compared tissue denoted (-). Tissues that were not differentially expressed with p-values < 0.05 
denoted “—“. 

 Expansion Mature Ripe 

Genes 

EPI (+) HYP (+) EPI (+) EPI (+) HYP (+) EPI (+) EPI (+) HYP (+) EPI (+) 

COR (-) COR (-) HYP (-) COR (-) COR (-) HYP (-) COR (-) COR (-) HYP (-) 

EGLU6 — — — 4.88 4.26 — — — — 

FXG1 5.05 — 4.19 2.44 — — — — — 

XTH1 — — — — — — 4.53 4.86 — 

XTH4-1 — — — -1.56 — — -3.90 -3.21 — 

XTH4-2 — — — -2.16 -1.59 — -1.87 — — 

XTH6 — 4.49 -4.49 — — — — — — 

XTH10 1.93 — — — — — 1.96 — 2.67 

PG1 — — — — — — — — — 

PME1 — — — — — — -3.58 — — 

PE1 — — — 1.74 1.93 — 1.31 — — 

PE3 — — — 2.05 2.16 — — — — 

PE51 — — — 4.10 — 3.45 — — — 

PA — — — 5.02 5.53 — — — — 

PL5-1 5.19 5.23 — — — — — — — 

PL5-2 4.95 4.81 — — — — — — — 

PL5-3 4.74 4.62 — — — — — — — 

BGAL1 4.19 — 6.13 — — — — — — 

BGAL101 -4.47 -4.52 — — — — — — — 

BGAL3 — — — 5.25 6.19 — — 3.39 -3.52 

BGAL8 — — — 3.04 — 3.01 3.38 — — 

AF2 2.92 — — 3.40 3.08 — — — — 
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Table 5.12. Genes identified to be involved in cell wall polysaccharide modification that were 
differentially expressed (LFC) by developmental stage pair comparisons for each tissue type. Shaded 
colours of gene names indicate involvement in cellulose (GREEN) and hemicellulose modification 
(ORANGE) or pectin modification (PURPLE). Stages: expansion (EXP), mature (MAT) and ripe (RIP). 
Stages denoted (+) indicate the stage that was upregulated/downregulated relative to the compared 
stage denoted (-). Stages that were not differentially expressed with p-values < 0.05 denoted “—“. 

 Epidermis Hypodermis Cortex 

Genes 

MAT (+) RIP (+) RIP (+) MAT (+) RIP (+) RIP (+) MAT (+) RIP (+) RIP (+) 

EXP (-) MAT (-) EXP (-) EXP (-) MAT (-) EXP (-) EXP (-) MAT (-) EXP (-) 

EGLU6 — -3.37 -5.92 -4.00 -4.63 -8.63 -7.06 — -7.26 

FXG1 — — — 3.21 — 4.42 — — 4.45 

XTH1 — — — 3.88 — — — -6.09 -5.62 

XTH4-1 -2.12 -3.50 -5.62 -1.35 -3.83 -5.18 — — — 

XTH4-2 — -2.76 -3.17 — -2.54 -2.17 1.33 -3.05 -1.72 

XTH6 — — — -4.48 — -4.53 — — — 

XTH10 — — — — -1.89 — — — — 

PG1 — — — — — — — 5.10 5.16 

PME1 — — — — — — — 3.59 3.59 

PE1 — — — — — -1.49 -1.42 — -1.58 

PE3 — — — — — — -1.67 — — 

PE51 — — — — — — — — — 

PA -4.18 -4.11 -8.28 -3.41 -5.98 -9.40 -7.21 — -7.45 

PL5-1 -6.11 — -6.12 -6.15 — -6.16 — — — 

PL5-2 -4.94 — -5.00 -4.80 — -4.86 — — — 

PL5-3 -4.73 — -4.78 -4.61 — -4.66 — — — 

BGAL1 — 5.20 4.92 6.99 3.79 10.78 4.51 4.86 9.37 

BGAL101 8.56 4.29 12.85 9.04 3.02 12.06 4.49 2.57 7.07 

BGAL3 -3.16 -5.59 -8.75 -3.17 — -6.18 -7.20 — -7.41 

BGAL8 — — -3.02 -4.07 — -3.01 -3.71 — -4.93 

AF2 — — — — — — — — — 
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One DEG involved in cell wall modification, annotated as PECTIN ESTERASE51 (PE51) 

(MDP0000297071), exhibited specific epidermis expression in mature fruit. Expression in the 

epidermis had LFCs of 3.45 over the hypodermis and 4.10 over the cortex. An Arabidopsis 

orthologue of PE51 was identified as At5Gg9760, which has been linked to cell wall 

modification and pectin catabolic processes. MDP0000297071 has also been identified as a 

biomarker for CO2 injury during cold storage (Rudell et al., 2017). Two other DEGs annotated 

for pectinesterases were identified: PE1 (MDP0000162904) and PE3 (MDP0000222620). 

Both genes exhibited differential expression in both epidermis and hypodermis tissues over the 

cortex in mature fruit (Table 5.11).  

PECTIN ACYLESTERASE (PA) (MDP0000834641) displayed differential expression 

in the epidermis and hypodermis tissues of mature fruit, relative to the cortex (Table 5.11). 

Three pectate lyases, described as PECTATE LYASE5 (PL5), PL5-1 (MDP0000266603), PL5-

2 (MDP0000319156) and PL5-3 (MDP0000631698), also exhibited differential expression in 

the epidermis and hypodermis in expanding fruit (Table 5.11). The LFC values for each PL5 

DEG were similar between tissues (Table 5.11), and for all three genes differential expression 

decreased after the expansion stage in the epidermis and hypodermis tissues (Table 5.12). 

Expression during early developmental stages has been noted previously for PA 

(MDP0000834641), PL5-1 (MDP0000266603), PL5-2 (MDP0000319156) and PL5-3 

(MDP0000631698) (Dheilly et al., 2016). Decreases in differential temporal expression of PA 

and PL5 genes observed in this current study are in agreement with this (Table 5.12). Positive 

correlations were observed for PA and PL5 gene expression with cell wall galactose and 

mannose contents and oligosaccharides attributed to mannans and xylans (Dheilly et al., 2016), 

although the significance of this is unclear. Across development, specific tissue expression was 

observed for genes involved in HG modification, including expression preferentially to the 
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epidermis and hypodermis tissues for PE, PA and PL, suggesting that pectin modifications are 

made predominantly in the epidermis and hypodermis tissues relative to the cortex.  

Several DEGs potentially encoding pectin side-chain hydrolases were found to have 

tissue-preferential expression during development. One -ʟ-arabinofuranosidase gene, AF2 

(MDP0000256049), was differentially expressed in the epidermis versus the cortex at 

expansion, and differentially expressed in both epidermis and hypodermis at maturity 

(Table 5.11). The β-galactosidase gene family exhibited expression patterns varying among 

family members. Epidermis-specific transcript expression was observed for BGAL1 

(MDP0000416548) in expanding fruit, with an LFC of 4.19 against the cortex and 6.13 against 

the hypodermis (Table 5.11). BGAL1 also showed a large LFC increase in ripe fruit compared 

to expanding fruit, and this was especially seen in the hypodermis and cortex tissues compared 

to the epidermis (Table 5.12). BGAL101 (MDP0000127542), on the other hand, had differential 

expression targeted to the cortex at expansion, with LFCs of 4.47 and 4.52 against the 

epidermis and hypodermis, respectively (Table 5.11). BGAL101 also exhibited very high LFCs 

during development, with large increases in differential transcript abundance at the ripe stage 

relative to the expansion stage in the epidermis (12.85 LFC), hypodermis (12.06 LFC) and 

cortex (7.07 LFC) (Table 5.12). BGAL3 (MDP0000030527) exhibited differential expression 

in epidermis and hypodermis tissues of mature fruit, and hypodermis-specific expression in 

ripe fruit (Table 5.11). BGAL8 (MDP0000265046) exhibited epidermis-specific expression in 

mature fruit (Tables 5.11). Unlike BGAL1 and BGAL101, differential expression of both 

BGAL3 and BGAL8 decreased over development after the expansion stage (Table 5.12). 

Expression of BGAL3 (MDP0000030527) and BGAL8 (MDP0000265046) in early fruit 

development has been reported previously (Dheilly et al., 2016), and the results in the current 

study align to this pattern. BGAL genes belong to glycoside hydrolase family 35 (GH35), and 

some other GH35 genes also exhibited differential expression to the epidermis and hypodermis 
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tissues, namely MDP0000227393, MDP0000310582, MDP0000895533 and MDP0000866084 

(Appendix 11). Hypodermis-specific expression was also found for MDP0000895533 in ripe 

fruit (Appendix 11). Different temporal expression patterns were seen among GH35 genes, 

with MDP0000227393, MDP0000310582 and MDP0000895533 exhibiting decreased 

expression after expansion to ripe, and MDP0000274454, MDP0000761756, 

MDP0000863563 and MDP0000866084 exhibiting increased expression after to ripe 

(Appendix 12). These results highlight the high diversity of expression profiles in the BGAL 

gene family. 

Many DEGs involved in cell wall degradation and modification exhibited expression 

preferentially towards the epidermis and/or hypodermis tissues over the course of fruit 

development. Tissue specific expression in the outer cell layers was observed in three pectin 

side-chain DEG candidates: BGAL1 (epidermis), BGAL3 (hypodermis) and BGAL8 

(epidermis). However, predominant cortex expression was observed for BGAL101 at the 

expansion stage. At ripening, BGAL101 did exhibit predominant expression in the epidermis 

when gene expression was observed with absolute transcript numbers (Figure 5.3). In 

summary, a diverse array of expression patterns were observed, indicating that numerous 

different roles in cell wall modification are undertaken by different members of large gene 

families over the course of development. However, two genes that have been closely associated 

with ripening-related softening in fruit, PG and PME, did not display significant tissue-specific 

expression. 
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Figure 5.3. Gene expression heat mapping of cell wall genes expressed predominantly in the epidermis 
using absolute transcript numbers. Maps separated by low transcript number (A) and high transcript 
number (B). Coloured cells indicate mean TPM (n = 3). 
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5.3.1.3. Non-enzymatic cell wall modification 

Non-enzymatic cell wall-modifying expansins displayed differential gene expression patterns 

both over fruit development and between tissues (Tables 5.13, 5.14, 5.15). Almost all EXPA 

genes (apart from EXPA3-2) decreased in LFC for each tissue type after the expansion stage 

(Table 5.15); however differential expression between tissues was more apparent at the mature 

and ripe stages with expression favouring the epidermis and the hypodermis (Table 5.14). 

Hypodermis-specific expression was seen for EXPA8 (MDP0000521662) in ripe fruit 

(Table 5.14), and only the hypodermis tissue did not show LFC decreases over development 

(Table 5.15). Differential expression to the epidermis and hypodermis tissues was seen for 

EXPA1 (MDP0000138500), EXPA2 (MDP0000431696), EXPA3-1 (MDP0000670959), 

EXPA3-2 (MDP0000139058) and EXPA5 (MDP0000432497) (Table 5.14). This differential 

expression pattern was observed after the expansion stage, with the exception of EXPA5 which 

displayed consistent differential tissue expression in the epidermis and hypodermis throughout 

development (Table 5.14). EXPA3-1 showed preferential hypodermis expression relative to the 

cortex at all three developmental stages, with additional epidermis expression increasing 

towards ripeness (Table 5.14). No preferential cortex expression was seen for any EXPA 

member during development (Table 5.14).  

The only EXPA members exhibiting differential expression between tissues at the 

expansion stage were EXPA3-1 and EXPA5, which have been previously shown to be 

expressed in early fruit growth and softening (Johnston et al., 2001; Wakasa et al., 2003; 

Trujillo et al., 2012; Ireland et al., 2014). These different expression patterns over development 

among EXPA members suggest early activated genes and later activated genes. Significantly, 

differential tissue expression observed for each EXPA candidate was restricted in the epidermis 

and hypodermis tissues for all EXPA members. 
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EXPA genes EXPA1, EXPA2, EXPA3-1, EXPA5, and EXPA8 have also been suggested 

as biomarkers for firm flesh browning during cold storage (Rudell et al., 2017). DEGs were 

found from members in the larger family of expansin genes, with several members exhibiting 

differential expression to the epidermis and hypodermis tissues versus the cortex 

(Appendix 11). Two EXPA members, (MDP0000259640 and MDP0000362190), were found 

to exhibit hypodermis-specific expression in ripe fruit (Appendix 11). All DEGs from the 

EXPA extended family exhibited decreased differential expression after fruit expansion to ripe, 

with the exception of MDP000022849 (Appendix 12). 

 

Table 5.13. EXPA genes differentially expressed between tissues and growth stages. 

Gene Malus ID # Gene description Reference 

EXPA1 MDP0000138500 Expansin 1 (Wakasa et al., 2003; Trujillo et al., 2012) 

EXPA2 MDP0000431696 Expansin 2 (Wakasa et al., 2003; Trujillo et al., 2012) 

EXPA3-1 MDP0000670959 Expansin 3-1 (Wakasa et al., 2006; Trujillo et al., 2012) 

EXPA3-2 MDP0000139058 Expansin 3-2 (Qi et al., 2017) 

EXPA4 MDP0000681724 Expansin 4 (Wakasa et al., 2003) 

EXPA5 MDP0000432497 Expansin 5 (Wakasa et al., 2003; Trujillo et al., 2012) 

EXPA8 MDP0000521662 Expansin 8 (Trujillo et al., 2012) 
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Table 5.14. EXPA genes differentially expressed (LFC) by tissue pair comparisons at each stage of fruit 
development. Tissues: epidermis (EPI), hypodermis (HYP) and cortex (COR). Tissues denoted (+) 
indicate the tissue that was upregulated/downregulated relative to the compared tissue denoted (-). 
Tissues that were not differentially expressed with p-values < 0.05 denoted “—“. 

 Expansion Mature Ripe 

Genes 

EPI (+) HYP (+) EPI (+) EPI (+) HYP (+) EPI (+) EPI (+) HYP (+) EPI (+) 

COR (-) COR (-) HYP (-) COR (-) COR (-) HYP (-) COR (-) COR (-) HYP (-) 

EXPA1 — — — 3.44 4.05 — 7.17 8.17 — 

EXPA2 — — — 2.23 2.69 — — 2.00 — 

EXPA3-1 — 1.48 — 1.36 1.49 — 5.95 6.96 — 

EXPA3-2 — — — 6.45 6.44 — 3.58 3.81 — 

EXPA4 — — — — 4.03 — — — -4.39 

EXPA5 3.96 3.95 — 1.92 1.98 — 3.75 5.09 — 

EXPA8 — — — — — — — 3.12 -4.38 

Table 5.15. EXPA genes differentially expressed (LFC) by developmental stage pair comparisons for 
each tissue type. Stages: expansion (EXP), mature (MAT) and ripe (RIP). Stages denoted (+) indicate 
the stage that was upregulated/downregulated relative to the compared stage denoted (-). Stages 
that were not differentially expressed with p-values < 0.05 denoted “—“. 

 Epidermis Hypodermis Cortex 

Genes 

MAT (+) RIP (+) RIP (+) MAT (+) RIP (+) RIP (+) MAT (+) RIP (+) RIP (+) 

EXP (-) MAT (-) EXP (-) EXP (-) MAT (-) EXP (-) EXP (-) MAT (-) EXP (-) 

EXPA1 — -2.59 -2.14 — -2.21 -2.10 -3.19 -6.33 -9.52 

EXPA2 — -2.00 — 1.89 — — -2.48 — -3.02 

EXPA3-1 — -2.43 -3.12 — -1.55 -2.79 — -7.03 -8.27 

EXPA3-2 — — — — — — -3.87 4.08 — 

EXPA4 -4.01 — -6.68 — — — -7.36 — -4.71 

EXPA5 -4.16 -2.95 -7.11 -4.10 -1.67 -5.77 -2.12 -4.78 -6.91 

EXPA8 — -3.88 -3.30 — — — — — -3.25 
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5.4. Conclusion 

During the course of apple fruit development there were different expression patterns observed 

for genes encoding cell wall-related enzymes, both between tissue types and between growth 

stages. The skin tissues of the epidermis and/or hypodermis were shown to exhibit a relatively 

higher degree of gene expression for certain genes involved in cell wall metabolism, both 

biosynthesis and modification. The expression of selected genes is summarized as absolute 

count numbers for the epidermis (Figure 5.3) and the hypodermis (Figure 5.4).  

The xyloglucan side chain cleaving enzyme FXG1 was shown to exhibit epidermal 

specific expression early in development with expression gradually shifting to include the 

lower tissues in the later developmental stages (Figure 5.3A). This pattern was also seen for 

the pectin-related gene BGAL1 (Figure 5.3B). Hypodermis specific expression was observed 

for three pectin synthesizing gene candidates (GATL4, GATL3-1, UAM1), seen during the ripe 

stage (Figure 5.4A). In the earlier developmental stages, these genes exhibited patterns of 

epidermis and cortex expression which then appeared to narrow towards the hypodermis tissue 

at ripe. While pectin degradation increases over fruit development, maintenance of the pectin 

matrix in the hypodermis may be prioritized over the epidermis and the cortex in the later 

stages. XTH6 was observed to have exclusive hypodermis expression at the expansion stage, 

with zero transcripts detected in the epidermis and cortex tissues at all stages of development 

(Figure 5.4A). This exclusive expression of XTH6 in the hypodermis of expanding fruit could 

suggest that some aspect of xyloglucan modification possibly related to tissue expansion is 

more predominant in the hypodermal tissue zone. CESA2 and CSLA9 were specifically 

expressed in the hypodermis tissues of mature fruit (Figure 5.4A, B), suggesting active 

biosynthesis of the cellulose-xyloglucan framework in the hypodermis at fruit maturity. 

