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Abstract

Anthocyanin synthesis in Shiraz grape benies began l0 weeks postflowering and continued

throughout berry ripening. In flowers and grape berry skins, expression of all the anthocyanin

biosynthesis pathway genes, except uDP-glucose: flavonoid 3-o-glucosyl transferase (UFGT)'

was detected up to 4 weeks postflowering followed by a reduction in expression 6 to 8 weeks

postflowering. Expression of all the genes in the pathway, including UFGT, then increased at l0

weeks postflowering, coinciding with the onset of anthocyanin synthesis. Expression of all of

the anthocyanin pathway genes except UFGT was detected in most unpigmented tissues,

and uFGT was the only gene that showed an absolute differential expression pattern

between white and coloured grape berry skins. These results suggest that UFGT is under a

different regulatory regime compared to the other anthocyanin pathway genes in grapevine

and that anthocyanin synthesis in grapes is controlled at a later stage than seen in other

previously studied plant species. Expression of all of the anthocyanin genes except UFGT

in the unpigmented tissues correlates with the production of condensed tannins and other

flavonoids. Treatment of grape benies with a synthetic auxin-like compound caused a delay

in the onset of ripening by approximately 2 weeks. This treatment also delayed, by 2 weeks,

the increase in ABA level that normally accompanies ripening and altered the expression of

a number of developmentally regulated genes. These observations suggest that auxins

(perhaps in conjunction with ABA) have a role in the control of grape berry ripening by

affecting the expression of genes involved in the ripening process. By analogy to other

species, it is thought that the anthocyanin pathway in grapes is likely to be controlledby myc'

and nyå-like transcription factors. Attenpts were made to clone these factors from grape berry

skins. Although two nyå-like cDNAs were cloned, their expression patterns suggest they are

not involved in the regulation of anthocyanin accumulation in benies.
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Chapter 1

Introduction

1.1 Grapes

Grape (Vitis spp.) is a temperate fruit crop with an ancient origin. There is evidence that

grapevines were a source of food as long ago as 8000 BC. Carbonised grape seeds have

been found in European prehistoric sites, and there is evidence of grape cultivation dating

back to about 3000 BC in locations around the Mediterranean Sea (Zohary and Hopf 1988).

The major cultivated species is Viris vinifera L. which bears black, red or green grapes

depending on the cultivar, and it is native to southern Europe and the Near East. There are

also a number of Vitis species native to America or eastern Asia (Reisch and Pratt 1996).

American species and interspecific hybrids are mainly used as phylloxera-resistant

rootstocks for V. vinifera, although there are some interspecific crosses of V. vinifera with

American species which are used for wine making.

In terms of production, grapes are only exceeded by oranges among all fruit crops world

wide. However, grape product value far surpasses any other fruit crop. This is due to the

multiple uses of grapes, including fresh fruit, juice, jelly, dried fruit and wine. The latter

three products are also able to be stored for long periods which has lead to a complex

system of trade for these commodities. Wine can represent the ultimate value-added

product with single bottles being sold for thousands of dollars.
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Grapes are the largest horticultural crop in Australia by production volume and gross value

(Mackay et al. 1997) and are grown for three main purposes - wine production. dried fruit

and fresh or table grape production. The wine industry is by far the largest earner of the

three Australian grape industries with a total wine production value of approximately $l'8

billion in 1996-97, with $575 million of this coming from the export of wine (Source:

Australian Wine and Brandy Council). The dried fruit and table grape production values are

much less, being worth $68 million each in the 1994195 season (Source: Australian

Horticultural Corporation). The wine industry is also the only expanding industry of the

three, wine export value alone has more than doubled since 1992, whereas dried fruit and

table grape production figures have been static for the last ten years'

1.2 Grape breeding

The ancient origin of grapes is reflected in the age of the grape varieties used today for

wine-making. Before the early nineteenth century, most cultivated varieties were naturally

occurring vines and the new varieties arose as bud mutations or chance seedlings (Antcliff

l98S). Controlled breeding began in France in the early 1800's and many of the varieties

produced are still grown in France and other countries. Perhaps the most successful variety

produced by hybridisation is Müller-Thurgau which was produced in 1882 and is a leading

variety in Germany. Since then there have been many attempts to improve existing varieties

through conventional breeding, but there are few cases of new varieties derived by cross

hybridisation being grown widely. There are multiple barriers to the introduction and

acceptance of new wine grape varieties and new cultivars need to be significantly better than

existing ones to be adopted. As a result, most wine grape cultivar improvement programs

2



involve clonal selection. where spontaneous somatic variants of a cultivar are propagated

and tested in a growing region and the best performing vines released as numbered clones'

There are many limitations to the use of conventional breeding for the improvement of

grape cultivars. Grapevines are extremely heterozygous. show inbreeding depression

(Alleweldt and possingham 1988) and have a long life cycle. The long life cycle means the

assessment of the fruit quality of crosses can not be carried out for several years' Any

individual genotype can not be propagated by seed and must be vegetatively propagated

(Gray and Meredith lgg2). All of these problems make the task of introducing a trait by the

typical strategy of crossing a desirable variety with a source of the desired trait and then

repeated backcrossing a very difficult process. Generally, grape breeding has relied on the

assessment of the F1 generation for progeny which are improved cultivars' However, in

general, the Fr generation are intermediate to both parents and thus do not fully display the

desired traits of both Parents.

Genetic transformation presents an opportunity to improve existing grape cultivars through

the introduction of selected genes. If the genetically modified grapes are still considered to

be variants of the original cultivar, this will provide new improved material which maintains

the identity of the traditional cultivar. The onus now lies on the molecular biologists to

identify genes which upon introduction into the existing grape cultivars will thus improve

the variety. One field of interest is fruit quality which is in turn a result of the processes that

occur during fruit development and ripening. The understanding of the molecular changes

that occur during the ripening process will allow the identification of processes that can be

targeted and then altered for the benefit of the grape industries. Also, molecular techniques

'can be used as tools for analysis and for developing new viticultural practices.
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1.3 Grape berry development and ripening

Much of the research that has been conducted on fruit ripening has focused on climacteric

fruit. Climacteric fruit are characterised by having a burst of respiration during ripening

which is often accompanied by an increase in ethylene production by the fruit' This ethylene

production is usually autocatalytic and may act as a coordinator of the ripening process

(Tucker 1993). Although ethylene has been considered to be the 'ripening', hormone in

climacteric fruit, the concept of ethylene as the only 'switch' for ripening in climacteric fruit

is now being challenged. Studies on tomato show that there is a dramatic change in gene

expression in the fruit before any increase in ethylene (Lincoln et aL 1987) and some

ripening events can still occur when tomatoes fail to produce normal levels of ethylene

(Goodenou gh et aL 1982). Cohen (1996) found elevated levels of auxin can delay the

ripening of tomato fruit grown in culture. Thus, ripening in climacteric fruit may be the

result of a complex interaction between ripening retarding growth regulators (e.g. auxins

and cytokinins) and ripening enhancing growth regulators (e.g. ethylene). Nevertheless,

ethylene perception is required throughout the normal ripening process in climacteric fruit

and unripe fruit can be ripened off the plant by exposure to exogenous ethylene.

In non-climacteric fruit there is generally no increase in respiration during ripening.

Respiration often decreases during the ripening period and there is also no autocatalytic

production of ethylene. Exogenous ethylene increases the rate of respiration in non-

climacteric fruit and can thus decrease the shelf life of the fruit. However, unlike climacteric

fruit, unripe non-climacteric fruit are not induced to ripen by exogenous ethylene. The

nature of the ripening trigger in non-climacteric fruit is not known, but is assumed to

involve the interaction of certain plant growth regulators.

4



Grapes are non-climacteric fruit which are unable to ripen once removed from the vine

(reviewed in coombe 1gg2). studies into the changes in the levels of endogenous growth

hormones and the effects of the application of growth regulators on grape ripening are

discussed in detail in Section 5.1. Grape berry growth follows a double sigmoid curve

which is characteristic of most berry fruits (Coombe 1976). Generally, grape berries display

two periods of volume increase separated by a lag phase where there is little increase in the

berry volume. The duration of each of these phases depends on the grape variety and the

environmental conditions in which the grapes are grown (Coombe 1973: Hale and Buttrose

lg74). The volume increase associated with the first phase of berry development is

characterised by an initial period of rapid cell division followed by a marked cell

enlargement and a slower rate of cell division (Coombe 1976). As the berries approach the

lag phase they possess chlorophyll as the dominant pigment and are still hard. At the end of

this first growth stage the growth rate slows and in some cases may stop completely. The

end of this lag phase is characterised by a sudden and dramatic change in the development

of the berry. This point of development where these dramatic changes occur is called

véraison which more specifically refers to the colour change of the benies (see Fig. 1.1).

Coombe (1984) listed a host of events which take place at this time which include: further

volume increase; accumulation of glucose and fructose; softening of the pericarp (increase

in deformability); decrease in organic acid concentration; loss of chlorophyll; and an

accumulation of flavour and colour compounds (in black and red grape varieties). These

factors are major determinants of fruit quality. Colour in red wine is a very important

quality parameter and relates to the accumulation of anthocyanin compounds in the skin of

the grape berry'. The value of colour in wine is recognised by the fact that three points out

of a total of 2O are awarded specifically for colour in Australian wine show judging'

5



Figure 1.1 Bunches of Shiraz grapes at diff'erent stages of development. The bLrnch on thc

lcl't rc¡l'cscrrts a typical bunch just prioL to vóraisou, the bunch in the rnicldle is just going through véraisou

a¡Ll the Lrunch on the right is alrnost l'ulty Lipe. Nclte the variation in the arnoullt olcolour on the illclivicltral

bcrrics on thc lnidrllc [runch showing thc dil-f-erçnce itt thc Lirning ol'r'ipcrring ill thcsc hclrics.
+

Howevel', the influence of anthocyanins to the quality of wine extencls beyoncl colollr

Lrecause they are able to inter'¿rct witli other phenolics, pl'oteins and polysaccha[icles to

contt'ibute to the olganoleptic ¿uld chetnical qualities of the wine (Ribórearr-Gayon 1982;

Flaslarr ancl Lilley 1988). The colour of table grapes is also irnportant in attracting the

cLlstorìtel' to the product in the mârketplace. This thesis describes studies into the

accumulation of anthocyanins in grape belly skin and the control ol'the genes involvecl in

tliis ¡rrocess.
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1.4 AnthocYanin chemistrY

There have been many different types of anthocyanins described in plants' The

anthocyanidin precursors from which the anthocyanins derive possess a basic three-ring

structure, which is shown in Figure 1.2. The differences in these substances depends upon

(i) the number and position of hydroxyl groups attached to the rings, (ii) the degree and

position of methylation of the hydroxy groups, (iii) the nature and the number of sugars

attached, and the position of their attachment, and (iv) the nature and the number of

aliphatic or aromatic acids attached to these sugars (Maaza and Miniati 1993)' The names

given to the chemical 'backbones' which have no sugars attached are anthocyanidins or

aglycones. There are six common anthocyanidins in plants; pelargonidin' cyanidin'

peonidin, delphinidin, petunidin and malvidin (see Fig' l'3)'

R

R

6'

R.

Figure 1.2 The basic structure of naturally occurring anthocyanidins. R¡ = H, OH or OMe, &

= H or OH, R3 = OH or OMe.

z

+
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OH

H H

Pelargonldin

Peonidin

Cyanidin

Delphlnidin

Melvidin

+
OH

OH

OH

++
OH

Petunidin

Figure 1.3 The six most common anthocyanidins found in plants.

Each of these anthocyanidins can be glycosylated and acylated at different sites and with

different sugars and acyl groups, and so there are many more anthocyanins than

anthocyanidins. The common sugars attached are glucose, galactose, rhamnose and

arabinose. In many cases, the sugars are acylated by a number of acids, for example, p'

coumaric acid, acetic acid or caffeic acid. In sdtø colours can not be generated unless there

is a free hydroxyl group at either 5 or 7 of the A ring or 4' of the B ring @rouillard 1982)'

and in aqueous media anthocyanins act very much as pH indicators, being red in low pH,

bluish at intermediate pH and colourless at high pH. This is due to the changes in the

equilibrium among four major anthocyanin structures that can exist (Brouillard 1982). For
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malvidin 3-monoglucoside. the colour is lost as the pH of the solution approaches 7 as the

equilibrium between the two major structures. the coloured flavylium cation and the

colourless carbinol, is dominated by the carbinol (Brouillard 1982)' However' in a complex

mixture of anthocyanins and other compounds, there are several types of interactions that

can affect the equilibrium between the anthocyanin species and thus the colour of the

solution

The jn sitø colour stabilisation and intensification of anthocyanins depends upon a number

of factors. First, as has already been mentioned, the structure of anthocyanins varies

considerably, and this has an effect on colour stability and intensity. This includes the

number and nature of added hydroxyls, methoxyls, sugars and acylated sugars' For

example, as the number of hydroxyl groups in the B ring increases' the colour spectrum

moves from reds to blues. The replacement of these hydroxyls with methoxyl groups

reverses this trend slightly (Harborne 1967)' Second, increased concentration of

anthocyanins intensifies colour and stability may be enhanced as well through self-

association or intramolecular co-pigmentation. Intramolecular co-pigmentation occurs in

anthocyanins with two or more aromatic acyl groups and results in increased colour

stability. This increased stability is due to the reduction in hydration 
^t 

C-2 and C-4 as a

result of the sandwich-like stacking of aromatic residues (Brouillard 1982). The

intramolecular interactions are influenced by the structure of the aglycone, the structure and

location of the sugars as well as the number and nature of the acyl groups attached to these

sugars. It has been observed that the colour intensity of an anthocyanin can increase more

than linearly with an increase in concentration (Asen et aI. 1972). This phenomenon is

called self-association and is thought to occur by the helical stacking of the anthocyanin

molecules (Hoshino 1991). There also exists intermolecular co-pigmentation, which

9



increases colour intensity and shifts the wavelength of maximum absorbance resulting in the

colours being more blue or purple. There are many compounds which are able to co-

pigment. for example flavonoids. alkaloids, amino acids, tannins and polyphenols' The

interactions change the equilibrium of the hydration reaction between the coloured flavylium

cations and the colourless carbinols. The intensity of the co-pigmentation depends upon the

type and nature of both the anthocyanin and the co-pigment, and the pH and temperature of

the medium (Mazza and Brouillard 1990). Metal-complexing also affects colour' perhaps

by promoting self-association or by removing water of hydration (Goto et aL 1976), and a

host of other factors including temperature, light, oxygen, acetaldehyde' ascorbic acid'

sulphur dioxide, and sugars and their degradation products can affect the stability and

intensity of the colour of anthocyanins (reviewed in Francis 1989).

Anthocyanins and their precursors contribute towards floral and fruit pigmentation, and the

spectrum of colours produced by these substances ranges from yellows, through reds, to

blues. The wavelength of maximum absorbance depends on the type of anthocyanidin

backbone and the chemical nature of the species attached to the basic three ring structure

common to the anthocyanins. The in sifu colour can be further altered by intra- and

intermolecular interactions and other factors briefly discussed above.

1..5 Grape anthocyanins

1.5.1 Introduction

Generally, grape varieties possess no pelargonidin, and each species/variety has a unique set

of anthocyanins. Vitis viniftra varieties contain predominantly malvidin 3-monoglucoside
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(or malvidin derivatives), although this is not necessarily the case in other vltl's spectes

(Mazza and Miniati lgg3). The total anthocyanin content of grapes also varies

considerably. For example, in a review published by Mazza and Miniati (1993)' Pinot Noir

was recorded as containing 33 mg of anthocyanins/100 g whereas Vincent contained 439

mg/100 g. However, these results do not take into account some of the variables that may

influence the amount of anthocyanins which accumulate in the fruit (see Section l'5'2)'

The anthocyanin composition of a grape berry is generally studied by the use of reversed-

phase high performance liquid chromatography (HPLC)' This technique was originally

developed for use with grapes by williams et aL (1973) and wulf and Nagel (1978) and

allows the rapid and almost complete separation of the different anthocyanins from the

complex mixtures often seen in grape extracts' The peaks seen on an HPLC trace of grape

anthocyanins have been identified by degradation analyses (Wulf and Nagel 1978), HPLC-

diode array spectroscopy (Hebrero et al. 1988), and HPLC-mass spectroscopy (Baldi ef al'

1995). The order of elution of the anthocyanins is related to their hydrophobic properties

and is thus the same for all mixtures allowing the identification of anthocyanins in grape

samples by relating the peaks and elution order back to these original studies. This allows

for a rapid and simultaneous separation of each of the different anthocyanins in a grape

extract.

1.5.2 Changes in anthocyanins during the ripening of grapes

The anthocyanin content of grapes increases during ripening, and the accumulation begins at

véraison (Fig. 1.1). Different pattems of anthocyanin accumulation have been reported

depending on the cultivar and environmental conditions. It has been reported that there are
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three phases of development of anthocyanins in grapes from véraison: (i) a slow increase'

(ii) a rapid increase, ending in a stabilisation phase. and (iii) a decrease at the end of npening

(Hrazdina et al. 1984). Somers (1g76) found that the maximum concentration in South

Australian grapes was measured 20-30 days after véraison when the sugar content of the

berries was 2O-Z4Vo. In another study, Roggero et al. (1936) found that there was a

successive accumulation of anthocyanins, or their derivatives, depending on their position in

the biochemical pathway. Thus, as the fruit ripened, the substances that accumulated were

from later parts of the biosynthetic pathway'

The development of anthocyanins in grapes is influenced by several variables' These include

differences in cultivars, seasons, production site and cultural practices' For example, it has

been shown that a l5vo reduction in solar radiation reduces anthocyanin content by 6ovo'

This reduction was apparently due to changes in the activity of the phenylalanine ammonia-

lyase (PAL) enzyme (Roubelakis-Angelakis and Kliewer 1986)' Growth temperatures also

influence fruit coloration. A high fruit coloration was recorded in fruit which had been

grown in 15-30'Cday temperatures and l0-20"C night temperatures (Crippen and Morrison

19g6). Conversely, in sensitive cultivars, anthocyanin synthesis is inhibited at high

temperatures (Kliewer 1970; Kliewer and Torres lg12). An excess of nitrogen fertilisers

has been shown to reduce anthocyanins (Kliewer tg77), and if water supply is limited, the

grapes are smaller and richer in anthocyanins. Anthocyanins can be oxidised by an

extracellular laccase produced by Botrytis cinerea, a common pathogen of ripe grape

berries (Dubernet et aI. 1977). Finally, Matsushima et al. (1989) found that the application

of abscisic acid (ABA) to grapes 3-4 days after véraison results in an increase in

anthocyanins 2-3 weeks later'
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1.5.3 Anthocyanins in cultured grape cells

Grape cell cultures are used commercially as sources of anthocyanins. This has become

important to the food industry as a means of harvesting anthocyanins to be used as food

dyes, to replace synthetic dyes. The types and concentrations of anthocyanins produced

depends upon the source of the culture material and the composition of the medium in

which they are cultured. Yamakawa et aL (1933) found that cell cultures derived from

anthers had higher amounts of anthocyanins than those derived from "vines" lsic;

presumably vegetative tissue). Anthocyanin production and cell growth were both affected

by the relative concentrations of growth hormones and the source of nitrogen. Phosphate

stimulated cell growth, but had an adverse effect on anthocyanin formation. Light

stimulated anthocyanin production, as did an aeration rate of 0'4 vvm. High sucrose was

also shown to enhance the production of anthocyanins by Cormier et al. (1989). They

found that when the sucrose concentrations became stressful, the accumulation of

anthocyanins was increased. Do and Cormier (1991) later showed that osmotic stress,

caused by high sugar concentrations in the media, resulted in the production of more

peonidin 3-monoglucoside in grape cell cultures. In general, media conditions which are

high in sucrose, low in nitrate and which increase the length of the initial lag phase induce

high levels of anthocyanin accumulation (Hirose et al. 1990; Hirasuna et aI. l99l).

1.5.4 Anthocyanins and colour in red wine

Anthocyanins are the main compounds involved in red wine colour and, along with tannins,

influence the organoleptic quality of red wine. The processes of wine making and the

subsequent storage and aging of the wine have large impacts on the colour of red wine.
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Therefore the fate of anthocyanins during these processes and their influence on wine colour

have been the subject of much research which has been extensively reviewed (Ribérealt-

Gayon 1982: Mazza and Miniati 1993. Mazza 1995)' It is important to realise that the

colour of red wine does not depend solely on free anthocyanin content. In young wlnes'

free anthocyanins account for approximately 4ovo of the total colour but this decreases

rapidly during aging (Ribéreau-Gayon 1982). Condensed tannins and tannin-anthocyanin

combinations become the major participants in wine colour after several years of aging

(Ribéreau-Gayon 1982). Therefore, the colour of wine depends not only the amount of

anthocyanins in the grapes, but also, the type of anthocyanins produced' the levels of other

phenolic species which may interact with anthocyanins to enhance or reduce colour and the

conditions of winemaking, aging and storage which will influence these interactions'

The extraction of anthocyanins (and other phenolics) from the grape skins into the resultant

wine begins with crushing and extends through maceration, fermentation and pressing' The

conditions employed for each of these processes influences the colour composition of the

wine. Extensive crushing will enhance the extraction of anthocyanins, but often results in

bitter astringent wines as more phenolics are also extracted and the oxidation of these

compounds is enhanced. Prior to fermentation, whole or crushed grapes may be heated to

50-g0"C to increase the extraction of anthocyanins and flavour compounds in a process

known as thermovinification. peynaud (1984) points out that the gain in colour extraction

during thermovinification is often lost after a few years and so it is probably only useful in

improving the colour and flavour of a young wine when the grapes have dehciencies' Two

fermentation techniques are generally used for wine making and are known as either classic

vinification, when the grapes are crushed, or carbonic maceration when whole grapes are

used for fermentation. The duration of the fermentation will determine the amount of
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anthocyanin in the resultant wine. with 5 to 6 days giving maximum levels (Ribéreau-Gayon

1982). However, if this maceration period is extended further the anthocyanin levels and

colour intensity of the wine will decrease (Ribéreau-Gayon 1982)' Following fermentatton

of the grape must, the marc is pressed and this again results in the release of more

anthocyanin and phenolic compounds from the grape tissue'

Two interesting studies which compared different winemaking techniques also demonstrate

the fact that anthocyanin levels alone do not determine the amount of colour in the wine'

Timberlake and Brindle (1g76) found that thermovinification resulted in a more coloured

wine than traditional vinification, but it contained less anthocyanin and more polymeric

pigment. wine made by carbonic maceration was the least coloured' but had anthocyanin

levels similar to the wine made by thermovinification. Timberlake and Brindle (1976)

suggested that the difference in colour is due to variations in the physicochemical state of

the anthocyanins. Somers and Evans (lg7g) looked at the effect of pH on the changes in

anthocyanins, total phenolics and colour density during the thermovinification and

traditional fermentation of shiraz grape juice. At pH 3.g3 the colour density decreased

fivefold during fermentation, but anthocyanins and total phenolics only decreased by

approximately 30Vo, and at pH3.4 a threefold decrease in colour density coincided with

only a 2O7o dectease in anthocyanins and phenolics' Somers and Evans (1979\ suggested

that ethanol has a destructive effect on pigment aggregates that are present in the juice or

formed early in the fermentation which would account for the loss in colour density'

The changes in levels of the individual anthocyanin species during winemaking has been the

subject of few studies, probably due to the diffrculty in detecting individual anthocyanins on

HpLC traces in wines as polymeric pigments are produced and absorb in the same range'
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Leoneetal.(1984)followedthechangesinl5anthocyaninsduringtheproductionofwine

from three Italian grape cultivars. In all cases the major pigments present in these grapes at

maturation were malvidin 3-monoglucoside and the acetylated and coumaroylated

derivatives of malvidin. The data suggested that malvidin 3-monoglucoside was more stable

than the acylated anthocyanins and that malvidin 3-acetylglucoside was more stable than

malvidin 3-p-coumaroylglucoside. This confirmed the f,rndings of McCloskey and

yengoyan (l9gl) who found that acylated monoglucosides disappeared faster than the

other monoglucosides in Cabernet Sauvignon and Zinfandel wines. Similarly, in Tinta Roriz

wines the rate of loss of the acylated malvidin derivatives was reported to be quicker than

the loss of malvidin 3-monoglucoside (Dallas et al. 1995). However, Nagel and Wulf

(lg:'g) found that there was no significant difference in the rate of loss of acylated and non-

acylated anthocyanins during the fermentation and aging of Merlot and Cabernet Sauvignon

wines. The data from all these studies is limited as it only accounts for the loss of the

anthocyanin monomers. It is possible that the acylated anthocyanins are more reactive and

thus contribute more to pigmented polymers or are perhaps degraded hydrolytically to

malvidin 3-monoglucoside. Thus, the real contribution of the individual anthocyanin species

to colour, both as free anthocyanins and as contributors to pigmented polymers has yet to

be determined.

The storage and aging of wine following vinification are periods where there are further

changes in the colour characteristics of the wine. During this time the grape anthocyanins

are replaced by more stable polymeric pigments (Somers l97l). These polymeric pigments

are thought to be formed by a number of reactions including acetaldehyde-mediated

condensation, co-pigmentation and self association (Mazza 1995). The stability and

reactivity of these polymeric pigments are affected by several factors which include
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remperarure, oxygen. acetaldehyde, SO2, pH and the availability of copigments (Mazz'¿

lgg5). Bakker and Timberlake (1997) have recently identified four new anthocyanin

pigments believed to be produced during the maturation of wine called vitisin A and B and

acetylvitisin A and B. They are thought to be formed from malvidin 3-monoglucoside and

malvidin 3-acetylglucoside, and unlike other anthocyanins are wholly or partiallv resistant to

SOz bleaching and express more colour at higher pH values than malvidin 3-monoglucoside

(Bakker and Timberlake 1997). Dallas et at. (1996) have used model wine solutions to

investigate the interactions between anthocyanins, procyanidin Bz and acetylaldehyde and

have shown that different anthocyanins have different degradation rates, but all are able to

form new compounds in the model solution. Nevertheless, the structure of the coloured

polymers in wine is yet to be elucidated and so the role total anthocyanin levels and

individual anthocyanin species play in this colour development is unknown'

1.6 The biochemistry of anthocyanin production

The biosynthesis pathway of flavonoid production has been well studied in plants, and

especially in flowers where colour depends on the substances produced by this pathway'

The pathway has a branching nature, with the early steps resulting in products which act as

precursors for many types of related compounds (see Fig. 1.4). However, the enzymes

involved in the later biosynthetic steps act specifically for the production of anthocyanins.

The structural genes of the pathway appear to be under the control of regulatory genes

which encode myc- and myb-hke transcription factors, although in the cases studied to date

these regulatory genes appear to control the pathway at different steps in different species'

The following is a brief overview of the steps involved in anthocyanin biosynthesis and the

pathway is depicted in Figure 1.5.
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Phenylalanine ammonia lyase (PAL) is the first enzyme involved in anthocyanin production'

It catalyses the production of cinnamic acid from phenylalanine (Hanson and Havir l98l)'

The cinnamic acid is then converted to p-coumaric acid by cinnamate 4-hydroxylase (c4H)

(Nair and Vining 1965). The enzyme 4-coumarate coA ligase (4cL) then ligates coA to p-

coumaric acid to produce a p-coumaroyl-CoA ester (see Heller and Forkmann 1988)' The

first flavonoid produced is a chalcone, and the enzyme involved is chalcone synthase (CHS)'

This is produced by the condensation of p-coumaroyl-CoA with three molecules of malonyl

CoA (Kreuzaler and Hahlbrock lg72). The chalcone is then converted to a flavanone by

chalcone isomerase (CHI) which catalyses a stereo-specific ring closure (Moustafa and

Wong 1967). This can also occur spontaneously, although at a slower rate (Kuhn et al.

l97S). Flavanone 3-hydroxylase (F3H) then hydroxylates flavanones to form

dihydrofl avonols (Forkmann et al. 1980).

