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ABSTRACT 
 

Anthocyanin concentration is an important determinant of the colour of many fruits.  In apple 

(Malus x domestica), centuries of breeding have produced numerous varieties in which levels of 

anthocyanin pigment vary widely and change differently in response to environmental and 

developmental stimuli.  The apple fruit cortex is usually colourless, although germplasm does 

exist where the cortex is highly pigmented due to the accumulation of anthocyanins, carotenoids 

or chlorophylls.  From studies in a diverse array of plants species, it is apparent that anthocyanin 

biosynthesis is controlled at the level of transcription.  In this thesis the transcript levels of the 

anthocyanin biosynthetic genes in a red-fleshed apple are compared with a white-fleshed 

cultivar.  A MYB transcription factor (TF), MdMYB10, was isolated and is shown to be similar 

in sequence to known anthocyanin regulators in other species.  Further, this TF is shown to 

induce anthocyanin accumulation in both heterologous and homologous systems, generating 

pigmented patches in transient assays in tobacco leaves and highly pigmented apple plants 

following stable transformation with constitutively expressed MdMYB10.  Efficient induction of 

anthocyanin biosynthesis in transient assays by MdMYB10 was dependent on the co-expression 

of two bHLH proteins from apple, MdbHLH3 and MdbHLH33. A strong correlation between 

expression of MdMYB10 and apple anthocyanin levels during fruit development suggests that 

this TF is responsible for controlling anthocyanin biosynthesis in apple fruit; in the red-fleshed 

cultivar and in the skin of other varieties, there is an induction of MdMYB10 expression 

concurrent with colour formation during development.   

 

Mutations in the genes encoding for either the biosynthetic or transcriptional regulation of the 

anthocyanin pathway have been linked to colour phenotypes.  Generally this is a loss of function 

resulting in a reduction or a change in the distribution of anthocyanin.  The upstream regulatory 

region of MdMYB10 was investigated and found to contain a rearrangement.  This modification 

is responsible for increasing the level of anthocyanin throughout the plant to produce a striking 

phenotype that includes red foliage and red fruit flesh.  It consists of a series of multiple repeats, 

forming a minisatellite-like structure that comprises five direct tandem repeats of a 23 base pair 

sequence.  This MdMYB10 rearrangement is present in all the red foliage apple varieties and 

species tested, but in none of the white fleshed varieties.  Transient assays demonstrated that the 

23 bp sequence motif is a target of the MdMYB10 protein itself, and the number of repeat units 

correlates with an increase in transactivation by MdMYB10 protein.  The repeat motif is capable 

of binding MdMYB10 protein in electrophoretic mobility shift assays.  Taken together, these 
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results indicate that a rearrangement in the promoter of MdMYB10 has generated an 

autoregulatory locus and this autoregulation is sufficient to account for the increase in MdMYB10 

transcript levels and subsequent ectopic accumulation of anthocyanins throughout the plant. 

 

Characterisation of MdMYB10 and the rearrangement in the promoter region has implications for 

the development of new varieties through classical breeding or a biotechnological approach.  

Understanding whether this mutation is simply an allele of other recently published apple MYB 

TFs, or if this is the only R2R3 MYB TF involved in apple anthocyanin response, is a challenge 

for future research.   
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Chapter 1:  Introduction 

1 INTRODUCTION 

 
1.1 Preface 
 
The biosynthesis and regulation of the anthocyanin plant pigments are one of the most intensely 

studied aspects of plant secondary metabolism.  The variety of anthocyanins and the myriad roles 

they provide, both to the host plant and to the consumers of the plant, present a rich and 

fascinating area for study.  The study of the biology of anthocyanins in plants has been helped by 

the ease of identifying phenotypic changes and mutants.  Anthocyanin concentration is an 

important determinant of the colour of many fruits.  In apple (Malus x domestica), centuries of 

breeding have produced numerous varieties in which levels of anthocyanin pigment vary widely 

and change in response to environmental and developmental stimuli.  Anthocyanin accumulation 

is usually restricted to the skin of apple and these pigments provide essential cultivar 

differentiation for consumers and are implicated in the health attributes of apple fruit.  The apple 

fruit flesh (cortex) is usually colourless, although germplasm does exist where the cortex is 

highly pigmented due to the accumulation of either anthocyanins and/or carotenoids.   

 

From studies in a diverse array of plant species, it is apparent that anthocyanin biosynthesis is 

controlled at the level of transcription (Ramsay and Glover, 2005).  Research into the activation 

and repression of anthocyanin biosynthesis in apple fruit has shown the presence of both 

developmental and environmental control mechanisms.  The control of anthocyanin 

accumulation in apple is a key element in understanding and manipulating fruit colour.  

Identification of the factors that exert this control may provide the tools for moderating the 

extent and distribution of anthocyanin-derived pigmentation in fruit tissue, an important target 

for the introduction of new apple varieties.  At the inception of this project, this regulation had 

not been characterised at the transcriptional level.   

 

This thesis centres on the regulation of anthocyanin accumulation in apple and examines the role 

of a MYB transcription factor (TF) in determining anthocyanin-related phenotypic changes in 

apple trees and fruit.  To provide a context for the areas covered in this thesis, the introduction 

will deal with three principal topics.  Firstly, an overview of the origin of apples will be given 

and the commercial importance of the apple industry today will be discussed.  Secondly, the 

types and uses of the major plant pigments will be outlined, with emphasis on anthocyanins.  

Finally, the regulation of anthocyanin production in plants will be covered and how this 

regulation might be manipulated in apple.   

1 



Chapter 1:  Introduction 

1.2 The origins and domestication of apple 
 
1.2.1 The centre of origin 

 
In 1931, the eminent Russian plant scientist, Nikolai Vavilov, wrote: 

 

Alma-Ata translated means ‘Father of Apples’.  Around the town and at a great distance along 

the mountain slopes, the overgrowths of wild apples are spread, creating massive forests 

here…..It is possible to see with our own eyes that we are in the remarkable centre of origin of 

the cultivated apple….Individual trees bear fruit which in quality is not inferior to that of 

cultivated forms.  Some are of astonishingly large size and exceptional productivity.  

 

Vavilov was instrumental in establishing the origin of many species (Vavilov, 1931) and his 

theory, concerning the geographical centre of origin of the apple, has provided the inspiration for 

others.  Most notably the research of Aimak Dzhangaliev, who dedicated his career to the 

conservation of the wild apple species (Dzhangaliev, 2003). 

 

Regions of high concentration of ‘ancient’ apples Predicted distribution of Malus sieversii Silk Roads  
Figure 1-1:  Location of the old trading routes in relation to the centre of origin of apple.  Left, map of Central 
Asia showing the regions of high concentration of ancient apple species found today in yellow (scale bar = 500 km).  
Right, the trade routes or silk roads are shown in red and the location of Malus sieversii in green, based on combined 
archeological and molecular data.  Figure from Harris et al., 2002.   
 
Alma-Ata, now refererred to as Almaty, is the largest city in Kazakhstan and, until 1998, the 

capital.  The mountains that Vavilov mentioned were the Tien Shan Mountains, located in 

central Kazakhstan (Figure 1-1).  This region contains the centre of origin for Malus and related 

genera such as Pyrus, Sorbus and Cratageous as well as being the centre of origin for apricot 

(Karychev et al., 2005).  It is here that Malus sieversii is found and there is genetic evidence that 

this species is the progenitor of the cultivated apple (Harris et al., 2002).  Wild apples have been 
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discovered in a region that stretches from Central Asia to Western China (Zhang et al., 1993; 

Watkins, 1995).  Malus is classified as a member of the Rosaceae family, subfamily Maloideae, 

with 27 wild species that constitute the genus Malus (Way et al., 1991; Forsline et al., 2003).  

These species are extremely variable in tree form, fruit size and fruit colour 

(www.ars.usda.gov/main/.htm).  Hybridisation of these species would have been possible by 

seed dispersal by birds as well as ruminants such as deer and antelope and bear (Juniper and 

Mabberley, 2006).  The proximity of the Old Silk Road to the centre of origin is likely to have 

played an important role in the East-West dispersal of apple species into Europe and China. 

 

1.2.2 Domestication 

 

The process of apple hybridisation would have been accelerated by the increasing popularity of 

ancient trading routes, particularly the Old Silk Road.  Horses, donkeys and mules would have 

eaten the fruit and distributed seed along the routes.  This may have opened up hybridisation 

possiblities for species in geographically isolated areas.  It is thought that in the Central Asian 

region there are as many as 6,000 varieties (Juniper and Mabberley, 2006).  It is likely that 

apples for human consumption would have spread from Central Asia along the trade routes.  

Initially, domesticated apples would have been grown from seed and random hybridisations 

would have taken place, but with the advent of new technologies, such as grafting, it was 

possible to produce more uniform crops of the best selections (Juniper et al., 1998).  Today there 

are more than 20,000 named varieties.  Within the varieties the naming of the cultivated apple is 

somewhat controversial.  It has been argued that the commonly used name Malus x domestica 

(Korban and Skirvin, 1984) is botanically incorrect and that the correct term is Malus pumila 

(Mabberley et al., 2001).  Due to its continued widespread use, Malus x domestica has been used 

throughout this thesis.   

 

1.3 The apple industry 
 
1.3.1 Worldwide apple production 

 
World fruit production stands at around 500 million tonnes, with apple one of the the most 

important crops, accounting for around 12% of total fruit production (Figure 1-2).  Apple 

production value is estimated at US$10 billion (Food and Agriculture Organisation of the United 

Nations [www.faostat.fao.org]).  Apple is the most versatile of the temperate fruit crops, capable 
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of growing in diverse conditions and severe temperature extremes from high latitude regions to 

high elevations in the tropics (Forsline et al., 2003).   

 
Figure 1-2:  Apples 
account for 12% of total 
world fruit production.  
The percentage of fruit crops 
according to Food and 
Agriculture Organisation 
estimates in 2006 (Kerr et 

7).   

ately 5% of total world exports.   

ated at 55 
illion tonnes, updated June 2008 (www.faostat.fao.org).   

 

al., 200
 

 

 

 

 

 

 

 

In economic terms, apple is the most important of the Rosaceae family.  China accounts for 36% 

of total production, far in excess of the next largest producer, the USA, with 7.5% (Table 1-1).  

Turkey, France, Italy and Iran are all leading exporters for Northern Hemisphere production, 

whilst Southern Hemisphere producers and exporters are primarily Chile, Argentina, New 

Zealand and South Africa (O'Rourke, 2007).  New Zealand accounts for less than one percent of 

world apple production and approxim

 
Table 1-1:  Top ten apple producers by country with estimated 
production in tonnes.  Total world production is estim

Country Production (tonnes) 

China 27,507,000 

USA 4,237,730 

Iran 2,660,000 

Turkey 2,266,437 

Russi

m
 
 
 
 
 a 2,211,000 

Italy 2,072,500 

India 2,001,400 

France

 
 
 
 

 1,800,000 

Chile 1,390,000 
 
 
 

Argentina 1,300,000  
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1.3.2 New Zealand apple production 

tralia (20 tonnes per hectare) (Pipfuit New Zealand 

corporated, 2007, www.pipfruitnz.co.nz).   

ties 
TM

 

 

r improvement.  This would involve the manipulation of pigmentation in the skin and/or flesh. 

 
The New Zealand apple industry is centered in the Hawkes Bay region in the North Island (61%) 

and the Nelson region in the South Island (26%), with a workforce of around 10,700 (Kerr et al., 

2007).  The major export destinations for New Zealand fruit and vegetables are Japan, the USA, 

the UK, the European Union (EU) and Australia.  For apple exports, this profile changes slightly 

to reflect local production or import restrictions, with the UK, EU and USA providing the largest 

markets.  Fresh apples valued at NZ$343 million were exported to 61 countries in 2007.  Export 

varieties are predominantly ‘Braeburn’ (36%) and ‘Royal Gala’ (35%).  Both varieties originate 

from New Zealand breeding programmes.  In 2007, the comparative figures for kiwifruit and 

other fresh fruit exports from New Zealand were NZ$765 million and NZ$88.8 million 

respectively.  While New Zealand horticultural exports have been steadily increasing in recent 

years (from NZ$118 million in 1988 to NZ$2.6 billion in 2007), the industry statistics for apple 

show a decline in production and  export volumes and in the number of growers and area planted 

(Table 1.2).  This has been party offset by large gains in productivity with yield in 2006 

estimated at 47 tonnes per hectare which compares favourably with other competitors such as 

South Africa (33 tonnes per hectare) and Aus

In

 

The major competitors for the New Zealand export industry are other Southern Hemisphere 

producers which export to the Northern Hemisphere such as Chile, South Africa, Argentina and 

Brazil.  The New Zealand industry has been aided by the introduction of New Zealand varie

such as ‘Royal Gala’, ‘Braeburn’, the Pacific Series and SciFresh (JAZZ ).  Competitors 

produce large quantities of varieties such as ‘Red Delicious’, ‘Granny Smith’ and ‘Golden 

Delicious’ but are increasingly growing quantities of the New Zealand introductions, ‘Royal 

Gala’ and ‘Braeburn’.  New Zealand's competitiveness is reflected in its market returns.  In the

major markets of Europe, Asia and North America, New Zealand's share of returns is greater 

than its market share by volume.  Increasing competition and a contracting market for apples 

(O'Rourke, 2007) has increased the need for the introduction of high quality, novel varieties, 

ideally with strong differentiation.  Apple fruit colour could provide a product delineating feature

fo
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Table 1-2:  A decline in New Zealand apple pr

crease in productivity.   * Estimate only.  Source: St
oduction in recent years has partly been offset by a substantial 

atistics New Zealand (www.stats.govt.nz), Pipfruit New 
ealand Incorporated (www.pipfruitnz.co.nz).   

in
Z
 
Season 1997 2002 2003 2004 2005 2006 2007 

Volume (‘000 tonnes) 364 502* 508 501 474 354 421 

Exports (‘000 tonnes)  287 315 312 367 317 273 279

Yield (tonne/ha) 23.5 42.9 4.8 41.2 40.5 39.3 47 

Area planted (ha)  0 0* 0   15,500 11,715 12,15 12,15 10,98 9,000 8,945

Grower (no.) 1570 1000* 918 917 920 680 520 

 

1.4 Plant pigments 

.4.1 Major plant pigments 

ble.  They confer a range of 

olours from red to orange in fruit, flowers and senescing leaves.   

  Unlike the flavonoids and carotenoids, betalains are 

ot well characterised (Stafford, 1994).   

 
1

 
Excluding chlorophylls, there are three main classes of pigments for colouration in plants.  These 

are the carotenoids, the betalains and the flavonoids (including anthocyanins).  Carotenoids are 

isoprenoids and are essential for plant life, for example in photoprotection during photosynthesis 

(Green and Durnford, 1996).  The carotenoid pathway has been extensively studied at the 

enzymatic level (Cunningham and Gantt, 1998; Howitt and Pogson, 2006).  While there is 

evidence that the biosynthetic genes are regulated at the transcriptional level (Sandmann et al., 

2006), the regulation of the pathway is still not fully understood.  Carotenoids are widely 

distributed in plants, synthesised in chloroplasts and are lipid solu

c

 

Betalains are limited to to just one order, the Caryophyllales, which includes including red beet 

(Beta vulgaris).  They are derived from tryrosine, are water soluble and synthesised and stored in 

vacuoles (Grotewold, 2006).  They confer yellow to red pigmentation and are more stable than 

anthocyanins, being less sensitive to pH.

n

 

Anthocyanin pigments belong to the diverse group of ubiquitous secondary metabolites, 

collectively known as flavonoids.  Flavonoid metabolism is one of the best characterised 

processes in plants (Harborne, 1967; Grotewold, 2006).  The water soluble flavonoids are 

synthesised in the cytosol and localised to vacuoles.  Flavonoids demonstrate a wide spectrum of 

colours from pale yellow to deep blue.  They are believed to have a variety of functions, 
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including defence and protection against light stress, and have been implicated in auxin transport 

(Brown et al., 2001; Peer and Murphy, 2007).  The pigmented anthocyanin compounds play an 

important physiological role as attractants in plant/animal interactions (Harborne and Grayer, 

1994; Koes et al., 1994).  Plant pigments are not mutally exclusive and anthocyanins and 

carotenoids can co-exist, increasing the depth or variety of colour.  However, anthocyanins and 

etalains have been shown to never co-exist (Stafford, 1994).   

.4.2 Anthocyanins - uses and importance in plants 

eed dispersal, using pigmentation to attract fruit-eating animals (Cipollini and Levey, 

997).   

e red 

aves of understory plants in rainforests and for leaves under stress (Gould et al., 2002a).   

b

 
1

 
The broad distribution of anthocyanins in angiosperms has led to extensive scientific 

characterisation (Harborne, 1988; Holton and Cornish, 1995; Harborne and Williams, 2000).  

Anthocyanins play a major role in reproductive tissue.  In combination with other factors, such 

as fragrance, anthocyanins are the most obvious clue for pollinating insects and birds (Harborne 

and Grayer, 1994).  Plants have adapted their anthocyanin composition on an ecological basis, 

with different colours present in different environments depending on the pollinators present 

(Harborne, 1993).  Insect and bird-pollinated plants tend to have brightly coloured petals to 

advertise a reward, such as nectar (Koes et al., 1994).  Similarly, anthocyanins perform a key 

role in s

1

 

Anthocyanins are also found in vegetative tissue, most noticeably in the senescing leaves of 

many deciduous trees in autumn (Lee, 2002).  One possible explanation for this phenomenon is 

that anthocyanins play a role in protecting the photosynthetic apparatus during nutrient re-

absorption (Hoch et al., 2003).  This may be realised by light attenuation or the provision of anti-

oxidant protection (Gould et al., 2002a).  Similar mechanisms may be advantageous for th

le

 
Levels of anthocyanins are elevated in response to many environmental, developmental and 

pathological stimuli.  In apple, pigment biosynthesis can be induced when fruit are exposed to 

light, particularly UV (Dong et al., 1998), a phenomenon also observed in other species such as 

maize (Piazza et al., 2002).  Anthocyanin levels can be elevated by many different stress 

treatments including cold temperature storage of fruit (Dong et al., 1998).  There is evidence that 

the anthocyanin biosynthetic enzymes are co-ordinately induced during development of apple 

fruit, with pronounced anthocyanin enzyme activity correlating with pigmentation increases in 

immature fruit, followed by a second peak of activity at ripening, depending on the cultivar 
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(Lister and Lancaster, 1996).  This suggests that the expression of the genes encoding the 

biosynthetic enzymes is co-ordinately regulated by one, or a few, regulatory proteins, such as 

Fs. 

.4.3 Anthocyanins and human health 

linking anthocyanins 

ith a reduction in cancer initiation and proliferation (Smith et al., 2000).   

anthocyanins were beneficial, 

romoting the cause for anthocyanin-rich food in the human diet.  

T

 

1

 

Anthocyanin pigments have been implicated in a diverse range of health-promoting properties 

(Lila, 2004).  The antioxidant properties of anthocyanins from various fruit towards free radicals 

and reactive oxygen species has been established (Smith et al., 2000; Chun et al., 2003), 

although the level of activity is dependent on the chemical structure and bioavailability.  

Recently, it has been suggested that the dietary antioxidant benefit may be conferred by the 

anthocyanin-related activation of endogenous antioxidant sytems, rather than the anthocyanins 

themselves (Williams et al., 2004; Lotito and Frei, 2006).  Anthocyanins may protect against 

age-related neurological disorders (Joseph et al., 1999) and anthocyanins have also been 

implicated in enhanced immune function (Wang and Mazza, 2002), restoration of vision 

disorders (Matsumoto et al., 2003) and anti-imflamatory properties (Shin et al., 2006).  As part 

of a balanced diet, anthocyanins may also help reduce the incidence of obesity (Tsuda et al., 

2003).  Anthocyanins have been associated with a reduced incidence of coronary heat disease, 

termed the French Paradox (Renaud and de Lorgeril, 1992) and the prevention of atherosclerotic 

lesions in arteries (Tsuda et al., 2000).  There have been numerous studies 

w

 

Much of the evidence for the bioactivity and health properties of anthocyanins has been achieved 

using in vitro studies.  Following absorption in the body, these molecules may be metabolised to 

the extent that plasma and tissues are not exposed to the original forms of the anthocyanins 

(Kroon et al., 2004).  However, two recent studies have shown the beneficial effects of 

anthocyanins in vivo.  A feeding trial using cancer susceptible mice demonstrated that tomatoes 

that had been genetically engineered with a high anthocyanin content significantly reduced the 

incidence of tumorigenesis and prolonged the animal’s lifespan (Butelli et al., 2008).  A study in 

rats showed that feeding the animals with maize rich in anthocyanin, increased cardioprotection 

(Toufektsian et al., 2008).  Both studies showed that plant-derived 

p
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1.5 The anthocyanin biosynthetic patin biosynthetic pathway 

 Structural genes and biochemistry 

itted step in anthocyanin production and the establishment 
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DP)-glucose:flavonoid 3-0-
lycosyltransferase (UFGT).  
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Chalcone is then isomerised by chalcone isomerase (CHI) to produce chalcone naringenin, and 

from there a hydroxylation step, via flavanone 3β-hydroxylase (F3H), converts naringenin to 

dihydroflavonol.  The reduction of dihydroflavonol by dihydroflavonol 4-reductase (DFR) 

produces leucoanthocyanidin and this is converted into the coloured compound anthocyanidin by 

leucoanthocyanidin dioxygenase (LDOX).  This is followed by a glycosylation step which is 

usually mediated by uridine diphosphate (UDP)-glucose:flavonoid 3-0-glucosyltransferase 

(UFGT).  There may be further additions of sugars and acyl side groups following this, in some 

species.  Differences in colour attributable to anthocyanins can be due to a number of factors 

including the number of hydroxyl groups on the B-ring, the sugars and acyl side groups 

(Harborne, 1967), the environment of the vacuole including its pH (Koes et al., 2005), or the 

accumulation of specific metal ions (Brouillard, 1988), or cellular ultrastructure (Noda et al., 

1994).  One of the most common anthocyanin pigments is cyanidin which, in the form of 

cyanidin 3-0-galactoside, is the pigment primarily responsible for red colouration in apple skin 

(Lancaster, 1992; Tsao et al., 2003).  The enzymes operating in this biosynthetic pathway in 

pple have been well characterised (Honda et al., 2002; Kim et al., 2003).   

.5.2 Transport and storage 

beaujon et al., 2001), although this was established for flavonoids, rather than 

nthocyanins.   

transport mechanism.  In some species anthocyanin storage in flower petals has been identified 

a

 
1

 
Many of the properties of anthocyanin cannot be realised until the anthocyanins are localised 

correctly in the cell, such as the relationship between the colour of anthocyanin compounds and 

the pH of the vacuole (Kitamura, 2006).  The transport mechanism for subcellular sequestration 

of anthocyanins synthesised in the cytosol is less well understood than the biosynthesis, and 

different species may use different approaches.  However, some of the mechanisms involved in 

trafficking are beginning to emerge (Grotewold, 2004).  Transport of anthocyanins by 

glutathionine S-transferase (GST) proteins has been shown in Petunia (Mueller et al., 2000) and 

in maize (Goodman et al., 2004).  An alternative non-GST linked mechanism has been shown as 

vesicle-mediated transport in Arabidopsis where endoplasmic–reticulum (ER)-derived vesicles 

transport anthocyanins to the vacuole (Poustka et al., 2007).  A third method may involve ATP-

dependent ‘multidrug and toxic compound exclusion’ (MATE) transporters such as TT12 in 

Arabidopsis (De

a

 

There are a number of different vacuole types in plants (Marty, 1999), and it is not clear as to 

whether anthocyanins accumulate in one particular type.  This may depend on the species or 
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as matrix-like inclusions in vacuoles, termed anthocyanin vacuolar inclusions (AVIs) (Markham 

et al., 2000).   

 

1.6 Transcription factors 
 

Most properties of a cell are dependent on the genomic information it contains and the 

accessibility or transcription of this information.  The transcription of genes is mainly controlled 

by a collection of cis-acting sequences.  These elements are typically found in proximity to the 

coding sequence of the gene and multiple copies of numerous classes may be present.  It is 

thought that the transcription of most genes is controlled by a combination of TFs and that these 

gene-specific TFs will be controlled by hierachical networks of other regulatory elements, 

including other TFs (Hobert, 2008).  Transcription is generally initiated at the TATA-box in the 

proximal promoter region by the formation of the transcription initiation complex by general TFs 

and the recruitment of RNA polymerase II (reviewed in Zawell and Reinberg, 1995).  This may 

be sufficient for low level transcription, but for specific, temporal and/or spatial transcription, 

other TFs are required.  The proteins of these TFs bind to specific DNA sequences in the 

promoter regions of the target genes and can either enhance or repress transcription (Fickett and 

Wasserman, 2000).   

 

TF proteins generally possess distinct functional domains, such as a DNA binding domain and a 

transcriptional activator domain.  The DNA binding domain is highly conserved within the 

separate classes of TF and contains trans-acting amino acids that bind to the cis-acting sequences 

of target gene promoters.  There may be multiple examples of these DNA domains, such as the 

large family of R2R3 domain MYB TFs.  Activator domains may be less well conserved and are 

involved in the enhancement or repression of transcription, modulating the rate of mRNA 

synthesis by RNA polymerse II.  However, transcription regulation may depend on the 

interaction of binding domains and activator domains of different TFs or on the homo- or 

heterodimerisation of the TF proteins.  TFs may also regulate more than one gene, such as the 

multi-gene regulation by the Arabidopsis PAP1 MYB TF which enhances the transcription of a 

number of structural genes in the anthocyanin pathway (Tohge et al., 2005).  Similarly, TFs may 

co-ordinate regulation in a combinatorial manner, with different classes of TF forming 

complexes at the protein:DNA or protein-protein level (Grotewold et al., 2000).   

 

TFs are divided into families on the basis of the conserved DNA binding domain and, 

increasingly, on functional analysis.  A genome-wide study in Arabidopsis showed that there 
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were over 1,500 genes classified as TFs, divided into ~ 30 TF families, representing 6% of the 

Arabidopsis genome (Riechmann et al., 2000).  The number of TFs in Arabidopsis is now over 

2,290 (Guo et al., 2008).  Considerable conservation of TFs is apparent even between animals 

and plants, suggesting a shared origin of regulatory circuitory.  However, some TF families may 

be exclusive to plants, such as the DOF family.  Studies into the evolution of these regulatory 

networks show that even closely related organisms may have evolved very different mechanisms 

for specific regulation (Tuch et al., 2008).  The classes of TF directly involved in anthocyanin 

accumulation will be discussed in the next section.   

 

1.7 Regulation of anthocyanin biosynthesis by TFs 
 
1.7.1 MYB TF regulation of anthocyanin levels 

 
A range of different TF classes are involved in flavonoid regulation including bHLH, WD40, 

WRKY, bZIP, HD-Zip, and MADS-box (Kubo et al., 1999; Martin et al., 2001; Davies and 

Schwinn, 2003; Ramsay and Glover, 2005).  MYB TFs are found in all eukaryotes but are 

particularly abundant in plants and are thought to be one of the most important plant regulatory 

gene families (Jia et al., 2004).  The term MYB is derived from the oncogenic avian retrovirus 

avian myeloblastosis virus (AMV), which carries an oncogene, v-myb, which, is itself a partial 

copy of a normal cellular gene found in animals, c-myb (Leprince et al., 1983; Klempnauer et al., 

1986).  Plant MYB TFs show structural similarities to mammalian versions and a 40% sequence 

homology to the products of myb proto-oncogenes from human, mouse, chicken and Drosophila 

(Paz-Ares et al., 1987), suggesting that these MYB genes were present before the divergence 

between plants and animals.  However, there has clearly been a divergence in the physiological 

function of these genes as the anthocyanin-related MYB TFs in plants regulate a biosynthetic 

pathway that does not exist in mammals.  In plants, MYB TFs have been implicated in 

controlling a diverse array of pathways and processes (Jin and Martin, 1999).  One of the best 

characterized is the MYB-related control of phenylpropanoid secondary metabolism, including 

the biosynthesis of flavonoids and anthocyanins (Paz-Ares et al., 1987; Grotewold et al., 1994; 

Sablowski et al., 1994; Quattrocchio et al., 1998; Aharoni et al., 2001).  Other characterized 

MYB TF regulation includes cell fate and development (Oppenheimer et al., 1991; Noda et al., 

1994; Nesi et al., 2001; Kasahara et al., 2005), hormone response and signal transduction 

(Stracke et al., 2001; Abe et al., 2003).  They are characterised by a structurally conserved N-

terminal DNA binding domain consisting of single or multiple imperfect repeats, 1RMYB, 

R2R3MYB and 3R MYB (Stracke et al., 2001).  These repeats each form three helixes, the third 
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of which binds directly with the major groove of the DNA target (Williams and Grotewold, 

1997).  There are 126 R2R3 MYB TFs in Arabidopsis, which can be divided on the basis of their 

sequence into 24 sub groups (Stracke et al., 2001).  Several anthocyanin pathway associated 

MYB TFs are of the two-repeat (R2R3) class. 

 
There are numerous reports of the regulation of genes in the anthocyanin pathway by TFs (Allan 

et al., 2008).  Collectively they have established that the components of the regulatory complex 

controlling anthocyanin biosynthesis are conserved in all higher plants (reviewed in Holton and 

Cornish, 1995).  MYB TFs have been shown to play an important role in transcriptional 

regulation of anthocyanins (reviewed in Martin and Paz-Ares, 1997).  Regulation appears to be 

specific to discrete subsets of structural genes, acting either early or late in the anthocyanin 

biosynthetic pathway (Davies and Schwinn, 2003).  The point of this differentiation between 

early and late biosynthetic genes appears to be at F3H or DFR (Figure 1-3), depending on 

flavonoid co-production.  Not all species show this distinction.  In the leaves of perilla (Perilla 

frutescens) co-ordinate transcriptional regulation controls virtually all steps of anthocyanin 

biosynthesis from the genes encoding CHS to the final genes encoding anthocyanin transporter 

proteins (Saito and Yamazaki, 2002).  In contrast, in grape (Vitis vinifera), specific regulation by 

MybA is restricted to the very late steps in anthocyanin production including UFGT, but not the 

earlier biosynthetic steps (Kobayashi et al., 2002).  Anthocyanin regulation by MYB TFs has 

been most extensively studied in Arabidopsis, Petunia, maize and Antirrhinum.   

 

In Arabidopsis, the PRODUCTION OF ANTHOCYANIN PIGMENT 1 (PAP1) MYB (Borevitz 

et al., 2000) falls into subgroup 10 (when the phylogeny of Stracke et al., 2001 is used) and 

demonstrates a high degree of amino acid conservation with other known MYB regulators of 

anthocyanin production.  When PAP1 was over-expressed in transgenic Arabidopsis this led to 

up-regulation of a number of genes in the anthocyanin biosynthesis pathway, including CHS and 

DFR, and the plants were highly pigmented (Figure 1-4) (Borevitz et al., 2000).  A more recent 

study using a combination of transcriptomics and metabolomics showed that the over-expression 

of PAP1 resulted in the activation of virtually all the anthocyanin pathway, together with related 

TFs and ancillary genes involved in anthocyanin transport (Tohge et al., 2005).  A second MYB 

TF, PAP2, which is 93% similar at the protein level to PAP1, also elevated PAL, CHS, DFR and 

GST when over-expressed in tobacco (Borevitz et al., 2000) and may be a functional duplicate of 

PAP1.  PAP1 has also been implicated in the sugar-induced accumulation of anthocyanin 

(Solfanelli et al., 2006) and is elevated in scenescing leaves (Pourtau et al., 2006).   
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Figure 1-4:  Over-expression of PAP1 in 
Arabidopsis.  (A)  35S:AtPAP1 plants are 
highly pigmented compared to (B), wild 
type.  Figure from Dare et al. (2008).   

A                                      BA                                      B

 

 

 

 

 

In Petunia, regulation of the anthocyanin pathway is by the MYB Anthocyanin2 (AN2) or AN4 

(Quattrocchio et al., 1999; Spelt et al., 2002).  This is largely due to elevation of the late 

biosynthetic genes, while there is also evidence that AN2, in combination with other TFs, can 

co-ordinate multiple processes that include anthocyanin accumulation and acidification of the 

vacuole (Baudry et al., 2006).  Two other MYB TFs in Petunia, PhMYB3 (Solano et al., 1995) 

and PhMYB27 (Spelt et al., 2000) have been reported to control the early anthocyanin 

biosynthetic genes and repression of the pathway respectively.   

 

Several MYB genes are involved in anthocyanin regulation in Antirrhinum flower petals, where 

this also appears to be divided into regulation of the early and the late biosynthetic pathway.  

Transcript levels of early biosynthetic genes have been shown to be elevated by the MYB TFs 

AmMYB305 and AmMYB340 (Sablowski et al., 1994; Mol et al., 1998).  The later biosynthetic 

genes are regulated by the MYB gene family Rosea1, Rosea2, and Venosa.  A recent study 

showed that these three MYB TFs were responsible for differences in flower colour and 

patterning (Schwinn et al., 2006).   

 

Maize provided the first studied example of a plant MYB (Paz-Ares et al., 1987).  Reports have 

shown that C1 regulates several genes in the anthocyanin pathway in maize kernels (Paz-Ares et 

al., 1987; Goff et al., 1991).  The control of maize anthocyanin is according to tissue type.  A 

functional duplicate MYB to C1, the light-activated PL, controls anthocyanin accumulation in 

maize leaves (Cone et al., 1993; Gong et al., 1999), while the MYB TF, P, regulates flavonoid 

biosynthesis in floral organs (Grotewold et al., 1994).  However, the MYB TFs are not solely 

responsible for anthocyanin regulation and at least two other classes of TF are required.   
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1.7.2 Combinatorial TF regulation of the anthocyanin pathway 

 

All of the MYB TF examples from maize, Arabidopsis, Antirrhinum and Petunia have been 

shown to interact with other TFs (Table 1-3).  The R2R3 MYB factors that regulate anthocyanin 

biosynthesis have been shown to interact closely with basic Helix Loop Helix (bHLH) TFs (Mol 

et al., 1996; Winkel-Shirley, 2001).  Examples of interacting partners include the maize ZmC1 

MYB TF and members of the maize R gene family of bHLH TFs, the Petunia AN2 MYB and 

AN1/JAF13 bHLH TFs and the Antirrhinum Rosea1, Rosea2 and Venosa MYB TFs and the 

Mutabilis and Delila bHLH TFs (Ludwig and Wessler, 1990; Goff et al., 1992; Goodrich et al., 

1992; Mol et al., 1998; Schwinn et al., 2006).  Over-expressing lines of PAP1 have elevated 

transcript levels of the TT8 gene which encodes a bHLH protein involved in regulating 

condensed tannin and anthocyanin biosynthesis (Nesi et al., 2000; Tohge et al., 2005).  The 

dependency of these specific MYB-related proteins on a bHLH co-regulator to activate 

transcription is linked to the presence of a small number of amino acid residues (a signature 

motif) in the highly conserved R2R3 binding domain of the MYB proteins, as revealed by 

comparison between the structure of the maize P protein (which activates in a bHLH-

independent manner) and the bHLH-dependent maize C1 protein (Grotewold et al., 2000).  

Substitution of just six amino acids from the R2R3 domain of MYB C1 into the corresponding 

positions in MYB P resulted in a mutant with bHLH-dependent behaviour, similar to C1.  More 

recently it was suggested that this might be a key mechanism that permits MYB TFs to 

discriminate between target genes (Hernandez et al., 2004). 

 

In contrast to PAP1 and other anthocyanin activating MYB TFs, FaMYB1, represses anthocyanin 

biosynthesis during the late development of strawberry fruit (Aharoni et al., 2001).  FaMYB1 

shares homology with MYB TFs that can activate anthocyanin genes and can interact with 

bHLH TFs such as the Petunia AN1 and JAF13 (Aharoni et al., 2001).  However, despite the 

conservation of key residues between PAP-like activators and FaMYB-like repressors, phylogeny 

clustering and analysis shows that activators tend to fall in subgroup 10 while repressors fall in 

subgroup 4 (according to the classification of Stracke et al., 2001). 

 

An additional level of anthocyanin regulation involves a separate class of proteins, containing 

WD40 domains, which form complexes with MYB and bHLH proteins (Baudry et al., 2004).  

These WD40 proteins may facilitate the protein:protein interactions of other TFs, such as MYB 

and bHLH, and in these situations may not specifically bind the DNA of structural genes 
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(Ramsay and Glover, 2005).  Examples include an11 in Petunia (de Vetten et al., 1997) and 

TTG1 in Arabidopsis (Walker et al., 1999).  However, a definitive role for a WD-repeat in the 

transcriptional complex regulating anthocyanin biosynthesis has yet to be demonstrated.  Indeed, 

in maize, the WD repeat protein, PAC1, appears to function in regulating anthocyanin 

biosynthesis only in a subset of tissues (Carey et al., 2004).  It may be that some bHLH and 

MYB proteins are more dependent on the participation of WD repeat proteins in the regulatory 

complex than others.   
 

Table 1-3:  Examples of studied MYB, bHLH and WD40 proteins that regulate proanthocyanidin, 
anthocyanin and other processes.   
 

Family Species Protein Processes Reference 

MYB Arabidopsis PAP1 Anthocyanin Borevitz et al., 2000 
PAP2 Anthocyanin Borevitz et al., 2000 
TT2 PA Nesi et al., 2001 

Antirrhinum AmMYB305 Anthocyanin Sablowski et al., 1994 
AmMYB340 Anthocyanin Mol et al., 1998 
Venosa Anthocyanin Schwinn et al., 2006 
Rosea1 Anthocyanin Schwinn et al., 2006 
Rosea2 Anthocyanin Schwinn et al., 2006 

Maize C1 Anthocyanin Paz-Ares et al., 1987 
P Phobaphene Grotewold et al., 1994 
PL Anthocyanin Cone et al., 1993 

Petunia AN2 Anthocyanin, pH Quattrocchio et al, 1999 
AN4 Anthocyanin Spelt et al., 2000 
PhMYB3 Anthocyanin Solano et al., 1995 
PhMYB27 Anthocyanin Spelt et al., 2000 

Grape  VvMYBA Anthocyanin Kobayashi et al., 2002 
Strawberry FaMYB1 Anthocyanin  Aharoni et al., 2001 

bHLH Arabidopsis TT8 PA Nesi et al., 2000 
GL3 Anthocyanin, 

trichomes 
Payne et al., 2000 

EGL3 Anthocyanin, 
trichomes, mucilage 

Zhang et al., 2003 

Antirrhinum Delila Anthocyanin Goodrich et al., 1992 
Mutabilis Anthocyanin Martin et al., 2001 

Maize Lc Anthocyanin Ludwig & Wessler, 1992 
B Anthocyanin Goff et al., 1992 
R Anthocyanin Ludwig & Wessler, 1992 

Petunia JAF13 Anthocyanin, pH, 
Seedcoat 

Quattrocchio et al, 1998 

AN1 PA, Anthocyanin, pH, 
Seedcoat 

Spelt et al., 2000 

WD40 Arabidopsis TTG1 PA, Anthocyanin, 
Hairs, Mucilage 

Walker et al., 1999 

Maize PAC1 Anthocyanin, 
Phobaphene 

Carey et al., 2004 

Petunia AN11 PA, Anthocyanin, pH, 
Seedcoat 

De Vetten et al., 1997 
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A model for the TF regulation of anthocyanin has been based on a consensus of reports (Figure 

1-5) and comprises a ternary complex.  However, this model is not necessarily complete.  For 

example, a recent report showed that the Arabidopsis MYB TF, MYBL2, acts as a transcriptional 

inhibitor and may counter-balance the positive regulation of anthocyanin biosynthesis by the 

MYB/bHLH/WD40 complex (Matsui et al., 2008).  While the combinatorial control of the 

anthocyanin pathway is complex, the plethora of previous research into this topic in a number of 

species eases the task of unravelling its regulation in other species, such as apple.   

 

Anthocyanins

WD40

MYBbHLH

 
 
Figure 1-5:  Proposed model for the combinatorial regulation of anthocyanin.  This model is thought to be 
conserved across diverse species and involves transcription factors from the MYB, bHLH and WD40 classes.  
Illustration adapted from Grotewold, 2006.  
 
1.8 Methods to manipulate anthocyanin accumulation 
 
1.8.1 Breeding 

 

From the centre of apple’s origin discussed previously, intentional and unintentional selection of 

plants has been carried out for thousands of years.  The introduction of grafting, from as early as 

3,800 years ago, was instrumental in establishing cultivars and the Romans used this technology 

to create orchard economies (Harris et al., 2002).  Since then, the breeding of new cultivars has 

flourished in many parts of the world, notably Western Europe, Asia and North America.  Most 

cultivated apples are self incompatible and highly heterozygous.  Apples are diploid (2n=34) 

with a relatively small genome of 750 Mb per haploid (Tatum et al., 2005).  Modern breeding 

has relied on a relatively small number of parental varieties and such dependence may not be 

indefinitely sustainable (Noiton and Alspach, 1996).   

 

New Zealand apple breeders have been highly successful in introducing popular new varieties.  

The Plant & Food Research (formerly HortResearch) apple breeding programme is multi-

disciplinary, using conventional interspecific breeding with market driven selections and the 

widespread use of genomic technologies for gene discovery and marker assisted selection.  New 

Zealand introductions account for 11.5% of the world’s apple crop (O'Rourke, 2007), most 
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notably ‘Royal Gala’ and ‘Braeburn’.  A recent introduction, JazzTM (Figure 1-6), is expected to 

increase this figure further.   

 

nd.  

Figure 1-6:  JazzTM apples were bred from the New 
Zealand varieties ‘Royal Gala’ and ‘Braeburn’.  
Commercial plants are now established in New 
Zealand, Europe and the USA.  Photography by Martin 
Heffer, Plant & Food Research, Auckla
 

 

 

 

 

 

 

 

As an example of current breeding strategies, it is worth considering the route JazzTM has taken 

from initial crosses to market introduction and commercial viability.  Plant & Food Research 

(then DSIR) made the initial crosses for what became JazzTM from the two most successful New 

Zealand-bred varieties, ‘Royal Gala’ (seed parent) and ‘Braeburn’ (pollen parent) in 1984 (Volz 

et al., 2004).  From these crosses, 9,600 seedlings were planted out in 1988 and selections were 

made following evaluation of the fruit in 1990.  Trial plantings were conducted in New Zealand 

in 1996, the USA in 1999 and France in 2000.  Following the granting of Plant Patent (USA) and 

Plant Variety Rights (Europe), 45,000 trees were planted in orchards in New Zealand, France 

and the USA in 2003.  The commercial success was established in 2005, some 20 years after the 

initial crosses were made.   

 

1.8.2 Genetic engineering 

 
There are a number of molecular-based approaches that offer alternatives to traditional breeding 

methods.  For example, the genetic modification of flavonoid biosynthesis has been well 

documented (Dixon and Steele, 1999; Davies, 2000; Forkmann and Martens, 2001).  For the 

anthocyanin pigments, there are many examples of the successful engineering of novel flower 

colours in diverse species including Dianthus (Zuker et al., 2002), Gerbera (Elomaa et al., 2003) 

and Chrysanthemum (Courtney-Gutterson et al., 1994).  One of the most extensively studied 

species for flower colour modification is Petunia, and reports include the over-expression of an 

alfalfa CHS gene to turn white petals yellow (Davies et al., 1998), the introduction of suitable 
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DFR genes to induce novel pelargonidin synthesis, creating orange flowers (Meyer et al., 1987; 

Tanaka et al., 1995) and a multi-gene approach to produce red flowers in tobacco by sense-

suppression of endogenous genes (FLS and F3′H) and simultaneous over-expression of an 

introduced Gerbera DFR gene (Nakatsuka et al., 2007).  One flower colour modification has 

been commercially released.  The Australian-based Florigene company released a genetically 

modified carnation in 1996 (Lu et al., 2003).  Since its introduction, some 75 million carnations, 

marketed as Moondust, Moonshadow, Moonlite and Moonshade and ranging in colour from 

blue-violet to deep purple, have been sold in Australia, Japan and the USA (Potera, 2007).  

Florigene is likely to introduce a genetically engineered blue rose in the near future.   