Cellulose synthase-related genes RGP1 and RGP2 exhibited exclusive hypodermis expression 

in ripe fruit, with zero transcripts seen in the epidermis and cortex tissues at ripe. This 



Chapter 5: Analysis of tissue expression of selected pathways 

 
185 

expression pattern may suggest specific cellulose metabolism in the hypodermis tissue of ripe 

fruit skin (Figure 5.4). 

 

Figure 5.4. Gene expression heat mapping of cell wall genes expressed predominantly in the 
hypodermis using absolute transcript numbers. Maps separated by low transcript number (A) and high 
transcript number (B). Coloured cells indicate mean TPM (n = 3).  
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The expansin family genes were shown to have enhanced/specific differential 

expression in the hypodermis over development, and this pattern was also seen with the 

absolute number of transcripts (Figure 5.5). Different EXPA gene products could have slightly 

different roles in loosening the cellulose-xyloglucan framework in the hypodermis tissue, or 

the difference between genes could reside in the promoters and result in different temporal or 

spatial expression patterns. For example, EXP3-1, EXPA4 and EXPA8 may have specific roles 

at the expansion, mature and ripe stages, respectively. Similarly, different EXPA members have 

been linked to ethylene-related fruit softening at various time-points (Ireland et al., 2014). In 

general, hemicellulose modification and degradation genes showed an overall decrease after 

the expansion stage, although many XTH genes exhibited upregulation of expression in the 

cortex. Pectin synthesizing genes, in general, decreased after expansion, while known ripening-

related softening and pectin modification genes increased after expansion, including PG1, 

PME1, BGAL1 and BGAL101 (Figure 5.6).  

Pectate lyase has been shown to exhibit higher expression before commercial maturity 

(Goulao et al., 2008), and pectate lyase transcripts for PL5-1, PL5-2 and PL5-3 were 

differentially expressed in the epidermis and hypodermis tissues at similar abundances in 

expanding fruit, and this decreased significantly towards ripening (Table 5.12). PL has been 

shown to be an important regulator in ripening-related softening in banana and strawberry, 

however their role in apple ripening-related softening has been found to not be as significant 

(Goulao et al., 2008). 
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Figure 5.5. Gene expression heat mapping of expansin genes using absolute transcript numbers. 
Coloured cells indicate mean TPM (n = 3). 

 
Figure 5.6. Gene expression heat mapping of pectin modifying genes using absolute transcript 
numbers. Coloured cells indicate mean TPM (n = 3).  
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The order of induction of gene expression of cell wall genes associated with fruit 

softening aligned similarly to the order previously seen in models of the progression of cell 

wall disassembly in peach, kiwifruit and apple (Figure 1.12) (Brummell, 2006; Schroder & 

Atkinson, 2006; Ireland et al., 2014). The products of early expressed EXPA genes, probably 

involved in cell expansion, were followed by the expression of genes encoding enzymes 

responsible for the loss of pectin side chains (BGAL and AF), and then the expression of PG1, 

responsible for the depolymerisation of the HG component of the pectin matrix. A summary of 

the pattern observed in this study was drawn, which also includes skin tissues with highest 

transcript abundance (Figure 5.7). The tissue-specific expression patterns observed had 

predominant epidermis expression for BGAL1 (ripe) and AF2 (at all stages). Predominant 

hypodermis expression was seen almost exclusively for the EXPA genes, particularly EXPA 

genes that were more transcriptionally active in earlier development. In the cortex, predominant 

expression was observed for EXPA2 and EXPA8 (expansion), BGAL101 (expansion and 

mature), and PG1 (ripe).  

The genes linked to fruit softening during ripening displayed a temporal pattern of gene 

expression consistent with regulation by ethylene (Ireland et al., 2014), and this work has now 

shown an additional spatial pattern between the epidermis, hypodermis and cortex. These 

spatial patterns suggest that wall loosening in early fruit expansion could be influenced in part 

by members of the expansin family that exhibit predominant expression in the hypodermis 

tissue relative to the epidermis and the cortex. The genes encoding pectin side chain-cleaving 

enzymes BGAL101 and AF2 showed increasing expression from expansion to ripe, with 

expression at later development stages preferentially targeted towards the epidermis. 

Expression of the pectin depolymerisation enzyme PG1 started at maturity in the hypodermis 

and increased at ripe with predominant expression moving to the cortex. These expression 

patterns suggest a spatial separation of softening processes in fruit skin tissue, with genes 
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involved in initial softening at the fruit expansion stage being highly expressed in the 

hypodermis, pectin modification genes highly expressed in the epidermis, and the 

depolymerisation of pectin (expression of PG1) in the cortex at the ripe stage. These spatial 

differences in cell wall metabolism observed in apple skin highlight the dynamic biochemical 

processes that occur within the discrete cell layers. Such biochemical processes would 

contribute to the overall changes observed in fruit biophysical properties observed during the 

developmental changes that occur from expansion to ripening. 

 

Figure 5.7. A summary model of fruit firmness, tissue with predominant gene expression and 
transcriptional regulation of softening genes. The point of each gene shape indicates the relative 
increase of expression from that point. Colours indicate the tissue with the highest number of 
transcripts of that gene at a developmental stage.  
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Chapter 6 

Discussion 

For years, LCM technology has advanced cell specific analyses and has revealed discrete 

spatial gene expression patterns among various cell types in a number of different plant tissues 

(Matas et al., 2011; Hollender et al., 2014; Chan et al., 2016; Shinozaki et al., 2018). Novel 

spatial functions identified among fruit tissues has increased understanding of previously 

hidden regulatory relationships, including those associated with fruit quality traits, such as size, 

texture, colour and flavour (Matas et al., 2010; Matas et al., 2011; Hollender et al., 2014; 

Shinozaki et al., 2018).  

In apple fruit, previous studies investigating the skin have collected peel material. This 

peel material contains not only the epidermis and hypodermis tissue layers but also some 

underlying cortex tissue from the fruit flesh. Using peel loses valuable spatial information of 

the fruit skin, since cellular constituents expressed at low levels within a small number of cells 

can be diluted below the level of detection. Cell type isolation of the epidermis and hypodermis 

cell tissues require the use of LCM technology and to date no studies have performed this 

technology on apple skin tissue. This means that the molecular understanding of the 

specialisation of cell types in apple skin remains obscure.  

Diversity of the various cell types in apple skin have been previously observed in 

epidermis and hypodermis tissues with cell walls that range in thickness (Allan-Wojtas et al., 

2003; Evert, 2006). Transgenic PG1-suppressed apple fruit have also revealed phenotypes with 

reduced swelling in the hypodermis tissue (Allan-Wojtas et al., 2003; Evert, 2006; Atkinson et 

al., 2012). Characterising the biochemical properties in individual cell types would not only 

improve understanding on the structural differences observed also reveal new properties that 

were previously unrecognised in these cell types. 
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6.1 Gene regulation in skin tissues 

Novel patterns of spatial gene expression were identified between the epidermis, hypodermis 

and cortex during fruit development from the expansion phase to mature ripe fruit. Specific 

differential gene expression was observed for many genes in each tissue type at all stages of 

development. An example of specific expression observed in a key regulator in cuticle 

development was the cuticle transcription factor SHN3. SHN3 exhibited differential expression 

in the epidermis, over the hypodermis and cortex. Specific expression was also observed in the 

hypodermis tissue, seen in anthocyanin biosynthesis transcription factor MYB10 and with the 

cell wall loosening gene EXPA8. Both MYB10 and EXP8 displayed differential expression 

toward the hypodermis over the epidermis and cortex at a stage in apple development. 

Although many genes with specific expression were observed the vast proportion of 

genes was shown to be expressed in two or three tissue types. High ‘parallel’ differential gene 

expression toward both the epidermis and hypodermis relative to the cortex was common in 

the cuticle biosynthesis and anthocyanin/flavonoid biosynthesis pathways. These expression 

patterns demonstrate the close regulatory relationship between the epidermis and the 

hypodermis, suggesting that these tissues do provide equivalent gene function at certain 

developmental stages, while also exhibiting expression differentiating one tissue over another 

at other stages. 

Significant variation between the epidermis and the hypodermis was observed in the 

ripe stage of development but not in the earlier expansion and mature stages. This lack of 

variation in the earlier stages may be a result from cell differentiation between the epidermis 

and hypodermis developing the stages after maturity. Another possibility could be from cross 

contamination between these neighbouring cell types during the cell isolation procedure as the 

cells are smaller and more tightly packed during the earlier developmental phases. The PCA 
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plot in Figure 4.1 shows 53% of the variation between PC1 and PC2, there is still 47% of the 

variation that could show separation in a PC3.  

Table 6.1. Tissue specific genes identified from 47,133 unigenes profiled during the three stages of 
fruit development. 

 
Expansion Mature Ripe 

 
# % # % # % 

Epidermis 292 0.6 150 0.3 490 1.0 

Hypodermis 355 0.8 123 0.3 126 0.3 

Cortex 448 1.0 311 0.7 441 0.9 

 

In ripening tomato pericarp, LCM was used to identify specific gene expression patterns 

between five different types of tissue (Matas et al., 2011; Shinozaki et al., 2018). The 

expression profile of 20,976 identified unigenes found 1% (217 genes) to be specific to the 

outer epidermis, and 0.19% (39 genes) specific in the collenchyma (hypodermis) (Matas et al., 

2011). Among the 47,133 unigenes (genes identified with TPM ≥ 1) detected in apple in this 

study, tissue-specific gene expression was identified by significant differentiation (LFC > 1,  

p-value < 0.05) from the other two tissues. Of the tissue-specific unigenes identified, in ripe 

fruit 1% (490 genes) were found to be specific to the epidermis, 0.3% (126 genes) specific to 

the hypodermis and 0.9% (441 genes) to the cortex (Table 6.1). In expanding fruit, more 

hypodermis specific genes (355 genes) were identified than at mature and ripe. The mature 

stage had the least number of specific epidermis- and hypodermis-expressed genes, with 150 

and 123 genes, respectively. The differences seen between the developmental stages suggest a 

dynamic relationship between epidermis and hypodermis, which displayed both equivalent and 

enhanced gene expression activity of one tissue over the other, at particular developmental 

stages. 
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6.1.1. Epidermis-specific gene expression 

The epidermis is a multifunctional and diverse layer of outer dermal tissue which directly 

interacts with the surrounding environment. It is a tissue layer responsible for a number of 

processes, including gas exchange, regulation of water loss, defence, pollinator attraction, 

structural support and the mechanical properties of the skin (Khanal & Knoche, 2014). In fruit, 

the ongoing increases in volume until late in development subjects the skin to ongoing and 

increasing strain, and the cellular layers of the epidermis and hypodermis can accommodate 

this ongoing strain by cell division and/or cell expansion (Khanal & Knoche, 2017).  

The molecular functions of epidermal tissue have been characterized in a number of 

plant species and organs, detailing specialised roles in cuticular deposition and cell wall 

synthesis (Suh et al., 2005; Matas et al., 2010; Matas et al., 2011; Chan et al., 2016). To 

discover the critical functions of the epidermis during fruit development, epidermis-specific 

genes with high transcript abundance in the epidermis relative to the hypodermis and cortex 

were identified in key biochemical pathways. Comparisons to previous LCM studies on 

epidermal tissue were also made to determine shared biology between plant species and 

identify novel function in apple. 

6.1.1.1. Epidermis-specific genes identified  

Through the separation of the epidermis from the underlying hypodermis, specific gene 

expression was observed in the cuticle biosynthesis pathway and in cell wall-related functions 

(Table 6.2). The spatial and temporal patterns of gene expression indicate biological processes 

in specific skin tissue over fruit development. The gene encoding SHN3, a cuticle transcription 

factor and an upstream regulator of cuticle biosynthetic genes, exhibited epidermis-specific 

expression in mature fruit (Table 6.2) (Lashbrooke et al., 2015b). Expression of SHN3 was 

previously observed to be peel-specific in mature apples, compared to flesh (Albert et al., 
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2013), and our findings in this study suggest that SHN3 expression was actually epidermis 

specific. After maturity, expression of SHN3 decreased to zero transcript abundance across all 

tissues (Figure 5.1). 
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Table 6.2. Epidermis tissue-specific genes highlighted in this study. Log2 fold change (LFC) represent 
differential expression values over the epidermis and cortex tissues. 

Gene Pathway/Structure Stage 

LFC 

Hypodermis Cortex 

HTH Cutin biosynthesis Expansion 3.83 4.41 

LACS2 Cutin biosynthesis Ripe 6.40 6.85 

CER1 Wax biosynthesis Ripe 2.78 6.21 

CER4 Wax biosynthesis Ripe 2.81 7.60 

CER6 Wax biosynthesis Ripe 2.28 8.61 

KCS1 Fatty acid synthesis Ripe 2.87 7.69 

KCS7/2 Fatty acid synthesis Mature 3.28 6.53 

SHN3 Cuticle transcription factor Mature 3.99 4.90 

KAS1 Fatty acid synthesis Ripe 5.81 5.66 

FDH Fatty acid elongation Ripe  2.31 4.66 

PAS2 Fatty acid elongation Ripe 1.76 3.20 

CER10 Fatty acid elongation Expansion 1.03 3.75 

CER10 Fatty acid elongation Ripe 1.77 2.01 

WBC11 Lipid transporter Ripe 2.30 10.31 

HCT Chlorogenic acid synthesis Ripe 4.04 5.24 

GATL3-2 Pectin synthesis Mature 3.62 3.72 

UAM5 Pectin synthesis Expansion 2.22 4.36 

FXG1 Hemicellulose synthesis Expansion 4.19 5.05 

XTH10 Hemicellulose degradation Ripe 2.67 1.96 

PE51 Pectin degradation Mature 3.45 4.10 

BGAL1 Pectin degradation Expansion 6.13 4.19 

BGAL8 Pectin degradation Mature 3.01 3.04 
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HOTHEAD (HTH) is involved in the production and deposition of cutin monomers 

which form the cutin matrix, and serves as the internal skeletal structure of the cuticle 

(Kurdyukov et al., 2006; Khanal & Knoche, 2017). HTH exhibited epidermis-specific 

expression in expanding fruit (Table 6.2). The cutin matrix typically exhibits viscoelastic 

mechanical behaviour, which confers a lower stiffness and strength, and higher extensibility 

compared to the cuticle membrane (Khanal & Knoche, 2017). This viscoelastic behaviour 

accommodates the ongoing strain produced by the underlying tissues, which result from the 

increase in fruit volume during fruit expansion. Viscoelasticity has been noted to be an ideal 

property of fruit skins, as it allows for stresses to dissipate when the skin is strained at low 

rates, and it also ensures sufficient rigidity to resist rapid deformation caused by sudden 

exposures to mechanical stresses (Knoche & Lang, 2017). Viscoelastic strain is also reversible 

and any decrease in fruit diameter can be accommodated without wrinkling, since decreases in 

fruit diameter are not uncommon and routinely occurs in daytime, during periods of high 

evaporative demand (Knoche & Lang, 2017). The epidermis-specific expression of cutin 

biosynthesis gene HTH in expanding fruit correlates to the viscoelastic properties required for 

the skin extensibility during fruit expansion, created by the cutin matrix.  

Apple cuticles have a relatively high wax content compared to that in most fruits: 

tomato cuticles contain 3.4% ± 0.3 wax content whereas apple fruit cuticle are > 10-fold higher 

with 45.3% ±  0.4 wax content (Khanal et al., 2013a). Wax content was found to be linearly 

related to biaxial strain release, as the removal of waxes in apple and tomato led to significantly 

more biaxial strain release in apple compared to tomato (Khanal et al., 2013a). As wax is 

deposited it fills the intermolecular spaces within the cutin network and blocks strain relaxation 

(Knoche & Lang, 2017). During fruit development, microcracks begin to form on the outer 

surface of the skin as cutin is added on the inner side of a strained cuticle fixing the reversible 

strain, but leaving the outer surface markedly strained. The microcracks that are formed must 
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be filled in by continuous synthesis and deposition of wax at a rate that equals or exceeds the 

rate of microcrack formation in order to re-establish the cuticle’s barrier function. (Knoche & 

Lang, 2017). Waxes have been shown to be the main transpiration barriers of the cuticle, with 

cutin contributing to a much lesser degree (Schönherr, 1976; Mintz-Oron et al., 2008).Within 

the cutin matrix, waxes act as a supporting filler that increases the rigidity of the cuticle by 

fixing reversible strain (elastic) into irreversible strain (plastic), decreasing extensibility 

(Petracek & Bukovac, 1995; Khanal et al., 2013a). High wax content in the cuticle may also 

function in mitigating cuticle failure (Khanal et al., 2013a). Standardised epidermal tensile tests 

found that the apple epidermis exhibited an increase in stiffness after fruit expansion 

(90 DAFB), which then increased up to 161 DAFB (Khanal & Knoche, 2014).  In the current 

study, wax candidate genes exhibited continuous expression in both the epidermis and the 

hypodermis tissue from fruit expansion to ripe (Figure 5.1). ECERIFERUM (CER) genes 

involved in wax biosynthesis CER1, CER4, and CER6 were specifically expressed in the 

epidermis of ripe fruit, while HTH, which is involved in the deposition of cutin, was 

specifically expressed in the epidermis at expansion (Table 6.2). These expression patterns 

correlate to the described role of waxes as a supporting filler for the cutin matrix structure, and 

to the increases seen in stiffness and decreases in extensibility observed in later apple skin 

development (Khanal & Knoche, 2014).  