The dihydroflavonols are the precursors for anthocyanin synthesis. There are several

enzymatic steps required for this process and also the transport of the compounds from the

cytoplasm to the vacuole. Dihydroflavonol 4-reductase (DFR) catalyses the first step in the

conversion from dihydroflavonol to anthocyanin. It causes a reduction at the 4 position of

the C ring to give leucoanthocyanidin (Stafford and Lester 1982). The next steps in the

production of anthocyanins from leucoanthocyanidin are not well characterised. They are

believed to involve a hydroxylase and a dehydratase (Heller and Forkmann 1988). The

Candica (Candi) locus in Antirrhinum majus (Martin et al. l99l) and the A2 locus in maize

(Menssen et aI. 1990) have been putatively identified as coding for leucoanthocyanidin

dioxygenase (LDOX). The aglycones can then be stabilised through the addition of a
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glucose residue at the 3 position of the C ring' This reaction is catalysed by UDP-glucose:

flavonoid 3-o-glucosyltransferase (UFGTI Larson and Coe lg77)' and the product is

believed to be abre to be transported though the vacuolar membrane. The transport into the

vacuole is thought to be mediated via glutathione conjugation by glutathione S-transferase

(GST) and the subsequent transport of these conjugates into the vacuole by a glutathione

pump(Marrsl996)'othermodificationsoftheanthocyaninsincludefurtherglycosylation.

acylation and methylation, although the exact order or cellular location of these

modifications is unknown'

1.7 Genes of the anthocyanin biosynthesis path\ilay

L.7.1 Introduction

Mutations have been extensively studied in order to understand the pathway of flavonoid

biosynthesis. Since the mutations affect an easily selectable phenotype - that of tissue

pigmentation - and the fact that this pigmentation is not essential for the viability of the

plants, there is much material available. This is especially true for mutations which affect

flower colour, as these have been largely selected for by horticulturalists as well as

geneticists.

Colour can be altered in many different ways due to mutations. Those which affect early

stages in the biosynthesis of anthocyanins often result in colourless phenotypes. However,

if a mutation exists later in the pathway, it may only affect the types of anthocyanins

produced. Others may disrupt the transport of the colour compounds into the vacuoles or

the tissue distribution of anthocyanin production. As has been discussed above, there are
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many variables which influence plant coloration Therefore. changes in factors such as the

pH of the vacuoles could change flower colour (de vlaming et al- 1983)

Mutations have proved useful for the analysis of the phenylpropanoid biosynthesis pathway'

Complementation experiments may reveal the gene which has been mutated' The order of

the genes in the pathway may also be elucidated by studying the precursors which'

pr.esumably, build up if a gene is mutated. Kho er aI. (1975) used this technique when

studying two white flowering mutants of Petunia hybrida, anllanl and an3lan3' When

bud extracts from anl lanl flowers were added to a medium in which flowers from an3lan3

mutants were growing, anthocyanins were produced. However, when bud extracts from

att3lan3 were added to anllanl flowers, anthocyanins were not produced. This suggested

that the An3 gene codes for an enzyme which catalyses a reaction earlier in the pathway

than the Anl gene Product'

Studies of pigmentation mutants have resulted in the characterisation of two main types of

genes involved in anthocyanin synthesis. Some have been shown to only effect one

structural gene of the biosynthetic pathway (e.g. Reddy et aI. l9S7)' However, other

mutations may affect the expression of one or more of the structural genes but do not map

to these loci (e.g. Chandler et aI. 1989; Quattrocchio et aI. 1993). These may be involved

in the regulation of the anthocyanin pathway and are thus classifîed as regulatory genes. As

is discussed later, the regulatory genes encode transcription factors. Below is a summary of

the isolation and characterisation of genes involved in anthocyanin biosynthesis, with a

particular emphasis on maize, petunia and snapdragon as the pathway in these species is

well characterised.
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1.7.2 Ãnthocyanin pathway structural genes

1.7.2.1 Chalcone sYnthase (CHS)

A gene encoding chalcone synthase was first isolated from parsley (Kreuzaler et al' 1983)'

This was in fact the first flavonoid gene isolated, and was isorated using differential

screening. The parsley clone was then used to isolate two CHS clones from petunia (Reif ¿l

a/. lgg5). Koes ef at. (lgg9) found that there were at least eight different cHS genes in

petunia, however only four were expressed in UV-inadiated seedlings (ChsA' CltsB' ChsG

and cftsÐ and two of these are expressed in floral tissues (chsA and cåsÐ. In petunia,

structural gene mutations in CHS genes have yet to be found, probably because more than

one gene is expressed in the petals (Reif et aI. 1985). Two genes encode the enzyme in

maize. One, C2, is expressed in the kernel (Dooner 1983; V/ienand et al' 1986)' whereas

the other, Whp (Franken et al. l99l), is expressed in the pollen (and some other floral

tissues) and is necessary for pollen viability (Coe et aI. l98l). The C2 gene was isolated

using transposon tagging (Wienard et al. 1986) and its identity confirmed using enzyme

activity measurements, feeding experiments and sequence homology' A maize C2 clone

was used by Sparvoli et al. (1994) to isolate a homologue from grape seedlings. There are

numerous reports of CHS mutants of Antilhinum (e.g. Bonas et aI. 1984, Coen and

Carpenter 1988, Huds on et aI. 1990) and these tend to result in pure white flowers. These

are mutations of the nivea gene and are usually caused by the insertion of a transposable

element, predominantly in the promoter region. A full-length snapdragon cHS CDNA clone

was isolated by Sommer and Saedler (1986) using a partial genomic clone isolated from

snapdragon by transposon tagging (V/ienand et aI.1982)'
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1 .7.2.2 Clnlcone1flavarlone isonterase ( CHI )

Because of the ability of chalcononaringenin (the substrate for cHI) to isomense non-

enzymatically. mutations in cHI are leaky. Thus, the mutants found in Diantluts (Forkmann

and Dangelmayr 1980) and Callistephus (Kuhn et al. 1978) produce flowers with pale

pigmentation. The first CHI clone was isolated from French bean using antibodies (Mehdy

and Lamb 1987) and a similar method was used to isolate cHI cDNA clones from petunia

(van Tunen et at. 1988). Two cHI genes were isolated from petunia: c/r¡A which is

expressed in floral tissues and UV-irradiated seedlings; and ChiB which is only expressed in

immature anthers (van Tunen et aI. 1988). The ChiA gene was linked to the Po gene in

petunia, which controls CHI expression in anthers, and also complements the polpo mutant

which accumulates chalcones in the pollen (van Tunen et aI. l99l). Antiryhinum and maize

CHI clones have been isolated using homology to previously isolated CHI clones (Martin er

al. l99l; Grotewold and Peterson lg94) and an Antirrhinum clone was used to isolate a

homologue from grape (Sparvoli et aI. 1994).

1.7.2.3 Flavanone-3 -hvdroryIase (F 3 H)

Lines which have mutated F3H genes have been identified in several species, for example

petunia (an3; Froemel et al. 1985) and Antirrhinum (incolorata; Forkmann and Stolz

l98l). These plants can produce anthocyanins when fed a possible product of this step

called dihydroquercetin, showing that there are no blocks further on in the pathway' The

incolorata locus was cloned using differential screening and genetic mapping (Marlin et aI'

l99l) and Sparvoli et aL (lgg4) used this snapdragon F3H clone to isolate a grape

homologue. The F3H enzyme was purified from petunia and shown to be a 2-oxyglutarate-
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dependent dioxygenase (Britsch and Grisebach 1986: Britsch 1990)' Britsch er al' (1992)

isolated a F3H cDNA clone from petunia petals and, using sequence analysis and a

prokaryotic expression system, showed that it encoded an active hydroxylase'

L7.2.4 Dihvdroflavonol 4-reductase (DFR)

Maize DFR is encoded by the Al gene, which was tagged by the Spm/En transposable

element (O'Reilly et at. 1985). In vitro translation of the A/ cDNA clone produced an

acrive enzyme and showed that the gene did indeed code for DFR (Reddy er al. 1987)' The

DFR gene has been localised to the Pallida locus in Antirrhinum and blocks in this gene

resulr in ivory or white flowers (Coen et al. 1986). Martin et aI. (1985) cloned the Pallida

locus when they isolated an unstable insertion allele using a Tam3 transposable element

probe. Sparvoli et aI. (lgg4) cloned a grape DFR homologue by screening a seedling

cDNA library with a snapdragon DFR clone. Three DFR homologues were previously

isolared from petunia using the snapdragon cDNA clone (Beld et al' 1989). Only DfrA was

expressed in petunia flowers and was shown to correspond to the Anó locus (Huits er al.

lgg4). The enzyme in petunia is interesting in that it shows substrate specificity, and

prefers dihydroquercetin and dihydromyricetin to dihydrokaempferol as substrates

(Forkmann and Ruhnau l9S7). This specificity is not seen in the maize enzyme, coded for

by the Al gene (Reddy et aI. 1987). Thus, when the Al gene was introduced into petunia

the resulting transformants could utilise dihydrokaempferol and produce pelargonidin

resulting in flowers with a brick red colour (Meyer et al. 1987).
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1'T.2.5Getlesinvolvedinlheconversiottofleucoanthocyanidùtstt¡

anthocvanidins ( LDOX and dehltdratase )

The genes involved in this section of the biosynthetic pathway are not well characterised' It

is believed that there are at least two enzymes involved in this conversion - a hydroxylase

and a dehydratase. There exist mutants in Antirrhinun which are unable to produce

anthocyanidins if fed leucoanthocyanidins and these have been called candica and

incolorata I (Martin and Gerats t993a). A similar mutation exists in maize, and has been

traced to a gene called A2. Candica andthe A2 gene have been cloned and show homology

both to each other, and to a-ketoglutarate-dependent dioxygenases and F3H (Menssen ef

at. 1990; Martin et al. I99I). Weiss et at. (1993) cloned the petunia gene Antl7 which

shows l37o identity to Candica and 487o identity to A2' An LDOX cDNA has been cloned

from grape using the Candica cDNA as a probe (Sparvoli et aI' 1994). It is thought that

these genes encode a dioxygenase required for anthocyanin synthesis. The Incolorata I

gene may encode the other enzyme predicted to be required for the synthesis of

anthocyanidins, a dehydratase, but the gene has yet to be cloned.

1 .7.2. 6 Flavonoid 3, -hydrorylase and flav onoid 3' 5' -hydrorylase ( F 3' H

and F3'5'H)

These enzymes catalyse the hydroxylation of the B ring (see Fig. 1.5). Flavonoid 3'-

hydroxylase activity results in plants accumulating cyanidinlike anthocyanins rather than

pelargonidinlike species. Flavonoid 3'5'-hydroxylase activity produces delphinidin species

which result in blue colours. Thus, the lack of this enzyme is thought to be the reason for
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the absence of blue shades in tulips or roses. to name two well-known examples' Both of

these enzymes seem to possess a flexible substrate specificity, with both naringenin or

dihydrokaempferol being able to be used as substrates (stolz et al' 1985: Menting et a1'

r994)

In petunia flowers the F3'H activity was linked to the genetic loci Htl and Ht2 and the

F3'5'H activity was linked to the loci Hft and Hp' (Wiering 1974)' Two different

cytochrome P-450 clones were isolated from petunia and shown to encode F3'5'H (Holton

et al. 1993a). These mapped to the Hfl and Hfl loci and complemented mutant petunia

lines. Holton and Cornish (1995) also reported the isolation of a P-450 F3'H, however it is

not linked to either Htl or Ht2. F3'Hactivity has also been linked to the Pr locus in maize

(coe et a/. 1988) and the Eos gene in snapdragon (Forkmann and Stolz l98l), yet neither

have been cloned.

I .7.2.7 (J D P g luco se -flavonoid 3 -o - glucosyl transferas e ( u F GT ),

rhamnosyl transferase (RT) and other structural genes

Anthocyanidins are unstable, and glycosylation may increase the stability and the solubility

of the molecule (Swain 1965). Marty et aI. (198O) suggested that the sugar group may also

prevent the anthocyanin from "leaking" out of the vacuole. Mutations of the enzyme

responsible for glycosylation may be diffrcult to identify in flowers as the phenotype cán be

similar to wild type or other mutants. However, in maize, a mutation in the Bronzel (Bzl)

gene leads to bronze coloured kernels rather than purple kernels. This coloration is due to

the substrate of UFGT complexing with proteins. Larson and Coe (1977) showed that this

gene encoded UFGT, and the Bzl gene was later isolated using transposon tagging
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(Fedoroff et al. 1984: Doonet et al. 1985). Martin et al' (1991) used this maize gene to

isolate a homologue from snapdragon and the snapdragon gene was in turn used by Sparvoli

er al. (lgg4) to isolate a partial UFGT cDNA from grape seedlings'

Often another sugar is attached to the glucose added by UFGT, and this sugar is often

rhamnose. Mutations of this gene in Silene and petunia produce phenotypes with less

inrense coloration than wild type (Kamsteeg et al. 1979)' The UDP-

rhamnose:anthocyanidin-3-glucoside rhamosyltransferase (RÐ gene from petunia has been

cloned by two research groups. Brugliera et aI. (1994) used differential screening of Rt

versus rf petals to isolate a clone which showed homology to plant and non-plant glycosyl

transferases. Both complementation and antisense analysis suggested that the clone coded

for Rr. Kroon et al. (1994) used a mutant to the regulatory locus an1 and differential

screening to isolate a set of genes upregulate d by Anl. Seven classes of differentially

expressed genes which were not homologous to previously cloned anthocyanin pathway

genes were isolated and one was shown to map to the Rr locus. Further confirmation of the

identity of the clone came from antisense experiments, the analysis of rt mutant alleles and

sequence homologY to maize Bzl -

Other genes are involved in the transport of anthocyanins into the vacuole and further

modification of the anthocyanin species, but few have been cloned. Quattrocchio et aI'

(1993) reported the cloning of an anthocyanin-o-methyltransferase, but have not released

the sequence or identified its genetic locus and there are no reports of the cloning of any

anthocyanin acyltransferases. Mutations in the Bronze2 (Bz2) gene from maize result in a

change in colour of the tissue from purple or red to bronze as cyanidin 3-monoglucoside

accumulates in the cytoplasm (Marrs et at. 1995). The Bz2 gene has been shown to encode
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glutathione S-transferase (GST) which is probably involved in tagging the anthocyanin for

rransport into the vacuole by a glutathione pump (Marrs et al' 1995)' The petunia futl3

gene reportedly has homology to GSTs (E. Souer and R. Koes pers. comm' cited in Marrs

1996) and is able to complementamaizebz2 mutant (MR Alfenito pers' comm' cited in

Marrs 1996). This transport system is similarto that used by plants to recognise' transport

and metabolise herbicides and xenobiotics, and seems to be the method that the plant uses

to protect itself from anthocyanins which are in fact toxic to plant cells (Mans 1996)'

1.7.3 Anthocyanin pathway regulatory genes

1.7.3.1 Introduction

The regulation of the anthocyanin biosynthesis pathway has also attracted much study'

possible mechanisms for this regulation could include the control of transcription, mRNA

processing or 6RNA degradation. Jackson et aL (1992) point out that the research to date

suggests that the regulation of transcription is the major form of control, and regulatory

genes are the controllers (Coen et al. 1986: Almeida et aI. 1989; Martin et al' l99I)' As

mentioned previously, some pigmentation mutants are caused by the change in expression in

more than one structural gene, or cannot be mapped to specific structural genes. It is

thought that such mutants have lesions in genes which regulate the expression of the

structural genes. These regulatory genes have been studied extensively in maize and studies

involving promoter fusions and heterologous plant systems indicate that the mechanisms

controlling expression of the anthocyanin biosynthetic genes are in some way conserved in

plants (e.g. Bevan et aI.1989;Schmid et aL l99O;Lloyd et aI.1992; Mooney et al.1995).
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1.7.3.2 Regulaton' genes o.f ntaize

Some maize genes alter the production of anthocyanins in the plant tissues. but do not seem

to encode structural genes. There is a substantial list of these genes (R, Lc. Cl, B. Sr¡' P/'

Vp, In and p) and the similarity in function of some of these genes complicates the situation

further. For example, similar regulatory genes are thought to be encoded by rR (S and P)' B'

Sn and Lc. However, each gene has a different pattern of expression and thus the various

patterns of anthocyanin production are determined by the specificity of production of each

regulatory gene. Similarly, CI and P/ have been shown to be related in sequence and

function (Cone et al.1993).

In maize which is homozygous recessive for r(S) or c,l, neither CHS nor DFR transcripts

were detected in the aleurone, and only basal levels of UFGT were detected (Dooner and

Nelson 1977:Dooner 1983; Cone et aI. 1986; Ludwig et aI' 1989)' The R gene product

has been shown to also influence F3H expression in aleurone (Larson 1989) and Sn can

influence the activity of PAL, CHS, CHI and UFGT (Consonni et ø1. 1987). Therefore,

these genes could affect at least five structural genes involved in anthocyanin biosynthesis.

It has been proposed that R regulates all of the pathway, although R may not regulate CHS

expression in seedlings as much as in kernels (Taylor and Briggs 1990). Further studies of

the regulatory gene products revealed that an R-type gene is homologous to the rr-vc

protooncogene from animals which are basic helix-loop-helix (bHLH) transcription factors

(Ludwig et aL 1989) and the C/ gene encodes a myb homologue (Paz-Ares et aI. 1987\-

Both gene products have domains which are typical of transcriptional activators (Goff et aI.

l99l), and have been shown to functionally interact and activate a Bzl promoter/luciferase
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reporter construct (Goff et ar. r99z). Thus the expression of these regulatory genes appear

to affect the expression pattern of the structural genes by interacting with the promoters of

the structural genes. Martin and Gerats (1993a) suggest that in the aleurone the R gene (or

its homologues) and C1 together regulate all or most of the structural genes involved in

anthocyanin production. However, in other tissues, other regulatory genes probably

function in a similar way to the two discussed above (Ludwig and Wessler 1990)' Although

these gene products are seen as being functionally equivalent, they probably have subtle

differences in the way they regulate anthocyanin biosynthetic genes, and in some cases the

environment can be a factor (e.g. light can substitute for P/). Overall, it appears that both

rR+ype and c1+ype regulatory factors are required for anthocyanin production in maize

(Dooner et al.l99l).

The maize regulatory genes have been shown to be functional in other plant species,

suggesting that anthocyanin synthesis is controlled by similar mechanisms in these species'

Lloyd et al. (1992) transformed tobacco and Arabidopsls with the R gene allele Ir and CI '

The C/ transformants in both species were indistinguishable from wild type, but the Lc

transformants generally showed higher anthocyanin levels in normally pigmented tissues and

rhe Arabidopsls transformants also produced extra trichomes in tissues where they are

usually found. Crosses were also made betw een I-c and Cl expressing Arabidopsis and

some of the progeny possessed pigment in tissues which do not normally accumulate

anthocyanins. Lloyd et at. (1992) suggested that the C1 gene may only be functional in

Arabidopsis when it interacts with the Ir gene and that the R (/r) homologue in both

tobacco and Arabidopsis is limiting for pigment synthesis in those tissues which usually

accumulate anthocyanins. In petunia the introduction of the Lc gene results in the synthesis

of anthocyanins in parts of the plant not normally pigmented (Quattrocchio et al. 1993;
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Bradìey et at. 1995). Similarly Lc mediates enhanced pigmentation in all vegetatlve tlssues

in tomato (Goldsbrou gh et al. 1996). Either Lc alone can regulate the expression of

anthocyanin structural genes in these species, or C/-like homologues' with which k can

interact and induce gene expresslon, are present in all tissues' Transient expression

experiments using particle bombardment have also demonstrated the ability of R-like and

c/-like genes to induce anthocyanin accumulation in tissue from orchid (Griesbach and

Klein 1gg3) and sugarcane (Bower et al' 1996)'

1.7.3.3 Regulatorv genes in other species

In Antirrhinunt there are mutants which have been suggested to involve regulatory genes.

The clelila (del) mutants have a loss of pigment in the floral tube. There is little effect on

the expression of early genes (CHS and CHI) in these mutants, but there is inhibition of the

expression of F3H, DFR, LDOX and UFGT (Martin et al' l99l)' So it seems that the

mutant only affects the later genes of the pathway. The Eluta mutant results in the floral

pigmentation being restricted to the base of the corolla tube, the central region of the face

and the inner edges of the back lobes (Martin et al. 1991). Again the control of

anthocyanin production seems to be influenced by the expression of the structural genes

fater in the pathway (Bartlett 1989 cited in Martin and Gerats 1993a). It is suggested that

Eluta competes for an activator that usually interacts with Delila and thus expression is

reduced in some of the anthocyanin structural genes (Martin et aI' l99l)' Two alleles of

the Rosea locus, rosea'oto'n'o and roseadn""o affect anthocyanin production. Pigmentation is

reduced in the central face, the outer epidermis and the upper part of the tube in rosea'"to'o'o

mutants (Stubbe 1966, cited in Martin and Gerats 1993a) and the ,orraon"'o mutants have

pigmentation restricted to the outer epidermis of the lobes and the ring at the base of the
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rube. Bartlerr (19g9, cited in Martin and Gerats 1993a) found that expression of F3H'

DFR. LDOX and UFGT genes were reduced in these mutants' but CHI expression was

increased. Thus, it seems that the "key regulatory point" for anthocyanin production in

Antirrhinu'r is the activity of F3H (Martin and Gerats 1993a).

The Detita gene has been studied further, and mutational analysis of DFR promoters

revealed that the Delila product' or a protein activated by Delila may interact with

sequences in this region to control DFR gene expression (Almeida et al, 1989)' Goodrich

et at. (1992) isolated the Delilagene and found that it encoded a transcription factor similar

to the R gene family in maize. Like the k gene from maize, Delila is able to enhance

pigmentation of tobacco flowers and vegetative tissues of tomato (Mooney et al' 1995)'

The Eluta gene also interacts with Detila to control patterns and levels of gene expression

of the anthocyanin biosynthesis genes (Martin et aL l99l), but the cloning of Eluta has not

been reported. Amyb-like partner for Delila has not been identified, although Jackson et

a/. (1991) isolated six genes with homology to mltb-llke genes that are expressed in

snapdragon flowers.

The petunia mutants anl, an2, an4 and anl I have been shown to be mutations in

anthocyanin regulatory genes (Beld et aL 1989; Quattrocchio et aI. 1993). These mutants

lack DFR 'RNA, 
and also have reduced UFGT or RT activity but the expression of CHS,

CHI and F3H is nor altered (Beld et aI. 1989; Quattrocchio et aI. 1993). Thus it seems that

the control point for the flavonoid pathway in petunia is one step further on (DFR)

compared to Antirrhinum (F3H), and three steps further on compared to maize (CHS). The

Anl gene has been cloned and shown to encode a bHLH myc-like protein (C. Spelt

unpublished data cited in Mol et aI. 1996) and the An2 gene encodes a tnvb-like
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rranscription factor (Quattrocchio 1994 cited in Mol ¿¡ al' 1996)' These perhaps represent

analogues to the R and Cl genes which are known to control anthocyanin synthesis in

maize. euatrrocchio (1994 cited in Mol er aL 1996) has also cloned another nvc-like gene

from petunia called Jafl3 which has been shown to be involved in the regulation of DFR in

petunia. The Anl I gene has been cloned and encodes a protein which contains the wD-

repeat motif common to other regulatory proteins from yeast, plants and animals (de Vetten

et al. lggT). An2 overexpression could restore anthocyanin gene expression in anl I

mutants in transient assays which suggested that Anl I works upstream of An2 (de Vetten ¿r

al. 1997).

Thus, it seems that anthocyanin biosynthesis is controlled by similar regulatory factors in

different plant species which show homology to myc-like and myb-like transcription factors.

The manner in which the pathway is controlled in different plant species with regards to the

tissue specificity of anthocyanin synthesis and how much of the pathway is upregulated

upon anthocyanin synthesis seems to be influenced by both the promoters of the

anthocyanin structural genes and the properties of the endogenous and/or exogenous

regulatory genes involved.

1.8 Aims of this research

Although the ripening processes of climacteric fruit have been well studied, those of

nonclimacteric fruit have not. The grape berry is a nonclimacteric fruit of great importance

to Australia, however, little is understood about the molecular control of ripening processes

in grape berries. There are problems associated with the non-ripening of grapes in some

cooler Australian regions and the phenomenon of uneven ripening amongst grapes in a
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bunch (Fig. l.l ). bunches on a vine and vines in a vineyard. A number of dramatic changes

occur during the ripening of grapes and these are all major determinants of grape qualitl"

One of these processes involves the accumulation of anthocyanins which are the coloulr

components of black and red grape varieties. In general terms' the goal of my research was

to understand the control of the genes invoìved in anthocyanin accumulation in the grape

beny with the long term goal of using genetic transformation techniques to adjust both the

quantity and quality of these pigment compounds to improve wine quality' The

accumulation of anthocyanins and the change in anthocyanin biosynthesis gene expression

were also used as ripening related markers in the investigation of the hormonal control of

grape berry ripening.

The grape anthocyanin cDNA clones used in this study were isolated by Sparvoli et al'

(1994). They were obtained by screening a cDNA library constructed from mRNA from

grape seedlings grown in light for 48 hours using snapdragon and maize heterologous

probes. Sparvoli et at. (1994) confirmed the identity of these clones by sequence analysis

and showed that that PAL belongs to a large multigene family in grapevine, whereas the

other anthocyanin biosynthesis genes are present in one to four copies per haploid genome.

The expression of the anthocyanin biosynthesis genes was studied in etiolated seedlings

either exposed to continuous white light, which induces the accumulation of anthocyanins,

or kept in darkness. PAL was constitutively expressed in darkness and light and the other

anthocyanin pathway genes were expressed at low levels in darkness, but their expression

dramatically increased upon exposure to light (Sparvoli et aI. 1994). However, Sparvoli

and co-workers (1994) did not extend their research of grape anthocyanin gene expression

to the accumulation of anthocyanins in grape benies.
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This thesis describes the investigation of anthocyanin biosynthesis during berry development

and the expression of anthocyanin biosynthesis pathway genes during this time (chapter' 2)'

The work also includes studies on the expression of these genes in other grapevine tissues

and in the berry skins of black and white-berried varieties (Chapter 3)' Grape berry colour

mutants were characterised with regard to their anthocyanin profiles and the expression of

the genes from the biosynthesis pathway (chapter 4). Results from the berry development

work (Chap ter 2) were extended in a study into the effects of a synthetic auxin on berry

ripening and the expression of ripening-regulated genes (Chapter 5). Finally, I attempted to

isolate cDNA clones coding for anthocyanin regulatory genes by probing a cDNA library

with heterologous probes (Chapter 6) and by isolating the UFGT promoter and using this to

screen for specific DNA-binding proteins in a yeast-based complementation system

(Chapter 7).
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Chapter 2

Anthocyanin biosynthesis during Shiraz berry development

2.1 Introduction

Anthocyanin biosynthesis has been extensively studied in petunia, snapdragon and maize'

resulting in the elucidation of the biosynthesis pathway by which the various anthocyanin

pigments are synthesised from phenylalanine. Control of anthocyanin biosynthesis appears

to be exerted at the level of transcription (Martin and Gerats 1993a)' but the point at which

the pathway is controlled differs in the three plant species mentioned above. In maize, it

appears that the first major control point is CHS, whereas in snapdragon and petunia the

major control points are further on in the pathway, at F3H and DFR respectively (for

reviews, see Martin and Gerats 1993a; Martin and Gerats 1993b; Holton and Cornish

1995). As yet, the control of the expression of the anthocyanin pathway genes in fruit

tissues has not been studied.