 

Engineering of fruit pigmentation has been less extensively covered but studies in tomato have 

demonstrated success in pigment manipulation.  These include a report on the transformation of 

tomato with the maize TFs Lc (bHLH) and C1 (MYB) (Bovy et al., 2002).  Fruit showed an 

elevation of flavonoids, but not anthocyanins.  Silencing of the DET1 gene in tomato also 

showed elevation in flavonoids (including modest gains in anthocyanin) and carotenoids 

(Davuluri et al., 2005).  To date, the largest gain in anthocyanin levels in tomato has been due to 

the over-expression of the Antirrhinum TFs Delila (bHLH) and Rosea1 (MYB) (Butelli et al., 

2008).  This targeted approach resulted in a massive elevation of anthocyanin, producing purple 

coloured fruit with a high degree of antioxidant activity.  There are numerous examples of the 

genetic modification of apples, largely targeting production traits such as disease resistance, 

dwarfing and fruit storage (reviewed in Bulley et al., 2007).  At the inception of this project, 

there were no reported examples of pigment manipulation in apple by genetic engineering 

methods.   

 

The modified carnations may have found some consumer acceptance and commercial success, 

but there are still considerable obstacles for the acceptance of genetically modified food crops, 

particularly in Europe (Laros and Steenkamp, 2004).  This is also true in New Zealand which has 

served to strengthen the case for alternative approaches, such as intragenics and cisgenics (Kling, 

2008).  A brief definition of transgenics, intragenics and cisgenics are as follows.  Transgenic 

plants are transformed with genes from non-crossable plants, viruses or bacteria and often 

include selection markers such as antibiotic or herbicide resistance.  Intragenic plants are 

transformed with genes from the crop species itself or from crossable species that have been re-

arranged in vitro (Rommens, 2004).  Intragenesis can be achieved by using marker free systems, 

such as Agrobacterium transformation of two T-DNAs, one with the gene of interest, the other 
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with a marker that can be selected out (Rommens et al., 2004).  Cisgenic plants are also 

transformed with genes from the crop species itself or from crossable species but only using the 

native gene’s promoter, terminator and intron regions (Schouten et al., 2006).  Again, a marker-

free system can be used.  While intragenic plants would only be transformed using T-DNA 

border sequence derived from compatible plants, cisgenic plants, by definition at least, can 

contain non-coding DNA, including T-DNA borders, from non-crossable species (Schouten and 

Jacobsen, 2008).  Both methods provide alternatives to standard transgenic techniques that may 

find more favour with legislators and the public.   

 

Notwithstanding the details of the technology employed in the pursuit of GM fruit introductions, 

the target trait will also be influential in gaining acceptance (Gamble, 1999).  A recent study into 

this acceptance reported that consumers in Europe and New Zealand were more likely to 

purchase GM apples if they had both a health and environmental benefit (e.g. pesticide-spray 

free) and a price advantage (Knight et al., 2007).   

 

1.9 The Plant & Food Research apple project 
 
1.9.1 The Plant & Food Research apple EST collection  

 
A number of the facilities and tools available at Plant & Food Research were invaluable for the 

experimental work performed in this thesis, such as apple transformation technology and apple 

germplasm.  An important tool used throughout this thesis was the Plant & Food Research EST 

collection.  At the inception of this project, there were relatively few apple sequences in the 

public domain and so access to this collection was invaluable.  The Plant & Food Research 

collection, comprising some 150,000 ESTs from ‘Royal Gala’ (estimated at half of the expressed 

genes in apple) was released in 2006 (Newcomb et al., 2006) and the number of sequences has 

now swelled due to a similar-sized release by the USA-based Apple EST Project 

(http://titan.biotec.uiuc.edu/apple/apple.shtml).  All of these sequences, together with additional 

annotation, is available via the Genome Database for Rosaceae (GDR) (http://www.rosaceae.org) 

(Jung et al., 2008).  Of great value for future research is the ongoing project to sequence the 

apple genome by the Istituto Agrario San Michele all'Adige (IASMA) in Italy 

(http://www.ismaa.it).  Sequencing is now complete and annotation of the data is underway.   
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1.9.2 Acquisition of the red-fleshed apple germplasm   

 

Between 1989 and 1996, the USDA sponsored a series of expeditions to Kazakhstan and 

Krygystan in Central Asia to collect germplasm from wild apple forests.  This material was 

sourced from remote areas which were previously inaccessible to Western-based scientists 

(Forsline et al., 2003).  This region contains Malus sieversii, the progenitor of the cultivated 

apple, Malus x domestica.  The expeditions resulted in a large collection of apple species 

(including 949 accessions of M. sieversii), sampled across the entire range of the Tien Shan 

Mountains.  This collection is now well characterised and provides a resource of apple species 

from diverse ecological sites.  The collection is primarily housed at the USDA-Agricultural 

Research Services (ARS), Plant Genetics Research Unit (PGRU) in Geneva, New York 

(www.ars.usda.gov/main.htm).   

 

New Zealand’s link with the wild apple germplasm stemmed from one such expedition in 1993.  

Organised by the American Crop Advisory Committee, it included a Plant & Food Research 

scientist, Dr Dominique Noiton (Noiton, 1994).  She returned to New Zealand with about 7,000 

seeds representing 54 trees from a range of ecosystems.  Collections were mostly conducted in or 

around the Tien Shan Mountains at a range of altitudes up to 2,000 m.  In the regions where 

collections were made, temperatures can range from 49 ºC in summer to -30 ºC in winter.  Such 

climatic extremes provided interesting examples of tree adaptation and suggested a high level of 

frost tolerance.  Other interesting traits included degrees of pest and disease resistance, alkaline 

soil tolerance and tolerance to iron-deficiency, all of which are valuable for breeding 

programmes.  One target for Plant & Food Research was to breed coloured fleshed apples that 

might provide innovative products.  The Kazakhstan and Krygystan sourced germplasm included 

fruit with an array of skin and flesh colours (Figure 1-7), including seeds from the large, red-

fleshed fruit of Malus pumila ‘Niedwetzkyana’.   

 

 
Figure 1-7:  The diversity of flesh colour and apple size is apparent in the Plant & Food Research germplasm 
collection.   
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1.9.3 The Plant & Food Research red-fleshed apple project 

 
To retain market share and premium prices, New Zealand breeders and growers recognise the 

need for new, high quality varieties.  An international joint venture, PrevarTM 

(www.prevar.co.nz), was established in 2005 to promote the development of new varieties.  The 

success of the Plant & Food Research JazzTM apple to leverage consistently high prices and the 

opportunity to licence the growth of trees in international markets, has provided a useful model 

for future introductions.  An on-going Plant & Food Research breeding project for a red-fleshed 

apple was supported by PrevarTM as a target product.  This project, using germplasm from the 

Central Asian collection, was designed to breed a high quality red-fleshed apple for the fresh and 

processed markets.  The project was to eventually encompass researchers from numerous fields 

including breeding, mapping, physiology and molecular biology, and provided the framework 

for this thesis.   

 

The Plant & Food Research seed collection from Kazakhstan and Krygystan was evaluated for 

unusual flesh colour.  Seedlings that exhibited the desired traits were backcrossed with standard 

commercial varieties such as ‘Royal Gala’ and ‘Braeburn’ as well as more recent commercial 

releases by Plant & Food Research, including Pacific Rose™ and Jazz™ (Volz, 2006).  Various 

breeding populations were developed at Plant & Food Research and subsequently used in 

mapping studies.  One such population, consisting of 516 individuals, from crosses between a 

Pacific RoseTM, and an open-pollinated seedling of a red-fleshed cultivar, bearing red leaves, 

‘Redfield’ (derived from Malus pumila ‘Niedzwetzkyana’) (Figure 1-8) is discussed in Chapter 

4.   

 
Figure 1-8:  Apples from the Plant & Food 
Research red-flesh breeding programme.  This 
programme crossed Pacific RoseTM, with an open-
pollinated seedling of a red-fleshed cultivar, 
bearing red leaves, ‘Redfield’ (derived from Malus 
pumila ‘Niedzwetzkyana’).  Photograph by Martin 
Heffer, Plant & Food Research, Auckland.   
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1.10 Aims of the thesis 
 
The principal aim of this project was to isolate the TF that specifically regulated anthocyanin 

levels in apple and to characterise its functionality.  This knowledge could then be transferred 

into the Plant & Food Research breeding programme for mapping candidate genes and in marker 

assisted breeding in an effort to accelerate the breeding programme.  The secondary aim was to 

discover the mechanism that drives anthocyanin accumulation throughout the foliage and fruit of 

some apple varieties.  This would advance the basic understanding of anthocyanin regulation and 

the response of plants to environmental and developmental signals. 
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2 MATERIALS AND METHODS 

 
2.1 Bacterial strains and genotype 
 
DH5α (subcloning efficiciency, 1 x 106) 

Genotype:  F- φ80lacZΔM15 Δ(lacZYA-argF)U169 recA1 endA1 hsdR17(rk-, mk+) phoA 

supE44 thi-1 gyrA96 relA1 λ- 

DH5 α (Maximum efficiency, 1 x 109) 

Genotype:  F- φ80lacZΔM15 Δ(lacZYA-argF) U169 recA1 endA1 hsdR17 (rk-, mk+) phoA 

supE44 λ- thi-1 gyrA96 relA1  

BL21-CodonPlus(DE3)-RIL 

Genotype:  E. coli B F- ompT hsdS(rB
- mB

-) dcm+ Tetr gal λ(DE3) endA Hte (argU ileY leuW 

Camr) 

Agrobacterium tumefaciens, strains GV3101 or LBA4404 (Yao et al., 1995) 
 
2.2 Plasmids used in this study 
 
Plasmids used in this study were either available in the public domain, commercially available or 

created at Plant & Food Research and are shown in Table 2-1. 
 
Table 2-1:  Plasmids used in this study. 
 

Plasmid Description Selection Reference 

pGEM-T Easy Cloning vector Ampicillin Promega (USA) 

TOPO TA Cloning vector Ampicillin Invitrogen (USA) 

pSAK277 Agrobacterium binary vector Spectinomycin/kanamycin Plant & Food Research (A. 

Gleave) 

pGreen Agrobacterium binary vector Kanamycin (Hellens et al., 2000) 

pGreen 0800LUC Agrobacterium binary vector 

with LUCIFERASE 

Kanamycin (Hellens et al., 2005) 

pET30a Protein expression Kanamycin Stratagene (USA) 

 

2.3 Plant material 
 
A fruit development series was constructed from apple fruit collected at 6 time points during the 

season from spring through to late summer, 2003-2004:  Stage 1, 7 days after full bloom 

(DAFB), stage 2, 40 DAFB, stage 3, 67 DAFB, stage 4, 102 DAFB, stage 5, 130 DAFB and 

stage 6, 146 DAFB, from trees at the Plant & Food Research orchard (Nelson, New Zealand).  

Samples were separated into skin and cortex, and the core was discarded.  Each sample time 
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point was made up of six apples and the leaves of 2 genotypes; the white-fleshed commercial 

cultivar Malus x domestica ‘Sciros’ (Pacific Rose™, derived from a cross between ‘Gala’ and 

‘Splendour’) and an open-pollinated red-fleshed seedling of Malus x domestica ‘Red Field’ (a 

cross between 'Wolf River' and Malus pumila ‘Niedzwetzkyana’) (Brooks and Olmo, 1972).  For 

the first developmental fruit time point (7 DAFB), successful excision of skin from cortex was 

not possible, so this time point was excluded.  All samples were snap frozen in liquid nitrogen 

and stored at -80 ºC.  Other plant material as follows:   

 

Apple:  Malus x domestica ‘Royal Gala’.  

Arabidopsis:  Arabidopsis thaliana (ecotype Columbia Col-0). 

Tobacco:  Nicotiana tabacum ‘Samsun’ and leaves of Nicotiana benthamiana. 

 
2.4 Oligonucleotides 
 
Oliginucleotide primers were designed to sense (S) or anti-sense (AS) strands of DNA sequence 

and were commercially synthesised (Invitrogen, NZ).  Incorporation of restriction sites into 

primer sequences for subsequent cloning reactions is noted in the description column in the 

following tables.   
 

Table 2-2:  Sequence of primers used in qPCR analysis. 
 
Primer Sequence 5′ to 3′ Description 

RE45 TGACCGAATGAGCAAGGAAATTACT MdActin (S) 

RE64 TACTCAGCTTTGGCAATCCACATC MdActin (AS) 

RE51 GGAGACAACTGGAGAAGGACTGGAA MdCHS1 (S) 

RE57 CGACATTGATACTGGTGTCTTCA MdCHS1 (AS) 

RE170 AACAAGGCAAGTGCTGTCGGATTACGGT MdCHS2 (S) 

RE171 CTCCAGTCCCTCCCCGGTCGTTTTG MdCHS2 (AS) 

RE172 CAGTCTTGTGGGTCAAGCCTTGTTTGGT MdCHS3 (S) 

RE173 ATTCTTGGAAATAAGCCCGGGAACG MdCHS3 (AS) 

RE118 GGGATAACCTCGCGGCCAAA MdCHI (S) 

RE119 GCATCCATGCCGGAAGCTACAA MdCHI (AS) 

RE116 TGGAAGCTTGTGAGGACTGGGGT MdF3H (S) 

RE117 CTCCTCCGATGGCAAATCAAAGA MdF3H (AS) 

RE50 GATAGGGTTTGAGTTCAAGTA MdDFR1 (S) 

RE60 TCTCCTCAGCAGCCTCAGTTTTCT MdDFR1 (AS) 

RE50(2) TGCGTACAATATTCCCACAAAGTTCG MdDFR2 (S) 

RE167 GATTGATTCCGATTCCGGCCG MdDFR2 (AS) 
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RE168 TGCCGGAATCGGAATCGGAATCAAG MdDFR1 (AS) 

RE46 CCAAGTGAAGCGGGTTGTGCT MdLDOX1 (S) 

RE61 CAAAGCAGGCGGACAGGAGTAGC MdLDOX1 (AS) 

RE114 CCACCGCCCTTCCAAACACTCT MdUFGT (A) 

RE115 CACCCTTATGTTACGCGGCATGT MdUFGT (AS) 

RE112 AGGGTTCCAGAAGACCACGCCT MdbHLH3 (S) 

RE113 TTGGATGTGGAGTGCTCGGAGA MdbHLH3 (AS) 

RE110 ATGTTTTTGCGACGGAGAGAGCA MdbHLH33 (S) 

RE111 TAGGCGAGTGAACACCATACATTAAAGG MdbHLH33 (AS) 

RE120 TGCCTGGACTCGAGAGGAAGACA MdMYB10 (S) 

RE121 CCTGTTTCCCAAAAGCCTGTGAA MdMYB10 (AS) 

 
Table 2-3:  Sequence of primers used in general cloning. 
 
Primer Sequence 5′ to 3′ Description 

RE73 GCAGGAAAAGTTGCAGRYTTAGRTGGTTGA

ATTATYTGARGCC 

Degenerate primer - R2R3 

MYB domain 

RE77 GAGAATCGATCCGCAATCGAGTGTTCC 5′ RACE - 1º PCR 

RE78 ACCACCTGTTTCCCAAAAGCCTGTGAAGTCT 5′ RACE - 2º PCR 

RE95 TAAGAGATGGAGGGATATAACG MdMYB10 cDNA isolation (S) 

RE96 CTAGCTATTCTTCTTTTGAATGATTC MdMYB10 cDNA isolation 

(AS) 

RE147 CACTTTCCCTCTCCATGAATCTCAAC Genome walk 1 – 1º PCR 

RE148  CAGGTTTTCGTTATATCCCTCCATCTC Genome walk 1 – 2º PCR 

RE149 GCGTGGCTGGTAGGAAGTAGGAA Genome walk 2 – 1º PCR 

RE150 GTCGACCACGCGTGCCCTATAG Genome walk 2 – 2º PCR 

RE158 ACCCTGAACACGTGGGAACCG Promoter isolation (S) 

RE159 CTCTTATCTGCTAGCAGCTAAGCTTAGC Promoter isolation (AS) 

RE188 ATAGAGCTCACCCTGAACACGTGGGA Promoter cloning (SacI) (S) 

RE189 ATTGTCTTCCTCTCGAGTCCAGGCA Promoter cloning (XhoI) (AS) 

RE185 CACCATGGAGGGATATAACGAA pET30 cloning MdMYB10 

(NcoI) (S) 

RE195 ATGAGCTCTTCTCTAGCTATTCTTCTTTTGA

ATG 

pET30 cloning MdMYB10 

(SacI) (AS) 

RE274 CTATATATCGAGTGTGTGTGTGTGTGTGTAT

TTCACAACTGTTGGAATGTTTGAA 

R1-R insert (S) 

RE275 AAACATTCCAACAGTTGTGAAATACACACA

CACACACACACTCGATATATAG 

R1-R insert (AS) 

RE276 CTATATATCGAATTTCACAACTGTTGGAATG

TTTGAA 

R1-MS insert (S) 
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RE277 AAAACATTCCAACAGTTGTTATTAGCTACCA

GTCTAACTTGTGAAATTCGATATATAG 

R1-MS insert (AS) 

RE212 GAGCTCATGTTAGCTTTTCTATATATCGA R1+ inverse PCR (S) 

RE213 GGATCCTTCTGCACGACAACATTGACAA R1+ inverse PCR (AS) 

RE162 ATGTTGTCGTGCAGAAATGTTAG Minisatellite unit(S) 

R6 Reverse GTAGCTATTAACAAGTTAGACTGTGT Minisatellite unit(AS) 

F1 (RE162) ATGTTGTCGTGCAGAAATGTTAG uORF analysis (S) 

F2 (RE183) CACAAGTTAGACTGGTAGCTAATAACAAC uORF analysis (S) 

F3 (RE182) GAATGTTTTAAACTTGTCAGTGTTTGCT uORF analysis (S) 

F4 (RE179) TCTGTGGATATCAGACATGCACGTC uORF analysis (S) 

F5 (RE180) GCGTTAATGTCATGGCAAACAC uORF analysis (S) 

F6 (RE181) GTAGCAGGCAAAAGAATAGCTAAGC uORF analysis (S) 

R1 (RE121) CCTGTTTCCCAAAAGCCTGTGAA uORF analysis (AS) 

R2 (RE161) CCAGTGACGTGCATGTCTGATATCC uORF analysis (AS) 

 
Table 2-4:  Sequence of primers used in EMSA. 
 
Primer Sequence 5′ to 3′ Description 
r1 (RE215) GTTAGACTGGTAGCTATTAACAA EMSA probe & competitor (S) 

r1 (RE216) TTGTTAATAGCTACCAGTCTAAC EMSA probe & competitor 

(AS) 

m1 (RE233) ACGGAACTGGTAGCTATTAACAA EMSA competitor (S) 

m1 (RE234) TTGTTAATAGCTACCAGTTCCGT EMSA competitor (AS) 

m2 (RE235) GTTAGGACTGTAGCTATTAACAA EMSA competitor (S) 

m2 (RE236) TTGTTAATAGCTACAGTCCTAAC EMSA competitor (AS) 

m3 (RE237) GTTAGACTGTGCATTATTAACAA EMSA competitor (S) 

m3 (RE238) TTGTTAATAATGCACAGTCTAAC EMSA competitor (AS) 

m4 (RE239) GTTAGACTGGTAGCCGGGAACAA EMSA competitor (S) 

m4 (RE240 TTGTTCCCGGCTACCAGTCTAAC EMSA competitor (AS) 

m5 (RE241) GTTAGACTGGTAGCTATTCCTCG EMSA competitor (S) 

m5 (RE242) CGAGGAATAGCTACCAGTCTAAC EMSA competitor (AS) 

mA (RE219) GTTAGACTGACCGCTATTAACAA EMSA competitor (S) 

mA (RE220) TTGTTAATAGCGGTCAGTCTAAC EMSA competitor (AS) 

mB (RE221) GCCGGACTGGTAGCTATTAACAA EMSA competitor (S) 

mB (RE222) TTGTTAATAGCTACCAGTCCGGC EMSA competitor (AS) 

 
2.5 Growth media 
 
Growth media were sterilised by autoclaving at 120 ºC, 20 min.  If necessary the media pH was 

adjusted using NaOH or HCl.  Selection antibiotics were added as required. 
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Luria-Bertani (LB) broth:  1% (w/v) bactotryptone, 0.5% (w/v) yeast extract, 1% (w/v) NaCl, pH 

7.0. 

LB plates:  LB broth, plus 1.5% (w/v) bacto agar. 

SOC media:  1.6% (w/v) Bactotryptone, 1% (w/v) yeast extract , 0.5% (w/v) NaCl, 10 mM 

MgCl2, 10 mM MgSO4, 20 mM glucose, pH 7.0. 

ZY base media:  1.6% (w/v) Bactotryptone, 1% (w/v) yeast extract.  

ZYM-5052 Auto-induction media:  1.6% (w/v) Bactotryptone, 1% (w/v) yeast extract, 1 mM 

MgSO4, 0.1% (v/v) 1000 x base metal mix, 2% (v/v) 50 x 5052, 5% (v/v) NPS. 

 
2.6 Antibiotic stock solutions 
 
Ampicillin  100 mg ml-1 

Chloramphenicol 35 mg ml-1 

Kanamycin  50 mg ml-1 

Spectinomycin  100 mg ml-1 

Streptomycin  50 mg ml-1 

 
2.7 Solutions and common buffers 
 
5052:  25% (w/v) glycerol, 2.5% (w/v) glucose, 10% (w/v) α-lactose. 

Acetosyringone:  200 mM, dissolved in dimethyl sulfoxide (DMSO). 

EMSA binding buffer:  10 mM tris, 50 mM KCl, 2.5 mM DTT, 1 µg poly(dI-dC), 10 ug BSA, 

4% glycerol. 

His Trap binding buffer:  30 mM imidazole, 0.5 M NaCl, 5 mM dithiothreitol (DTT), 20 mM 

sodium phosphate, pH 7.4.  

His Trap elution buffer:  500 mM imidazole, 0.5 M NaCl, 5 mM dithiothreitol (DTT), 20 mM 

sodium phosphate, pH 7.4.  

Infiltration buffer:  10 mM MgCl2, 10 µM acetosyringone. 

NPS (20 x):  6.6% (v/v) (NH4)2SO4, 13.6% (v/v) KH2PO4, 14.2% (v/v) Na2HPO4.  

Phosphate Buffer Saline (PBS):  6.3 mM Na2HPO4, 0.2 mM KH2PO4, 2.6 mM KCl, 138 mM 

NaCl, pH 7.4. 

RNA extraction buffer:  2% (w/v) CTAB (hexadecyltrimethylammonium bromide), 2% (w/v) 

PVP (polyvinylpyrrolidinone), 100 mM Tris-HCl (pH 8.0), 25 mM EDTA, 2.0 M NaC1, 0.5g/L 

spermidine (+ 2% (v/v) β-mercaptoethanol added just before use).  
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SDS loading buffer:  250 mM Tris-HCl, 8% (w/v) SDS, 40% (v/v) glycerol, 20% (v/v) 2-

mercaptoethanol, 0.004% (w/v) bromophenol blue, pH 6.8. 

Semi-dry transfer buffer:  25 mM Tris, 192 mM glycine, 10% (v/v) methanol.  

SSTE:  1M NaCl, 0.5% (v/v) SDS, 10mM Tris-HCl pH 8.0, 1mM EDTA pH 8.0. 

TBS:  30 mm Tris, 150 mM NaCl. 

TBS-Tween 20:  30 mM Tris-HCl, 150 mM NaCl, 0.05% (v/v) Tween 20, pH 7.5. 

Trace metals mix (1000 x):  0.1 M FeCl3, 1 M CaCl2, 1 M MnCl2, 0.2 M CoCl2, 0.1 M CuCl2, 

0.2 M NiCl2, 0.1 M Na2MoO4, 0.1 M Na2SeO3, 0.1 M ZnSO4, 0.1 M H3BO3. 

 
2.8 Radioisotopes, chemicals and enzymes 
 

All chemicals used were of molecular biology grade, typically purchased from Sigma-Aldrich 

(USA) or BDH (United Kingdom).  Radioisotopes ([32P]-γ-ATP) were purchased from Perkin 

Elmer (USA).  Commonly used enzymes were as follows: 

 

Ligation:  Rapid DNA ligation kit (Roche, Germany). 

Restriction digestion:  Enzymes, buffers and BSA from New England Bioloabs (USA). 

Reverse transcriptase:  Transcriptor Reverse Transcriptase (Roche, Germany) or Superscript III 

cDNA synthesis kit (Invitrogen, USA). 

SYBR green master mix:  LightCycler FastStart SYBR Green Master Mix (Roche, Germany). 

T4 DNA polymerase:  Promega, USA 

T4 polynucleotide kinase (PNK):  New England Bioloabs (USA) 

Taq polymerase:  Platinum taq (Invitrogen, USA), PWO DNA polymerase (Roche, Germany) or 

TaKaRa LA Taq (Takara, Japan).   

 

2.9 Manipulation of bacteria 
 
2.9.1 Transformation of E. coli (DH5α and BL21) 

 
Commercially available competent E. coli were transformed by the freeze-thaw method.  A 5 μl 

aliquot of plasmid DNA or ligation reaction mixture was added to 50 μl thawed cells in a 1.5 ml 

tube and gently mixed.  The cells were incubated on ice for 30 min before heat-shock at 42 ºC 

for 40 s (DH5α) or 20 s (BL21) in a waterbath, followed by a further 3 min on ice.  A 0.95 ml 

aliquot of LB or SOC media was added to each tube and incubated for 1 h at 37 ºC with shaking 

at 250 rpm.  Aliquots of 30 μl and 100 μl of the transformation mixture were spread onto LB 

agar plates containing the appropriate antibiotic.  The plates were incubated at 37 ºC for 16-20 h. 
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2.9.2 Transformation of Agrobacterium GV3101 and LBA4404 

 
Binary vectors were transferred into Agrobacterium tumefaciens (Agrobacterium) GV3101 (for 

Arabidopsis and tobacco) and LBA4404 (for apple) by electroporation.  Competent cells (50 μl 

aliquots) were thawed on ice and plasmid DNA (50-200 ng in 1 μl water) was added, gently 

mixed and pipetted into a pre-chilled electroporation cuvette (0.2 cm gap, Bio-Rad Laboratories, 

USA). The cuvette was placed in a GenePulser (Bio-Rad Laboratories, USA) and electroporation 

was carried out at a voltage of 2.5 kV (capacitance 25 μFd, resistance: 400 Ohms) with a typical 

pulse time of 7-9 ms.  The cells were recovered by addition of 1 ml LB, transferred to 1.5 ml 

tubes and incubated at room temperature, with shaking (60 rpm) for 2 h.  Aliquots of 10 μl and 

100 μl of the transformed bacteria were spread onto separate LB plates containing the 

appropriate antibiotics.   Plates were grown at 28 °C for 48 h. 

 
2.10 Manipulation of plants 
 
2.10.1 Cultivation of tobacco, apple and Arabidopsis 

 
Arabidopsis, tobacco and apple plants were maintained in the glasshouse using standard growth 

conditions and media with the aid of Julie Nicholls and G. Wadasinghe, Plant & Food Research, 

Auckland.  Glasshouse conditions varied depending upon the season, but typical conditions for 

short days were 10 h light, 14 h dark, and for long days 16 h light, 8 h dark. Light intensity also 

varied, but a typical measurement on an overcast day was 150-200 μE m-2 s-1.   

 

For the sterilisation of Arabidopsis seed, 20 mg of seed (approximately 1000 seeds) were washed 

in a bleach solution (1.5% (v/v) available chlorine containing 0.01% (v/v) Triton-X) for 30 min 

with vortexing every 2 – 3 min. The seed was then rinsed several times with distilled water, and 

resuspended in 0.1% (w/v) agarose.  Transgenic seed was plated onto ½ x MS media, containing 

50-100 μg ml-1
 kanamycin.  Plates were transferred into growth rooms with a 12 h light/12 h dark 

cycle, and light intensity of 50 μE m-2 s-1.  After approximately 2 weeks, seeds that had 

germinated into plants were transferred to fresh kanamycin containing media for a further week’s 

growth.  Plants were then transferred into soil and grown in a humidity chamber for 2-3 days, 

before relocation to the glasshouse.  Arabidopsis plants and seeds were analysed for phenotypic 

variation caused by anthocyanin accumulation. 

 
Tobacco seed sterilization was conducted by Kui Lin-Wang, Plant & Food Research, Auckland, 

using similar methods.   
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2.10.2 Apple tree grafting and accelerated growth conditions  

 
After tissue culture, transformed plantlets of ‘Royal Gala’ transgenic lines were micro-grafted 

onto ‘M9’ rootstock, adapted from a previously described protocol (Lane et al., 2003) and grown 

in a PC2 containment glasshouse.  The scions were tissue cultured transgenic shoots, 

approximately 3 cm long.  Scions were prepared by cutting a section at the base of the stem and 

cutting back most of the expanded leaves.  M9 rootstocks were prepared by pruning growing 

shoots to approximately 10 cm from the base, making two short cuts through the bark and 

peeling the bark back for scion insertion.  The scion was inserted under the bark of the rootstock, 

held in place with a short strip of masking tape and covered with a small polythene bag to 

prevent excessive moisture loss. The grafted plants were placed in a shaded area for 10 to 14 

days until leaf expansion was detected on the scions. The bags were removed and the plants 

gradually exposed to higher light levels.  Once growth was established the trees were transferred 

to the National Climate Laboraties at Plant & Food Research in Palmerston North where they 

were maintained by Cara Norling.  Growth conditions are shown in Table 2-5.  Additional 

treatments included a copper spray before & after flowering, regular application of half strength 

Hoagland’s nutrient solution, three Wuxal liquid fertiliser applications during early flowering, 

application of growth regulator (100 ppm) (Regulox, Bayer, UK) applied to active shoots at tree 

top level (not near fruit) and two Wuxal root feeds, which were applied during late flowering.   

 
Table 2-5:  Growth regime for the 35S:MdMYB10 ‘Royal Gala’ lines.  Stages are, 1 (tree growth), 2 (winter 
chilling) and 3 and 4 (spring/summer).  
 
Stage Period  

(Months) 

Day 

Temp (ºC) 

Night  

Temp (ºC) 

RH  

(%) 

CO2 

(ppm) 

Light  

(µmol m-2 s-1) 

Daylength 

(Hour) 

1 8  25 ºC 25 ºC 85% 1000  900  18  

2 2    8 ºC   8 ºC 90% 350 900    8  

3 4  20 ºC 20 ºC 80% 350  550  18  

4 2  25 ºC 15 ºC 80% 350  550  18  

 

2.11 Transformation technology 
 
2.11.1 Transformation of Arabidopsis 

 
The floral dip method was used for Agrobacterium–mediated transformation of Arabidopsis 

thaliana (Clough and Bent, 1998).  Arabidopsis ecotype Columbia (Col-0) plants were grown 
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from seed for approximately 5 weeks, under long day conditions, to promote flowering.  

Agrobacterium containing a binary vector for plant transformation was inoculated into 10 ml of 

LB media containing the appropriate antibiotics for 24 h at 28 ºC, with shaking at 200 rpm.  

These cultures were used to inoculate a further 100-200 ml of LB media, with antibiotics, which 

were grown for 24 h at 28 ºC, with shaking.  The cells were collected by centrifugation (3,500 x 

g, 10 min, 4 ºC) and resuspended to a final A600 of 0.8, in 5% (w/v) sucrose solution with 0.05% 

(v/v) Silwet L-77 (OSi Specialties, USA).  Arabidopsis plants, showing a number of immature 

flower clusters, were used for the dipping procedure. The entire above ground portion of each 

plant was dipped into the Agrobacterium suspension, and gently agitated for 3-5 s.  The dipped 

plants were then placed in humidity chambers in reduced light for 2-3 d, before being allowed to 

flower and set seed as normal. 

 
2.11.2 Transformation of tobacco 

 
The stable transformation of N. tabacum was kindly carried out by Kui Lin-Wang, Plant & Food 

Research, Auckland, based on a method described by Svab et al., (1975).   

 

2.11.3 Dual luciferase assay of transiently transformed tobacco leaves  

 
N. benthamiana plants were grown under glasshouse conditions in full potting mix, using natural 

light with daylight extension to 16 h, until at least 6 leaves were available for infiltration with 

Agrobacterium.  Plants were maintained in the glasshouse for the duration of the experiment.  

Transformed Agrobacterium cultures containing reporter cassettes and candidate TFs were 

cultured on LB agar plates containing the appropriate antibiotics and incubated at 28 °C.  A 10 μl 

loop of bacterium was re-suspended in 10 ml of infiltration media (10 mM MgCl2, 0.5 μM 

acetosyringone), to an OD600 of 0.2, and incubated at room temperature without shaking for 2 h 

before infiltration.  Infiltrations were performed according to the methods of Voinnet et al. 

(2003), using a 1 ml syringe with no needle attached.  Approximately 150 μl of this 

Agrobacterium mixture was infiltrated at six points into a young leaf of N. benthamiana and 

transient expression was assayed 3 days after inoculation.  Six technical replicates of 3 mm 

diameter leaf discs were excised from each plant using a leaf hole-punch and buffered in 

Phosphate Buffer Saline (PBS).  Plate-based assays were conducted using a Berthold Orion 

Microplate Luminometer (Berthold Detection Systems, Germany) according to the 

manufacturer’s specifications for the dual luciferase assay, using the Dual Glow assay reagents 
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(Promega) for firefly luciferase and Renilla luciferase.  Luminescence was calculated using 

Simplicity version 4.02 software (Berthold Detection Systems, Germany).   

 

2.11.4 Induction of anthocyanins by transient transformation of tobacco 

 
N. tabacum were grown as above and maintained in the glasshouse for the duration of the 

experiment.  Agrobacterium cultures were incubated as for the dual luciferase assay and separate 

strains containing one of the MdMYB10 promoter fusions (35S:MdMYB10, R1:MdMYB10 or 

R6:MdMYB10) and 35S:MdbHLH3 were mixed (500 μl each) and infiltrated into the abaxial leaf 

surface as for the luciferase assay.  Six separate infiltrations were performed into N. tabacum 

leaves (two plants per treatment) and changes in colour were observed.  For the quantitative 

measurements of colour change, readings were taken daily using a Minolta CR-300 (Konica 

Minolta, USA) chroma meter (calibrated to D65 light) using the L*a*b* system (CIE, 1986).  

Pigmentation was typically visible four days after infiltration.  The level of pigmentation 

increased throughout the experimental period; digital photographs and microscope images were 

taken eight days after infiltration.  To control for leaf-to-leaf variability, at least 2 leaves were 

infiltrated, and each leaf included positive (Agrobacterium cultures carrying 35S:MdMYB10 and 

35S:MdbHLH3) and negative (Agrobacterium with empty vector) controls. 

 
2.11.5 Transformation of apple 

 
The transformation of apple was kindly carried out by Sumathi Kutty-Amma, Plant & Food 

Research, Auckland.  Transgenic Malus x domestica ‘Royal Gala’ plants were generated by 

Agrobacterium-mediated transformation of leaf pieces, using a method previously reported (Yao 

et al., 1995). 

 
2.12 Microscopy 
 
Apple leaf sections from 35S:MdMYB10 and control lines were sandwiched in cork (Cutler et al., 

2008) and sectioned using a Vibratome 1000 (Vibratome, USA).  Sections were mounted on 

glass slides with a drop of glycerol (due to the high solubility of anthocyanins in water) and 

examined in bright field using an Olympus Vanos AHT3 microscope (Olympus Optical, Japan).   

 
2.13 Analysis of photosynthetic activity 
 
The fluorescence yield (F) and maximal yield (Fm′) were measured using a Pulse-Amplitude 

Modulation (PAM) Chlorophyll Fluorometer (Walz GmbH, Germany), according to the 
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manufacturer’s instructions.  Leaves were ‘relaxed’ in the dark for >10 min prior to analysis.  A 

darkened situation was maintained throughout the measurement period.  Six readings at 1 min 

intervals were taken at each of the 6 light levels.  Chlorophyll fluorescence was measured at 660 

nm to 760 nm.  True light levels were measured with a lightmeter (Li-COR, USA) and 

calculations adjusted accordingly, using a correction factor of 0.345.  The overall quantum yield 

of photochemical energy, the photosynthesis yield, was expressed as: 

 

Yield (Y) = (Fm′ – F)/Fm′ = ΔF/Fm,  

 

The ETR was calculated as follows: 

 

Yield (Y) x Photosynthetic active radiation (PAR) = Electron Transport Rate (ETR) 

 

ETR was then multiplied by 0.5 (a single electron requires the absorption of two quanta) and by 

0.84 (the fraction of incident light absorbed by a leaf).   

 

2.14 Volatile analysis 
 
Aroma compounds were extracted from whole apples.  For each replicate, apple fruit at a similar 

maturation stage and of a similar total weight (approximately 250 g) were removed from cool 

store and allowed to warm to room temperature.  Fruit were placed in 1 litre Quickfit® 

Erlenmeyer flasks which were fitted to a headspace adptor with an air inlet and outlet.  Aromas 

were sampled with Chromosorb 105TM (Sigma, USA) packed cartridges.  After equilibriation of 

the closed system for 20 min at room temperature, the samples were flushed with clean air for 40 

min at 25 ml min-1, trapping through the cartridge.  For the identification and confirmation of 

compounds, a mass spectrometer coupled to a gas chromatagragh was used (Pegusus® III GC-

TOF-MS, Leco, USA) according to the method described by Matich et al. (2003).  Component 

identification was carried out using the Leco ChromaTOF software v. 3.34 (optimised for 

Pegasus®) and the in-house Plant & Food Research compound database.  Quantification was 

carried out using direct comparison of authentic standards of a known volume.   

 

2.15 Identification of anthocyanin compounds 
 
Tobacco or apple samples (of < 3 g) were freeze-dried and ground before re-suspension in 5 ml 

methanol and 0.1% HCl.  Samples were sonicated for 5 min and anthocyanins extracted at room 
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temperature for 2 h in the dark.  Samples were centrifuged at 3500 rpm for 2 min and aliquots of 

1 ml were dried down to completion overnight in a pre-chilled Labconco Centrivap Concentrator 

(Labconco, USA).  Samples were re-suspended in 20% methanol.   

 

Anthocyanins were characterized by HPLC on a 250 x 4.6 mm, Synergi, 4m particle size, Polar-

RP, 80 Å pore size, ether-linked phenyl column (Phenomenex, New Zealand).  This was fitted to 

a Shimadzu analytical HPLC (Shimadzu Scientific Instruments, USA) with a column oven, auto-

sampler, vacuum solvent degasser and diode-array detector.   Solvents were (A) acetonitrile with 

0.1% formic acid and (B) acetonitrile/water/formic acid, 5:92:3.  The flow rate was 1.5 ml min-1 

and the column temperature was 45 ºC.  The content of solvent A was 0% at time zero and 

ramped linearly to 17% at 17 min, 20% at 20 min, 30% at 26 min, 50% at 28.5 min, 95% 

between 32 and 35 min, then back to 0% between 36 and 42 min.  Quantification of reaction 

products was at 520 nm for anthocyanins and 280 nm for other phenolics.  Spectra were recorded 

from 240-600nm in 4 nm steps.  The sample injection volume was 40 µL.  Anthocyanins were 

identified as previously described (Stevenson et al., 2006), with reference to standards of 

anthocyanin compounds.  Peaks predicted to represent anthocyanins were confirmed by LCMS, 

which was kindly carried out by Janine Cooney, Plant & Food Research, Ruakura.   

 
2.16 DNA technology 
 
2.16.1 Plasmid DNA isolation 

 
Plasmid DNA was purified from overnight LB cultures (typically 3 ml) of E. coli using the 

Qiagen Qiaprep Miniprep kit (Qiagen, Germany), according to the manufacturer’s instruction.    

Typically, concentration of recovered DNA was estimated at 200 ng µl-1.   

 
2.16.2 Plant genomic DNA isolation 

 
Genomic DNA was isolated from apple using the Dneasy Plant Mini Kit (Qiagen, Germany), 

according to the manufacturer’s instructions. 

 
 
2.16.3 Isolation of MdMYB10 by degenerate PCR and 5′ RACE 

 
A degenerate primer with 32 fold degeneracy (section 2.4) was designed to amplify MYB TFs 

from apple cDNA at the R2R3 site, based on sequence homology with known MYB regulators 

of anthocyanin biosynthesis in other species.  The degenerate primer was designed in reverse 
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orientation and used in conjunction with oligo dTs to amplify target mRNA.  The predicted size 

was between 600 and 800 bp, based on homologous sequences.  PCR conditions were as follows:  

95 °C for 5 min followed by 35 cycles of 95 °C (30 s), 55 °C (30 s) and 72 °C (60 s) with a final 

extension at 72 °C for 5 min.  The PCR products were cloned into pGEM-T Easy and sequenced 

(Appendix 9.3).  Sequence analysis enabled the design of nested primers for 5′ RACE (section 

2.4).  A GeneRacerTM kit (Invitrogen, USA) was used to amplify 5′ cDNA ends, according to the 

manufacturer’s instruction.  PCR products were cloned into pGEM-T Easy and sequenced.   

 
2.16.4 Isolation of MdMYB10 promoter region by genome walking 

 
Upstream DNA, immediately adjacent to the transcription start site of MdMYB10, was isolated 

from apple genomic DNA by PCR genome walking based on the GenomeWalker™ kit (BD 

Biosciences Clontech, USA) protocol.  Genomic DNA was extracted from Malus x domestica 

‘Sciros’ (Pacific Rose™, derived from a cross between ‘Royal Gala’ and ‘Splendour’).  Seven 

libraries were constructed from high quality gDNA preparations by digestion with seven 

restriction enzymes (DraI, Ecl13611, EcoRV, ApaI, ScaI, SspI and StuI), leaving blunt ends, to 

which the GenomeWalker™ adaptor was ligated.  Nested primers to the coding region of 

MdMYB10 were designed (section 2.4) and used in conjunction with adaptor primers for primary 

and secondary PCR, following the manufacturer’s method for GenomeWalker™.  The PCR 

products were cloned using the TOPO TA Cloning® kit (Invitrogen, USA) according to the 

manufacturer’s instructions and the sequences aligned using Vector NTI v9.0 (Invitrogen, USA).  

This resulted in approximately 800 bp of confirmed upstream sequence.  Since this did not reach 

the target of at least 1 kb of promoter region, a second genome walk was performed, with nested 

primers based on the sequence from the first walk (section 2.4) and resulted in a total of 1.7 kb of 

upstream sequence adjacent to the transcription start site.  The PCR products were cloned using 

the TOPO TA Cloning® kit (Invitrogen) and the sequences aligned using Vector NTI v9.0 

(Invitrogen, USA).  Promoter fragments from genomic DNA was subsequently isolated from 

Malus x domestica 'Granny Smith', Malus x domestica ‘Royal Gala’ and Malus x domestica 

‘Red Field’ OP, using forward and reverse primers (section 2.4).   

 

2.16.5 Cloning 

 
Unless stated otherwise, all general cloning procedures including restriction digestion, ligation 

and DNA purification were carried out according to standard protocols (Sambrook et al., 1989).  

For all generic sub-cloning of PCR products for sequencing and downstream applications, the 
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pGem-T Easy vector (Promega, USA) was used and ligations carried out according to the 

manufacturer’s instructions.  All vectors for plant transformation were sequenced to confirm 

authenticity.  The plasmids referred to in this thesis are summarized in Table 2-6 and a 

description of the cloning strategies for each construct follows.   

 
Table 2-6:  Description of plasmids constructed for this thesis. 
 