Recently the cuticle has been considered as a lipidized epidermal cell wall region, and 

during development the cuticle is known to extend into the anticlinal regions of the cell wall to 

form cuticular pegs (Khanal & Knoche, 2017). Epidermal cells exhibit a unique cell wall 

structure that encompasses several domains between the symplasm and the epicuticular surface 

(Mintz-Oron et al., 2008). The cuticle is rich in cell wall polysaccharides from epidermal cells 

that adhere to the internal cuticle and result from the deposition and incrustation of the outer 

epidermal cell wall with cutin (Costa, 2016; Khanal & Knoche, 2017; Knoche & Lang, 2017). 
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In tomato, polysaccharides embedded in the cuticular membrane are approximately equal 

amounts of pectins, hemicelluloses and cellulose (López-Casado et al., 2007). Cellulose 

microfibrils have been known to branch through the pectin-rich layer and come into direct 

contact with the cuticular lipids in tomato (Mintz-Oron et al., 2008). From the few studies that 

have addressed the role of cell wall polysaccharides in the mechanical properties of the cuticle 

it was concluded that cell wall polysaccharides, like wax, increase the rigidity of the cutin 

matrix, and thereby decrease viscoelastic strain and increase the elastic strain (Takahashi et al., 

2012; Khanal & Knoche, 2017). A decrease in the mass of cell wall material in the fruit skin 

during development has been closely linked to the decrease in fracture force of apple epidermis, 

and may derive from biochemical changes in the cell wall and the middle lamella of the 

developing fruit (Khanal & Knoche, 2014). Viscoelastic properties have also been associated 

with the pectic middle lamella (Vincent, 1992). In the current study, biosynthesis and 

modification genes for hemicellulose and pectin (GATL3-2, UAM5 and FXG1) were found to 

be epidermis-specific during fruit expansion and maturity (Table 6.2). Biosynthesis of 

hemicellulose and pectin cell wall polysaccharides localised to the epidermal tissue suggests 

that mechanical properties derived from polysaccharide structures such as viscoelastic strain 

could be produced from this tissue layer. Further study into the effect of polysaccharides in the 

cuticle matrix would be required to determine the precise role hemicelluloses and pectins have 

in cuticle mechanics.  

Gene expression for cell wall pectin degradation was observed to be epidermis-specific 

for BGAL1 in expanding fruit and BGAL8 in mature fruit (Table 6.2). Significant differential 

gene expression was observed for BGAL1 in the epidermis versus the hypodermis, with an LFC 

of 6.13. BGAL1 degrades the galactan side chains of RG-I and is associated with ripening-

related fruit softening (Goulao et al., 2007; Wei et al., 2010). However, epidermis-specific 

transcription in expanding fruit suggests an additional role in early fruit development. 
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Epidermis-specific hemicellulose degradation was also seen in expanding fruit, with FXG1 

exhibiting differential expression of 4.19 LFC in the epidermis over the hypodermis 

(Table 6.2). The α-fucosidase FXG1 removes the terminal α-ʟ-fucosyl residue from the 

xyloglucan side chain (de la Torre et al., 2002). The epidermis-specific expression patterns of 

BGAL1 and FXG1 suggest functions for these cell wall hydrolases in fruit expansion and early 

maturity. During fruit expansion cell wall modification at the epidermis tissue layer would be 

just as important as cell wall synthesis for allowing expansion to occur. In tomato, a role in 

cuticle development was observed for the cell wall gene BGAL6, with antisense suppression of 

the tomato gene causing an increase in the incidence of cracked fruit (Moctezuma et al., 2003). 

However, these transgenic plants also exhibited doubled cuticle thickness and increased 

glossiness, and it was suggested that modification to galactan metabolism in the pectin-rich 

layer of the epidermis cell wall could result in a compensating process by which cuticle 

deposition is enhanced in order to repair the cracks and/or strengthen a weaker structure 

(Moctezuma et al., 2003). Transgenic studies of BGAL genes in apple would be of particular 

interest in the future for elucidating potential roles in fruit softening and cuticle development.  
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6.1.1.2. Epidermis-specific gene expression in previous studies 

An early transcriptomic characterization of the plant epidermis was on Arabidopsis stem tissue, 

due to its structure allowing easy tissue isolation without the need for LCM techniques (Suh et 

al., 2005). This was performed by simply peeling the single layer of epidermis cells from the 

rest of the stem tissue. In Arabidopsis, preferential epidermis expression was observed for 

many genes involved in cuticle development. Orthologues of these genes were identified in 

apple, including LACS2, CER1, CER4, HTH, WBC11 and KCS1, all of which also showed 

preferential epidermis expression (Figure 5.1). One gene that was significantly up-regulated in 

Arabidopsis was At4g30340, DIACYLGLYCEROL KINASE (DAG), which is involved in acyl 

lipid metabolism. An apple orthologue was identified by using reciprocal BLAST and was 

found to be specifically expressed in the epidermis of ripe fruit (Table 6.3 & 6.4). The 

epidermis-specific expression of genes in apple that share homology to genes that were also 

upregulated in Arabidopsis indicate a shared biology with the plant model system.  

Table 6.3. Epidermis-expressed genes in apple orthologous to epidermis-specific/enriched genes 
previously identified in other species.  

Gene Malus ID # Description 

DEK1-1 MDP0000077683 Calpain clp-1 

DEK1-2 MDP0000094595 Calpain clp-1 

DEK1-3 MDP0000245785 Calpain-3 (CANP 3) 

LTP1 MDP0000285074 Non-specific lipid-transfer protein 

LTP2 MDP0000221771 Non-specific lipid-transfer protein 

LTP3 MDP0000694597 Non-specific lipid-transfer protein 

LTP4 MDP0000304369 Non-specific lipid-transfer protein 

GDSL MDP0000928830 GDSL esterase/lipase APG 

ABCG15 MDP0000094058 ABC transporter G family member 15 

DAG MDP0000246501 Diacylglycerol kinase epsilon 

HCT MDP0000264424 
Hydroxycinnamoyl-Coenzyme A shikimate/quinate 
hydroxycinnamoyl transferase 
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Table 6.4. Epidermis-expressed gene orthologues differentially expressed using (> 1) log2 fold change 
(LFC) by tissue pair comparisons at each stage of fruit development. Tissues: epidermis (EPI), 
hypodermis (HYP) and cortex (COR). Tissues denoted (+) indicate the tissue that was 
upregulated/downregulated relative to the compared tissue denoted (-). Tissues that were not 
differentially expressed with p-values < 0.05 denoted “—“. 

 Expansion Mature Ripe 

Genes 
EPI (+) HYP (+) EPI (+) EPI (+) HYP (+) EPI (+) EPI (+) HYP (+) EPI (+) 

COR (-) COR (-) HYP (-) COR (-) COR (-) HYP (-) COR (-) COR (-) HYP (-) 

DEK1-1 — -3.01 — — — — 6.41 — 6.14 

DEK1-2 — — — — -4.09 — 4.95 — 4.32 

DEK1-3 — — — — -4.80 — 4.89 — 3.69 

LTP1 8.99 8.30 — 10.15 9.32 — 8.96 7.30 1.66 

LTP2 9.89 9.11 — 10.45 9.58 — 7.83 5.94 1.88 

LTP3 8.86 8.24 — 8.77 8.43 — 7.78 5.83 1.95 

LTP4 9.33 8.37 — 11.43 10.49 — 8.03 6.09 1.93 

GDSL 10.62 10.01 — 9.71 9.67 — 8.98 5.93 3.05 

ABCG15 11.19 10.48 — 10.64 10.28 — 10.21 7.96 2.25 

DAG 2.41 2.10 — 4.30 3.48 — 2.79 — 2.09 

HCT 5.33 4.23 — 6.93 7.34 — 5.24 — 4.04 

 

The Arabidopsis gene DEFECTIVE KERNEL1 (DEK1) is a master regulator of 

epidermal differentiation and maintenance, and its encoded protein is known to act upstream 

of epidermis-specific transcription factors. DEK1 regulates the cell walls in the epidermis of 

Arabidopsis leaves and is required for correct cell adhesion (Amanda et al., 2016). In DEK1 

overexpressing lines, transcriptional regulation downstream of DEK1 was found to cause 

cellular effects, with increased abundances of cellulose and pectin in epidermal cell walls and 

this was also correlated with increased expression of several cell wall-related genes.  Plants 

with reduced levels of DEK1 displayed a loss of adhesion between epidermal cells that was 

linked to the thickness and polysaccharide composition of cell walls. BLAST results 

determined three apple homologs highly similar to Arabidopsis DEK1 (Table 6.3). Specific 

epidermis expression was seen for all these genes in ripe fruit (Figure 6.1), with one gene, 
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DEK1-1, possessing LFCs of 6.14 and 6.41 over the hypodermis and cortex, respectively 

(Table 6.4). Prior to ripening, DEK1 homologues exhibited high transcript abundance in the 

cortex, although at ripe transcripts appear to be present exclusively in the epidermis 

(Figure 6.1). This indicates that ripe apples exhibit epidermis-specific gene expression related 

to cell wall modification. DEK1 could possibly be a master regulator of cell wall 

polysaccharide composition in apple skin, and alterations to DEK1 in lines of apple may be a 

possible avenue for determining specific polysaccharides regulated by DEK1 and potentially 

producing fruit with particular qualities. 

 

 

Figure 6.1. Gene expression heat mapping of top BLAST results to AtDEK1. Coloured cells indicate 
mean TPM (transcript per million) (n = 3). 
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Figure 6.2. Gene expression heat mapping of lipid-transfer protein genes (LTP). Maps separated by 
low transcript number (A) and high transcript number (B). Coloured cells indicate mean TPM 
(transcript per million) (n = 3). 

 

 

Figure 6.3. Gene expression heat mapping of-previously identified epidermis-specific gene candidates. 
Coloured cells indicate mean TPM (transcript per million) (n = 3). 
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LCM technology was used to isolate epidermal and hypodermal cells from expanding 

Citrus clementina fruit, which found striking differences in gene expression profiles between 

the two cell types, revealing specific metabolic pathways that can be related to their respective 

organelle composition and cell wall specialization (Matas et al., 2010). Genes that were 

predominantly expressed in the epidermis were related to cuticle biosynthesis, flavonoid 

production, and defence responses (Matas et al., 2010). The most prominent C. clementina 

epidermis genes that were also upregulated in the epidermis of apple included orthologues of 

Arabidopsis GDSL-motif lipase/hydrolase family protein (At3g16370) and ABC transporters 

(At3g21090). A reciprocal BLAST of At3g16370 and At3g21090 identified apple genes GDSL 

and ABCG15, respectively (Table 6.3). Both genes exhibited epidermis-specific expression in 

ripe apple fruit (Table 6.4). Transcripts of these genes were present in the epidermis and 

hypodermis tissues, while being absent in the cortex (Figure 6.3). A tomato orthologue of 

GDSL is described as a putative cutin polymerization function and was significantly down-

regulated in cuticle reduced lines (Lashbrooke et al., 2015a). An epidermis transcript profile of 

C. clementina showed a high proportion of genes with no known function, supporting the use 

of tissue-specific analysis in promoting gene discovery that can lead to a better understanding 

of the specialized contribution of each tissue to fruit physiology (Matas et al., 2010).  

Epidermis tissue isolated from ripe tomato using LCM technology identified a non-

specific lipid transfer protein specifically expressed in the epidermis (Matas et al., 2011). A 

reciprocal BLAST of this gene (GenBank: CAJ19705) produced four apple orthologues (LTP1 

- 4), each described as a non-specific lipid transfer protein (LTP) (Table 6.3). Differential 

expression analysis of LTP orthologues found epidermis-specific expression in ripe apple 

epidermis (Table 6.4). LTP1 exhibited a very high abundance of transcripts in skin tissue 

(Figure 6.2B) relative to the other LTP genes (Figure 6.2A). Similarities between the 

expression of apple and tomato epidermis genes were observed for other genes, although there 
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were differences such as for CHS which was epidermis-specific in ripe tomato (Matas et al., 

2011; Shinozaki et al., 2018) but hypodermis-specific in ripe apple (Figure 6.5). While non-

specific proteins like LTP may share spatial expression between different fruits, more specific 

flavonoid products, like CHS, could exhibit different spatial tissue expression patterns between 

fruit species.  

Tissue specific developmental processes of the funiculus of canola were characterized 

using LCM combined with next-generation sequencing (Chan et al., 2016). Compared to whole 

organ analysis, tissue-specific analysis identified 7761 additional genes and now serves as a 

valuable resource for seed improvement research (Chan et al., 2016). In the epidermis tissue of 

canola funiculi, transcript data showed prominent expression of cell wall modification and lipid 

metabolism (Chan et al., 2016). One prominent gene expressed in the epidermis was described 

as encoding Hydroxycinnamoyl-Coenzyme A shikimate/quinate hydroxycinnamoyltransferase 

(HCT), known to influence the accumulation of flavonoids. As previously described in 

Section 5.2, HCT (MDP0000264424) (Table 6.3), was specifically expressed in ripe apple fruit 

with LFCs of 5.24 versus the cortex and 4.04 versus the hypodermis (Table 6.4). Two other 

HCT homologs (MDP0000242697 and MDP0000137138) were also found to exhibit 

epidermis-specific expression (Appendix 5).  Cell wall gene families identified to be 

prominently expressed in the epidermis of canola included pectate lyase, pectin acetylesterase, 

-galactosidase, and xyloglucan endotransglycosylase. Apple members from these cell wall 

gene families also showed prominent expression in epidermis tissue. As seen in tomato fruit 

epidermis, there were numerous cell wall modification and lipid metabolism genes found 

predominantly in the funiculus epidermis, suggesting common molecular regulation in 

epidermis tissues across different species and different plant organs (Matas et al., 2010; Chan 

et al., 2016). 
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6.1.2. Hypodermis-specific gene expression 

A number of properties and functions have been suggested for the sub-epidermal/hypodermal 

layer in various plant species, with roles related to the mechanical properties of the cuticle, 

photosynthesis, flavour volatiles, phospholipid metabolism, anthocyanin pigment 

accumulation, and cell wall structuring and modification (Espley, 2009; Matas et al., 2010; 

Khanal & Knoche, 2017; Shinozaki et al., 2018). The hypodermis functions structurally along 

with the epidermis and cuticle to resist the strains associated with growth (Khanal et al., 2013a; 

Khanal & Knoche, 2014, 2017). Due to the difficulty of isolating the hypodermis from the 

adjoining layer of epidermal tissue, there are likely to be many novel functions of the 

hypodermis that have yet to be described.  

6.1.2.1. Hypodermis-specific genes identified  

In this study, several genes were identified as displaying specific expression in hypodermis 

tissue during fruit development (Table 6.5). The hypodermis-specific genes identified in the 

biochemical pathways analysed in Chapter 5 were found to be involved in 

anthocyanin/flavonoid biosynthesis and cell wall polysaccharide biosynthesis and degradation. 

One notable gene with significant difference in expression between the hypodermis and 

epidermis was CHS, which encodes a rate-limiting enzyme involved in the biosynthesis of 

antioxidant flavonoid pigments. CHS exhibited an LFC of 4.45 expressed in the hypodermis 

over the epidermis in ripe fruit (Table 6.5). However, this tissue-expression pattern is contrary 

to a previous LCM study in tomato, where CHS showed preferential expression to the 

epidermis after the onset of ripening (Shinozaki et al., 2018). This suggests differences in 

spatial tissue gene expression between fruit species.  Other members of the 

anthocyanin/flavonoid pathway also exhibited hypodermis specific expression, including 

MYB10, WD40 and LDOX (Table 6.5) or enhanced hypodermis expression, which suggests 
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that the biosynthesis of anthocyanin/flavonoids is predominantly up-regulated in the 

hypodermis during fruit development in apple. This could be linked to a previous report of 

anthocyanin pigments accumulating in the hypodermal tissue in apple leaves overexpressing 

MYB10 (Espley, 2009).   

 

Table 6.5. Hypodermis tissue-specific genes highlighted in this study. Log2 fold change (LFC) represent 
differential expression values over the epidermis and cortex tissues. 