The colour of red and black grapes results from the accumulation of anthocyanins which are

usually only located in the skin of the berry. The quantity and quality of colour in grape

benies at harvest are crucial factors influencing wine making. Each species or variety of

grapes has a unique set of anthocyanins, and the anthocyanin profiles of many Viris species

and varieties have been described (for review, seeMazza and Miniati 1993). Vitis viniþra

varieties usually produce 3-monoglucoside, 3-acetylglucoside and 3-p-coumaroylglucoside

derivatives of the aglycones delphinidin, cyanidin, peonidin, petunidin and malvidin, with

malvidin derivatives often being the major forms present. However, there are exceptions,

pinot Noir being notable as it only produces non-acylated anthocyanins (Fong et al. l97l)'
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and many muscat cultivars produce less malvidin derivatives than other anthocyanins

(Cravero et at. 1994). There are no reports of any pelargonidin derivatives isolated from

grape berry skins. Limited enzymatic studies of anthocyanin accumulation in grapes

(Kataoka et al. 1983; Hrazdina et al. 1984; Roubelakis-Angelakis and Kliewer 1986) have

not revealed a great deal about the control of this biosynthesis pathway and what causes

anthocyanin production to be switched on during ripening'

To further investigate the regulation of anthocyanin production in grape berries, grapevine

cDNAs encoding enzymes of the anthocyanin biosynthesis pathway, isolated by Sparvoli er

al. (1994) from etiolated grape seedlings were utilised. Berries from the cultivar Shiraz

were sampled throughout development, and the tissue used to study anthocyanin profiles

and the expression of seven structural genes from the anthocyanin biosynthesis pathway.

2.2 Materials and methods

2.2.1 Plant tissue

The berries used in this study were sampled during the 1994-95 growing season from Viris

vinifera L. cv Shiraz vines grown at a commercial vineyard in V/illunga, South Australia

(see Fig.2.l). The vines from the 'source block' of John Harvey's Slate Creek vineyard

were planted in 1975. The time of flowering was defined as the date when 507o of the

flowers on the vines had dropped their caps. A sample was taken at this time by harvesting

a random selection of flowers and freezing the tissue immediately in liquid nitrogen. Further

samples were taken at fortnightly intervals. In all cases except the two weeks postflowering

sample, the benies were deseeded in the field and immediately frozen in liquid nitrogen.
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The two weeks postflowering sample was not deseeded until after being frozen' All the

samples were stored at -80oC. pending further analysis' Separate skin and flesh samples

were obtained by peeling frozen berries.

To define the stage of berry development, a sample of 100 randomly selected berries from

30 bunches was individually labelled and scored each week for deformability, length and

width using a Harpenden (British Indicators, Burgess Hill, West Sussex, UK) skinfold

calliper gauge as described by Coombe and Bishop (1980). The volumes of the Shiraz

berries were calculated using the formula for an ellipsoid (4l3nabc, where a, b and c are the

semiaxes of the ellipsoid). Another random sample of 50 berries was measured for soluble

solids ('Brix) with a refractometer (model 10430; Reichert, Vienna, Austria)'

2.2.2 þ'nthocyanin extraction

To prepare samples for HPLC analysis, 10 to 20 frozen benies were removed from storage

and peeled. The skin tissue was ground in liquid nitrogen using a mortar and pestle. A

0.5 g subsample of the tissue was then added to I mL of methanol and the anthocyanins

were extracted for I h at -20"C. The grape tissue was pelleted by centrifugation at 10,3009

for 15 min at 4"C, and the supernatant was retained for HPLC analysis. A 5 pL aliquot of

this sample was diluted to I mL in methanol and lVo (v/v) HCl, and total anthocyanins were

measured by reading absorbance at 520 nm.
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2.2.3 IdlPLC analysis of anthocyanin extracts

A 5 ¡rm Gold Pack C18 column (4.6 x 25 mm; Activon, Sydney' Australia) and Varian

(Melboume, Australia) equipment consisting of the Vista 5500 pumps and solvent

programmer, a Rheodyne (Cotati, California, USA) injector, and a UV-200 detector

(varian, Melbourne, Australia) operating at 520 nm were used. The signal was received

and analysed using a data acquisition, plotting and analysis package from DAPA Scientific

(Kalamunda, Australia), which measured retention times and peak areas' The weak solvent

A was L47o (vtv) perchloric acid, the strong solvent B was lo}vo methanol, and solvent c

was water. Solvent A was maintained at 3OVo throughout the analyses, and the flow rate

was I .5 mL min-r. The initial condition of solvent B was 20vo, increased to 3570 in 5 min,

and then increased to 557o in 35 min. In all cases 100 pL of extract (Section 2'2'2) were

injected.

2.2.4 Proanthocyanidin quantification

Proanthocyanidins were detected in the berry skin and flesh samples using a vanillin-HCl

assay (pers. comm. Dr. G. Tanner CSIRO, Canberra) based on the method described by

Broadhurst and Jones (1978). A 5 g sample of frozen plant material was ground to a

powder in a pre-chilled coffee grinder. A subsample of this powder (0.1 g) was then added

to 0.5 mL of 707o acetone, 0.1Vo (wlv) sodium ascorbate and vortexed briefly to mix. The

grape tissue was then pelleted by centrifugation at 10,0009 for l0 min at 4oC and the

supernatant retained on ice. In l.5mL tubes 10,20 and 50 pL of the supernatant were

added to TOVo acetone, 0.17o ascorbate to make a final volume of 200 pL' A 0'8 mL

aliquot of a freshly made vanillin-HCl reagent (5 mL of 57o vanillin in methanol, 3 mL HCI)
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was added to the extracts. mixed and incubated at room temperature in the dark for l -5 min'

The absorbance at 500 nm was then measured and compared to standards of kngwn

catechin and proanthocyanidin concentrations'

2.2.5 lsolation of total RNA

Total RNA was isolated from grape berry skin and flesh tissue using the perchlorate method

of Rezaian and Krake (1gg7) with modifications. A 4 g sample of tissue was removed from

-80"c storage and ground to a powder using a coffee grinder. The powder was added to

16 mL of extraction buffer (0.3 M Tris-HCl [pH 8.3], 2Vo lwtvl PEG 4000, 5 M sodium

perchlorate , lfto fw/vl SDS, 8.5Vo Íwlvl PVPP, and I Vo lvlvl p-mercaptoethanol) and

stirred rapidly for 30 min at room temperature. This sluny was then centrifuged at 2009 for

15 min at 4"C through Centriflo cone column holders (Amicon, Massachusetts, USA)

packed with glass wool, and the 'raft' was discarded. The eluate was collected, and nucleic

acids were precipitated with 2.5 volumes of ethanol, incubated at -20oC for 20 min, and

then pelleted by centrifugation at77O0g for l5 min at 4"C. This pellet was rinsed withTOVo

ethanol, dried under vacuum, and resuspended in I mL of 0'1 mM Tris/l mM EDTA (pH

7.6) and 0.27o (vtv) p-mercaptoethanol. The suspension was then extracted three times

with an equal volume of phenol:chloroform:isoamyl alcohol (25'241, v/v) and once with an

equal volume of chloroform:isoamyl alcohol (24:1, vtv). The RNA was precipitated by

adding 0.1 volume of 3 M sodium acetate and 2.5 volumes of ethanol to the aqueous phase

and incubating at -Z1"Cfor at least 20 min. Finally, the RNA was pelleted by centrifugation

at 77009 for 15 min at 4"C, washed with 70Vo ethanol, dried under vacuum' and

resuspended in 300 PL of water.
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2.2.6 Grape anthocyanin genes and probe preparation

The pr.obes used for the northern analysis of the anthocyanin genes were gifts from Dr' C'

Tonelli, Universita Degli Studi Di Milano, Italy. They were isolated from a cDNA library

constructed using mRNA purified from 14 day old seedlings (Vilis t'inifera L. var.

lambrusco a foglia frastagliata [f.fl) grown in continuous light for 48 h (Sparvoli et al'

lgg4). Heterologous probes from Antirchinum majus (PAL, CHI, F3H, DFR. LDOX and

UFGT) or maize (CHS) were used to screen the library for grape homologues (Sparvoli et

al. 1994). Each cDNA clone had been cloned into the Eco Rl site of pBluescriptSK and the

inseft was excised as described in Table 2.1 below. Table 2.1 also shows the name of the

plasmid and a brief indication of the size and completeness of the clone'

The specific DNA fragments were isolated after digestion and electrophoresis in TBE buffer

(90 mM HrBO¡, 2 mM EDTA, 90 mM Tris-HCl tpH 8.01) and low melting point agarose

gels by cutting them out of the gel using a sterile scalpel blade. The DNA was purified from

rhe gel slice using a QlAquick Gel Extraction kit (QIAGEN) according to the

manufacturer's instructions.

A Gigaprime random primer labelling kit (Bresatec) was used to prepare radioactive DNA

probes. Reactions coítaining 50-100 ng of template DNA and 5 ¡rL of o-32P-dATP (10

mCi m|--r; Bresatec) were incubated at 37oC for at least 30 min. Labelled DNA was

separated from unincorporated nucleotides by passing the reaction mixture through a I mL

Biogel P-50 (Bio-Rad) column. To measure 3tP-dATP incorporation into DNA, aliquots of

the probe were counted in a liquid scintillation counter. The probes were of approximately

equal specific activities of at least 3 x 106 cpm ng-r.
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Table 2.1 Brie.f description of the clones used.for probing the northent hlots

Gene Plasmid Description Digest for gene excision

PAL

CHS

CHI

F3H

DFR

LDOX

UFGT

pBS204

pBS305

pB5407

pBS7l0

pBS510

pBS603

pBS80l

1368 bp,3' end

1377 bp, full-length

979 bp, full-length

l4l9 bp, full-length

1315 bp, full-length

1334 bp, full-length

532bp,3'end

Eco RI

BamHllHind III

Eco RI

Eco RI

EcoRI

EcoRI

Eco RI

2.2.7 Northern blot analysis

Total RNA was extracted from grape tissues as described in Section 2.2.5- Aliquots of

4 ¡rg were heated at 70oC for l0 min in 3 volumes of Mops buffer (20 mM Mops, pH 7.0,

5 mM sodium acetate, I mM EDTA) containing 70Vo (v/v) formamide and

8.9Vo (vlv) formaldehyde. The RNA was then run on a 1.27o agarose gel containing a final

concentration of 7.4Vo (vtv) formaldehyde with Mops buffer. RNA loadings were checked

on ethidium bromide-stained gels to confirm that they were equal. The RNA was

transferred by capillary action to a ZetaProbe membrane (Bio-Rad) for at least 15 h and

then prehybridized for2h at 65"C in 0.25 M sodium phosphate (pH 7'0), I mM EDTA

(pH 8.0), and 77o (w/v) SDS. Membranes were hybridised for 15 h at 65'C in the same

buffer with the addition of denatured 32P-labelled probes of the anthocyanin genes (see

Section 2.2.6). The membrane was then washed twice for l0 min in 2 x SSC

(l50mMNaCl and 15 mM tri-sodium citrate, pH 7.0) and 0.lVo (wlv) SDS (65'C) and
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then for 15 min in I x SSC and O.lVo (wlv) SDS (65"C). The membranes were exposed to

Kodak XAE fiìm with intensifying screens at -80oC

2.3 Results

2.3.1 Grape berry develoPment

Data from the measurement of various npening parameters throughout the development of

the Shiraz berries sampled (Fig. 2.1) are presented in Figure 2.2 and show that berry growth

followed the typical double sigmoid curve. The volume of the berries (Fig. 2.24) increased

during the first seven weeks of development to approximately 650 nrn', followed by a

cessation in the berry expansion until nine weeks after flowering, after which time the

volume began to increase again. Berry volume peaked at week 1l (1183 nm3) and then

decreased to a final value of 765 mm3 at harvest. The onset of ripening (termed véraison by

viticulturists) is indicated by an increase in softness, sugar content, berry size and, in red and

black grapes, the development of skin colour. Deformability (a measure of berry softness)

began to increase after eight weeks postflowering (Fig. 2.28). By 16 weeks postflowering

the benies were very soft, deforming by 3.1 mm on average. Soluble solids (measured as

'Brix) also began to increase after eight weeks postflowering and continued to rise,

reaching a value of 24 oBrix 16 weeks after flowering (Fig. 2.2C). Proanthocyanidin levels

were highest early in berry development and decreased throughout the growing season on a

fresh weight basis (Fig. 2.2D). When compared on a per berry basis, the levels of

proanthocyanidins still decrease throughout berry development in both the skin and the

flesh, but the initial decrease is less rapid (data not shown). The amount of
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proanthocyanidin per gram fresh weight was five times greater in the skin than the flesh at

four weeks postflowering. but at harvest there was approximately 30 times more

proanthocyanidin in the skin than in the flesh' Anthocyanins were first detected in the

sample taken ten weeks postflowering (Fig. 2.2F;), although field observations indicated that

some pigmentation was present after nine weeks (samples for anthocyanin and RNA

extractions were only taken on even-numbered weeks)' Thus there seemed to be a slow

accumulation of anthocyanins between nine and ten weeks postflowering, followed by a

substantial increase in anthocyanin levels up to harvest, 16 weeks postflowering'

2.3.2 HPLC analysis of anthocyanin accumulation

HpLC techniques were used to follow the accumulation of the individual anthocyanins

present in Shiraz berry skin tissue. Seventeen anthocyanins were present in all samples and

16 of these were identified by comparing their retention times and elution order with

previous studies of grape and wine anthocyanins (Wulf and Nagel 1978; Roggero et al.

l9g6: Gonzalez-SanJose et al. 1990). Figure 2.3 shows a typical elution pattern of Shiraz

pigments under the HPLC conditions used. The most abundant anthocyanins present in all

samples were malvidin 3-monoglucoside, malvidin 3-acetylglucoside, and malvidin 3-p-

coumaroylglucoside (Fig. 2.Ð. Of the peonidin, delphinidin, and petunidin anthocyanins,

the 3-monoglucoside derivatives were the major contributors, and there was very little of

any cyanidin-based anthocyanins. Although the anthocyanin 3-monoglucosides increased in

concentration, their percentage of the total anthocyanins decreased during ripening,

probably because of the more rapid rate of accumulation of malvidin 3-acetylglucoside and
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malvidin 3-p-coumaroylglucoside (Figs. 2.5 and 2.6^). During this time the percentage of

the total 3-acetylglucosides and 3-p-coumaroylglucosides increased between ten and 16

weeks postflowering (Fig. 2.6A). The malvidin derivatives increased as a percentage of the

total anthocyanins from 62 to 73Vo over the ripening period, whereas the percentage of the

other compounds decreased slightly during this time (Fig. 2.68). The percentage of

trihydroxylated derivatives (delphinidin, petunidin and malvidin) remained relatively

4E
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constant during ripening as did the percentage of dihydroxylated (cyanidin and peonidin)

derived anthocyanins (Fig. 2.6C). Thus, there was an increase in the concentration of

anthocyanins throughout ripening of the berries but no major changes in the proportion of

the 3'-substituted and the 3',5'-substituted anthocyanins'

2.3.3 Expression of anthocyanin biosynthesis genes in shiraz berry skin

The expression of seven anthocyanin biosynthetic genes (PAL, CHS, CHI' F3H' DFR'

LDOX and uFGT) was investigated in samples taken throughout the development of grape

beny skin rissues (Fig. 2.7). Northern blot analysis indicated that anthocyanin pathway

gene expression occurred in two phases. Most genes in the pathway were briefly expressed

early in beny development and again after véraison, when colour development occurred'

All of the anthocyanin genes examined except UFGT were expressed in flowers and in the

beny skin up to four weeks postflowering. In some cases (PAL, CHS and LDOX),

maximum expression occurred in the flowers, whereas CHI, F3H and DFR showed

maximum expression in the berry sample two weeks postflowering' There was then a

reduction in expression of these genes six to eight weeks postflowering, which coincided

with the observed lag phase in berry volume increase (see Section 2.3.1)' It should be

noted that high level expression of invertase genes was detected in the same RNA samples

used in this study for this specific period of berry development (Davies and Robinson 1996).

This demonstrates, first, that the total RNA samples extracted at these times were intact

and, second, that the decline in expression of anthocyanin genes does not reflect a general

reduction in mRNA production in grape berry skin at this stage of development. Following
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Figure 2.7 Temporal expression of anthocyanin biosynthesis genes in glape belry skin

cluring þerry development, Nolthern blots ale of total RNA l'rom grape llowers and grape berry skin

sarnples taken at eight cliffeleut stages during clevelopment, pt'obed with grape cDNA clones fot'PAL, CHS'

CIII, F3H, DFR, LDOX, and UFGT. FL clenotes llower RNA ancl the numbers indicate weeks

postl'lowering ¿rt which berry skitt RNA was extracted.
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this period of little or no gene expression, there was a coordinate increase in expression of

all the genes except PAL in the ten weeks postflowering sample at approximately the time

of véraison. Expression of these genes then continued throughout the remainder of berry

development. The expression of PAL showed a similar increase following véraison but did

not commence until 12 weeks postflowering. Thus, all of the genes of the anthocyanin

pathway showed a similar pattern of expression except for the UFGT gene' which was

found to be expressed only ten to 16 weeks postflowering and this expression coincided

precisely with the accumulation of anthocyanin pigments in the berry skins (Fig' 2'28)'

2.3.4 Expression of anthocyanin biosynthesis genes in Shiraz berry flesh

The expression of the seven anthocyanin biosynthesis genes was also studied in four Shiraz

beny flesh samples taken four, eight, 12 and 16 weeks postflowering (Fig. 2.8). These

tissues contained no detectable anthocyanins. No PAL or UFGT mRNA was detected in

any of the samples tested. Both CHS and LDOX mRNA levels were at a maximum four

weeks postflowering and subsequently decreased during development' The other genes

tested (CHI, F3H, and DFR) showed maximum ¡RNA levels four weeks postflowering and

a minimum expression four weeks later. Expression was again detected in the 12 and 16

week postflowering samples but at a lower level than observed four weeks postflowering.
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Figure 2.8 Tempolal expression of anthocyanin biosynthesis genes in griipe berry flesh

tissue duling berry development. Northern blots are of total RNA from grape berry flesh samples

taken at tour clifferent stages during clevelopment, probed with grape cDNA clones for PAL, CHS, CHI,

F3H, DFR, LDOX, and UFGT. Numbers indicate weeks postflowering at which berry flesh RNA was

extracted.
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2.4 Discussion

The increase in volume of the developing grape benies displayed a double sigmoid growth

curve. This is typified by two periods when berry volume increases separated by a lag phase

of little or no change (Fig. 2.2A). The onset of ripening (véraison) at the end of the lag

phase, eight weeks postflowering, is characterised by an increase in the deformability of the

berries (Fig.2.ZB) and an accumulation of both soluble solids and anthocyanins (Figs' 2'2C

and 2.28). Proanthocyanidin levels are at their greatest early in beny development and

these levels decrease through to harvest in both berry skins and flesh (Fig' 2'2D)'

HPLC analysis showed that the anthocyanin accumulation during the ripening period was

predominantly due to the production of malvidin-based anthocyanin derivatives, although a

broad range of anthocyanins are produced. The concentration of anthocyanins present in

the berry skins did not decrease towards the end of ripening and there was no evidence for

the conversion of cyanidin-based anthocyanins to delphinidin derivatives as reported by

Roggero et at. (1986). However, there was evidence for the increased accumulation of

acylated anthocyanins during ripening (Fig. 2.6A). The rate of flux down either "branch" of

the anthocyanin biosynthesis pathway (Fig. 1.5) appeared to be almost constant throughout

ripening (Fig.2.6C).

Northern analysis of the expression of the anthocyanin biosynthetic genes in Shiraz berry

skins supports the frnding that anthocyanin accumulation continues throughout ripening'

All the genes studied were expressed in samples taken at the four different time points after

véraison. This suggests that the enzymes of the anthocyanin biosynthetic pathway encoded

by these genes are being translated and catalysing their respective reactions. Surprisingly'
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expression of all these genes. except UFGT. was detected in flowers and in berry skin up ttr

at least two weeks after flowering. No anthocyanins could be detected in these samples'

presumably because they were not being synthesised due to a lack of UFGT' It is possible

that these flavonoid pathway genes are expressed in tissues not producing flavonoids'

Nevertheless. the early steps of the pathway depicted in Fig. 1.4 ate common to other

biosynthesis pathways, notably those involved in the biosynthesis of aurones' flavones'

flavonols, isoflavonoids and proanthocyanidins, and this may explain expression of these

genes in the absence of anthocyanin synthesis in the flowers and young berries. In the floral

tissues, it is likely that flavonols are being produced, as they are known to accumulate in the

ovaries of petunia flowers (Koes et aI. 1990), and are essential for pollen viability in maize

and petunia (Mo et at. 1992). It is also possible that any flavonols produced could be

prorecting the developing tissues from uv damage (Schmelzer et aI. 1988;Li et al. 199Ð.

The young developing berries could also be producing a number of flavonoid derived

compounds. For example, isoflavonoids (flavonoid derivatives) may play a role in

protecting the young benies from various phytopathogens (Lamb et aI. 1989) or as a

feeding detenent to insects (Caballero et aI.1986). Young developing seeds (which may be

present in the flower sample) may also accumulate leucoanthocyanidins as appears to occur

in petunia (Koes et aL 1990). Expression of the anthocyanin genes up to and including

DFR would be necessary for proanthocyanidin production, and these compounds were

detected in young berries and flowers (Fig. 2.2D). Nevertheless, the observed expression of

LDOX in these early samples is pùzzling. LDOX is the putative leucoanthocyanidin

dioxygenase required for the first of two enzymatic steps between leucoanthocyanidins and

anthocyanidins (Martin and Gerats 1993a), the other step probably being catalysed by a

putative dehydratase (Heller and Forkmann 1988). Any intermediates between these
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reactions are presumed to be unstable (Heller and Forkmann 1988) and no colottred

anthocyanidins were detected. O

The expression patrern seen for PAL in the skin of the developing Shiraz berries (Fi9.2.7)

is consistent with the changes in PAL activity seen in the skins of two coloured grape

varieties studied by Kataoka et al. (1983). Hrazdina et al. (1984) also found PAL activity

early in berry development and after véraison. Thus, the gene expression and activity data

suggest that the activity of PAL is under transcriptional control in grape berries. Hrazdina

et at. (1984) also measured CHS, CHI and UFGT activity during berry development' and

the cHI and UFGT activities are consistent with the patterns of gene expression observed

(Fig. 2.7). However, CHS activity was not detected early in berry development, which is a

surprising result given that CHI activity, an enzyme after CHS in the flavonoid pathway,

was observed during this stage of development (Hrazdinaet al. 1984), and that flavonoids

(such as flavonols and proanthocyanidins) may be synthesised in these tissues' The

clarification of the relationship between CHS gene expression and activity during grape

berry development awaits further study.

In Shiraz grape berries, anthocyanins accumulate in the skin, but not in the flesh' The

pattern of expression seen in the beny flesh samples was similar to that in the berry skin,

except no PAL and UFGT expression was detected, and CHS was not expressed late in

development. Both PAL and CHS are encoded by multigene families in grapes (Sparvoli er

al. 1994), and thus other gene family members, not detected by the probes used in this

northern analysis study, may be expressed in this tissue. Only one UFGT gene seemed to be

present in the grape genome (Sparvoli et aI. 1994) and this was not expressed in the berry

flesh tissue. The data presented in Figure 2.2D suggest that proanthocyanidins are

synthesised in berry flesh early in development and that their concentration decreases during

Osee page75 
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ripeningl The northern data supports this hypothesis in that expression of alì the genes

except PAL and UFGT is detectable in the early flesh samples but not in the samples taken

late in development. If cHS substrates were not already present, PAL gene expresston

would be required for proanthocyanidin production, therefore our inability to detect PAL

mRNA may be due to the origin of the PAL probe which was used as discussed above'

Anthocyanins begin to accumulate at :iirout véraison and this coincides with the increase tn

expression of all seven genes tested from the anthocyanin biosynthesis pathway' This

suggests that there is coordinate regulation of all these genes at this time in the developing

grape berry skin and that the control of anthocyanin biosynthesis in grape berry skins is

mainly transcriptional. Sparvoli et al. (lgg4) have also shown that as anthocyanins

accumulate in dark-grown grape seedlings subsequently exposed to light' there is a

coordinate induction of the genes from the committed steps of the anthocyanin biosynthetic

pathway (CHS, CHI, F3H, DFR, LDOX, UFGT). This is similar to the control of the

anthocyanin biosynthesis pathway in maize aleurone, which is regulated by the R and c1

gene families (Dooner et al. 1991). Nevertheless, the pattern of expression seen in the

flower and young beny skin samples prior to véraison suggests that UFGT expression is

under a different regulatory regime. In these samples, all of which did not possess

anthocyanins, UFGT was the only structural gene tested which was not induced'

The start points for the control of the anthocyanin pathway in the species most studied

(maize, snapdragon and petunia) are different but all appear to be controlled by myc- and

rnvb-like transcription factors (see Section 1.7.3). The structural genes from the graPe

anthocyanin biosynthesis pathway may also be controlled by myc- and myb-like regulatory

genes. However, the way in which the structural genes are regulated in grape berry skins

appears to be different to the patterns observed in snapdragon, petunia and maize' The

ösee addendum
59



pattern of gene expression in grape berry skins could be explained in relation to reguìatort'

genes in two ways. First. two types of regulatory genes may be active in the berry skin' one

of which is expressed early and which induces expression of all the structural genes except

UFGT and another that is expressed later and results in the induction of expression of all the

structural genes. Alternatively, two types of regulatory genes may be present' one that

controls expression of PAL, CHS, CHI, F3H, DFR and LDOX, and another that induces

UFGT gene expression. In this case the regulatory gene that controls expression of PAL'

CHS, CHI, F3H, DFR, LDOX is expressed early in berry development, whereas both the

regulatory genes are expressed as the grape ripens, resulting in induction of all the genes

and thus anthocyanin biosynthesis. In either case, it appears that the major control point of

anthocyanin biosynthesis in grape berry skins is UFGT and this control is later in the

pathway than has been observed in the studies into maize, petunia and snapdragon

anthocyanin biosYnthesis'

60



Chapter 3

ne expression in various grapevine tissues and inFlavonoid ge
the skins nt cultivars

3.1 Introduction

The resuìts presented in Chapter 2 suggest that the control point of anthocyanin

biosynthesis in grape berry skins is beyond the LDOX step in the anthocyanin synthesis

pathway. Interestingly, it was also found that all of the genes tested except UFGT were

expressed in grape flowers and early in berry development in the absence of anthocyanin

production. The genes early in the anthocyanin synthesis pathway are required for

proanthocyanidin synthesis, ancl these compounds were found in the non-pigmented

flowers and young berries. The goal of the work presented in this chapter was to

investigate the pattern of expression of the genes from the flavonoid synthesis pathway in

other grapevine tissues to see if the expression of 'early' pathway genes observed in

flowers and young berries also occurs in other unpigmented grapevine tissues' The

expression of flavonoid genes in white grape berry skins was also investigated. It is

thought that the progenitors of all modern grape va¡ieties possessed black benies

(Slinkard and Singleton 1984), and that white varieties have been derived from black

varieties as bud sports or by other somatic mutations. The grape anthocyanin cDNA

clones described in Section 2.2.6 were used to study the expression of the flavonoid

synthesis pathway genes in the skins of various black and white glape cultivars. The

expression patterns of these genes may reveal information about the nature of mutations

leading to the loss of anthocyanin synthesis in white grape berry skins.
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3.2 Materials and methods

3.2.L Plant material

Samples were taken from various Shiraz grapevine tissues from John Harvey's Slate

Creek vineyard in Willunga, South Australia. In all cases the tissue was immediately

frozen in liquid nitrogen, transported back to the laboratory on dry ice and stored at

-g0.C pending further analysis. These grapevine tissues included: unexpanded leaves

(young leaÐ; leaves expanded to ca. 5 cm (mid leaÐ; fully expanded leaves (old leaves);

young tendrils; green cane tissue; seeds collected four weeks after flowering; and

flowers. The beny skin and flesh tissue were obtained by peeling whole berries

(14weeks postflowering) as described in Section 2.2.1. To obtain root tissue' Shiraz

canes were rooted and young root tips were harvested for extraction'

Skins from the berries of eight different grape cultivars were obtained from several sites

in South Australia as listed below. In all cases, whole bunches were cut from the vine,

and transported to the laboratory on ice. Individual benies were then scored for total

weight and skin weight, with the skins being separated from seeds and flesh by squeezing

whole berries. The juice was pooled and a combined measurement of total soluble solids

(.Brix) taken using a refractometer (model 10430, Reichert, Vienna, Austria). Skins

were then frozen in liquid nitrogen and stored at -80"C pending further analysis. I-eaf

tissue was also obtained from the same grapevines as a source of material for DNA

extractton

62



Grapes from the cultivars Riesling, Semillon, chardonnay and shiraz were obtained from

John Harvey's S¡ate Creek vineyard in Willunga, South Australia. Sultana and Muscat

Gordo were sampled from the Waite Agricultural Research Institute's collection at

Urrbrae, South Australia. Pinot Noir grapes were obtained from the collection of the

South Australian Research and Development Institute at Nuriootpa and the Cabernet

Sauvignon grapes were collected from a colnmercial vineyard in Langhorne Creek'

South Australia owned by Mac Cleggett.