Plasmid Donor vector Description 

pGreen-AtDFR:LUC pGreen 0800-LUC Arabidopsis DFR promoter trap for tobacco transient 

transformation 

pGreen-MdDFR:LUC pGreen 0800-LUC Apple DFR promoter trap for tobacco transient transformation 

pSAK-35S:MdMYB10 pSAK277 Binary vector for plant transformation with 35S driving 

MdMYB10  

pSAK-R1:MdMYB10 pSAK277 Binary vector for plant transformation with MdMYB10 R1 driving 

MdMYB10  

pSAK-R6:MdMYB10 pSAK277 Binary vector for plant transformation with MdMYB10 R6 driving 

MdMYB10  

pGreen-R1:LUC pGreen 0800-LUC Apple R1 promoter trap for tobacco transient transformation 

pGreen-R6:LUC pGreen 0800-LUC Apple R6 promoter trap for tobacco transient transformation 

pGreen-R2:LUC pGreen 0800-LUC Apple R2 promoter trap for tobacco transient transformation 

pGreen-R3:LUC pGreen 0800-LUC Apple R3 promoter trap for tobacco transient transformation 

pGreen-R4:LUC pGreen 0800-LUC Apple R4 promoter trap for tobacco transient transformation 

pGreen-R1+:LUC pGreen 0800-LUC Apple R1+ promoter trap for tobacco transient transformation 

pGreen-R1ΔA:LUC pGreen 0800-LUC Apple R1ΔA promoter trap for tobacco transient transformation 

pGreen-R1ΔB:LUC pGreen 0800-LUC Apple R1ΔB promoter trap for tobacco transient transformation 

pGreen-R1ΔC:LUC pGreen 0800-LUC Apple R1ΔC promoter trap for tobacco transient transformation 

pGreen-R1ΔD:LUC pGreen 0800-LUC Apple R1ΔD promoter trap for tobacco transient transformation 

pGreen-R6ΔA:LUC pGreen 0800-LUC Apple R6ΔA promoter trap for tobacco transient transformation 

pGreen-R6ΔB:LUC pGreen 0800-LUC Apple R6ΔB promoter trap for tobacco transient transformation 

pGreen-R6ΔC:LUC pGreen 0800-LUC Apple R6ΔC promoter trap for tobacco transient transformation 

pGreen-R6ΔD:LUC pGreen 0800-LUC Apple R6ΔD:promoter trap for tobacco transient transformation 

pGreen-R0:LUC pGreen 0800-LUC Apple R0 promoter trap for tobacco transient transformation 

pGreen-R1-R:LUC pGreen 0800-LUC Apple R1-R promoter trap for tobacco transient transformation 

pGreen-R1-ms:LUC pGreen 0800-LUC Apple R1-ms promoter trap for tobacco transient transformation 

pGreen-R5:LUC pGreen 0800-LUC Apple R5 promoter trap for tobacco transient transformation 

pGreen-R6-ms:LUC pGreen 0800-LUC Apple R6-ms promoter trap for tobacco transient transformation 

pET:MdMYB10 pET30a(+) MdMYB10 cDNA in protein expression vector 

pET:MdMYB10CO pET30a(+) Codon optimised MdMYB10 cDNA in protein expression vector 

pET:MdMYB10ΔC1 pET30a(+) C-Term deletion MdMYB10 in protein expression vector 
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AtDFR:LUC:  The promoter sequence for the Arabidopsis DFR gene was cloned into the pGreen 

0800-LUC vector by Roger Hellens, Plant & Food Research, Auckland, as described in Espley et 

al. (2007).   

 

MdDFR:LUC:  A 1.3 kb promoter fragment from the apple DFR1 gene was isolated by genome 

walking and was inserted into the cloning site of pGreen 0800-LUC.  The sequence was 

modified to introduce an NcoI site at the 3’ end of the sequence, allowing the promoter to be 

cloned as a transcriptional fusion with the firefly luciferase gene (LUC).  The isolation and 

cloning were carried out Roger Hellens, Plant & Food Research, Auckland. 

 

Plant & Food Research TF library clones:  EST-derived constructs, including all the TFs used in 

the transient assay screen, were cloned by the Plant & Food Research cloning team (Andrew 

Gleave and Sakuntala Karunairetnam).  ESTs were cloned into the pART7/27 binary vector 

system (Gleave, 1992) with the appropriate plant regulatory signals including the CaMV35S 

promoter and octopine synthase terminator.  For clones lacking suitable restriction sites for 

conventional cloning, Gateway (Invitrogen, USA) recombinant technology was used to clone 

into pHEX vectors with the same regulatory signals as pART7/27, as described in Hellens et al., 

(2005).   

 
35S:MdMYB10:  The MdMYB10 cDNA sequence was isolated from pGEM-T Easy by sequential 

restriction digestion, using the unique sites for HindIII (situated at the extreme 5′ end of the 

MdMYB10 5′ UTR) and SalI (located in the pGEM-T Easy MCS).  The pSAK277 binary vector 

was linearised using the unique sites for HindIII and XhoI.  Restriction digestion by XhoI was not 

possible for MdMYB10 as a XhoI site was located in the coding region.  Digestion by SalI or 

XhoI leaves compatible overhangs for directional cloning.  However, the restriction site is lost 

when the vector and insert are ligated (Figure 2-1).   
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35S:MdMYB10
14611 bp
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pnos

35S

322 Ori

RK2 Ori

Figure 2-1:  pSAK277 was used as the binary vector for 
the MdMYB10 coding sequence.  The vector was 
linearised with HindIII and XhoI while the MdMYB10 insert 
was isolated with HindIII and Sa

Position of 
SalI/XhoI site

HindIII (13782)

XhoI (13853)

lI.   
 
 
 SalI (11437)

 SalI (3433)

 
 
 
 
 
 

 
R1:MdMYB10 and R6:MdMYB10:  Genomic DNA of the promoter regions of MdMYB10, R1 and 

R6, and the 5′ region of the coding sequence were amplified by PCR using the primers RE187 

and RE188 (section 2.4).  These primers included the restriction enzyme sites SacI and XhoI 

respectively and produced a fragment that included the promoter and the 5′ region of the coding 

sequence to ensure the sequences was retained in the correct frame.  The pSAK vector, 

35S:MdMYB10, was digested with SacI and XhoI and the vector backbone purified from agarose 

gel.  Directional cloning of the insert into the linearised vector and was performed using SacI and 

XhoI restriction site overhangs.   

 
R1:LUC and R6:LUC:  The R1 and R6 promoter fragments were isolated from pGEM-T Easy 

plasmids using restriction digestion with Pst1 and SacII.  The pGreen 0800:LUC vector was 

similarly digested and purified from agarose gel (Figure 2-2).  The vector and insert were ligated 

and sequence verified.  All plant transformation using pGreen required the co-transformation of 

the pSOUP helper plasmid (Hellens et al., 2000), which provides trans-acting replication 

functions.    

 

R1:LUC
5571 bp

Renilla LuciferaseCaMV35S R1 promoter
CaMV terminator

CaMV terminator

PstI (1888)

Sac II (3604)

R1:LUC

 
Figure 2-2:  T-DNA region of the transient expression vector, pGreen 0800:LUC with the R1 promoter 
sequence fused to the Luciferase coding sequence.  The R6:LUC vector map is similar, except for the substitution 
of the R1 promoter fragment with R6.   
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R2:LUC, R3:LUC, and R4:LUC:  The difficulty of a PCR-based approach for the generation of 

repetitive DNA fragments necessitated the synthesis of the truncated minisatellite repeat unit.  

These were designed as R2 (the primary repeat unit and one other), R3 (the primary repeat unit 

and two others) and R4 (the primary repeat unit and three others).  Double stranded DNA 

synthesis was carried out by GeneArt, Germany (Figure 2-3).  The synthesised fragments were 

designed with DraI and SpeI restriction sites for cloning into R1:LUC.  A residual SpeI site was 

carried over from the cloned pGEM-T Easy fragment in R1:LUC (Figure 2-4).  The SpeI 

fragment was removed by restriction digestion prior to DraI digestion.  However, a DraI site in 

the vector backbone of pGreen was overlooked, necessitating the use of partial digestion 

techniques.  Following sequence verification, the SpeI fragment was then re-ligated and positive 

clones sequenced.   

 

R2:  

GTAACTAGTTACACGATTCTGCATTCACATTCATAGAATGTGCTTTTGAATATTATAT

TACAGCTAGAGAATTTTATGCCCTGGGATTGATTTCCCTTGTCAATGTTGTCGTGCAG

AAATGTTAGACTGGTAGCTATTAACAAAGACTGTGTGTGTGTGTGTATTTCACAAG

TTAGACTGGTAGCTATTAACAACTGTTGGAATGTTTTAAACTT 

 

R3: 

GTAACTAGTTACACGATTCTGCATTCACATTCATAGAATGTGCTTTTGAATATTATAT

TACAGCTAGAGAATTTTATGCCCTGGGATTGATTTCCCTTGTCAATGTTGTCGTGCAG

AAATGTTAGACTGGTAGCTATTAACAAGTTAGACTGGTAGCTATTAACAAGTTA

GACTGTGTGTGTGTGTGTATTTCACAAGTTAGACTGGTAGCTATTAACAACTGTTG

GAATGTTTTAAACTT 

 

R4:  

GTAACTAGTTACACGATTCTGCATTCACATTCATAGAATGTGCTTTTGAATATTATAT

TACAGCTAGAGAATTTTATGCCCTGGGATTGATTTCCCTTGTCAATGTTGTCGTGCAG

AAATGTTAGACTGGTAGCTATTAACAAGTTAGACTGGTAGCTATTAACAAGTTA

GACTGGTAGCTATTAACAAGTTAGACTGTGTGTGTGTGTGTATTTCACAAGTTAGAC

TGGTAGCTATTAACAACTGTTGGAATGTTTTAAACTT 

 
Figure 2-3:  Synthesised double stranded DNA fragments for the R2, R3 and R4 inserts.  SpeI and DraI 
restriction sites (underlined) were used for ligation.  The 23 bp repeat units are shown in bold.   
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R2:LUC
5644 bp

Renillia Luciferase RB

MdMYB10 Promoter

CaMV35S Left Border
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CaMV term
CaMV term

Synthesised fragment
DraI (3453)

SpeI (1904) SpeI (3199)

R2:LUC
 

Figure 2-4:  Representative construct map showing R2:LUC components and position of restriction sites used 
in cloning strategy. 
 
R1+:LUC:  An inverse PCR approach was used for the R1+:LUC construct with the inclusion of 

unique restriction sites (BamHI and SacI) for the cloning of non-specific DNA (from pGEM T 

Easy, Promega) using the primers RE212 and RE213 (section 2.4).  PCR was perfomed using 

TaKaRa LA Taq (Takara, Japan) under the following conditions: 

 

Initial denaturation 94 ºC, 1 min 

Denaturation  98 ºC, 30 s 30 cycles 
Annealing/extension 68 ºC, 1 min/kb 

Final elongation 72 ºC, 10 min 

 

R1ΔA, R1ΔB, R1ΔC, R1ΔD, R6ΔA, R6ΔB, R6ΔC and R6ΔD:  Promoter deletions were performed 

on R1 and R6 sequences using the following restriction enzymes; ΔA, HindIII (retaining the 5′ 

fragment only), ΔB, SpeI, ΔC, SspI and ΔD, HindIII (retaining the 3′ fragment only) (Figure 2-

5).   

R1:LUC
5571 bp

Renilla LuciferaseCaMV35S

R1 promoter

CaMV terminator

CaMV terminator

SpeI (1904)

SpeI (3199)

SspI (2349)

SspI (3246)

HindIII (1866)

HindIII (2771)

HindIII (3564)

R1:LUC

 
Figure 2-5:  Location of the restriction sites HindIII, SspI and SpeI in the R1 promoter region used to generate 
promoter deletions.  The relative postions of the restriction sites in R6 were the same.   
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R0, R1-R, R1-MS, R5, and R6-MS:  Deletion of the first repeat unit and microsatellite (R0:LUC) was 

based on the R1:LUC promoter construct and performed using a partial restriction digest with 

DraI.  The linear fragment was further digested with BsgI and treated with T4 DNA polymerase 

(Promega) prior to re-ligation.  For the construction of R1-R and R1-MS, R0 was digested with BsgI 

and annealed oligos were directionally cloned in with an AA (underlined below) overhang:  R1-R, 

5′- CTATATATCGAGTGTGTGTGTGTGTGTGTATTTCACAACTGTTGGAATGTTTGAA -

3′; R1-ms, 5′- CTATATATCGAATTTCACAACTGTTGGAATGTTTGAA -3′.  The R6 versions 

were based on R1-R and R1-MS.  The minisatellite repeat unit from R6 was amplified by PCR using 

the primers RE162 and R6 Reverse (section 2.4) and cloned in at the BsgI restriction site to 

create R5 and R6-MS.   All clones were positively identified by bi-directional sequencing.   

 
pET:MdMYB10, pET:MdMYB10CO, pET:MdMYB10ΔC1:  For the construction of the protein 

expression vectors, the MdMYB10 coding sequence was amplified by PCR using the primers 

RE185 and RE195 (section 2.4) and cloned into pET30a(+) using the restriction sites Nco1 and 

Sac1.  Between the T7 promoter and the coding sequence lies an in-frame 6 x His tag for 

purification by immobilised metal affinity chromatography (IMAC).  Due to the poor expression 

levels in E. coli from this construct, a codon optimised version of MdMYB10 (MdMYB10CO) 

was synthesised (GeneArt, Germany).  A comparison of the native and codon optimised 

sequences can be found in Appendix 9.1.  The codon optimised MdMYB10 was mobilised into 

the pET30a(+) expression vector using the restriction sites Kpn1 and Sac1.  A third variant was 

made using a truncated version of the MdMYB10 coding sequence, pET:MdMYB10ΔC1, with a 

C-terminal deletion.  The deletion was made by restriction digest of the codon optimised full 

length sequence with BglII and ligating into a BglII-linearised pET30a(+) vector.  The sequence 

retained 162 aa, including the R2R3 binding domain.   

 
2.16.6 PCR  

 
General PCR was performed using 50 µl reactions in a MasterCycler Gradient (Eppendorf, 

Germany) with the following conditions for Platinum taq (Invitrogen, USA) or PWO DNA 

polymerase (Roche, Germany) based reactions:   

 

Initial denaturation 94 ºC, 2-5 min 
Denaturation  94 ºC, 30 s 
Annealing  50-65 ºC, 30 s               25-40 cycles 
Elongation  72 ºC, 1 min/kb  
Final elongation 72 ºC, 5-7 min 
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2.16.7 DNA Sequencing 

 
DNA sequencing was carried out by the Allan Wilson Centre Genome sequencing service 

(AWCGS), Palmerston North, using capillary separation on an ABI3730 Genetic Analyzer 

(Applied Biosystems, USA).   

 

2.17 Database mining 
 
2.17.1 DNA Sequence analysis 
 
DNA sequence from the Plant & Food Research EST database and sequenced products were 

analysed with Vector NTI version 9.0.0 (Invitrogen, USA) and DNA sequence contigs were 

edited and compiled using Vector NTI version 9.0.0 ContigExpress and AlignX.  

 
2.17.2 Phylogenetic analysis 
 
Apple EST sequences were trimmed of vector, adapter and low quality sequence regions and 

uploaded to Vector NTI version 9.0.0.  EST clustering was performed using Vector NTI AlignX 

program.  Alignments were then exported as MSF format files to GeneDoc version 2.6.002 

(http://www.psc.edu/biomed/genedoc/).  Trees were generated by re-aligning exported files in 

CLUSTALX (v1.81) using the default settings (Thompson et al., 1997).  The circular tree 

(Figure 3-9) was generated by Andrew Allan, Plant & Food Research, using MEGA version 2.1 

(Kumar et al., 2001). 

 
2.18 DNA sequences deposited in Genbank 
 
DQ267896.1: Malus x domestica ‘Red Field’ MYB10 mRNA, cds 

DQ267897.1: Malus x domestica ‘Pacific Rose’ MYB10 mRNA, cds 

DQ267898.1: Malus x domestica ‘Granny Smith’ MYB10 mRNA, cds  

EU518248.1: Codon optimised MdMYB10 cDNA 

EU518249.1: MdMYB10 R1 - Promoter region and 5' UTR of MdMYB10 gene 

EU518250.1: MdMYB10 R6 - Promoter region and 5' UTR of MdMYB10 gene  

 
2.19 RNA technology 
 
2.19.1 RNA isolation  

 
RNA procedures were performed using ribonuclease (RNase) free water prepared by a Nanopure 

water purification system (Barnstead, USA) or solutions made with RNase free water.  RNA was 
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isolated from the leaf material of Arabidopsis and tobacco using the RNeasy Plant Mini Kit 

(Qiagen, Germany), according to the manufacturer’s instructions.   

 

Due to the high phenolic content in apple fruit, RNA from apple was isolated by a method based 

on Chang et al. (1993).  For each sample, 15 ml RNA extraction buffer with 2% (v/v) ß-

mercaptoethanol was pre-heated to 65 ºC.  Typically 6-10 g fruit tissue was ground in liquid 

nitrogen and added to the extraction buffer and homogenized using a polytron.  An equal volume 

of chloroform/isoamyl alcohol was added, thoroughly mixed and the homogenate was 

centrifuged for 10 min at 10,000 rpm at room temperature to separate the phases.  The top 

aqueous phase was passed through Mira cloth and centrifuged for 10 min at 10,000 rpm at room 

temperature to separate the phases.  This was repeated (without Mira cloth filtration) twice more 

and the aqueous phase removed.  LiCl was added to a final concentration of 2 M and the sample 

was stored at 4 ºC for at least 2 h or typically overnight.  The sample was centrifuged at 4 ºC for 

20 min at 10,000 rpm to pellet the RNA and the supernatant was removed.  The pellet was 

disolved in 500 µl SSTE and transferred to a clean microcentrifuge tube.  An equal volume of 

chloroform/isoamyl alcohol was added and the phases were separated by centrifugation at 13,000 

rpm at 4 ºC.  The aqueous phase was removed, two volumes of EtOH added, and the sample was 

stored at -80 ºC for 30 min to precipitate the RNA.  The sample was centrifuged at 13,000 rpm 

for 20 min at 4 ºC to pellet the RNA and the supernatant discarded.  The pellet was then dried 

and resuspended in 200 µl RNAse free water.  RNA integrity and concentration were assessed by 

gel electrophoresis and fluorometric quantitation.   

 

2.19.2 cDNA synthesis 

 

The quantity of cDNA template for individual qPCR reactions should be constant.  Therefore, 

the conditions for each first strand cDNA synthesis reaction were strictly controlled to ensure 

maximum uniformity between samples.  RNA samples were treated with DNase (DNA-freeTM, 

Ambion, USA), according to the manufacturer’s instructions and concentrations were 

determined using a NanoDrop® ND-1000 UV-Vis Spectrophotometer (NanoDrop Technologies, 

USA).  The amount of RNA used for each cDNA synthesis was kept constant at 1 μg for each 

sample.  Reactions were performed using a Superscript III cDNA synthesis kit (Invitrogen, 

USA), according to the manufacturer’s instructions.  To maximize the RNA conversion both 

random hexamers and oligo(dT)s were used in each reaction.  To offset the variability of the 

44 



 Chapter 2:  Materials and methods   

efficiency of individual reactions, three replicate reactions for each RNA sample were 

synthesised and pooled before qPCR analysis.   

 
 
2.19.3 Real time (qPCR) expression analysis 
 
Real time or quantitative PCR (qPCR) was performed on cDNA isolated from apple and tobacco 

to detect relative transcript expression levels of both native genes and transgenes. The primer 

sets used for each gene are listed in Table 2-2.  Genes encoding apple anthocyanin pathway 

enzymes and regulators were identified by homology in the Plant & Food Research EST 

database and, in the case of possible isoforms, selection was made according to the expression 

profile and library tissue.  Gene specific primers, corresponding to these genes were designed 

using Vector NTI version 9.0.0 (www.invitrogen.com) to a stringent set of criteria, including a 

Tm of between 59.5ºC and 60.5ºC, an amplicon length of between 100 and 200 bp, avoidance of 

GC clamp at 3′ end and limited predicted secondary structure or dimer formation.  Adherence to 

these criteria enabled the application of universal reaction conditions.   

 

To verify reaction specificity, RT-PCR reactions were carried out according to manufacturer’s 

instructions (Platinum Taq, Invitrogen, USA), with a thermal profile as follows; pre-incubation 

at 95 °C for 5 min followed by 35 cycles of 95 °C (30 s), 60 °C (30 s) and 72 °C (30 s) with a 

final extension at 72 °C for 5 min.  PCR products were visualised by gel electrophoresis.  

 

Amplification and analysis by qPCR was carried out using the LightCycler System (Roche 

LightCycler 1.5, Roche, Germany).  All reactions were performed with the LightCycler FastStart 

SYBR Green Master Mix (Roche, Germany) with a thermal profile as follows; pre-incubation at 

95 °C for 5 min followed by 40 cycles of 95 °C (5 s), 60 °C (5 s) and 72 °C (8 s).  Reactions 

were performed in triplicate using 2 μl 5x Master Mix, 0.5 μM each primer, 1 μl diluted cDNA 

and nuclease-free water (Roche, Germany) to a final volume of 10 μl.  A negative control with 

no cDNA template (NTC) was included in each run.  Fluorescence was measured at the end of 

each annealing step.  Amplification was followed by a melting curve analysis with continual 

fluorescence data acquisition during the 65 °C to 95 °C melt (Figure 2-6).   

 

The raw data was analysed with the LightCycler software version 4 and expression was 

normalised to a reference gene (e.g. Malus x domestica Actin, MdActin, Genbank accession 

CN938023) with one sample acting as calibrator with a nominal value of 1 (e.g. Pacific Rose™ 
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leaf sample).  A comparison of frequently used reference genes confirmed that MdActin was 

suibtable for the development series, with Cp values changing by < 2.  For each gene, a standard 

curve was generated with a cDNA serial dilution and the resultant PCR efficiency calculations 

(ranging between 1.839 and 1.945) were imported into relative expression data analysis (Figure 

2-7).  The relative expression ratio of a target gene is calculated on the reaction efficiency (E) 

and the crossing point deviation of the target gene and reference gene, normalised to the 

calibrator sample.  The equation can be represented as: 

 

Normalised ratio = [(ER)Cp(S)/(ET)Cp(S)]/ [(ER)Cp(C)/(ET)Cp(C)] 
 

Abbreviations: 
Cp : Crossing point 
E : Efficiency 
T : Target 
R : Reference 
C : Calibrator 
S : Sample 
 

PCR products were sequenced to confirm authenticity.   

 

Dimer NTC 

 
Figure 2-6:  A representative melt curve analysis from the reference gene MdActin using LightCycler 
software v4.  All qPCR amplifications were followed by a melt curve analysis to check for the amplification of a 
single product.  This example shows a uniform melt temperature of 85.5 ºC and confirms specific amplification.  
This method enables determination of non-specific amplification and can distinguish PCR products from primer 
dimers.  In this example a product with a lower Tm (marked with arrow) is just visible above the baseline NTC and 
is likely to be the result of primer dimerisation at a low template concentration level or in a control reaction.  If the 
melt curve analysis indicated multiple PCR products, reaction mixes from qPCR reactions were run and visualised 
on agarose gels.   
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A

B

 
 
Figure 2-7:  Serial dilutions of cDNA template used to generate a standard curve representing primer 
efficiency in LightCycler software v4.  (A) Representative example for MdActin shows a 10-fold dilution series 
over 5 orders of magnitude.  Efficient amplification of the template is seen at all five dilutions over the 50 cycle 
PCR.  (B)  Raw qPCR data was used to construct a curve representing the efficiency of the primer pair to amplify 
the target DNA.  The maximum theoretical efficiency is 2 where every PCR product is replicated every cycle.  The 
minimum value is 1 which corresponds to no amplification.  Efficiencies for the primers used in qPCR reactions 
ranged from 1.839 to 1.945.  This example has an efficiency of 1.859 +/- 0.0105.   
 
2.20 Protein technology 
 
2.20.1 Expression of MdMYB10 protein 
 

A full length version of MdMYB10 cDNA (amino acids 1-243) and a carboxy-terminal deletion 

of the MdMYB10 cDNA was made (retaining amino acids 1-162, including the R2R3 DNA-

binding domain) and cloned into pET-30.  Protein expression was performed in E. coli BL21 

cells (Stratagene) containing the relevant plasmid. A single colony of bacteria was used to 

inoculate 5 ml of LB media, containing 50 μg ml-1
 of kanamycin and 35 μg ml-1

 of 

chloramphenicol, which was incubated at 37 ºC overnight, with shaking at 220 rpm.  A 500 x 

dilution of the overnight culture was used to inoculate 500 ml of ZY autoinducible media (with 

the same antibiotics) (Studier, 2005) and the culture was grown at 37 °C for 2 h at 300 rpm.  The 

temperature was then lowered to 16 °C and incubation continued for a further 60 h at 300 rpm.   
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2.20.2 Purification of MdMYB10 protein 
 
Cells were harvested by centrifugation (3,500 g) and re-suspended in 1 x His Trap binding buffer 

(30 mM imidazole, 0.5 M NaCl, 5 mM dithiothreitol (DTT), 20 mM sodium phosphate, pH 7.4), 

and EDTA-free inhibitor cocktail tablets (Roche, Germany).  Cells were disrupted with two 

passes through an EmulsiFlex-C15 high-pressure homogenizer (pressure setting 15,000-20,000 

psi) (Avestin, Canada) and were then pelleted at 15,000 rpm and the supernatant filtered through 

a 0.25 μm filter (Millipore, USA) before loading onto a pre-charged and equilibrated 5 ml His-

Trap HP column (GE Healthcare, UK) charged with Ni2+.  Bound proteins were washed 

following the manufacturer’s specifications and eluted using a continuous 0-500 mM imidazole 

gradient at 2 ml min-1.  Chromatographic peaks corresponding to recombinant proteins were 

collected (8-12 ml total volume) and concentrated to 1 ml in 50 ml 10,000 MWCO concentrators 

(Vivascience, Germany).  Fractions containing recombinant proteins were confirmed by SDS-

PAGE and Western analysis.  Some samples were further purified by size-exclusion 

chromatography using a Superdex gel filtration 200 column (GE Healthcare, UK) connected to 

an ATKA FPLC (GE Healthcare) and eluted in 20 mM Tris HCl, pH 7.0.   

 

Concentration of protein was estimated using flouromentic quantitation (Quant-iTTM Protein 

Assay Kit, Invitrogen, USA) or micro-fluidics based protein chip assays (ExperionTM Pro260 

Analysis kit, Bio-Rad, USA) according to the manufacturer’s instructions.   

 

2.20.3 Denaturing gel electrophoresis 
 

Fractions from the protein purification steps were added directly to SDS-PAGE sample buffer, in 

a ratio of three parts of protein sample to one part buffer. After mixing, the samples were placed 

in a heating block at 98 ºC for 5 min, and then allowed to cool at room temperature before 

loading.  Samples were loaded on a SDS-PAGE gel, consisting of a 10% (w/v) polyacrylamide 

separating gel and a 4% (w/v) polyacrylamide stacking gel (Schägger and von Jagow, 1987).  

NuPAGE® Novex ® Bis-Tris mini gels (Invitrogen, USA) were also used, according to the 

manufacturer’s protocol.   

 

Following loading, the gel was placed in a Mini-Protean 3 electrophoresis cell (Bio-Rad 

Laboratories, USA) using anode and cathode buffers (Schägger and von Jagow, 1987).  Up to 20 

μl of sample in buffer was loaded in each well of an SDS-PAGE gel.  Gels were electrophoresed 

at a constant current of 90 mA for 1 h, or until the loading dye had reached the bottom of the gel.  
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For the estimation of protein size, pre-stained protein standards were also loaded, SeeBlue Plus2 

(Invitrogen, USA) or Precision Plus Protein Dual Colour (Bio-Rad Laboratories, USA).  

Following electrophoresis, gels were either stained with Coomassie Brilliant Blue G250 protein 

stain (Neuhoff et al., 1988) or transferred to a membrane for Western blotting. 

 

2.20.4 Analysis of protein by Western blot   
 
Gels were transferred to Immobilon-P PVDF membrane (Millipore, USA) by semi-dry 

electophoresis (Trans-Blot Semi-Dry Cell, Bio-Rad Laboratories, USA) at a constant 5 V for 4 h 

or 20 V for 90 min.  After soaking in methanol for 10 s, to enable aqueous buffers to enter the 

pore structure, the membrane was dried at 37 ºC for 10 min.  For Western analysis a rapid 

immunodetection method was used without initial blocking.  The primary (Anti-His6 mouse 

monoclonal antibody, Roche, Germany) and secondary (Anti-mouse IgG goat alkaline 

phosphatase, Sigma, USA) antibodies were diluted 1:1000 and 1:2000 respectively in 1% BSA, 

0.05% TBS-Tween 20.  Between each antibody detection step, the membrane was washed three 

times in TBS, for 30 s each wash with gentle agitation.  For visualization, 5-bromo-4-chloro-3-

indolyl phosphate (BCIP) was applied to the blots and incubated for 10 min.  To stop the 

reaction, blots were washed with H2O.   

 

2.20.5 Electrophoretic mobility shift assays 
 
Complementary oligonucleotides for electrophoretic mobility shift assays (EMSA) were 

annealed.  Oligos were heated to 95 ºC for 5 min to remove any secondary structure and then 

placed in a thermal block for 30 min at the predicted Tm of the primer pair and then slowly 

cooled to room temperature overnight.  To make probes, the annealed oligos were labelled with 

[32P]-γ-ATP (Perkin Elmer, USA) using T4 polynucleotide kinase (New England Biolabs, USA).  

Unincorporated labelled nucleotides were removed using ProbeQuant G50 micro columns (GE 

Healthcare, UK) according to the manufacturer’s instructions.   

 

For the binding assay 0.2 - 0.9 µg of purified recombinant MdMYB10 protein was mixed with 

0.05 – 0.1 pmol of double stranded, labelled DNA probe in binding buffer (10 mM tris, 50 mM 

KCl, 2.5 mM DTT, 1 µg poly(dI-dC), 10 µg BSA, 4% glycerol) and incubated for 30 min at 25 

ºC.  Cold competitor DNA was also made from annealed complimentary oligos as above, and 

were added at 20 or 200-fold excess versus the radiolabelled probe.   
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50 

The bound complexes were resolved by electrophoresis on native 5% polyacrylamide gels.  The 

recipe, sufficient for two gels, was as follows: 12.5 ml filtered TBE, 8.4 ml H2O, 4.1 ml 40% 

(w/v) polyacrylamide, 250 µl 10% (w/v) ammonium persulfate (APS) and 18.5 µl TEMED.  The 

total binding reaction volume (20 µl) was loaded with 5 µl loading buffer (50 mM Tris HCl, 

10% (v/v) glycerol, 0.01 % (w/v) bromophenol blue, 5 mM DTT).  The gel was placed in a 

Mini-Protean 3 electrophoresis cell (Bio-Rad Laboratories, USA) and electrophoresis was 

conducted in filtered 0.5% Tris-Borate EDTA (TBE) buffer (pH 8.3) at a constant 100 V for 60 

min at 25 ºC.  The gel was dried in a gel drier (Atto Corporation, Japan) for 40 min at 80 ºC 

under vacuum before autoradiography with an intensifier screen at -80 ºC. 

 

 



 Chapter 3:  Isolation of MdMYB10   

 
3 ANALYSIS OF ANTHOCYANIN GENE EXPRESSION IN 

APPLE AND ISOLATION OF A CANDIDATE REGULATOR  

 
3.1 Overview 
 

Hypothesis:  That the accumulation of anthocyanin in apple is regulated by a specific MYB 

TF and, therefore, conforms to the characterised model of anthocyanin regulation that has 

been described for other plant species.  Analysis of the transcript levels of the key anthocyanin 

biosynthetic genes will confirm the probability of co-ordinate regulation.  In addition, the 

predicted amino acid sequence or the expression profile of the MYB TFs that putatively regulate 

anthocyanin biosynthesis may be responsible for the variation in levels of anthocyanin 

accumulation in fruit of diversely pigmented cultivars.   

 

Previous studies of anthocyanin accumulation in apple have indicated that this process is 

coordinately regulated by the biosynthetic enzymes.  For example, Northern analysis of 

structural gene transcript levels during both fruit ripening (Kim et al., 2003) and flower 

development (Dong et al., 1998) has shown an organised pattern of transcript elevation 

concomitant with elevated anthocyanin levels.  Similarly, studies into the enzymatic activity of 

the key biosynthetic genes have also shown a pattern suggesting co-ordinate regulation (Lister 

and Lancaster, 1996).   

 

At the inception of this project, there was no published data on transcript levels in apple 

measured using the more sensitive and specific quantitative PCR (qPCR).  This method was 

therefore used to determine relative transcript levels in tissues from a fruit development series 

derived from the Plant & Food Research germplasm collection.  This germplasm was of 

particular interest as it included apple species derived from Kazakhstan, some of which 

demonstrated very high levels of anthocyanin pigmentation (see section 1.9).  As well as 

providing quantitative data on relative gene expression, knowledge of the transcript levels of the 

major structural anthocyanin genes in these tissues was desirable for selecting tissue likely to be 

enriched with candidate MYB TFs.   
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3.2 Results 
 

3.2.1 Identification of key structural genes in the apple anthocyanin pathway 
 

The pathway for anthocyanin biosynthesis has been extensively studied in several plant species 

as dicussed in Chapter 1.  The template for the anthocyanin biosynthesis pathway was 

established for model species such as maize, Antirrhinum and Petunia as reviewed in Holton and 

Cornish (1995) and Mol et al. (1998) but has expanded rapidly to include, among others, 

Arabidopsis (Bloor and Abrahams, 2002), grape (Sparvoli et al., 1994) and apple (Lancaster, 

1992; Honda et al., 2002).  The six major structural genes selected for this study were chalcone 

synthase (CHS), chalcone isomerase (CHI), flavanone 3β-hydroxylase (F3H), dihydroflavonol 4-

reductase (DFR), leucoanthocyanidin dioxygenase (LDOX) and uridine diphosphate (UDP)-

glucose:flavonoid 3-0-glycosyltransferase (UFGT) (Figure 1-1).  This pathway represents the 

steps that culminate in the synthesis of cyanidin 3-galactoside, the predominant anthocyanin 

pigment in apple tissue (Lancaster, 1992).   

 

The genes selected exist as putative family members.  Therefore, candidate selection was made 

on the basis of existing literature (Honda et al., 2002; Kim et al., 2003; Ubi et al., 2006) and data 

from the Plant & Food Research EST collection (Newcomb et al., 2006).  Analysis of EST 

frequency from the Plant & Food Research database, which included fruit-specific libraries, 

suggested gene candidates that were most likely to represent the structural genes active in fruit 

tissue (Table 3-1).   

 
Table 3-1:  Selection of the anthocyanin biosynthesis genes for qPCR.   Table shows the total number of Plant & 
Food Research ESTs relating to each gene and the number and percentage of these ESTs that were found in fruit 
specific libraries.  Genbank identifiers and qPCR primers are also shown. 
 

Gene 
Name 

ESTs 
(Total) 

Fruit 
Library 

ESTs (%) 

Genbank 
Identifier 

Forward primer Reverse primer 

CHS 23 12 (52%) CN944824 GGAGACAACTGGAGAAGGACTGGAA CGACATTGATACTGGTGTCTTCA 

CHI 12 1 (8%) CN946541 GGGATAACCTCGCGGCCAAA GCATCCATGCCGGAAGCTACAA 

F3H 11 4 (36%) CN491664 TGGAAGCTTGTGAGGACTGGGGT CTCCTCCGATGGCAAATCAAAGA 

DFR 34 5 (14%) AF117268 GATAGGGTTTGAGTTCAAGTA TCTCCTCAGCAGCCTCAGTTTTCT 

LDOX 21 12 (57%) AF117269 CCAAGTGAAGCGGGTTGTGCT CAAAGCAGGCGGACAGGAGTAGC 

UFGT 34 19 (56%) AF117267 CCACCGCCCTTCCAAACACTCT CACCCTTATGTTACGCGGCATGT 
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3.2.2 Expression analysis of apple anthocyanin biosynthetic genes 
 

qPCR primers for the structural genes were designed using the stringent criteria outlined in 

section 2.19.3.  The levels of transcripts encoding the six selected anthocyanin biosynthetic 

genes were compared by qPCR between the cortex and skin of white-fleshed Pacific Rose™ and 

red-fleshed ‘Red Field’ apples from the cDNA isolated from a fruit development series (section 

2.3).  Striking differences were observed.  For all the genes assayed, transcript levels in ‘Red 

Field’ were significantly higher during all stages of fruit development than the levels found in 

Pacific Rose™ (Figure 3-1).  Transcript abundance in ‘Red Field’ was higher throughout fruit 

development in both skin and cortex, particularly at stages 3 and 4 (102 and 130 days after full 

bloom, DAFB).  This correlated with the degree of pigmentation observed during tissue 

sampling, with the most intense pigmentation being detected early in development (40 DAFB) 

and then again in mid-summer (102 DAFB).  These levels were subsequently sustained through 

to fruit maturation in late summer. 

 

In Pacific Rose™ cortex tissue, there were comparatively low transcript levels for all the 

anthocyanin biosynthesis genes assayed, with a general decline in expression during fruit 

development.  Moderate transcript levels were observed in the skin of Pacific Rose™ with a 

peak of expression midway through development (102 DAFB), concomitant with the onset of 

enhanced levels of pigmentation during fruit maturation.  Expression of all genes was detectable 

in the leaves of both cultivars but was relatively low with little difference between ‘Red Field’ 

and Pacific Rose™.  This result was surprising, given the high level of anthocyanin pigmentation 

in the leaves of ‘Red Field’ and indicated the possibility of tissue specific family members of the 

anthocyanin biosynthetic genes.   

 

3.2.3 Differential expression patterns of multigene family members 
 

Southern analysis of the apple anthocyanin biosynthetic genes CHS, F3H, DFR, LDOX and 

UFGT suggests that they may be members of multigene families (Honda et al., 2002; Kim et al., 

2003).  This may also account for the distribution of ESTs found in the Plant & Food Research 

EST database (Table 3-1).  Whilst the qPCR data presented here indicated that the chosen 

candidates were active in accumulating anthocyanin in apple fruit, it is possible that different 

family members or alleles may be differentially expressed in fruit and leaf.  This may explain the 

relatively low level of the biosynthetic genes in the highly pigmented leaves of ‘Red Field’.  To 

test this, two family members representing DFR were identified from the Plant & Food Research  

53 



 Chapter 3:  Isolation of MdMYB10   

0

10

20

0

50

100

0

5

10

0

10

20

0

50

100

150

2

1 2 3 4 5
0

10

20

30

 

1 2 3 4 5 1 2 3 4 5 1 2 3 4 5

1 2

 

2

CHS

CHI

F3H

DFR

LDOX

UFGT

R
el

at
iv

e 
ex

pr
es

si
on

6       7

Leaf‘Red Field’ Cortex ‘Red Field’ Skin Pacific Rose Cortex ‘Pacific Rose SkinA

F3H

DFR

LDOX

UFGT

CHI

CHS

B

A

 
Figure 3-1:  Expression profile of apple anthocyanin genes.   (A) Data from qPCR analysis of the apple 
anthocyanin biosynthetic genes in the cortex, skin and leaf of the apple cultivars ‘Red Field’ and Pacific Rose™.  
CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavanone 3β-hydroxylase; DFR, dihydroflavonol 4-
reductase (denoted as DFR1 in the text); LDOX, leucoanthocyanidin dioxygenase; UFGT, uridine diphosphate 
(UDP)-glucose:flavonoid 3-0-glycosyltransferase.  Samples referred to on the x axis; (1) 40 days after full bloom 
(DAFB), (2) 67 DAFB, (3) 102 DAFB, (4) 130 DAFB, (5) 146 DAFB, (6) ‘Red Field’ leaf and (7) Pacific Rose™ 
leaf.  (B) Fruit development series and leaves of ‘Red Field’ and Pacific RoseTM.  Numbering from 1 to 7 as for (A).  
Error bars shown in qPCR data are means ± S.E. of 3 replicate reactions.   
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and public databases; DFR1 (AF117268) and DFR2 (DT040651).  Transcript levels of the two 

versions were assayed by qPCR using gene specific primers designed to amplify only one of the 

family members at a time (Figure 3-2).   

 

Transcript levels of DFR1 were shown to be up-regulated in pigmented fruit tissue but not to any 

great extent in leaf (as shown in Figure 3-1).  In contrast, DFR2 showed little or no activity in 

fruit but was highly elevated in the leaves of ‘Red Field’ (Figure 3-3).  Representative amplicons 

from the qPCR reactions were sequenced to confirm specificity of family member.  Analysis of 

CHS family members was less conclusive.  Two versions of CHS were selected; CHS1 as shown 

in the main study (Figure 3-1) and CHS2.  No discernable expression pattern was evident for 

CHS2 and there was no significant difference between the red and green leaf samples.  Data is 

shown in the Appendix 9.2.   

 

 
Figure 3-2: Comparison of DFR family member sequences at the 3’ end of the coding sequences.  The position 
of primers for DFR1 (RE50 and RE168) and DFR2 (RE50(2) and RE167) are shown.  Primers were designed to 
distinguish the different sequences and result in different amplicon sizes (97 or 178 bp).   
 
The data for DFR, in particular, confirmed the likelihood of tissue specificity for some structural 

genes but it also confirmed that the genes assayed in ‘Red Field’ fruit were fruit specific family 

members.   
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Figure 3-3:  Relative transcript levels of MdDFR2 and MdDFR1.   (A) qPCR data for MdDFR2 and (B) 
MdDFR1 as shown in Figure 3-1.  For x axis numbering see Figure 3-1.  Error bars shown in qPCR data are means 
± S.E. of 3 replicate reactions.  
 
3.2.4 Isolation of genes encoding MYB TFs from red-fleshed apple 
 

To maximise the likelihood of isolating an anthocyanin-regulating MYB TF, a degenerate PCR 

approach was used on cDNA from a highly pigmented tissue time-point which also demonstrated 

a high level of structural gene transcript level.  A more detailed explanation of the methodology 

can be found in section 2.16.3.  The assay was performed using cDNA from the cortex sample of 

‘Red Field’ (102 and 130 DAFB) and a pool of Pacific RoseTM cDNA from all timepoints.  

Although fruit sampled at the later time points (130 and 146 DAFB) showed a higher level of 

pigmentation (Figure 3-1B), it was predicted that a putative MYB regulator may be in abundance 

prior to this coordinated elevation in biosynthesis.  A degenerate primer (with 32 fold 

degeneracy) based on sequence supplied by Dr Cathie Martin (John Innes Centre, Norwich, UK) 

was used for PCR in conjunction with oligo dTs.  This sequence was modified by the addition of 

further nucleotides to the consensus DNA sequence of the R2R3 DNA binding domain based on 

the sequence of anthocyanin regulators in diverse species (Figure 3-4).  
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Figure 3-4:  Sequence data from known anthocyanin regulators used for the design of the degenerate primer, 
RE73.  Primer design based on sequence supplied by Dr Cathie Martin (CM oligo), where Y = C or T and R = G or 
A.  Species shown are Arabidopsis (AtMYB75, PAP1, accession number NC003070 and AtMYB90, PAP2, 
NM105310), tomato (LeANT1, AY348870), Petunia (PhAN2, AF146702) and Antirrhinum (AmROSEA1, 
DQ275530).  Arrow shows direction of amplification.  
 
Initial results from the degenerate PCR showed the presence of numerous amplicons and some 

smearing (Figure 3-5).  Subsequent cloning and restriction digestion revealed a band of the 

expected size according to regulator MYB TFs in other species (approximately 700 bp) and the 

PCR products were cloned for sequence analysis.  Sequencing data revealed numerous apple 

MYB TFs (see Appendix 9.3) but one cDNA sequence showed a strong identity to known 

anthocyanin regulators by DNA blast match.  To obtain the full length coding sequence, nested 

primers were designed for 5′ RACE using sequence information from the degenerate PCR 

fragment (see section 2.16.3 for RACE methodology).  Primary RACE PCR resulted in a DNA 

smear and the secondary reaction showed a band corresponding to the predicted size of the 5′ 

region of known anthocyanin regulators in other species (allowing for difference in 5′ UTR size 

and transcript start site) (Figure 3-5C).  Compilation of sequences from the 3′ and 5′ regions 

enabled the design of primers to isolate the complete cDNA fragment (899 bp), containing a 

coding sequence of 732 bp, which was subsequently cloned and sequenced.  Sequence data was 
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analysed using overlapping fragments.  To compare the transcript from ‘Red Field’, full-length 

cDNAs were also isolated from Malus x domestica Pacific Rose™ and ‘Granny Smith’ using 

forward and reverse primers based on the sequence from the ‘Red Field’ transcript (Primers 

RE95 and 96 – Figure 3-6).  Sequence alignment of the longest cDNA clones identified through 

5′ RACE with the subsequently isolated genomic sequence, located a transcription start site at 

the G nucleotide at position -62 from the translational start ATG (indicated by an arrow on 

Appendix 9.4). 
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Figure 3-5:  Agarose gels from degenerate PCR and subsequent 5′ RACE PCR.   (A) Degenerate PCR cDNA 
samples were ‘Red Field’ 102 DAFB, ‘Red Field’ 130 DAFB and a pool of cDNA from all time-points for Pacific 
RoseTM. (B) PCR products from primary 5′ RACE PCR.  In these reactions both RE77 and RE78 were used with the 
primary GeneRacerTM oligo.  (C)  PCR products from secondary 5′ RACE PCR which used RE78 with the nested 
GeneRacerTM oligo.  No cDNA template was used in the negative controls.  
 