Gene Pathway/Structure Stage 

LFC 

Epidermis Cortex 

WD40 Anthocyanin biosynthesis Mature 4.09 4.10 

MYB10 Anthocyanin biosynthesis Expansion 3.13 6.20 

CHS Anthocyanin biosynthesis Ripe 4.45 5.07 

LDOX Anthocyanin biosynthesis Ripe 2.01 4.08 

CESA2 Cellulose biosynthesis Mature 2.21 3.62 

RGP1 Cellulose biosynthesis Ripe 6.48 6.36 

RGP2 Cellulose biosynthesis Ripe 6.30 6.17 

CSLA9 Hemicellulose biosynthesis Mature 4.69 4.74 

GATL4 Pectin biosynthesis Expansion 4.74 4.43 

GATL3-1 Pectin biosynthesis Ripe 3.49 3.21 

GATL3-2 Pectin biosynthesis Ripe 3.99 3.68 

UAM1 Pectin biosynthesis Ripe 4.91 5.82 

XTH6 Hemicellulose degradation Expansion 4.49 4.49 

BGAL3 Pectin degradation Ripe 3.52 3.39 

EXPA8 Cell wall loosening Ripe 4.38 3.12 
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Multiple cell wall genes exhibited hypodermis-specific expression, including cellulose 

synthase CESA2 (in mature fruit) and expansin EXPA8 (in ripe fruit). Other members of the 

CESA and EXPA gene family also showed preferential hypodermis expression (Appendix 8 & 

11). CESA2 may have a role in providing structural organisation and counteracting reversible 

strain in the hypodermal tissue, since cellulose forms the main structural component of the cell 

wall and behaves in a linear and elastic fashion (Knoche & Lang, 2017). EXPA8 may play a 

role in tissue-specific wall loosening associated with ripening-related swelling previously 

reported in apple hypodermal layers (Atkinson et al., 2012). As seen in previous studies, 

EXPA8 was expressed at relatively low abundance compared with other EXPA genes (Trujillo 

et al., 2012). Identifying expression patterns for low expression genes like EXPA8 may not 

have been possible without the use of LCM combined with next generation sequencing, due to 

the dilution of genes expressed in just a few cells by the large number of genes expressed in 

other bulk tissues.   

6.1.2.2. Hypodermis-specific gene expression in previous studies 

Gene expression in fruit hypodermal tissue has been reported in tomato and citrus fruit 

C. clementina (Matas et al., 2010; Matas et al., 2011; Shinozaki et al., 2018). These studies 

also utilised LCM for capturing hypodermis cells followed by gene expression analysis.  In 

C. clementina, CESA and EXPA were identified as the most predominant genes in the 

hypodermis relative to the epidermis (Matas et al., 2010). A high proportion of genes that were 

predominant in the hypodermis of C. clementina were also found to be associated with the 

biosynthesis and restructuring of the primary cell wall. However, no major differences were 

observed in cell wall thickness or morphology between the epidermis and hypodermis, from 

cell wall staining (Matas et al., 2010). It was postulated that either the polysaccharide 

component of the hypodermis was more essential than in the epidermis since the cuticle plays 

a significant role in the epidermal cells, or the epidermis does not provide the load-bearing 
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‘skin tissue’ that constrains fruit expansion, and this role might be provided by the hypodermis 

(Matas et al., 2010). Cell wall-related genes that exhibited hypodermis-specific expression in 

this study were GATL4 (in expanding fruit), CSLA9 (in mature fruit), RGP1, RGP2, GATL3-1, 

GATL3-2, UAM1, XTH5, and BGAL3 (in ripe fruit) (Table 6.5). These genes are all associated 

with the three main polysaccharide structures of the cell wall (cellulose, hemicellulose and 

pectin). This suggests that extensive restructuring of the cell wall in both cellulose microfibrils 

and matrix polysaccharides may take place in the hypodermis tissue of mature and ripe fruit. 

In cellulose or cellulose/pectin composites, the addition of xyloglucan resulted in a more 

malleable cell wall that also exhibited viscoelastic behavior (Chanliaud et al., 2002). Cell wall 

composites containing hemicellulose have increased extensibility and reduced resistance to 

pressure relative to those of cellulose alone or cellulose/pectin composites (Whitney et al., 

1999; Chanliaud et al., 2002). Also, when xyloglucans were digested away using glucanases, 

increases in cell wall rigidity were observed (Whitney et al., 1999). Uncovering the cell wall 

polysaccharide composition of the hypodermis relative to the epidermis and cortex, and the 

patterns of enzymatic activity in the cells, would further illustrate tissue functions. The role of 

the hypodermis in cell wall loosening can be explored further to understand not only the 

complex biochemical relationships but also the spatial-temporal gene expression patterns that 

give rise to it. 
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Table 6.6. Hypodermis-expressed gene in apple orthologous to hypodermis-specific/enriched genes 
previously identified in other species. 

Gene Malus ID # Description 

NMT1-1 MDP0000310886 Phosphoethanolamine N-methyltransferase 1 (putative) 

NMT1-2 MDP0000659907 Phosphoethanolamine N-methyltransferase 1 (putative) 

NMT1-3 MDP0000308907 Phosphoethanolamine N-methyltransferase 1 (putative) 

LOXC1-1 MDP0000300321 Linoleate 13S-lipoxygenase 2-1, chloroplastic, Precursor 

LOXC1-2 MDP0000277666 Linoleate 13S-lipoxygenase 2-1, chloroplastic, Precursor 

LOXC1-3 MDP0000753547 Linoleate 13S-lipoxygenase 2-1, chloroplastic, Precursor 

LOXC1-4 MDP0000281525 Linoleate 13S-lipoxygenase 2-1, chloroplastic, Precursor (putative) 

LOXC1-5 MDP0000174168 Linoleate 13S-lipoxygenase 2-1, chloroplastic, Precursor 

LOXC1-6 MDP0000211556 Linoleate 13S-lipoxygenase 2-1, chloroplastic, Precursor 

LOXC1-7 MDP0000279287 Linoleate 13S-lipoxygenase 2-1, chloroplastic, Precursor 

LOXC1-8 MDP0000169311 Linoleate 13S-lipoxygenase 2-1, chloroplastic, Precursor 

LOXC1-9 MDP0000215405 Lipoxygenase 6, chloroplastic (AtLOX6), Precursor (putative) 

Table 6.7. Hypodermis-expressed orthologues differentially expressed using (> 1) log2 fold change 
(LFC) by tissue pair comparisons at each stage of fruit development. Tissues: epidermis (EPI), 
hypodermis (HYP) and cortex (COR). Tissues denoted (+) indicate the tissue that was 
upregulated/downregulated relative to the compared tissue denoted (-). Tissues that were not 
differentially expressed with p-values < 0.05 denoted “—“. 

 Expansion Mature Ripe 

Genes 

EPI (+) HYP (+) EPI (+) EPI (+) HYP (+) EPI (+) EPI (+) HYP (+) EPI (+) 

COR (-) COR (-) HYP (-) COR (-) COR (-) HYP (-) COR (-) COR (-) HYP (-) 

NMT1-1 — 4.77 -4.07 — — — — — — 

NMT1-2 — 4.27 — — — — — — — 

NMT1-3 3.72 4.14 — — — — — — — 

LOXC1-1 3.89 6.43 — 4.37 6.47 — — — — 

LOXC1-2 — — — — 4.14 — — — — 

LOXC1-3 2.34 2.72 — 3.67 3.98 — 4.15 5.13 — 

LOXC1-4 2.45 2.76 — 4.48 4.78 — 2.66 3.61 — 

LOXC1-5 7.27 7.26 — — 1.72 — 3.37 4.58 — 

LOXC1-6 2.64 2.52 — 3.26 3.51 — 3.83 4.67 — 

LOXC1-7 6.17 6.46 — — — — 2.74 3.95 — 

LOXC1-8 3.10 3.65 — 1.34 1.76 — 2.49 3.61 — 

LOXC1-9 — 4.88 -4.86 — — — — — — 
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Figure 6.4. NMT1 orthologues exhibiting enhanced hypodermis-tissue expression. Coloured cells 
indicate mean TPM (transcript per million) (n = 3). 

 
Figure 6.5. LOXC orthologues exhibiting enhanced hypodermis-tissue expression. (A) Gene expression 
heat mapping of top apple BLAST results homologous to tomato TOMLOXC using absolute transcript 
numbers. Coloured cells indicate mean TPM (n = 3).  (B) Gene expression of TOMLOX in hypodermal 
cells of tomato pericarp (Figure taken from (Shinozaki et al., 2018)).  
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In a previous LCM study of C. clementina fruit skin, differential expression was 

examined between the epidermis and the hypodermis of expanding skin. One of the most 

predominant genes differentially expressed in the hypodermis over the epidermis was a 

homolog for the  Arabidopsis gene At1g48600, described as ‘Phosphoethanolamine N-

methyltransferase 2’ (Matas et al., 2010). Phosphoethanolamine N-methyltransferase (NMT) 

functions in phospholipid metabolism and phosphatidylcholine biosynthesis. An Arabidopsis 

mutant study revealed a critical role for NMT in root system development and epidermal cell 

integrity, where mutant plants showed drastic alterations in root structural components, 

including death of epidermal cells and a reduction in cell elongation (Cruz-Ramírez et al., 

2004). Using reciprocal BLAST, three apple homologs to At1g48600 were identified (NMT1-

1, NMT1-2 and NMT1-3) (Table 6.6), annotated as ‘Phosphoethanolamine N-methyltransferase 

1 (putative)’. NMT1-1 showed the largest absolute transcript abundance in the hypodermis 

(Figure 6.4). Differential expression analysis also displayed hypodermis expression with 

4.07 LFC over the epidermis and 4.77 LFC over the cortex (Table 6.7). NMT1-2 and NMT1-3 

both exhibited differential expression in the hypodermis versus the cortex, although no 

differential expression was observed over the epidermis (Table 6.7). The correlations seen 

between C. clementina and apple indicate similar spatial expression patterns of NMT within 

the hypodermis tissue of expanding fruit. NMT has previously been linked to cell elongation in 

Arabidopsis, and could be a factor in the expansion of hypodermal tissue during fruit 

expansion. 

In tomato, the biosynthesis of flavour volatiles was found be tissue dependent, with 

predominant expression of TOMLOXC (encoding a 13-lipoxygenase essential for C5 flavour 

volatiles) in the hypodermis tissue (Shinozaki et al., 2018) (Figure 6.5B). This predominant 

expression pattern to the hypodermis suggests a specialized function in the production of 

flavour volatiles. Apple homologs LOXC1-1 – LOXC1-9 were identified using BLAST of the 
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TOMLOXC gene (Solyc01g006540) (Table 6.6). All of the gene orthologues exhibited 

predominant hypodermis expression during fruit development (Figure 6.5A), with one 

orthologue, LOXC9, exhibiting hypodermis-specific expression in expanding fruit, with LFCs 

of 4.86 over the epidermis and 4.88 over the cortex (Table 6.7). The correlation of this tissue 

expression pattern between tomato and apple suggests common hypodermis-specific gene 

regulation of flavour volatiles.  

6.1.3. Parallel gene expression patterns in different tissues 

While RNA-seq data reported here shows that the hypodermal cells have unique expression 

patterns of genes that may be linked to volatiles and aspects of cell wall metabolism, the 

majority of genes involved in cuticle development and anthocyanin/flavonoid biosynthesis 

showed parallel expression in the epidermis and the hypodermis as opposed to the cortex, 

indicating an overlapping function of these tissues in other biochemical processes. The number 

of genes exhibiting parallel expression is summarized in Table 6.8, showing differences 

determined by differential expression of a gene (p < 0.05 and LFC ≥ 1) in two tissue types 

versus the third tissue type. The majority of genes that exhibited parallel expression was 

observed in the epidermis and hypodermis tissues, with > 2000 genes found at the expansion 

and mature stages, and 1272 genes at ripe (Table 6.8). At expansion, a larger number of genes 

expressed in two tissues were found in the hypodermis and cortex with 423 genes, compared 

to 133 in the epidermis and cortex (Table 6.8). In mature apples, these numbers were more 

equivalent, with 138 genes expressed in the hypodermis and cortex, and 129 genes in the 

epidermis and cortex (Table 6.8). The number of genes expressed in both the epidermis and 

cortex increased at the ripe stage, with 429 genes, which was more than the hypodermis and 

cortex with only 192 genes (Table 6.8). The high number of genes that were expressed in the 

epidermis and hypodermis was not unexpected due to the close association of these 

neighbouring tissues when compared to the cortex tissue. However, larger number of genes 
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that were expressed in the epidermis and the cortex compared to the hypodermis and cortex 

was an interesting discovery that could indicate similar regulatory processes in the epidermis 

and cortex that are not seen in the hypodermis in ripening fruit. 

Table 6.8. The number of genes which exhibited parallel expression in two tissues of the epidermis, 
hypodermis and cortex at developmental stages expansion, mature and ripe. Parallel expression was 
determined for genes that exhibited differential expression (p < 0.05 and LFC ≥ 1) in two tissue types 
versus the third tissue type. 

Expressed tissues Expansion Mature Ripe 

Epidermis + Hypodermis 2628 2103 1272 

Hypodermis + Cortex 423 138 192 

Epidermis + Cortex 133 129 429 

 

Table 6.9. Genes highlighted as exhibiting parallel expression in the epidermis and hypodermis. 

  LFC over the cortex 

Gene MDP number Description Stage Epidermis Hypodermis 

SHN3 MDP0000178263 Cuticle transcription factor Expansion 8.80 8.12 

MYB10 MDP0000259614 Anthocyanin transcription factor Mature 6.59 5.75 

CHS MDP0000126567 Chalcone synthase  Mature 7.22 7.20 

FLS MDP0000229796 Flavonol synthase Mature 8.09 7.74 

XTH1 MDP0000398765 
Xyloglucan 
endotransglycosylase/hydrolase Ripe 4.53 4.86 

 

Several genes essential for proper cuticle development, such as SHN3, were 

differentially expressed in the hypodermis versus the cortex, although at a lower LFC than seen 

in the epidermis versus the cortex (Table 6.9). These expression patterns were seen in 

expanding fruit and suggest a role in cuticle formation for the hypodermis in addition to the 

epidermis, particularly in earlier development prior to harvest. Cuticle development in apple 

can cause portions of the hypodermis tissue to be encased by the cuticle (Khanal & Knoche, 
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2017). This cutinisation of the hypodermis cell walls can lead to an increase in the contribution 

of hypodermal cell wall polysaccharides to the mechanical properties of the cuticle since cell 

wall polysaccharides have been correlated to the increase in rigidity of the cuticle matrix 

(Khanal & Knoche, 2017). In tomato, a more cracking resistant cultivar exhibited a cuticle that 

was extended into the hypodermis, whereas the more susceptible cultivar had cuticle structures 

deposited only on the outer cell wall of the epidermis (Matas et al., 2004a). 

Parallel expression of anthocyanin/flavonoid biosynthesis genes in the epidermis and 

hypodermis was also prominently seen in mature fruit. Significant genes in the 

anthocyanin/flavonoid biosynthesis pathway MYB10, CHS and FLS exhibited differential 

expression in both the epidermis and hypodermis versus the cortex (Table 6.9). Flavonoids 

have also been found to influence cuticle mechanics, with an increase in flavonoid 

accumulation during ripening increasing cuticle rigidity. Flavonoid precursors such as 

naringenin and chalconaringenin, increase the stiffness of the cutin network of tomato fruit and 

decrease fracture strains (Knoche & Lang, 2017). Flavonoids have been compared to waxes as 

they also serve as a filler for the cuticle matrix, thereby increasing stiffness (Khanal & Knoche, 

2017). 

Cell wall XTH gene XTH1 exhibited similar expression in the epidermis and 

hypodermis in ripe fruit (Table 6.9). XTH1 was reported in apple to be constitutively expressed 

during whole fruit developmental processes and with higher expression in fruit at harvest 

(Goulao et al., 2008). XTH gene products are responsible for xyloglucan modification, and 

ripening-related XTH gene expression has been reported in several species such as tomato 

(Arrowsmith & De Silva, 1995) and kiwifruit (Schröder et al., 1998). In apple, hemicellulose 

degradation is more minor, so hemicellulose modifying activity such as XET, which does not 

necessarily change the overall molecular weight profile of xyloglucans are of particular interest 

(Goulao et al., 2008). The expression of XTH1 in the epidermis and hypodermis tissues of ripe 
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fruit suggest enhanced xyloglucan modification in the outer tissue layers of the skin during 

ripening. 

Table 6.10. Genes highlighted as exhibiting parallel expression in the hypodermis and cortex. 

  LFC over the epidermis 

Gene MDP number Description Stage Hypodermis Cortex 

CSLE MDP0000131947 Cellulose synthase-like protein E6 
(putative) Expansion 6.49 4.50 

FLA1 MDP0000525641 Fasciclin-like arabinogalactan 
protein 1 (putative) Mature 5.23 6.22 

FLA17 MDP0000184487 Fasciclin-like arabinogalactan 
protein 17 Ripe 6.04 7.70 

 

6.1.4. An overview of skin tissue gene expression during fruit development 

Specific patterns of gene expression were uncovered in the skin-related biochemical pathways 

examined in this study. During cuticle development, the epidermis was the predominant tissue 

layer for cuticle-related gene expression. This was particularly shown in the exclusive 

epidermal expression of cutin monomer deposition gene HTH in expanding fruit (Figure 6.6). 