3.2.2 Total RNA extraction and northern analysis

Total RNA was extracted from the various grapevine tissues and the skin samples from

the red and white cultivars using the method described in Section 2.2.5. Radiolabelled

probes were prepared and northern analysis carried out as described in Sections 2.2.6

and2.2.7.

3.2.3 Anthocyanin and proanthocyanidin extraction and quantification

Anthocyanins were extracted and quantified by following the methods in Section 2.2.2

and proanthocyanidin analysis was carried out as described in Section 2-2.4.

3.2.4 Grape genomic DNA extraction

The method of Thomas et al. (1993) was used to extract genomic DNA from grape

leaves which had been stored at -80oC. Two grams of leaf tissue were ground to a

63



powder with sand and liquid nitrogen using a mortar and pestle' The frozen powder was

then transferred to 25 frú- of crude nuclei chromatin buffer (0'25 M NaCl' 0'2 M Tris-

HCI [pH ].6),2.5Vo PVP,0.05 M EDTA, 0.lvo þ-mercaptoethanol) at 4"C and mixed

by inversion. The plant material was pelleted by centrifugation at 4100g for l0 min at

40c and the supernatant discarded. The pelleted was resuspended in 5 mL of DNA

extraction buffer (0.5 M NaCl, 0.2 M Tris-HCl [pH 8.0], 2.5Vo PYP, 0'05 M EDTA'

37o sarkosy l, 20Vo ethanol, lTo þ-mercaptoethanol) by incubating at 65oC for 30 min

with occasional shaking. An equal volume of chloroform:isoamyl alcohol (24:l) was

then added and the phases separated by centrifugation at 41009 for l0 min at 20'C' The

upper aqueous phase was collected and the nucleic acid precipitated following the

addition of 0.54 volumes of isopropanol. The nucleic acid was then pelleted by

cenrrifugarion at 100009 for l0 min and the pellet washed briefly withT0Vo ethanol. The

pellet was resuspended in 600 ¡rL of TE buffer and the contaminating RNA removed by

incubation with RNase A (10 pg mL-') at37oC for 30 min. The mixture was then spun

at 100009 for 10 min, the supernatant recovered and mixed with 0'5 volumes of

7.5 M ammonium acetate and centrifuged again at 100009 for 15 min. The DNA in the

supernatant was then precipitated with 0.54 volumes of isopropanol and pelleted at

100009 for l0 min following a l0 min incubation at room temperature. The DNA pellet

was washe dinTy7o ethanol, dried under vacuum and resuspended in 200 pL of water.

3.2.5 Southern blot analYsis

DNA aliquots of 5 pg were digested with restriction endonucleases and fractionated on a

O.87o asarose gel in I x TAE (40 mM acetic acid, I mM EDTA, 40 mM Tris-HCl
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tpH 8.01) buffer. To aid transfer, DNA fragments were depurinated by incubating the

geì in 0.2 M HCI for 20 min. The DNA was transferred to ZetaProbe membrane (Bio-

Rad) according to the manufacturer's instructions' Membranes were prehybridised for

2h ar.65"C in 0.25 M sodium phosphate (pH 7.0), 1 mM EDTA (pH 8'0)' 77c SDS and

then hybridised for l5 h under the same conditions following the addition of denatured

,tp-labelled UFGT probe, prepared by random primer labelling (see Section 2.2.6). The

UFGT probe used was a grape cDNA clone called,Yvufgt2, which is described in detail

in Section 7.3.1. The membranes were then washed twice for l0 min in 2 x SSC

( 150 mM NaCl and 15 mM tri-sodium citrate, pH 7.0) and 0.lvo (wlv) SDS (65'C) and

then for l5 min in 1 x ssc and 0.1vo (wtv) sDS (65"C). The membranes were exposed

to Kodak XAE film with intensifying screens at -80oC'

3.3 Results

3.3.1 Anthocyanin and proanthocyanidin content and expression of

anthocyanin synthesis pathway genes in various Shiraz grapevine

tissues

Total RNA was extracted from different tissues of the red grape cultivar Shiraz as

described in Section 2.2.5 inorder to investigate the expression of seven genes from the

anthocyanin synthesis pathway. The pattern of expression of each gene tested was

similar in each of the tissues with the exception of UFGT (Fig.3.1). Seeds and mid-

leaves showed the highest levels of expression of PAL, CHS, CHI, F3H, DFR and

LDOX, but significant expression of these six genes was also detected in the young leaf,

tendril, green cane, root and flower RNA samples. Lower levels of expression were also
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detected for these six genes in fully expanded leaves and berry skin tissue' but in the

beny flesh tissue only DFR expression was detected. UFGT was detected only in the

berry skin sample, and this was also the only sample in which anthocyanins were detected

(Table 3. I ). Together with the data presented in Chapter 2, these results suggest that the

main point of control of the anthocyanin production in grapevine is after the LDOX

catalysed step in the synthesis pathway (Fig. 1.4)' Expression of all the flavonoid

synthesis pathway genes, except UFGT, was detected in all the unpigmented tissues

except berry flesh. Most of the intermediates of the anthocyanin pathway (Fig' 1'4) are

precursors of other biosynthesis pathways, and this may explain why the expression of

these genes occurs in the absence of anthocyanin synthesis in unpigmented tissues' For

example, expression of the flavonoid synthesis pathway genes up to and including DFR

would be necessary for production of proanthocyanidins, which are precursors to tannin

synthesis. proanthocyanidins were detected in all of the above grapevine tissues (Table

3.1) using a vanillin-HCl assay. There was a qualitative correlation between the level of

expression of the flavonoid synthesis pathway genes (other than PAL) and the

concentration of proanthocyanidins in the various tissues. For example, seeds and

flowers contained large amounts of proanthocyanidins (Table 3.1) and also showed high

levels of flavonoid synthesis pathway gene expression (Fig. 3.1), whereas roots and flesh

had low concentrations of proanthocyanidins and little flavonoid synthesis pathway gene

expression.
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Figure 3.1 Expression of anthocyanin biosynthesis pathway genes ln varlolls grapevlne

tissues, Northern blots ale ol'total RNA tiorn grapevine tissue samples plobed with grape cDNA

clones as indicatecl on l,he le['t side ol'the f igure.
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Table 3.1 Ttte co,rcentt'ation o.f proantlrccvattiditts and anthocvanins in various Shira:'

gro¡tevine tissues. n/d = not detected (<2A52/g fresh v'eighr)

Grapevine Tissue Proanthocyanidins

(mgig fresh weight)

Anthocyanins

(Asz/g fresh weight)

Young Leaf

Mid Leaf

Old Leaf

Tendril

Green Cane

Root

Flower

Seed

Beny Skin

Beny Flesh

5.2

18.0

23.8

13.5

9.9

2.1

46.8

57.0

3.3

0.6

n/d

n/d

n/d

r/d

r/d

nld

r/d

n/d

212.4

nld

3.3.2 Anthocyanin and proanthocyanidin content and expression of

anthocyanin synthesis pathway genes in red and white grape

cultivars

Having observed that the major control point of anthocyanin biosynthesis in red Shiraz

grape tissues was beyond LDOX, the expression of the various flavonoid synthesis

pathway genes in the skins of red and white grapes was investigated to determine why

white grapes do not synthesise anthocyanins. Skin tissue was sampled from the ripening

benies of frve white cultivars and three red cultivars as described in Section 3.2.1 above"

Expression of flavonoid synthesis pathway genes is dependent on the stage of berry

ripening. Soluble solids increase throughout the ripening of grapes (see Fig' 2.2C) and

oBrix is used as a measure of the stage of ripening. Soluble solids in these samples
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ranged from 13.-5 "Brix for Muscat Gordo to 22.7 "Brix for Sultana (Table 3'2)' The

data in the previous chapter shows that flavonoid synthesis pathway genes are expressed

in shiraz berry skins rhroughout this phase of berry ripening (Figs. 2.2C and 2'7)' using

northern analysis, mRNAs homologous to each of the anthocyanin synthesis pathway

genes were detected in the Pinot Noir and Shiraz samples. and all of the genes except

PAL were expressed in the cabernet Sauvignon sample (Fig. 3.2). In the white cultivars,

expression of the genes was generally much lower than in the red cultivars' but the white

cultivars could be divided into two different groups based on the observed patterns of

expression (Fig. 3.2). One group, consisting of Riesling, Semillon and Chardonnay'

showed moderate levels of expression of all the genes tested except UFGT. In the other

group, containing Muscat Gordo and Sultana, all the genes were expressed at very low

or non-detectable levels. PAL, F3H or UFCT expression could not be detected in the

Muscat Gordo sample and PAL, CHS, F3H, LDOX or UFGT expression was not

detected in the Sultana berry skins.

None of the white cultivars possessed any detectable anthocyanins, but they all contained

proanthocyanidins (Table 3.2). Thus, it would be expected that the enzymes of the

flavonoid synthesis pathway down to DFR might be present in the white berry skins.

There was no qualitative correlation between the proanthocyanidin levels in the berry

skin samples and the expression of the flavonoid genes (Table 3.2 andFig.3.2) as was

seen for other grapevine tissues (Table 3.1 and Fig. 3.1). This may be due to the stage of

development at which the skin tissue was sampled. It appears that proanthocyanidin

levels are highest early in berry development and then decrease throughout ripening (Fig.

2.2D) which suggests that most of the proanthocyanidins are produced very early in
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Tabte 3.2 Tlte cotlcetltration of proanthoctanidins and attthocvanins in the bern' skitts

ofwltiteandredgrhpecultivarS. Solttblesolids(measuredas"Brix)u'erealsonteasuredtogive

4n inclicatiott of the ripeness of the berries' n/d = nol detected (<2Asz/S fresh v'eighr)

Cultivar "Brix Proanthocyanidins AnthocYantns

(mgig fresh weight) (AszdEfresh weight)

Riesling

Muscat Gordo

Semillon

Chardonnay

Sultana

Cabernet Sauvignon

Pinot Noir

Shiraz

14.8

13.5

t7.o

21.3

22.7

15.5

21.6

20.8

2.1

6.2

8.7

5.1

2.0

2.4

3.5

3.3

n/d

nld

n/d

n/d

r/d

84.4

137.8

212.4

berry development. Thus, the expression seen after véraison may not have as great an

influence on total proanthocyanidin levels as the expression of these genes seen

immediately after fruit set (see Fig. 2.7)'

Expression of UFGT was detected in all of the red grapes, but not in any of the white

grapes. The absence of detectable UFGT mRNA suggests that the lack of anthocyanin

production is due to the complete absence of this gene or a change in the transcriptional

control of UFGT rather than a point mutation in UFGT or another gene of the pathway.

Furthermore, the differences in the patterns of anthocyanin gene expression seen in

Muscat Gordo and Sultana compared to Riesling, Semillon and Chardonnay suggests

that the mutations leading to the lack of anthocyanin production affect the control of

these genes in different ways and have thus arisen independently'
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Figure 3.2 Expression of anthocyanin synthesis pathway genes in the skins of white and

recl grape cultivars. Northern blots are of total RNA liom grape berry skin sarnples probed with

grape cDNA clones as indicated on the lelt side of the figure.
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3.3.3SouthernanalysisofUFGTgenesinredandwhitegrapevarieties

The gene expression data suggests that the major control of whether a grape berry will

produce anthocyanins is the expression of UFGT. UFGT is the only gene tested which

showed an absolute differential expression pattem between the white and coloured grape

berry skins. This raises the possibility that this gene is absent in these grape varieties'

To test this, the presence of uFGT genes in the genomes of the white-benied grapevines

was investigated using Southern analysis (Fig. 3.3). Genomic DNA was isolated from

each of the varieties investigated in this study, digested with the restriction enzymes

Eco RV or DraI and Southern blotted. When probed with a grape UFGT cDNA clone'

hybridising bands were detected in each of the samples. This suggests that both the

white- and coloured-berried varieties possess at least part of the UFGT gene(s). This

indicates that lack of UFGT expression may be due to an aberration in the transcriptional

control of this gene, perhaps due to the absence of a functional promoter rather than the

absence of UFGT-related sequences in the genomes'

It is interesting to note the different restriction patterns that the UFGT genes possess m

these varieties when Eco RV was used to digest the DNA. Both the restriction enzymes

used are insensitive to 'sCG and *'CNG methylation (McClelland and Nelson, 1988)'

nevertheles s, Eco RV gave variable restriction patterns whereas Dra I digests gave

exactly the same restriction pattern for all of the varietiesl This suggests that the

Eco RV site in the UFGT gene in grapevines is in a 'hotspot' for mutations, or perhaps a

crossover region, whereas ttne Dra I site is not'

lsee addendum
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Figure 3.3 Southern analysis of genomic DNA from the various grapevine cultivars

probed with a full-length UFGT cDNA clone. Southern blots are of genomic DNA from each of

the grapevine cultivars, digested with Eco RV (top) or Dra I (bottom) and probed with a fullJength

cDNA clone coding for UFGT. Size standards are indicated on the-left of each figure.
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3.4 Discussion

The data presented in this chapter support the findings in Chapter 2 which suggest that

the first major control point of anthocyanin biosynthesis in grapevine is beyond the

LDOX step in the pathway. In all unpigmented grapevine tissues except berry flesh'

expression of all of the genes from the pathway was detected with the exception of

UFGT (Fig. 3.1). Also, in the skins of three white-skinned grape varieties (Riesling,

semillon and chardonnay), a similar pattern, with only UFGT expression undetectable,

was seen (Fig. 3.2). Muscat Gordo and sultana berry skins had a much reduced

expression of all of the anthocyanin synthesis pathway genes and no detectable UFGT

mRNA expression (Fig. 3.2). The only gene that displayed an absolute differential

expression pattern between pigmented and non-pigmented tissues was UFGT and it

seems that this gene is under a different regulatory control than the rest of the

anthocyanin synthesis pathway genes. This difference in control is both temporal, as is

the case in the berry skin during development (Chapter 2), and spatial, as can be seen in

the expression patterns of UFGT compared to the other anthocyanin synthesis pathway

genes in various grapevine tissues (Fig' 3.1)'

The expression of most of the anthocyanin pathway genes in unpigmented grapevine

tissues (Fig. 3.1) mirrors that seen in the skin of young berries (Fig.2.7). As is depicted

in Figure 1.4, the intermediates of the anthocyanin pathway are also precursors of other

biosynthesis pathways, the products of which have many functions in plants (reviewed by

Koes ¿f aL 1994). These genes may be expressed in unpigmented tissues as these

flavonoid products are essential to the viability of the plant. The production of
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proanthocyanidins in these unpigmented tissues could explain the expression of flavonoid

synthesis pathway genes in the absence of anthocyanin synthesis. Proanthocyanidins

were detected in all unpigmented tissues (Table 3.1), and their production requires the

expression of the anthocyanin genes up to and including DFR. This would not explain

why LDOX is expressed in these tissues given the pathway depicted in Figure 1.4.

LDOX is believed to catalyse the first of two enzymatic steps between

leucoanthocyanidins and anthocyanidins, and the second step is presumed to be catalysed

by a dehydratase (Heller and Forkmann 1988). Detection of intermediates between these

steps is diff,icult as they are believed to be unstable. The pathway in Figure 1.4 would

only involve LDOX in the synthesis of anthocyanins, so it is not clear why this gene is

expressed in tissues where anthocyanins are not synthesised. Perhaps the enzyme

encoded by the LDOX gene has a loose specificity and thus is involved in other reactions

involving flavonoids. However, there is also the possibility that flavonoid synthesis

pathway genes can be expressed in tissues not producing flavonoids.

The simplest explanation for the difference in control of UFGT and the rest of the

flavonoid synthesis pathway genes is that they can be controlled by different regulatory

genes which are differentially expressed. The existence of several regulatory regimes for

the flavonoid synthesis pathway genes has been confirmed in other species' In maize, it

has been shown that anthocyanin synthesis requires both a myb-homologous gene and a

rryc-homologous gene (Doone¡ et aI.1991) and a physical interaction between the NB

(m.vc-like) and Cl(m.vå-like) proteins has been demonstrated (Goff et aI. 1992).

However, a subset of the flavonoid synthesis pathway genes, which are required for

phlobaphene synthesis, can also be under the transcriptional control of the maize P gene,
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which is a ,rÏb-homologue (Grotewold et at. 1991). The P gene could bind to and

activate the DFR gene but not the UFGT gene. and unlike the Cl 
'?lr'å-like 

gene' did not

require the R gene product for activation (Grotew old et al. 1994)' The R gene could not

alleviate the inability of P to activate UFGT (Grotewold et al' 1994)' This work showed

that although P and cl both encode mvb-like binding proteins and activate an

overlapping set of genes, there is a difference in their specificity which seems to be

influenced by their differential requirement for the R-like gene. It is possible that in post-

véraison beny skin a transcription factor (or factors) which has the ability to activate all

of the anthocyanin pathway synthesis genes is present, but in other tissues a different

regulatory gene product is produced which activates only a subset of these genes'

Nevertheless, there are different types of control seen for flavonoid synthesis pathway

genes. In snapdragon floral tubes, the genes below CHI of the anthocyanin synthesis

pathway are induced when anthocyanins accumulate and this process involves the m\tc-

like regulatory gene Delita (Almeida et aI, 7989; Martin et al. 1991). However, the

Delila gene does not appear to be required for the expression of these same genes in

snapdragon flower lobes. Martin and Gerats (1993b) suggest that combinations of

transcription factors must be involved in determining the pattern of pigment production

in snapdragon flowers. Two myb-ltke genes (myb305 and myb340) were also shown to

be able to regulate some of the flavonoid synthesis pathway genes (Moyano et al. 1996).

These regulatory genes are expressed in the same tissues, seem to compete for the same

DNA binding site and have differential affects on the activation of transcription. They

may represent a close control of the production of a secondary metabolite that can be

adjusted during developmental and environmental changes by the discreet action of each

ntyb-llke gene or via their interaction (Moyano et al. 1996). In the various grape tissues
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there is much variation in the levels of expression of the flavonoid synthesis pathway

genes. Perhaps there is a similar tight regulation of the genes in this pathway that can be

adlusted depending on the development of the tissue and in response to external stimuli'

This could be achieved by the same regulatory genes in the different tissues or by a

family of regulatory genes, members of which are expressed in different tissues and have

a differential affect on the activation of flavonoid synthesis pathway genes.

Unfortunately, this complexity of control may make the identification of the genes

required for the regulation of anthocyanin synthesis diffrcult as expression patterns alone

may not indicate that a specific regulatory gene is produced and subsequently activating

the structural genes. Also demonstrating that a transcription factor can bind to the

promoters of structural genes in vitro does not mean that it is activating transcription ln

vlvo.

It is quite likely that the white grape has arisen independently a number of times from

different red varieties. The mutations could be different in each case, and it is not

surprising that patterns of gene expression were different in the various white varieties

(Fig. 3.2). The loss of UFGT gene expression in Riesling, Semillon and Chardonnay is

not accompanied by the absence of expression of any of the other structural genes tested.

It is possible that the UFGT promoter has been mutated in some way in each of these

white-skinned varieties which has resulted in a loss of UFGT gene expression. The

Southern analysis of UFGT in the various grape varieties (Fig. 3.3) suggests that one

region of this DNA is very different in each variety and may represent a 'hotspot' for

mutations or perhaps a crossover region. Thus, it is possible that the UFGT promoter is

more likely to be mutated than other structural or regulatory genes and thus loss of
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anthocvaninSynthesisisquiteoftenduetoalossofUFGTgeneexpression.However.lt

seems that the other structural genes in the pathway' although still expressed' show a

reduced level of expression as compared to the black-skinned varieties' This may

represent a feed-back inhibition of the early pathway genes when a product produced

further down the pathway accumulates. The product beyond LDOX however has not

been identified as it is extremely unstable and thus unlikely to accumulate' There was

evidence of elevated proanthocyanidin levels in Muscat Gordo, Semillon and

Chardonnay, but this was not the case for the other two white-skinned varieties. Riesling

and Sultana (Table 3.2). Perhaps the loss of uFGT gene expression in these varieties is

due to the absence of a regulatory gene product. Loss of anthocyanin synthesis can arise

by mutations in individual structural genes in the flavonoid pathway, or by alterations of

regulatory genes controlling expression of a number of the structural genes' In many

instances, lack of production of anthocyanin pigments is the result of mutations in these

regulatory genes resulting in decreased expression of a number of structural genes in the

pathway. A similar picture is apparent in the skins of white grapes, where there were

lower levels of expression of most of the genes in the flavonoid synthesis pathway (Fig'

3.2). This suggests that alterations of regulatory genes may have occurred in these

varieties resulting in decreased synthesis of a number of enzymes of the pathway,

preventing accumulation of anthocyanins. Expression of UFGT was not detected in any

of the white grapes (Fig. 3.2) which may result from mutations of this gene or mutations

of a separate regulatory gene controlling its expression, which appears to be independent

of the other flavonoid genes in grapevine. The two patterns of expression shown by the

white-skinned varieties suggest that there may be more than one regulatory factor

involved in UFGT gene expression. With the pattern seen in Riesling, Semillon and
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Chardonnay, it could be that a regulatory factor vital for UFGT expression' but which

has a qualitative effect on the rest of the pathway is not present or active' However'

Muscat Gordo and Sultana have most of the pathway repressed, which may be due to

mutations in another regulatory factor which is necessary for the activation of gene

expression for most of the early pathway genes as well as UFGT' These white-skinned

varieties provide evidence that the anthocyanin synthesis pathway in grapevine has more

than one control regulating expression of the structural genes. It is surprising that there

were no cases where the expression of an early gene (for example CHS) alone was

absent, or where all the genes were expressed, but anthocyanin synthesis was inhibited by

a mutation in an early gene resulting in a loss of function of the resultant enzyme. This

may reflect natural selection against these mutants as they may lack essential, flavonoid

based compounds, or selection against such white=skinned grapevines by man as they

may be less useful for wine-making or perhaps have other undesirable properties such as

decreased disease resistance

The northern analyses of anthocyanin gene expression in berry flesh tissues shown in

Figs.2.8 and 3.1 appear to be inconsistent. Expression of CHI, F3H and DFR was

detected at 12 and 16 weeks postflowering in Figure 2.8, but only DFR expression was

detected 14 weeks postflowering in Figure 3.1. This is probably due to the differences in

exposure times of the different northern blots as those shown in Figure 3.1 were exposed

for a shorter period (24 hours) than those shown in Figure 2.8 (72 hours) as the signal

from midleaf and seed was so high that shorter exposure times were required. The

UFGT northern blots were not affected by this difference in signal intensity as expression

could only be detected in berry skin tissue and only after a long exposure time
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(approximately one week). Another surprising result was the lack of PAL mRNA

expression detected in cabernet Sauvignon berry skins (Fig' 3.2)' PAL' CHS and F3H

have been reported to be encoded by multigene families in grapevine (sparvoli et al'

lggii¡. The cDNA clones used as probes were isolated from grape seedlings' so it is

possible that other members of the gene families were not detected by these probes in the

tissues tested. CHI, DFR. LDOX and UFGT were apparently present as single copies in

the grape genome (Sparvoli et al. 1994), and therefore this problem should not arise for

these genes in the flavonoid pathway. It is interesting that cabernet sauvignon should

have a pAL gene expressed in benies which is less homologous to the clone isolated

from seedlings than the other varieties. Sparvoli and co-workers (1994) estimated that

there are l5-20 PAL genes in the grape genome, so perhaps the gene detected in most of

the varieties is not in¿uced in response to a devclopmentally controlled signal involved in

anthocyanin accumulation. Northern analysis of different members of the PAL gene

family in bean and parsley revealed differential expression patterns during development

or due ro environmental stimuli (Liang et aL 1989; Lois and Hahlbrock 1992). The

promoters of two members of the bean PAL gene family were fused to the GUS gene

and transformed into Arabidopsi.s, potato and tobacco, and the constructs were found to

have different temporal and spatial expression patterns during development as well as a

differential response to environmental stimuli (Shufflebottom et al. 1993)' Perhaps the

Cabernet Sauvignon grapes were not subject to the same environmental stresses as the

other varieties sampled and thus PAL genes homologous to the one isolated from grape

seedlings were not expressed in this sample. This is indeed possible as the Cabernet

Sauvignon sample was taken from Langhorne Creek, an area far removed from where

80



the other samples were taken. with the vines under a different pruning and irrigatton

regime than those vines sampled for the other grape varieties.
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Chapter 4

Grape anthocyønin mutants

4.1 Introduction

Sports or mutations are common in plants, and there are many mutants with modif,ied

flower- or fruit-colour (Forkmann 1993). The reason for the observed predominance of

these kinds of mutants over others is probably because they are both non-lethal and easily

seen. Grapevines are no exception as many examples of beny-colour sports have been

reported (Galet l9l9).