3.2.5 Sequence analysis of the MdMYB10 cDNA 
 

Sequence data generated from three seperate full length cDNA clones from ‘Red Field’, Pacific 

Rose™ and ‘Granny Smith’ showed considerable homology (Figure 3-6).  Initial results of the 

sequences analysed from the three varieties showed no difference for the ‘Red Field’ and Pacific 

Rose™ products and a difference of six nucleotides for ‘Granny Smith’.  Homology to the 

Arabidopsis subgroup 10 MYB TFs determined the naming of the apple candidate MYB, Malus 

x domestica MYB10 (MdMYB10).  To reduce the potential for PCR-induced errors, three 

additional clones from a second PCR reaction were sequenced.  Sequence analysis showed the 

presence of a second version of MdMYB10 in ‘Red Field’ and Pacific Rose™.  In this version a 

two base change was found which resulted in an amino acid change in the helix 3 of the R2 

domain from a leucine to a glutamine (see marked nucleotides at position 159-160 in Figure 3-

6).   
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RE78 Nested 5’ RACE Primer

RE77 5’ RACE Primer

RE73 Degenerate Primer
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Figure 3-6:  Sequence alignment of the cDNA from ‘Red Field’, Pacific Rose™ and ‘Granny Smith’ encoding 
MdMYB10.   Positions and orientation of PCR primers mentioned in the text are marked.  A second version of the 
sequence was isolated and contained a two-nucleotide change from TT to AA (marked with a red box at position 
159-160), resulting in an amino acid change from leucine to glutamine.  
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3.2.6 Isolation of the genomic region of MdMYB10  
 

Isolation of the genomic DNA region encompassing the coding sequence of the candidate MYB 

was achieved by PCR using the same primers for cDNA capture (RE95 and 96).  Sequence 

analysis revealed two introns and three exons, a similar pattern to other known anthocyanin 

regulator MYB TFs.  However, the apple gene exhibited a larger second intron of 2995 bp 

(Figure 3-7) when compared with Arabidopsis AtMYB75 (PAP1) (87 bp) and Antirrhinum rosea 

(1498 bp, K. Schwinn, Plant & Food Research, Palmerston North, personal communication).  

This intron/exon structure was maintained in all the apple varieties isolated; ‘Red Field’, Malus x 

domestica Pacific Rose™, ‘Granny Smith’, and, for comparison with a more diverse cultivar, a 

crab apple variety, Malus x sieversii.  There was considerable conservation of the intron 

sequence across these varieties (a minimum of 98% between crab apple and ‘Red Field’), 

suggesting that the divergence in the intron size from other species is well conserved in apple.   

 

Intron 1                                          Intron 2
(322 bp)                                                     (2995 bp)

Exon 1 Exon 2                                                              Exon 3
(126 bp)                    (129 bp)                                                               (474 bp)

Intron 1                  Intron 2
(541 bp) (87 bp)

Exon 1                     Exon 2                  Exon 3
(121 bp)                          (130 bp)                      (499 bp)

MdMYB10

AtMYB75 

 
Figure 3-7:  Comparison of the intron/exon structure of the anthocyanin regulators from apple (MdMYB10) 
and Arabidopsis MYB TFs (AtMYB75 – PAP1).   
 

3.2.7 Phylogenetic relationships between MYB TFs in Arabidopsis, apple and other plants 
 
A bootstrapped circular phylogenetic tree, generated using MEGA version 3.1 (Kumar et al., 

2001), shows the relationship between Arabidopsis MYB TFs and the various subgroups as 

defined by Stracke et al. (2001).  Also shown are the candidate apple MYB, MdMYB10, and 

MdMYB8 (DQ267899, an apple MYB bearing little sequence homology to known anthocyanin 

regulators), which was isolated from the Plant & Food Research EST collection to act as a 

control for the phylogenetic relationships between the closely related MYB TFs.  The tree shows 

that MdMYB10 clusters in the same clade as Arabidopsis AtMYB75 (PAP1) and AtMYB90 
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(PAP2).  It also clusters next to other known flavonoid regulators such as AtMYB123 (TT2) (Nesi 

et al., 2000) and putative anthocyanin regulators such as AtMYB113 and AtMYB114 

(Zimmermann et al., 2004) (Figure 3-8). 
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Figure 3-8:  Phylogenetic relationships between the full length nucleotide sequences of Arabidopsis MYB TFs 
and anthocyanin-related MYB TFs of other species.   (A) MdMYB10 (shown in red) clusters next to PAP1 
(AtMYB75), within the anthocyanin MYB regulator subgroup 10.  Subgroup numbers are those described by Stracke 
et al., (2001) and are shown as a suffix after most MYB descriptors. Arabidopsis genes are identified by Arabidopsis 
unique identifiers.  MdMYB8 (also shown in red) is not implicated in anthocyanin regulation and is included as a 
control.  The tree was generated by Andrew Allan and has been adapted from Espley et al., 2007.  
 
Overlapping sequence alignments of PCR-derived cDNAs showed that the best candidate, 

MdMYB10, when translated into protein, shared a high degree of homology with other MYB TFs 

at the R2R3 domain and, in particular, with anthocyanin regulators from a diverse range of other 

species (Figure 3-9).  Phylogenetic analysis of the candidate apple MYB shows that it is closely 

related to the Arabidopsis subgroup 10 MYB TFs, including PAP1, with 77% amino acid 

identity over the R2R3 DNA binding domain and 58% identity to the entire protein (Figure 3-
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10).  For Arabidopsis PAP2 these amino acid percentage identities are 75% and 57% 

respectively, whilst for other species, figures for overall identity are as follows: Petunia AN2 

60%, Tomato ANT1 57%, Maize C1 58%, and Maize P 26%.   

R3

R2 *

DL    R        L              L        R
E      K  

 
Figure 3-9:  Protein sequence alignment of the R2R3 DNA binding domains of MdMYB10 and other known 
anthocyanin MYB regulators from other species.  Arrows indicate specific residues that contribute to a motif 
implicated in bHLH co-factor interaction in Arabidopsis (Zimmermann et al., 2004).  These same residues are 
evident in MdMYB10 suggesting a similar protein-protein interaction.  The star represents a two nucleotide change 
that results in a leucine to a glutamine amino acid change in some alleles of MdMYB10.  Identical residues are 
shown in black, conserved residues in dark grey and similar residues in light grey.  MdMYB8 and AtGL1 are 
included as examples of MYB TFs not involved in anthocyanin regulation. The accession number of these proteins, 
or translated products, in the GenBank database are as follows:  AmROSEA1, ABB83826, AmROSEA2, 
ABB83827, AmVENOSA ABB83828, MdMYB10, DQ267896; AtPAP1, CAB09230; AtPAP2, NP176813; 
AtMYB23, NM123397, AtMYB113, NM 105308; AtMYB114, NM 105309; AtMYB66, NM 121479; VvMYBA1, 
AB242302;  VvMYBA2, AB097924; Ca A, CAE75745; PhAN2  AAF66727; LeANT1, AAQ55181; GhMYB10, 
CAD87010; PmMBF1, AAA82943; ZmC1, AAK81903; AtTT2, Q9FJA2; MdMYB8, DQ267899; AtGL1, 
AAC97387.  
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Figure 3-10:  Phylogeny of MdMYB10 and 
MYB genes from other species involved in 
the regulation of anthocyanin biosynthesis.  
Full length amino acid sequences were aligned 
using Clustal W (opening = 15, extension = 0.3) 
in Vector NTI 9.0.  Conserved motifs were 
extracted and re-aligned as above.  Phylogenetic 
and molecular evolutionary analyses were 
conducted using MEGA version 3.1 (Kumar et 
al., 2004) using minimum evolution phylogeny 
test and 1000 bootstrap replicates. Accession 
numbers for genes from other species as Figure 
3-9.  The Arabidopsis GL1 (accession number 
NP196979), and WER (NP189430) and 
MdMYB8 were included as outliers to root the 
tree. 
 
 
 
 
 
 
 

 
 
 
3.2.8 Expression analysis of MdMYB10 in apple 
 
Primers were designed for qPCR analysis of MdMYB10 using the criteria outlined in section 

2.19.3.  qPCR analysis of  the expression of MdMYB10 transcripts in the developmental series, 

from both red and white-fleshed varieties of apple, revealed large increases in the relative level 

of MdMYB10 in the fruit tissues of ‘Red Field’ compared with Pacific Rose™ (Figure 3-11).  In 

Pacific Rose™ cortex, transcript levels were barely detectable, whilst in Pacific Rose™ skin 

transcript was detectable only by mid season, and the level of transcript correlated with changes 

in the transcript levels of the biosynthetic genes, particularly at the 102 DAFB time point.  The 

link between MdMYB10 expression and UFGT expression was particularly strong (Figure 3-1).  

Expression levels of MdMYB10 in ‘Red Field’ generally followed the transcript patterns of the 

assayed genes encoding enzymes, with highly elevated levels throughout fruit tissues, 

particularly at 40 DAFB and then again at 102, 130 and 146 DAFB and in leaf tissue (Figure 3-

11).  To confirm specificity, qPCR amplicons were sequenced and found to encode MdMYB10.   
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Figure 3-11:  Expression analysis of MdMYB10 transcript during apple fruit development and in leaves.   (A) 
RT-PCR analysis of MdMYB10 (220bp) and actin (131bp) in ‘Red Field’ and Pacific Rose™ (cortex, skin and leaf) 
and (B), corresponding qPCR data of MdMYB10.  Gel lane and x axis numbering as Figure 3-1.  (C) Apple samples 
at (1) 40 DAFB, (2) 67 DAFB, (3) 102 DAFB, (4) 130 DAFB and (5) 146 DAFB and leaf samples, (6) ‘Red Field’ 
and (7) Pacific Rose™.  Error bars shown in qPCR data are means ± S.E. of 3 replicate reactions.   
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3.3 Discussion 
 
3.3.1 Apple anthocyanin biosynthetic genes are transcriptionally active in different cultivars 

and display a pattern of co-ordinate regulation 
 

Apples show differential anthocyanin accumulation during development, particularly in floral 

tissues and during fruit maturation in apple skin.  Environmental factors also cause increases in 

the expression of genes encoding anthocyanin biosynthetic enzymes, as demonstrated in their 

responsiveness to light (Kim et al., 2003).  As previously described, this accumulation appears to 

be co-ordinately regulated.  A number of questions arise.  Is this co-ordinated regulation solely 

responsible for differences in apple pigmentation, for example, in the flesh of the highly 

pigmented Kazakhstan-derived varieties, such as ‘Red Field’ as opposed to the non-pigmented 

flesh of modern domestic cultivars, such as Pacific Rose™?  Alternatively, these differences 

could be due to mutation in one of the structural genes.   

 

Mutations in genes involved in anthocyanin biosynthesis can lead to phenotypic changes.  Many 

points in the anthocyanin pathway in plants have been described through analysis of such natural 

mutants.  Studies into flower colour polymorphism have shown that mutations can determine 

flower colour, as reviewed in Clegg and Durbin (2000).  Many of these were caused by the 

insertion of transposons into biosynthetic genes like CHS (Habu et al., 1998), DFR (Inagaki et 

al., 1994) and LDOX (Hisatomi et al., 1997).   

 

Therefore, it is possible that white-fleshed apples have lost the ability to produce pigmentation 

throughout the fruit due to a mutation in one or more biosynthetic genes.  This was predicted for 

the difference between red and white grape skin (Boss et al., 1996), where the only change in 

expression of the biosynthetic genes was the loss of UFGT transcript in white-skinned grapes.  

However, further research, including sequence analysis of grape UFGT, concluded that the 

phenotypic change was likely to be the result of a mutation in a MYB TF (Kobayashi et al., 

2001).   

 

In terms of the genes encoding the biosynthetic enzymes in apple, some transcript was detected 

in the cortex of white-fleshed Pacific Rose™, but at low levels (Figure 3-1).  A previous study in 

apple showed that all the late anthocyanin biosynthetic genes are present in the genome of a 

green cultivar but that transcripts were barely detectable by Northern blot analysis (Kim et al., 

2003).  The data presented here differs from these results in that expression of all six genes was 

detected, including the late biosynthetic genes, in non-pigmented apple cortex.  This difference is 
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probably due to the enhanced sensitivity of qPCR over Northern blots.  It confirms the ability of 

all the structural genes represented here to encode for transcripts, even in non-pigmented tissue.  

This reduces the possibility that non-pigmented tissue is simply a result of a structural gene 

mutation leading to a total loss of transcript, although it does not eliminate the possibility that a 

mutation is responsible for a partial loss of transcript levels.   

 

The anthocyanin genes in ‘Red Field’ followed a pattern where the expression levels of the 

biosynthetic gene transcripts peaked at 102 and 130 DAFB.  There were large increases in all 

expressed genes in the red-fleshed apple compared to the white-fleshed cultivar.  Only CHS 

differed significantly from this general pattern, with the highest expression seen early in the 

development of ‘Red Field’ fruit skin (40 DAFB), although expression did rise again at 102 

DAFB.  It is likely that at least some of the anthocyanin biosynthetic genes are differentially 

expressed according to tissue type.  An example of this was demonstrated by the transcript levels 

of the two versions of DFR measured; MdDFR1 showed a large variation in differently 

pigmented fruit tissues but not in differently pigmented leaf tissue, whilst MdDFR2 

demonstrated the reverse.   

 

3.3.2 MdMYB10 - a candidate regulator of anthocyanin regulation in apple 
 

Sequence analysis of the MdMYB10-encoded predicted protein showed that it shares homology 

with anthocyanin regulating MYB TFs from other species (Figures 3-9).  Its possible orthology 

to PAP1 was supported by its position in the same clade of the MYB TF family (Figure 3-8).  

Further analysis of MdMYB10 cDNAs from two other apple cultivars showed a high degree of 

sequence conservation between such strikingly different varieties as ‘Granny Smith’ (white 

cortex and predominantly green skin) and the highly pigmented ‘Red Field’.  Difference in the 

two sequenced versions isolated from ‘Red Field’ and Pacific Rose™ showed little divergence, 

and the genes may be alleles.  The presence of four PAP1-like genes in Arabidopsis (AtMYB75, 

AtMYB90, AtMYB113, and AtMYB114), indicates that there may be further copies of MdMYB10 

in the apple genome. However, the similarity between the reported sequences of MdMYB10 in 

these three apple cultivars suggests that the dramatic difference in anthocyanin accumulation in 

apple is not due to alterations in the coding sequence of this regulator. The alteration in 

anthocyanin accumulation appears to be due to differences in the pattern of expression levels of 

MdMYB10 in the varieties tested. 
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Expression analysis of MdMYB10 showed a pattern very similar to that observed for the genes 

encoding the biosynthetic enzymes in ‘Red Field’ apples.  A big increase in expression of 

MdMYB10 in the fruit of this variety suggests that it is likely to be the regulator of the apple 

anthocyanin pathway.  This association is further strengthened by expression analysis of 

MdMYB10 in Pacific Rose™; it was virtually undetectable in leaf and cortex but was expressed 

in the pigmented skin, particularly at 102 DAFB, when colour was developing.   

 

The conclusion from this data is that apple conforms to the regulatory model of anthocyanin 

synthesis in respect of biosynthetic gene co-ordination.  Selection of highly pigmented apple 

tissue has resulted in the isolation of a putative MYB regulator which is greatly up-regulated in 

red-fleshed apples.  However, differences in the coding sequence of this regulator do not appear 

to account for differences in pigment accumulation across apple cultivars.  The functional 

analysis necessary to confirm the role of MdMYB10 is reported in Chapter 4. 

 

3.3.3 Chapter summary 
 
The transcript of six apple genes encoding anthocyanin biosynthesis enzymes were detected in 

both pigmented and non-pigmented fruit and leaf tissue.  These transcripts accumulated to a 

higher level in the pigmented apple tissue.  The relative transcript levels of these key apple 

anthocyanin structural genes showed a pattern consistent with co-ordinative regulation.  An 

example, DFR, from a multigene family showed that the structural genes can demonstrate tissue 

specificity which may, for example, account for the low transcript level of the anthocyanin genes 

in the red leaves of ‘Red Field’. 

 

A hitherto unknown anthocyanin regulator in apple (MdMYB10) was isolated from pigmented 

tissues using standard molecular biology techniques.  Nucleotide and protein sequence analysis 

of MdMYB10 showed that it shared homology to anthocyanin regulators reported from other 

species.  Analysis of the sequence of MdMYB10, from different apple cultivars, showed that it 

was highly conserved and reduced the likelihood that the coding sequence is responsible for the 

cultivar-derived diversity in anthocyanin accumulation.  Relative transcript levels of MdMYB10 

correlated with the biosynthetic gene transcript patterns and suggested that MdMYB10 is 

involved in the regulation of the anthocyanin biosynthetic pathway in apple. 
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4 ANALYSIS OF THE FUNCTION OF MdMYB10 IN 

HETEROLOGOUS AND HOMOLOGOUS PLANTS 

 

4.1 Overview 
 

Hypothesis:  Over-expression of MdMYB10 in heterologous and homologous plants will 

alter the anthocyanin profile.  The bioinformatic and transcript expression data shown in 

Chapter 3 indicates that MdMYB10 is likely to comprise the MYB TF partner in the regulatory 

complex required for anthocyanin accumulation in apple.  Functional analysis is required to 

confirm that MdMYB10 does perform this role.  The sequence homology to other anthocyanin 

MYB regulators suggests transferable functionality between different plant species in 

heterologous systems.  Stable transformation into apple should verify the function of MdMYB10 

in apple. 

 

The predicted model for anthocyanin regulation in other species involves, at its simplest level, 

both MYB and bHLH TFs.  Therefore, a major feature in determining the MYB functionality in 

heterologous systems may depend on the relationship with a bHLH partner.  Previous studies 

have demonstrated the efficacy of these regulatory genes in inter-species heterologous systems 

(Deluc et al., 2006; Xie et al., 2006).  However, these results may depend on the specific residues 

predicted to specify the interaction between MYB and bHLH TFs.  This has been extensively 

studied in maize.  The maize MYB proteins, C1 and Pl (Goff et al., 1992), require a bHLH co-

factor (R or B) (Ludwig and Wessler, 1990) to regulate anthocyanin (reviewed in Mol et al., 

1998).  In contrast, the maize P MYB protein is able to activate transcription of anthocyanin 

structural genes in the absence of a bHLH TF (Grotewold et al., 1994).  An elegant study in 

maize (Grotewold et al., 2000) demonstrates this specificity and describes the actual residues that 

confer the interaction between the MYB and bHLH.  This specificity was subsequently 

established in Arabidopsis as the signature [DE]Lx2[RK]x3Lx6Lx3R (Zimmermann et al., 2004).  

MdMYB10 does have the amino acid residues that specify interaction with bHLHs (Figure 4-1), 

thus necessitating selection of suitable bHLH co-factors for initial studies into MdMYB10 

functionality in heterologous systems.   
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[DE]Lx2[RK]x3Lx6Lx3R [DE]Lx2[RK]x3Lx6Lx3R 

 
Figure 4-1:  Protein sequence alignment of the 3’ end of the R2R3 DNA binding domains of MdMYB10 and 
the Maize MYB TFs, C1 and P.  The amino acid residues that specify interaction with bHLHs are shown above as 
[DE]Lx2[RK]x3Lx6Lx3R.  MdMYB10 and maize C1 (ZmC1) show all the residues necessary for interaction with a 
bHLH.  Maize P (ZmP) differs in 4 out of the 6 residues required for bHLH interaction.  
 
Verification of candidate gene functionality is ideally performed in planta.  However, the length 

of time required to generate stable apple transformants is prohibitive for rapid experimental 

confirmation. This encouraged the use of suitable heterologous systems to demonstrate 

MdMYB10 function.  Arabidopsis and tobacco transformation methods are well proven and 

relatively easy to achieve (Svab et al., 1975; Clough and Bent, 1998), whereas apple 

transformation is both technically demanding and comparatively lengthy (Yao et al., 1995).   In 

this chapter, heterologous systems were initially used for functional analysis of MdMYB10, while 

apple transformation proceeded as confirmation of this function.   

 

4.2 Results 
 

4.2.1 Selection of candidate bHLH TF partners 
 

Despite the absence of candidate anthocyanin MYB regulators in the Plant & Food Research 

EST database (Newcomb et al., 2006), a number of putative bHLH co-factors were present that 

showed high sequence homology to anthocyanin related bHLHs.  There are 147 bHLH-encoding 

genes in Arabidoipsis (Toledo-Ortiz et al., 2003).  Within this family there is a smaller clade 

termed IIIf that has been shown to be involved in the regulation of anthocyanin biosynthesis 

(Heim et al., 2003).  Two apple ESTs in the Plant & Food Research database showed homology 

to IIIf bHLH TFs and clustered within this clade when phylogenetic trees were generated (Figure 

4-2).  Full length versions of these ESTs were sequenced and given the identifiers MdbHLH3 

(Genbank accession number CN934367) a putative homologue of the Arabidopsis TT8 gene 

(Nesi et al., 2000) and MdbHLH33 (DQ266451) a putative homologue of the Arabidopsis bHLH 

MYC1 (Urao et al., 1996) (Figure 4-2).  N-terminal domains identified as being important for 

MYB interaction (Heim et al., 2003) were present in both MdbHLH3 and MdbHLH33 (Figure 4-

3).  
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Figure 4-2:  MdbHLH3 and MdbHLH33 share homology with anthocyanin bHLH regulators from other 
species.  The unrooted phylogenic tree shows that MdbHLH3 clusters in the same group as AtTT8 (AtbHLH42) and 
anthocyanin-related bHLHs from other species.  MdbHLH33 clusters in the same group as AtMYC1 (AtbHLH012).  
Full length protein sequences were aligned using Clustal W (opening = 15, extension = 0.3) in Vector NTI 9.0.  
Conserved motifs were extracted and re-aligned as above.  Phylogenetic and molecular evolutionary analyses were 
conducted using MEGA version 3.1 (Kumar et al., 2004) using minimum evolution phylogeny test and 1000 
bootstrap replicates.  The accession numbers of these proteins, or translated products, in the GenBank database are 
as follows: AmDELILA, AAA32663; AtMYC1, BAA11933; EGL3, Q9CAD0; GL3, NP680372; PhJAF13, 
AAC39455; MdbHLH3, CN934367; MdbHLH33, DQ266451; PhAN1, AAG25928; AtTT8, CAC14865; ZmB, 
CAA40544; ZmLC, AAA33504.  
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Figure 4-3:  Protein sequence alignment of anthocyanin-related bHLH TFs, with the structure of the bHLH 
binding domain indicated.  N-terminus of the same bHLH sub-set clustered in Figure 4-2, showing regions (boxes 
11, 18, and 13) conserved within the bHLH IIIf clade (according to Heim et al., 2003). Identical residues are shown 
in black, conserved residues in dark grey and similar residues in light grey.  Accession numbers as Figure 4-2.  
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To investigate the pattern of transcript abundance of MdbHLH3 and MdbHLH33, qPCR was 

carried out using the same fruit development series as reported in Chapter 3 (Figure 3-1) and 

using primers shown in section 2.2.  No discernable pattern was evident and transcript levels 

were generally low (Figure 4-4).  Despite the fact that the transcript levels of MdbHLH3 and 

MdbHLH33 were not elevated in ‘Red Field’, the sequence homology suggests that they may be 

appropriate candidates for functional studies using MdMYB10.   
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Figure 4-4:  Expression analysis of MdbHLH3 and MdbHLH33 transcript during apple fruit development and 
in leaves.   (A) MdbHLH3 and (B) MdbHLH33 in ‘Red Field’ and Pacific Rose™ (cortex, skin and leaf).  X axis 
numbering as Figure 3-2; (1) 40 DAFB, (2) 67 DAFB, (3) 102 DAFB, (4) 130 DAFB, (5) 146 DAFB, (6) ‘Red 
Field’ leaf and (7) Pacific Rose™ leaf.  Error bars shown in qPCR data are means ± S.E. of 3 replicate reactions.  
 
4.2.2 Transient luminescence assays of apple TF activity in tobacco 
 

The dual luciferase system has been shown to provide a rapid method of transient gene 

expression analysis (Matsuo et al., 2001; Hellens et al., 2005).  It requires no selectable marker 

and results can be quantified with a simple enzymatic assay.  A more detailed explanation of the 

methodology can be found in section 2.11.3.  Nicotiana benthamiana was used to test the 

interaction of MdMYB10 with an Arabidopsis anthocyanin biosynthesis gene promoter AtDFR 
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(TT3, At5g42800). This is known to be regulated by Arabidopsis PAP1 and PAP2 proteins 

(Zimmermann et al., 2004; Tohge et al., 2005).  To interrogate the interaction between the MYB 

and bHLH TFs, co-transformations were performed with the bHLH class putative regulators 

from apple MdbHLH3 and MdbHLH33. Results from the promoter assay indicated a significant 

increase in activity when 35S:MdMYB10 was co-transformed with an apple bHLH (Figure 4-5).  

The highest activity was observed when 35S:MdMYB10 was co-infiltrated with 35S:MdbHLH3, 

although co-infiltration with 35S:MdbHLH33 also activated DFR.  These results reflect previous 

work in a transient protoplast transfection system where an Arabidopsis DFR promoter:GUS 

fusion was activated by PAP1 only in the presence of a bHLH (Zimmermann et al., 2004).  The 

apple MYB TF, MdMYB8 (which falls in subgroup 8, Figure 3-8), was selected to test the 

specificity of 35S:MdMYB10 against the DFR promoter.  Activation of DFR by MdMYB8 was 

low under all conditions and showed no addititional activation when co-infiltrated with either 

bHLH TF (Figure 4-5).  Thus, DFR is not activated by any MYB, but specifically by 

MdMYB10. 
 
Figure 4-5:  Interaction of MdMYB10 
and apple bHLH TFs in transient 
tobacco transformation assays affects 
the activity of the Arabidopsis DFR 
gene promoter.  The dual luciferase 
assay shows promoter activity as 
expressed as a mean of the ratio of DFR 
promoter luciferase (LUC) to 35S Renilla 
(REN) where an increase in activity 
equates to an increase in LUC relative to 
REN.  Error bars shown are means ± S.E. 
of 6 replicate reactions.  
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In order to replicate this assay with an apple anthocyanin biosynthetic promoter, a 1.5 kb 

sequence from the upstream promoter region of the apple DFR gene, MdDFR1 was used.  This 

had been previously isolated and fused to the luciferase reporter gene by Roger Hellens, Plant & 

Food Research, Auckland (see section 2.16.5 for further details).  The results were similar to the 

Arabidopsis DFR assay as shown above.  The highest activity was observed when 
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35S:MdMYB10 was co-infiltrated with 35S:MdbHLH3 and to a lesser extent with 

35S:MdbHLH33 (Figure 4-6). 

 
Figure 4-6:  Interaction of MdMYB10 and apple 
bHLH TFs in transient tobacco transformation 
assays affects the activity of the apple DFR 
promoter.  The apple MYB, MdMYB8 was included 
to test the specificity of MdMYB10 against the DFR 
promoter.  Error bars shown are means ± S.E. of 6 
replicate reactions.  

Em
pt

y 
ve

ct
or

M
dM

YB
10

M
dM

YB
10

 +
 M

db
H

LH
3

M
dM

YB
10

 +
 M

db
H

LH
33

M
dM

YB
8

M
dM

YB
8 

+ 
M

db
H

LH
3

M
dM

YB
8 

+ 
M

db
H

LH
33

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Lu
c/

R
en

 ra
tio

 
 

 

 

 

 

 

 

 

 

 

4.2.3 Transient colour assays of apple TF activity in tobacco 
 

A simple assay was devised to screen anthocyanin regulating TFs in a heterologous system.  

Sub-group 10 MYB TFs and anthocyanin-related bHLH TFs were syringe-infiltrated into the 

underside of expanding tobacco leaves.  Anthocyanin pigment accumulation was observed in 

Nicotiana tabacum via Agrobacterium infiltration when 35S:MdMYB10 and 35S:MdbHLH3 

were co-infiltrated.  This was apparently the first reported transient tobacco colour assay (Espley 

et al., 2007).  Pigmentation was evident at infiltration points as early as four days post-

infiltration (Figure 4-7A).  The degree of pigmentation increased over the experimental period of 

up to ten days.   

 

Pigmentation was also observed at a low level with infiltration of 35S:MdMYB10 alone (Figure 

4-7A), but not when either apple bHLH TF or 35S:MdMYB8 were infiltrated (data not shown). 

Results demonstrated the efficacy of this assay as a useful and simple visual reporter system to 

study the regulation of the pigmentation processes.   
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Colour intensity and hue were quantified by measurement with a Minolta chroma meter, using 

the L*a*b* system.  This confirmed the visible transition from green to red.  The data are shown 

as a ratio of a*/b* (Figure 4-7B), where the change from negative towards positive indicates a 

shift from green to red.  It should be noted that there was variability in pigmentation between 

replicates of a given treatment, particularly between leaves of different ages.  The assay was 

sensitive to appropriate light levels.  Interestingly, infiltration of the same TFs into Nicotiana 

benthamiana produced no colour patches, but did produce blackened, dying cells.  N. 

benthamiana has white petals suggesting that there may be a block in the anthocyanin pathway.   

 

To verify cellular build-up of anthocyanin compounds, microscopic images were obtained from 

epidermal peels, removed from the abaxial surface of the leaf, 1 week after inoculation with 

MdMYB10 and MdbHLH3 (Figure 4-7C).  This revealed the transformation of individual cells 

with the candidate genes and the accumulation of anthocyanin pigments within the vacuoles of 

these epidermal cells.  
 
Figure 4-7:  Development of colour due to 
transient transformation of Nicotiana 
tabacum leaves.  (A) Digital images of 
infiltration sites 8 days after transformation 
with: (i) 35S:MdMYB10 + 35S:MdbHLH3, (ii) 
35S:MdMYB10 alone and (iii) empty vector 
control.  (B) Colour measurement by Minolta 
chroma meter, as shown as a*/b* ratio.  A shift 
towards positive indicates a colour change 
from green towards red; (i) to (iii) as above.  
Error bars shown are means ± S.E. of 6 
replicate reactions.  (C) Microscope images 
showing anthocyanin accumulation in tobacco 
epidermal cells infiltrated with 35S:MdMYB10 
+ 35S:MdbHLH3 at 20x (left) and 40x (right).  
Scale bars represent 50 microns.  
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4.2.4 HPLC analysis of anthocyanins in tobacco and apple 
 
To confirm the identity of the red pigmentation which developed after transient transformation of 

tobacco with selected TFs, samples of leaf tissue were removed and extracted, and the soluble 
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anthocyanins analysed by HPLC. The results indicated that the coloured patches caused by 

infiltration of 35S:MdMYB10 and 35S:MdbHLH3 were the result of two major anthocyanins; 

cyanidin-3-glucoside and cyanidin-3-0-rutinoside (Figure 4-8).  These findings were confirmed 

by LCMS, kindly performed by Janine Cooney, Plant & Food Research, Hamilton; cyanidin-3-

glucoside (LCMS molecular ion (M+) at mass of 449 Da; major fragment 287 Da corresponding 

to the M+ of cyanidin with a ‘neutral loss’ of 162 Da corresponding to a  hexose sugar residue) 

and cyanidin-3-0-rutinoside (LCMS M+ at 595 Da, with major fragments of 449 Da [cyanidin 

hexoside], 287 Da [cyanidin] and neutral losses of 146 Da [deoxyhexose sugar; likely rhamnose 

residue and a 162 Da hexose sugar residue] (Janine Cooney, Plant & Food Research, personal 

communication).  No observable anthocyanin peaks were found in the extracts of tobacco leaf 

transformed with Agrobacterium carrying empty vector control alone (Figure 4-8B). To compare 

this with compounds naturally occurring in apple, anthocyanins from the skin of apple (Pacific 

Rose™, mature fruit) were also extracted. HPLC confirmed the predominance of cyanidin-3-

galactoside in apple skin, with traces of cyanidin glucoside and three pentosides (Figure 4-8C) as 

previously described (Tsao et al., 2003). 

  
Figure 4-8:  Anthocyanin profiles of N. 
tabacum and apple.  HPLC traces at 
520nm of (A) tobacco leaf infiltrated with 
35S:MdMYB10 + 35S:MdbHLH3, (B) 
tobacco leaf infiltrated with empty vector 
control and (C) Pacific Rose™ apple fruit 
skin.  Major peaks identified as, cyanidin-
3-galactoside (cy-gal) with minor peaks of 
cyanidin-3-glucoside (cy-glu) and 
cyanidin-3-0-rutinoside (cy-rut).   

Retention Time (minutes)

A
B

C

Cy-glu
Cy-rut

Cy-gal

Retention Time (minutes)

A
B

C

Cy-glu
Cy-rut

Cy-gal

Retention time (minutes)
 
 
 

 
4.2.5 Generation and analysis of 35S:MdMYB10 transgenic tobacco plants 
 
The MdMYB10 cDNA was fused to a CaMV 35S promoter and cloned into the binary vector, 

pSAK (for a more detailed description of the vector construction see section 2.16.5).  

Agrobacterium-mediated transformation of Nicotiana tabacum cultivar ‘Samsun’ leaf strips was 

performed by Kui Lin-Wang (Plant & Food Research, Auckland) to test functionality of 

MdMYB10.  The resulting calli and early regenerants showed no variation in phenotype from 

untransformed tobacco.  Mature, greenhouse grown plants also had normal green foliage.  

However, transformed plants later showed a distinct phenotype at flowering stage where 

pigmentation of the petals was more intense.  This varied according to individual lines and 

correlated with qPCR-derived transcript levels of MdMYB10 (Figure 4-9).  This was particularly 
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evident in lines two and seven.  The constitutive over-expression pattern imparted by the 35S 

promoter resulted in MdMYB10 transcript in leaves, but no pigmentation was observed in any of 

the vegetative tissues.  A strong phenotype was seen in seed pod coats and in seeds prior to 

dehiscence (Figure 4-10).  Therefore, over-expression of MdMYB10 in tobacco resulted in 

specific anthocyanin accumulation, apparently limited to reproductive tissue. 
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Figure 4-9:  Increased anthocyanin pigmentation was evident in the floral organs of tobacco transformed 
with 35S:MdMYB10.  Six transformed lines are shown with qPCR data of relative MdMYB10 transcript level in leaf 
and petals.  The corresponding photographs of flowers are also shown for comparison with wild type (WT).  Error 
bars shown in qPCR data are means ± S.E. of 3 replicate reactions.  
 

A                                                B              C

 

Figure 4-10:  Over-expression of MdMYB10 in tobacco produced seeds with a high level of pigmentation.   (A) 
Comparison of flower colour between a representative line (left) and WT (right).  (B) Phenotypic variation in seed 
pod coat and seeds in representative transformed line (top) and WT (bottom) and (C) in closer detail, using digital 
photography.   
 
4.2.6 Generation and analysis of 35S:MdMYB10 transgenic Arabidopsis plants 
 
Agrobacterium-mediated transformation of Arabidopsis by the floral dip method (Clough and 

Bent, 1998) was performed, using the same binary vector used for tobacco transformation.  

Details of the transformation method can be found in section 2.11.1.  A number of lines were 
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regenerated but no ectopic anthocyanin pigmentation was observed in either vegetative or floral 

tissues.  However, examination of developing seeds did show pigmentation (Figure 4-11).  This 

was most apparent shortly after anthesis (less than 10 days) whilst no pigmentation was seen at 

any stage in the developing seeds of untransformed plants.   
 

A                                                              B             C             D

 
 
Figure 4-11:  Over-expression of MdMYB10 in Arabidopsis induced pigmentation in the seeds.   (A) Phenotypic 
differences are difficult to distinguish in mature seeds from individual transformed lines (T2 generation) and WT.  
(B) Shortly after anthesis the ectopic pigmentation of seeds is visible as shown in a representative T2 generation line 
of 35S:MdMYB10.  (C), An empty vector control line at the same development stage.  (D) An individual seed from a 
representative 35S:MdMYB10 line showing the pattern of anthocyanin accumulation.  Scale bar represents 0.5 mm 
and applies to images (B) and (C).  
 
4.2.7 Generation and analysis of 35S:MdMYB10 transgenic apple plants 
 
To test the function of MdMYB10 in apple itself, apple explants (cultivar ‘Royal Gala’) were 

transformed with the same 35S:MdMYB10-containing plasmid used for stable Arabidopsis and 

tobacco transformation.  The transformation was performed at Plant & Food Research by 

Sumathi Kutty-Amma using the method described in section 2.11.5.  Regenerated callus of 

kanamycin positive transformants were highly pigmented (Figure 4-12).  Shoots regenerated 

from this callus maintained colour, whilst control plants transformed with an empty vector 

consistently showed no pigmentation at either the callus or regenerated shoot stages.  Ten 

independently transformed lines were transferred to the greenhouse, and all showed a startling 

increase in pigmentation.  qPCR analysis of the transformed plants confirmed a massive 

elevation of MdMYB10 transcript level but no apparent elevation in the transcript levels for the 

two bHLH genes assayed, MdbHLH3 or MdbHLH33,  suggesting that in apple neither of these 

genes is positively regulated by MdMYB10 (Figure 4-13).  This is in contrast to the results of 

over-expressing PAP1 in Arabidopsis where PAP1 appeared to up-regulate transcript levels of a 

potential bHLH interactor, TT8 (Tohge et al., 2005).   
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The proposed model for TTG1 (WD40)-dependent transcriptional networks (Zhang et al., 2003) 

predicts increasing specificity moving down the hierarchy from the WD40 TF through the bHLH 

TFs and down to the MYB TFs.  Mutations in TTG1 affect both anthocyanin levels and 

epidermal cell fate (Walker et al., 1999).  Variations in the MYB component of this WD40-

bHLH-MYB complex appear to provide the most anthocyanin-specific effect.  The data suggests 

that in apple, the MYB component, MdMYB10, is the limiting factor for pigment accumulation.   

A                                               B

 
 

Figure 4-12:  Over-expression of MdMYB10 in ‘Royal Gala’ apple elevates anthocyanin production.  Pictures 
show the pigmented callus (above) and transformed apple plants (left) with 35S-MdMYB10 (left) and empty vector 
control plant (right).  Photographs by Tim Holmes, Plant & Food Research, Auckland.  

 
Figure 4-13:  qPCR analysis of the 
relative transcript levels of apple TFs 
in transgenic ‘Royal Gala’.  Transcript 
levels were measured for MdMYB10, 
MdbHLH3 and MdbHLH33 in leaf tissue 
of a representative 35S:MdMYB10 over-
expressing line and control plants (empty 
vector).  Control samples have been 
calibrated to an arbitrary value of 1.  
Error bars shown in qPCR data are means 
± S.E. of 3 replicate reactions
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The expression of the anthocyanin structural genes were also measured by qPCR (Figure 4-14) 

and showed an inconsistency in transcript elevation in accordance with the likely presence of 
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tissue specific family members as previously discussed in Chapter 3.  Only CHI, DFR and UFGT 

showed an increase in transcript abundance.  These increases were less than those seen in the red 

foliaged cultivar, ‘Redfield’ (Figure 3-2). Further evidence for different gene family members of 

biosynthetic enzymes being either leaf or fruit specific was confirmed in a comparison of 

transcript levels between MdDFR1 and MdDFR2 (Figure 4-15).  MdDFR1 showed a slight 

increase in transcript levels in the 35S:MdMYB10 transgenic lines compared to the control plants 

but MdDFR2 displayed a greater relative increase (Figure 4-15), consistent with the data shown 

in Figure 3-3.   HPLC analysis of 35S:MdMYB10 transgenic apple leaves showed a predominant 

peak of cyanidin-3-galactoside (Figure 4-16) and confirmed the presence of smaller amounts of 

cyanidin glucoside and three derivatives of cyanidin pentoside.  
 
Figure 4-14:  qPCR analysis 
of the relative transcript 
levels of the apple structural 
genes in transgenic ‘Royal 
Gala’.  Leaf tissue of 
35S:MdMYB10 over-
expressing lines and control 
plants (empty vector) was 
tested.  The genes tested were 
as detailed in Figure 3-1; CHS, 
CHI, F3H, DFR (denoted as 
DFR1 in the text), LDOX and 
UFGT.  Control plant samples 
were calibrated to an arbitrary 
value of 1.  Error bars shown 
in qPCR data are means ± S.E. 
of 3 replicate reaction

0

1

2

3

4

5

R
el

at
iv

e 
ex

pr
es

si
on

0

1

2

3

4

5

R
el

at
iv

e 
ex

pr
es

si
on

CHS         CHI          F3H        DFR      LDOX     UFGT

Key
35S:MdMYB10
transgenic apple

Empty vector
control

.  
 
 
 

 
Figure 4-15:  qPCR analysis of the relative transcript 
levels of two family members of DFR in transgenic ‘Royal 
Gala’.  Leaf tissue of 35S:MdMYB10 over-expressing lines 
and control plants (empty vector) was tested.  Control samples 
have been calibrated to an arbitrary value of 1.  Error bars 
shown in qPCR data are means ± S.E. of 3 replicate reactions.  
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Figure 4-16:  Anthocyanin profiles of extracts of 35S:MdMYB10 apple leaf.  Top line shows 35S:MdMYB10 
sample and bottom line, empty vector control.  Peaks identified from HPLC traces at 520nm; cyanidin-3-galactoside 
(cy-gal), with minor traces of cyanidin-3-glucoside (cy-glu) and cyanidin-3-pentoside (cy-pent).  
 
4.2.8 Growth and analysis of 35S:MdMYB10 transgenic apple trees 
 

To study the growth and development of 35S:MdMYB10 transgenic lines, transformed plantlets 

were micro-grafted onto M9 rootstock, adapted from a protocol described by Lane et al. (2003).  

This method was chosen to accelerate the time to flowering and is described in more detail in 

section 2.10.2.  Once the grafts were established and vigorous growth resumed, the grafted trees 

were transferred to the National Climate Laboratories, Plant & Food Research, Palmerston 

North.  Stringent growth conditions, designed to hasten maturity and flowering, were applied 

(see section 2.10.2).  This enabled flowering to occur within 12 months of grafting.  Figure 4.17 

shows the workflow from transformation to fruit harvest, and depicts the major events and their 

associated timelines.  

 

To study the effects of MdMYB10 over-expression in ‘Royal Gala’ on growth and phenotype, 

preliminary data was gathered on basic growth characteristics of both 35S:MdMYB10 trees and 

control trees in greenhouse conditions.  Measurements were not made on trees grown in the 

controlled climate laboratories because of the extreme conditions imposed on the plants.  The 

measurements included leaf width and length (25 leaves on 5 trees per treatment) and internode 

length (50 internodes per tree) (Figure 4-18).  These qualitative comparisons between 

35S:MdMYB10 and control lines indicated no major differences in vigour or morphology.   
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Figure 4-17:  The workflow from transformation to fruit harvest.  The central area shows the number of months, 
starting from month 1 (transformation of apple with 35S:MdMYB10) and ending at month 24 (fruit harvest) and 
shows location of plants by coloured shading.  Dotted lines signify break in the timeline where plants were grown in 
glasshouse prior to grafting, a period of approximately six months.   
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Figure 4-18:  Physical measurements of 35S:MdMYB10 lines and control apple trees.  Measurements of leaf 
width (A), leaf length (B) and internode length (C) from 35S:MdMYB10 and control lines.   Error bars shown in data 
are means ± S.E. of 25 individual leaves per tree (A and B) and 50 internode lengths (C).  
 
 
Observations of the morphology of 35S:MdMYB10 and control lines were recorded (Figure 4-

19).  Apart from the degree of pigmentation there were few discernable differences in tree 

architecture or growth.  Pigmentation in the leaves of 35S:MdMYB10 lines was particularly 

evident in and around veins (Figure 4-19).  There was also considerable anthocyanin 

accumulation in areas of the trunk, including the outer phloem layers and vasculature rays 

(Figure 4-19B). 
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Figure 4-19:  Phenotype differences between 35S:MdMYB10 lines and control ‘Royal Gala’ is largely confined 
to pigmentation.  The three panels in (A) show three representative independent lines of 35S:MdMYB10 (left) and 
control ‘Royal Gala’ (right).  Intense pigmentation was seen in the trunk (B, left) and leaves (C, top) of 
35S:MdMYB10 lines.  Back lit images of leaf tissue (D) further highlights the difference in colour and shows the 
accumulation of anthocyanins in 35S:MdMYB10 tissue (left) in and around leaf veins.  
 
To consider possible anatomical rearrangements in leaf cell layers due to the increase in 

anthocyanin deposition in the 35S:MdMYB10 transgenic lines, leaf samples were sectioned and 

observed microscopically (Fig 4-20).  A previous study in apple skin (Bae et al., 2006) showed 

that red skin contained more layers of anthocyanin-containing cells than green skins and that the 

density of anthocyanin in the vacuoles of these cells was greater.  Cross sections of fresh leaves 

from 35S:MdMYB10 and control lines (Figure 4-20) demonstrated the spatial accumulation of 

anthocyanins in the 35S:MdMYB10 leaves (no anthocyanin pigment was observed in the control 

tissue).  Results showed that the majority of pigmentation was confined to the lower epidermis.  