Wax synthesis genes also showed predominant epidermal expression in ripe fruit, including 

CER1 and CER4 (Figure 6.6). However, many cuticle gene transcripts were found at similar 

abundance in the epidermis and hypodermis of expanding and mature fruit (Figure 6.6). This 

could be explained by the development of the cuticle, which is known to sometimes encase 

entire epidermis and hypodermis cells (Khanal & Knoche, 2017). 

Members of the anthocyanin/flavonoid biosynthesis pathway exhibited predominant 

hypodermis expression over the three stages of development (Figure 6.6). MYB10 showed 

exclusive hypodermal expression in expanding fruit, WD40 in mature fruit and CHS in ripe 

fruit (Figure 6.6). The preferential expression observed for anthocyanin-related genes suggests 

that the hypodermis tissue is the preferred site of anthocyanin synthesis. The mature stage of 
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fruit development was observed to be the peak stage of anthocyanin/flavonoid biosynthesis, 

following after cuticle development, which exhibited peak gene expression in the expansion 

stage (Figure 6.6). This temporal pattern also follows the fruit model tomato, where combined 

transcript and metabolite results revealed that the formation of cuticular lipids preceded 

flavonoid biosynthesis (Mintz-Oron et al., 2008). 

Epidermis and hypodermis tissue expression was observed of gene members involved 

in each of the three main polysaccharide classes of cell wall, cellulose, hemicellulose and 

pectin. Cellulose metabolism was shown to be enhanced in the hypodermis tissue of mature 

fruit with high CESA2 expression, and in ripe fruit with high RGP1 and RGP2 expression 

(Figure 6.6). Hemicellulose-modifying (xyloglucan) genes XTH1 and XTH6 showed enhanced 

epidermis and hypodermis expression during development. XTH1 exhibited expression in the 

epidermis and hypodermis in ripe fruit, and XTH6 exhibited exclusive hypodermal tissue 

expression in expanding fruit (Figure 6.6). These expression patterns may help cause the cell 

walls in the hypodermis tissue to become more pliant and exhibit viscoelastic behaviour. The 

hypodermis-specific expression over the epidermis and cortex may allude to a specialised 

cellulose-xyloglucan framework restructuring in the hypodermis tissue layer which may 

mediate tissue extensibility throughout fruit development. Hypodermis expression was also 

seen from genes involved in pectin synthesis (Figure 6.6). This was observed from GATL4 in 

expanding fruit and UAM1 in ripe fruit. This localisation of pectin synthesizing genes in the 

hypodermal tissue suggests specialised pectin structuring in the hypodermis compared to the 

epidermis and cortex. 

Softening-related pectin depolymerising gene PG1 exhibited an increase in expression 

at ripe across all three tissues (Figure 6.6). Early expression at maturity was evident in the 

hypodermis tissue only (albeit in only one sample replicate). However, PG1 enzyme is known 

to be dependent on the prior action of PME1, and PME1 also showed a similar mRNA 
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abundance pattern (Figure 6.6). Unlike for PG1, PME1 transcripts were absent in the epidermis 

at ripe (Figure 6.6), which could possibly bring about some limitations to PG1 action in the 

epidermis of ripe skin. The hypodermis exhibited a higher PG1 transcript abundance than the 

epidermis in ripe fruit, and the cortex was even higher (Figure 6.6). This may indicate that the 

epidermis is the last tissue to exhibit PG action. PG1 expression is known to remain high in 

overripe apples (Goulao et al., 2008), and the onset of epidermal PG1 action may occur after 

ripeness. Early PG1 expression observed in the hypodermis tissue of mature fruit suggests that 

PG1 action could start in this tissue layer. This would correlate to previous reports of increased 

cell separation of the hypodermis tissue in overexpressing PG1 apple leaves (Atkinson et al., 

2002), and reduced swelling of the hypodermis tissue in PG1-suppressed apple fruit, when 

compared to controls (Atkinson et al., 2012). However, hypodermis-specific expression was 

seen in only one replicate, and at the next stage of development expression was predominantly 

observed in the cortex tissue. It is a possibility that hypodermis-specific PG1 expression could 

be observed at a time between mature and ripe, if PG1 action does indeed begin in the 

hypodermis tissue. Although PG1 is a softening related enzyme, PG1-suppressed apples still 

undergo a significant degree of softening, suggesting that multiple cell wall enzyme types are 

required for fruit softening (Atkinson et al., 2012).  
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Figure 6.6. An overview of gene expression based on absolute transcript numbers among the 
biochemical pathways analysed in this study. Tissues: epidermis (EPI), hypodermis (HYP) and cortex 
(COR). Coloured cells indicate mean TPM (transcript per million) (n = 3).  
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BGAL1 cleaves galactosyl residues from pectic RG-I galactan side chains and has been 

correlated positively with apple firmness loss (Ortiz et al., 2011). BGAL1 and BGAL101 have 

been shown to be upregulated during ripening, and mRNA abundance correlated positively 

with apple firmness loss (Gwanpua et al., 2016). In this study, BGAL1 and BGAL101 exhibited 

large increases in transcript abundance towards ripening, with BGAL1 specifically seen in the 

epidermis in expanding fruit and BGAL101 exhibiting enriched gene expression in the 

epidermis at ripe (Figure 6.6). The specific-expression of BGAL1 in the expanding epidermis 

suggest that it may have an additional role in cell wall loosening related to expansion. 

BGAL101 exhibited the highest abundance of transcripts among cell wall candidate genes at 

ripe (Figure 6.6), indicating a significant role in ripening-related processes. The enrichment of 

BGAL101 in the epidermis of ripe fruit suggest that BGAL101 may be a major regulator in 

ripening-related softening and skin cell wall porosity. Later softening events in ripening have 

been associated with increased BGAL101 activity (Johnston et al., 2001; Ireland et al., 2014). 

Further transgenic studies of BGAL genes would be of great interest to elucidate the functions 

of these genes.  

Predominant hypodermal expression was exhibited by several EXPA gene family 

members, with consistent expression in the hypodermis across development that was not seen 

in the epidermis and the cortex (Figure 6.6). EXPA3-1 has been shown to be predominantly 

expressed in postharvest fresh fruit (Trujillo et al., 2012), and here we show it exhibited the 

highest transcript abundance in expanding fruit and decreased in the later stages (Figure 6.6). 

At each stage of development, the hypodermis tissue exhibited the highest EXPA3-1 expression 

(Figure 6.6). EXPA8 is upregulated by ethylene (Ireland et al., 2014), and exhibited 

predominant hypodermis expression in ripe fruit (Figure 6.6). This suggests EXPA3-1 may be 

an early acting EXPA member involved in fruit expansion, while EXPA8 could be involved in 

later fruit development in accordance with its ethylene regulation. Moreover, the hypodermis 
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tissue layer appears to be the preferred site of expression for some EXPA genes, which may 

work in coordination of other gene products involved in modifying the cellulose-xyloglucan 

framework that also exhibited preferable hypodermis expression (CESA2, RGP1 and XTH6). 

This temporal difference of gene induction among expansin family genes has also been 

observed in grape berry skin during ripening (Fasoli et al., 2016b). The rheological properties 

of tomato epidermis tissue have shown a strong pH dependency and it has been previously 

suggested that expansin activity reduces the viscosity of the cell wall over a wide range of time 

scales (Thompson, 2001). Since some expansins were predominantly expressed in the 

hypodermis tissues and are a large family of proteins which control cell wall loosening in a 

pH-dependent manner, determining the rheological properties of isolated apple hypodermis 

tissue at different developmental stages could help elucidate expansin-mediated fruit 

expansion. 

6.2. Future directions 

Examining the apple skin on a cell specific resolution has produced patterns and variation of 

gene expression within the skin tissue not seen before in apple. A detailed map of gene 

expression in specific apple fruit cells and tissue types not only has great potential importance 

for a better understanding of the basic aspects of fruit biology, but also has horticultural 

significance for an economically important crop. The catalogue of genes found from specific 

targeted skin cells in this study can be used as a resource for future investigations related to the 

skin that could be more targeted towards a specific pathway. 

The potential regulators of fruit development that have been identified in enriched cell 

types that would have otherwise been diluted within a mixture of different cell types. Future 

research can be conducted on these gene regulators through transgenic studies to examine the 

impact expression (overexpression or downregulation) of these genes would have on the fruit. 
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This would go towards forming to a more complete model of fruit development in apple. It is 

anticipated that the discrete spatial and temporal patterns of gene expression seen in this study 

can contribute to future breeding programmes and molecular discovery programmes aimed at 

improving apple skin quality. There would also be value for apple as a model fruit system in 

tissue development that can be applied to other accessory pome fruits such as pear.  

6.3 Conclusions 

The influence of the skin tissue on fruit quality, particularly during postharvest storage, has 

gained attention in recent years (Grotte et al., 2001; Edelmann et al., 2005; Saladié et al., 2007; 

Costa, 2016). There has also been a growing number of studies on the structural properties and 

metabolic processes ongoing during the formation and regulation of the epidermal tissues in 

different species  (Hen-Avivi et al., 2014). In the past, the majority of the research addressing 

fruit quality has mainly focused on the flesh, but improved skin mechanical performance has 

been shown to confer favourable postharvest results (Costa, 2016). In apple, a superior skin 

has been identified as an important factor in improving resistance to mechanical handling and 

general wounding, and enhanced fruit quality (Costa, 2016). Moreover, skin composition can 

vary considerably among different cultivars, suggesting potential room for genetic 

improvement (Konarska, 2012; Costa, 2016). 

The volume of a fruit grows throughout development and the fruit’s skin must change 

to allow this continuous increase in surface area over an extended period of time. This is more 

imperative in modern fruit cultivars as are mostly much larger than wild ancestors. Demands 

in understanding how fruit skins maintain their barrier function during periods of rapid 

expansion has pushed the boundaries of skin structure and describing the sequence of events 

leading to skin failure. Skin failure of a fruit results from barrier impairment or structural 

damage involving the cuticle and cellular layers of the skin. This is associated with skin 
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disorders including shriveling, cracking, russeting and skin spot, all of which reduce market 

value (Knoche & Lang, 2017). 

Cell-type isolation using LCM is a powerful tool to answer various questions in plant 

biology. Plant development relies on progressive changes in gene expression as cell clusters, 

tissues and cell types are determined and differentiate. Where mutants exist, genetic approaches 

have provided an understanding of the specification and differentiation of cells during plant 

development (Willemsen & Scheres, 2004), but the power of LCM combined with RNA-seq 

allows the identification of currently unknown additional regulators (Mintz-Oron et al., 2008; 

Matas et al., 2011; Chan et al., 2016).  

The epidermal and hypodermal tissue layers represent the structural backbone of the 

skin composite in apple (Knoche & Lang, 2017), and it is therefore imperative to fully 

characterize these tissue layers to gain an overall understanding of the skin. The cuticle follows 

the extension of the surface and is essentially “dragged along” by the tissue layers (Knoche & 

Lang, 2017). Therefore, factors associated with the regulation of the growth of the underlying 

cellular layers must be considered. Fruit appearance can also be significantly influenced by the 

structural integrity of the epidermis and hypodermis tissue layers. For instance, the mottling 

seen in red and black sweet cherries results from tension failure during development when the 

hypodermal cell layer tears and separates from the epidermis (Grimm et al., 2013). 

In this study, characterization of gene expression in the epidermal and hypodermal 

tissue layers of the apple fruit skin has uncovered many specialized genes and expression 

patterns between tissues within key biochemical pathways in fruit development. The value of 

cell-type dissection as a transcript-enrichment strategy was confirmed with the enrichment in 

epidermis transcripts associated with cuticle biosynthesis, some of which occur specifically in 

the epidermis. Gene expression enrichment in the hypodermis was also evident with 
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homologues associated with flavour volatiles that were previously reported in tomato 

hypodermal tissue, with one candidate exhibiting hypodermis-specific expression. The 

identification of genes that were specifically expressed in one tissue also provided validation 

of our approach of cell-type isolation combined with RNA-seq. The regulatory roles of the 

epidermis were seen throughout the three stages of development: expansion, mature and ripe. 

Active cell wall metabolism was also deduced exclusively in the epidermis based on the 

expression of some genes involved in cell wall polysaccharide synthesis and modification. The 

predominant expression of two BGAL genes in the epidermis and some EXPA genes in the 

hypodermis, combined with epidermis/hypodermis expression of some XTH genes and 

relatively uniform expression of PG1 across all tissue types, indicates different structural 

requirements for the walls of these different cells, and implies highly specific regulation of cell 

wall properties in different cells during fruit development. An identified epidermis-specific 

transcription factor, DEK1, linked to several cell wall-related genes was found to be a possible 

candidate for mediating cell adhesion in ripening apple fruit. Studying cell wall-related 

enzymes could improve our understanding on the integrity of the fruit skin, since cracking 

susceptibility has been associated with higher activities of polygalacturonase, ß-galactosidase, 

higher levels of water-soluble pectin and lower levels of covalently bound pectins (Knoche & 

Lang, 2017). The chemical properties of the cell walls and middle lamellae are the primary 

determinants of the mechanical properties of fruit skins (Knoche & Lang, 2017).  

Novel functions of the hypodermis tissue layer were uncovered, with expression 

patterns that suggest a significant role in cell wall loosening and anthocyanin/flavonoid 

production. Some genes involved in cell wall polysaccharide synthesis and modification were 

also observed to be specifically expressed in the hypodermis, further characterizing these cell 

wall gene members with spatial-temporal mapping. LCM combined with next generation 

sequencing technologies has now made it possible to identify and characterize every cell type 
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in a fruit pericarp. Due to these advances, investigations into differential gene expression 

during fruit development can provide a better understanding of the factors that govern fruit 

quality at a molecular level.  
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Appendices 

A.1 Cuticle biosynthesis genes 

Appendix 1. Cuticle biosynthesis DEGs with MDP numbers and description. 

Malus ID # MDP Description 

CER1  

MDP0000516853 Protein WAX2 (probable) 

MDP0000077392 Protein WAX2 (probable) 

MDP0000054178 Protein WAX2 (probable) 

MDP0000172788 Protein WAX2 (probable) 

MDP0000069348 Protein WAX2 (probable) 

MDP0000218683 Protein WAX2 (probable) 

MDP0000477496 Protein WAX2 (probable) 

MDP0000309240 Protein WAX2 (probable) 

MDP0000165547 Protein WAX2 (putative) 

CER4  

MDP0000298128 Fatty acyl-CoA reductase 3 (similar to) 

MDP0000120742 Fatty acyl-CoA reductase 3 (similar to) 

MDP0000271686 Fatty acyl-CoA reductase 3 (similar to) 

CER10  

MDP0000555908 Trans-2,3-enoyl-CoA reductase (TER) (probable) 

MDP0000062802 Trans-2,3-enoyl-CoA reductase (TER) (probable) 

HTH  

MDP0000210966 Protein HOTHEAD, Precursor (similar to) 

MDP0000538071 Protein HOTHEAD, Precursor (similar to) 

MDP0000727481 Protein HOTHEAD, Precursor (similar to) 

MDP0000748068 Protein HOTHEAD, Precursor (similar to) 

LCR  

MDP0000858983 Cytochrome P450 86A2 (putative) 

LACS1  

MDP0000224857 Long chain acyl-CoA synthetase 1 (similar to) 

MDP0000465035 Long chain acyl-CoA synthetase 1 (similar to) 

LACS2  

MDP0000314713 Long chain acyl-CoA synthetase 2 (similar to) 

WBC11  

MDP0000150931 ABC transporter G family member 11 (ABC transporter ABCG.11) (similar to) 
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Appendix 2. Cuticle biosynthesis genes differentially expressed (LFC) by tissue pair comparisons at 
each stage of fruit development. Tissues: epidermis (EPI), hypodermis (HYP) and cortex (COR). Tissues 
denoted (+) indicate the tissue that was upregulated/downregulated relative to the compared tissue 
denoted (-). Tissues that were not differentially expressed with p-values < 0.05 denoted “—“. 