The work described in this chapter involves comparisons of the anthocyanin composition of

a number of grape varieties and their sports. Some of the sports involve black varieties

exhibiting a reduction in anthocyanin biosynthesis (Bronze and White Cabernets), and

others a reversion of white-skinned varieties to anthocyanin producing varieties (Pink

Sultana and Red Chardonnay). The anthocyanin profiles of these grapes were determined

to investigate if there was any difference in the profrles between sports where pigment

synthesis is diminished and those where it has been regained. The expression of six genes

from the flavonoid synthesis pathway was also analysed in these sports to compare the

genetic control of the pathway in grapevines with white or coloured berries.
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4.2 Materials and methods

4.2.1 Plant material

Grape berries were obtained from several sites in South Australia as listed below. In all

cases, whole bunches were cut from the vine and transported to the laboratory on ice.

Individual benies were scored for total weight and skin weight, with the skins being

separated from seeds and flesh by squeezing whole berries. The juice was pooled and a

combined measurement of total soluble solids ("Brix) taken using a refractometer. Skins

were then frozen in liquid nitrogen and stored at -80oC pending further analysis. Young

leaves from each variety were also harvested, transported to the laboratory on ice, frozen in

liquid nitrogen and stored at -80oC as a source of tissue for DNA extraction.

Grapes from the varieties Muscat à Petits Grains Blanc (hereafter referred to as Muscat

Blanc) and Muscat à Petits Grains Rouge (hereafter referred to as Muscat Rouge), Pinot

Blanc, Pinot Noir, Chardonnay, Red Chardonnay, Pink Sultana and Shiraz were obtained

from the collection of the South Australian Research and Development Institute at

Nuriootpa. Sultana grapes were sampled from the Waite Agricultural Research Institute's

collection at Urrbrae. Cabernet Sauvignon, and the subsequent sports which we have

named Bronze Cabernet and White Cabernet, were collected from the commercial vineyard

of Mac Cleggett in Langhorne's Creek, South Australia.
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4.2.2 Ãnthocyanin and proanthocyanidin extraction and HPLC analysis

Anthocyanins were extracted from the grape berry skins and total anthocyanin content was

measured as described in section2.2.2. The individual anthocyanins in each extract were

analysed following the protocol in section 2.2.3. Proanthocyanidin analysis was carried out

as described in Section 2.2'4.

4.2.3 Total RNA extraction and northern analysis

Total RNA was extracted from the various grape skin samples from the red and white

varieries using the method described in Section 2.2.5. Radiolabelled probes were prepared

and northern analysis carried out as described in Sections 2.2'6 and2'2'7 '

4.2.4 Genomic DNA extraction and Southern analysis

DNA was extracted from young leaf samples as described by Thomas et aL (1993) and

outlined in Section 3.2.4. This DNA was then used for Southern analysis following the

protocol in Section 3.2.5.

4.2.5 Grapevine DNA-tyPing

Grapevine DNA was extracted using the method described in Section 3.2.4 (Thomas et al-

1993). DNA-typing was performed as outlined in Thomas et aI. (1994). Six pairs of

primers which flank grapevine microsatellite sequences (Thomas and Scott 1993) were used

in the PCR reactions. One of the primers from each pair had a fluorescent dye attached to

allow the detection of the specific primer products within a mixed PCR reaction. The
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20 ¡jLPCR mix contained 50 ng of grapevine DNA, 1 U of l¿rl DNA polymerase' reactlon

buffer (20 mM Tris-HCl tpH 8.a1, 50 mM KCI), 2 mM MgClz. 125 pmol or 250 pmol of

each primer, 200 pM of dGTP, dCTP, dTTP and dATP. Following an initial denaturation

cycle of 3 min at 95oC, 26 cycles of PCR were performed (denaturation 45 s at 94"C:

annealing 30 s at 50'C; extension L5 min at 72"C) followed by a 7 min elongation step'

Each pCR reaction was then quantified on an 8Vo acrylamide gel and appropriate aliquots

mixed with formamide and a red DNA size standard. These samples were then denatured

and run on an automated DNA sequencing apparatus running GENESCAN software' The

PCR products were automatically sized by this software'

4.3 Results

4.3.1 Total anthocyanins and proanthocyanidins

The results of the analyses of total anthocyanins and proanthocyanidins in the berry skins

are presented in Table 4.1. The table also includes oBrix measurements to indicate the stage

of ripening of each berry sample. It has been shown in Chapter 2 that the total level of

anthocyanins in grape benies increased throughout ripening and so this should be

considered when comparing total anthocyanin measurements in Table 4' l '

Skins were sampled from Muscat Rouge, which is a coloured Muscat à Petits Grain with a

deep-redhue (Fig.4.1). When anthocyanins were extracted from these skins they had an

Arzo per gram fresh weight of 17.6 (Table 4.1), whereas skins harvested from Muscat Blanc

grapes had no detectable anthocyanins. The Muscat Blanc grapes were more ripe than the

Muscat Rouge, having an average oBrix measurement of 22.2 compared to 17.9 (Table
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4.1 ). It is uncertain if the Muscat Blanc is a sport of Muscat Rouge or vice versT' It should

be noted that there are at least two white-benied Muscats (Kerridge and Antcliff 1996) and

a number of different coloured Muscat cultivars, and the variation in the anthocyanin

profiles amongst these is great (Cravelo et al' 1994)'

pinot Blanc is a sport of Pinot Noir, and has been grown mainly in Alsace and northern Italy

(Kerridge and Antcliff 1996). Thus the Pinot Noir vine we used is unlikely to be the mother

vine of the Pinot Blanc sport. Pinot Blanc did not contain any anthocyanins, whereas the

Pinot Noir had much pigment, with an Aszo of 137.8 per gram fresh weight (Table 4'l)'

Tahle 4.1. Total anthocyanins and proanthocyanidins in the skins of various Srape

varieties. n/d = not detectecl (<2Asz/g Íresh weighl (<0.54/berry)

Variety oBrix Proanthocyanidins Anthocyanins

mg/g skin mg/brry Asz/g skin Asz/berrY

Muscat Blanc

Muscat Rouge

Pinot Blanc

Pinot Noir

Chardonnay

Red Chardonnay

Sultana

Pink Sultana

\Vhite Cabernet

Bronze Cabernet

Cabernet Sauvignon

Shiraz

22.2

17.9

20.8

2t.6

20.6

21.4

22.7

21.4

17.5

17.0

15.5

19.3

4.9

4.4

4.8

5.0

4.7

3.7

2.t

t.7

4.4

4.3

3.4

4.7

2.8

2.2

1.9

t.7

1.3

l.l
1.5

1.1

2.1

1.9

1.2

1.2

n/d

17.6

r/d

137.8

n/d

17.6

nld

4.8

r/d

9.2

84.4

212.4

r/d

8.8

nld

46.6

r/d

5.0

nld

3.0

r/d

4.1

30.6

53.3
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The Red chardonnay sport arose as a bud sport of a chardonnay vine in the clare Valley'

South Australia and the grapes sampled were obtained from vìnes vegetatively propagated

from the mother vine and the bud sport, such chardonnay sports have been described

previously (Galet lgTg). The colour of the berries is red (Fig' a' 1 ), with not as deep a hue

as the Muscat Rouge berries. Leaves from these vines were subjected to DNA+yping

analysis using the method described by Thomas et al. (1994)' The DNA-typing method

involves the analysis of the alleles present at six sequence-tagged microsatellite sites'

polymorphisms are detected by differences in the sizes of the microsatellites when they are

separared on a polyacrylamide gel. Cultivars can be identified by comparing the size of the

alleles in a sample with those in a database. The analysis of DNA-typing of the Red

Chardonnay is consistent with it being a sport of Chardonnay (Table 4'2)'

pink Sultana sports have been described previously (Galet 1979). The benies have a light

pink pigmentation (Fig. a.l), probably because they contain little anthocyanin. No

anthocyanins were detected in the Sultana berry skins, but skin from Pink Sultana at the

same degree of ripening had an Aszo of 4.8 per gram fresh weight (Table 4.1)'

The two cabernet sauvignon berry-colour sports described below represent previously

unreported mutants. The sports arose at a vineyard in Langhorne's Creek, South Australia.

The Bronze sport is a bud sport of a normal Cabernet Sauvignon vine with bronze-grey

appearance (Fig. a.l). Twelve vines were vegetatively propagated from it and all had

bronze coloured fruit. One of the Bronze Cabernet vines subsequently generated another

bud sport which lacked pigment, and this White Cabernet was subsequently vegetatively

propagated. The Bronze sport had approximately one ninth of the total anthocyanins of

Cabernet Sauvignon even though the Bronze Cabernet benies were slightly more ripe than

the Cabernet Sauvignon berries (Table 4.1). The V/hite Cabernet did not contain detectable
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levels of anthocyanins (Table 4' l ) Leavestakenfromthesevineshavebeensubjectedto

DNA{yping analysis, and the results (Table 4.2) are consistent with these mutants being

bucl sports of Cabernet Sauvignon

The amount of anthocyanins in the skins of the red or black grapes varied from an Atzo of

4.8 per gram fresh weight of skin in Pink Sultana to Aszo of 212'4 per gram fresh weight of

skin in shiraz. a 44-fold difference. Both samples were obtained from the same vineyard

with the Pink sultana sample riper than the shiraz sample, which suggests that this

significant difference is due to varietal differences rather than environmental or management

factors. Muscat Rouge, Pink Sultana, Red Chardonnay and Bronze Cabernet all possessed

much less anthocyanin than the more corlmonly cultivated black varieties Pinot Noir'

cabernet sauvignon and shiraz. Although the varieties with coloured berries were at

different stages of ripening, the least ripe was Cabernet Sauvignon and this variety still

possessed far more anthocyanins than the Muscat Rouge, Pink sultana' Red chardonnay

and Bronze Cabernet. No anthocyanins were detected in any of the white-skinned grapes,

although some may possess the ability to produce low levels of anthocyanins very late in

ripening (Galet 1979, Gholami and Coombe 1995)'

Table 4.2 Results of DNA-tvping analysis of Cabentet Sauvignon, Chardonnay and their

respective ,nut¡nts. Tlte data is presented in base pairs, and a difference <2 bp is insignificant!

Variety ws1
alleles

VVS29

alleles

VVS2

alleles

ws5
alleles

vvs1006

alleles

vMD007

alleles

Cabernet Sauvignon

Bronze Cabernet

White Cabernet

Chardonnay

Red Chardonnay

182:-

182-

182¡

184:191

I 84:190

178: I 80

178: I 80

178:180

17l:178

l7l:178

140:153

140:153

140:153

138:145

138:144

lO2123

103:124

103:124

89:148

89:148

286:-

286-
286-

286:292

286:292

239-
239-
239-

239'243

239:243

Y >2 bp is also insignificant
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Figure 4.1 GLape anthocyanin mutants. A, Muscat Blanc (lef,t) and Muscat Rou,Ec (tight); B, Pinot

Blanc (lcl't) ¿rncl Pinot Noir (right); C, Charclonnay (lcli) ancl Recl Chardonntry (right); D. Pink Sultana;

".=a.r.,''-l", 
t^rt
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4.3.2 Anthocyanin profiles of the sports

Results of the HPLC analysis of the anthocyanin contents of the skins of the coloured

varieties are shown in Figures 4.2 and 4.3. Extracts of shiraz and cabernet Sauvignon

berry skins exhibited HPLC profiles similar to those reported previously @ulf and Nagel

lg78; Roggero et al. 1986) and contained predominantly malvidin derivatives with

significant amounts of acylated anthocyanins, whereas Pinot Noir contained only

3-monoglucosides. Muscat Rouge, Red Chardonnay and Pink Sultana had similar patterns

to Pinot Noir in that they contained mainly 3-monoglucosides with minimal amounts of

acylated anthocyanins. However, there was significant variation in the proportions of the

various 3-monoglucosides found in Muscat Rouge, Red chardonnay and Pink Sultana' In

Muscat Rouge, peonidin 3-monoglucoside and malvidin 3-monoglucoside, both of which

are methylated in the B-ring of the molecule (Fig' 1.3), constituted 76'6Vo of the

anthocyanins. Red chardonnay had predominantly cyanidin 3-monoglucoside and peonidin

3-monoglucoside (8l.7Vo) pigments, which are found on the dihydroxylated 'branch' of the

anthocyanin pathway (Fig. 1.5). The major anthocyanins of Pink Sultana were the non-

methylated forms cyanidin 3-monoglucoside and delphinidin 3-monoglucoside (78'77o)'

The Bronze Cabemet sport had a very similar anthocyanin profile to the wild type Cabernet

Sauvignon plant from which it arose despite the much lower level of total anthocyanins

(Fig. a.3). The most significant differences seen in the Bronze sport were an increase in the

proportion of peonidin 3-monoglucoside, peonidin 3-acetylglucoside and malvidin 3-p-

coumaroylglucoside, and a reduction in malvidin 3-monoglucoside.
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Figure 4.2 Anthocyanin profiles of six grapevine varieties' The graphs show the amount of each

anthocyanin species as a percentage of the total anthocyanins found in each grapevine variety' Dpn =

delphinidin; Cyn = cyanidin; Ptn = petunidin; Peo = peonidin; Mvn = malvidin; gluc = 3-

monoglucoside; acet = 3-acetylglucoside; coum = 3-p-coumaroylglucoside.
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The anthocyanin profiles of the coloured varieties reflect the complexity of the genetics of-

the pathway. Pinot Noir has been well documented as a variety which lacks acylated

anthocyanins (Rankine et al. 1958; Fong et aI. l91l)' Presumably this is due to alterations

in the levels anÜor characteristics of the enzymes which are involved in adding acetyl or

coumaroyl groups onto the 3-monoglucosides. The anthocyanin profiles of Muscat Rouge'

Red chardonnay and Pink Sultana suggest that the activity of other modifying enzymes in

the pathway (e.g. flavonoid 3'-hydroxylase [F3'H], flavonoid 3'5'-hydroxylase [F3'5'H]

and methyltransferases IMTI) have been altered. Muscat Rouge has 437o malvidin

derivatives, compared to SOVo in Shiraz and Cabernet Sauvignon (Fig' 4'2)' Thus the flux

down rhe trihydroxylated branch of the pathway (Fig. 1.5) is proportionally less in the

Muscat Rouge grapes. This effect is even more marked in Red chardonnay and Pink

Sultana, where the percentages of trihydroxylated anthocyanins were only 16.4%o and 25Vo

respectivel y (Fig. a.Ð.

.e 40

(rt

ðgoo
.c.
c620
õ
o
810
òe

0
,s us ,5f o.c a"fJJ"Ëi*sddii-$uåi

Anhocyanin

Figure 4.3 Anthocyanin profiles of Cabernet Sauvignon and the Bronze Cabernet mutant'

The amount of each anthocyanin species is represented as a percentage of the total anthocyanins' Dpn =

delphinidin; Cyn = cyanidin; Ptn = petunidin; Peo = peonidin; Mvn = malvidin; gluc = 3-

monoglucoside; acet = 3-acetylglucoside; coum = 3-p-coumaroylglucoside.

I Cabemet Sauvignon
[-=] Bronze Cabemet
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4.3.3ExpressionoftheanthocyaninbiosynthesisgenesandSouthern

analysis of UFGT

Analysis of the expression of six genes from the anthocyanin biosynthesis pathway in the

berry skins is presented in Figure 4.4. Using northern analysis, expression of each of the

anthocyanin biosynthesis pathway genes was detected in the red- or black-skinned berries'

The level of anthocyanin gene expression in the benies of all the varieties with coloured

fruit correlates well with the total amounts of anthocyanins isolated from the skins (Fig'

4.4). This is especially so when the expression of leucoanthocyanidin dioxygenase (LDOX)

or UFGT are compared amongst the grape varieties' In the varieties with white-skinned

berries, expression of all the genes was generally much lower than in those with red- or

black-skinned benies. The most notable difference in the expression patterns of the

coloured and white grape skins was that UFGT expression was detected in all the coloured

berries, but in none of the white-skinned varieties. LDOX also has a distinct pattern of

expression, with expression always being higher in the coloured berries. A good example of

this is the expression of LDOX in the Cabernet grape series, which shows increasing

expression with increased anthocyanin levels (Fig' a'a)'

The gene expression data suggests that the major control of whether a grape berry will

produce anthocyanins is the expression of UFGT. UFGT is the only gene tested which

showed an absolute differential expression pattern between the white and coloured grape

berry skins. This raises the possibility that this gene is absent in the white-skinned grape

varieties. The presence of UFGT genes in the genomes of the white-benied grapevines was

investigated using Southern analysis (Fig. a.5). Genomic DNA was isolated from each of

the varieties investigated in this study, digested with the restriction enzymes Eco RV or

Dral and Southern blotted. When probed with a fullJength UFGT cDNA clone,
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Figure 4.4 Expression of anthocyanin biosynthesis genes in the skins of the v¿rriotts

grapevine v¿irieties. Northern blots are ol'total RNA fì'orn grape belry skin samples lì'om each vat'iety

ancl prolred wittr gLape cDNA clones as indicated on the left side of the fìgure'
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hybridising bands were detected in each of the samples (Fig. 4.5). This suggests that these

varieties all possess at least part of the uFGT gene(s). The southern analysis indicates that

the lack of uFGT expression may result from an aberration in the transcriptional control of

this gene, due to the absence of a functional promoter or related transcription factor rather

than the absence of UFGT-related sequences in the genomes'

4.4 Discussion

This chapter describes several grapevine colour mutants, some of which have been observed

to occur previously (Pink Sultana, Red Chardonnay) and some which are f,trst reported here

(Bronze and White Cabernets), To ensure that the Chardonnay and Cabernet mutants were

indeed sports of the 'wild-type' variety, DNA typing was cafried out and this confrrmed the

origins of the mutants (Table 4.2). Some of the sports show a loss of anthocyanin

pigmentation in the berry skins (Cabernet sports), and others display a reversion in berry

skin pigmentation (Pink sultana, Red chardonnay). The sports arising from white

cultivated varieties all had red-hued benies as opposed to the black, dark-pigmented berries

of most cultivated pigmented varieties. The coloured sports all contained less total

anthocyanins than cultivated coloured varieties, and this was not due to a signif,rcant

difference in the maturity of the benies (Table 4.1). This is also true for the Bronze

Cabernet sport, however, the colour of the benies is very different from those of the Red

Chardonnay or Pink Sultana sports (Fig. a.1). The colour is very much more orange than

red and is comparable to the colour of Pinot Gris benies. 'When the anthocyanin profile of

the Bronze Cabernet sport is compared to the Red Chardonnay or Pink Sultana sport, the

immediate difference noted is the amount of acylated anthocyanins in the Bronze Cabernet

as compared to the Red Chardonnay and Pink Sultana sports. However, factors other than

96



the anthocyanin species present may influence the perceived colour of the berries' certain

genes in petunia are known to affect the colour of the flower by changing the pH

(presumably of the vacuoles) of the flower limbs (de Vlaming et al' 1983)' The pH of the

vacuole may also influence the amount of each anthocyanin species that accumulate (Gerats

ancl Martin Igg2). The cellular localisation of the anthocyanins also influences the colour of

the plant tissue. The Bronze2 gene of maize is involved in the tagging of anthocyanins for

their subsequent transport into the vacuole (Mans et al. 1995) and mutations in this gene

results in bronze coloration in the cells as anthocyanins accumulate in the cytoplasm (Marrs

1996). This gene may also affect the total amount of anthocyanins that'accumulate and thus

the colour of the plant tissue, as pale pink pigmentation is seen in some bz2 mutants which

are still able to accumulate small amounts of anthocyanins in the vacuoles (Walbot et al'

lgg4). Furthermore, the hue of the berries could be altered by the presence or absence of

co-pigments in the vacuole, or the ability of each anthocyanin species to interact with

possible co-pigments.

It could be argued that the mechanism for the loss of pigmentation in berry skins is different

from the mechanism for regaining anthocyanin production. From this it would perhaps be

expected that a coloured mutant from the White Cabernet would produce red benies as

opposed to bronze berries, and the progenitors of Chardonnay or Sultana (if it is accepted

that white varieties derived from coloured varieties) would have black or bronze berries.

The Muscat Rouge therefore, would appear to be derived from a white Muscat variety, and

the Pinot Blanc variety would appear to be a mutant of Pinot Noir, via the Pinot Gris

intermediate mutant, very much like the Cabernet series of mutants described here.

Perhaps the most fascinating anthocyanin profile seen is that of Pinot Noir, where there is a

complete absence of any acylated anthocyanins (Fig. 4.2). The coordinate shutdown of all
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acylation suggests that (a) one enzyme catalyses the primary acylation of all the

anthocyanins and it has been mutated, or (b) all the genes involved in acylation have been

mutated. or (c) a regulatory gene controlling the expression of acylating genes has been

mutated. The Muscat Rouge, Red chardonnay and Pink Sultana sports show an increased

flux down the dihydroxylated branch of the anthocyanin pathway (Fig' a'Ð' Reasons for

this may include: increased F3',H activity, decreased F3'5'H activity, increased affinity of

DFR for dihydroxylated dihydroflavonols or decreased afhnity of DFR for trihydroxylated

dihydroflavonols. Glycosylation of the various anthocyanidins may also be affected by

UFGT mutations which could govern the level of various species of anthocyanins finally

accumulating in the vacuole. The properties of GSTs and glutathione pumps could also

affect the type of anthocyanins which are able to accumulate in the vacuole' Pink Sultana is

unusual in that it has low levels of methylated anthocyanins, which may indicate a mutation

in the genes involved in methylation or in their controlling genes. Another possibility is that

there is not enough substrate for the methylation enzymes, as Pink Sultana possessed the

least anthocyanins of all the sports (Table 4.1).

The Bronze Cabernet sport has an anthocyanin profile almost identical to Cabernet

Sauvignon (Fig. a.3). It seems that the major difference in the hue of these benies is due to

the lower levels of total anthocyanins. It is possible that the Bronze Cabernet sport is a

chimaera, with some cell layers in the skin 'wild-type' and some mutant. Anthocyanins

accumulate in the dermal cell layers (Winkler et aI. 1974), and Considine and Knox (1981)

showed that in Muscat Gordo there are 6-7 dermal cell layers in mature benies' Cell

lineage analysis showed that two cell layers gave rise to the seven in the mature berries and

that one of the two contributed six of these through periclinal divisions (Considine and

Knox l98l). If the cell line contributing six cell layers was mutated with respect to

anthocyanin synthesis, we would expect a greater reduction in total anthocyanins than if the
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cell layer remaining single had been mutated. This may explain the large reduction tn

anthocyanins in the Bronze Cabernet sport' The White Cabernet sport could subsequently

arise due to periclinal divisions in the mutated cell layer, or due to another mutation in the

'wild-type'cell IaYer

The northern analyses of the various sports provide evidence that the UFGT step is the

control point for anthocyanin production in grape berry skins as it is the only gene that

displays an absolute differential expression pattern between pigmented and non-pigmented

grape berries (Fig. a.a). Previous studies looking at expression of anthocyanin genes during

grape development (Chapter 2) and in other grape tissues (Chapter 3) also suggest that the

controlling point of anthocyanin production in grapes is beyond the LDOX step of the

pathway. This is in contrast to results in snapdragon, petunia and maize where the key

regularory points are F3H, DFR and CHS respectively (Martin and Gerats 1993a: Holton

and Comish 1995). All of the white-skinned varieties also show less expression of all the

genes of the anthocyanin biosynthesis pathway with Sultana having the greatest reduction in

expression (Fig. a.a). This may reflect the manner in which regulatory genes control the

anthocyanin structural genes in grapes and this is discussed extensively in Section 3'4'

Southern analysis showed that all the varieties reported in this chapter contained at least

part of the UFGT gene (Fig. 4.5). Thus the lack of UFGT gene expression in the white-

benied varieties seems to be due to a lack of transcription of the gene and not simply an

absence of UFGT in the genome. These results indicate that changes in anthocyanin

synthesis in grapevine sports occur by alteration at the level of gene transcription, as has

been observed in other plants (Martin and Gerats 1993b). The anthocyanin structural genes

in grapes are, presumably, controlled by two groups of regulatory genes which show

homology to myc and myb transcription activators as they are in other species (Section
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1.7.3). It is possible that mutatlons ln either of these genes may alter anthocvanln

production. Mutations in the promoter of uFGT which alter the ability of ,^'(' andror ntvlt

transcription activators to control UFGT expression may also result in a loss of berry skin

pigmentatton

Although the grapes which lack anthocyanins all lack detectable UFGT gene expression and

the reversion to pigment-producing benies involves a restoration of UFGT expression' the

various sports have arisen independently. Therefore, the phenotypes may have arisen due to

different mechanisms. As stated above, a loss of UFGT expression may be due to a

mutation in the promoter of the gene or a mutation in a transcription factor which induces

expression of the gene. The differences in the proportions of the various anthocyanins in

the Pink Sultana, and Red Chardonnay sports may be due to these different mechanisms'

The theory that white-skinned grapevine varieties have arisen from black-coloured

progenitors raises interesting possibilities about the subsequent reversion of the white grape

berries to red-skinned berries. Reversion is commonly seen in maize kernels, and is due to

the presence of transposable elements (for review see Fedoroff 1983). The insertion of the

element into an anthocyanin biosynthesis or regulatory gene may result in a lack of

anthocyanin production; however, the subsequent excision of the transposable element may

revert the gene expression to a regular pattern and thus a wild type phenotype (Fedoroff

1983). Retrotransposon-like sequences have been found in grapes (pers' comm" Dr' M'R'

Thomas, cslRo, Adelaide), however, these appear not to excise and thus would probably

not be responsible for the reversion seen in some sports. Nevertheless, it is possible that

other transposable elements could be responsible for the loss and/or reversion of

anthocyanin production.
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possible manipulations of the anthocyanin profiles of grape skins may have

benefits. Different anthocyanin species have been shown to have different ex

capabiìities during the early stages of wine making and the rate of loss of individual

anthocyanins in wine may depend on their structure (see Section 1'5'4)' Unfortunately'

many studies into the stability of anthocyanins during wine-making and the subsequent

storage of wine only measure the loss of each anthocyanin species' Complicating factors

are the ability of an anthocyanin to complex with several compounds found in grape juice

(most significantly tannins) and the subsequent hue and stability of these complex

compounds. The formation of these complexes makes the study of the stability of individual

anthocyanin species in wine very difficult. Perhaps the use of radiolabelled molecules may

enable the fate of each anthocyanin species to be followed during wine-making' Following

this, rhe isolation of genes involved in the modification of the B-ring substitution of the

anthocyanins (F3'H, F3'5'H, MT) and the acylation of these molecules (acyltransferases)

will be necessary before the ability to change the grape skin anthocyanin profiles in a

qualitative manner is Possible.
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Chapter 5

The efficts ofanauxin-Iike comqo und on grape berry rtpentng

5.1 Introduction

Most studies into the development and ripening of fruit have focused on climacteric fruit'

Ripening in climacteric fruit is accompanied by a burst in respiration which usually follows

an increase in ethylene production. In contrast, non-climacteric fruit often show a decline in

respiration during ripening and ripening is not induced by ethylene. This is indeed true for

grape berries which are considered to be non-climacteric, and the 'trigger' for ripening in

these fruit remains unidentified. Ethylene, considered the signal that initiates ripening in

climacteric fruit, does not effect grapes the same way. Ethylene levels in grape berries have

been shown to decline during ripening (Alleweldt and Koch 1977; Weaver and Singh 1978)'

and when grapes are treated with ethylene or ethephon, ripening can be advanced or

delayed depending on the timing of application (Hale et aI.l97O; Coombe and Hale 1973)'

Studies into the effects and endogenous levels of other plant growth hormones do not

supporr a single factor being involved in initiating grape berry ripening. Abscisic acid

(ABA) concentration increases as benies ripen and treatments which delay the onset of

ripening also cause a delay in the increase of ABA (Coombe and Hale 1973; Scie¡za et al.