Some pigment was also visible in the upper epidermis and in tissues adjacent to or comprising 

vasculature.  Interestingly, there was little evidence of anthocyanin deposition in the highly 

chlorophyllous palisade or mesophyll cells.   No anatomical rearrangements were apparent.   
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Figure 4-20:  Microscope images of leaf cross sections from 35S:MdMYB10 and control lines.   (A) 
35S:MdMYB10 leaf, showing anthocyanin pigmentation largely confined to the lower epidermis and the vasculature.  
(B) Control leaf, showing no observable anthocyanin pigmentation.  Size bar = 100 µm.  
 
The accumulation of anthocyanin pigments in leaf tissue, as observed in the 35S:MdMYB10 

lines, may affect photosynthesis and, therefore, carbon assimilation; an undesirable consequence 

for horticultural crops.  There appears to be a relationship between the location of anthocyanins 

within the leaf and the effect on photosynthesis.  In leaves where anthocyanins accumulate 

exclusively in the upper epidermis, there is a substantial loss in photosynthetic capacity (Burger 

and Edwards, 1996), whilst accumulation in the palisade and spongy mesophyll layers results in 

a smaller decrease (Gould et al., 2002b).  When anthocyanins are accumulated in the lower 

epidermis there may be little reduction in photosynthetic efficiency and, indeed, these leaves 

may demonstrate higher maximum yields (Gould et al., 1995).  Cyanic leaves have also been 

shown to recover more quickly than acyanic leaves when exposed to strong light (Feild et al., 

2001; Neill and Gould, 2003).    

 

Data on chlorophyll fluorescence, which acts as an indicator of photosynthetic performance, was 

gathered using a Photosynthetic Yield Analyser (PAM) for leaves of transgenic and control 

plants, as outlined in section 2.13.  After the plants were dark-adapted, fluorescence 
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measurements were taken at six levels of increasing irradiance.  Yield was calculated from 

fluorescence (F) using the equation (F′m-F)/F′m where F′m is the maximal fluorescence yield of 

the illuminated leaf sample (with all PS II centers closed) and F is the maximal fluorescence 

yield of the leaf sample just prior to application of the light pulse (Kooten and Snel, 1990).  The 

electron transport rate (ETR) was then calculated using the yield multiplied by the 

photosynthetically active radiation (PAR) and multiplied by 0.5 (a single electron requires the 

absorption of two quanta) and 0.84 (the fraction of incident light absorbed by a leaf) (Genty et 

al., 1989).  

 

ETR versus PAR was plotted (Figure 4-21A) and the curves were used to estimate 

photosynthetic capacity (PSmax) and photosynthetic efficiency (α) (Figure 4-21B and C).  The 

data shows that the red leaves on 35S:MdMYB10 plants had a similar photosynthetic efficiency 

to that of the green leaves from ‘Royal Gala’ control trees (Figure 4-21), but that the 

photosynthetic capacity of the red leaves was higher than the green leaves.  A rudimentary 

statistical analysis (F-test, statistical significance assumed if P < 0.05) indicated that there was 

no difference in efficiency but that capacity was significantly higher for the red 35S:MdMYB10 

leaves.   
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Figure 4-21:  Photosynthetic capacity of the red leaves of 35S:MdMYB10 lines and the green leaves of ‘Royal 
Gala’ controls.   (A) Representative data for 35S:MdMYB10 lines and ‘Royal Gala’ indicates that the transgenic red 
leaves may have increased capacity at higher light levels.  (B) Photosynthetic capacity (PSmax) is significantly 
higher for 35S:MdMYB10 lines.  Error bars shown in data are means ± S.E. of 20 individual leaves.  (C) 
Photosynthetic efficiency (α) is similar for both the red and green leaves.  Error bars as (B).   
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4.2.9 Analysis of 35S:MdMYB10 fruit 
 

Transgenic fruit from trees grown in the Climate Laboratory were sampled at maturity.  The 10 

35S:MdMYB10 trees (from four independent transgenic lines) and two control trees were hand 

pollinated (by Cara Norling, Plant & Food Research, using pollen from ‘Granny Smith’) and 

fruit were sampled throughout the maturation period.  At final harvest a total of 47 

35S:MdMYB10 fruit and seven control fruit were collected.  A number of fruit defects were 

evident: a reduction in fruit size and a high incidence of malformed fruit, together with instances 

of russeting and cracking (Figure 4-22).  These anomalies may be attributable to the severe 

growth regime imposed on the plants to hasten fruiting, including small pot size and the 

application of growth regulators.  Environmental conditions were also adjusted to include high 

temperature (up to 30 ºC), light (up to 900 µmol m-2 s-1) and CO2 (up to 1000 ppm) and relative 

humidity (up to 90%) (section 2.10.2).  Whilst fruit of a good appearance was found, there 

appeared to be a reduction in size of the 35S:MdMYB10 fruit when compared with the ‘Royal 

Gala’ control (Figure 4-22).  Crop load was not manually adjusted and and may have been too 

high, resulting in smaller fruit.  The fruit cortex of the 35S:MdMYB10 lines was uniformly 

pigmented whilst the skin showed an intense red colour, often accompanied by mottling effects 

of either black or yellow (Figure 4-22B).  No green was evident on 35S:MdMYB10 fruit skin.  

Samples from these were processed for later metabolomic and transcriptomic studies.   

 

During fruit sampling it was evident that 35S:MdMYB10 fruit emitted a strong and pleasant 

apple aroma, which may have been stronger than the ‘Royal Gala’ controls.  More than 200 

volatile compounds have been found in different apple cultivars (Dimick and Hoskin, 1983), and 

a number of these have been shown to be primarily responsible for the overall aroma.  In 

particular, butyl acetate, 2-methylbutyl acetate, hexyl hexanoate and hexyl acetate have been 

identified as major contributors to overall apple aroma (Young et al., 1999; Dixon and Hewett, 

2000).  However, there is some variation across cultivars, and volatile emissions alter with 

increasing fruit maturity (Young et al., 1999; Mehinagic et al., 2006) 
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Figure 4-22:  35S:MdMYB10 apple fruit were smaller than ‘Royal Gala’ control fruit.  (A) Representative lines 
of control fruit (top line) and 35S:MdMYB10 fruit (below).  (B) Representative fruit from 35S:MdMYB10 showing 
pale and dark mottling.  (C) Fruit cortex was highly pigmented in 35S:MdMYB10 fruit.  Picture taken at 102 DAFB.  
(D) Graph summarising the differences in fruit size and weight between 35S:MdMYB10 and control lines.  Error 
bars shown are means ± S.E. of 47 35S:MdMYB10 fruit and 7 ‘Royal Gala’ control fruit.  
 
Headspace analysis was conducted to compare the range and concentration of volatile emission 

between the fruit of transgenic 35S:MdMYB10 lines and control ‘Royal Gala’.   Results from 

GC/MS shows some difference between the volatile composition and concentration between the 

fruit of 35S:MdMYB10 and ‘Royal Gala’ control lines (Figure 4-23).  In particular, the profiles 

change at the lower retention times, indicating an increase in the low molecular weight acetate 

esters and their short chain alcohol precursors.   
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Figure 4-23:  Representative GC-MS traces.   ‘Royal Gala’ control fruit (A) and 35S:MdMYB10 fruit (B), 
showing differences in the profiles, particularly between 200 and 600 s retention time.   
 

 

Figure 4-24:  Differences in the 
compound profile of 
35S:MdMYB10 fruit.  Selected 
area of GC-MS trace (from 0 to 
650 s) for the volatile peak areas 
determined in the fruit of ‘Royal 
Gala’ (shown in dark grey) and 
35S:MdMYB10 (red).  Major 
differences are labelled with 
compound names.   
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Major differences were observed for acetic acid, methyl ester, ethyl acetate, ethanol, acetic acid, 

propyl ester, butanoic acid, 2 methyl ester and acetic acid, 2-methylpropyl ester (Figure 4-24).  

Ethanol, a reactant in the esterification of numerous volatiles, was found at higher levels in the 

transgenic fruit which may partly explain the increase in esters.  Peak areas were converted into 

ng g-1 fresh weight tissue, calculated using a known injection of apple volatile standards (Figure 

4-25).  Total volatiles for ‘Royal Gala’ and 35S:MdMYB10 fruit were 35.23 and 58.81 ng g-1 

respectively. 
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Figure 4-25:  Conversion of peak areas into ng g-1 fresh weight of fruit shows major differences between 
‘Royal Gala’ and 35S:MdMYB10 samples.  Error bars shown in data are means ± S.E. of two biological replicates, 
three fruit per replicate (CAS refers to Chemical Abstract Service).  
 

The principal volatile components were acetic acid, butyl ester (also known as butyl acetate), 1-

butanol, 2-methyl acetate (2-methylbutyl acetate), butanol and acetic acid, hexyl ester (hexyl 

acetate).  These results are similar to a previous study on ‘Royal Gala’ fruit (Young et al., 1996), 

which also considered the relationship between volatiles and aroma and showed that 1-butanol, 

2-methyl acetate was the most important contributor to the sensory attributes of ‘Royal Gala’.  

Interestingly the 35S:MdMYB10 fruit showed a substantial increase in 1-butanol, 2-methyl 

acetate when compared to the ‘Royal Gala’ controls (Figure 4-25). 

 

It should be noted that volatile profiles can change during fruit ripening.  A study in ‘Royal 

Gala’ showed that acetic acid, butyl ester, butanol and acetic acid, hexyl ester all increased in 

89 



 Chapter 4:  Characterisation of MdMYB10   

line with later harvest dates, suggesting that these compounds increase with maturation (Young 

et al., 1999).  However, this phenomenon may be cultivar specific; data from a different study 

showed no change for acetic acid, butyl ester or 1-butanol, 2-methyl acetate for two cultivars 

(‘Fuji’ and ‘Braeburn’) out of the three cultivars examined during the onset of maturation (which 

also included ‘Golden Delicious’).  In the case of 1-butanol, 2-methyl acetate, there was a 

marked decrease during maturation in ‘Braeburn’.  This suggests that the increase of volatiles in 

the 35S:MdMYB10 samples, such as 1-butanol, 2-methyl acetate, is not necessarily maturity-

linked.  

 

4.2.10 MdMYB10: A candidate gene for mapping red flesh in apple 
 

A number of programmes around the world are breeding apples for the red-flesh trait, including 

groups in Germany and The Netherlands.  Populations for breeding red-fleshed apples have been 

developed at Plant & Food Research (Section 1.9).  The main population, consisting of 516 

individuals, was the result of crosses between a commercial cultivar, Pacific RoseTM, bearing 

white-fleshed fruit and green leaves, and an open-pollinated seedling of a red-fleshed cultivar, 

bearing red leaves, ‘Redfield’ (itself derived from a cross between ‘Wolf River’ and Malus 

pumila ‘Niedzwetzkyana’).  This population was screened for PCR based markers in a 

programme designed to map candidate genes for anthocyanin accumulation to the apple genetic 

map and to assist in the development of a marker (D Chagné, Plant & Food Research, personal 

communication).  Together with a number of biosynthetic genes and putative regulators, 

MdMYB10 was selected for this study.  Results showed that red flesh and red foliage could be 

determined by a single locus positioned on Linkage Group 09 on the apple genome.   One allele, 

named Rni, was identified as a genetic determinant of the red flesh/foliage phenotype and PCR-

based molecular markers derived from MdMYB10 were shown to co-segregate with Rni (Chagné 

et al., 2007).  This suggests that MdMYB10 may be the gene that controls this important trait and 

could be used in a marker assisted breeding programme. 

 
4.3 Discussion 
 
Functional characterisation is the key determinant in describing a gene.  This chapter shows the 

evidence for the function of MdMYB10 in a number of heterologous systems and in apple itself.  

The function of MdMYB10 was confirmed in both transient and stable transformation methods 

in divergent species whilst over-expression in apple results in highly pigmented trees and fruit.  

Dependence on a bHLH co-factor is discussed.  
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4.3.1 Reporter assays confirm the activation of anthocyanin structural genes by MdMYB10 
 

The dual luciferase system provides a rapid assay to demonstrate promoter activity.  Data from 

these assays showed that both the Arabidopsis and apple DFR promoters were activated by the 

infiltration of 35S:MdMYB10, but only in the presence of a co-infiltrated bHLH TF (Figure 4-5 

and 4-6).  Co-infiltration of 35S:MdbHLH3 with 35S:MdMYB10 does appear to have a greater 

effect on the activity of the DFR promoter than co-infiltration with 35S:MdbHLH33.  The pattern 

for DFR activation was strikingly similar for both the Arabidopsis and apple versions.  However, 

further work is required to confirm which, if either, of these bHLH candidates is significant for 

the regulation of anthocyanin biosynthetic genes in apple tissue.   

 

4.3.2 Heterologous testing of functionality provides rapid clues to MdMYB10 function  
 
Elucidation of anthocyanin regulation is amenable to simple colour-based assays due to the 

innate visibility of pigmentation.  Co-infiltration of MdMYB10 and a co-factor bHLH into 

tobacco leaves resulted in clearly visible colour induction.   HPLC data and microscopy 

confirmed the significant accumulation of anthocyanin compounds, driven by MdMYB10 and a 

bHLH TF, proving the functional presence of anthocyanin biosynthetic enzymes in tobacco 

leaves and the cellular steps to transport anthocyanins to the vacuole.  Transient expression of 

MdMYB10 in tobacco resulted in major anthocyanin peaks representing cyanidin-3-galactoside 

and cyanidin-3-0-rutinoside.  Accumulation of an alternative compound to that normally 

observed in apple is a probable consequence of differences in the genes encoding the 

biosynthetic enzymes available in the two species.  The variability of this assay and the difficulty 

of obtaining convincing data for quantification of pigmentation are limiting factors.  However, 

this apple TF driven enhancement ably demonstrates the proposed conservation of MYB 

regulators between the species.   

 

4.3.3 Evidence for MYB:bHLH TF interaction 
 

A signature motif for the interaction between MYB and bHLH proteins, based on specific 

residues within the R2R3 DNA binding domain of the MYB partner, has been proposed for 

maize and Arabidopsis and confirmed experimentally (Grotewold et al., 2000; Zimmermann et 

al., 2004).  MdMYB10 shares a similar residue pattern to the bHLH-dependent maize C1 protein 

(unlike the bHLH-independent maize MYB-related protein, P).   
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The promoter activation assays clearly demonstrated the requirement for an exogenous bHLH 

co-factor.  Of the two candidates selected, MdbHLH3 appeared to provide greater activation.  

MdbHLH3 is homologous to the Arabidopsis TT8 gene which has been shown to regulate 

anthocyanin (Zimmermann et al., 2004) and proanthocyanin accumulation (Nesi et al., 2000).  

Sequence blast matches indicate that MdbHLH33 is homologous to the Arabidopsis MYC1 

bHLH (Urao et al., 1996).  There is no functional data on either of these bHLH genes in apple or 

tobacco.   

 

The simple colour assay also exhibited the requirement of an infiltrated bHLH, although some 

colour was detected with infiltration of MdMYB10 alone.  One possible explanation for the 

appearance of this pigmentation is that MdMYB10 is able to partner with an endogenous tobacco 

bHLH protein.  However, in the presence of an apple co-activator this accumulation was 

intensified and the colour appeared several days earlier, demonstrating partial dependence of 

MdMYB10 activity on the presence of an apple bHLH protein in this system. 

 

The perceived hierarchy in the regulatory complex, as discussed in Chapter 1, suggests that the 

MYB provides the most specific regulation of biosynthetic genes whilst the bHLH regulates a 

more diverse set of genes.  This may account for the less specific nature of the bHLHs tested.  In 

these experiments, a specific MYB (MdMYB10) may be able to partner with different bHLHs, 

either endogenous to the transformation host or exogenously applied.    

 

4.3.4 Stable transformation of tobacco and Arabidopsis with 35S:MdMYB10 leads to an 
elevation of anthocyanin levels 

 

Stable transformation of tobacco with 35S:MdMYB10 demonstrated the transferable functionality 

of this class of MYB TFs.  A phenotype was clearly evident with increased pigmentation in 

flowers and developing seed pod coats and seeds.  Anthocyanin pigmentation naturally occurs in 

Nicotiana tabacum cultivar ‘Samsun’ flowers and it appears that MdMYB10 is able to enhance 

this natural occurrence, presumably using the same bHLH co-factors as used by the endogenous 

tobacco MYB TFs.  Over-expression of MdMYB10 also produced ectopic anthocyanin 

accumulation in developing seeds and seed pods.  This suggests that the capacity exists in 

tobacco seeds for anthocyanin biosynthesis.  The classic model states that a MYB and a bHLH 

are required for the regulation of this pathway.  Therefore, it is likely that the endogenous 

bHLHs are indeed present but that the endogenous MYB TFs are not expressed in these tissues.  
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This would enable an introduced MYB, MdMYB10, to partner with an endogenous bHLH and 

so up-regulate anthocyanin biosynthesis in tissue that is not normally pigmented.    

 

The Arabidopsis transformation produced the least striking phenotype, with enhanced 

pigmentation only visible in developing seeds.  This suggests highly specific regulation of 

anthocyanin and may be due to the specificity of endogenous co-factor bHLH TFs.  Over-

expression of PAP1 on a 35S promoter in Arabidopsis produces purple plants (Figure 1-4) and 

an increase in TT8 transcript levels (Tohge et al., 2005).  Over-expression of MdMYB10 on a 35S 

promoter in Arabidopsis did not produce such a conspicuous phenotype.   

 

4.3.5 Stable transformation of apple validates MdMYB10 function 
 
Over-expression of MdMYB10 in apple is reminiscent of PAP1 transgenic Arabidopsis plants 

(Borevitz et al., 2000; Xie et al., 2006).  The transformation host, ‘Royal Gala’, normally 

displays green leaf tissue and white-fleshed fruit with red and green stripped skin.  The 

35S:MdMYB10 transformants showed intense pigmentation in all the plant structures which was 

maintained in both the flesh and skin of mature fruit.  Although grafting of the transformed 

plants onto M9 rootstock may have reduced some of the pleiotropic effects of MdMYB10 over-

expression, there was no evidence of this from trees grown on their own roots and the phenotype 

was the same.  Furthermore, although there may be some penalty to fruit size there did not 

appear to be major disadvantages to the physiology and growth of trees over-expressing 

MdMYB10 compared to controls.  This suggests that genetic modification of apple with 

MdMYB10 may be a viable alternative to traditional plant breeding.  However, sampling was 

performed on trees grown in contained conditions and field trials would be required to reveal if 

any disadvantages are conferred in typical orchard conditions.  Likewise, fruit from field trials 

would enable more realistic determination of fruit quality characteristics such as uniformity of 

colour, crop load, pest and disease resistance, storage and sensory attributes including taste, 

texture and aroma.  The volatile analysis of the 35S:MdMYB10 fruit showed an elevation in 

some volatile compounds compared with control ‘Royal Gala’ fruit, suggesting a more intense 

sensory quality for the transgenic fruit.   

 

Interestingly, there did not appear to be a detrimental effect on photosynthesis due to the 

accumulation of anthocyanins in 35S:MdMYB10 leaf tissues.  Although leaves appeared to be 

uniformly red, microscopic sections showed that cyanic cells were largely confined to the lower 

epidermis and vasculature.  In many plant species, red leaves have lower photosynthetic rates 
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than their green counterparts (Burger and Edwards, 1996).  As previously discussed, this may be 

due to light filtration by anthocyanin pigments, which is likely to be most pronounced if the 

anthocyanins are located in the upper cellular layers of the leaf.  In the red and green portions of 

Lactuca sativa, the red regions were less photoinhibited, recovering more effectively after 

exposure to high light (Neill and Gould, 2003).  Anthocyanins absorb light in the green fraction 

(Harborne, 1967), and green light is particularly important for chlorophyll activity in the lower 

leaf layers (Sun et al., 1998).  At high light levels, the anthocyanin pigments may act as filters, 

absorbing potentially damaging levels of light and so reducing photoinhibition.  This may 

explain the apparent increase in photosynthetic capacity for the red leaves of 35S:MdMYB10 at 

higher light levels.  However, it should be noted that the correction factor for the fraction of light 

absorbed (0.84) applied to the calculations may not be the same for red and green leaves and 

further studies are required to verify these findings.   

 

Since MdMYB10 is driven by the constitutive 35S promoter, this indicates that there may be 

some regulatory mechanism preventing anthocyanin synthesis in the photosynthetically active 

palisade and spongy mesophyll cells.  Recent advances have shown that an R3 MYB in 

Arabidopsis, AtMYBL2, acts as a negative regulator of anthocyanin biosynthesis.  There appears 

to be a direct interaction between this transcriptional repressor and the MYB:bHLH:WD40 TF 

complex that is know to positively regulate anthocyanin (Dubos et al., 2008; Matsui et al., 2008).  

The presence of a similar regulator or other repressor of MdMYB10 in apple could explain the 

tissue specific accumulation of anthocyanin in the leaf layers.    

 

The methods employed here to provide proof of concept showed that relatively rapid generation 

of transgenic apple fruit is possible.  The final sample collection for tree-ripe fruit was conducted 

some 30 months after the initial Agrobacterium-mediated transformation but earlier grafting and 

improvements to the methods could reduce this time to within 24 months.   

 

The combination of bioinformatics and expression data from Chapter 3 and the functional data 

from this chapter confirms that MdMYB10 is the apple orthologue of known anthocyanin 

regulators from other species, such as Arabidopsis PAP1.  Isolation of this gene provides a 

crucial step to understanding the molecular regulation of anthocyanin gene transcription in apple 

fruit.   

 

94 



 Chapter 4:  Characterisation of MdMYB10   

95 

Once again a MYB TF appears to be the primary determinant of differences in colour between 

cultivated plant varieties, as has been reported for potato, tomato, pepper (De Jong et al., 2004) 

and grape (Kobayashi et al., 2004) and in different varieties of Antirrhinum (Schwinn et al., 

2006).  These results confirm the previous findings that it is the MYB component from the 

proposed regulatory complex of MYB-bHLH-WD40 TFs which is primarily (and specifically) 

responsible for the level of anthocyanin accumulation.  Elucidation of the primary molecular 

control of colour in apple provides important information for the breeding of coloured fleshed 

apples.  These findings are further reinforced by the genetic evidence that MdMYB10 co-

segregates with flesh and foliage colour.  

 

However, whilst these results confirm that MdMYB10 does regulate anthocyanin in apple, they 

do not answer the question as to why there are such dramatic differences in the levels of 

pigmentation across apple cultivars.  The sequence and gene expression data shown in Chapter 3 

dismisses the premise that differences in the coding region may be responsible.  The most natural 

assumption, therefore, is that there are differences in the regulatory sequence, such as in the 

MdMYB10 promoter.  

 

4.3.6 Chapter summary 
 

MdMYB10 is able to activate anthocyanin structural gene promoters from both Arabidopsis and 

apple in transient assays.  Anthocyanin pigmentation can be induced by MdMYB10 in green 

tobacco leaves, particularly in the presence of an exogenous bHLH putative co-factor.  Over-

expression of MdMYB10 in both Arabidopsis and tobacco can activate the endogenous 

anthocyanin biosynthesis and induce colour change.  Experimental evidence suggests that 

MdMYB10 does require a co-factor bHLH for regulation of the anthocyanin pathway. 

 

The function of MdMYB10 as the specific regulator of anthocyanin biosynthesis in apple is 

confirmed by over-expression in the host.  Plants transformed with 35S:MdMYB10 were highly 

pigmented in vegetative, floral and fruit tissues.  Rapid generation of transformed apple fruit is 

possible through regulated growth conditions. 

 

MdMYB10 and the closely associated locus Rni, provides a suitable tool for genetic mapping and 

marker assisted breeding.  Alternatively, genetic modification of apple with MdMYB10, to 

produce a novel red-fleshed variety, may provide a fast and viable alternative to traditional plant 

breeding. 
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5 ISOLATION AND ANALYSIS OF THE PROMOTER 

REGIONS OF MdMYB10 

5.1 Overview 
 

Hypothesis:  That the major differences in the level of anthocyanin accumulation in red and 

white-fleshed apple cultivars are due to alterations in the regulation of MdMYB10.  Such 

alterations could produce severe phenotypic changes, either as a loss of function, or in the 

creation of a novel mechanism for repression or enhancement.  Comparison of the promoter 

regions of such contrasting cultivars as the commercial variety Pacific RoseTM, which has green 

leaves and white-fleshed fruit, and progeny of the wild apple, Malus pumila ‘Niedzwetzkyana’, 

which has red leaves and red-fleshed fruit, will help to identify sequence rearrangements.  

Promoter characterisation may determine the role that these alterations have in defining 

anthocyanin levels.   

 

Amongst the numerous examples of the MYB-related regulation of anthocyanin biosynthesis, 

there have been reports describing how small changes to the MYB proteins can have a marked 

effect on phenotype (Schwinn et al., 2006).  Disruption of the expression of a MYB gene can 

result in more severe phenotypes.  For example, in grape, a retrotransposon-induced mutation in 

the promoter of VvMYBA results in the absence of anthocyanin accumulation in berry skin 

(Kobayashi et al., 2004).  Subsequent investigation has revealed that multiple mutations in an 

adjacent MYB-regulatory gene also account for the difference in grape berry colour (Walker et 

al., 2007).  Mutations in the other major class of anthocyanin regulators, members of the basic 

helix-loop-helix (bHLH) class of TFs, have also been shown to produce anthocyanin-related 

phenotypic changes, such as the Rc mutation in rice, accounting for the white pericarp of most 

rice cultivars (Sweeney et al., 2007).  These characterized anthocyanin regulator mutations result 

in a loss or a restricted distribution of anthocyanin.  In some instances within the 

phenylpropanoid pathway mutations can result in gain-of-function.  TT2 (a MYB TF), TT8 (a 

bHLH TF), and TTG1 (contains a WD40 domain) directly control both BANYULS (BAN), 

encoding a core enzyme in proanthocyanidin biosynthesis, and TT8 expression at the 

transcriptional level in a self-activated feedback loop (Debeaujon et al., 2003; Baudry et al., 

2004; Baudry et al., 2006).   
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Expression analysis of the anthocyanin biosynthetic genes (Chapter 3) suggests that, at the 

transcriptional level, members of these gene families are active in diverse apple tissues.  There 

are minor variations in the coding sequences of MdMYB10 from varieties exhibiting such diverse 

phenotypes as Malus x domestica ‘Granny Smith’ (green foliage and predominantly green fruit 

skin/white flesh) and Malus x domestica ‘Red Field’ (red foliage with almost entirely red fruit) 

as shown in Chapter 4.  These minor variations could alter the regulation or the activity of the TF 

against its targets.  This is unlikely, seeing as the predicted proteins are similar.  However, since 

there is such a difference in the expression pattern of MdMYB10, it is more likely that there is a 

change in the regulatory region of MdMYB10.  This chapter reports on the promoters of 

MdMYB10 genes from red and white fleshed apples and discusses the possible effects on 

phenotype. 

 

5.2 Results 
 
5.2.1 Isolation of the upstream region of MdMYB10 alleles by genome walking 
 
Genome walking was used to isolate the upstream regulatory sequence of MdMYB10 as outlined 

in section 2.16.4 (Figure 5-1)  The isolated genomic DNA fragment of approximately 1700 bp 

was sequenced and primers were designed to PCR amplify this region from both white-fleshed 

apple cultivars, Malus x domestica ‘Sciros’ (Pacific RoseTM), Malus x domestica 'Granny Smith', 

and Malus x domestica ‘Royal Gala’ and the red-fleshed varieties Malus x domestica ‘Red Field’ 

and Malus pumila ‘Niedzwetzkyana’.  Apples are outcrossing and, as a result, highly 

heterozygous, so differences might be expected.  Isolated DNA fragments from these diverse 

cultivars revealed two sequences of different sizes for the same region (Figure 5-2).  
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Figure 5-1:  Genome walking was used to 
isolate the upstream regulatory sequence of 
MdMYB10.  The primary PCR resulted in a 
DNA smear (left) and the secondary PCR, using 
nested primers, produced a number of specific 
bands (right).  The restriction enzymes for each 
library are shown across the top.  Two genome 
walks resulted in 1.7 kb of upstream sequence of 
MdMYB10.  
 

 

One fragment was present in all four cultivars and showed minor variation in sequence between 

cultivars.  As an example, a comparison of the sequence from 'Granny Smith' with Pacific 

RoseTM  revealed six single nucleotide polymorphisms (SNPs), five single base deletions, and 
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four single base insertions over the 1700 bp of promoter analysed. The other fragment was 

similar except for an insertion of approximately 100 bp.  This latter version was only found in 

the promoter region of the red-fleshed, red-foliaged varieties Malus x domestica ‘Red Field’ and 

Malus pumila ‘Niedzwetzkyana’.  The complete sequence of the four varieties analysed are 

shown in Appendix 9.5.   
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Figure 5-2:  Image of agarose gel showing PCR-derived 
MdMYB10 promoter fragments.  Two closely located bands 
are evident in lanes 1 (‘Niedzwetzkyana’) and 2 (‘Red Field’), 
while only a single band is present in lanes 3, 4 and 5 for the 
cultivars 91-112 (a Plant & Food Research selection bearing 
apples with lightly pigmented fruit flesh and green foliage), 
Pacific RoseTM  and ‘Granny Smith’ respectively.  
 

 

 

 

 

5.2.2 Sequence analysis of the repetitive DNA region 
 
Figure 5-3 shows the sequence of the region containing the insertion found in the promoter from 

Malus pumila ‘Niedzwetzkyana’ and in Malus x domestica ‘Red Field’.  It consisted of a 23 base 

pair sequence, duplicated in a complex pattern of five near perfect tandem repeats.  A single 

version of this 23 bp sequence is also found in all varieties tested (both red and white-fleshed) 

located some 30 bases downstream of the insertion (termed unit 1 in Figure 5-3).  This version 

has a single nucleotide change from T in the red-fleshed varieties to A in the white-fleshed 

varieties (see Appendix 9.5).  Between this single 23 bp repeat sequence and the multiple tandem 

repeat sequence lies a di-nucleotide microsatellite.  The isolated promoter regions from the 

white-fleshed/green foliage varieties and the red-fleshed/red foliage varieties were named R1 and 

R6 respectively, based on the number of repeat sequences.  Aside from the insertion or deletion 

of the repeat sequence region, there were few other differences.  There are no deviations to the 

sequence of the repeat units found in the insertion except that repeat unit number three is 

dissected by units four and five and includes the additional nucleotides CTG at the 5′ end of 3a 
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(Figure 5-3).  A partial repeat unit (GTTAGACT) is also present between unit two and the 

microsatellite.   

gttagactggtagctattaacaa gttagactg ctggtagctattaacaa gttagactggtagctattaacaa gttagactgtgtgtgtgtgtgtatttcacaa gttagactggtagctattaacaa

gttagactggtagctattaacaa gttagactggtagctattaacaa

6                        3b         3a 2                            microsatellite 1

5                 4 

gttagactggtagctattaacaa gttagactg ctggtagctattaacaa gttagactggtagctattaacaa gttagactgtgtgtgtgtgtgtatttcacaa gttagactggtagctattaacaa

gttagactggtagctattaacaa gttagactggtagctattaacaa

6 2  

5                 4 

1

gttagactggtagctattaacaa gttagactg ctggtagctattaacaa gttagactggtagctattaacaa gttagactgtgtgtgtgtgtgtatttcacaa gttagactggtagctattaacaa

gttagactggtagctattaacaa gttagactggtagctattaacaa

6                        3b         3a 2                            microsatellite 1

5                 4 

gttagactggtagctattaacaa gttagactg ctggtagctattaacaa gttagactggtagctattaacaa gttagactgtgtgtgtgtgtgtatttcacaa gttagactggtagctattaacaa

gttagactggtagctattaacaa gttagactggtagctattaacaa

6 2  

5                 4 

1

gttagactggtagctattaacaa gttagactg ctggtagctattaacaa gttagactggtagctattaacaa gttagactgtgtgtgtgtgtgtatttcacaa gttagactggtagctattaacaa

gttagactggtagctattaacaa gttagactggtagctattaacaa

6                        3b         3a 2                            microsatellite 1

5                 4 

gttagactggtagctattaacaa gttagactg ctggtagctattaacaa gttagactggtagctattaacaa gttagactgtgtgtgtgtgtgtatttcacaa gttagactggtagctattaacaa

gttagactggtagctattaacaa gttagactggtagctattaacaa

6 2  

5                 4 

1

 
Figure 5-3:  Relative positions of the repeat units in the R6 promoter region.  Unit 1 lies downstream of the 
microsatellite, units 2 to 5 are near-perfect copies of unit 1 except that unit 3 is dissected by units 4 and 5.   
 

Repetitive DNA can be grouped into two classes; interspersed repeats (such as retrotransposons) 

and local tandem repeats such as simple sequence repeats (SSRs).  SSRs are generally defined by 

the length of repeat unit (n = 1-13 bp), as distinct from minisatellites where the repeat units vary 

from 14 to 500 bp (Vergnaud and Denoeud, 2000).  According to this definition the repeat unit 

isolated from R6 can be classed as a minisatellite.  There are thought to be numerous mechanisms 

for microsatellite expansion including replication slippage, recombination and repair, whilst 

minisatellites appear to expand and contract as a result of recombination (Thomas, 2005).  The 

regulatory sequence analysed here contains examples of both a microsatellite (n = 2 bp) and, in 

the case of red-fleshed apple phenotypes, a minisatellite (n = 23 bp).  Figure 5-4 shows a 

schematic of the region in both the promoters isolated from white-fleshed (R1) and red-fleshed 

varieties (R6).   
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Figure 5-4: Schematic of the differences between the R1 and R6 promoters showing positions of the ATG start 
site, repeat unit 1, the microsatellite and the multiple repeat unit in R6.  To the right of the schematics are 
pictures showing representative phenotypes; (i) Malus x domestica ‘Sciros’ (Pacific Rose™) and (ii) Malus x 
domestica ‘Red Field’.  
 

99 



 Chapter 5:  Isolation of the MdMYB10 promoter   

 
5.2.3 In silico analysis of cis-acting elements 
 
One of the most important aspects of gene regulation is the control of expression by TFs.  TFs 

recognise specific cis-regulatory sequences that are generally located in proximity to the gene 

coding sequence on regions usually referred to as the promoter.  An in silico analysis of the 

promoter regions was thus performed using the database PLACE (Plant cis-acting regulatory 

elements - http://www.dna.affrc.go.jp/PLACE/signalscan.html) (Higo et al., 1999).  Over 400 

putative cis-acting elements were identified and were found to be well conserved between 

sequences from the different cultivars.  Many cis-regulatory sequences are short (typically 5 to 

10 nucleotides) and often degenerate, appearing to offer a similar binding capacity with some 

degree of sequence variation (Tuch et al., 2008).  Since TF-driven transcriptional control is often 

combinatorial, cis-acting elements for different TF classes may be closely located.  The 

combinatorial interaction of cis-acting elements that are recognised by TFs, such as bHLH and 

MYB, produce a cooperative regulation of the spatial distribution of flavonoids (Hartmann et al., 

2005).  Many of the cis-acting elements contained in the PLACE database are configurations of 

commonly occurring sequence and are often found in random promoter sequence.  Therefore, 

priority in this study was based on the potential association of the element with a proposed co-

factor, such as an anthocyanin-regulating TF (MYB or bHLH) or an environmental cue, such as 

light (Table 5.1).  

 

An important cis-acting element for bHLH binding is the E-box (5'-CANNTG-3') (Atchley and 

Fitch, 1997; Heim et al., 2003).  These elements, in combination with other elements, have been 

implicated in flavonoid regulation in Arabidopsis (Hartmann et al., 2005).  The MdMYB10 R1 

promoter possesses eight E-boxes, including one copy of the palindromic G-box version (5'-

CACGTG-3') (Giuliano et al., 1988; Williams et al., 1992) at the extreme 5′ end of the isolated 

sequence.   

 

The R6 version contains an additional copy of the E-box within the repeat-containing insertion, 

while a base change from A to G at -1115 produces a second G-box derivative.  The proximity of 

these E-boxes to light responsive elements, such as GATA boxes (Gilmartin et al., 1990), GT-1 

elements (Terzaghi and Cashmore, 1995) and I-boxes (GATAAG) (Giuliano et al., 1988) may be 

important in the combinatorial control of light-regulated anthocyanin regulation.  There are 13 

GATA boxes (5'-GATA-3') in R1 (five in inverse orientation) spread throughout the sequence 

and 12 in R6.  In both versions there are 13 GT-1-related elements (5'-GRWAAW-3') (eight in 
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inverse orientation) and five I-box sites (5'-GATAA-3').  Other light-related elements include a 

T-box (5'-ACTTTG-3') (Chan et al., 2001) and an inverse SORLIP2AT site (5'-GGGCC-3') 

(Hudson and Quail, 2003). 

 
Table 5-1:  Analysis of the R6 promoter region for cis-acting elements.  Sequence was analysed using the 
database PLACE (Plant cis-acting regulatory elements).  The table shows an abbreviation of the elements found, 
focusing on elements related to MYB and bHLH TF binding motifs and sites related to regulation by light-related 
factors.  Position refers to location in promoter, with the ATG translation start site numbered +1.  +/- refers to the 
orientation of the motif within the sequence from 5′ to 3′.  Differences for the R1 promoter are noted in the text.  
Degenerate sequence codes are: N = G, A, T or C, R = G or A, W = A or T and M = A or C.   
 

Cis-acting 
element Position +/- Sequence 

Cis-acting 
element Position +/- Sequence 

I-BOX -8 + GATAAG G-BOX -1115 + CACGTG 
GATA-BOX -8 + GATA GT1CORE -1123 - GGTTAA 
TATA-BOX -92 + TATATAA GT1CORE -1185 - GGTTAA 
GATA-BOX -129 - GATA MYBCORE -1185 + CNGTTR 
MYBST1 -133 - GGATA MYB2AT -1185 - TAACTG 
GATA-BOX -179 - GATA GATA-BOX -1210 + GATA 
MYBST1 -181 + GGATA E-BOX -1210 + CANNTG 
MYBCORE -222 + CNGTTR E-BOX -1227 + CANNTG 
E-BOX -222 + CANNTG MYB1AT -1232 + WAACCA 
E-BOX -316 + CANNTG GT1CORE -1235 - GGTTAA 
GT1CONSENSUS -423 - GRWAAW GATA-BOX -1290 + GATA 
GATA-BOX -547 + GATA MYBST1 -1294 + GGATA 
GT1CONSENSUS -547 + GRWAAW MYBCORE -1316 - CNGTTR 
I-BOXCORE -554 + GATAA MYBCORE -1362 - CNGTTR 
GT1CONSENSUS -566 + GRWAAW MYBPLANT -1379 + MACCWAMC 
E-BOX -571 + CANNTG MYB26PS -1380 - GTTAGGTT 
GT1CONSENSUS -654 + GRWAAW MYBCORE -1403 - CNGTTR 
GT1CONSENSUS -783 - GRWAAW E-BOX -1475 + CANNTG 
GT1CONSENSUS -799 - GRWAAW GATA-BOX -1555 - GATA 
MYBPLANT -896 - MACCWAMC GATA-BOX -1605 - GATA 
MYB2AT -962 + TAACTG GT1CONSENSUS -1622 - GRWAAW 
MYBCORE -969 - CNGTTR T-BOX -1696 + ACTTTG 
GT1CONSENSUS -1024 - GRWAAW GATA-BOX -1762 + GATA 
E-BOX -1029 + CANNTG MYBCORE -1773 - CNGTTR 
E-BOX -1029 - CANNTG SORLIP2AT -1787 - GGGCC 
GT1CONSENSUS -1100 + GRWAAW G-BOX -1788 + CACGTG 
  

A number of MYB-related elements were indentified including an inverse MYB26PS (5'-

GTTAGGTT-3') (Uimari & Strommer, 1997), MYBST1 (5′-GGATA-3’) (Baranowskij et al., 

1994),  MYBPLANT (5'-MACCWAMC-3') (Tamagnone et al., 1998), and seven MYBCORE 

(5'-CNGTTR-3') (Solano et al., 1995; Planchais et al., 2002).  All of these elements have been 

shown to be involved in the regulation of flavonoid biosynthesis as binding sites for the 

regulatory MYB protein.  It was also noted that the 23 bp repeat motif starts with GTTAG, a 

partial sequence from reported MYB binding domains (Grotewold et al., 1994; Uimari and 

Strommer, 1997; Romero et al., 1998) and that this sequence is also found adjacent to the 

microsatellite.   
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5.2.4 The 5′ region contains a putative uORF  
 

The presence of a putative open reading frame (ORF) in the 5′ region of the isolated sequence 

was revealed by sequence analysis.  This putative upstream ORF (uORF) comprised 56 amino 

acids and the predicted start and stop codons are located on Figure 5-5.  The sequence was found 

in all the cultivars tested.  However, in the R6 promoter, the minisatellite-like insertion contains 

an earlier stop codon (TAG), which may lead to premature termination of translation.  uORFs 

within the 5′ leader sequence of major ORFs have been shown to regulate the translation of these 

major ORFs (Morris and Geballe, 2000).   

 

1   ATGTTGTCGTGCAGAAATGTTAGCTTTTCTATATATCGAGTGTGTGTGTGTGTGTGTATT 
1    M  L  S  C  R  N  V  S  F  S  I  Y  R  V  C  V  C  V  C  I  
61  TCACAAGTTAGACTGGTAGCTAATAACAACTGTTGGAATGTTTTAAACTTGTCAGTGTTT 
21   S  Q  V  R  L  V  A  N  N  N  C  W  N  V  L  N  L  S  V  F  
141 GCTTCTGTGGATATCAGACATGCACGTCACTGGCCTTGTAAGATTAATTAG 
41   A  S  V  D  I  R  H  A  R  H  W  P  C  K  I  N  *  

-307

 
 
Figure 5-5:  The predicted uORF in the R1 promoter region translates into a 56 amino acid protein sequence.  
The ATG start site is located at position -307 from the predicted start site of the MdMYB10 coding sequence.   
 
The constitutive expression of MdMYB10 and consequent anthocyanin accumulation in red-

fleshed accessions may be due to a lack of repression of MdMYB10.  If so, this loss of regulation 

may be caused by a disruption of the uORF due to the insertion and/or an increase in the 

intercistonic space caused by the additional stop codon.   The sequence of the most uniformly 

green cultivar tested, ‘Granny Smith’, appeared to have a mutated ATG start site for the 

predicted uORF (ATT).  To test the hypothesis that a uORF may be responsible for major 

changes in anthocyanin accumulation in apple, primers were designed to test for the presence of 

the uORF transcript in Pacific RoseTM cDNA.  No product was detected from assays using end-

point PCR or qPCR methods. 

 

To verify the extent of the MdMYB10 mRNA, a series of primers were designed to determine 

transcript length, including the putative untranslated region.  Endpoint PCR showed that the 

transcript did not extend beyond a position approximate to -184 from the MdMYB10 ATG start 

site (indicated by a star in Figure 5-6).  This position falls at the 3’ end of the predicted uORF 

transcript.  Transcript was detected beyond the predicted transcription start site indicated by 5′ 

RACE (Appendix 9.4).  Detection was at a very low level (Figure 5-6) which may indicate the 
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presence of alternative weaker transcription start sites.  The lack of detectable transcript for the 

predicted uORF suggests that uORF-mediated transcriptional control is unlikely to occur. 
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Figure 5-6:  PCR primers were designed to verify the length of MdMYB10 mRNA.   (A) Schematic shows the 
uORF in relation to the MdMYB10 ORF and the position of the six forward primers (F1-6) and the reverse primers 
R1 (presence of uORF transcript) and R2 (MdMYB10 transcript length).  The star marks the region beyond which no 
product was seen, indicating that the transcript did not extend beyond this position.  Primer sequences are shown in 
section 2.4.  (B) Image of agarose gel: Lane 1, 1 Kb ladder; lanes 2, 3 and 4, negative controls (no template) for the 
reactions using primers F4, F5 and F6 x R; lanes 4, 5 and 6, F1, F2 and F3 x R, using apple gDNA (‘Red Field’); 
lanes 7, 8 and 9, F1, F2 and F3 x R, using apple cDNA (Pacific RoseTM); lanes 10, 11 and 12, F6, F5 and F4 x R 
using apple cDNA (Pacific RoseTM).  No product was observed for the cDNA reactions with F1, F2 and F3.  Bands 
were detected for the cDNA reactions for the smaller products using F4, F5 and F6.  Double band in lane 4 indicates 
presence of both versions of the MdMYB10 promoter, with and without ~100 bp insertion.  
 