 Expansion Mature Ripe 

Genes 

EPI (+) HYP (+) EPI (+) EPI (+) HYP (+) EPI (+) EPI (+) HYP (+) EPI (+) 

COR (-) COR (-) HYP (-) COR (-) COR (-) HYP (-) COR (-) COR (-) HYP (-) 

CER1          

MDP0000516853 8.50 7.42 — 5.94 5.31 — 7.78 5.66 — 

MDP0000077392 9.42 8.40 — 5.70 5.18 — 7.22 5.12 — 

MDP0000054178 10.66 9.61 — 7.42 6.80 — 8.36 6.21 — 

MDP0000172788 9.67 8.52 — 9.81 8.84 — 6.91 4.80 — 

MDP0000069348 10.85 8.97 — 11.67 11.30 — 9.53 7.90 — 

MDP0000218683 9.70 8.52 — 4.73 3.84 — 6.95 4.62 — 

MDP0000477496 10.21 8.96 — 6.07 5.35 — 8.88 6.57 — 

MDP0000309240 7.51 6.58 — 9.18 8.71 — 6.49 4.43 2.05 

MDP0000165547 8.87 8.26 — 4.92 4.59 — 3.37 2.31 — 

CER4          

MDP0000298128 9.45 9.10 — 11.49 10.97 — 8.68 5.82 2.86 

MDP0000120742 7.34 6.72 — 8.61 8.17 — 6.70 4.48 2.22 

MDP0000271686 10.43 9.83 — 11.50 10.93 — 9.51 6.87 2.63 

CER10          

MDP0000555908 — — — 3.47 3.44 — 2.85 — 2.82 

MDP0000062802 — — — 3.22 3.12 — 2.99 — 3.08 

HTH          

MDP0000210966 10.37 9.61 — 7.66 5.97 — 7.36 — 7.57 

MDP0000538071 10.16 8.89 — 8.01 7.07 — 6.80 — 7.86 

MDP0000727481 10.57 9.53 — 8.46 7.28 — 8.06 — 8.48 

MDP0000748068 10.52 9.49 — 7.60 6.49 — 7.19 — 8.24 

LCR          

MDP0000858983 13.29 12.62 — — — — — — — 

LACS1          

MDP0000224857 4.21 4.12 — 7.77 7.63 — 3.34 — — 

MDP0000465035 4.17 4.19 — 7.48 7.46 — 3.47 — — 

LACS2          

MDP0000314713 9.34 7.84 — 7.69 6.67 — 6.88 — 7.85 

WBC11          

MDP0000150931 10.04 9.35 — 4.84 5.67 — 9.21 9.20 — 
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Appendix 3. Cuticle biosynthesis genes differentially expressed (LFC) by developmental stage pair 
comparisons for each tissue type. Stages: expansion (EXP), mature (MAT) and ripe (RIP). Stages 
denoted (+) indicate the stage that was upregulated/downregulated relative to the compared stage 
denoted (-). Stages that were not differentially expressed with p-values < 0.05 denoted “—“. 

 Epidermis Hypodermis Cortex 

Genes 

MAT (+) RIP (+) RIP (+) MAT (+) RIP (+) RIP (+) MAT (+) RIP (+) RIP (+) 

EXP (-) MAT (-) EXP (-) EXP (-) MAT (-) EXP (-) EXP (-) MAT (-) EXP (-) 

CER1          

MDP0000516853 — — — — -3.48 -3.57 — -3.84 — 

MDP0000077392 — — — — -3.23 -3.26 3.19 -3.17 — 

MDP0000054178 — — — — -3.30 -3.27 2.84 -2.71 — 

MDP0000172788 — -2.72 -3.71 — -3.86 -4.67 — — — 

MDP0000069348 — — — 2.32 — — — — — 

MDP0000218683 — — -3.09 — -3.55 -4.25 3.98 -4.34 — 

MDP0000477496 — — — — -3.23 -3.25 3.59 -4.45 — 

MDP0000309240 — — -1.96 — -3.21 -3.08 — — — 

MDP0000165547 — — — — — — 4.39 1.50 5.89 

CER4          

MDP0000298128 — -2.30 — — -4.64 -3.42 — — — 

MDP0000120742 — -2.33 — — -4.11 -2.66 — — — 

MDP0000271686 — -2.57 — — -4.63 -3.49 — — — 

CER10          

MDP0000555908 — — — — -3.24 -3.15 — — — 

MDP0000062802 — — — — -3.58 -3.58 — — — 

HTH          

MDP0000210966 — — -2.84 -2.86 -6.78 -9.64 — — — 

MDP0000538071 — — -3.10 — -7.88 -9.69 — — — 

MDP0000727481 — — -2.90 -2.25 -8.08 -10.33 — — — 

MDP0000748068 — — -3.10 -2.21 -8.09 -10.30 — — — 

LCR          

MDP0000858983 -12.39 — -14.03 -12.42 — -13.53 — — — 

LACS1          

MDP0000224857 — — — — — — -4.10 4.32 — 

MDP0000465035 — — — — — — -3.77 3.95 — 

LACS2          

MDP0000314713 -2.96 — -3.57 -2.47 -7.45 -9.92 — — — 

WBC11          

MDP0000150931 — — — 2.19 — — 5.86 -4.08 — 
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A.2 Anthocyanin/flavonoid genes 

Appendix 4. Anthocyanin/flavonoid DEGs with MDP numbers and description. 

Malus ID # MDP Description 

PAL  

MDP0000261492 Phenylalanine ammonia-lyase 1 

MDP0000668828 Phenylalanine ammonia-lyase 1 (putative) 

MDP0000139075 Phenylalanine ammonia-lyase 1 (similar to) 

MDP0000787168 Phenylalanine ammonia-lyase 1 (similar to) 

C4H  

MDP0000261353 Trans-cinnamate 4-monooxygenase (C4H) (putative) 

MDP0000261398 Trans-cinnamate 4-monooxygenase (C4H) (putative) 

MDP0000602841 Trans-cinnamate 4-monooxygenase (C4H) (putative) 

MDP0000229895 Trans-cinnamate 4-monooxygenase (C4H) (probable) 

CHS  

MDP0000137655 Chalcone synthase 2 (putative) 

MDP0000686661 Chalcone synthase 2 

MDP0000575740 Chalcone synthase 2 

MDP0000686666 Chalcone synthase 2 

MDP0000343259 Chalcone synthase (similar to) 

MDP0000361563 Chalcone synthase (similar to) 

CHI  

MDP0000381552 Chalcone--flavonone isomerase (Chalcone isomerase) (putative) 

MDP0000759336 Chalcone--flavonone isomerase (Chalcone isomerase) 

MDP0000205890 Chalcone--flavonone isomerase (Chalcone isomerase) 

MDP0000244612 Chalcone--flavonone isomerase (Chalcone isomerase) (probable) 

MDP0000134791 Chalcone--flavonone isomerase (Chalcone isomerase) (probable) 

MDP0000138284 Chalcone--flavonone isomerase (Chalcone isomerase) (probable) 

MDP0000252589 Chalcone--flavonone isomerase (Chalcone isomerase) (probable) 

MDP0000237083 Chalcone--flavonone isomerase (Chalcone isomerase) (similar to) 

MDP0000274127 Chalcone--flavonone isomerase (Chalcone isomerase) (similar to) 

MDP0000309104 Chalcone--flavonone isomerase (Chalcone isomerase) (similar to) 

MDP0000682953 Chalcone--flavonone isomerase (Chalcone isomerase) (similar to) 

MDP0000684169 Chalcone--flavonone isomerase (Chalcone isomerase) (similar to) 

MDP0000129431 Chalcone--flavonone isomerase 1B-2 (Chalcone isomerase 1B-2) (probable) 

DFR  

MDP0000607969 Dihydroflavonol-4-reductase (DFR) (probable) 

MDP0000143851 Dihydroflavonol-4-reductase (DFR) (probable) 

MDP0000206841 Dihydroflavonol-4-reductase (DFR) (probable) 

MDP0000216447 Dihydroflavonol-4-reductase (DFR) (probable) 

MDP0000225396 Dihydroflavonol-4-reductase (DFR) (probable) 

MDP0000228370 Dihydroflavonol-4-reductase (DFR) (probable) 

MDP0000228711 Dihydroflavonol-4-reductase (DFR) (probable) 

MDP0000251882 Dihydroflavonol-4-reductase (DFR) (probable) 

MDP0000306860 Dihydroflavonol-4-reductase (DFR) (probable) 
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Appendix 4. continued  

Malus ID # MDP Description 

MDP0000307124 Dihydroflavonol-4-reductase (DFR) (probable) 

MDP0000440654 Bifunctional dihydroflavonol 4-reductase/flavanone 4-reductase (DFR) 

MDP0000128404 Bifunctional dihydroflavonol 4-reductase/flavanone 4-reductase (DFR) (similar to) 

LDOX  

MDP0000240641 Leucoanthocyanidin dioxygenase (LDOX) (putative) 

MDP0000240643 Leucoanthocyanidin dioxygenase (LDOX) (putative) 

MDP0000788934 Leucoanthocyanidin dioxygenase (LDOX) (putative) 

MDP0000133105 Leucoanthocyanidin dioxygenase (LDOX) (probable) 

MDP0000225939 Leucoanthocyanidin dioxygenase (LDOX) (probable) 

MDP0000228056 Leucoanthocyanidin dioxygenase (LDOX) (probable) 

MDP0000360443 Leucoanthocyanidin dioxygenase (LDOX) (similar to) 

UFGT  

MDP0000306121 Putative UDP-glucose flavonoid 3-O-glucosyltransferase 3 (FaGT3) 

MDP0000124626 UDP-glucose flavonoid 3-O-glucosyltransferase 7 (FaGT7) (putative) 

MDP0000864442 UDP-glucose flavonoid 3-O-glucosyltransferase 7 (FaGT7) (putative) 

MDP0000846257 UDP-glucose flavonoid 3-O-glucosyltransferase 7 (FaGT7) (putative) 

F3’H 

MDP0000190489 Flavonoid 3'-monooxygenase (putative) 

MDP0000156544 Flavonoid 3'-monooxygenase (probable) 

MDP0000256812 Flavonoid 3'-monooxygenase (probable) 

MDP0000199922 Flavonoid 3'-monooxygenase (probable) 

MDP0000269469 Flavonoid 3'-monooxygenase (probable) 

MDP0000285931 Flavonoid 3'-monooxygenase (probable) 

MDP0000308997 Flavonoid 3'-monooxygenase (probable) 

MDP0000310546 Flavonoid 3'-monooxygenase (probable) 

MDP0000528246 Flavonoid 3'-monooxygenase (probable) 

MDP0000286933 Flavonoid 3'-monooxygenase (similar to) 

FLS  

MDP0000218810 Flavonol synthase/flavanone 3-hydroxylase (FLS) (probable) 

MDP0000159000 Flavonol synthase/flavanone 3-hydroxylase (FLS) (probable) 

MDP0000189615 Flavonol synthase/flavanone 3-hydroxylase (FLS) (probable) 

MDP0000193721 Flavonol synthase/flavanone 3-hydroxylase (FLS) (probable) 

MDP0000220003 Flavonol synthase/flavanone 3-hydroxylase (FLS) (probable) 

MDP0000739070 Flavonol synthase/flavanone 3-hydroxylase (FLS) (probable) 

MDP0000593536 Flavonol synthase/flavanone 3-hydroxylase (FLS) (probable) 

MDP0000147913 Flavonol synthase/flavanone 3-hydroxylase (FLS) (probable) 

MDP0000183682 Flavonol synthase/flavanone 3-hydroxylase (FLS) (similar to) 

MDP0000260404 Flavonol synthase/flavanone 3-hydroxylase (FLS) (similar to) 

HCT  

MDP0000242697 Hydroxycinnamoyl-Coenzyme A shikimate/quinate hydroxycinnamoyltransferase 

MDP0000137138 Hydroxycinnamoyl-Coenzyme A shikimate/quinate hydroxycinnamoyltransferase 
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Appendix 5. Anthocyanin/flavonoid genes differentially expressed (LFC) by tissue pair comparisons at 
each stage of fruit development. Tissues: epidermis (EPI), hypodermis (HYP) and cortex (COR). Tissues 
denoted (+) indicate the tissue that was upregulated/downregulated relative to the compared tissue 
denoted (-). Tissues that were not differentially expressed with p-values < 0.05 denoted “—“. 

 Expansion Mature Ripe 

Genes 

EPI (+) HYP (+) EPI (+) EPI (+) HYP (+) EPI (+) EPI (+) HYP (+) EPI (+) 

COR (-) COR (-) HYP (-) COR (-) COR (-) HYP (-) COR (-) COR (-) HYP (-) 

PAL          

MDP0000261492 — 4.77 — 3.37 3.57 — — — — 

MDP0000668828 — — — 2.55 2.76 — — — — 

MDP0000139075 — — — 3.78 — — — — — 

MDP0000787168 — — — — — — — — — 

C4H          

MDP0000261353 — — — — — — — — — 

MDP0000261398 — — — — — — — — — 

MDP0000602841 — — — 1.57 1.60 — — — — 

MDP0000229895 — — — 1.70 1.76 — — — — 

CHS          

MDP0000137655 — — — 3.87 3.97 — — — — 

MDP0000686661 — — — 3.90 4.20 — — — — 

MDP0000575740 4.79 5.63 — 5.43 5.52 — 5.59 7.12 — 

MDP0000686666 — — — 7.47 7.47 — — 4.29 -2.87 

MDP0000343259 3.84 3.80 — 6.09 6.20 — — 4.87 -4.53 

MDP0000361563 2.57 2.52 — 4.05 4.43 — — — — 

CHI          

MDP0000381552 3.29 — — — — — — — — 

MDP0000759336 — — — 4.13 3.99 — — — — 

MDP0000205890 — — — — — — — — — 

MDP0000244612 -3.19 4.37 -7.57 — — — 1.72 — — 

MDP0000134791 1.36 — — 2.82 2.82 — — — — 

MDP0000138284 -4.59 3.32 -7.90 — — — — — — 

MDP0000237083 — — — — — — — — — 

MDP0000274127 — — — — — — — — — 

MDP0000309104 — — — — — — — — — 

MDP0000682953 — — — — — — — — — 

MDP0000684169 — — — — — — — — — 

MDP0000129431 — — — — — — 3.21 — 4.11 
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Appendix 5. continued. 

 Expansion Mature Ripe 

Genes 

EPI (+) HYP (+) EPI (+) EPI (+) HYP (+) EPI (+) EPI (+) HYP (+) EPI (+) 

COR (-) COR (-) HYP (-) COR (-) COR (-) HYP (-) COR (-) COR (-) HYP (-) 

DFR          

MDP0000607969 — — — — — — — — — 

MDP0000143851 2.80 — — — — — 2.79 3.32 — 

MDP0000206841 — — — — — — 3.81 — — 

MDP0000216447 — — — 2.49 — — — 3.23 — 

MDP0000225396 2.65 — — — — — — — — 

MDP0000228370 2.39 2.36 — — — — — — — 

MDP0000228711 2.71 2.61 — — — — — — — 

MDP0000251882 4.22 3.41 — 3.81 4.00 — 4.90 — — 

MDP0000306860 — — — — — — 4.11 — — 

MDP0000307124 — — — — — — — — — 

MDP0000440654 — — — 4.06 4.64 — — — — 

MDP0000128404 — — — 3.05 4.96 — — — — 

LDOX          

MDP0000240641 — — — 4.65 5.03 — — — — 

MDP0000240643 — — — 4.69 5.17 — — 3.94 — 

MDP0000788934 — — — 3.95 4.41 — — — — 

MDP0000133105 — — — -3.85 — -4.91 — — — 

MDP0000225939 — — — — — — — — — 

MDP0000228056 — — — — — — — — — 

MDP0000360443 3.95 5.26 — 6.13 6.50 — — 3.79 — 

UFGT          

MDP0000306121 3.26 4.53 — — — — 2.67 — — 

MDP0000124626 — 4.28 — — — — — -5.14 5.83 

MDP0000864442 — — — 5.40 5.60 — 4.82 — 4.85 

MDP0000846257 5.23 4.10 — — — — — — — 

F3’H 

MDP0000190489 — — — 5.48 5.47 — — — — 

MDP0000156544 -2.01 — — -2.43 — — — — — 

MDP0000256812 — — — — -3.65 3.11 — — — 

MDP0000199922 — — — — -4.34 3.37 — — — 

MDP0000269469 — — — — -3.41 — — — — 

MDP0000285931 — — — — -4.83 4.31 — — — 

MDP0000308997 — — — — -4.11 — — — — 
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Appendix 5. continued. 

 Expansion Mature Ripe 

Genes 

EPI (+) HYP (+) EPI (+) EPI (+) HYP (+) EPI (+) EPI (+) HYP (+) EPI (+) 

COR (-) COR (-) HYP (-) COR (-) COR (-) HYP (-) COR (-) COR (-) HYP (-) 

MDP0000310546 — — — — -5.01 3.51 — — — 

MDP0000528246 — — — — -4.61 4.03 — — — 

MDP0000286933 — 3.21 -2.69 6.12 5.69 — — -3.49 3.20 

FLS          

MDP0000218810 — 3.91 -4.12 8.96 8.39 — — — — 

MDP0000159000 — — — 4.52 5.15 — — -3.01 — 

MDP0000189615 6.94 6.17 — — 3.82 — — — — 

MDP0000193721 4.95 4.27 — — — — — — — 

MDP0000220003 6.66 6.00 — — 3.80 — — — — 

MDP0000739070 — — — — — — — — — 

MDP0000593536 — — — 3.35 4.46 — — — — 

MDP0000147913 — — — 8.55 7.99 — — — — 

MDP0000183682 8.07 8.00 — 5.51 4.53 — — — — 

MDP0000260404 4.74 4.71 — 3.07 — — — — — 

HCT          

MDP0000242697 10.30 9.50 — 12.50 11.54 — 10.39 7.12 3.27 

MDP0000137138 6.18 5.48 — 5.52 4.63 — 5.93 — 4.27 
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Appendix 6. Anthocyanin/flavonoid genes differentially expressed (LFC) by developmental stage pair 
comparisons for each tissue type. Stages: expansion (EXP), mature (MAT) and ripe (RIP). Stages 
denoted (+) indicate the stage that was upregulated/downregulated relative to the compared stage 
denoted (-). Stages that were not differentially expressed with p-values < 0.05 denoted “—“. 