1978; Cawthon and.Monis 1982; Kataoka et aL 1982). Hale and Coombe (1974) were

able to reduce the time between flowering and ripening through the application of ABA at

specifrc times during development, but this need for the benies to be 'responsive' suggests

that ABA is not the only factor involved.
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There is evidence that auxins play a role in fruit ripening' Many fruit are auxin sensltrve

with respect to ripening and these include avocado (Tingwa and Young 1975)' banan¿t

(Vendrell 1969), pear (Frenkel and Dyck lg73) and strawberry (Given et al' 1988)'

Strawberries ripen when the auxin levels fall below a certain concentration (Given eÍ al'

lggS) and auxins have also been shown to induce and repress the expression of specific

mRNAs and polypeptides in strawberry (veluthambi and Poovaiah 1984; Reddy and

Poovaiah 1990; Manning 1994). Recent studies by cohen (1996) using tomato fruit grown

in tissue culture suggest that elevated auxin levels can delay ripening in this climacteric fruit'

Indole acetic acid (IAA) levels in grape benies are at their highest just after anthesis and

then decline to extremely low levels after véraison (cawthon and Morris 1982)' Grape

berry ripening can be delayed by the addition of the synthetic auxin analogue benzothiazole-

2-oxyacetic acid (BTOA) prior to véraison (weaver 1962; Hale 1968; Hale et aL 1970:'

Coombe and Hale 1973; Hale and Coombe 1974). Thus, it is possible that ripening in grape

berries is not simply due to the increase in a ripening initiator, but may come about due to

the decrease in the level of a ripening inhibitor or a combination of both processes' The

results presented in this chapter show the effect of BTOA on the expression of a number of

developmentally controlled genes.

5.2 Materials and methods

5.2.1 Plant material

The berries used in this study were sampled during the 1995-1996 growing season from

Vitis vinifera L. cv. Shiraz vines grown in a commercial vineyard in Willunga, South
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Australia. Forty bunches were selected, each from a different vine. which were at similar

stages of development and similar positions on each vine' These bunches were dipped for

30 secs in a solution of 20 ppm benzothiazole-2-oxyacetic acid (BTOAI American

cyanamid co., Princeton, New Jersey) containing o.o5vo Tween 2O a¡ 6 and .8 weeks

postflowering.

5.2.2 Sampling and measurement of berries

Control and BToA-treated berries were measured and sampled every two weeks, with the

sampling of BTOA-treated grapes beginning 8 weeks postflowering' A subsample of 30

benies were measured for deformability and oBrix as described in Section 2.2.1 and the

skins frozen in liquid nitrogen for total anthocyanin analysis. Another sample of 30 benies

was deseeded and immediately frozen in liquid nitrogen pending further analysis. These

berries were assayed for invertase activity and reducing sugars as described by Ruffner et al'

(1995), and anthocyanins as described in Section2'2'2'

5.2.3 Quantification of berry ABA levels

euantitative analysis of ABA was carried out by stable isotope analysis. Frozen berries

were thawed rapidly and I g of chopped benies was homogenised in 20 mL of cold

methanol. An internal standard of 2H¡-(t)ABA was added at a rate of I pg g-r fresh weight'

The extract was then spun at 20,0009 for 10 min at 2oC. The resulting pellet was washed

with 20 mL of cold methanol, pelleted again, and the two methanol supematants were

pooled. Twenty mL of water was added and the methanol was removed under vacuum at

20"C. This aqueous extract was adjusted to pH 2.5 with I N HCI and extracted three times
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with an equal volume of ethyl acetate. The organic phase was dried overnight over sodium

sulphate then reduced to dryness in vacuo. The residue was dissolved in 200 ¡tL of

methanol, mixed with 800 pL of water, and clarified by centrifugation' The extract was

subjected to HPLC, the zone corresponding to ABA was dried jrl voctto and methylated

with ethereal diazomethane, dried under nitrogen and dissolved in 200 pL of acetone'

GC-MS was conducted using a Hewlett-Packard HP-GC series 6809. Ions at 162' 165'

190, 193 were monitored. Quantification was by reference to a calibration curve'

5.2.4 Isolation of grape berry RNA and northern analysis

Total RNA was isolated from the BTOA-treated and control berries, which had their seeds

removed, using the method described in section 2.2.5 and northern analysis followed the

protocol of Section 2.2.7. DNA probes to CHS, UFGT (Section 2'2'6)' a putative vacuolar

invertase (GINl; Davies and Robinson 1996), chitinase (YvChi4; Robinson et aL 1997) and

a ripening related cDNA clone encoding an extensin-like protein (GRIP4; Dr' C' Davies'

cslRo, Adelaide) were prepared by random primer labelling (Section 2'2'6)'

5.3 Results

5.3.1 Changes in berry physiology due to BTOA treatment

The treatment of grape berries with BTOA retarded ripening (Fig' 5.1). Berr)' softening,

which was measured by an increase in deformability, was delayed by approximately two

weeks in the BTOA-treated benies, however the rate of softening was then simila¡ to that

of the control berries (Fig. 5.24). The increase in soluble solids which begins at the onset
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of ripening was also delayed by approximately two weeks in the BTOA-treated benies (Fig'

5.28). The r¿rte of increase in soluble solids was slightly less in the BTOA-treated berries as

comparecl to the control berries, and the final "Brix measurements taken 16 weeks

postflowering were 14.8 "Bdx for the BTOA-treated sample andZl.4 oBlix for the control

szirnple.

Figure 5.1 The effect of BTOA treatment on the ripening of Shiraz grape berries' The lower

hall-pl'the bunch of Shiraz gr¿ìpes picturerJ above was dipped for 30 secs in a solution of 20 ppm BTOA

conttrining 0.05 o/o Twcen 20 at six and eight wceks posttìowering. The upper half ol the Lrunch has tlot

been treated and has thus ripened normally. The photograph was taken at approximately 13 weeks

postllowering.
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Figure 5.2 Effect of BTOA treatment on grape beny ripening parameters' A, berry

deformability; B, total soluble solids in the beny juice, measured as oBrix. Measurements were taken at two

weekly intervals throughout beny development as described in section 5.2.2'

5.3.2 Changes in invertase activity and gene expression

Figure 5.3 shows the effect of BTOA treatment on the accumulation of reducing sugars,

berry weight and invertase activity in the berries. The reducing sugar accumulation in the

BTOA-treated and control berries was similar to the changes in soluble solids, as would be

expected. By the end of the sampling period, reducing sugars had accumulated to 2l'3

9/100 g fresh weight in the control berries and to 16 9/100 g fresh weight in the BTOA-

treated fruit. In the control berries, invertase activity on a per gram fresh weight basis

increased rapidly early in development until véraison, after which activity declined' This
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Figure 5.3 Effect of BTOA treatment on berry weight increase and sllgar accumulation. A,

reducing sugars; B, berry weights; C, invertase activity on a per g basis; D, invertase activity on a per berry

þasis; E, invertase rnRNA expressiorr assayecl by northern blot analysis using the GINI cDNA as a probe; c
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decline in activity per gram fresh weight was due to an increase in berry weight rather than a

reduction in total activity. If invertase actrvity was plotted on a per berrY basis the

maximum was again reached at véraison in the control berries, however the activity then

levelled off throughout the rest of berry ripening. Invertase activity was higher' on a per

gram fresh weight basis, in the BTOA-treated fruit than in the control berries for all samples

except the ten week postflowering sample. There was also a decline in activity per gram

fresh weight in the treated berries after véraison as was seen in the control samples'

However, the activity per beny in the BTOA-treated samples continued to rise after

véraison rather than remain stable as in seen in the control samples.

The expression of invertase mRNA was also investigated and the northern blot is shown in

Figure 5.38. The probe used was the most abundant form of the putative vacuolar

invertase genes (GINI) isolated by Davies and Robinson (1996). High levels of invertase

mRNA were detected in the control benies until around véraison (ten weeks postflowering)

after which the message rapidly declined in abundance from 12 weeks postflowering

throughout the rest of berry development. In contrast, invertase message was easily

detected in all the BTOA-treated berry samples and was still expressed in BTOA-treated

fruit long after it could not be detected in the control berries. It is interesting that the

prolonged expression of this invertase gene extends beyond the two-week period when

ripening is delayed in the BTOA-treated grape berries. This expression of invertase mRNA

may explain the elevated levels of invertase activity after véraison in the BTOA samples

compared to the control berries.
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5.3.3Changesinanthocyaninaccumulationandtheexpressionof

anthocyanin biosYnthesis genes

Anthocyanin accumulation was measured by the increase in Aszo in skin extracts' As can be

seen in Figures 5.1 and 5.4A, the BTOA treatment retarded anthocyanin accumulation'

Control berries contained anthocyanins at 12 weeks postflowering' whereas anthocyanins

were not detected in the BTOA-treated samples until 14 weeks postflowering. The rate of

accumulation of anthocyanins in the BToA-treated fruit was less than the rate in the control

berries. As a result the levels of anthocyanins in the treated berries were much lower than

that in the control samPles.

As presented in Chapter 2, anthocyanin synthesis begins at the onset of véraison and

coincides with an increase in the expression of several genes in the flavonoid pathway'

Northern analysis was carried out on total RNA extracted from BTOA-treated and control

fruit at various stages of ripening to see if the delay in anthocyanin accumulation is

accompanied by a delay in anthocyanin gene expression. Two genes from the anthocyanin

biosynthesis pathway (CHS and UFGT) known to be involved in the accumulation of

anthocyanins in ripening Shiraz berry skins were used in the northern analysis and the results

are presented in Figure 5.48. In untreated Shiraz benies CHS expression was detected at

low levels prior to véraison, however, the level of CHS mRNA increased considerably at

véraison when anthocyanins began to accumulate in the benies. BTOA treatment decreased

the level of CHS expression before véraison and delayed the increase seen after véraison in

the control benies by approximately four weeks, with expression of CHS not increasing

until 14 weeks postflowering in the BTOA-treated berries (Fig. 5.aB). UFGT expression

was also affected by BTOA treatment. In the control fruit, UFGT expression was not

detected until ten weeks postflowering, as anthocyanins began to accumulate, and the
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UFGT message was then present through to harvest' However' in BTOA-treated grape

berries. UFGT mRNA was not detected until l4 weeks postflowering and thus was delaved

four weeks compared to the control sample (Fig' 5'48)'

5.3.4 Changes in the expression of other ripening-related genes

Other projects conducted in the CSIRO, Division of Horticulture laboratory in Adelaide

have identified genes that are regulated in a ripening specific manner' These were used as

probes to test the effects of BTOA on ripening related expression of other genes in grapes'

The GRIP4 clone was highly represented in a cDNA library made from post-véraison

benies (pers. comm., Dr. C. Davies, cslRo, Adelaide). The expression of GRIP4 in

control fruit is very high just after véraison (ten weeks postflowering) but was undetectable

before véraison and later in berry development. In BTOA-treated berries the GRIP4

message was not detected until 12 weeks postflowering and remained expressed at a high

level throughout the rest of berry ripening (Fig. 5.5)'

YvChi4 is a beny specific chitinase gene that is induced during grape berry ripening

(Robinson et aI.l99i). As Figure 5.5 shows, YvChi| mRNA was first detected ten weeks

after flowering in the control benies with expression increasing by l2 weeks postflowering'

This high level of expression was maintained throughout the rest of berry development'

However, BTOA treatment retarded the onset of YvChi4 gene expression for two weeks'

yvChi4 mRNA was first detected in the 12 week postflowering BTOA-treated sample and

remained highly expressed throughout ripening (Fig. 5.5)'
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5.3.5 ABA levels in the control and BTOA-treated berries

The level of ABA in the control berries was high in the sample taken two weeks ¿rfter

I'lowering but had clecre¿rsecl to a low level by six weeks postfloweling (Fig. 5.6). After

vér¿rison (eight weeks postflowering) the level of ABA began to dse, reaching a maximum

at l2 weeks postfloweling after which the level agaitt decreased, In the BTOA-tleated

fì'uit, the ripening lelated increase in ABA levels was delayed by two weeks when comparecl

to the control fi'uit, which coincidecl with the delay in véraison in these fi'uit. In BTOA-

treatecl fruit the ABA level increasecl at l2 weeks postflowering, teaching a maximum at l4

weeks postflowering ancl then declining.
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5.4 Discussion

The treatment of grape berries with the synthetic auxin-like compound BTOA before

véraison resulted in a delay in the onset of ripening as has been observed previously

(Weaver 1962: Hale 1968; Hale et aI. 1970; Coombe and Hale 1973; Hale and Coombe

lg74). Anthocyanin and hexose accumulation, berry softening, and an increase in berry

weight are processes associated with berry ripening and each was delayed by approximately

rwo weeks in the BTOA-treated fruit (Figs. 5.2, 5.3 and 5.4). The onset of the
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accumuration of skin corour was later than the changes in the other ripening parameters b1"

approximately two weeks in both samples. The final extent of the changes caused by the

BTOA treatment was different for the ripening processes monitored. The final level of

anthocyanins in the BTOA-treated fruit was 47Vo of the level in the control sample (Fig'

5.44), the level of reducing sugars in BTOA-treated fruit was also reduced' being 75Vo of

the control value (Fig. 5.34). The final beny weight was the least effected ripening

paramerer measured, the BToA-treated berries having 87Vo of the weight of the control

berries (Fig. 5.3B). Although BTOA treatment of the berries delayed ripening and affected

the final degree of ripening related changes, it did not appear to upset the coordination

between the various ripening processes. Nevertheless, it has been noted that exogenous

growth regulators can differentially affect colour development and the other ripening related

processes. The application of ABA to developing grape berries can increase anthocyanin

production without altering the changes in total soluble solids and titratable acids that occur

in control benies (Kataoka et aL 1982). It appears that ripening in grape berries may

consist of a set of processes that are coordinated, but not absolutely linked to each other by

a single controlling factor.

The delay in the accumulation of hexoses in the BTOA-treated berries cannot be linked to

the changes this treatment induces in the expression of a putative vacuolar invertase. The

level of invertase mRNA seemed to be higher in the treated samples than the control

samples at eight weeks postflowering (Fig. 5.3E). The continued elevated expression of

invertase 6RNA after ten weeks postflowering in the BTOA-treated sample coincided with

higher invertase activity (Fig. 5.3C) which probably indicates that this mRNA is translated

into active enzyme. However, it has been shown previously that the accumulation of

hexoses in the vacuole does not appear to be controlled by the activity of invertases
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(Hawker 1969;Davies and Robinson 1996). BTOA-treatment therefore seems to affect the

mechanism of hexose accumulation in another manner, perhaps at the step of sucrose

movement from the phloem or the movement of sugars across the plasma membrane'

Auxins have been shown to affect gene expression, both positively and negatively. in

different plant rissues and plant species (reviewed by Guilfoyle 1986; Theologis 1986)'

BTOA-treated benies display both positive and negative effects on the level of expression

of different genes. The expression of invertase mRNA was maintained after véraison in the

BTOA-treated samples in contrast to the control samples (Fig. 5.3E) and, although GRIP4

expression was delayed by two weeks in the BTOA-treated samples' expression was

maintained later in development when it was not detected in the control samples (Fig. 5.5).

Negative regulation of UFGT and VvCåt4 mRNA expression was observed, with the

BTOA-treated samples showing induction two weeks later than the control samples. If the

northern blots are compared, we can see that the changes in gene expression in the BTOA-

treated samples were not due to changes in the mRNA profile due to non-specific

degradation or an overall decrease in mRNA levels. For example, CHS and UFGT were

not detected in the ten and 12 week postflowering BTOA-treated samples, yet invertase

was readily detectable in both.

In contrast to climacteric fruit, ethylene does not seem to play a pivotal role in grape berry

ripening. The level of ethylene is low in ripening grape berries (Coombe and Hale 1973;

Alleweldt and Koch 1977;Weaver and Singh l97S). Depending on the time of application,

exogenous ethylene or the ethylene releasing compound ethephon can either advance or

retard the onset of ripening (Hale et al. 1970: Coombe and Hale 1973)' Therefore, it seems

that ethylene may be able to affect grape berry ripening but only as a secondary factor in
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conjunction with other growth regulating hormones' It has been suggested that the increase

in ABA levels which begin at véraison may be the trigger for ripening and that these levels

of endogenous ABA may influence the effect of the exogenous application of a growth

regulatory compound (Coombe and Hale 1973; Hale and Coombe 1914 Coombe 19761

Scienza et al. 1978;Cawthon and Morris 1982; Kataoka ¿l at' 1982). Coombe (1976) went

on to suggest that the decrease in ABA levels prior to its increase after véraison may be a

part of this control process, although there is no direct evidence for this'

The studies described in this chapter support the role of plant growth hormones in the

control of the expression of genes involved in grape berry ripening' The hormonal control

appeared to be mediated via changes in the transcription patterns of these genes, although

changes in the rate of pRNA turnover and posttranscriptional control may also be involved'

The influence of the auxin-like compound BTOA on both ripening and developmentally

regulated gene expression suggests that auxins may play a role in the development and

ripening of grape berries. The decrease in IAA levels prior to véraison observed by

Cawthon and Morris (1982) is also consistent with this suggestion. Perhaps auxins act as

an inhibitor of ripening which is therefore not initiated until the auxin levels pass below a

certain threshold. The application of BTOA to the berries may increase the levels of auxins

and thus delay ripening. A similar scenario has been described for strawberry fruit where

auxin levels decrease during development to low levels during ripening and where ripening

can be delayed by the application of exogenous auxins (Given et al. 1988). However, the

picture is complicated by the fact that BTOA treatment delays the rise in ABA levels

normally associated with ripening. It is possible that BTOA treatment results in a delay in

the decline of auxin levels which is somehow linked to the control of ABA levels'

Therefore, grape beny ripening may be initiated by a combination of a decline in auxin
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levels coupled with an increase in ABA levels' The increase in ABA levels may not be a

cause of ripening but a result of the stress imposed on the beny during the ripening process'

since ABA is known to be involved in the mediation of plant stress responses' The dramatic

changes that occur at véraison, for example the rapid influx of sugars' may cause the berry

considerable stress resulting in the increase in ABA levels and thus an AlIA-mediated stress

response

The exact nature of the processes leading to the induction of ripening in grapes is still to be

elucidated. However, the tools have been set in place for a further dissection of the factors

which influence grape berry ripening. Treatments which decrease the levels of auxin early in

berry development may reveal more about the role of auxin inhibition in ripening. However,

the use of anti-auxins or auxin transport inhibitors would perhaps be complicated by the

pleiotropic effects of these chemicals. It has been suggested that auxin signal transduction

is mediared via phospholipase A (Scherer and Arnold 1997) which may offer another target

for the manipulation of the effects of auxins on grape benies. The application of ABA to

berries may also reveal aspects of the coordination of the va¡ious ripening processes. If this

application could 'uncouple' the expression of various stress related mRNAs from the

general ripening process, then it would suggest that ABA accumulation is a result and not a

cause of ripening. Ultimately, a mutagenesis experiment from which ripening mutants could

be obtained and characterised, would perhaps provide most valuable information about the

control of ripening in grape berries.
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Chapter 6

myb-like genes

6.1 Introduction

In order to understand the control of anthocyanin biosynthesis in grape berries. the

characterisation of grape anthocyanin regulatory genes is necessary' These clones may then

be used to manipulate anthocyanin biosynthesis irz vivo by using transgenic technology' The

structural genes of the anthocyanin pathway are controlled by regulatory genes and these

have been identified in some plant species (Section l'7'3)' These regulatory genes show

homology to either m))c- or myb-ltketranscription factors and have been shown to control

the anthocyanin pathway at different points in different species. Transgenic studies have

shown that some of the regulatory genes can induce anthocyanin biosynthesis in

heterologous plant species, although the effect depends on both the source of the regulatory

gene(s) and the target plant species (e.g. Lloyd et al' 1992; Quattrocchio et aI' 1993:'

Mooney et al. 1995). However, the myb gene families in plants appear to have roles in

other processes (Martin and Paz-Ares lg97) and so any homologue isolated may not

necessarily be a transcription factor that regulates the expression of structural genes from

the anthocyanin pathway. This is also true for myc-like genes, as myc homologues have

been isolated from Arabidopsis that do not map to loci involved in anthocyanin synthesis

(Urao et aI.1996; de Pater et aI.1997).

Several approaches were taken to clone anthocyanin regulatory genes from grape, one of

which lead to the cloning of grape myb-likecDNAs. This chapter describes the isolation of
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two ¡r1þ-like cDNA clones from post-véraison grape berries and their partral

characterlsatlon

6.2 Materials and methods

6.2.1 Plaque screening of grape cDNA library

6.2.1.1 Plating of library and lysates

XLI-Blue MRF' cells were grown in 50 mL of L broth (17o NaCl, l7o bacto-tryptone,

O.5Vo Jeasr.extract tpH 7.01) + 0.2Vo maltose + l0 mM MgSO+ until they reached an ODroo

of 0.5. These cells were centrifuged at 2000 rpm for 10 min and gently resuspended in

l0 mM MgSO+ to an oDeoo of 0.5. Phage stocks were diluted to an appropriate level and

added to either 600 pL (for 150 mm diameter plates) or 200 pL (for 85 mm diameter

plates) of the prepared XLl-Blue cells. The mixture was incubated for 15 min at 37oC in a

slowly shaking incubator to attach the phage to the bacteria' Top agar (O'SVo NaCl'

0.2voMgSO¿,0.5Vo yeast extract, l7o NZ amine, 0.77o agar [pH 7.5]), which had been

equilibrated at 48oC, was added to the infected cultures and then poured onto NZY plates

(0.5Vo NaCl, 0.2Vo MgSOo,,0.5Vo yeast extract, lVo NZ amine, I'57o agr tpH 7'51) which

were then incubated at37"Cuntil plaques of an appropriate size had formed.

6.2.1.2 Plaque lifts

plaque lifts were performed as described in the Amersham instruction manual supplied with

the Hybond N nylon membrane with slight modifîcations. Membrane discs of the
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appropriate size were laid on the plates for 2 min and if duplicates were made the second

filter was transferred for 4 min. The membrane was removed and placed DNA side up on

filter paper soaked in denaturing solution ( 1.5 M NaCl, 0'5 M NaOH) for 2 min' Following

this. the membrane was placed DNA side up on filter paper soaked in neutralisation solution

(1.5 M NaCl,0.5 M Tris-HCl IpH 8.01) for 5 min. After a 2 min wash in 2 x SSC' the

membrane was air dried, UV-crosslinked and stored at 4"C pending hybridisation and

detection.

6.2.1.3 Hvbridisation and washing of membranes

Hybridisations were effected in a Hybaid mini hybridisation oven using rotating glass

cylinders. The membranes were prehybridised in 0.1 mL cm-2 of prehybridisation solution

(0.25 M sodium phosphate [pH 7.0], I mM EDTA [pH 8.0], TVo lwlvl sDS) at 65oC for at

leasr I h. Radioactive probe was prepared (Section 2.2.6) and denatured, added to the

prehybridisation solution and hybridised for 15 h at 65oC. Non-specifically bound probe

was removed by washing the membrunà u, follows: two 10 min washes in 2 x SSC'

0.17o sDS at room temperature; and a 15 min wash in I x sSC,0.l7o sDS at 65oC. This

trearment is equivalent to a hybridisation stringency of -75Vo (i.e. allowing approximately

25Vo mismatch between pairing nucleotides). The probe was detected by exposing the

membrane to Kodak XAR film at -80oC with intensifying screens.

6.2.1.4 Isolation of single plaques from agar plates

During the early rounds of screening agar plugs containing several plaques were removed

using sterile pasteur pipettes. These plugs were vortexed briefly in 1 mL of SM buffer
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(100 mM NaCl, 8 mM MgSO+. 50 mM Tris-HCl [pH 7'5]' O'OlVo [w/v] gelatin) and stored

at 4Lcfollowing the additron of 20 ¡rL of chloroform. Following three rounds of screening'

single plaques were isolated as agar plugs and treated as above'

6.2.1.5 In vivo excisiott o.f pBluescript

The ExAssislsolR system (Stratagene) was used to excise pBluescript from the ÀzAP II

vector. The plaque of interest was isolated as described above (Section 6'2'1'4)' In a

50 mL tube, 100 ¡rL of the phage stock was mixed with 200 pL of XL-1 Blue cells (ODooo

= 1.0) and I ¡rL of ExAssist helper phage, and the mixture incubated at37oC for l5 min to

allow phage adsorption. This was incubated for a further 2 h at 37"C' following the

addition of 3 mL of 2 x YT media ( I 7o NaCl, l.6Vo bacto-tryptone, 77o least extract [pH

7.01). The tube was heated at 70'c for 20 min and spun for 15 min at 40009 to pellet the

cells. The supernatant, which contains both the helper phage and excised phagemid' was

collected and I pL used to infect 200 ¡rL of SOLR host cells (oDeoo = 1'0). The helper

phage contains an amber mutation which prevents its replication in non-suppressing host

strains such as SOLR cells. The infected SOLR cells were incubated at37"C for 15 min

and aliquots plated on media containing ampicillin (100 pg fnl--r) to select for bacteria

harbouring pBluescriPt.

6.2.2 General DNA maniPulations

During the cloning and subcloning of the myb-like cDNA clones a number of general

techniques were employed. The techniques were as described in Sambrook et aI. ( 1989)'
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6.2.3GenomicDNAextractionandSouthernanalysis

DNA was extracted from a Shiraz young leaf sample as described by Thomas et al' (1993)

and outlined in Section 3.2.4. This DNA was used for Southern analysis following the

protocol in Section 3.2.5'

6.2.4 Total RNA extraction and northern analysis

Total RNA was extracted from the various grapevine tissue samples using the method

described in Section 2.2.5. Radiolabelled probes were prepared and northern analysis

carried out as described in sections 2.2.6 and2'2'7 '

6.3 Results

6.3.1 Cloning and characterisation of myá'like transcription factors

A cDNA library had been constructed from mRNA isolated from post-véraison (ten weeks

postflowering) Shiraz grape benies by Dr. C. Davies (CSIRO, Adelaide). This library had

been constructed in \ZAP II vector, and packaged into bacteriophage. Approximately

800,000 plaques were screened for both myb and myc homologues' The probe used for the

nrb screening was a partial cDNA clone coding for CI (Dr. C. Martin, John Innes Institute,

Norwich, UK), a maize myb-like gene known to regulate anthocyanin genes (Paz-Ates et aI.