 
5.2.5 Dual Luciferase transient assay screen for interacting transcription factors  
 
In order to understand the possible relationship between MdMYB10 and other putative co-factors, 

transactivation experiments were performed to test the interaction of the MdMYB10 promoter 

with a range of TFs.  Evidence of positive interactions may provide additional clues into the 

function of the MdMYB10 regulatory region and into putative upstream co-factors involved in 

anthocyanin regulation.  An existing library of cDNA-derived TF clones from the Plant & Food 

Research EST collection was available (Table 5-2), all cloned with 35S promoters.  The dual 

luciferase assay was selected as a rapid approach for the screening of the 232 TFs against the 

MdMYB10 promoter.  The assay was initially used to quantify the activity the R1 promoter but 

both versions, R1 and R6, were fused to luciferase as detailed in section 2.16.5.  Transactivation 

of the fused luciferase gene was measured relative to 35S:Renilla (REN), after transient 

transformation in tobacco (N. benthamiana). 
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Table 5-2:  TF classes used in the transient assay screen.   The number of Arabidopsis (At) TFs for each class 
was sourced from the Database of Arabidopsis Transcription Factors (www.datf.cbi.pku.edu.cn), which is based on 
information in the TAIR database (www.Arabidopsis.org) (last updated July 2006) (Guo et al., 2005).  These 
numbers are recorded for comparison with the equivalent apple (Md) TFs in the Plant & Food Research EST 
collection at the time of screening against the promoter.  ‘Other’ refers to non-apple ESTs from the Plant & Food 
Research EST library, including those from kiwifruit and berries.  Miscellaneous (Misc) refers to TFs available for 
screening that did not fall into the listed categories. 
 

TF Family Nomenclature Description At Md Other 
bHLH Basic/helix-loop-

helix 
 

Anthocyanin biosynthesis, 
phytochrome signalling, fruit 
dehiscence, carpel and epidermal 
development 

127 18 9 

bZIP basic 
region/leucine 
zipper 

Pathogen defence, light and 
stress signalling, seed maturation 
and flower development. 

72 21 19 

COL Constans-like 
 

Regulation of flowering by 
photoperiod 

37 13 9 

DOF DNA binding 
with one finger 
 

Seed storage protein synthesis, 
light regulation, plant defence, 
seed germination, gibberellin 
response, auxin response 
 

36 10 12 

MYB Myeloblastosis 
 

Secondary metabolism, 
development, disease resistance 
 

150 39 43 

WRKY WRKYGQK   
 

Pathogen defence, senescence 
and trichome development 

72 13 0 

Misc    15 12 
Total   494 128 104 
 
 
 
Data for the initial screen using the R1 promoter is summarised by distribution in Figure 5-7.  

The majority of TFs did not elevate the transcriptional activity of the MdMYB10 promoter.  A 

number of candidates demonstrated a positive interaction and these assays were repeated with 

both the R1 and R6 versions of the MdMYB10 promoter (Figure 5-8).  This screen also included 

the co-infiltration of the MdMYB10 gene fused to a 35S promoter.  Positive interactions included 

TFs from the CONSTANS-like (COL) class and MdMYB10 itself and are reported in the 

following section.  In the COL class of proteins, conservation of two critical domains has defined 

17 members in Arabidopsis and at least 16 in rice (Robson et al., 2001; Griffiths et al., 2003), 

although 30 family members are listed in the TAIR database and 37 in DATF (see Table 5-2).  

COL TFs generally have a conserved CCT (CO, CO-like, TOC1) domain in the C-terminus 

region, thought to be mainly involved in nuclear localization of the protein and secondly, all 

members have one of three classes of conserved B-box-like zinc finger domain near the N-

terminus, thought to be involved in protein-protein interactions (Robson et al., 2001).  While 

CONSTANS and some COL proteins have been to shown to function as transcription factors 
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(Putterill et al., 1995; Cheng and Wang, 2005) many are uncharacterised.  The direct DNA 

binding activity of COL TFs has not been shown, but DNA binding may be mediated by other 

factors, such as the HAP5 protein of the CCAAT binding factor (Ben-Naim et al., 2006).   
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Figure 5-7:  Summary of the data from the 
TF dual luciferase transactivation screen.  
Outliers from the normal distribution are seen 
at a LUC:REN ratio of > 0.45.  
 

 

 

 

 

 

 

 

 

Tr
an

sc
rip

tio
n 

fa
ct

or
 –

E
S

T 
nu

m
be

r

(i) R1:LUC                                      (ii) R6:LUC

108706
112410
119629
121512
123734
12615
12710

130525
135922
141378
146898
153714
154885
155269
155843
158833
170543
175322
180628
184121
194393
215276
223688
250157
252196
254072
266796
266925
268398
271494
321129

4149
45872
57543
57943
82838
90483
93210

MdMYB10
R6 only

0.0 0.1 0.2 0.3 0.4 0.5

LUC:REN ratio

108706
112410
119629
121512
123734
12615
12710

130525
135922
141378
146898
153714
154885
155269
155843
158833
175322
180628
184121
194393
215276
223688
250157
252196
254072
256780
266796
266925
268398
271494
321129

4149
45972
57543
57943
82838
90483
93210

MdMYB10 
R1 only

0.0 0.1 0.2 0.3 0.4 0.5

(i) R1:LUC                               (ii) R6:LUC

 
Figure 5-8:  Candidates from the TF screen assayed with both versions of the MdMYB10 promoter, (i) 
R1:LUC and (ii) R6:LUC.  Numbers on y axis are the numbers assigned to ESTs in the Plant & Food Research 
database.  R1 or R6 refers to an infiltration of the reporter without co-infiltration with a TF.  Luminescence 
measurements are expressed as a ratio of luciferase to renilla (LUC:REN).  Error bars shown are means ± S.E. of 6 
replicate reactions.  
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5.2.6 Transactivation of the MdMYB10 promoter by MdMYB10 itself 
 

The most surprising observation from the screen of TFs was the effect of MdMYB10 on its own 

promoter (Figure 5-8).  To verify this result, the assay for the R1 and R6 promoters co-infiltrated 

with 35S:MdMYB10 was repeated.  The R1 and R6 promoters showed little difference in activity 

without the addition of TFs, as determined by the ratio of MdMYB10 promoter-LUC to 35S-REN.  

However, MdMYB10 itself transactivated the promoters; when 35S:MdMYB10 was co-

infiltrated with R1:LUC there was a slight elevation in transactivation while 35S:MdMYB10 

transactivated R6:LUC over 30 fold compared with background promoter activity (Figure 5-9).  

There was a seven-fold increase in the effect of 35S:MdMYB10 on R6:LUC compared to R1:LUC 

(0.696 +/-  SE 0.02 c.f. 0.098 +/- SE 0.001). 

 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

LU
C

:R
E

N
 R

at
io

R
1:L

U
C

R
6:L

U
C

R
1L

U
C

 +
35

S
:M

dM
Y

B
10

R
6:L

U
C

+
35

S
:M

dM
Y

B
10

 
Figure 5-9:  Interaction of native apple promoters and 
MdMYB10 in a dual luciferase transient tobacco assay.  
Tobacco patches were infiltrated with R1 and R6 promoter-
luciferase fusions on their own or co-infiltrated with 
35S:MdMYB10.  Activity was measured three days later and 
expressed as a ratio of luciferase to renilla.  Error bars shown are 
means ± S.E. of 6 replicate reactions.  
 
 
 
 
 
 
 
 

 
5.2.7 Combinations of candidate co-factors increase the transactivation of the MdMYB10 

promoter in the dual luciferase assay 
 

Further transient assays were performed, combining candidates from the TF screen with putative 

co-factors based on the previously discussed model for anthocyanin regulation.  These included 

MdMYB10, bHLH and WD40 co-factors and the COL TFs which demonstrated the highest 

levels of transactivation (with the exception of MdMYB10) in previous assays.  The WD40 

candidate was selected from the Plant & Food Research EST library (EST number 130525, 

Genbank accession EB135547).  This gene represented the closest apple homologue to WD40 

TFs, that have been shown to be involved in anthocyanin regulation in other species, such as 

TTG1 from Arabidopsis (Walker et al., 1999), with which it shares 76% amino acid identity, 

AN11 from Petunia, 81% (de Vetten et al., 1997) and PAC1 from Maize 58% (Carey et al., 

2004) (Appendix 9.6). 
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(i) R1:LUC                    (ii) R6:LUC
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Figure 5-10:  Transient assay combining candidates from the TF screen with putative co-factors based on the 
MYB-bHLH-WD40 model for anthocyanin regulation.  Data shows both versions of the MdMYB10 promoter, (i) 
R1:LUC and (ii) R6:LUC.  R1 or R6 refers to an infiltration of the reporter without co-infiltration with a TF.  
Luminescence measurements are expressed as a ratio of luciferase to renilla (LUC:REN).  Error bars shown are 
means ± S.E. of 6 replicate reactions.  
 

Results confirmed previous data which showed the high level of transactivation when the R6 

promoter was co-infiltrated with 35S:MdMYB10 (Figure 5-10).  There was little evidence of 

transactivation of either promoter by 35S:MdbHLH3 alone, but when 35S:MdMYB10 was co-

infiltrated with 35S:MdbHLH3 there was an increase in transactivation for both R1 and R6.  

Infiltration with the 35S:MdWD40 appeared to produce a similar level of transactivation for R1 

as seen with 35S:MdMYB10, but there was less increase for R6.  The co-infiltration of MdWD40 

with MdMYB10 and MdbHLH3 did not elevate transcription of R1, but there was evidence for a 

slight increase with R6.  There was a similar pattern with the co-infiltration of MdMYB10 and 

MdWD40, with R6 showing increased transactivation.  Without MdMYB10, MdWD40 was not 

able to transactivate the promoters.  Similarly, co-infiltration of MdbHLH3 and MdWD40 did 

not transactivate R1 or R6.   

 

107 



 Chapter 5:  Isolation of the MdMYB10 promoter   

The link between COL TFs and the accumulation of plant pigments has been show

(i) R1:LUC                     (ii) R6:LUC

n (Harmer et 

al., 2000) and there is evidence that COL Arabidopsis mutants have reduced levels of 

anthocyanin (Datta et al., 2006).  Two apple COL genes from the Plant & Food Research EST 

library appeared to transactivate the MdMYB10 promoter in the dual luciferase screen.  MdCOL1 

(EST 158833, Genbank EB128212) showed 58% amino acid identity to the Arabidopsis COL 

gene, COL4 (AT5G24930), while MdCOL12 (EST 266796, Genbank EB151356) showed 37% 

amino acid identity to the Arabidopsis COL gene Salt Tolerance Homologue2 (STH2) 

(AT1G75540.1) (Appendix 9.7).  These STH2 genes contain the B-box, but not the CCT domain 

found in other COL genes (Griffiths et al., 2003), which may explain a different mechanism of 

regulation, whereby STH2 proteins interact with DNA binding partners and are then recruited to 

target promoters (Datta et al., 2007). 
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Figure 5-11:  Transient assay combining COL candidates from the TF screen, MdMYB10 and MdbHLH3 
with both versions of the MdMYB10 promoter.   (i) R :LUC and (ii) R :LUC.  ‘R  only’ and ‘R  only’ refers to 1 6 1 6
infiltration in the absence of any co-infiltrated TF.  Luminescence measurements are expressed as a ratio of 
luciferase to renilla (LUC:REN).  Error bars shown are means ± S.E. of 6 replicate reactions.  
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Infiltration of either 35S:MdCOL1 or 35S:MdCOL12 resulted in transactivation of both the R1 

and R6 promoters (Figure 5-11).  Co-infiltration of the COL genes with 35S:MdMYB10 further 

enhanced this transactivation for R1 with MdCOL1 but there was a slight reduction with 

MdCOL12.  For the R6 promoter, there was a very strong transactivation when the promoter was 

co-infiltrated with MdMYB10 and either of the COL genes.  Subsequent co-infiltrations of the 

COL genes with MdMYB10 and MdbHLH3 did not enhance this increase.  The transactivation 

levels for R6 were particularly high, up to 4.5 fold greater than 35S:MdMYB10.   

 
5.2.8 The R6 minisatellite is associated with the ectopic anthocyanin phenotype in red fleshed 

apple varieties 
 
In Chapter 4, it was reported that MdMYB10 co-segregates with Rni, a locus associated with red 

flesh and red foliage phenotypes in apple (Chagné et al., 2007).  When PCR primers were 

designed to distinguish R1 and R6 promoter regions from red and white-fleshed varieties, it was 

shown that the R6 minisatellite was amplified in all the red phenotypes (Figure 5-12).  To 

determine the association of the repeat motif with the red-fleshed phenotype, sequencing of the 

region encompassing the minisatellite motif was carried out on 19 diverse apple varieties (11 red 

and 8 white flesh; Table 5-3), by D Chagné, Plant & Food Research, Palmerston North.  A 

number of sequence variations were found in the upstream region, but only the minisatellite 

polymorphism was associated with the elevated accumulation of anthocyanins that resulted in 

red flesh and red foliage.  To support this data, DNA was kindly supplied by D Chagné, and the 

same region was PCR-amplified from a further set of 68 white-fleshed apple cultivars and wild 

accessions taken from two collections of Malus species, and in each case the product 

corresponding to the minisatellite motif was absent.  All the white-fleshed varieties and wild 

accessions tested contained only the R1 version, whilst the red-fleshed apple types contained 

both R1 and R6, or R6 only. 
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Figure 5-12:  PCR amplification obtained over a subset of 10 apple varieties.  Two alleles were found: a 496 bp 
fragment corresponding to R6 that is only present in red fleshed varieties (lanes 1-6) and is absent in white fleshed 
varieties (lanes 7-10), and a 392 bp allele present in both types of fruit.  Images of fruit and corresponding gel lanes 
as follows.  1: open-pollinated (OP) Malus x domestica ‘Mildew Immune Seedling’; 2: M. x purpurea 
‘Aldenhamensis’; 3: M. pumila ‘Niedzwetzkyana’; 4: M. x domestica ‘Prairiefire’; 5: OP M. x domestica var. 
‘Geneva’; 6: OP M. x domestica ‘Pomme Grise’; 7: M. x domestica ‘Granny Smith’; 8: M. x domestica ‘Royal 
Gala’; 9: M. x domestica ‘Fuji’; 10: M. x domestica ‘Braeburn’; 11: no template control.  Figure generated by D 
Chagné, Plant & Food Research, Palmerston North and Cyril Brendolise, Plant & Food Research, Auckland.  
 
Table 5-3:  Association of the repeat motif with the red-fleshed phenotype.   A number of sequence variations 
were found in the promoter region but only the minisatellite polymorphism was associated with the elevated 
accumulation of anthocyanins. All 11 red-fleshed cultivars tested have the duplicated repeat motifs found in the 
MdMYB10 R6 promoter, whilst these were absent from the white-fleshed accessions.  Table generated by D Chagné, 
Plant & Food Research, Palmerston North. 
 
Accession Flesh colour G/T SNP Pos 81 Minisatellite motif A/T SNP Pos 448 
Malus x ‘Babine’ Red G:G R1:R6 A:T 
Malus x ‘Okanagan’* Red G:G R1:R6 A:T 
Malus x ‘Simcoe’* Red G:G R6:R6 T:T 
Malus x ‘Slocan’* Red G:T R1:R6 A:T 
Malus x ‘Formosa’* Red G:T R1:R6 A:T 
Malus sieversii 629319* Red G:G R6:R6 T:T 
Malus sieversii FORM 35(33-01)* Red G:T R1:R6 A:T 
Malus sieversii 01P22* Red G:G R6:R6 T:T 
Malus sieversii 3563.q* Red G:G R6:R6 T:T 
Malus aldenhamii Red T:T R1:R6 A:T 
Malus x domestica ‘Red Field’ OP Red G:T R1:R6 A:T 
Malus x domestica ‘Close’ White G:T R1:R1 A:T 
Malus x domestica ‘Mr Fitch’ White T:T R1:R1 A:A 
Malus x domestica ‘Guldborg’ White G:T R1:R1 A:T 
Malus x domestica ‘Alkmene’ White T:T R1:R1 A:A 
Malus x domestica ‘Red Melba’ White T:T R1:R1 A:A 
Malus x domestica ‘Rae Ime’ White G:G R1:R1 T:T 
Malus x domestica ‘Lady Williams’ White T:T R1:R1 A:A 
Malus x domestica ‘Granny Smith’ White G:T R1:R1 A:A 
 
Association test (r2) 

  
0.185 

 
1 

 
0.491 
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5.3 Discussion 
 
In silico analysis of the promoter regions of MdMYB10 revealed two allelic versions, each 

containing a set of largely conserved cis-acting promoter motifs.  One version contained a 

minisatellite-like insertion.  A predicted uORF was also evident.  Experiments were devised to 

test for the presence of a uORF transcript in apple cDNA samples and to test for transactivation 

of MdMYB10 by putative co-factors.  Experimental data from the transactivation assays 

suggested that the minisatellite in the upstream regulatory DNA region of MdMYB10 creates a 

novel auto-regulatory motif.  This alteration, in the promoter of the repeat-containing R6 allele, 

has been inherited across diverse varieties of apple.   

 

5.3.1 In silico promoter analysis 
 
Genome walking resulted in the isolation of two versions of the MdMYB10 promoter.  The R1 

allele was found in all the green-foliaged, white-fleshed apple varieties tested, while R6 was 

confined to varieties exhibiting a specific phenotype; red fruit flesh and red foliage.  The largest 

difference between the two versions was an insertion of approximately 100 bp, containing a 

series of duplicated repeats (R6).  In silico analysis primarily focused on cis-acting elements 

considered to be implicated in flavonoid regulation.  A number of bHLH, MYB and light 

responsive elements were identified and slight variation in the incidence of these elements was 

observed.   

 

5.3.2 Transcript of a putative uORF could not be detected 
 
The transcription of the predicted uORF was tested by PCR.  uORFs are often found in genes 

whose regulation must be tightly controlled, such as proto-oncogenes and TFs.  It has been 

speculated that this uORF-mediated regulation might be important in preventing uncontrolled 

cell growth (Sachs and Geballe, 2006).  Up to 30% of mammalian genes may contain a uORF in 

the 5′ leader sequence (Churbanov et al., 2005).  A possible interpretation of this is that these 

mRNAs encode proteins that may be harmful when abundant; an inhibitory uORF may have 

evolved to repress translation, providing redundant controls to ensure a low level of translation.   

 

uORFS have been shown to play a repressional role for a number of plant genes, including MYB 

and bHLH TFs.  For example, transcript analysis of the maize anthocyanin regulator r1 bHLH 

gene showed that a splicing event occurs in the 5′ leader sequence in the uORF region (Procissi 

et al., 2002).  This region is comprised of 3 uORFS (uORF1-3).  In vivo functional analysis in 
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maize protoplasts using various constructs of the r1 gene, driven by a 35S promoter, with or 

without this uORF region, showed that the spliced 5′ region (a deletion of 146bp containing 

uORF2 and uORF3) resulted in a fourfold decrease in protoplasts exhibiting anthocyanin 

accumulation.  These findings were in agreement to a previous study (Damiani and Wessler, 

1993) based on the maize Lc anthocyanin regulating gene, where presence of a 38-codon uORF 

repressed the translation of the downstream gene.   

 

Another example of uORF regulation involves sugar controlled translation and in particular, the 

Sucrose-Induced Repression of Translation (SIRT) in bZIP-type TFs.  Studies into the 

Arabidopsis ATB2/AtbZIP11 gene, which has an unusually long 5′ leader sequence (547bp), have 

shown that a 42 amino acid uORF exerts repression of the downstream major ORF (Wiese et al., 

2004).  This repression is induced by sucrose although the molecular process has yet to be 

elucidated.   

 
These previous reports and the sequence data suggested that transcription of MdMYB10 may be 

regulated by the small uORF.  There are differences in the sequence of the uORF found in 

‘Royal Gala’ and ‘Red Field’, including an early stop codon, that could account for differences 

in uORF transcription and subsequent regulation.  However, the PCR-based assay failed to detect 

transcript for the predicted uORF.  This suggests that it is likely that this predicted open reading 

frame does not code for a transcript.  However, the potential for transcript instability means that 

the lack of a PCR product is not necessarily conclusive.  The different levels of MdMYB10 

transcript in red or white-fleshed apples is unlikely to be due to the repression or enhancement 

effect of a uORF-derived transcript.  Thus, it suggests that some other mechanism is responsible 

for the transcriptional control.   

 

5.3.3 A minisatellite alters the regulatory sequence  
 

In the promoter from all red-fleshed varieties, there is a 100 bp insertion at 275 bp upstream of 

the ATG.  This insertion comprises a 23 bp sequence, duplicated in five tandem repeats to form a 

minisatellite repeat unit.  In plants, it has been shown that minisatellites may be associated with 

other elements such as minature inverted-repeat transposable elements (MITE) (Lu et al., 2008).  

The MdMYB10 minisatellite precedes a di-nucleotide microsatellite.  One of these 23 bp motifs 

is found in both red and white-fleshed varieties, just downstream of the microsatellite, so may be 

the origin of the duplication.   
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Since the first description of minisatellites in humans (Wyman and White, 1980) and in plants 

(Dallas, 1988), they have become a useful feature for DNA fingerprinting (Jeffreys et al., 1985), 

linkage studies (Nakamura et al., 1987) and genome mapping (NIH/CEPH Collaborative 

Mapping Group, 1992). The high rate of polymorphism has been associated with various human 

pathologies and the heritability of diseases (Krontiris, 1995).  The majority of minisatellites are 

considered stable (Denoeud et al., 2003) but the presence of these polymorphic or hypermutable 

minisatellites suggests the possibility of rapid evolutionary events.  No variation was evident in 

the number of repeat units making up the minisatellite among any of the varieties tested.  There 

is evidence for a relationship between the levels of polymorphism and GC content (Bois and 

Jeffreys, 1999) but the exact mechanism for hypermutability remains unresolved.  Many of the 

human minisatellites studied to date are GC rich but a study in rice found no obvious GC bias 

(Inukai, 2004).  The MdMYB10 repeat unit has a GC content of 45%.  

 

Minisatellites have been shown to regulate gene expression at the level of transcription (Kennedy 

et al., 1995) or alternative splicing (Turri et al., 1995).  Minisatellite-containing promoters have 

been shown to have an effect on transcriptional regulation.  For example, the polymorphic 

minisatellite in the promoter region of the human insulin gene alters transcription according to 

minisatellite size (Kennedy et al., 1995), and in the Human Reduced Folate Carrier gene (hRFC) 

an upstream minisatellite (with binding sites for two TF classes) influences therapeutic response 

to antifolate cancer drugs in patients (Whetstine et al., 2002).  It has been proposed that this 

promoter-based transcriptional regulation may be due to structural changes to the DNA caused 

by the minisatellite (Lew et al., 2000).   

 

Minisatellites have been shown to produce phenotypic alteration in micro-organisms; in the cell 

walls of Saccharomyces cerevisiae there is an increase in the copy number of the repeat units in 

the coding sequence that correlates with phenotypic changes such as cell wall adhesion 

(Verstrepen et al., 2005).  In plants, minisatellites have been used for various evolutionary 

studies (Sykorova et al., 2006), fingerprinting (Nybom et al., 1990; Tzuri et al., 1991) and 

mapping (Barreneche et al., 1998).  To date, there appears to be no evidence in plants of 

minisatellite-induced changes to transcriptional regulation.   

 

The MdMYB10 minisatellite is well conserved amongst the red foliage, red-fleshed accessions 

tested.  It is also the only polymorphism associated with the colour phenotype.  This apparently 

stable minisatellite may be the result of an ancient mutation since such diverse apple varieties as 

113 



 Chapter 5:  Isolation of the MdMYB10 promoter   

Malus pumila ‘Niedzwetzkyana’, Malus marjorensis var. Formosa, various Malus sieversii 

accessions, and Malus x purpurea 'Aldenhamensis' all carry the same mutation with no 

exceptions in all the accessions tested.  The lack of intermediate numbers of repeats of this 

minisatellite may be the result of selection and domestication or the mutation has only occurred 

once.  The position of a microsatellite in between the minisatellite and the primary repeat unit 

may be significant.  Microsatellites are considered the most unstable of all SSRs (Thomas, 

2005).  Such an area of instability may partially explain the presence of the repeated motifs at 

this particular site.  There is evidence of the polymorphism of the MdMYB10 promoter 

microsatellite with the copy number of GTs varying from 6 to 9, but this does not associate with 

phenotypic variation in anthocyanin colour (D Chagné, personal communication).   

 

5.3.4 Analysis of the minisatellite’s effect on transcript level 
 
The tobacco transient transactivation assay was used to identify candidate TFs that were able to 

interact specifically with the MdMYB10 promoter.  This was achieved by fusing a luciferase 

reporter to both versions of the native apple promoter: the promoter isolated from white-fleshed 

apple varieties with one repeat motif (R1) and the corresponding promoter from red-fleshed 

varieties with six copies of the repeat motif (R6).  Results from the initial screen of TFs with R1 

indicated that a number of candidates were able to transactivate the MdMYB10 promoter.  These 

candidates were then selected for assays comparing the transactivation of the R1 and R6 

promoters.  This assay provided the clearest evidence for a difference between the R1 and R6 

promoters.  The R1 promoter activity was elevated when co-infiltrated with MdMYB10 but the 

R6 promoter showed a considerably higher level of transactivation.  The R6 promoter activity was 

also elevated when co-infiltrated with other candidate TFs, including MdbHLH3, MdCOL1 and 

MdCOL12, but largely in the presence of MdMYB10.  This difference in activity suggests that 

the presence of the repeat motifs in R6 may function as a motif for MdMYB10-induced 

transcription, and hence the increased luciferase levels.   

 

MdMYB10 was able to transactivate R6 while a combination of MdMYB10 and MdbHLH3 

produced even higher transactivation for R6 but also a significant increase for R1.  This suggests 

that R6 is particularly sensitive to MdMYB10 while R1 transactivation is dependent on presence 

of both MdMYB10 and MdbHLH3.   Results from the addition of MdWD40 are less conclusive 

but it appears that a combination of MdMYB10 and MdWD40 are able to transactivate R6 in 

much the same way as MdMYB10 and MdbHLH3. 
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Infiltration of the COL candidates, MdCOL1 and MdCOL12, showed a strong transactivation for 

both promoter versions.  Co-infiltration of MdMYB10 and MdCOL1 produced the strongest 

transactivation of the R1 promoter seen in all the assays.  Similarly, tranactivation was very 

strong for the R6 version when co-infiltrated with MdMYB10 and either COL candidate.  These 

results provide an exciting opportunity for further investigation.   

 

5.3.5 The R6 minisatellite is associated with the red-fleshed phenotype  
 
The evidence suggests that this alteration, in the promoter of the repeat-containing R6 allele, has 

been inherited in many diverse varieties of apple.  The association of the repeat motif was 

observed with the red fleshed phenotype according to the sequence of the region encompassing 

the minisatellite motif over diverse apple varieties.  Several apple varieties were homozygous for 

the R6 allele, including three varieties of Malus sieversii (629319, 01P22 and 356) and Malus x 

‘Simcoe’ (Table 5-3).  A number of sequence variations were found in the upstream region, but 

only the minisatellite polymorphism is associated with the elevated accumulation of 

anthocyanins, causing red flesh and foliage.  The same region was PCR-amplified from a further 

set of 68 apple cultivars and in each case the product corresponding to the minisatellite motif 

was absent in white-fleshed varieties. 

 

5.3.6 Chapter summary 
 

The isolation and characterisation of MdMYB10 in Chapters 3 and 4 respectively showed that 

this TF is able to regulate anthocyanin accumulation in apple.  In this Chapter, data shows that 

there are significant allelic differences in the promoters of MdMYB10 found in apple varieties 

with distinct colour phenotypes.  Initial characterisation of these promoters has demonstrated a 

profound difference in transactivation by MdMYB10 itself, prompting the intriguing prospect 

that a minisatellite-like insertion is responsible for a significant alteration in the level of 

transcription.  Further functional characterisation of the minisatellite, described in the next 

chapter, will help to elucidate its role in the transcript levels of MdMYB10 and, therefore, its role 

in creating highly divergent phenotypes.   
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6 FUNCTIONAL CHARACTERISATION OF MdMYB10 

PROMOTERS AND ANALYSIS OF PROTEIN:DNA BINDING 

USING PURIFIED RECOMBINANT MdMYB10 PROTEIN 

 
6.1 Overview 

 
Hypothesis:  That the multiple repeats found in the promoter of MdMYB10 from red-

fleshed apple varieties causes upregulation of anthocyanin production.  The data presented 

in Chapter 5 shows that there are two allelic versions of the MdMYB10 promoter, one that is 

found in almost all the apples analysed (R1) and one that is found only in apples that display the 

distinct red flesh and foliage phenotype (R6).  The major difference between these two alleles is 

the insertion of a multiple repeat unit.  The tandem arrangement of the repeats forms a 

minisatellite.  Data from the transactivation assays showed that MdMYB10 was able to 

transactivate its own promoter.  One possible explanation is that this minisatellite creates a novel 

auto-regulatory motif.  Functional characterisation of this allele would determine the extent to 

which this motif affects transactivation.  Such transactivation may depend on the ability of the 

MdMYB10 protein to bind the MdMYB10 promoter.  Band shifts in gel retardation assays, using 

recombinant MdMYB10 protein and DNA from the repeat unit, would provide evidence for 

direct interaction.   

 

The predominant group of plant MYB TFs contain two conserved repeats at the N-terminal, 

termed the R2R3 domain (Jin and Martin, 1999), and share some structural similarities with the 

animal proto-oncogene c-MYB (Solano et al., 1997).  Helices within these repeats intercalate in 

the major groove of specific target DNA (Ogata et al., 1994).  Previous studies have reported that 

R2R3 MYB TFs are able to bind with cis-regulatory regions on the DNA of structural 

biosynthetic genes.  In maize, the MYB C1 protein has been shown to directly bind the a1 (DFR) 

promoter and so activate transcription (Grotewold et al., 1994; Sainz et al., 1997).  In the 

previous chapter, the lack of reported cases in plants of minisatellite-induced changes to gene 

transcription was eluded to.  The aim of this chapter is to use transient transactivation assays and 

DNA:protein binding assays to determine the ability of MdMYB10 to bind specific motifs within 

its own promoter region.   
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6.2 Results 

 
6.2.1 Induction of anthocyanin pigmentation by R6:MdMYB10 in tobacco 
 
In Chapter 4, it was shown that when MdMYB10 was fused to the 35S promoter and co-

infiltrated into tobacco with a 35S:MdbHLH3 co-factor, a strong increase in anthocyanin 

pigment could be detected at the infiltration site.  Since this assay provided a relatively simple 

test for the function of MdMYB10, a similar approach was used to test the MdMYB10 promoters.  

Constructs were built with both versions of the MdMYB10 promoter (R1 and R6) fused to the 

MdMYB10 coding sequence (the vector construction is described in section 2.16.5).  

Agrobacterium suspensions were infiltrated into the leaves of tobacco with the MdMYB10 gene 

driven by either the R1 or R6 promoter sequences, with or without co-infiltration of 

35S:MdbHLH3.  The original construct, 35S:MdMYB10, was also included in the assay as a 

positive control.  Similar levels of anthocyanin were observed when either R6:MdMYB10 or 

35S:MdMYB10 was co-infiltrated with 35S:MdbHLH3 (Figure 6-1).  No anthocyanin 

accumulation was detected in leaves infiltrated with the R1:MdMYB10, either with or without 

35S:MdbHLH3, or in leaves separately infiltrated with the MYB or bHLH constructs. 

 

(i)                    (ii)                   (iii)(i)                  (ii)                  (iii)
 

 
Figure 6-1:  Development of colour due to transient transformation of N. tabacum leaves.  Red colouration 
around the infiltration site in the leaves of N. tabacum 8 days after transient transformation infiltrated with (i) 
R6:MdMYB10 and (ii) 35S:MdMYB10. No colour was evident with infiltration of (iii) R1:MdMYB10.  All three 
patches were co-infiltrated with 35S:MdbHLH3.   
 
6.2.2 Transformation of apple with native promoters fused to MdMYB10  
 
To investigate the properties of the R6 promoter in apple, ‘Royal Gala’ (green-leaves, white 

flesh) was transformed with MdMYB10 driven by the R6 promoter.  The transformation was 

performed at Plant & Food Research by Sumathi Kutty-Amma with constructs built for the 

tobacco transient transformation assay, discussed above.  It has already been shown that when 

‘Royal Gala’ was transformed with 35S:MdMYB10, red callus was produced which regenerated 

to produce red plants (Chapter 4).  A similar callus phenotype was observed when ‘Royal Gala’ 

was transformed with R6:MdMYB10 (Figure 6-2).   
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i         ii         iii

A

B

 

Figure 6-2:  Photographs of 
regenerating ‘Royal Gala’ callus.   
(A) Callus transformed with 
R6:MdMYB10 and (B) with 
R1:MdMYB10.  The Red 
pigmentation was observed only on 
callus transformed with 
R6:MdMYB10.  Emerging shoots 
showed a similar pigmented 
phenotype as shown for 
35S:MdMYB10.  

A                                      B

 

Callus transformed with an empty vector cassette showed no pigmentation. To further study the 

development of the ‘Royal Gala’ R6:MdMYB10 transgenic lines, 20 independently transformed 

lines were micro-grafted onto ‘M9’ rootstock, adapted from a previously described protocol 

(Lane et al., 2003).  The grafted plants were grown in the glasshouse and remained highly 

pigmented (Figure 6-3A), with a phenotype similar to the red foliaged, red-fleshed variety Malus 

x domestica ‘Red Field’.  The phenotype was also similar to the previously described 

35S:MdMYB10 transgenic lines (Figure 6-3B).  These results strongly suggest that the R6 

promoter allele is responsible for the increased accumulation of anthocyanins in red fleshed 

apple types.  

 

Figure 6-3:  Transformation of ‘Royal Gala’ with 
MdMYB10 driven by the R6 promoter induces a 
strong phenotype, reminiscent of 35S:MdMYB10.  (A) 
Representative R6:MdMYB10 plantlet, micrografted onto 
‘M9’ rootstock (right) shown next to control (left).  
Pigmentation levels of the R6:MdMYB10 lines remained 
high.  (B) Leaves at a similar developmental stage taken 
from representative lines of (i) 35S:MdMYB10, (ii) 
‘Royal Gala’ control and (iii) R6:MdMYB10.  
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6.2.3 Autoregulation of the MdMYB10 promoter in the dual luciferase transient tobacco assay  
 
In Chapter 5, it was reported that the R6 promoter showed a considerably higher level of 

transactivation when infiltrated with 35S:MdMYB10.  This elevation in activity suggested that 

the presence of the repeat motifs may enhance MdMYB10-induced transcription.  One reason for 

this may be that MdMYB10 protein can bind its own promoter, particularly in the case of the 

minisatellite-containing R6.  To further investigate the effect of the promoter on MdMYB10 

transcript accumulation and predicted protein levels the assay was redesigned to compare the 

transactivation level of the MdMYB10 promoters when co-infiltrated with 35S:MdMYB10, 

R6:MdMYB10 or R1:MdMYB10.   

 

Transactivation levels of R1:LUC with separate infiltrations of the three versions of the 

MdMYB10 construct showed considerable divergence.  The 35S:MdMYB10 and R1:MdMYB10 

versions did not elevate transcription levels beyond the basal activity shown by the control 

R1:LUC infiltration (Figure 6-4).  However, there was a four fold increase in transactivation of 

R1:LUC when co-infiltrated with R6:MdMYB10.  Transactivation of R6:LUC was marginally 

increased when co-infiltrated with R1:MdMYB10 but considerably increased when co-infiltrated 

with either 35S:MdMYB10 or R6:MdMYB10.  This suggests that the predicted high level of 

MdMYB10 transcript driven by the 35S or R6 promoters and, therefore, the high level of 

translated MdMYB10 protein, does alter the transactivation of the MdMYB10 promoter.  The 

results imply that MdMYB10 protein does indeed bind to the MdMYB10 promoter.   
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Figure 6-4: Comparison of the transactivation 
activity of the R1 and R6 promoter-LUC fusions 
when co-infiltrated with R1, R6 and 35S-driven 
MdMYB10.  The results provide a measure for the 
potential activity of the apple promoters, which shows 
a significant increase in the case of the R6-driven 
MdMYB10.  R1:LUC in grey bars, R6:LUC in black 
bars.  Data is presented as means (± S.E.) of 6 
replicate reactions.  
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6.2.4 Repeat number of minisatellite units influences transcript level 
 
To characterise the effect of the number of 23 bp repeat units in the minisatellite from the R6 

promoter allele, a series of constructs were built to test the dependence of unit number on 

MdMYB10-induced transcription.  These constructs were based on the native promoter 

sequences, but with repeat units ranging from one (R1) to six (R6), which were fused to the LUC 

reporter (Figure 6-5A), and tested in the dual luciferase assay as above. 

 

(a)
1 Repeat (Native)

2 Repeats

3 Repeats

4 Repeats

6 Repeats (Native)

1 Repeat + spatial substitution
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R2
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R1    R2 R3 R4 R6    R1+R1    R2 R3 R4 R6    R1+ R1    R2 R3 R4 R6    R1+R1    R2 R3 R4 R6    R1+R1    R2 R3 R4 R6    R1+ R1    R2 R3 R4 R6    R1+

+35S:MdMYB10

+35S:MdMYB10
+35S:MdbHLH3

A

B

 
Figure 6-5:  The number of repeat units affects the transactivation rate in a dual luciferase assay.  (A)  
Schematic (not drawn to scale) of the different promoters with repeat units ranging from one (R1) to six (R6).  The 
two native promoters from apple are marked, R1, from Malus x domestica ‘Royal Gala’ and R6, from Malus x 
domestica ‘Red Field’.  The position of the repeat units (in black) relative to the microsatellite (grey diagonal box) is 
shown.  R1+ is differentiated with grey vertical shading to represent the substituted sequence replacing the R6 
minisatellite.  (B) Results of R1 to R6 promoters co-infiltrated with 35S:MdMYB10 alone (grey bars) and with 
35S:MdMYB10 and 35SMdbHLH3 (black bars).  Data is presented as means (± S.E.) of 6 replicate reactions.  
 

The intermediate repeat unit sequences (R2, R3 and R4) were synthesised (see 2.16.5 for the 

cloning strategy).  To test the spatial effect that the presence of the repeat-minisatellite sequence 

might exert on other unidentified regulatory regions, a further construct (R1+) was built where 

the minisatellite sequence from R6 was replaced with non-specific DNA of the same length from 
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a cloning vector (Promega, USA).  The results show a strong positive correlation between the 

number of repeat units and the activation of the promoter by 35S:MdMYB10 (Figure 6-5B).  

When the promoter constructs were co-infiltrated with 35S:MdMYB10 there is basal activity 

from both R1 and R1+ and an increasing activation from R2 to R6.  The dependency of MdMYB10 

in activating promoters of the anthocyanin biosynthetic pathway on a co-factor bHLH has been 

reported in Chapters 4 and 5.  In this assay, activation by MdMYB10 of all the promoters (R1 

through to R6) is enhanced with the addition of 35S:MdbHLH3.   

 
6.2.5 Deletion analysis of the MdMYB10 promoter 
 
Results from the dual luciferase transient tobacco assays suggested that the MdMYB10 TF 

positively autoregulates its own transcription by interacting with the DNA repeat present in a 

single copy in the R1 promoter and in six copies in the R6 promoter.  In addition, the co-factor 

MdbHLH3 enhances the ability of MdMYB10 to transactivate these promoters. 

 

To further define regions in the promoter of MdMYB10 responsible for transcriptional regulation, 

deletion variants of the promoters (R1 and R6) were analysed. Deletions were designed to define 

the distal end of the R1 and R6 promoters and the possible role on bHLH-related transactivation 

of the 5′ G-box found in both R1 and R6.  A more detailed explanation of the methodology can be 

found in section 2.16.5.  A second set of deletions was designed to delete the native R1 repeat 

from the R6 promoter and to probe the role of the microsatellite.  Data for these are presented in 

the next section.  

 

Figure 6-6 shows the proximal promoter fragments of 834 and 405 bp (R1) and 934 and 505 bp 

(R6) (Δa and Δb respectively) selected for testing.  The G-box identified at the extreme 5′ end of 

the isolated promoter fragments was absent from these variants.  A third variant (R1Δc and R6 

Δc) with 362 and 463 bp proximal fragments respectively, and with a restored distal region, 

including the G-box, was also tested.  A fourth variant, Δd, contained just the distal fragment, 

including the G-box.  In addition to the G-box described above, a number of other cis-acting 

elements were predicted, as reported in Section 5.2.3, and the specific MYB and bHLH-related 

elements are shown (Figure 6-6). 

 

All of the R1 variants showed a reduction in the relative level of transactivation (Figure 6-7).  In 

the presence of MdMYB10, transactivation was barely detectable for any of the deletion 

constructs.  The co-infiltration of 35S:MdMYB10 and 35S:MdbHLH3 partly restored this activity  
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for R1Δa, although it remained at half the level of the full length R1 promoter.  This suggests that 

elements in the distal region are critical for transactivation.  This was more evident with R1Δb, 

which showed no transactivation, indicating that there are key elements in both the distal (-834 

to -1704 from the ATG translation start site) and middle region (-405 to -834) of the promoter.  

The loss of these elements from both regions in R1Δb prevents transactivation.  The restoration 

of the distal region, including the G-box, in R1Δc partially restores transactivation but at a lower 

level than R1Δa.  A low level of transactivation was observed with R1Δd.   
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R6� d

Minisat Microsat R1               Name

Microsat R1                 Name
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(ii)

+1

+1

+1

+1

+1

+1

+1

+1

-1704

-1704

-1704

-1801

-1801

-1801
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-362-1253

-1253
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Figure 6-6:  Deletion constructs designed to identify areas of the promoter critical to transactivation by 
MdMYB10 and MdbHLH3.  Schematic (not drawn to scale) of the different promoter deletions of R1, (i) and R6, 
(ii), denoted as Δa - Δd.  Deleted areas are shown in white with dotted lines and the relative positions of the repeat 
unit to the microsatellite and minisatellite are displayed.  The approximate position of G-boxes (black flags), E-
boxes (white flags), MYBCORE and other MYB-related elements are shown.   
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Figure 6-7:  Deletion constructs were used to identify areas of the promoter critical to transactivation by 
MdMYB10 and MdbHLH3 in a dual luciferase transient tobacco assay.  R1, (i) and (ii), and R6, (iii) and (iv), 
co-infiltrated with 35S:MdMYB10 (grey bars) and with 35S:MdMYB10 and 35S:MdbHLH3 (black bars).  Data is 
presented as means (± S.E.) of 6 replicate reactions.   
 
The results from the infiltration assay for R6Δa and R6Δb with 35S:MdMYB10 showed a high 

level of transactivation, indicating that the R6 promoter can function even in the most extensively 

deleted version.  However, both variants were only capable of half the transactivation level of the 

intact R6 promoter, suggesting that upstream regulatory elements, beyond the minisatellite, are 

important for the very high level of transactivation previously seen with the co-infiltration of the 

R6 promoter and MdMYB10.  Various MYB-related cis-acting elements were deleted in these 

variants, including a MYBCORE, MYB26PS and MYBPLANT elements.  Restoration of the 

distal promoter region in R6Δc did not elevate transactivation to R6 levels.  Very low levels of 

transactivation were detected with R6Δd.   

 

The co-infiltration of 35S:MdMYB10 and 35S:MdbHLH3 with the R6 variants resulted in little 

difference to transactivation levels, although restoration of the distal region R6Δc, partly restored 

activity.  The data shows that transactivation of R1 by MdMYB10 is dependent on distal 

upstream elements which encompass some of the predicted bHLH binding sites.  It is also clear 

that the R6 promoter is partly dependent on distal upstream elements but that good levels of 

transactivation can be initiated by just the proximal 505 bp region.  This version differs from the 

equivalent R1 version primarily by the presence of the minisatellite.     
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6.2.6 Deletion of the primary repeat unit and microsatellite in the MdMYB10 promoter 
 
A further set of constructs were built to test the importance of the primary repeat unit and the 

adjacent microsatellite on autoactivation of the MdMYB10 promoter by MdMYB10 (Figure 6-8 

and section 2.16.5 for methodology).  The primary repeat unit, designated repeat 1 (Figure 5-3), 

was deleted from both the R1:LUC and R6:LUC constructs, producing a version of the MdMYB10 

promoter lacking the 23 bp unit (R0) and a version with the five units from the minisatellite 

insertion that had been R6 (R5).  In addition, the microsatellite was independently deleted from R1 

and R6, producing R1-MS and R6-MS respectively.  The partial MYB binding site (GTTAG) adjacent 

to the microsatellite was retained in these constructs.  A construct was also built with a R1-

derived promoter that contained neither a repeat unit nor a microsatellite (R0-MS).   