 Epidermis Hypodermis Cortex 

Genes 

MAT (+) RIP (+) RIP (+) MAT (+) RIP (+) RIP (+) MAT (+) RIP (+) RIP (+) 

EXP (-) MAT (-) EXP (-) EXP (-) MAT (-) EXP (-) EXP (-) MAT (-) EXP (-) 

PAL          

MDP0000261492 6.84 -9.44 — 4.47 -8.74 -4.27 5.67 -3.15 — 

MDP0000668828 3.21 -1.76 — 3.71 -2.79 — 1.89 — — 

MDP0000139075 6.21 -3.58 — 5.10 — — — 3.49 5.94 

MDP0000787168 1.87 — — 2.05 -2.14 — — — — 

C4H          

MDP0000261353 2.13 -4.10 — 2.72 -3.04 — — -2.10 — 

MDP0000261398 2.34 -2.37 — — -1.95 — — -2.06 — 

MDP0000602841 1.63 -2.75 — 1.75 -3.43 -1.68 — -1.84 — 

MDP0000229895 — -3.08 -2.02 1.92 -3.60 -1.68 — -2.63 — 

CHS          

MDP0000137655 4.32 -5.65 — — -5.89 -3.96 — — — 

MDP0000686661 — -6.10 — 3.37 -5.15 — — — — 

MDP0000575740 2.45 -6.70 -4.26 — -5.26 -3.57 — -6.85 -5.05 

MDP0000686666 4.10 -8.99 -4.89 5.51 -6.13 — — -2.94 -3.82 

MDP0000343259 4.03 -7.98 -3.95 4.18 -3.56 — — — — 

MDP0000361563 2.73 -6.74 -4.01 3.17 -5.74 -2.57 — — — 

CHI          

MDP0000381552 — — — 3.02 — 3.92 4.77 — 6.68 

MDP0000759336 — -5.35 — — -4.24 — — — — 

MDP0000205890 — — — — — 3.59 4.53 — 6.29 

MDP0000244612 7.55 — 7.59 — — — 2.99 — 2.68 

MDP0000134791 2.89 -3.10 — 2.97 -3.08 — 1.43 — — 

MDP0000138284 8.00 — 7.94 — — — — — — 

MDP0000237083 — — — 3.60 — 4.70 4.45 — 6.20 

MDP0000274127 3.35 — 3.69 — — — 4.30 — 6.04 

MDP0000309104 — — — 3.19 — 3.65 4.68 — 6.38 

MDP0000682953 — — — — — — 3.71 — 5.39 

MDP0000684169 — — — — — 3.32 4.47 — 6.47 

MDP0000129431 — — — — -4.66 -4.66 — — — 
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Appendix 6. continued. 

 Epidermis Hypodermis Cortex 

Genes 

MAT (+) RIP (+) RIP (+) MAT (+) RIP (+) RIP (+) MAT (+) RIP (+) RIP (+) 

EXP (-) MAT (-) EXP (-) EXP (-) MAT (-) EXP (-) EXP (-) MAT (-) EXP (-) 

DFR          

MDP0000607969 3.59 — 2.41 — — — — — — 

MDP0000143851 — — — — — — 2.60 -4.48 — 

MDP0000206841 — — — — — — — — — 

MDP0000216447 — — — — — — — — — 

MDP0000225396 — — — — — — 2.67 — — 

MDP0000228370 — — — — — — 2.30 — — 

MDP0000228711 — — — — — — 2.68 — — 

MDP0000251882 — — — — — — — — — 

MDP0000306860 — — — — — — — — — 

MDP0000307124 1.52 — 1.02 — — — — — — 

MDP0000440654 — -3.23 — — -3.57 — — — -3.02 

MDP0000128404 — — — 3.11 -5.04 — — — — 

LDOX          

MDP0000240641 3.67 -4.90 — — -3.86 — — — — 

MDP0000240643 3.69 -5.09 — — -4.27 — — — — 

MDP0000788934 — -4.50 — — -4.15 — — — — 

MDP0000133105 — 7.48 7.49 4.94 — 7.48 3.89 — 6.48 

MDP0000225939 — — — — 4.38 4.40 — — 4.50 

MDP0000228056 — — — — — 2.17 — — — 

MDP0000360443 3.92 -5.98 — — -4.68 — — — — 

UFGT          

MDP0000306121 — — — — — — 3.38 — — 

MDP0000124626 — — — — -4.10 -5.00 5.08 — 4.43 

MDP0000864442 — — — 5.59 -5.65 — — — — 

MDP0000846257 — — — — — — — — 4.28 

F3’H 

MDP0000190489 — -3.42 — — -4.95 -3.16 -2.61 — — 

MDP0000156544 — — — — — — — — — 

MDP0000256812 -4.00 -4.00 -8.00 -6.62 — -7.68 -3.48 -4.31 -7.78 

MDP0000199922 -3.98 -4.07 -8.05 -6.85 — -7.66 -3.17 -4.77 -7.93 

MDP0000269469 -5.29 -3.30 -8.59 -7.38 — -8.36 -3.96 -3.98 -7.94 

MDP0000285931 -4.11 -4.88 -8.99 -8.00 — -8.67 -3.72 -5.20 -8.93 

MDP0000308997 -4.39 -3.60 -8.00 -6.87 — -7.62 -3.19 -4.50 -7.70 
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Appendix 6. continued. 

 Epidermis Hypodermis Cortex 

Genes 

MAT (+) RIP (+) RIP (+) MAT (+) RIP (+) RIP (+) MAT (+) RIP (+) RIP (+) 

EXP (-) MAT (-) EXP (-) EXP (-) MAT (-) EXP (-) EXP (-) MAT (-) EXP (-) 

MDP0000310546 -4.59 -4.32 -8.91 -7.48 — -8.41 -2.86 -5.52 -8.38 

MDP0000528246 -4.10 -4.74 -8.84 -7.84 — -8.66 -3.72 -5.05 -8.77 

MDP0000286933 5.99 -4.45 — 2.88 -7.23 -4.35 — — 2.35 

FLS          

MDP0000218810 9.41 — 9.62 4.72 — 4.43 — 8.26 8.50 

MDP0000159000 — — 2.96 — — — — 8.58 8.58 

MDP0000189615 -4.17 — -7.05 — — -4.46 — — — 

MDP0000193721 — — -4.96 — — — — — — 

MDP0000220003 -3.78 — -6.75 — — -4.33 — — — 

MDP0000739070 2.69 — 4.34 3.93 — 5.58 — 2.49 3.63 

MDP0000593536 — — 3.69 — — — — 8.33 8.33 

MDP0000147913 8.88 — 6.88 8.32 -4.60 3.71 — 3.95 4.29 

MDP0000183682 — -5.20 -3.58 — -4.47 -3.77 4.17 — 5.56 

MDP0000260404 — — — — — — 3.59 — 5.92 

HCT          

MDP0000242697 — — — — -3.60 -2.64 — — — 

MDP0000137138 — — — — -3.98 -4.06 — — — 
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A.3 Cell wall polysaccharide biosynthesis genes 

Appendix 7. Cell wall biosynthesis genes MDP numbers and description. 

Malus ID # MDP Description 

CESA  

MDP0000792906 Cellulose synthase A catalytic subunit 2 [UDP-forming] (AtCesA2) (putative) 

MDP0000322053 Cellulose synthase A catalytic subunit 2 [UDP-forming] (AtCesA2) (similar to) 

MDP0000448752 Cellulose synthase A catalytic subunit 3 [UDP-forming] (AtCesA3) (putative) 

MDP0000269350 Cellulose synthase A catalytic subunit 3 [UDP-forming] (AtCesA3) (putative) 

MDP0000314103 Cellulose synthase A catalytic subunit 3 [UDP-forming] (AtCesA3) (putative) 

MDP0000847392 Cellulose synthase A catalytic subunit 3 [UDP-forming] (AtCesA3) (similar to) 

MDP0000123310 Cellulose synthase A catalytic subunit 4 [UDP-forming] (AtCesA4) (probable) 

MDP0000627599 Cellulose synthase A catalytic subunit 4 [UDP-forming] (AtCesA4) (similar to) 

MDP0000220159 Cellulose synthase A catalytic subunit 8 [UDP-forming] (AtCesA8) (similar to) 

CSL  

MDP0000230967 Probable mannan synthase 7 (AtCslA7) 

MDP0000286908 Probable xyloglucan glycosyltransferase 5 (AtCslC5) (putative) 

MDP0000878739 Probable xyloglucan glycosyltransferase 12 (AtCslC12) 

MDP0000222966 Cellulose synthase-like protein E1 (AtCslE1) (probable) 

MDP0000131947 Cellulose synthase-like protein E6 (putative) 

MDP0000196876 Cellulose synthase-like protein E6 (putative) 

XXT  

MDP0000137993 Xylosyltransferase 1 (probable) 

MDP0000715754 Xylosyltransferase 1 (probable) 

MDP0000885638 Xylosyltransferase 1 (probable) 

MDP0000123687 Xylosyltransferase 1 (probable) 

MDP0000153023 Xylosyltransferase 1 (probable) 

MDP0000155219 Xylosyltransferase 1 (probable) 

MDP0000270038 Xylosyltransferase 1 (probable) 

MDP0000295443 Xylosyltransferase 2 (probable) 

MDP0000162834 Xylosyltransferase 2 (probable) 

GAUT  

MDP0000594960 Probable galacturonosyltransferase 4 (putative) 

MDP0000518347 Probable galacturonosyltransferase-like 3 (putative) 

MDP0000401001 Probable galacturonosyltransferase-like 9 (putative) 
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Appendix 8. Cell wall biosynthesis genes differentially expressed (LFC) by tissue pair comparisons at 
each stage of fruit development. Tissues: epidermis (EPI), hypodermis (HYP) and cortex (COR). Tissues 
denoted (+) indicate the tissue that was upregulated/downregulated relative to the compared tissue 
denoted (-). Tissues that were not differentially expressed with p-values < 0.05 denoted “—“. 

 Expansion Mature Ripe 

Genes 

EPI (+) HYP (+) EPI (+) EPI (+) HYP (+) EPI (+) EPI (+) HYP (+) EPI (+) 

COR (-) COR (-) HYP (-) COR (-) COR (-) HYP (-) COR (-) COR (-) HYP (-) 

CESA          

MDP0000792906 — — — — — — — — — 

MDP0000322053 — — — — 3.01 -2.09 -2.43 — — 

MDP0000448752 — — — — — — — — — 

MDP0000269350 — — — -1.47 — — — — — 

MDP0000314103 — — — — — — — — — 

MDP0000847392 — — — — — — — — — 

MDP0000123310 3.93 4.90 — 4.86 6.27 — — — — 

MDP0000627599 2.27 — — — — — 2.21 — — 

MDP0000220159 — — — 3.18 3.13 — — — — 

CSL          

MDP0000230967 — 3.69 — — — — — — — 

MDP0000286908 — 2.75 — — — — — — — 

MDP0000878739 4.85 — — 3.82 3.71 — — — 3.48 

MDP0000222966 — 3.34 — -3.07 — — — — — 

MDP0000131947 -4.50 — -6.49 — — — — — — 

MDP0000196876 -3.51 — -5.91 — — — — — — 

XXT          

MDP0000137993 2.70 2.06 — 2.60 2.85 — 1.47 — — 

MDP0000715754 3.78 — — — — — — — — 

MDP0000885638 — — — — — — — — — 

MDP0000123687 4.31 5.01 — — — — — — — 

MDP0000153023 — — — — — — — -3.79 — 

MDP0000155219 — — — 3.31 3.29 — — — — 

MDP0000270038 — — — — 3.68 — — — — 

MDP0000295443 — — — — — — — — -3.61 

MDP0000162834 2.69 1.94 — 2.33 2.66 — — — — 

GAUT          

MDP0000594960 3.83 3.79 — — — — — — 3.44 

MDP0000518347 — — — 3.64 — — — — — 

MDP0000401001 — -3.07 — — — — — — — 
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Appendix 9. Cell wall biosynthesis genes differentially expressed (LFC) by developmental stage pair 
comparisons for each tissue type. Stages: expansion (EXP), mature (MAT) and ripe (RIP). Stages 
denoted (+) indicate the stage that was upregulated/downregulated relative to the compared stage 
denoted (-). Stages that were not differentially expressed with p-values < 0.05 denoted “—“. 

 Epidermis Hypodermis Cortex 

Genes 

MAT (+) RIP (+) RIP (+) MAT (+) RIP (+) RIP (+) MAT (+) RIP (+) RIP (+) 

EXP (-) MAT (-) EXP (-) EXP (-) MAT (-) EXP (-) EXP (-) MAT (-) EXP (-) 

CESA          

MDP0000792906 — -3.65 -4.71 — — -3.00 — — -2.69 

MDP0000322053 -4.62 -4.78 -9.40 -3.04 -4.66 -7.70 -4.68 — -6.10 

MDP0000448752 -1.81 — -1.88 — — — -1.33 — -1.39 

MDP0000269350 -2.30 — -1.58 — — -2.16 — — — 

MDP0000314103 -2.21 — -1.71 — — -2.30 — — — 

MDP0000847392 -1.75 — -1.84 -1.44 — -1.82 — — -1.45 

MDP0000123310 — — — — — — — — — 

MDP0000627599 -1.89 — — — — — — — — 

MDP0000220159 — — — — — — -2.73 3.18 — 

CSL          

MDP0000230967 -5.43 — -5.57 — — -6.39 — — — 

MDP0000286908 -4.18 — -7.22 -5.26 -3.31 -8.56 — — -2.99 

MDP0000878739 — — — — — — — 3.56 3.56 

MDP0000222966 — — — — — — 4.41 — 3.93 

MDP0000131947 8.03 — 7.87 — — — — — 3.45 

MDP0000196876 7.27 — 7.25 — — — — — 3.64 

XXT          

MDP0000137993 — -1.33 -2.01 — -1.94 -1.74 — — — 

MDP0000715754 — — — — — — 3.53 — — 

MDP0000885638 — — — -4.28 — -3.78 — — — 

MDP0000123687 — — — — — — 3.22 — 4.65 

MDP0000153023 — — — — — — — — — 

MDP0000155219 — — — — — — — — — 

MDP0000270038 — — — — -3.69 — — — — 

MDP0000295443 — — -3.45 — — — — — — 

MDP0000162834 — -1.27 -2.06 — -1.84 -1.54 — — — 

GAUT          

MDP0000594960 — — — — — -3.82 — — — 

MDP0000518347 — -4.26 -6.35 -5.07 — -3.17 — — -3.56 

MDP0000401001 — — — — — — — — — 
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A.4 Cell wall polysaccharide modification and degradation genes 

Appendix 10. Cell wall modification and degradation genes differentially expressed between tissues 
and growth stages with MDP numbers and descriptions. 

GH Malus ID # MDP gene description 

1 MDP0000135510 Beta-glucosidase 11 (AtBGLU11), Precursor (similar to) 

1 MDP0000171836 Putative beta-glucosidase 23 (Os5bglu23), Precursor (probable) 

1 MDP0000557372 Beta-glucosidase 42 (AtBGLU42) (similar to) 

1 MDP0000322237 Putative beta-glucosidase 41 (AtBGLU41), Precursor (similar to) 

1 MDP0000234499 Beta-glucosidase 12 (Os4bglu12), Precursor (putative) 

1 MDP0000232427 Beta-glucosidase 42 (AtBGLU42) (similar to) 

1 MDP0000221259 Beta-glucosidase 4 (Os1bglu4) (similar to) 

1 MDP0000267718 Beta-glucosidase 11 (AtBGLU11), Precursor (similar to) 

3 MDP0000119414 Lysosomal beta glucosidase, Precursor (probable) 

3 MDP0000140483 Beta-D-xylosidase 1 (AtBXL1), Precursor (putative) 

3 MDP0000154790 Lysosomal beta glucosidase, Precursor (probable) 

3 MDP0000190086 Lysosomal beta glucosidase, Precursor (probable) 

3 MDP0000196385 Lysosomal beta glucosidase, Precursor (probable) 

3 MDP0000765919 Lysosomal beta glucosidase, Precursor (probable) 

3 MDP0000194876 Lysosomal beta glucosidase, Precursor (probable) 

5 MDP0000753366 Endoglucanase E1, Precursor (probable) 

9 MDP0000722052 Endoglucanase 6, Precursor (similar to) 

10 MDP0000225641 Endo-1,4-beta-xylanase A (Xylanase A), Precursor (probable) 

16 MDP0000151934 
Probable xyloglucan endotransglycosylase/hydrolase protein 26 (At-XTH26), 
Precursor (similar to) 

16 MDP0000139485 
Probable xyloglucan endotransglycosylase/hydrolase protein 30 (At-XTH30), 
Precursor (similar to) 

16 MDP0000140678 Brassinosteroid-regulated protein BRU1, Precursor (putative) 

16 MDP0000158544 Brassinosteroid-regulated protein BRU1, Precursor (putative) 

16 MDP0000165000 
Probable xyloglucan endotransglycosylase/hydrolase protein 8 (At-XTH8), 
Precursor (similar to) 

16 MDP0000180043 
Probable xyloglucan endotransglycosylase/hydrolase protein 32 (At-XTH32), 
Precursor (putative) 

16 MDP0000128432 
Probable xyloglucan endotransglycosylase/hydrolase protein 10 (At-XTH10), 
Precursor (similar to) 

16 MDP0000264061 
Probable xyloglucan endotransglycosylase/hydrolase protein 26 (At-XTH26), 
Precursor (similar to) 

16 MDP0000302385 
Probable xyloglucan endotransglycosylase/hydrolase protein 32 (At-XTH32), 
Precursor (similar to) 
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Appendix 10. continued 