1987). Two probes were used for the myc screening. One probe encoded DeIiIa, amyc-

like gene isolated from snapdragon (Dr. C. Martin, John Innes Institute, Norwich, UK;

Goodrich et at. 1992) and the other was a homologue from maize, B-peru (J. de Majnik,
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CSIRO. Canberra: Chandler et al. 198Ð. Both of these genes are involved in the regulation

of structural genes from the anthocyanin biosynthesis pathway'

No positive clones were obtained with either of the nlc-like probes. Four plaques which

hybridised on the initial mtb scteen tested positive through two more rounds of screening'

Plasmids were rescued from the four plaques allowing further manipulations to be carried

out in E. coli. The plasmid DNA was digested with sal I to excise the cDNA inserts and

these digests showed that the clone vvl'1.yål had an insert size of -l'3 kb, Yvmltb2 and

Yvnttb|were - 1.4 kb in length and Vvrnvå3 was -2 kb'

yvnnbl and vvnryb2 were chosen for full sequence analysis after primary sequencing of

both ends of all the clones showed that both had homology to myb-like genes but were

different from each other. Yvmvb| was 1007o homologous to Vvn'yåZ andYvmyb3 was a

chimaeric clone containing Vvmy bl anda fragment of another unknown gene' VvmVbl and

Yvnttb2were subcloned (see Appendix A) and fully sequenced across both DNA strands

(Figs. 6.1 &.6.2). When the amino acid sequence of VvnybT was derived from the nucleic

acid sequence there was no single open reading frame which went beyond 360 base pairs

into the sequence. When the sequence was compared to other myb-like genes' it was found

that there was an insertion in the cDNA that intem¡pted the highly conserved DNA-binding

region common to these genes. The insert had a S'-splice site, branch site and 3'-splice site

structure common to plant introns (see Fig. 6.2) and it is therefore assumed that this cDNA

was generated from an mRNA species that had not been completely processed' The clone

yvnnb4 was sequenced over this region and also found to possess the intron' It is likely

thatVvrlyb2andYvmyb4representamplifiedcopiesofthesamecDNAclone.
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Figure 6.1 The sequence of Vvrr¡r'bl

thc Vvnn'ál cDNA

181

241 CGCTGGÀ
RWM

301

541 CCTAA
PN

Nucleic acid sequence and derived amino acid sequence ol'

1 GGA.A.A.AGAGE¡C¡CC¡C¡CÀGAÀÀGAÀGA.AÀGAAÀGÀTGAGGAÀTGCATCTTCAGCATCA_MRNASSAS

6 1 cCTCCÀCCric¡rcrrcrrðe¡o¡¡cnccerccrcc¡rcÀ¡GGTTGGATTGAÀGAGGGGG
A P P s s s--è K T P c c r K v G L K R G

I2IccATGGAcGccGGAGGAÀcecc¡ccttctGGccAATTAcATcÀAGAAAGAÀGGAGAAGGc
P bI T P S S-_D N V L À N Y I K K E G E G

60

120

180

240

360

420

480

540

600

650

720

780

840

900

950

102 0

10 80

1140

1200

3 6 1 ATTCCGGCCèCCECCCETAATGAGATAÃÀÀ.AÀCTACTGGA'ACACACACCTGAGCA'AGAAG
I P G R T DN E I K N Y W N T H L S K K

4 2 1 CTGATCAGCCAGGGAATAGATCCGAGÀACCCATAAGCCATTGAÀCCCTÀATTCATCTGTT
LISQGIDPRTHKPLNPNSSV

4 8 I cArcrcAÀACCrrcrrcrròe¡¡ccc¡¡iccrcrr¡te¡¡cccrAAcc¿TA-ACCCT¡¡ð
DVKÀSSSKAKAVMNPNPNPN

CGGTGG CGCÀCCCTCCCCE¡CCGCGCCGGTCTCCTCCGCTGCGGCAÀGAGCTGTCGCCTC
R w R T L P r-ñ-a c L L R c G K s c R L

rce¡ctecctccccccrtccctcl¡ccccceccÀGATCGCCCCCGATGAÀGAG 300

NYLRPSVKRGQIAPDEE

cetctcetròtccccctcctcccAcrrcrccccAÀcAccrccccrrrGATTGcccGAÀGA
DLILRLHRLLGNRWALIAGR

T C CTTCTCCTTCAGÀ-AÀÃ.AGCAG CAGCCAÀCAAGGAÀGCGGGGAÀCTTCAÀGAGT
PSPSEKAAANKEAGNFKS

601GAcAÀTcecrarceeerrGGGGcAGcTGGcAÀTGATGGcAGTGccAÀTATccAGÀÀTTcG
DNQYQIGAAGNDGSANIQNS

6 6 1 cATccrrccòcceccccertcecceececð¡¡c¡¡ceeoi;AÀcAccATcAcCtr¡acrct
D G S G T G L, R S S NN E E D D DL N C

T2IGGcAcCGATGATGTCTTCTCTTCATTTTTGAÀCTCATTGÀTCAÀTGAGGATGTGTTCCCT
GTDDVFSSFLNSLlNEDVFP

?81GGÀcÀAcÀccATcTccAAcÀÀcAGcAccÀTGGTGGTcTcÀTTGcAccGGGcTccGÀTGcT
GOHHLAQQHHGGLIAPGSDÀ

B4ITTGATCTCTACTTCTTCÀGTCCAGTCGTTCGGGTTCGGTACCAGCTGGGAÀGCTGCAGTC
L I S T S S_--V Q S F G F G T S W E A AV

9 O 1 ATGTCTTCCÅCCrCrCCrrireccce¡¡rccercecrcc¡ecnemraaóclrcnncctc
14 S S T S AF S Q ] DH S K S I' T I N L

9 5 1 ATAÀcccertcreeceecccoremcrtcÅ¡mtecctrce¡cnccrcc¡¡tc¡cetntl
ISGSDSRCSSIWLQHLQ*

1021TAGTTÀÀTÀAGAÀTTCTAGGGTTTGGGTTGITÀATTTATGTATGTGGÎTGTGTTGTTGTG

1 O 8 1 TTAGTATGCTTTATTTGTATTGTGA.ACGAATCÀTGGATTCAGAÀÀÀÀCGÀTATTGTGTTT

1 1 4 1 CGCTTCCGATCÀÀGÀÀTTTGAATTTAGCÀCGGTTGTTCATCACÀÀTATTTATGCAÀÀTTC

1.201 CGAÃÀÀTTCCTTCAAÀÀAAÀÀÀÀÀAÀAÀ 122 8

tzs



Figure 6.2 The sequence of Vvnnb2. Nucleic acid sequence and derived amino acid sequcnce of'

ÍheYvnttb2cDNA'Theputativeintronisrepresentedbythelowercaseletters.andthe5.-splicesite

branch site and 3'-splice sites are represented in bold'

IATTGATcCAcGcAGAGAÀGcAÀcccececc.cerGAGAÀÀTccGGcATcTGcGTcTAcGAG60MRNPÀSASTS

61 TAÀcÀCTCCCrCcrctacc¡¡ccmcccrtc¡¡¡¡cecc¡ccetccaccðctc¡cco¡cÅ L2o

K T P C C T KV G L K R G P bI T P E E D

121 TcAccTTCTÀCCteettercrceeeecee¡¡"crce¡"csocctccacceccctccccao 180

ELLÀNYVKREGEGRWRTLPK

181 GcGAGcTGGGTTGcTGcGGTGcGGCAAGAGcTGTcGccTccGGTGGATGAÀTTATcTTcG
RA G L L R C G K S C R L R$I MN Y L R

240

300

420

480

s40

600

660

720

780

840

900

960

1020

1080

114 0

1200

].260

2 4 1 GCCGTCACTé¡¡CCCCCCCCAGATAGCTCCCGATGAGGÀÀGATCTCÀTTCTTCGCCTCCA
P S V K N C-_O T E P D E E D L I L R L H

30lTcGccTGcTcGGTÀAcÀcgÈgctgEtt'gtatscattttttccEggEcEgaaatttgcctca
360

RLLGNR

3 61- gatcctaacaE.at Egatgcat ttscEcEt ttEcttaaaEEtttgagacatEtctEtgattt

4 2 1 ICASGTGGTCTCTGATTGCCGGÄÀGGATCCCGGGGCGTACAGACAATGAGATCAAGÀÀCT
WSLIAGRIPGRTDNEIKNY

4 I 1 AcTccAAcnòccercrcacèeec¡¡¡crcÅrc¡cccaecceer¡cnrccc¡ea.ncccnc¡,
V,I N T H I, S K K I, I S Q G I D P R T H K

5 4 1 AcccAcTe¡¡cccre¡¡ccraercc¡rcaècecarctra¡rcctccrerórcA.A-AÀTcÄÀ
PLNPXPNPSPDVNÀPVSKSI

6 0 1 TTCCA.AÀTCòe¡¡cccre¡cccrecmcmccccecrceèaee¡¡rreee¡cce¡ccetè
P N A N P_TI P S S S R V G E I G S N H E

66IAGGTCAAGGAGATTGAA.ê,GTAATGA.AÀÀTCACA.AGGAGCCGCCTAACCTGGÀTCAGTATC
V K E I Eì N E N H K E P P N L D Q Y H

? 2 1 ÀCAcTcceCrrcccccccartcce¡rctcÅlrrccc¡¡¡òccctcerccettcerl¡ccc
SPLA¡OSNENWQSADGLVTG

?81GÀCTACAAAGCACCCATGGTÀCCÀGCÀÀCGATGACGAÀGACGATATCGGGTTCTGcAÀcG
I, Q S T H G T S N D D E D D I G F C N D

S4IACGATACATTCTCTTCATTTTTGAATTCTTTGÀTTÀACGAGGATGTGTTTGGÀ.AATCATA
DTFSSFLNSLINEDVFGNHN

golATcATcATcATcAGcAGcÀGcAGcAAcAGcÀGcTGcAGcAGcTGcAGcÀGccATcTAÀTG
H H H Q A-õ O O O A L Q Q L Q O P S N V

g6lTGATTGcAccATTGccccAcccAGcAÀTTTcTGTGcAGGccAccTTcAGTAGTAGcccTA
IAPLPHPÀISVQATFSSSPR

I02IGAAcTGTcTGGGAÀccTGcTGcAcTÀÀcATcTAcATcGGcTccTTTÀGTccAcGÀTcAÀA
T V$I E P AA L T S T S A P I' V H D Q K

1 O 8 1 ÀAGACTCCATGTCTCCCTGAÀÀÀTGÀTGAÀTCÀAGCTTATATGAGTTTGATTAÀ'AÀTCTG
DSMSP*

114 1 TcTclTcleÀtttcttcrrrccctrrrrctctrrtcetctteterteccrtccectctrc
1 2 O 1 GTTÀîTTAÀTTAGGÀTGTTAÀTTÀÀÀGCTTTATGTGTGAATATCGTATGTGAÀÀTGGATC

7267

126

1300



VvnrÌb I is 67vo homologous to Vvnl}D2 at the amino acid level' and most of this identitv

occlrrs in the amino terminal regions of the proteins. This region of the protein coincides

with the DNA-binding domain and is highly conserved among plant rr'-å-like proteins

(Martin and Paz-Ares 1997). This homology with other plant rr.t'b genes provides strong

evidence that the two genes cloned are also nrl'å transcription factors' An alignment of the

DNA-binding domains from a selection of plant nt,-b proteins and Yvmvbl and vvnrvb2 is

shown in Figure 6.3. The names of the ntvb-like genes isolated from other species have

been standardised to make it easier to identify the species from which they were obtained'

These DNA-binding domains usually consist of two imperfect repeats (termed R2 and R3)

which distinguish the plant mvb genes from the animal mvb genes which have three

imperfect repeats (Rl, R2 and R3). These proteins also have regularly spaced tryptophan

residues (arrowed in Fig. 6.3) which are implicated in DNA binding (Anton and Frampton

lggS). The first tryptophan residue of the R3 repeat is often replaced by another

hydrophobic residue in plant m),b ploteins, and this is also the case for the grape mvb-like

cDNAs cloned which have isoleucine at this position. There are also additional regions of

plant myb proteins which have features of transcriptional activator domains, but the function

of these regions has only been proven in a few cases (Goff et aL l99l; Baranowsklj et aI'

1994). A dendogram which represents the similarity between the complete amino-acid

sequence of myb-like genes from a number of plant species and other organisms is shown in

Figure 6.4. The non-plant species form a separate group as can be seen at the top of the

figure, and this is presumably due to the presence of the additional 'Rl' repeat in these

sequences. The degree of similarity amongst the plant sequences shows that in many cases

,rvb-like genes from one species are more homologous to those from another species than

from their own species. For example, three tomato myb homologues, Lemybl6,lS and27,

show less homology to each other than to myb genes from other species. However, the

127



Figure 6.3 HomologY between the DNA-binding domains of plant nrt'å gene' and Vvrrrr'å I

and Vvnlf,å2. Sequence alignment of the two repeats of the DNA-binding regions of a selection of known

plant nrr,å gene sequences using the CLUSTALIü program (Thompson et al ' 1994)' The sequences were

obtained either from the GenBank sequence database under the accession numbers u269-15 (Arabidopsis:

Atmyb5). LO44g7 (Cotton; Ghmybl), Xg52g6 (Tomato; Lemyb2T), Yll4l5 (Rice; Osmvbl)' 213996

(Perunia; Phmyb3), U39448 (Black spruce; Pmmybl), X67050 (Moss; Ppmyb2)' X06333 & U57002

(Maize; Zmmybcl & ZmmybP) or the PIR sequence database under the accession numbers JQ0957

(Snapdragon; Ammyb330) and 535729 (Barley; Hvmyb2). The grape nt-vå sequences were deduced from

the cDNA clones vv¿r-,1 ,bl and Yvmyb2. The consensus line indicates where residues are completely

conserved by an asterisk (*) and where residues are identical in at least 70Vo of the sequences by a period

(.). The arrows represent the positions where conserved tryptophan residues are found in the R2 and R3

repeats of animal nrrb proteins. the first one of the R3 rePeat being replaced by another hydrophobic residue

in plants.

Àmmyb3 3 0
Àtmyb5
chmybl
Hvmyb2
LemYb2T
Osmybl
Phmyb3
Pmmybl
Ppmyb2
ZmmybCl
ZmmybP
vrrrybl
Vvnyb2
Consensus

tunmyb3 3 0
Atmyb5
chmybl
Hvmyb2
Lemyb2T
Osmybl
Phmyb3
Pmnybl
Ppmyb2
ZmmybCl
ZmmybP
\rvrrt bl
Vvrtp?b2
Consensus

JTJ
TNKGÀWIKEEDQRLINYIRAHGEGcvüRSI,PKÀAGLLRCGKScRLRI¡¡I¡IyLRPD
MKRG PWITVEEDE I LVS F I KKEGEGRVüRS I'PKRÀGLLRC GKS C RLRWMNYLR P S

TNKGAV\ITKEEDQRL INY I RVHGEGCWRSL PKAAGLI,RC GKSC RLRVII NYLRPD

TNKGAWTKEEDQRI,IAYIRANGEGcvfRsLPI(AÀGI,LRCGKScRI',RWMNYLRPD
TNKGAWTKEEDERLfsYIRÄHGEGCWRSLPKÀÀGLIJRCGKSCRLRWINYLRPD
LKKGPWT PEEDEKL TAYT KEHGQGNWRTLPKNAGL SRC GKSC RLRWINYLRPD
LKKG PI¡II PEEDQKLT,AY I EEHGHG SWF.AL PAKAGLQRCGKS C RI,RV',TNYLRPD

I,NKGAWSAEED SLI,GKYI QTHGEGNWR S L PKKÀGLRRC GKS C RLRffi NYI,R PC

LRRcpwI s EEDQKTVSHI iNNcL SCI¡¡RÀI PKIJAGLLRCGKS CRLRVmÀIyLRPD
VKRGAWTSKEDDAI,AAYVKAHGEGKWREVPQKAGI,RRCGKSCRIJRWL}ÍYLRPN
LKRGRWIAEEDQLLANyIÀEHGEGSWRSLPKNAGI,LRCGKSCRLRWINYLR,AD
ÍJKRGPIVIPEEDEI'T¡ÀIÍYIXKEGEORWRTIJPKRÀGf¡T¡RCGKS CRf¡RII¡iOf ÛJRP S

IJKRGPTIEPEEDEI¿I¡ÀNWKREGEORWRTTJPKNÀGÍJI¡RC GKSCRI¿RI{IiI!ÍTI¡RP g
* *. .** ** ***.********** ****'

JTJ
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IKRGRFSFEEEEÀIIQLHSIIJGNKWSAIAARI,PGRTDNEIK\IY-I¡¡NTHIRKR
IKRGKFTLQEEQTIIQLHÀLI,GNRWSAIATHI,PKRTDNEIK\n1¡IMIHLKKR
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VKRGNI S KEEEDI I I KI,HÀTLG NRI¡IS L IÀSHLP GRTDNE I KIIYWNSHIJ S RQ
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Figure 6.4 (Overleaf) Amino acid sequence companson of the two grape rrn'b-like cDNA

clones with those from other species. The dendogram was calculated using the DISTANCES and

GROWTREE programs of the University of Wisconsin GCG software package (Devereux et a/' 1984)' The

SeguenceswereobtainedeitherfromtheGenBankSequencedatabaseundertheaccessionnumbersXT9l0S

(Snapdragon: Ammixta). u26g35 &.L22786 (Arabidopsis; Atmyb5 & AtmyhGll)' u33917 (Resurrection

plant: cpmybT), X03477 (Chicken; Ggmybl), L044gT (cottonl Ghmybl)' M13666 (Human; Hsmybc)'

X87690&X70881(Barley;HvmybGA&Hvmyb33),X99210,X98308&.x95296(TomatolLemybló.

Lemybl8 &. LemyblT'), L35261(Mouse; Mmmyba), V72762 (Tobacco: Ntmybl)' Yl l4l5' Yll35l &

yt I4l4 (Rice: Osmybl, osmyb2 & Osmyb3), z13996 (Petunia; Phmyb3), u39448 (Black sprucei

Pmmybl). X6?050 (Moss; Ppmyb2), Ylll05 (Pea; Psmyb26), U96090 (Sea urchin; Spmybl)' X06333 &

u510o2(Maize;Zmmybcl&ZmmybP)orthePlRsequencedatabaseundertheaccessionnumbers

JQ0958, JQ0960, JQ0957 & JQ0959 (Snapdragon; Ammyb305, Ammyb308' Ammyb330 & Ammvb340)'

JQ2390 (Arabidopsis: Atmyb2), s3572g (Barley; Hvmyb2), 504898 & 504899 (Maize; Zmmvbl &

Zmmyb3S). The grape sequences were deduced from the CDNA clones vvnrÏbl and Yvm¡-b2 and are

shown in bold, and the nrrblike genes known to activate flavonoid genes are written in italics'

grape clones show greatest homology to one another and, amongst the other plant clones'

rheir next nearest neighbour is the Atmyb5 gene cloned from Arabidopsis (Li er aI' 1996:

Fig. 6.4). The subset of myb-likegenes that have been shown to activate and/or bind to the

promoters of flavonoid structural genes does not form a distinctive group, which means that

this type of ntyb homologue can not be identified through sequence analysis'
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6.3.2 Southern analysis of the grape myb'likre cDNA clones

The genomic organisation of Yvmybl and Vv¡rrÌb2 was studied by using both the full-length

cDNA clones and specific 3'-end subclones (EPR5 and DER3: Appendix A) as probeJfn'

homology between the 3'-regions of these cDNA clones was only 45Vo and so no cross-

hybridisation was expected considering the washing conditions used' Shiraz genomic DNA

was digested with the restriction enzymes Dral, Eco RV and Hindll which are insensitive

to ,nsCG and *tCNG methylation (McClelland and Nelson 1988). The blots were washed at

a stringency that allowed for a mismatch of approximately 257o between pairing nucleic

acids

The cDNA clone of Yvmybl has no restriction sites for any of these three enzymes, but

Yvnryb| possesses an Eco RV site approximately 480 bp from the 3'-end of the cDNA

clone and there were two major bands hybridising in the lane containing the products of

Eca RV digestion when probed with YvmvbT (Fig' 6.5A). Yvmvbl andYvmvb2 detected

multiple copies of related sequences, some with higher intensity than others suggesting that

they have varying degrees of homology to the respective probes (Fig' 6'54)' rtlVhen the 3'-

end probes were used, multiple bands were still detected in each lane for both probes

suggesting the presenc e of myb-ltke gene subfamilies (Fig' 6'58)' However' the size of the

hybridising bands for each probe was different, indicating that the probes used for northern

analysis (Section 6.3.3) were specific for each myb-like cDNA subfamily' but did not appear

to be specific for a single gene.

lsee addendum
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Figure 6.5 Hybriclisation of full-length and 3'-end Yvtnybl ancl YvmybT probes to gtape

genomic DNA. Sguthern analysis ol ShiLaz genomic DNA probecl with r2P-labellcd probes ol'the grape

¡rr,/r-like cDNAs. The DNA was cligestecl with restriction enzyrîes as inclicatecl above eacl1 lane. The top

ljgtrre(A)isthel.iltersetller.beingprobeclwithfull-lengthVvnll,Dl<¡rYvnD,Il2anclthebottomfigure(B)is

t¡c sarne filtcls stlippecl and probed with 3'-encl probes of the same cloues. DNA size standards are

indicated between each set of blots.
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6.3.3 Northern analysis of the grape myb'like cDNA clones

The expression patterns of the two grape mvb-like clones were investigated to determtne

whether one had a similar expression pattern to UFGT (Figs' 2'7 ' 3'l and 3'2)' which might

suggest that it has a role in the regulation of the uFGT gene. subcìones from the 3'-ends

of each of the grape n|b-ltke cDNA clones were radiolabelled and used to probe northern

blots. Total RNA samples isolated from a beny skin developmental series, which were used

for the studies in chapter 2, were probed with the mvb-\ke clones and these are presented

in Figure 6.6.

Yvttx1,,bl showed greatest expression in the flower and two weeks postflowering samples

with a reduction in expression four weeks postflowering' No Vvn-vbl mRNA was

detectable in the six and eight weeks postflowering samples, and then expression was again

detected in all the samples from ten weeks postflowering through to 16 weeks

postflowering. This pattern of expression is very similar to that seen for all of the

anthocyanin pathway genes except UFGT (Fig. 2.7)' The expression of Yvnryb2 was

slightly different with maximum expression at two weeks postflowering and the lowest level

of yvntyb2 6RNA expression was detected at six weeks postflowering (Fig. 6'6)'

Although it is difficult to compare expression levels in different northern blots, the

expression levels of both genes after véraison (eight weeks postflowering) are both similar

and very low, where as Yvmyb| seems to be expressed at a greater level in the samples

taken early in berry development (Fig. 6.6). This probe also hybridised to another transcript

of greater length in the flower and two weeks postflowering samples' The detection of

multiple transcripts on northern blots probed with mvb-like cDNA clones has been reported
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Yvntybl

Yvnryb2

Figure 6.6 Ternporal expression of Vvnr)tbl andYvmyb} in grape berry skin during berry

clevelopment. Northern lrlots are ol'total RNA lrom glape llowet's (FL) and grape berry skin satnples

(aken at eight clif'f'erent stages cluring clcveloprnent (the numbers indicate weeks postflowering), probed with

grape cDNA clones wlrich cocle lìrr nl.l'á-like proteins.

lbr some other nt¡tb-like genes cloned frorn plants (Jackson et al. 1991;Avila et al. 1993;

Glotewolcl et ul.. l99l; Lin et al. 1996)

Total RNA szrmples extractecl fiom clifferent tisslles of the grape cultivar Shiraz were ¿rlso

anaf ysecl for the expressiolr of the grape myh-like genes (Fig. 6.7). Yvtttvb I mRNA was

cletectecl in all of the sarnples, although at a very low level in the green cane and root

sarnples. Low levels of expression wet'e detectecl in all the other tisstte samples with the

highest levels seen in the mid leaf ancl flower samples. Yvnryb2 was more readily detectecl

than Vvnr.yå I in all of the sarnples. The highest level of expression was found in the flower

ancl micl leaf sarnpl_es, and signfficlnt levels of Yvnryb2 mRNA were also detected in the

other leaf samples, tendrils, green cane and seeds. Low levels of expression wel'e seen in

root ¿rncl in berry skin and flesh samples taken l4 weeks postflowering. The Yvnryb2 probe
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Figure 6.7 ExpLession of gl'ape nxyb-like genes in various grapevine tissues. Northeln blots

are ol'total RNA lÌom grapevine tissue samples probed with the grape cDNA clones as indicated on the lelt

side ol'thc l'igure.

also hybridised to a lalger transcript in all of these samples, except the 14 weeks

postflowering berry skin sample

Grape cultivars with white-skinned berries ancl those with black-skinned berries were also

analysecl fot nz.yå-like gene expression (Fig. 6.8). Total RNA was isolated fi'om berry skin

samples, which are described in Chapter 3, and used to produce not'thern blots. These blots

wereprobedwiththe3'-endsubclonesofYvnttblarñYvmyb}'Yvn6'blexpressionwas

cletected in all samples except Mnscat Gordo and the highest levels were detected in Pinot

NoiL (Fig. 6.8). VvruyhZ was highly expressed in both Pinot Noir and Semillon with lower

levels of expression detected in the other species, Again, Muscat Goldo had no detectable
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Figure 6.8 Expression of grape nnb-like genes in the skins of white and black grape

cnltivars. Northem blots are of total RNA f'rom grape berry skin samples probed with grape cDNA clones

as indicated on the left side of the fìgure.

rnRNAs lromologous lo Yvnryb2. Pinot Noil was the only sample that displayed the

presence of a largel tlanscript homologous toYvml¡h2

6.4 Discussion

This chapter describes the isolation of two rnyb-related cDNA clolles from ripening grape

berries. The preclicted polypeptide ploducts of these genes have structural featutes that are

common to nryb-like transcriptional activators' Both contain a nq'b DNA-binding domain

which is charactelised by two imperfect repeats (Fig. 6.3). These repeats contain conserved

136



rryprophan residues (arrowed in Fig. 6.3) which are predicted to be important for DNA-

binding activity (Anton and Frampton 1988). The first tryptophan of the second repeat ls

usually replaced by another aromatic/hydrophobic amino acid in plants. and this is the case

for the grape mvb-likecDNAs as well. when compared to other plant nlr'b-related clones

(Fig. 6.4), Yvnttbl and Vvnrvb2 show the greatest similarity to each other and a homologue

isolated from Arabidopsis, Atmyb5 (Li et aL 1996)' Unfortunately. the rr,vb sequences do

not fall into groups related to their functions, and so the functions of the grape clones can

not be determined by sequence analysis alone'

Southern analysis revealed that both myb-like clones were members of small gene families

(Fig. 6.5). This is not surprising as 14 different mvb-related cDNAs have been isolated

from romaro (Lin et aL 1996) and Jacks on et al. (1991) reported cloning six different mvb-

like cDNA clones from snapdragon floral tissue. Use of only the DNA-binding region of

one of the grape clones and washing at lower stringency may have revealed an even larger

rnlb-like gene family in grapes. Probes from the 3'-ends of the clones showed that more

than one gene homologous to each of those isolated were present in the genome (Fig'

6.58)lIt appears that these myb-ltke genes are members of small subfamilies. This makes

the northern analyses diffrcult to interpret as multiple genes may be contributing to the

signal seen in any tissue at any stage of development'

Yvmybl and Yvmyb2 were expressed in a broad range of grape tissues (Figs. 6.6, 6'7 &'

6.8). During berry skin developmenlYvmybl mRNA was detected early in development,

decreased to undetectable levels in the six and eight weeks postflowering samples and was

then expressed again after véraison. This pattern of expression is very similar to that seen

for several of the 'early' structural genes from the anthocyanin biosynthesis pathway

0see addendum
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(Fig.2.7\. Yvtnyb2mRNA was detectable in beny skin throughout development (Fig' 6'5 )'

VvnrÏbl and yvnnb2 were also expressed in all other grape tissues analysed. although

yvnttb2mRNA was more readily detectable (Fig' 6.6). However. the differences in signal

intensity between the two probes could be due to artefacts of northern analysis' Muscat

Gordo berry skin lacked detectable expression of both grape nr}I¡-like genes' but expression

was detected for both genes in all other varieties analysed (Fig' 6.7)' The expression

patterns of either Yvmybl or Yvntyb2 were not similar to that of UFGT and thus it is

unlikely that they have a role in regulating anthocyanin biosynthesis in grapes' As both

genes appear to be expressed in most tissues, this suggests that they perhaps play a role in

regulating genes necessary for the viability of all cell types or in specific cell types found in

most plant tissue. However, the fact that both probes hybridised to multiple genes on a

Southern blot means that the mRNA detected in the various samples may have been

transcribed from different genes'

The inability to isolate cDNA clones from the grape beny cDNA library homologous to the

rn'c-like genes Delita and B-peru could be due to several reasons. Perhaps the stringency

of the hybridisation and washing conditions was too high to allow the detection of myc

homologues. The ntyc genes isolated from other plant species show homology only in

certain regions found at the N-terminus and the helixJoop-helix DNA-binding domains

(Purugganan and Wessler lg94). There is considerably more homology amongst the

monocot genes than between the monocot and dicot genes isolated. Nevertheless, Southern

analysis was carried out on Shiraz genomic DNA using the DeIiIa and B-peru probes, and

in both cases cross-hybridising bands were detected and the same pattem was seen with

both probes (data not shown). The ability to detect grape DNA fragments homologous to

Delita and B-peru was comparable with the ability to detect grape DNA fragments
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homologous to the nlr'å-like gene Cl (data not shown)' The results of the Southertl

analysis demonstrated that there are nrvc-like genes in the grape genome' but the inability to

clone these from the post-véraison berry cDNA suggests that they are not highly expressed

in this tissue at this stage of development. Degenerate oligonucleotide primers were also

designed to conserved regions of nrc-like genes and the PCR technique used to try and

amplify rnvc-like fragments from cDNA prepared from ten weeks postflowering grape berry

mRNA. None of the PCR fragments isolated showed sequence homology to rrrrc-like

transcription factors (data not shown). Post-véraison cDNA was chosen because of the

desire to isolate genes that regulate anthocyanin biosynthesis genes' However' it may be a

better strategy to attempt to isolate rt-vc homologues from a grape genomic library'

Multiple transcripts hybridised to the Yvmvb2 probe in most grapevine tissues' in Shiraz

berry skin two weeks postflowering, and in the Pinot Noir skin sample (Figs' 6'6, 6'7 &'

6.8). Only one transcript was detected by theYvmvbl probe' The detection of multiple

transcripts by myb clones has been described in other plant species (Jackson et al' 1991;

Avila ¿r aI. 1993; Grotewold et aL l99I; Lin et aI' 1996)' In tomato and petunia' the

presence of multiple transcripts was limited to certain myb genes, and in the tomato study'

different multiple transcript sizes were detected in different tissues (Avila et al. 1993;Lin et

al. 1996). This was not due to the presence of many closely related genes as the probe

which hybridised to the most mRNA transcripts in tomato tissues was present as a single

gene copy, whereas another gene that had multiple copies in the genome, hybridised to only

one sized 6RNA transcript (Lin et aI. 1996), Nevertheless, Southern analysis revealed the

presence of small gene subfamilies for each of the grape myb-like genes' so it is possible that

the different sized transcripts originate from different members of this family. It is possible

is that the multiple transcripts are the result of alternative splicing or incomplete processing
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of RNA. or the utilisation of different promoter sites' The P gene from maize was found to

produce different sized transcripts due to both unprocessed or incompletely processed RNA

a'd arternative spricing at the 3'-end of the gene (Groteword et at. r99r). Mis-splicing has

also been observed in a maize m.yc homologue, called intensifier-l. that is involved in the

negative regulation of the flavonoid pathway (Burr et al' 1996)' The mis-splicing lead to

the premature translation termination suggesting that this might play a role in regulating the

levels of the functional protein (Bun et at. 1996)' Alternative gene splicing as a means to

legulate gene action seems to be common in eukaryotes (Bingham et a/' 1988)' and so it is

possible that this process is involved in regulatingYvmybz activity.