 

For the R1 deletions (R0, R1-MS, R0-MS), there was little detectable transactivation activity when 

co-infiltrated with 35S:MdMYB10 (Figure 6-9).  A similar result was seen when R0 and R0-MS 

were co-infiltrated with both 35S:MdMYB10 and 35S:MdbHLH3.  However, transactivation was 

evident when R1 and R1-MS were co-infiltrated with both MdMYB10 and MdbHLH3.  This result 

suggests that the repeat unit is necessary for autoregulation of the promoter with 

MdMYB10/MdbHLH3 but that the presence of the microsatellite is not critical.  
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Figure 6-8:  Promoter deletions to test the role of the first repeat unit and the adjacent microsatellite on 
transactivation levels in a dual luciferase transient tobacco assay.  Schematic (not drawn to scale) of the 
different promoter deletions of (i) R1, and (ii) R6.  Deletions of the first repeat unit (R1) and microsatellite are shown 
in white with dotted lines.  The approximate position cis-acting elements are shown as Figure 6-6.  
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Figure 6-9:  Data from targeted promoter deletion studies with luciferase fusions.  R1, (i) and (ii), and R6, (iii) 
and (iv), co-infiltrated with 35S:MdMYB10 (pale grey bars) and with 35S:MdMYB10 and 35S:MdbHLH3, (dark grey 
bars).  Data is presented as means (± S.E.) of 6 replicate reactions.   
 
Similar deletions of the R6 promoter version showed a large reduction in transactivation for both 

R5 and R6-MS when infiltrated with MdMYB10.  Co-infiltration with both 35S:MdMYB10 and 

35S:MdbHLH3 appeared to restore transactivation with R6-MS but to a much lesser extent with 

R5.  For the R6 promoter, it appears that the first repeat unit is critical to enable high levels of 

transactivation and that the microsatellite is required for the highest level of transactivation.   

 
6.2.7 Expression and purification of MdMYB10 protein 
 
The transactivation assays provided insight into the functional motifs within the MdMYB10 

promoter.  However, further evidence that MdMYB10 was able to bind its promoter would help 

to elucidate the specific relationship between protein and DNA.  The production of recombinant 

MdMYB10 protein was necessary for protein:DNA binding assays.  A cloning strategy was 

devised to construct an MdMYB10 expression vector based on the pET expression system (see 

section 2.16.5 for further details).  A histidine (His) affinity tag was chosen for subsequent 

purification, a relatively inexpensive and high yielding approach (Lichty et al., 2005), which 

enabled the use of one step purification by immobilised metal affinity chromatography (IMAC) 

(Crowe et al., 1994).   
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Figure 6-10:  MdMYB10 expression and purification.  (A) Image of representative polyacrylamide gel showing 
fractions from IMAC purification.  (B) His anti-body Western analysis was inconclusive with numerous faint non-
specific bands.  A band corresponding to approximately 34 kDA was present in the later fractions but very faint.   
 

Initial expression attempts in E. coli resulted in a low concentration of MdMYB10 protein 

(Figure 6-10A) and the result from Western analysis was inconclusive (Figure 6-10B).  Various 

attempts to improve yield proved unsuccessful.  One reason for diminished expression can be the 

incidence of codons in the gene of interest which are rarely encoded in the expression host, 

leading to tRNA depletion.  In particular, codons for arginine, leucine and isoleucine may be 

problematic (Kane, 1995).  These differences in codon usage can result in translation stalling 

(and increased denaturation), frameshifting or premature termination of translation (Kurland and 

Gallant, 1996).  An analysis of codon usage in MdMYB10 was performed using the University 

of California’s Rare Codon Calculator (http://www.doe-mbi.ucla.edu/~sumchan/caltor.html) and 

a number of codons rarely used by E. coli were identified (Appendix 9.1).  The MdMYB10 

sequence was therefore synthesised with optimised codons for E. coli expression.  The codon 

optimised MdMYB10 cDNA was cloned into the pET expression vector as before and 

transformed into E. coli.  To increase the concentration and purity of MdMYB10, samples were 

further purified by size exclusion chromatography.  Standards of known molecular weights were 

included for comparison with MdMYB10 protein (Figure 6-11).  Fractions taken from the size 

exclusion column were re-concentrated and analysed by Western blot.  Fractions corresponding 

to a molecular weight of 68 kDA showed a positive Western result for a His-tagged protein with 

a molecular weight of approximately 34 kDA (Figure 6-12).  This indicates that dimerization of 

MdMYB10 may occur in non-denaturing conditions.   
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Figure 6-11: Traces from size 
exclusion chromatography of 
codon-optimised MdMYB10 
samples and standards.  The 
standards shown (black line) 
represent BSA dimer (136 
kDA), BSA monomer (68 
kDA) and myoglobin dimer 
(34 kDA).  The trace for the 
MdMYB10 samples is shown 
in red.  Fractions were 
collected, concentrated and 
analysed on polyacrylamide 
gels before Western analysis.   
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Figure 6-12: Western analysis of size exclusion 
purified His-tagged codon optimised MdMYB10 
protein.  A positive band at the predicted molecular 
weight of MdMYB10 at approximately 34 kDA was 
visible.  Smaller bands were also visible, and may 
represent partial degradation of His-tagged MdMYB10 
protein.  
 

 

Initial EMSA experiments were performed using the codon-optimsed MdMYB10 protein 

samples as reported in the next section.  However, the amount of MdMYB10 protein extracted 

from expression cultures was still considered too low for use in applications such as EMSA.  

Previous studies using purified plant MYB TF proteins have encountered problems with the 

toxicity of the expressed protein in host cells.  These problems have been successfully resolved 

by using truncated versions of the protein with a carboxy-terminal deletion (Yang et al., 2001; 

Gális et al., 2006).  A carboxy-terminal deletion of the MdMYB10 cDNA was made using 

restriction digestion (retaining amino acids 1-162) and cloned into the pET expression system 

(further details in section 2.16.5).  This truncated version contained the R2R3 DNA-binding 

domain.   

 

Vector NTi protein analysis predicted a molecular weight of 28 kDA for the truncated protein 

and 34 kDA for the full length version (including the His-tag).  Identical conditions for E. coli 

incubation and protein purifications were used for comparison of the expression levels of the full 

length and truncated proteins (Figure 6-13).  After concentration, total protein levels were found 

to be up to 10-fold higher for incubations with the truncated version compared with incubations 
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with the full length protein, when measured using fluorometric quantitation (850 ngul-1 

compared to 85 ngul-1).  However, these figures also include non-specific E. coli proteins.  

Micro-fluidics based quantification, using the Experion protein chip assay, showed a less 

dramatic difference but confirmed the enhanced purity of the truncated version (Figure 6-14).    
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Figure 6-13:  Comparison of expression level and purification of full length and truncated versions of 
MdMYB10 protein extracted from 500 ml E. coli incubations.  (A) Image of polyacrylamide gel showing 
fractions from IMAC purification of full length MdMYB10 protein (34 kDA).  Lane 1, protein ladder, all other lanes 
consecutive fractions as they came off the column. (B) Image of polyacrylamide gel showing fractions from IMAC 
purification of truncated MdMYB10 protein (28 kDA).  Lanes as (A).  Arrows represents estimated band size 
corresponding to predicted MdMYB10 molecular weight.  (C) His anti-body Western analysis of truncated 
MdMYB10 was positive.  Smaller bands were also visible, and may represent partial degradation of His-tagged 
MdMYB10 protein.   
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Figure 6-14:  Comparison of MdMYB10 protein versions using a 
micro-fluidics based Experion protein chip assay.  Arrows show the 
postion of the two representative samples from IMAC purified and 
concentrated extracts of MdMYB10 full length protein (lanes 1 and 2) 
and truncated protein (lanes 3 and 4).  Total MdMYB10 protein and its 
proportion of the total protein in each sample were estimated at; lane 1, 
191 ng ul-1, 39.5%, lane 2 104 ng ul-1 and 52.5%, lane 3, 281 ng ul-1 
and 74% and lane 4, 174 ng ul-1 and 77%.  Bands >150 kDA or < 10 
kDA correspond to the upper and lower markers, which are 
incorporated into the sample buffer and are used for alignment to the 
Experion Pro260 ladder.   

 
 

 
6.2.8 Analysis of the MdMYB10 protein:DNA interaction 
 
Electrophoretic mobility shift assays (EMSA) were used to test the interaction and specificity of 

DNA binding to MdMYB10 protein, initially using the codon-optimised full length recombinant 

protein discussed above (Figure 6-15).  Double stranded DNA probes were made from annealed 

single stranded oligos and labelled with [32P]-γ-ATP.  Methodology can be found in section 

2.20.5.  Results showed the formation of a lower mobility complex when the oligonucleotide 

probe, corresponding to the 23 bp repeat motif found in the native promoter, and recombinant 
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MdMYB10 protein were bound.  When cold competitor DNA of the same sequence (r2) was 

added in 10-fold and 100-fold excess to the protein:DNA reaction, this binding was reduced, 

indicating that the reaction was specific.  To further determine active sites important for the 

oligonucleotide-protein binding, two mutated versions (mA and mB) of the motif were used as 

cold competitors.  These mutations were based on previous studies examining putative MYB 

binding domains (Grotewold et al., 1994; Uimari and Strommer, 1997).   

 

The results indicated that mB was able to compete with the DNA probe with a similar efficiency 

as the r2 competitor, suggesting that the active sites in mB are still intact.  There was a lesser 

competitive effect with mA, with the lower mobility complex still clearly visible at 100-fold 

excess.  This implies that one or more of the active sites may have been disrupted, resulting in 

the reduced capacity to compete with the [32P]-γ-ATP–labelled probe.   

 

However, these EMSA results were inconclusive.  The bands were not clear and the competition 

assays were not convincing.  New protein preparations, comparing full length and truncated 

versions of MdMYB10, were used in the subsequent EMSAs reported below.   

MdMYB10    - +       +       +       +       +       +       +
Competitor                          r2             mA mB

1       2       3       4        5       6        7       8

r2 probe

Probe:                GTTAGACTGGTAGCTATTAACAAGTTAGACTGGTAGCTATTAACAA 

r2 Competitor:   GTTAGACTGGTAGCTATTAACAAGTTAGACTGGTAGCTATTAACAA

mA Competitor: GTTAGACTGACCGCTATTAACAA

mB Competitor: GCCGGACTGGTAGCTATTAACAA

A

B

 
Figure 6-15:  EMSA showed that MdMYB10 binds to DNA with a repeat motif.  (A) Sequence of the probe and 
competitor DNA.  Mutated bases shown in bold.  (B) Mobility shift assay of 32P-labelled probe with MdMYB10.  
Lane 1, r2 DNA probe only, no protein; lane 2, r2 probe with MdMYB10 protein; lane 3, r2 probe with MdMYB10 
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protein and 10-fold excess cold competitor; lane 4, r2 probe with MdMYB10 protein and 100-fold excess cold 
competitor; lanes 5 and 6 as 3 and 4 but with mA competitor and lanes 7 and 8 with mB competitor.   
 
 
Further EMSA experiments were optimised using new preparations of both full length and 

truncated His tagged-MdMYB10 proteins.  These were incubated with DNA probes representing 

the 23 bp repeated unit, or mutations of the unit.  An EMSA was performed to test for any 

difference in DNA binding between the full length and truncated proteins.  No difference was 

observed (Figure 6-16).  This experiment also included a binding assay with a non-specific His-

tagged protein, an α-farnesene synthase from apple (Green et al., 2007).  This protein did not 

form a complex with the repeat motif (Figure 6-16).  All subsequent EMSAs were carried out 

using the more highly expressed truncated form of MdMYB10 protein. 

 

NS Protein                     - - - - +       - - - -

MdMYB10 Protein 1      - +      +      +       - - - - -

MdMYB10 Protein 2      - - - - - - +      +       +   

R1 Competitor  

Free probe

1       2       3      4      5      6       7       8       9  

r1 probe

 
Figure 6-16:  EMSA comparing MdMYB10 protein in full length and truncated form.  No difference was 
observed in the binding and competition assays for the two versions.  A non-specific (NS) His-tagged protein (apple 
α-farnesene synthase) was also included in the experiment and did not bind with MdMYB10 protein.  MdMYB10 
Protein 1 refers to the full length protein and MdMYB10 Protein 2 to the truncated version.  Lane 1, r1 DNA probe 
only; lane 2, r1 DNA probe with MdMYB10 full length protein; lanes 3 and 4, r1 DNA probe with MdMYB10 full 
length protein and 20-fold and 200-fold excess cold r1 competitor; lane 5, r1 DNA probe with non-specific His-
tagged protein; Lane 6, r1 DNA probe only; lane 7, r1 DNA probe with MdMYB10 truncated protein; lanes 8 and 9, 
r1 DNA probe with MdMYB10 truncated protein and 20-fold and 200-fold excess cold r1 competitor.   
 

Additional cold competitor DNA probes were designed to specific regions of the repeat unit to 

determine which were critical for protein binding (Figure 6-17A).  EMSAs showed a band shift 

when the oligonucleotide probe, corresponding to the repeat motif found in the native promoter, 

and recombinant truncated MdMYB10 were bound (Figure 6-17B).  When cold competitor DNA 

of the same sequence (r1) was added in 200-fold excess, this binding was reduced, indicating 

that the interaction was specific.  To further determine active sites important for the 

oligonucleotide-protein binding, mutated versions of the motif were used as cold competitors.  In 
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these versions, nucleotides were substituted across five different areas of the R1 repeat unit.  The 

results indicated that the extreme 3′ and 5′ of the repeat unit are less important for binding as 

both m1, which no longer contains the partial sequence from predicted MYB binding domains 

(GTTAG), and m5 were able to compete off the r1 probe to a similar extent as the native r1 

competitor (Figure 6-17B).  The result for m1 was similar to the previous findings for mA 

(Figure 6-15).  Three other competitors carrying mutations in the inner part of the sequence (m2, 

m3 and m4) were less able to compete, suggesting that this region, comprising the sequence 

ACTGGTAGCTATT, is critical for binding.   

r1   GTTAGACTGGTAGCTATTAACAA
m1   ACGGAACTGGTAGCTATTAACAA
m2   GTTAGGACTGTAGCTATTAACAA
m3   GTTAGACTGTGCATTATTAACAA
m4   GTTAGACTGGTAGCCGGGAACAA
m5   GTTAGACTGGTAGCTATTCCTCG

A                                         B

Competitor
MdMYB10

Free probe Free probe 

r1 probe

r1
+

r1
+

m4
+

m4
+

m1
+

m1
+

m2
+

m2
+

m3
+

m3
+

m5
+

m5
+-

-
-
-

+
-
+
-

3 74 5 6 81 2  
 
Figure 6-17:  EMSA shows that MdMYB10 binds to DNA with a repeat motif.  (A) Sequences of the probe and 
competitor DNA.  Mutated bases for m1 to m5 shown in bold. (B) Mobility shift assay of 32P-labelled probe with 
MdMYB10.  Lane 1, r1 DNA probe only, no protein; lane 2, r1 probe incubated with MdMYB10 protein; lane 3, r1 
probe with MdMYB10 protein and 200-fold excess cold competitor; lanes 4, 5, 6, 7 and 8 as 2 but with 200-fold 
excess m1, m2, m3, m4 and m5 cold competitor.   
 
6.3 Discussion 
 

The data shown in this chapter provides further evidence that the minisatellite in the upstream 

regulatory DNA region of MdMYB10 creates a novel auto-regulatory motif.  The presence of this 

motif results in a large increase in MdMYB10 transcript level (see Chapter 3) and presumably 

MdMYB10 protein and hence, activation of anthocyanin biosynthesis throughout the plant.  This 

gain of function mutation in the anthocyanin regulatory pathway has significant implications for 

the development, through both conventional and advanced breeding methods, of novel varieties 

of plants and fruit with enhanced anthocyanin and increased consumer appeal. 
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6.3.1 Analysis of the minisatellite effects on transcription 

 

It was shown in Chapter 5 that there was a significant elevation of R6 transactivation when co-

infiltrated with 35S:MdMYB10.  This assay was re-designed to show the effect on the R1 and R6 

promoters when co-infiltrated with MdMYB10 driven by the R1, R6 or 35S promoters.  

Comparison of the transactivation effect of these three promoters would indicate the potential 

level of protein abundance.  In the case of the R1:LUC assay, the R6:MdMYB10 infiltration 

produced the highest level of transactivation.  For R6:LUC, there was a similarly high level of 

transactivation when co-infiltrated with either the R6:MdMYB10 or 35S:MdMYB10 constructs.   

This suggests that the apple R6 promoter is capable of driving transcription at the same high rate 

as the 35S promoter.   

 

The constructs built to study the effect of differing numbers of repeat motifs (Figure 6-5A), 

which ranged from one motif (R1) to six (R6), showed that motif number directly affects 

promoter activation in the presence of MdMYB10.  The R0 deletion lost all transactivation.  One 

explanation is that the MdMYB10 protein is able to bind its own promoter with greater 

efficiency when multiple motifs are present.  This effect was further enhanced when an apple 

gene encoding a bHLH TF was co-infiltrated, although the pattern of increased activation with 

motif number remained the same.  In this assay, even R6 activity was significantly enhanced with 

the combination of MYB and bHLH proteins.  The increase in transcript levels due to the 

presence of the minisatellite sequence is not merely a spatial phenomenon, as replacing the 

minisatellite with different sequence of the same length leads to no enhancement of 

transcriptional activity.  

 

To further analyse the regions necessary for transcriptional activation, the native promoters were 

subjected to deletion analysis.  The resulting transactivation levels for the most extreme deletions 

of R1 and R6 (R1Δb and R6Δb) differed; unlike the R6 variant, R1Δb was not able to transactivate. 

The major difference between these two deletions is the presence of the minisatellite in R6Δb.  

All the deleted promoters showed a reduction in transactivation levels but it appears that the 

minisatellite in the R6 variant reduces the dependence on upstream elements for transactivation.   

 

In the dataset presented in Figure 6-7 there was little or no enhancement of the R6 promoter 

when co-infiltrated with 35S:MdbHLH3.  This is in contrast to the enhancement observed when 

35S:MdbHLH3 was co-infiltrated in the experiments detailed in Figure 6-5 and 6-9.  Whilst the 
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bHLH enhancement is usually observed with the R6 promoter, it is always observed in transient 

assays performed with promoters that contain fewer repeats.  This incongruence may be due to 

the high level of MYB-mediated transcriptional activation of the R6 promoter and that 

endogenous levels of bHLH, which may vary in tobacco leaves under certain experimental 

conditions, and are able to satisfy the bHLH levels required to saturate the transcriptional 

potential of the R6 promoter.  

 

Targeted deletions for both versions of the MdMYB10 promoter included the removal of repeat 

unit number one (R1) and/or removal of the microsatellite (Figure 6-8).  The removal of the 

repeat unit from the R1 promoter, effectively producing a promoter with none of the identified 

units of 23 bp (R0), resulted in barely detectable transactivation when co-infiltrated with 

MdMYB10 and MdbHLH3 (Figure 6-9).  However, removal of the microsatellite (R1-MS) had 

little effect, with transactivation at a similar level to that of R1.  Removal of both the repeat unit 

and the microsatellite again resulted in loss of transactivation.    

 

Similar deletions were performed on the R6 promoter, with the removal of repeat unit number 

one (R5) and removal of the microsatellite (R6-MS) (Figure 6-9).  When co-infiltrated with 

MdMYB10, both R5 and R6-MS showed a decrease in transactivation when compared to R6.  The 

addition of MdbHLH3 increased the transactivation level, particularly that of R6-MS.  The data 

suggests that the single repeat unit is important for transactivation levels, and that maximum 

activity is only achieved when both the microsatellite and the first repeat unit, R1 are present.  

Future work could focus on the importance of the location of the R1 site and the biological 

reasons for this feed-forward motif.  

 

6.3.2 Analysis of the effect of the minisatellite on MYB function  
 

The functional characteristics of the R6 promoter were tested in both heterologous and 

homologous systems.  In tobacco leaves the R6 driven MdMYB10 was able to induce anthocyanin 

pigmentation when co-infiltrated with 35S:MdbHLH3.  Results were similar to those previously 

achieved with the 35S:MdMYB10 construct (Chapter 4).  By contrast, the R1 driven MYB cDNA 

was unable to induce detectable anthocyanin pigmentation, even when co-infiltrated with an 

apple gene encoding a bHLH TF.  Anthocyanin accumulation in this heterologous system may 

be dependent on a sufficient protein level of the MYB TF and when expressed under the control 

of the 35S or R6 promoters this accumulation is partially dependent on a high level of bHLH 

transcript.  However, endogenous tobacco co-factors may also interact. 
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The green-leaved cultivar ‘Royal Gala’ was used for the transformation of apple with the R6 

promoter driving MdMYB10.  Intense pigmentation was noted in the transformed callus and 

regenerating plants.  The plantlets were subsequently micro-grafted onto ‘M9’ rootstocks and 

strong pigmentation of the vegetative tissue was maintained (Figure 6-3).  This demonstrated the 

functionality of the R6 promoter to drive anthocyanin in a constitutive manner and is similar to 

the phenotype caused by over-expression of MdMYB10 by the 35S promoter (Chapter 4).  

 

6.3.3 Effect of a bHLH TF on transcription from the MdMYB10 promoter 
 

The presence of the minisatellite and the number of repeat units in the minisatellite changes the 

level of transcription induced by MdMYB10 itself.  This suggests that a MYB binding domain is 

located within each repeat motif.  There are also differences in the level of transcriptional 

regulation in the presence of a bHLH TF (MdbHLH3).  Since the first descriptions of the 

anthocyanin-related MYB-bHLH interaction (Goff et al., 1992), considerable progress has been 

made into the understanding of the relationship between these two classes of TF (Ramsay and 

Glover, 2005).  Evidence suggests that the bHLH associated with anthocyanin regulation may 

control the transcription initiated by their co-factor MYB TFs (Grotewold et al., 2000).  More 

recently, it has been shown that bHLH TFs play a key role in recruiting a complex of proteins to 

the DNA which regulates gene expression by histone modification (Hernandez et al., 2007). 

 

The predicted protein sequence of MdMYB10 contains the conserved regions which confer 

dependence on a bHLH co-activator (Grotewold et al., 2000; Zimmermann et al., 2004).  As 

shown in Chapter 3, the apple bHLH TF selected for these experiments belongs to the group of 

known anthocyanin regulators classed as the IIIf bHLH gene family (Heim et al., 2003) which 

includes TT8 reported to co-regulate anthocyanin biosynthetic genes in Arabidopsis (Nesi et al., 

2000).  In apple, this relationship between the MYB and the bHLH TFs appears to conform to 

the proposed model, although experimental evidence from the heterologous transient reporter 

assays suggests that the reliance on a bHLH TF may be less critical for the minisatellite-

containing promoter (R6).  The bHLH TF appeared to have a lesser influence on transcription 

level as the number of motifs rises.  However, this may be due to the limited supply of infiltrated 

bHLH TF; while the MYB TF is able to autoregulate itself to produce a constant supply of 

protein to perpetuate the transcript production/protein binding cycle, the bHLH TF may become 

the limiting factor in the formation of this MYB/bHLH protein complex.  In the heterologous 

transient assay for anthocyanin production the R6-driven MdMYB10 infiltration still requires the 
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co-infiltration of a bHLH transgene (Figure 6-1).  There is evidence for a self-activating 

feedback of regulation of the Arabidopsis TT8 TF (Baudry et al., 2006) where in yeast assays the 

TT2 MYB can only bind to the  promoter of a target bHLH gene in the presence of an 

appropriate bHLH protein.  However, the authors also suggest that in planta it may be possible 

for the MYB TF to bind the bHLH promoter in the absence of a bHLH partner.  Similarly, it is 

possible that the candidate bHLH TF may be in sufficient supply to regulate or interact with 

MdMYB10.   

 

Deletion of the predicted G-box in the distal promoter region may account for the reduced 

transactivation levels seen in Figure 6-7, particularly in view of the partial restoration of this 

activity when this region was re-instated with the R1ΔC and R6ΔC variants.  Overall, the data 

suggests some dependency between the MYB and bHLH TFs in apple, although over-expressing 

MdMYB10 in transgenic lines does not elevate the transcript level of either apple bHLH TFs 

used in transient assays (Figure 4-4).   

 

6.3.4 Analysis of in vitro binding of DNA by the MdMYB10 protein 
 

Purification of MdMYB10 protein was critical in the EMSAs.  Initial attempts using the native 

protein sequence resulted in poor quality protein purification and inconclusive EMSA results.  

However, EMSAs using the improved protein preparations demonstrated binding between the 

MdMYB10 protein and the repeat motif, with the specificity of this reaction confirmed by 

competition assays.  Five mutated versions of the repeat motif, representing mutated regions 

across the repeat unit, were also tested for their competitive capacity in order to identify critical 

nucleotide regions for binding.  Mutation of the outlying nucleotides (m1 and m5) showed a 

similar capacity for competition when compared to the native r1 competitor (Figure 17B).  The 

three mutated versions (m2, m3 and m4) representing the inner 13 nucleotides 

(ACTGGTAGCTATT) showed a reduced capacity to compete, suggesting that this region is 

more specifically required for binding of the MdMYB10 protein.  As this 13 nucleotide sequence 

does not resemble a known MYB-binding motif, further research will be required to determine 

the core motif in this binding domain.   

 

6.3.5 Chapter Summary 
 

In this chapter, it has been shown that the presence of the R6 minisatellite alters transcription 

levels and that this additional capacity for transcription of MdMYB10 is responsible for the 
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MdMYB10-induced elevation of anthocyanin.  It would appear that the MYB can influence its 

own expression at a specific motif, but in varieties where this motif has been replicated ectopic 

MdMYB10 accumulation arises and leads to ectopic accumulation of red anthocyanin pigments. 

Binding assays have shown that MdMYB10 does interact with the repeat motif and the 

competition assays further define the region within the 23 bp unit responsible for this binding.   

 

Previous studies, particularly in humans, suggest that minisatellites have provided an important 

mechanism for evolutionary change and phenotypic variation.  The data presented here shows 

that such a mutation in plants has produced a remarkable gain of function phenotype, with 

implications for the development of novel varieties of plants and fruit with enhanced 

anthocyanin and increased consumer appeal.   
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7 DISCUSSION AND CONCLUSIONS 

In this final chapter, the results reported in this thesis will be discussed in terms of the gain in 

scientific understanding of anthocyanin regulation in plants and the relevance of these findings 

towards future apple research and horticultural technology.   

 

7.1 MdMYB10 drives anthocyanin accumulation in apple 

 

There is a strong correlation between the transcript levels of all the anthocyanin biosynthetic 

genes tested and the transcript level of the gene encoding MdMYB10.  This also correlated with 

the onset of pigmentation, in Pacific RoseTM skin late in maturity and in highly pigmented ‘Red 

Field’.  It was therefore hypothesised that the co-ordinated increase in the level of anthocyanin 

biosynthetic gene transcript levels and MdMYB10 expression indicates regulation by this 

transcription factor.  In some species it has been shown that MYB TF regulation is specific to 

either the early biosynthetic genes or the late biosynthetic genes (Quattrocchio et al., 1993).  

However, Dong et al., (1998), showed that in apple flowers transcription of both early 

biosynthetic genes and late biosynthetic genes was induced simultaneously, concomitant with 

floral pigmentation.  Data shown in this thesis supports this finding and indicates that all the 

genes in the apple anthocyanin biosynthetic pathway are co-ordinately regulated.  This breadth 

of regulation may even extend to family members of the biosynthetic genes, for example the two 

versions of DFR discussed in Chapter 3, which are up-regulated either in fruit or leaf, although 

confirmation of this requires further experimental evidence.   

 

7.2 Three MYB genes are implicated in anthocyanin regulation in apple 

 

During the course of this thesis, three papers on the MYB-related regulation of anthocyanin in 

apple have been published.  In the first of these papers it was demonstrated that a MYB TF gene, 

MdMYB1, coordinately regulated genes in the anthocyanin pathway to elevate pigmentation 

levels in the skin of apple fruit (Takos et al., 2006).  Results derived from heterologous over-

expression in Arabidopsis and cultured grape cells, together with the correlation of MdMYB1 

transcript levels with those of the anthocyanin structural genes in a fruit development series and 

in bagging experiments (where apples are bagged for some months, the bag removed, and 

synchronised pigmentation is elicited over 5-7 days), led the authors to conclude that MdMYB1 
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regulates anthocyanin in apple skin.  The second paper, submittted before Takos et al. (2006), 

but published subsequently, has been the subject of this thesis (Espley et al., 2007).   

 

The third report described the MYB gene, MdMYBA (Ban et al., 2007).  In this study, it was 

shown that MdMYBA expression was induced by UV-B light and low temperature and that 

transient transformation of 35S:MdMYBA in apple cotyledons induced pigmented spots.  The 

authors stated that the sequence of the coding region for MdMYB1 and MdMYBA were identical 

but they had not sequenced the introns or other genomic regions, including the promoter.  They 

argued that MdMYBA and MdMYB1 were different genes based on a discrepancy in the transcript 

abundance profiles of each gene.  Transcript of MdMYB1 was detectable in the young, 

developing fruit of the variety ‘Cripps Red’ at 48 DAFB, while no transcript was detectable for 

MdMYBA for the variety ‘Tsugaru’ until a much later development stage, 116 DAFB.  However, 

the methodologies to determine transcription levels were different; MdMYBA transcript 

abundance was analysed by Northern blot while MdMYB1 was analysed by the more sensitive 

technique of qPCR.  A further analysis, again by Northern blot, using two red-fleshed varieties, 

Malus pumila ‘Niedzwetzkyana’ and Malus x domestica ‘Maypole’, showed that MdMYBA was 

only expressed in the skin of ‘Niedzwetzkyana’ and, therefore, differed from the expression 

pattern of MdMYB10 in a similar red-fleshed variety.  The study alluded to transformation of 

tobacco and stated that infiltration of 35S:MdMYBA did not induce anthocyanin pigmentation in 

leaves in contrast to 35S:MdMYB10.  However, they did not state whether a co-factor bHLH was 

co-infiltrated.  MdMYB10 only induced pigmentation at very low levels in the absense of 

MdbHLH3 (Section 4.2.3).  The conclusion reached in Ban et al. (2007), was that there were 

multiple genes involved in apple anthocyanin regulation driving cortex pigmentation in red-

fleshed fruit (MdMYB10) and skin colouration in white-fleshed fruit (MdMYBA and MdMYB1).  

Perplexingly, MdMYB10 (Chagné et al., 2007) and MdMYBA (Ban et al., 2007) map to the same 

locus, although this does not exclude two closely co-located genes.  A comparison of the three 

DNA sequences, MdMYB10, MdMYB1 and MdMYBA, can be found in Appendix 9.8 and 

predicted protein sequences in Appendix 9.9.   

 

One possible explanation is that specific TFs control anthocyanin accumulation in different 

tissues in response to different cues, such as environmental, developmental or temporal/spatial.  

Thus, the hierachical nature of regulation might enable different sets of TFs, upstream of the 

MYB component, to independently regulate the specific regulators of the anthocyanin pathway, 

such as MdMYB10.  Alternatively, different family members of the MYB TFs regulate the spatial 
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or developmental determination of anthocyanin levels.  However, as the data in Chapter 3 shows, 

MdMYB10 transcript levels were also elevated in the skin of both varieties tested and so 

expression does not appear to be confined to the regulation of anthocyanin levels in the cortex 

alone.  A relatively simple experiment, such as fruit bagging, may provide the answer as to 

whether MdMYB10 transcription is also elevated by light, as has been shown for MdMYB1 and 

MdMYBA.  However, there is the possibility that MdMYB1/MdMYBA regulate MdMYB10 

expression at the motif identified (see Chapter 5) in the promoter of MdMYB10.  If so, light 

induced expression of MdMYB10 might be the result of MdMYB1/MdMYBA expression.  Down 

regulation of each gene using antisense technology might help determine the roles and possible 

relationships between these three versions of MYB TFs.   

 

The publication of the sequence of the apple genome, expected in 2009, will undoubtedly assist 

in assigning the genetic relatedness of these three MYB genes in apple.  While there are 

differences in the experimental results for MdMYB1 and MdMYBA, they are both expressed in 

skin tissue, are both induced by light and they both share identical sequence.  Different analysis 

techniques and the different apple varieties employed in the two studies make it difficult to draw 

definitive conclusions.  It has been suggested that MdMYB1 and MdMYBA regulate anthocyanin 

in apple skin at different developmental stages (Ban et al., 2007) and it is quite likely that 

multiple family members of anthocyanin regulating MYB TFs in apple do exist, as in other 

species.  The allelic differences highlighted by R1 and R6 in this thesis shows that there are two 

versions of MdMYB10.  While many varieties contain only the R1 version of MdMYB10, others, 

such as Malus x ‘Simcoe’ (Table 5-3) are homozygous for the R6 version of MdMYB10 and do 

not possess the R1 version associated with MdMYB10 or MdMYB1/MdMYBA.  Recent 

preliminary unpublished results, using cleavage amplified polymorphic sequences (CAPS) 

indicate that MdMYB1, MdMYBA and MdMYB10 may be alleles of the same gene (personal 

communication, Anne Kortstee, Wageningen University, The Nertherlands).   

 

7.3 Alternative approaches to the functional characterisation of MdMYB10 
 

Arabidopsis mutants have played an important role in functional characterisation of many genes.  

In apple, there is no such resource although alternative germplasm, displaying mutant 

phenotypes would provide an alternative and/or additional approach to the functional 

characterisation of MdMYB10.  For example, the fruit of ‘Granny Smith’ rarely displays 

pigmentation and would therefore provide a genetic resource to understand anthocyanin 

regulation.  However, it is unclear as to why anthocyanin is largely absent in ‘Granny Smith’ and 
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it may be due to a mutation in the sequence MdMYB10 or MdMYB1/A, or in a co-factor TF.  The 

use of antisense technology might also provide clues to the function of MdMYB10.  A loss of 

pigmentation in antisense MdMYB10 transgenic lines would imply that there is no functional 

redundancy in the proposed apple MYB anthocyanin TFs and that anthocyanin accumulation is 

regulated by just one gene.  Even in ‘Granny Smith’ the flowers are pigmented so the loss of 

MdMYB10 is likely to be partial.  Transgenic lines with suppressed MdMYB10 expression might 

reveal unanticipated phenotypic changes, besides a reduction in anthocyanin accumulation.   

 

There is another aspect of anthocyanin regulation in apple that has not been investigated in this 

thesis; the pattern of anthocyanin pigmentation in fruit skin seen as stripes, in varieties such as 

‘Royal Gala’.  This may be due to methylation of the MdMYB10 promoter (personal 

communication, Adriana Telias, University of Minnesota), although it remains unclear as why 

this should occur.   

 

7.4 Evidence for combinatorial regulation  

 
Results from the transient assays show that there is an interaction between MdMYB10 and 

MdbHLH3.  In the absence of the bHLH, the degree of pigmentation observed in infiltrated 

leaves of tobacco with MdMYB10 was considerably reduced.  Similarly, there was replicable 

effect of increased transactivation in the dual luciferase assays when both MdMYB10 and 

MdbHLH were co-infiltrated.  With the R6 version of the MdMYB10 promoter, this dependence 

appeared to be less strong, as discussed in Chapter 6.   

 

Stable transformation of 35S:MdMYB10 in tobacco and Arabidopsis produced altered 

anthocyanin levels.  In Arabidopsis, ectopic pigmentation was only visible in developing seeds.  

A similar result was achieved by the over-expression of MdMYB1 in Arabidopsis (Takos et al., 

2006).  This may be due to the reliance on a bHLH co-factor.  Proanthocyanidins are produced in 

the seed coats of Arabidopsis via a branch of the flavonoid biosynthesis pathway, and regulated 

by the MYB TF (TT2) (Nesi et al., 2001), the bHLH co-factor TT8 (Nesi et al., 2000) and the 

WD40 co-factor, TTG1 (Walker et al., 1999).  Yeast two and three-hybrid experiments have 

shown that the Arabidopsis proteins TT2, TT8 and TTG1 interact to form a stable complex, with 

the bHLH element (TT8) forming a bridge between the MYB (TT2) and WD40 (TTG1) 

elements (Baudry et al., 2004).  There may be a facet of redundancy in this interaction as other 

Arabidopsis bHLH TFs, EGL3 and GL3 appear to be capable of a similar role (Zhang et al., 
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2003).  Over-expression of MdMYB10 presumably diverts some of the pathway flux into 

anthocyanins from proanthocyanidins although whether it is able to recruit or be recruited by 

TT8 and/or TTG1 remains unresolved.  When PAP1 was over-expressed in Arabidopsis, 

pigmentation was clearly evident thoughout the plant (Figure 1-4), and microarray studies have 

shown that it elevates TT8 expression (Tohge et al., 2005).  Yeast hybrid experiments have 

shown that TT2 and PAP1 can bind to the promoter of TT8, but only when a bHLH co-factor 

was present (Baudry et al., 2006).  If MdMYB10 or MdMYB1 require a bHLH co-factor, TT8, 

EGL3 or GL3 would be the obvious candidates.  However, the restriction of anthocyanin 

accumulation to the developing seeds, as seen in the 35S:MdMYB10 Arabidopsis lines, is a very 

different phenotype from that of the PAP1 over-expression plants.  This suggests that another co-

factor may be involved, controlling the spatial accumulation of anthocyanins.  A candidate for 

this role might be the WD40 TF, TTG1.  Complimentation experiments using Arabidopsis 

mutants or yeast-2-hybrid assays would help to determine the interactions of MdMYB10 with 

these Arabidopsis co-factors.   

 

Over-expression of MdMYB10 in tobacco resulted in the ectopic accumulation of anthocyanins 

in floral organs and seed pods (Section 4.2.5), which was a similar result achieved by the over-

expression of MdMYBA (Ban et al., 2007).  Anthocyanin accumulation in tobacco is less well 

characterized but a number of studies have used over-expression of candidate MYB TFs in N. 

tabacum with intriguingly dissimilar results to those achieved for apple.  When over-expressed 

in tobacco, the tomato MYB TF, ANT1, produced plants of intense purple pigmentation 

(Mathews et al., 2003).  As members of the Solanaceae, it might be expected that the regulation 

of anthocyanin in tobacco and tomato is well conserved.  However, a similar phenotype was 

achieved with the over-expression of the more distantly related Gerbera MYB, GhMYB10 

(Elomaa et al., 2003), and the Arabidopsis MYB, PAP1 (Borevitz et al., 2000).  More detailed 

analysis suggested that GhMYB10 elevated pigmentation in floral organs, but not in the petals, 

unlike MdMYB10 and MdMYBA.  While anthocyanin regulation is well conserved in plants, 

these results point to delicate differences that have evolved between these highly conserved 

MYB genes, presumably in details involving the interaction with co-factors.   

 

Over-expression of MdMYB10 in apple produced a dramatic phenotype (Section 4.2.7).  

However, when assayed by qPCR, transcript levels of the candidate co-factor bHLH TFs, 

MdbHLH3 or MdbHLH33, were not elevated in transgenic trees.  There are three possible 

explanations; an undiscovered bHLH TF candidate performs this role in apple, or MdMYB10 
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does not elevate the transcription of any of the bHLH TFs and the interaction with a bHLH TF is 

not necessary under the unnatural conditions created by 35S or R6-driven transcription, or the 

candidate bHLH co-factors are expressed at a sufficient level for full activity of MdMYB10 

without transcriptional elevation.  Again, the difference in the results from PAP1 over-

expression in Arabidopsis, where PAP1 (AtMYB75) elevates transcription of a bHLH partner, is 

intriguing.   

 

Sequence analysis presented in Chapter 4, shows that MdMYB10 appears to conform the bHLH-

dependent model proposed for maize.  In maize, the MYB TFs C1 or PL inteact with the bHLH 

TFs R, B or Lc and the WD40, PAC1, to drive anthocyanin biosynthesis while the MYB, P, 

drives a divergent flavonoid pathway, phlobaphene biosynthesis, and requires only the co-factor 

PAC1.  Data from the transient assays appears to confirm the dependence of MdMYB10 on a 

bHLH, although this is less conclusive for the R6 allele.   

 

Determination of the specific bHLH co-factor(s) would have been a useful result for a more 

complete understanding of anthocyanin regulation in apple.  This may have been achieved 

through protein:protein and protein:DNA binding assays, together with heterologous 

transformation systems.  Time constraints and the discovery of a mutation in the promoter of 

MdMYB10 meant that the bHLH TF question remains to be resolved.   

 

7.5 Multiple repeats in the R6 promoter causes transcription factor autoregulation in red 

apples 

 

TF activity is partly due to saturation of cis-acting elements on the DNA of target genes.  The 

additional activation of MdMYB10 transcription by the R6 promoter allele could account for such 

saturation, activating the gene to a level never normally seen in the R1 promoter allele and, 

effectively, overriding the normal regulatory network that controls anthocyanin accumulation 

(Figure 7-1).   

 

Multiple repeats have also been found to alter pigmentation in maize kernels.  Maize has been 

the subject of many classic genetic studies into the mutations and the inheritance of 

pigmentation, reviewed in Coe (2001), and in paramutation, the interaction between two alleles 

of a single locus and a heritable change in one allelle’s expression (Brink, 1956; Stam and 

Scheid, 2005).  In particular, a paramutagenic region, 100 kb upstream of the maize b1 TF, 
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contains up to seven tanden repeats of a 853 bp motif (Stam et al., 2002).  The number of these 

repeats directly affects the anthocyanin level in the kernel, in an RNA-dependent manner 

(Alleman et al., 2006).  However, aside from the influence of the repeat number, these epigenetic 

events do not appear to share any further functional similarity with MdMYB10 R6. 

 

The presence of the multiple repeat units in the R6 minisatellite produces or enhances an 

autoregulatory function.  It has been shown in this thesis that MdMYB10 binds to one such 

repeat.  This prompts the question as to whether MdMYB10 (or indeed MdMYB1/MdMYBA) 

binds to the single repeat unit in the R1 allele that is apparently found in all commonly cultivated 

apples.  If this is the case, it could provide a mechanism for self regulating feedback.  In this 

scenario, translation of MdMYB10 would be required for further transcription and interaction 

with the proposed bHLH co-factor.  In the R1 allele, this feedback and the resulting transcription 

is at a reatively moderate level but in R6, the mechanism is overridden by the additional capacity 

provided by the extra motifs for MdMYB10 binding.   

 

In Arabidopsis, transcription of a reporter gene by the TT8 promoter was induced by TT2 and 

PAP1, demonstrating that these MYB TFs are able to bind the bHLH promoter and provide a 

feedback loop (Baudry et al., 2006).  The synchronisation of bHLH, MYB and WD40 TF 

expression appears to be important for anthocyanin regulation.  In yeast, this binding still 

occurred, but only in the presence of the bHLH protein, suggesting some level of self-activated 

feedback regulation.  The model in Figure 7-1 shows MdMYB10 bound to the R1 and R6 

promoter regions in the absence of a bHLH co-factor.  It is not clear from the data presented in 

this thesis as to whether a bound complex of MYB and bHLH protein is necessary to induce or 

enhance transcription of MdMYB10 by binding to cis-elements or if this binding occurs in a non-

physical manner with the DNA.  While there appeared to be some effect on transactivation levels 

of R1 and R6 in the promoter deletion assays by removal of the distally located G-box (Chapter 

6), it is unclear how this would affect the proposed binding of MdMYB10 at the repeat units 

located in the proximal region.  The complex arrangement of putative MYB and bHLH binding 

sites scattered throughout the promoter region requires further targeted investigation to show 

which, if any, of these sites are essential for MdMYB10 transactivation.   

 

Further protein studies would benefit from improved expression techniques.  The method 

employed throughout this thesis was, eventually, sufficiently robust and productive for the 

binding studies.  However, a comparison of this method with other techniques, such as cell-free 
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expression systems may reveal a more efficient process and provide the capacity for more 

numerous and targeted protein binding assays.  These systems use transcription and translation 

reactions in vitro to produce pure protein, eliminating the often time-consuming optimisation 

necessary for cell-based expression systems (Arduengo et al., 2007).   