GH Malus ID # MDP gene description 

16 MDP0000323987 Probable xyloglucan endotransglucosylase/hydrolase, Precursor (putative) 

16 MDP0000182058 
Probable xyloglucan endotransglucosylase/hydrolase protein 8 (At-XTH8), 
Precursor (similar to)       

16 MDP0000128432 
Probable xyloglucan endotransglucosylase/hydrolase protein 10 (At-XTH10), 
Precursor (similar to)      

16 MDP0000661960 
Probable xyloglucan endotransglucosylase/hydrolase protein 6 (At-XTH6), 
Precursor (similar to)       

17 MDP0000247204 
Glucan endo-1,3-beta-glucosidase 5 ((1->3)-beta-glucanase 5), Precursor 
(similar to) 

17 MDP0000283032 
Glucan endo-1,3-beta-glucosidase 14 ((1->3)-beta-glucanase 14), Precursor 
(similar to) 

17 MDP0000321326 
Glucan endo-1,3-beta-glucosidase 12 ((1->3)-beta-glucanase 12), Precursor 
(probable) 

17 MDP0000543964 Glucan endo-1,3-beta-glucosidase ((1->3)-beta-glucanase), Precursor (putative) 

17 MDP0000570395 Glucan endo-1,3-beta-glucosidase ((1->3)-beta-glucanase), Precursor (similar to) 

17 MDP0000660874 
Glucan endo-1,3-beta-glucosidase 12 ((1->3)-beta-glucanase 12), Precursor 
(probable) 

17 MDP0000759591 
Glucan endo-1,3-beta-glucosidase 13 ((1->3)-beta-glucanase 13), Precursor 
(probable) 

17 MDP0000797451 Glucan endo-1,3-beta-glucosidase ((1->3)-beta-glucanase), Precursor (similar to) 

17 MDP0000929496 
Glucan endo-1,3-beta-glucosidase 5 ((1->3)-beta-glucanase 5), Precursor 
(similar to) 

27 MDP0000148840 Alpha-galactosidase, Precursor (similar to) 

27 MDP0000186122 Alpha-galactosidase, Precursor (similar to) 

27 MDP0000148840 Alpha-galactosidase, Precursor (similar to) 

28 MDP0000292963 Probable polygalacturonase (PG) 

28 MDP0000581832 Probable polygalacturonase (PG) (similar to) 

28 MDP0000498407 Exopolygalacturonase, Precursor (probable) 

35 MDP0000227393 Beta-galactosidase 3 (Lactase 3), Precursor (putative) 

35 MDP0000310582 Beta-galactosidase 3 (Lactase 3), Precursor (putative) 

35 MDP0000895533 Beta-galactosidase 3 (Lactase 3), Precursor (similar to) 

35 MDP0000274454 Beta-galactosidase (Lactase), Precursor (probable) 

35 MDP0000761756 Beta-galactosidase 6 (Lactase 6), Precursor (similar to) 

35 MDP0000863563 Beta-galactosidase 9 (Lactase 9), Precursor (similar to) 

35 MDP0000866084 Beta-galactosidase 9 (Lactase 9), Precursor (similar to) 

38 MDP0000924309 Lysosomal alpha-mannosidase (Laman), Precursor (probable) 

38 MDP0000888429 Alpha-mannosidase 2x (Man IIx) (probable) 



Appendices 

 
267 

Appendix 10. continued 

GH Malus ID # MDP gene description 

38 MDP0000211018 Lysosomal alpha-mannosidase (Laman), Precursor (probable) 

43 MDP0000560943 Beta-xylosidase (probable) 

47 MDP0000156362 Mannosyl-oligosaccharide 1,2-alpha-mannosidase MNS1 (similar to) 

47 MDP0000167309 Mannosyl-oligosaccharide 1,2-alpha-mannosidase MNS3 (putative) 

95 MDP0000212784 Alpha-L-fucosidase 2, Precursor (similar to) 

95 MDP0000623979 Alpha-L-fucosidase 2, Precursor (similar to) 

EXPA MDP0000228494 Expansin-A8 (AtEXPA8), Precursor (putative) 

EXPA MDP0000259640 Expansin-A13 (AtEXPA13), Precursor (similar to) 

EXPA MDP0000362190 hypothetical protein 

EXPA MDP0000410264 Expansin-A3 (AtEXPA3), Precursor (similar to) 

EXPA MDP0000504183 Expansin-A6 (AtEXPA6), Precursor (putative) 

EXPA MDP0000228494 Expansin-A8 (AtEXPA8), Precursor (putative) 
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Appendix 11. Cell wall modification and degradation genes differentially expressed (LFC) by tissue pair 
comparisons at each stage of fruit development. Tissues: epidermis (EPI), hypodermis (HYP) and cortex 
(COR). Tissues denoted (+) indicate the tissue that was upregulated/downregulated relative to the 
compared tissue denoted (-). Tissues that were not differentially expressed with p-values < 0.05 are 
“—“. 

 Expansion Mature Ripe 

Malus ID # 

EPI (+) HYP (+) EPI (+) EPI (+) HYP (+) EPI (+) EPI (+) HYP (+) EPI (+) 

COR (-) COR (-) HYP (-) COR (-) COR (-) HYP (-) COR (-) COR (-) HYP (-) 

GH1          

MDP0000135510 — 2.83 — — 2.42 — — — — 

MDP0000171836 — 3.32 — — — — — — — 

MDP0000557372 — 4.00 — — — — — — — 

MDP0000322237 4.49 — 5.06 — — — — — — 

MDP0000234499 4.29 — 4.27 — — — — — — 

MDP0000232427 3.94 4.32 — — — — — — — 

MDP0000221259 — 3.51 — — — — — — — 

MDP0000267718 — — — — 2.29 — — — — 

GH3          

MDP0000119414 — — — 4.09 — 3.95 — — — 

MDP0000140483 — — — — 3.43 — — — — 

MDP0000154790 — — -4.19 — — — — — — 

MDP0000190086 -5.37 — -5.75 — — — — 4.44 -4.50 

MDP0000196385 — — -4.86 — — — — — — 

MDP0000765919 — 4.34 -4.34 — — — — — — 

MDP0000194876 3.08 — — — — — — — — 

GH5           

MDP0000753366 — — — -2.86 -2.87 — — — — 

GH9          

MDP0000722052 — — — 4.73 3.75 — — — — 

GH10          

MDP0000225641 6.21 7.59 — 6.12 5.84 — — — — 

GH16          

MDP0000151934 — — — — — — — -3.54 3.49 

MDP0000139485 — -4.65 5.56 — — — — — — 

MDP0000158544 — — — — -7.19 4.26 — — — 

MDP0000165000 — — — — -2.33 — — -3.20 — 
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Appendix 11. continued 

 Expansion Mature Ripe 

Malus ID # 

EPI (+) HYP (+) EPI (+) EPI (+) HYP (+) EPI (+) EPI (+) HYP (+) EPI (+) 

COR (-) COR (-) HYP (-) COR (-) COR (-) HYP (-) COR (-) COR (-) HYP (-) 

MDP0000180043 — — — — — — -5.02 -5.12 — 

MDP0000128432 4.43 4.12 — — — — — — — 

MDP0000264061 — — — 3.12 — — — — — 

MDP0000302385 3.95 4.27 — — — — -3.47 -3.62 — 

MDP0000323987 — — — — — — — -5.32 3.72 

MDP0000182058 — — — -2.26 -2.62 — — -2.78 — 

MDP0000128432 4.43 4.12 — — — — — — — 

MDP0000661960 — — — -1.59 — — -3.69 -3.06 — 

GH17          

MDP0000247204 -4.02 -3.80 — — — — — — — 

MDP0000283032 3.67 3.63 — — — — — — — 

MDP0000321326 — — — 4.32 — — — — — 

MDP0000543964 -1.38 — — -1.47 -1.26 — — — — 

MDP0000570395 — — — — — — — 2.62 — 

MDP0000660874 — — — 5.26 3.51 — — — — 

MDP0000759591 — — — — — — -3.63 -3.38 — 

MDP0000797451 4.99 — 3.81 — — — — — — 

MDP0000929496 -3.96 -3.97 — — — — — — — 

GH27          

MDP0000148840 — — — — — — 4.83 4.67 — 

MDP0000186122 — -3.99 5.13 — — — 5.51 5.38 — 

MDP0000148840 — — — — — — 4.83 4.67 — 

GH28          

MDP0000292963 — — — — — — — -3.34 — 

MDP0000581832 — — — -3.40 — — -3.84 — -3.31 

MDP0000498407 -2.19 — -2.77 — — — — — — 

GH35          

MDP0000227393 3.99 3.53 — — — — — — — 

MDP0000310582 3.90 3.40 — — — — — — — 

MDP0000895533 — — — 4.42 5.36 — — 4.49 -4.68 
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Appendix 11. continued 

 Expansion Mature Ripe 

Malus ID # 

EPI (+) HYP (+) EPI (+) EPI (+) HYP (+) EPI (+) EPI (+) HYP (+) EPI (+) 

COR (-) COR (-) HYP (-) COR (-) COR (-) HYP (-) COR (-) COR (-) HYP (-) 

MDP0000274454 — — — -1.95 — — — — — 

MDP0000761756 — — — — — -4.27 — — — 

MDP0000863563 3.88 — — — — — — — — 

MDP0000866084 5.15 3.79 — — — — — — — 

GH38          

MDP0000924309 8.21 3.95 4.26 — 6.76 -5.17 — — — 

MDP0000888429 7.54 6.23 — — — — — — — 

MDP0000211018 — 3.12 — — — — — — — 

GH43          

MDP0000560943 4.87 4.21 — — — — — — — 

GH47          

MDP0000156362 — — — 5.77 5.18 — — — — 

MDP0000167309 3.50 — 2.42 — — — — — — 

GH95          

MDP0000212784 4.13 7.01 — 5.04 — 4.98 — 5.22 -4.44 

MDP0000623979 — 4.02 — — — — — 3.88 -4.46 

EXPA          

MDP0000228494 — — — 3.16 3.84 — 6.74 7.94 — 

MDP0000259640 — — — — — — — 3.62 -3.71 

MDP0000362190 1.40 1.95 — 1.68 1.85 — 4.86 6.08 -1.22 

MDP0000410264 — — — 5.89 4.73 — — — — 

MDP0000504183 — -4.71 — — — — — — — 

MDP0000228494 — — — 3.32 — — — — — 
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Appendix 12. Cell wall modification and degradation genes differentially expressed (LFC) by 
developmental stage pair comparisons for each tissue type. Stages: expansion (EXP), mature (MAT) 
and ripe (RIP). Stages denoted (+) indicate the stage that was upregulated/downregulated relative to 
the compared stage denoted (-). Stages that were not differentially expressed with p-values < 0.05 are 
denoted “—“. 

 Epidermis Hypodermis Cortex 

Malus ID # 

MAT (+) RIP (+) RIP (+) MAT (+) RIP (+) RIP (+) MAT (+) RIP (+) RIP (+) 

EXP (-) MAT (-) EXP (-) EXP (-) MAT (-) EXP (-) EXP (-) MAT (-) EXP (-) 

GH1          

MDP0000135510 — — — — -2.63 -2.18 — — — 

MDP0000171836 — — — — -2.50 — — — — 

MDP0000557372 — — — — — — — — — 

MDP0000322237 -6.67 4.17 — — — — — — — 

MDP0000234499 — — 3.17 6.38 — 7.10 3.56 — 5.19 

MDP0000232427 — — — — — — 4.04 — 3.48 

MDP0000221259 — — — — — — 3.37 — — 

MDP0000267718 — — — — — — — — — 

GH3          

MDP0000119414 4.03 — — — — — — — — 

MDP0000140483 3.44 3.26 6.70 3.68 — 6.02 3.15 3.95 7.10 

MDP0000154790 — — — -4.17 — — — — — 

MDP0000190086 — — — -3.55 — — — — -5.49 

MDP0000196385 — — — -4.85 — -4.24 — — — 

MDP0000765919 — — — -3.83 — -4.36 — — — 

MDP0000194876 — — — — — — — — — 

GH5          

MDP0000753366 — — — — — — — -3.14 -2.71 

GH9          

MDP0000722052 — -3.82 -6.34 -4.51 -4.27 -8.78 -6.64 — -6.86 

GH10          

MDP0000225641 — — — — — — — 7.01 7.48 

GH16          

MDP0000151934 — — — — -3.11 -4.76 — — — 

MDP0000139485 — — 3.09 7.34 — 8.58 — — 3.89 

MDP0000158544 -3.34 -4.26 -7.60 -6.75 — -6.89 — -4.22 -5.64 

MDP0000165000 -2.78 -3.14 -5.92 -3.02 -3.63 -6.65 — -2.76 -4.15 
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Appendix 12. continued 

 Epidermis Hypodermis Cortex 

Malus ID # 

MAT (+) RIP (+) RIP (+) MAT (+) RIP (+) RIP (+) MAT (+) RIP (+) RIP (+) 

EXP (-) MAT (-) EXP (-) EXP (-) MAT (-) EXP (-) EXP (-) MAT (-) EXP (-) 

MDP0000180043 -9.71 — -11.03 -9.75 — -11.19 -8.85 4.54 -4.31 

MDP0000128432 — — — — — — — — 4.67 

MDP0000264061 — — — — — — -3.60 3.51 — 

MDP0000302385 -9.98 — -11.56 -10.21 — -12.03 -6.90 — -4.13 

MDP0000323987 -2.88 -3.97 -6.86 -2.87 -7.98 -10.85 -3.56 — -4.02 

MDP0000182058 -3.53 -2.70 -6.23 -3.17 -3.66 -6.83 — -3.49 -4.85 

MDP0000128432 — — — — — — — — 4.67 

MDP0000661960 -1.92 -3.37 -5.29 -1.29 -3.64 -4.92 — -1.26 — 

GH17          

MDP0000247204 — — — — — — -4.02 — -4.03 

MDP0000283032 — — — — — — — — 3.97 

MDP0000321326 -3.24 -3.74 -6.98 -6.18 — -7.04 -6.92 — -6.27 

MDP0000543964 — 1.11 — — — — — — — 

MDP0000570395 — 7.79 7.06 — 8.48 8.66 — 7.38 5.68 

MDP0000660874 — -3.25 -4.74 — — -4.17 -6.68 — -6.92 

MDP0000759591 8.21 — 6.15 7.93 — 6.44 8.21 — 9.85 

MDP0000797451 — — -4.25 — — — 6.32 -5.53 — 

MDP0000929496 — — — — — — -3.97 — -4.00 

GH27          

MDP0000148840 — — — — — — — -5.81 -6.26 

MDP0000186122 — — — 6.54 — 6.09 — -5.62 -3.28 

MDP0000148840 — — — — — — — -5.81 -6.26 

GH28          

MDP0000292963 — — -5.14 — -3.42 -5.66 — — — 

MDP0000581832 -4.85 — -5.58 — — — — — — 

MDP0000498407 2.85 — 3.65 — — — — — — 

GH35          

MDP0000227393 -3.37 -5.29 -8.66 — -5.44 -8.25 — -3.97 -4.58 

MDP0000310582 -3.27 -5.31 -8.58 — -5.55 -8.12 — -3.94 -4.59 

MDP0000895533 -3.61 -4.92 -8.53 -3.96 — -5.13 -7.22 — -7.52 
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Appendix 12. continued 

 Epidermis Hypodermis Cortex 

Malus ID # 

MAT (+) RIP (+) RIP (+) MAT (+) RIP (+) RIP (+) MAT (+) RIP (+) RIP (+) 

EXP (-) MAT (-) EXP (-) EXP (-) MAT (-) EXP (-) EXP (-) MAT (-) EXP (-) 

MDP0000274454 — 2.24 — — — — — — — 

MDP0000761756 — 3.68 3.69 4.29 — 4.03 — — — 

MDP0000863563 — — — — — — 3.45 — — 

MDP0000866084 — — — — — — 2.18 — 3.22 

GH38          

MDP0000924309 -7.52 — -9.55 — -6.06 -4.14 — — — 

MDP0000888429 — — — — — — 6.84 — 6.54 

MDP0000211018 — — 2.15 — — — 3.25 — 2.60 

GH43          

MDP0000560943 — — — — — — — — — 

GH47          

MDP0000156362 — — — — — — -5.94 5.05 — 

MDP0000167309 — — — — — — 2.47 — — 

GH95          

MDP0000212784 — -4.36 — -6.96 5.06 — — — — 

MDP0000623979 — — — — — — — — — 

EXPA          

MDP0000228494 — -2.63 -2.10 — -2.12 -2.04 -3.13 -6.22 -9.34 

MDP0000259640 — — -5.31 — — — — -5.12 -5.67 

MDP0000362190 — -2.67 -3.49 -1.20 -1.61 -2.81 -1.10 -5.85 -6.95 

MDP0000410264 — — — — — — -7.23 5.34 — 

MDP0000504183 — — — — — — -3.87 — -4.75 

MDP0000228494 — — — — — — — — — 

 