 

The function of the minisatellite in increasing transactivation of MdMYB10 in apple has been 

established and the question arrises; would this phenomenon be transferable to other species?  A 

recent unpublished study analysed the effect of the insertion of the R6 promoter sequence from 

apple, including the minisatellite, microsatellite and primary repeat unit, into the proximal 

promoter region of the homologous MYB from pear, PcMYB10.  Data showed an increase in 

transactivation of the promoter when co-infiltrated with 35S:PcMYB10 or 35S:MdMYB10 using 

the dual luciferase assay (personal communication, Cyril Brendolise, Plant & Food Research, 

Auckland).  It remains to be seen if the potential of the R6 region to elevate MYB-induced 

transcription is confined to Maloideae, in particular the highly conserved genomes of apple and 

pear, or to Rosaceae, or indeed to other plant families.   

 
 
Figure 7-1:  Model Showing the Auto-regulation of R1 and R6 Promoters by MdMYB10.  The additional repeat 
units (shown in grey bars) in R6 create a greater capacity for MdMYB10 to activate its own transcription using a 
feed-forward mechanism which up-regulates the anthocyanin pathway leading to plants with red foliage and fruit 
flesh.  Illustration kindly supplied by Minna Pesonen, Plant & Food Research, Auckland.   
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7.6 MdMYB10 – a candidate for cisgenesis 

 
The continuing decline of the world wide apple industry in the face of competition from other 

fruits and the prolific introduction of other snack foods (O'Rourke, 2007) has increased the need 

for the development of new and highly desirable apple varieties.  Plant & Food Research’s red-

fleshed apple breeding programme began with crosses between Khazakhstan-derived and 

commercial varieties in 1998.  It has been shown that MdMYB10 is a suitable candidate for 

marker assisted selection, in itself a useful tool for the acceleration of the selection process.  

However, a commercial release is unlikely to appear for some years and numerous issues have 

yet to be resolved, including acceptable taste and texture characteristics, tree growth, crop load 

and orchard management requirements and the storage capacity of the fruit.  A recent surge of 

interest in the dietary properties of fruit has increased the competition among apple breeders for 

a commercially acceptable red-fleshed variety and there is evidence for the imminent release of 

such apples from other advanced breeding programmes, such as the Next Fruit Generation 

programme in the Netherlands (www.nextfruitgeneration.com).   

 

The commercialization of genetically modified crops has continued to increase since the 

introduction of the first plantings in 1996 and now account for some 90 million hectares grown 

in 21 countries around the world (James, 2005).  These are primarily agricultural grain crops, 

modified for herbicide and/or insect resistance.  Since the withdrawal of Syngenta’s GM tomato 

paste, horticultural crop releases have been limited to transgenic squash and papaya which are 

grown in relatively small quantities in the USA and Hawaii respectively (Fuchs and Gonsalves, 

1995; Ferreira et al., 2002).  The social and political culture in many countries currently 

precludes the probability of the imminent introductions of other GM fruit crops.  It has been 

argued that consumer resistance and stringent regulatory requirements may be offset by less 

radical genetic modification techniques, such as cisgenesis (Schouten et al., 2006).  Results 

shown in this thesis suggest that a cisgenic approach using the R6 promoter driving MdMYB10 

expression may be a suitable candidate for such an approach.   

 

The 35S:MdMYB10 ‘Royal Gala’ trees grown in the glasshouse and controlled climate 

laboratories showed a similar growth rate and architecture to control lines.  No adverse effects 

were observed for precocity, flowering or crop load.  The transgenic lines grown in the 

controlled climate laboratories produced highly pigmented apples which did show a number of 

defects and a potential size penalty but conclusions from these observations should be moderated 
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by the unknown effect of the growth regime.  In 2009, fruit will be available from trees grown in 

the glasshouse, grown under less severe pressure than those grown in the controlled climate 

laboratories.  However, a true measure of growth and fruit characteristics is only likely with field 

grown trees.  Notwithstanding the results for the laboratory-grown fruit, the experiment 

successfully provided a rapid approach to apple fruiting and offers many clues to the outcome of 

breeding a red-fleshed apple by conventional means or genetic modification.  A combined 

transcriptomics and metabolomics study is currently underway on fruit from the 35S:MdMYB10 

trees.  This thesis has already provided some intriguing results, such as the increase in volatiles 

from the transgenic fruit.  Taste and texture have yet to be evaluated.   

 

From a cisgenic perspective, the R6:MdMYB10 lines are interesting.  The over-expression of 

MdMYB10 in ‘Royal Gala’ and the highly pigmented phenotype is entirely due to the R6 

promoter.  Although further analysis is required, cisgenesis has the advantage of reducing or 

eliminating linkage drag and the accompanying potential detrimental effects, such that the 

desirable fruit quality traits are maintained.  As breeding programmes have already proved, 

varieties with R6 or R1 are easily crossable, an intrinsic aspect of cisgenic definition.  The 

consistent pigmentation of the transgenic callus effectively removes the requirement for 

antibiotic or herbicidal selection.  Fruit from the R6:MdMYB10 lines (which still has a kanamycin 

resistance marker) is not yet available, but the similarity of the vegetative phenotype suggests 

that the fruit flesh will also be pigmented.   

 

7.7 Future work 

 

7.7.1 Establishing the apple model for combinatorial control of anthocyanin 

 

As discussed above, the precise model for combinatorial regulation of anthocyanin regulation in 

apple has yet to be defined.  Further work is required to establish the specific bHLH and WD40 

TFs that interact with MdMYB10.  Previous studies using yeast-2-hybrid have shown the 

interaction of different classes of TF at the protein level (Zimmermann et al., 2004; Nakatsuka et 

al., 2008).  A similar approach may help to define the specific TFs that interact at the protein 

level in apple.  Ideally, studies would show the effect of these protein complexes on DNA 

transcription levels, a protein complex:DNA interaction, but this would be very challenging from 

a technical viewpoint. 
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7.7.2 Identification of the regulatory hierachy 

 

TFs, whether individually or in combination, can only control gene specific regulation when they 

themselves are expressed.  So the activation of TFs will require some upstream regulatory 

network.  Thus, TF regulation exists as a hierachy (Davidson, 2001).  This regulation may be 

brought about by other TFs or by miRNAs (Hobert, 2008).  The hierarchy of TF regulation of 

anthocyanin levels in plants has not been fully elucidated and provides a fascinating area for 

future research.  Results from the TF screen reported in Chapter 5 have indicated that other 

classes of TF, including the COL candidates, may interact with MdMYB10 and elevate 

transcription of MdMYB10.  A more detailed study is planned to investigate TF interaction that 

may provide the link between environmental or developmental cues for anthocyanin 

accumulation with the TFs, such as MdMYB10, that specifically interact with the anthocyanin 

biosynthetic genes.   

 

7.7.3 Further analysis of the effects of MdMYB10 over-expression in fruit 

 

A study is currently underway to further analyse the 35S:MdMYB10 fruit, considering the broad 

implications of ectopic pigmentation and changes to transcript levels and metabolic profiles.  

This study is using the controlled climate laboratory grown fruit.  A field trial of these transgenic 

trees is not expected.  However, a collaborative effort between Plant & Food Research in New 

Zealand and Plant Research International in The Netherlands has been established to build a 

cisgenic vector using the R6:MdMYB10 sequence and transform suitable varieties for the 

evaluation of a commercial release.  Cisgenic fruit will be subject to detailed analysis and field 

trials are expected.   

 

7.7.4 The effect of the R6 minisatellite in other species 
 

The autoregulatory effect of R6 in apple appears to be replicable in other species.  Recent 

(unpublished) results in pear show that the inclusion of the proximal R6 region in pear is capable 

of elevating transcription levels of the pear promoter as a result of co-infiltration with 

MdMYB10 or PcMYB10.  The apple and pear genomes show considerable sequence similarity 

and a conserved genome organisation (Shulaev et al., 2008) and MdMYB10 and PcMYB10 show 

over 92% similarity at the protein level.  Future work will determine if the insertion of R6 into 

anthocyanin-regulating MYB promoter regions of less closely related species and model species, 

such as Arabidopsis, is able to induce a similar autoregulatory phenomenon.   
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7.7.5 Identification of the specific residues necessary for binding 

 

The EMSA experiments reported in Chapter 6 have defined a region of the repeat sequence that 

appears to be critical for the binding of MdMYB10.  Experimental evidence from numerous 

studies demonstrates that cis-acting elements are generally between 4 and 8 bp in length, 

although not necessarily in consecutive sequence.  Further work is required to define the specific 

DNA bases, from the 13 identified in the repeat unit, that confer the binding capacity.  This 

could be achieved by further detailed EMSA studies or a kinetics-based approach, such as 

surface plasmon resonance (e.g. Biacore).  Such techniques would benefit from improved protein 

expression techniques, as previously discussed.  To broaden the search for the active binding 

sites of MdMYB10, chromatin immunoprecipitation (ChiP) might provide further evidence and 

has been successfully used to provide further details for the role of the maize R bHLH TF 

(Hernandez et al., 2007).  This technique could also be used to probe the protein:DNA 

interaction of proposed co-factors, such as bHLH, WD40 and other hierachical regulator TFs.  

The ChiP technique identifies where regulatory proteins are bound to DNA by fixing cells and 

then immunoprecipitating with antibodies specific to the protein of interest.  The bound DNA 

can then be isolated and analysed for binding sites.   

 

7.7.6 The link between health and anthocyanin content 

 

There are numerous reports concerning the potential benefits of a diet rich in fruit and vegetables 

(Joshipura et al., 2001; Riboli and Norat, 2003).  These beneficial effects have been well studied 

in apple (Wolfe et al., 2003; Boyer and Liu, 2004).  Since the beneficial dietary components 

from fruit may act in a synergistic manner (Liu, 2003), it is especially important to consider the 

effect on health using in vivo studies.  Two recent in vivo studies, alluded to in Chapter 1, have 

shown the positive effects on mammalian life gained from consuming foods rich in anthocyanin.  

The study on rats used mutant maize kernels with high flavonoid composition to specifically 

consider the health properties (Toufektsian et al., 2008).  The study in tomato was primarily 

focused on the effects of genetically engineering very high levels of anthocyanin in the fruit but 

added an in vivo study of a feeding trial in mice (Butelli et al., 2008).  It found that the GM fruit 

conferred a level of protection against cancer induction.  A similar approach could be used for a 

feeding trial using fruit from the 35S:MdMYB10 or R6:MdMYB10 apple lines, comparing the 

dietary effect of consuming standard white-fleshed apples to the red-fleshed genetically modified 
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varieties.  A novel red-fleshed variety, whether derived from conventional breeding or genetic 

modification, would provide useful product differentiation from a marketing perspective.  

However, a study investigating the increased health promoting properties of eating red-fleshed 

fruit would be highly desirable and a positive correlation would add to the potential consumer 

appeal.   

 

7.8 Significance of the research 

 

The goal of this thesis was to define the molecular regulation of anthocyanin accumulation in 

apple, to both extend our knowledge of this key process in a new species and to provide tools to 

assist in the breeding programme for red-fleshed apples.  The work presented in this thesis has 

defined the MYB TF responsible for anthocyanin accumulation in red-fleshed apples.  It has 

demonstrated the speed at which genetic transformation of apple can be achieved.  Analysis of 

these apples has provided new insights into the broad effects of secondary metabolite 

manipulation in fruit.   

 

Further, this thesis has defined a mechanism of minisatellite-related autoregulation by a MYB 

TF.  Such mechanisms have been shown to provide important phenotypic alterations in humans, 

such as in the response to disease or medical treatment.  The functional characterisation of the R6 

minisatellite in the promoter of MdMYB10 defines a novel mechanism for plants.  It highlights 

an interesting field for further plant research and provides exciting opportunities for applications 

in the manipulation of plant species.   

 

At an applied level, the functional characterisation of MdMYB10 and the R6 allele presents a 

realistic candidate for a cisgenic approach to the modification of apple fruit.   
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9 APPENDICES 

9.1 MdMYB10 codon usage and optimisation 
 
A 
 
ATG GAG GGA TAT AAC GAA AAC CTG AGT GTG AGA AAA GGT GCC TGG ACT CGA GAG 
GAA GAC AAT CTT CTC AGG CAG TGC GTT GAG ATT CAT GGA GAG GGA AAG TGG AAC 
CAA GTT TCA TAC AAA GCA GGC TTA AAC AGG TGC AGG AAG AGC TGC AGA CAA AGA 
TGG TTA AAC TAT CTG AAG CCA AAT ATC AAG AGA GGA GAC TTT AAA GAG GAT GAA 
GTA GAT CTT AUA ATT AGA CTT CAC AGG CTT TTG GGA AAC AGG TGG TCA TTG ATT 
GCT AGA AGA CTT CCA GGA AGA ACA GCA AAT GCT GTG AAA AAT TAT TGG AAC ACT 
CGA TTG CGG ATC GAT TCT CGC ATG AAA ACG GTG AAA AAT AAA TCT CAA GAA ATG 
AGA GAG ACC AAT GTG AUA AGA CCT CAG CCC CAA AAA TTC AAC AGA AGT TCA TAT 
TAC TTA AGC AGT AAA GAA CCA ATT CUA GAC CAT ATT CAA TCA GCA GAA GAT TTA 
AGT ACG CCA CCA CAA ACG TCG TCG TCA ACA AAG AAT GGA AAT GAT TGG TGG GAG 
ACC TTG TTA GAA GGT GAG GAT ACT TTT GAA AGA GCT GCA TAT CCC AGC ATT GAG 
TTA GAG GAA GAA CTC TTC ACA AGT TTT TGG TTT GAT GAT CGA CTG TCG CCA AGA 
TCA TGC GCC AAT TTT CCT GAA GGA CAT AGT AGA AGT GAA TTC TCC TTT AGC ACG 
GAC CTT TGG AAT CAT TCA AAA GAA GAA TAG  
 
B 
 
Amino 
Acid 

Rare 
Codon 

Frequency of 
Occurrence

Arginine CGA 3 
CGG 1 
AGG 5 
AGA 14 

Glycine GGA 8 
GGG 0 

Isoleucine AUA 2 
Leucine CUA 1 
Proline CCC 2 
Threonine ACG 4 
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C 

 
 
 
An analysis of codon usage in MdMYB10 was performed using the University of California’s 

Rare Codon Calculator (http://www.doe-mbi.ucla.edu/~sumchan/caltor.html).  (A) Rare codons 

are highlighted and itemised in the table (B).  (C) A comparison of the sequence at nucleotide 

level of the codon optimised gene (MdMYB10CO), MdMYB10 and the truncated version 

(MdMYB10 ΔC1).  Area marked by arrow denotes extent of R2R3 domain sequence region.  The 

figure was generated using GeneDoc version 2.6.000.  Identical residues are shown in black, 

conserved residues in dark grey and similar residues in light grey.   
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9.2 qPCR analysis of MdCHS family members 
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Transcript abundance levels of two members of the CHS family from apple.  A, MdCHS1, as 

used for the qPCR study in Chapter 3, and B, MdCHS2.  Samples referred to on the x axis; (1) 40 

days after full bloom (DAFB), (2) 67 DAFB, (3) 102 DAFB, (4) 130 DAFB, (5) 146 DAFB, (6) 

‘Red Field’ leaf and (7) Pacific Rose™ leaf.  Error bars shown in qPCR data are means ± S.E. of 

3 replicate reactions.   
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9.3 Sequences of isolated apple MYB TFs 
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Representative alignment of sequences from clones isolated using degenerate PCR.  Results from 

NCBI Blast analysis showed that PR6 was 85% similar at the nucleotide level to Gossypium 

MYB3 (Genbank accession EU249426).  Clones 91J4, PR4, PR5, 91D2, 91 D4 and 91D5 

represent the R2R3 MYB, MdMYB8 (Genbank DQ267899).  Clones 91J1, 91J2, 91J3, 91J7, 

91J13 and 91D3 have subsequently been shown to have similarity to the R2R3 MYB TFs, 

MdMYB1-1 (DQ886415) (Takos et al., 2006) and MdMYBA (AB279958) (Ban et al., 2007).  The 

clones 91J5 and 91J6 represent MdMYB10.  RE73 is the degenerate primer used in conjunction 

with oligo dTs for the assay, where R = C or G and Y = C or T.  The pGEM-T Easy cloning site 

sequence is shown in the box at the 5′ end, position 1-9.  The TAG stop codon for 91J5 is shown 

in a box at postion 601.  The figure was generated using GeneDoc version 2.6.000.  Identical 
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residues are shown in black, conserved residues in dark grey and similar residues in light grey.  

 

A sample timepoint (67 DAFB) 

……… January cDNA sample timepoint (102 DAFB) 

9.4 Predicted transcription start site of MdMYB10 
 

er (Invitrogen, USA) is shown, together with the 5′ region of the MdMYB10 ORF and 

genomic sequence of the upstream region.  The figure was generated using GeneDoc version 

2.6.000.   

Clone number identification as follows: 

 

91……. Breeding line for Malus x domestica ‘Red Field’

PR…… ‘Pacific Rose’ 

D…….. December cDN

J

1-13….. Clone number 

 

 
 

Concensus sequence analysis of 5′ RACE products (RACEconc) indicated a transcription start 

site (TSS) at position -62 from the ATG translation start site.  The sequence for the GeneRacerTM 

nested prim

TSS -62 
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9.5 Sequence of the MdMYB10 promoter region 
 

                                                                          
                 *        20         *        40         *        60         * 
Niedz : ACCCTGAACACGTGGGAACCGGCCCGTTTGTAACAGACTGAGATAGGTCCGGTTCTATTTCTTAAAAACC 
R6    : ACCCTGAACACGTGGGAACCGGCCCGTTTGTAACAGACTGAGATAGGTCCGGTTCTATTTCTTAAAAACC 
R1    : ACCCTGAACACGTGGGAACCGGCCCGTTTGTAACCGACTGAGATAGGTCCGGTTCTATTTCTTAAAAACC 
GS    : ACCCTGAACACGTGGGAACCGGCCCGTTTGTAACCGACTGAGATAGGTCCGGTTCTATTTCTTAAAAACC 
                                                                               
                                                                               
                80         *       100         *       120         *       140 
Niedz : CAACACCCGCTACGTTCCATTTATAAACGGGTC-GGTCTGGTCCCTCCAACTTTGAGCCCGGCTCGACTT 
R6    : CAACACCCGCTACGTTCCATTTATAAACGGGTC-GGTCTGGTCCCTCCAACTTTGAGCCCGGCTCGACTT 
R1    : CAACACCCGCTATGTTCTATTTATAAACGGGTCCGGTCTGGTCCCTCCAACTTTGAGCCCGGCTCGACTT 
GS    : CAACACCCGCTATGTTCTATTTATAAACGGGTCCGGTCTGGTCCCTCCAACTTTGAGCCCGGCTCGACTT 
                                                                               
                                                                               
                 *       160         *       180         *       200         * 
Niedz : GTGCCCACTCCTAAACTAAACCATATAAAAACCAAGATTTCCCTTTCATCTTTCACACATATCACGTTAC 
R6    : GTGCCCACTCCTAAACTAAACCATATAAAAACCAAGATTTCCCTTTCATCTTTCACACATATCACGTTAC 
R1    : GTGCCCACTCCTAAACTAAACCATATAAAAACCAAGATTTCCCTTTCTTCTTTCACACATATCACGTTAC 
GS    : GTGCCCACTCCTAAACTAAACCATATAAAAACCAACATTTCCCTTTCTTCTTTCACACATATCACGTTAC 
                                                                               
                                                                               
               220         *       240         *       260         *       280 
Niedz : TTTCCAACAACAATTCAACAATCACAACAAATAATCAACCATCAAGATCATATATCACGTCACTAATAAA 
R6    : TTTCCAACAACAATTCAACAATCACAACAAATAATCAACCATCAAGATCATATATCACGTCACTAATAAA 
R1    : TTTCCAACAACAATTCAACAATCACAACAAATAATCAACCATCAAGATCATATATCACGTCACTAATAAA 
GS    : TTTCCAACAACAATTCAACAATCACAACAAATAATCAACCATCAAGATCATATATCACGTCACTAATAAA 
                                                                               
                                                                               
                 *       300         *       320         *       340         * 
Niedz : GACAACCTTCATAAGGGTTGCCGTAGTTCTCTACTTGAAATCCAATTGTCTAGCATTGTAACCCTAAGTT 
R6    : GACAACCTTCATAAGGGTTGCCGTAGTTCTCTACTTGAAATCCAATTGTCTAGCATTGTAACCCTAAGTT 
R1    : GACAACCTTCACAAGGGTTGTCGTAGTTCTCTACTGGAAATCCAATTGTCTAGCATTGTAACCCTAAGTT 
GS    : GACAACCTTCACAAGGGTTGTCGTAGTTCTCTACTGGAAATCCAATTGTCTAGCATTGTAACCCTAAGTT 
                                                                               
                                                                               
               360         *       380         *       400         *       420 
Niedz : ACAGACACAAACATAAACTTGAGCAACTTCTATGCATAAGAATCTAGGGTTTTGGACTAACTCAACAGAA 
R6    : ACAGACACAAACATAAACTTGAGCAACTTCTATGCATAAGAATCTAGGGTTTTGGACTAACTCAACAGAA 
R1    : ACAGACACAAACATAAACTTGAGCAACTTCTATGCATAAGAATCTGGGGTTTTGGACTAACTCAACAGAA 
GS    : ACAGACACAAACATAAACTTGAGCAACTTCTATGCATAAGAATCTGGGGTTTTGGACTAACTCAACAGAA 
                                                                               
                                                                               
                 *       440         *       460         *       480         * 
Niedz : CCTAACAAGAAATAATATTCTGGACCGCTTAACGGAATCCAACGAAGACAAGGTTTCGGACCACTCAACG 
R6    : CCTAACAAGAAATAATATTCTGGACCGCTTAACGGAATCCAACGAAGACAAGGTTTCGGACCACTCAACG 
R1    : CCTAACAAGAAATAATATTCTGGACCGCTTAACGGAATCCAACGAAGACAAGGTTTCGGACCACTCAACG 
GS    : CCTAACAAGAAATAATATTCTGGACCGCTTAACGGAATCCAACGAAGACAAGGTTTCGGACCACTCAACG 
                                                                               
                                                                               
               500         *       520         *       540         *       560 
Niedz : GAACAAATAAGGGAAAGGGATATAAACCATTCAACGAAATCCATCTTTAGAATACGCATAGTCCCCCAAT 
R6    : GAACAAATAAGGGAAAGGGATATAAACCATTCAACGAAATCCATCTTTAGAATACGCATAGTCCCCCAAT 
R1    : GAACAAATAAGGGAAAGGGATATAAACCATTCAACGAAATCCATCTTTAGAATACGCATAGTCTCCCAAT 
GS    : GAACAAATAAGGGAAAGGGATATAAACCATTCAACGAAATCCATCTTTAGAATACGCATAGTCCCCCAAT 
                                                                               
                                                                               
                 *       580         *       600         *       620         * 
Niedz : ACGGATTAACCAAGTGAGAACATACGCCATCTGATAGCGTGGTCCCGCAAGACAGTTAACCAAGTAGGAC 
R6    : ACGGATTAACCAAGTGAGAACATACGCCATCTGATAGCGTGGTCCCGCAAGACAGTTAACCAAGTAGGAC 
R1    : ACGGATTAACCAAGTGAGAACATACGCCATCTGATAGCGTGGTCCCGCAAGACAGATAACCAAGTAGGAC 
GS    : ACGGATTAACCAAGTGAGAACATACGCCATCTGATAGCGTGGTCCCGCAAGACAGATAACCAAGTAGGAC 
                                                                               
    
 
                                                                           

Niedzwetzkyana
MdMYB10 R6
MdMYB10 R1
Granny Smith

Niedzwetzkyana
MdMYB10 R6
MdMYB10 R1
Granny Smith

Niedzwetzkyana
MdMYB10 R6
MdMYB10 R1
Granny Smith

Niedzwetzkyana
MdMYB10 R6
MdMYB10 R1
Granny Smith

Niedzwetzkyana
MdMYB10 R6
MdMYB10 R1
Granny Smith

Niedzwetzkyana
MdMYB10 R6
MdMYB10 R1
Granny Smith

Niedzwetzkyana
MdMYB10 R6
MdMYB10 R1
Granny Smith

Niedzwetzkyana
MdMYB10 R6
MdMYB10 R1
Granny Smith

Niedzwetzkyana
MdMYB10 R6
MdMYB10 R1
Granny Smith

 

174 



 Chapter 9:  Appendices  

               640         *       660         *       680         *       700 
Niedz : CACCGATGGTATAATGTGACCAAGTAAGCAGTGACCCTAAATGTAGATTAACCACGTGGAGTTAAATTAA 
R6    : CACCGATGGTATAATGTGACCAAGTAAGCAGTGACCCTAAATGTAGATTAACCACGTGGAGTTAAATTAA 
R1    : CACCGATGGTATAATGTGACCAAGTAAGCAGTGACCCTAAATGTAGATTAACCACATGGAGTTAAATTAA 
GS    : CACCGATGGTATAATGTGACCAAGTAAGCAGTGACCCTAAATGTAGATTAACCACATGGAGTTAAATTAA 
                                                                               
                                                                               
                 *       720         *       740         *       760         * 
Niedz : CAAGGCTGAACCACCTATGAAAATAATGTAAGCCTGAAATCTTAGGAGAGAATTCTTGCTCTAGGGGACA 
R6    : CAAGGCTGAACCACCTATGAAAATAATGTAAGCCTGAAATCTTAGGAGAGAATTCTTGCTCTAGGGGACA 
R1    : CAAGGCTGAACCACCTATGAAAATAATGTAAGCCTGAAATCTTAGGAGAGAATTCTTGCTCTAGGGGACA 
GS    : CAAGGCTGAACCACCTATGAAAATAATGTAAGCCTGAAATCTTAGGAGAGAATTCTTGCTCTAGGGGACA 
                                                                               
                                                                               
               780         *       800         *       820         *       840 
Niedz : AATGATTTTCGTATGCCTAAGTGTTTTTTTAGTGACAGTAAACTAAGATTTGAGTACAGAGACATTAACT 
R6    : AATGATTTTCGTATGCCTAAGTGTTTTTTTAGTGACAGTAAACTAAGATTTGAGTACAGAGACATTAACT 
R1    : AATGATTTTCGTATGCCTAAGTGTTTTTTTAGTGACAGTAAACTAAGATTTGAGTACAGAGACATTAACT 
GS    : AATGATTTTCGTATGCCTAAGTGTTTTTTTAGTGACAGTAAACTAAGATTTGAGTACAGAGACATTAACT 
                                                                               
                                                                               
                 *       860         *       880         *       900         * 
Niedz : GAGATTGACTCTTGTGAAAGCTTAGTGAGTTGAAGCACGTAGGCCAATTATATTGAGCAATGTGTTAGGT 
R6    : GAGATTGACTCTTGTGAAAGCTTAGTGAGTTGAAGCACGTAGGCCAATTATATTGAGCAATGTGTTAGGT 
R1    : GAGATTGACTCTTGTGAAAGCTTAGTGAGTTGAAGCACGTAGGCCAATTATATTGAGCAATGTGTTAGGT 
GS    : GAGATTGACTCTTGTGAAAGCTTAGTGAGTTGAAGCACGTAGGCCAATTATATTGAGCAATGTGTTAGGT 
                                                                               
                                                                               
               920         *       940         *       960         *       980 
Niedz : GTAGCGTCTAAACTTCCGTAGGAGTTTTGTACAGCAATATAGTGGGGGTGCCGCAAAATGCAGACAGTAG 
R6    : GTAGCGTCTAAACTTCCGTAGGAGTTTTGTACAGCAATATAGTGGGGGTGCCGCAAAATGCAGACAGTAG 
R1    : GTAGCGTCTAAACTTCCGTAGGAGTTTTGTACAGCAATATAGTGGGGGTGCCGCAAAATGCAGACAGTAG 
GS    : GTAGCGTCTAAACTTCCGTAGGAGTTTTGTACAGCAATATAGTGGGGGTGCCGCAAAATGCA----GTAG 
                                                                               
                                                                               
                 *      1000         *      1020         *      1040         * 
Niedz : CAATAAATTACGGGCTAGGATTTTCTCCTCTTTTTTTTTCGTTCCATTCCATCCATTCCTCTCACATTCT 
R6    : CAATAAATTACGGGCTAGGATTTTCTCCTCTTTTTTTTTCGTTCCATTCCATCCATTCCTCTCACATTCT 
R1    : CAATAAATTACGGGCTAGGATTTTCTCCTCTTTTTTTTTCGTTCCATTCCATCCATTCCTCTCACATTTT 
GS    : CAATAAATTACGGGCTAGGATTTTCTCCTCTTTTTTTTTCGTTCCATTCCATCCATTCCTCTCACATTTT 
                                                                               
                                                                               
              1060         *      1080         *      1100         *      1120 
Niedz : TTATTTTGTCTTTCTCTTTCTATAAAAAATTAATATAAGATGTTAATGTAACTTGACCGTGACTATTCAA 
R6    : TTATTTTGTCTTTCTCTTTCTATAAAAAATTAATATAAGATGTTAATGTAACTTGACCGTGACTATTCAA 
R1    : TTATTTTGTCTTTCTCTTTCTATAAAAAATTAATATAAGATGTTAATGTAACTTGACCGTGACTATTCAA 
GS    : TTATTTTGTCTTTCTCTTTCTATAAAAAATTAATATAAGATGTTAATGTAACTTGACCATGACTATTCAA 
                                                                               
                                                                               
                 *      1140         *      1160         *      1180         * 
Niedz : ATAGGAGGGGAATGAAGAAGAGGGAAAAAAAGAGAGGAGAGAATCCTACTCCGTAAATTACAAGCAAACA 
R6    : ATAGGAGGGGAATGAAGAAGAGGGAAAAAAAGAGAGGAGAGAATCCTACTCCGTAAATTACAAGCAAACA 
R1    : ATAGGAGGGGAATGAAGAAGAGGGAAAAAAA----GGAGAGAATCCTACTCCATAAATTACAAGCAAACA 
GS    : ATAGGAGGGGAATGAAGAAGAGGGAAAAAAAAAGAGGAGAGAATCCTACTCCATAAATTACAAGCAAACA 
                                                                               
                                                                               
              1200         *      1220         *      1240         *      1260 
Niedz : CTTTTTTTTTTTTTTGGACAAGCAGAAGCAAACAAACACTTGAAAAAGCAGCGAAAGCATGATAAAGGTA 
R6    : CTTTTTTTTTTTTTTGGACAAGCAGAAGCAAACAAACACTTGAAAAAGCAGCGAAAGCATGATAAAGGTA 
R1    : CTTTTTTTTTTTTTTTGACAAGCAGAAGCAAACAAACACTTGAAAAAGCAGCGAAAGCATGATAAAGGTA 
GS    : CTTTTTTTTTTTTTTTGACAAGCAGAAGCAAACAAACACTTGAAAAAGCAGCGAAAGCATGATAAAGGTA 
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                 *      1280         *      1300         *      1320         * 
Niedz : TCTTATGGTGGTCAAAGATGTGTGTTGTAACTAGTTACACGATTCTGCATTCACATTCATAGAATGTGCT 
R6    : TCTTATGGTGGTCAAAGATGTGTGTTGTAACTAGTTACACGATTCTGCATTCACATTCATAGAATGTGCT 
R1    : TCTTATGGTGGTCAAAGATGTGTGTTGTAACTAGTTACACGATTCTGCATTCACATTCATAGAATGTGCT 
GS    : TCTTATGGTGGTCAAAGATGTGTGTTGTAACTAGTTACACGATTCTGCATTCACATTCATAGAATGTACT 
                                                                               
                                                                               
              1340         *      1360         *      1380         *      1400 
Niedz : TTTGAATATTATATTACAGCTAGAGAATTTTATGCCCTGGGATTGATTTCCCTTGTCAATGTTGTCGTGC 
R6    : TTTGAATATTATATTACAGCTAGAGAATTTTATGCCCTGGGATTGATTTCCCTTGTCAATGTTGTCGTGC 
R1    : TTTGAATATTATATTACAGCTAGAGAATTTTATGCCCTGGGATTGATTTCCCTTGTCAATGTTGTCGTGC 
GS    : TTTGAATATTATATTACAGCTAGAGAATTTTATGCCCTGGGATTGATTTCCCTTGTCAATTTTGTCGTGC 
                                                                               
                                                                               
                 *      1420         *      1440         *      1460         * 
Niedz : AGAAATGTTAGACTGGTAGCTATTAACAAGTTAGACTGGTTAGACTGGTAGCTATTAACAAGTTAGACTG 
R6    : AGAAATGTTAGACTGGTAGCTATTAACAAGTTAGACTGGTTAGACTGGTAGCTATTAACAAGTTAGACTG 
R1    : AGAAATGTTAG----------------------------------------------------------- 
GS    : AGAAATGTTAG----------------------------------------------------------- 
                                                                               
                                                                               
              1480         *      1500         *      1520         *      1540 
Niedz : GTAGCTATTAACAACTGGTAGCTATTAACAAGTTAGACTGGTAGCTATTAACAAGTTAGACTGTGTGTGT 
R6    : GTAGCTATTAACAACTGGTAGCTATTAACAAGTTAGACTGGTAGCTATTAACAAGTTAGACTGTGTGTGT 
R1    : ------------------------------------------CTTTTCTATATATCGAGTGTGTGTGTGT 
GS    : ------------------------------------------CTTTTCTATATATCGAGTGTGTGTGTGT 
                                                                               
                                                                               
                 *      1560         *      1580         *      1600         * 
Niedz : GTGTGTATTTCACAAGTTAGACTGGTAGCTATTAACAACTGTTGGAATGTTTTAAACTTGTCAGTGTTTG 
R6    : GTGTGTATTTCACAAGTTAGACTGGTAGCTATTAACAACTGTTGGAATGTTTTAAACTTGTCAGTGTTTG 
R1    : GTGTGTATTTCACAAGTTAGACTGGTAGCTAATAACAACTGTTGGAATGTTTTAAACTTGTCAGTGTTTG 
GS    : GTGTGTATTTCACAAGTTAGACTGGTAGCTAATAACAACTGTTGGAATGTTTTAAACTTGTCAGTGTTTG 
                                                                               
                                                                               
              1620         *      1640         *      1660         *      1680 
Niedz : CTTCTGTGGATATCAGACATGCACGTCACTGGCCTTGTAAGATTAATTAGGCCGATGGTATCCATAGCGT 
R6    : CTTCTGTGGATATCAGACATGCACGTCACTGGCCTTGTAAGATTAATTAGGCCGATGGTATCCATAGCGT 
R1    : CTTCTGTGGATATCAGACATGCACGTCACTGGCCTTGTAAGATTAATTAGGCCGATGGTATCCATAGCGT 
GS    : CTTCTGTGGATATCAGACATGCACGTCACTGGCCTTGTAAGATTAATTAGGCCGATGGTATCCATAGCGT 
                                                                               
                                                                               
                 *      1700         *      1720         *      1740         * 
Niedz : TAACGTCATGGCAAACACACTCTAATTATATATAATGGTAGCTAGGTGTCTTTCTGGAGTCTATGAAGTG 
R6    : TAACGTCATGGCAAACACACTCTAATTATATATAATGGTAGCTAGGTGTCTTTCTGGAGTCTATGAAGTG 
R1    : TAATGTCATGGCAAACACACTCTAATTATATATAATGGTAGCTAGGTGTCTTTCTGGAGTGTATGAAGTG 
GS    : TAATGTCATGGCAAACACACTCTAATTATATATAATGGTAGCTAGGTGTCTTTCTGGAGTGTATGAAGTG 
                                                                               
                                                        
              1760         *      1780         *        
Niedz : GGTAGCAGGCAAAAGATAAGCTAAGCTTAGCTGCTAGCAGATAAGAG 
R6    : GGTAGCAGGCAAAAGATAAGCTAAGCTTAGCTGCTAGCAGATAAGAG 
R1    : GGTAGCAGGCAAAAGAATAGCTAAGCTTAGCTGCTAGCAGATAAGAG 
GS    : GGTAGCAGGCAAAAGATTAGCTAAGCTTAGCTGCTAGCAGATAAGAG 
                                                        
 

                 *      1280         *      1300         *      1320         * 
Niedz : TCTTATGGTGGTCAAAGATGTGTGTTGTAACTAGTTACACGATTCTGCATTCACATTCATAGAATGTGCT 
R6    : TCTTATGGTGGTCAAAGATGTGTGTTGTAACTAGTTACACGATTCTGCATTCACATTCATAGAATGTGCT 
R1    : TCTTATGGTGGTCAAAGATGTGTGTTGTAACTAGTTACACGATTCTGCATTCACATTCATAGAATGTGCT 
GS    : TCTTATGGTGGTCAAAGATGTGTGTTGTAACTAGTTACACGATTCTGCATTCACATTCATAGAATGTACT 
                                                                               
                                                                               
              1340         *      1360         *      1380         *      1400 
Niedz : TTTGAATATTATATTACAGCTAGAGAATTTTATGCCCTGGGATTGATTTCCCTTGTCAATGTTGTCGTGC 
R6    : TTTGAATATTATATTACAGCTAGAGAATTTTATGCCCTGGGATTGATTTCCCTTGTCAATGTTGTCGTGC 
R1    : TTTGAATATTATATTACAGCTAGAGAATTTTATGCCCTGGGATTGATTTCCCTTGTCAATGTTGTCGTGC 
GS    : TTTGAATATTATATTACAGCTAGAGAATTTTATGCCCTGGGATTGATTTCCCTTGTCAATTTTGTCGTGC 
                                                                               
                                                                               
                 *      1420         *      1440         *      1460         * 
Niedz : AGAAATGTTAGACTGGTAGCTATTAACAAGTTAGACTGGTTAGACTGGTAGCTATTAACAAGTTAGACTG 
R6    : AGAAATGTTAGACTGGTAGCTATTAACAAGTTAGACTGGTTAGACTGGTAGCTATTAACAAGTTAGACTG 
R1    : AGAAATGTTAG----------------------------------------------------------- 
GS    : AGAAATGTTAG----------------------------------------------------------- 
                                                                               
                                                                               
              1480         *      1500         *      1520         *      1540 
Niedz : GTAGCTATTAACAACTGGTAGCTATTAACAAGTTAGACTGGTAGCTATTAACAAGTTAGACTGTGTGTGT 
R6    : GTAGCTATTAACAACTGGTAGCTATTAACAAGTTAGACTGGTAGCTATTAACAAGTTAGACTGTGTGTGT 
R1    : ------------------------------------------CTTTTCTATATATCGAGTGTGTGTGTGT 
GS    : ------------------------------------------CTTTTCTATATATCGAGTGTGTGTGTGT 
                                                                               
                                                                               
                 *      1560         *      1580         *      1600         * 
Niedz : GTGTGTATTTCACAAGTTAGACTGGTAGCTATTAACAACTGTTGGAATGTTTTAAACTTGTCAGTGTTTG 
R6    : GTGTGTATTTCACAAGTTAGACTGGTAGCTATTAACAACTGTTGGAATGTTTTAAACTTGTCAGTGTTTG 
R1    : GTGTGTATTTCACAAGTTAGACTGGTAGCTAATAACAACTGTTGGAATGTTTTAAACTTGTCAGTGTTTG 
GS    : GTGTGTATTTCACAAGTTAGACTGGTAGCTAATAACAACTGTTGGAATGTTTTAAACTTGTCAGTGTTTG 
                                                                               
                                                                               
              1620         *      1640         *      1660         *      1680 
Niedz : CTTCTGTGGATATCAGACATGCACGTCACTGGCCTTGTAAGATTAATTAGGCCGATGGTATCCATAGCGT 
R6    : CTTCTGTGGATATCAGACATGCACGTCACTGGCCTTGTAAGATTAATTAGGCCGATGGTATCCATAGCGT 
R1    : CTTCTGTGGATATCAGACATGCACGTCACTGGCCTTGTAAGATTAATTAGGCCGATGGTATCCATAGCGT 
GS    : CTTCTGTGGATATCAGACATGCACGTCACTGGCCTTGTAAGATTAATTAGGCCGATGGTATCCATAGCGT 
                                                                               
                                                                               
                 *      1700         *      1720         *      1740         * 
Niedz : TAACGTCATGGCAAACACACTCTAATTATATATAATGGTAGCTAGGTGTCTTTCTGGAGTCTATGAAGTG 
R6    : TAACGTCATGGCAAACACACTCTAATTATATATAATGGTAGCTAGGTGTCTTTCTGGAGTCTATGAAGTG 
R1    : TAATGTCATGGCAAACACACTCTAATTATATATAATGGTAGCTAGGTGTCTTTCTGGAGTGTATGAAGTG 
GS    : TAATGTCATGGCAAACACACTCTAATTATATATAATGGTAGCTAGGTGTCTTTCTGGAGTGTATGAAGTG 
                                                                               
                                                        
              1760         *      1780         *        
Niedz : GGTAGCAGGCAAAAGATAAGCTAAGCTTAGCTGCTAGCAGATAAGAG 
R6    : GGTAGCAGGCAAAAGATAAGCTAAGCTTAGCTGCTAGCAGATAAGAG 
R1    : GGTAGCAGGCAAAAGAATAGCTAAGCTTAGCTGCTAGCAGATAAGAG 
GS    : GGTAGCAGGCAAAAGATTAGCTAAGCTTAGCTGCTAGCAGATAAGAG 
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Repeat 1

 
Sequence alignment of representative isolated promoter fragments from Malus x pumila 

‘Niedzwetzkyana’,  Malus x domestica ‘Red Field’, denoted as MdMYB10 R6, Malus x 

domestica ‘Sciros’ (Pacific RoseTM), denoted as MdMYB10 R1, and Malus x domestica 'Granny 

Smith'.  Repeat unit 1 is identified by the red box.  The figure was generated using GeneDoc 

version 2.6.000.  Identical residues are shown in black, conserved residues in dark grey and 

similar residues in light grey.   
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9.6 MdWD40 protein sequence 
 

 
 

The apple WD40 candidate, MdWD40, shows homology to known WD40 anthocyanin 

regulators from other sprecies, such as TTG1 from Arabidopsis (76% amino acid identity), 

AN11 from Petunia (81%) and PAC1 from Maize (58%).  The figure was generated using 

GeneDoc version 2.6.000.  Identical residues are shown in black, conserved residues in dark grey 

and similar residues in light grey.  Genbank accession numbers: MdWD40, EB135547; TTG1, 

NM180739; AN11, U94748; PAC1, AY115485. 
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9.7 MdCOL1 and MdCOL12 protein sequence 

 
 

Sequence alignment of apple candidate COL transcription factor, MdCOL1.  The sequence from 

Plant & Food Research EST 158833 (cultivar ‘Royal Gala’) is the same as MdCOL2 from the 

cultivars ‘Pinova’ (P), (Genbank EU672879) and ‘Fuji’ (F), (Genbank AF052585).  It is also 

similar to MdCOL1 from Pinova (Genbank EU672878) and Fuji (Genbank AF052584) and 

shows similarity to Arabidopsis COL4 (NM122402).  Identical residues are shown in black, 

178 



 Chapter 9:  Appendices  

conserved residues in dark grey and similar residues in light grey.  Alignments were performed 

using Vector NTI v9.0 and the figure generated using GeneDoc version 2.6.000.  

 

 
 

Sequence alignment of apple candidate COL transcription factor, MdCOL12.  The sequence 

from Plant & Food Research EST 266796 (Genbank EB151356) showed 37% and 31% amino 

acid identity to the Arabidopsis COL genes STH2 (AT1G75540.1 and AT4G39070).  Identical 

residues are shown in black, conserved residues in dark grey and similar residues in light grey.  

Alignments were performed using Vector NTI v9.0 and the figure generated using GeneDoc 

version 2.6.000.  
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9.8 DNA sequence comparison of MdMYB10, MdMYB1 and MdMYBA 
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Key to sequence names: GS = ‘Granny Smith’, RF = ‘Red Field’ and PR = Pacific RoseTM.  

MYBA (Ban et al., 2007) and MYB1-3 (Takos et al., 2006).  Figure generated using GeneDoc 

version 2.6.000. 
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9.9 Protein sequence comparison of MdMYB10, MdMYB1 and MdMYBA 

 
 

Predicted protein translations of apple MYB TFs performed in Vector NTI v9.0 and figure 

generated using GeneDoc v2.6.000.  Key to sequence names: GS = ‘Granny Smith’, RF = ‘Red 

Field’ and PR = Pacific RoseTM.  MYBA (Ban et al., 2007) and MYB1-3 (Takos et al., 2006).   
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