It is difficult to speculate on the functions of Vvnybl and YvmybT from the limited data

available. Where the ntvb genes of a particular species have been well studied they are

always found to be members of a large gene family, for example' Arabidopsis is estimated

to contain more than 100 ntyb genes (Martin and Paz-Ares 1997) and 14 distinct myb genes

have been isolated from tomato (Lin et aL 1996). Only a fraction of those m\tb genes

isolated have had their functions deduced and the functions are distinct for different mvb

genes. In maize there are several myb genes involved in the regulation of the flavonoid

pathway. The C/ gene activates transcription of structural genes from the anthocyanin

pathway resulting in anthocyanin accumulation in the aleurone (Cone et al. 1986; Paz-Ares

et at. 1986; Paz-Ares et al. 1987) and anoth er myb homologue, Pl, plays the same role in

the rest of the maizeplant (Con e et aI. 1993). Zm I can activate the promoter of the maize

DFR (41) gene, but not the entire pathway, and anothet myb homologue, Zm 38' acts as an

inhibitor of Ct on at least the DFR promoter (Franken et al' 1994)' The maize P gene

product regulates phlopabene accumulation by activating a specific subset of genes from the

flavonoid pathway (Grotewold et aI. 1994)' So in maize' many myb genes are involved in
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the regulation of the flavonoid structural genes and each has distinct but overlapping

targets. Cell shape can also be determined by the activity of nn'b genes' The Mirta gene ln

Atúirrlti,,* encodes a ptyb homologue and is involved in the development of the conical

shape of petal epidermal cells (Noda et al' 1994). and the development of trichomes in

Arubidopsis is dependent on the n.r,b-like gene GLt (Oppenheimer el al' l99l)' some

oÍher ¡tyb genes have been shown to be expressed in response to plant growth regulators

and stresses. A ntyb-related cDNA was isolated from barley aleurone (Gannb) and found

to be regulated by gibberellic acid (GA). Furthermore , Gamvb could activate transcription

from a high-pl Cx,-amylase gene promoter, suggesting a role for Gamvb in the GA-regulated

change in gene expression in barley aleurone (Gubler et al. 1995)' Water stress or ABA can

induce the expression of mttb genes ftom Arabidopsis (Annvb2; lJrao et aI' 1993)'

Craterostigma plantaginetun (cpnt7 and cpntlT; Iturriaga et aI' 1996) and maize (C1;

Hattori et aI. 1992)

The ability of myb genes to activate the transcription of genes is further complicated by the

role of nn,c-like regulators in this process. Some mvb Eeneslike Cl, PI andGL/ require a

,r.],c-related protein for their activity (Ludwig et al. 1989; Cone et al. 1993; Larkin et aI'

lgg4), whereas others like P, zml , myb305 and myb340 can activate transcription from a

promoter independently (Franken et a\.1994; Grotewold et at. 1994; Moyano et al' 1996)'

Therefore, there are diverse roles played by those myb-like genes for which functions have

been assigned and there are many more myb genes which have unknown functions in the

plant. Each plant species seems to possess large myb-like gene families which regulate

specialised physiological functions (Martin and Paz-Ares 1997). Grapevines appear to

possess a number of myb genes, two of which are described in this chapter. Their functions
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have yet to be elucidated and this will probably require transgenic studies (see chapter 8 for

furlher discussion)
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Chapter 7

Grape ønthocYanin o
¡t ene promoters

7.1 Introduction

The previous chapter described the cloning of ntltb-like genes from grape berry cDNA'

However, it could not be determined that the cDNAs isolated were involved in the

regulation of anthocyanin structural genes. Nevertheless, the expression patterns of these

cDNAs suggested that they were not involved in the regulation of UFGT' which appears to

be a controlling step in anthocyanin biosynthesis in grapevine. Another approach to cloning

anthocyanin regulatory genes involving a functionally broad screen was thought desirable to

overcome limitations of heterologous screening. The one-hybrid screening system has been

used successfully to isolate cDNA clones coding for specific DNA-binding proteins from

both animals and plants (e.g. Li and Herskowitz lgg3l wang and Reed 1993:Kimet al'

1997; Ulmasov er al.1997). This chapter describes initial work in developing this system to

be used for the isolation of grape anthocyanin regulatory genes.

7.2 Materials and methods

7.2.L Plaque screening of grape cDNA and genomic libraries

The methods used for cDNA library screening are outlined in the previous chapter (Section

6.2.1). The process of screening the Shiraz genomic DNA library (Dr' R' van Heeswijck'

University of Adelaide) is the same as that for the cDNA library (Section 6.2.1) except that

the host cells used were XLI-blue MRA. The genomic library does not have the in vivo
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excision capacity and so phage DNA was purified by the method outlined below (Sectiolr

7.2.2). Subsequent DNA manipulations were carried out as described in Sambrook et al'

( I 989)

7.2.2 DNA preparation from ÀFIX II phage

Phage which had tested positive during screening of the grape genomic DNA library (Dr' R'

van Heeswijck, university of Adelaide) were amplified by harvesting from completely lysed

85 mm NZY plates that had been overlaid with 2.5 mL of SM buffer and shaken overnight

at 40c. This phage was plated out again at high density on five 150 mm NZY plates and

harvested by overlaying with 5 mL of SM buffer and shakin g at 4"C overnight' The bulk

phage preparation was then vortexed briefly and spun at 40009 for l0 min before collecting

the supernatant and adding 0.02 volumes of chloroform'

DE52 resin was prepared by placing it in several volumes of 0.05 N HCI and then slowly

adjusting the pH back to 6.8 with concentrated NaoH. The resin was then washed several

times with L broth until equilibrated and frnally made to 757o resin and 257o L broth' The

resin was then stored at 4oC following the addition of Q.lflo sodium azide.

The phage DNA preparation was begun by adding 0'8 mL of phage lysate to 0'8 mL of

DE52 resin which had been pelleted in a centrifuge and the supernatant removed. This

lysate and resin was mixed constantly for 10 min then centrifuged for 5 min at 14,0009 and

the supernatant recovered. Centrifugation was repeated to remove the rest of the resin from

the supernatant. The DNA was precipitated by the addition of 100 pL of 5 M NaCl and

540 ¡rL of isopropanol and incubating at -20oC for 30 min' DNA was pelleted by
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cenrrifugation at 14.0009 for l0 min and the pellet washed with lova ethanol' Following

resuspension in 200 pL TE, contamlnating proteins were removed with two

phenol:chloroform:iso-amylalcohol (25:24:1) extractions and one chloroform:iso-

amylalcohol (24:l) extraction. The DNA was again precipitated by the addition of

0.1 volume of 5 M NaCl and 2 volumes of ethanol and incubating at -70'C for 30 min'

Nucleic acids were pelleted by centrifugation at 14,0009 for l5 min. the pellet washed with

TOV| ethanol and then dried and resuspended in 20 pL of water.

7.2.3 Promoter walking

Libraries for promoter walking were constructed by Dr. M. Thomas (CSIRO, Adelaide)

following the method of Siebert et al. (1995)lfour of the libraries, being those constructed

from DraI, Eco RY , HpaI and Scø I restriction digests of Shiraz genomic DNA, were used

to attempt the PCR amplification of DNA upstream of the grape DFR and LDOX genes'

The nested adaptor primers used were Ol (5'-GGATCCTAATACGACTCACTATAGGG-

3') for the first reaction and 02 (5'-AATAGGGCTCGAGCGGC-3') for the second

reaction. The gene specific primers for DFR were VVDFRI (5'-

GGCAACATGGAAGACGCCGGTGCAG-3') for the first reaction and VVDFR2 (5'-

ATGCGTCTCCGCTTTGGGCAAGTCC-3',) for the second reaction. The gene specif,rc

primers for LDOX were VVLDOXI (5'-GCTTTCTTCAACTCCTCCCGGCATC-3') for

rhe first reaction and VVLDOX2 (5'-GCTGGTGAGCTCTTCTTGGGGGCGG-3') for the

second reaction. Primary PCR reactions were conducted in 25 pL volumes containing I pL

of rhe library DNA,60 mM Tris-SO¿ (pH 9.1), l8 mM (NH+)zSO¿, l.l mM MgSOa,

200 pM dNTPs, 0.4 pM adaptor primer Ol and gene specific primer, and 0.5 pL of

gLONG¡SE enzyme mix (Gibco BRL). The cycle parameters were as follows: initial

Osee addendum
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denaturation step aÍ. g4"C for I min. followed by 35 cycles of denaturation at 94oC for

30 sec and annealing/extension at 68'C for 6 min. and a final annealing/extension time of

15min. secondary PCR reactions were conducted in 40 pL volumes using 0'8 pL of a

l/100 dilution of the firsr round reaction and the adaptor specific primer 02 and the

appropriate nested gene-specific primer. The same cycle parameters were used' PCR

products were examined on a lVo agarose gel and PCR products isolated and cloned'

General DNA manipulations were performed as described in Sambrook et al' ( 1989)'

7.2.4 Nuclear protein extracts

Several methods slightly modified from that described by Sablowski et al. (1994) were used

to attempt to isolated proteins from grape berry skin nuclei. The basic method involved

grinding 5 g of rissue in liquid nitrogen in a mortar and pestle until powdered. This powder

was transferred to 15 mL of nuclei extraction buffer which contained I M hexylene glycol,

l0 mM Pipes-KOH (pH 7.0), l0 mM MgCl2, lvo þ-metcaptoethanol, I mM PMSF,

5 pg m¡--r leupeptin. This slurry was passed through two layers of miracloth and two

7.5 mL aliquots were carefully layered onto two 2.5 mL 3O7o Percoll cushions in 15 mL

centrifuge tubes. The nuclei were pelleted by centrifugation at 7009 for 10 min at room

temperature with a soft start and stop. The pelleted nuclei were resuspended in 250 pL of a

buffer containing 20Vo glycerol, 40 mM KCl, 25 mM Hepes (pH 7'4), 0.1 mM EDTA'

5 mM MgCl2, 0.5 mM DTT, I mM PMSF, 5 pg ml--t leupeptin. At this stage an aliquot

was usually taken to be viewed by microscopy to determine the success of the nuclei

preparation. Proteins were released from the nuclei by adding 5 M NaCl to a final

concentration of 0.4 M and shaking the slurry for I h. Nuclear debris was pelleted by
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centrifugation at 14.0009 for l5 min and the supernatant assayed for protein concentratlon

using a BioRad Protein assaY kit.

T.2.Sone.hybridscreeningforUFGTpromoterbindingproteins

The one-hybrid screening system used was based on a kit obtained from Clontech called the

MATCHMAKER one-hybrid systemlProtocols were based on information received from

Clontech, but the descriptions below relate to the specific development of the system to

screen for grape UFGT promoter binding proteins'

7.2.5. 1 Preparøtion of target-reporter constructs

Target reporter constructs were prepared using a 166 bp fragment immediately upstream

from rhe translation start point of the UFGT genomic clone GUGI4 (see Fig. 7.2). This

region of the genomic clone was amplified using specif,rc primers containing restriction sites

for insertion into the reporter plasmids pHISi, pHISi-l and pLacZi. The forward primer

uTppl (5'-GGAATTCGGGCCGCCATGCAGAATG-3') contained an Eco R[ restriction

enzyme site, and the reverse primer UTPP2 contained a Sma I site (5'-

TCCCCCGGGTTGGAATGGGGGATGTI-3'). The 20 pL PCR mix contained I ng of

GUGI4 DNA, I unit of Taq DNA polymerase, 20 mM Tris-HCl (pH 8.4), 50 mM KCl,

2 mM MgCl2, 0.5 ¡rM UTPPI and UTPP2 primers, 200 pM of dGTP, dCTP, dTTP and

dATP. Following an initial denaturation cycle of 3 min at 94"C,35 cycles of PCR were

performed (denaturation 40 s at 94oC; annealing 30 s at 50"C; extension 120 s at 72"C)

followed by a 15 min elongation step. The small DNA fragment was precipitated from the

PCR mix and then digested with Eco RI and Smal.

Osee addendum
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Aliquots of 0.1 trg of each reporter plasmid were completely digested with Ecr¡ Rl and

Snto I in a2O pL double digest. This allowed the directional cloning of the UFGT promoter

fragment upstream of the reporter gene ln each case. Ligation reactions were set up

containing 5 pL of the digested reporter plasmid, I pL of the amplified and digested

promoter DNA and I unit of T4 DNA ligase. These reactions were allowed to proceed at

foom temperature overnight. T4 ligase was heat denatured, I pL of the ligation reaction

used to transform competent DH5a cells by electroporation and transformations plated on

L + Amp (100 pg mL-')plates. Colonies were then screened for inserts of the correct size

and sequenced to confirm the UFGT promoter region was present and in the correct

orientation. Primers used for the sequencing were: for pLacZi based plasmids, LACSP|

(5'-GCTACAAAGGACCTAATG-3'); for pHISi based plasmids, HISPI (5'-

TTCCCAGTCACGACGTTG-3'); for pHISi-l based plasmids, HIlsPl (5'-

ATTATCATGACATTAACC-3'). Final target-reporter constructs containing the 166 bp

UFGT promoter fragment upstream of the reporter gene \ryere named pULacZr26'

pUHISi l0 and pUHIS-123'

7.2.5.2 Preparation of yeast strains carrying the target-reporter

constructs

The yeast strain used in the one-hybrid system (YM4271) has mutated ura and his genes

and so recombination with the function al URA3 or HIS3 on the reporter vectors enables the

new yeast strains to grow on media lacking uracil or histidine. The target reporter vectors

are first linearised to increase the effrciency of homologous recombination. The plasmids

pUHISilg and pUHISi-I23 were digested at the unique Xho I site and the pULacZi26
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plasmid was digested at the unique Nco I site using I pg of each plasmid in a total volume

of 20 ¡tL.

competent YM4271 cells were prepared from a 50 mL overnight culture. Enough cells to

pr.oduce an ODooo of 0.2-0.3 were transferred into 300 mL of YPD media (ZVo bacto-

peptone, lVo yeasr.extract, ZVo dextrose, pH 5'8) and incubated at23O rpm for 3 h at 30"C'

The yeast cells were pelleted by centrifugation at 10009 for 5 min at room temperature and

resuspended in 25 mL of TE buffer. The cells were pelleted again at 10009 for 5 min at

room temperature and resuspended in I mL of l0 mM Tris-HCl (pH 7'5)' I mM EDTA'

0.1 M lithium acetate for a final volume of approximately 1.5 mL.

These competent cells were transformed with the three linearised vectors' Carrier DNA

( 100 pg of sheared and denatured herring sperm DNA) was mixed with I pg of digested

reporter plasmid and, as controls, 100 pg of carrier DNA was also mixed with I pg of the

same uncut reporter plasmid. Aliquots of 100 ¡rL of the yeast competent cells were added

ro each tube and mixed well followed by the addition of 600 pL of l0 mM Tris-HCl (pH

7.5), 1 mM EDTA,0.l M lithium acetate, 40Vo (wtv) PEG 4000. The tubes were mixed

well by vortexing and incubated by shaking at 200 rpm for 30 min at 30oC. Each tube then

had 70 pL of DMSO added. The cells were heat shocked at 42"C for 15 min, chilled on ice

for 2 min, pelleted at 12,0009 for l0 sec and then resuspended in 150 pL of TE. The

pUHISil0 and pUHISi-123 transformants plated on synthetic dropout medium

(0.677o yeast nitrogen base without amino acids, ZVo dextrose, I x dropout solution; SDy-

His plates and pUlacZi26 transformants plated on SD/-Ura plates. Colonies appeared in 3-

4 days and were then restreaked on the same selection media.
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It was necessary to test the 'new' yeast reporter strains for the level of background

expression.AyeastStraincontainingtheintegratedp|JLacZi26constructwastestedusing

a B-galactosidase filter assay as described in Section 7.2.5.5 and was found to have low

levels of background. This stain was set aside to be used to construct a dual reporter vector

as described later. A yeast strain containing the integrated pUHISil0 construct was also

tested for background expression. The promoter driving f11S3 expression is inhibited by 3-

aminotriazole (3AT) and so 5 pL aliquots of a I mL suspension of a single yeast colony

were plared onto SD/-His media containing 0, 15, 30,45 and 60 mM 3AT. The yeast only

grew on SDi-His and <45 mM 3AT which indicated that background expression was low'

To create a dual reporter strain, the yeast with the integrated pULacZi26 construct was

transformed again (as described above) with linearised pUHISil0 construct. Thus, the final

yeast strain which was used for the library screening (Section 7.2.5.4) had both the LacZ

and ËIISj genes under the control of the 166 bp grapevine UFGT promoter fragment.

7.2.5.3 Preparation of an activation domøinfusion cDNA library

A fusion library was prepared in order to screen for genes encoding proteins which bind to

the UFGT promoter DNA using the reporter yeast strain prepared as described above.

Approximately 2 mg of total RNA was isolated from a Shiraz beny skin sample taken l l

weeks postflowering during the 1996-97 growing season. Anthocyanin accumulation is at

its greatest rate during this stage of development (data not shown). Intact and pure polyA*

RNA was isolated from the total RNA using a PolyATract mRNA isolation system

(Promega) according to the manufacturer's instructions. A cDNA library was then

constructed in the pGADlO vector using a Two-Hybrid cDNA Library Construction Kit
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(Clontech) following the protocols supplied' The final library contained approxinratelv

1.5 x l0r'recombinant clones and was subsequently amplified-

7.2.5.4 Screening the fusiort libran J'or DNA-binding proteirts

Screening the fusion library involved transforming the reporter yeast strain described in

Section 7.2.5.2. Competent cells were produced and transformation scaled up to allow for

screening >l X l0ó independent clones as described in the Clontech manual' The

transformed cells were plated on SD/-Leu l-Hisl+45 mM 3AT media, grown for 5 or 6 days

and the largest colonies picked and restreaked on the same selective medium. The colonies

which grew after being restreaked were picked again and streaked on more of the same

selective media in order to be assayed for p-galactosidase activity.

7.2. 5. 5 As s aying for þ- galactos idas e activitv

The colonies which were isolated from the library screen were assayed for p-galactosidase

activity in order ro confirm the DNA-binding activity of the fusion clone. This is important

as the test for p-galactosidase activity is not as 'leaky' as the test for IllS growth selection.

Restreaked colonies were transferred to Whatmann #5 filters by laying a dry filter onto the

plate. The cells were then permeabilised by submerging the filter in liquid nitrogen for

l0 sec. The filter was allowed to thaw at room temperature and placed colony side up on a

filterpresoaked in ZbuffertX-gal solution (10 mM KCl, I mM MgSO+, 150 mM sodium

phosphate [pH 7.0], O.27Vo p-mercaptoethanol,0.33 g mL-' X-gal). These filters were then

incubated at 30oC for a maximum of 8 h to allow the p-galactosidase activity to turn the

colonies blue.
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7.2.5.6 Plasntid DNA preparations.fro'n veast cultures

Yeast colonies which had passed both the selective medium and blue/white screentng

systems were used to inoculate 10 mL aliquots of SD/-Leu liquid medium' The cultures

were incubated at 30'c with shaking until the culture was saturated. The yeast were

pelleted by centrifugation at 10009 for 5 min at room temperature and then resuspended in

200 pL of yeast lysis buffer (ZVo lvtv) Triton X-100, lfto lwlvl SDS' 100 mM NaCl'

l0 mM Tris-HCl [pH 8.0], 1 mM EDTA). The resuspended yeast were transfened to tubes

containing 200 ¡rL of acid-washed glass beads and 200 pL of phenol:chloroform:iso-

amylalcohol (25:24:1). This mixture was vortexed for 2 min to disrupt the yeast cells, and

centrifuged at 12,0009 for l0 min at room temperature. The aqueous phase was collected

and the DNA precipitated by the addition of 0.1 volumes of 3M sodium acetate,

I ¡rL glycogen and 2.5 volumes of ethanol. Following a 30 min incubation at -70"C, the

DNA was pelleted by centrifugation at 12,0009 for l0 min. The pellet was washed with

70Vo ethanol, dried under vacuum and resuspended in 20 pL of water. This plasmid

preparation was used to transform E. coli and the rest of the DNA manipulations were

carried out using standard techniques (Sambrook et al. 1989)'

7.3 Results

7.3.1 Cloning of grape TIFGT cDNAs and genomic clones

The UFGT cDNA isolated by Sparvoli et aI. (1994) was a partial clone covering only 532

bp of the 3'-end of the gene. To increase the chance that any genomic clone isolated

contained the 5'-end of the coding region and also the promoter, a fulllength grape UFGT
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CDNA was cloned. This would allow a probe to be made from the 5'-end of the full-length

clone. An aìiquot of the cDNA library made from postvéraison berries (Dr' C' Davies'

cslRo. Adelaide) was screened using the clone isolated by Sparvoli et al' (1994)' Two

positive plaques came through three rounds of screening from the original 200'000 plaque

aliquot of the library. This low frequency of positives supports the northern analysis (Fig'

2.7) which indicated that it was difficult to detect expression of this gene after véraison'

Both of the positive plaques were fescued, subcloned and sequenced over both DNA

strands (see Appendix B). One of the clones, Yvufgt\, did not have an ATG start' whereas

the other clone, Yvufgt3, did appear to be full-length, but also had an intron (Fig' 7'l)'

where the clones overlapped, Y v ufgt2 was identic al to Y v ufgt3 .

These clones isolated from the Shiraz cDNA library differed slightly in sequence from that

isolated by Sparvoli et al. (1994) being gTTohomologous over the length of the truncated

clone. This may reflect genetic differences between the two different V. vindera varieties

from which the clones were isolated - Shiraz and Lambrusco.

A subclone obtained from the S'-end of Yvufgt3 was used to probe a 400,000 plaque

aliquot of a Shiraz genomic library (Dr. R. van Heeswijck, University of Adelaide). Two

plaques tested positive through three rounds of screening, and were then amplified and the

DNA purified. The phage preparations were cut with the restriction endonucleases Eco RL

Nor I and Søc I and were shown to have different restriction patterns (data not shown). The

DNAs from these digests were Southern blotted and probed with the 5'-end probe used to

screen the library. The Sac I digests revealed bands of approximately 3 kb that hybridised
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Figure 7.1 The sequence of Vvufgt3 Nucleic acid sequence and derived amin<l acid sequcnce ol

the vvu/gr3 cDNA. The putative intron is represented by the lower case letters, and the 5'-splice site'

branch site ancl 3'-splice sites are represented in bold' The sequence of Vvrr/gt2 is identical to that of'

yvufgt3 except it lacks the first 6 bases and the putative intron. and it contains an extra 34 bp before the

poly-A tail as indicated at the bottom of the figure'

60
1 ATGTCTcAAÀccAccAccAÀccccCÀTGTGGCcGTccTGGccTTccccTTcTCcAccCÀT

MSQTTTNPHVAVLAFPFSTH

GCAGCCCCCCTCCTTGCCGICGTTCGCCGGCTTGCTGCCGCTGCCCCTCATGCAGTCTTC
AAPLLAVVRRLAAAAPHAVF

rccrllrcrrceccÀccAGccAÀTccAÀcGccTccATcTTccÀcGAcTccATGcÀTÀcCA'TG
SFFSTSQSNÀSIFHDSMHlM

CAATGTAATATcAAGTcCTATGATATCTccGACGGTGTGCcTGAGGGGTATGTGTTcGcc
QCNIKSYDISDGVPEGYVFA

61

1,2I

181

247

301

]-20

180

240

300

360

420
361

42t 480

4 I 1 GGAGTTTcÀGgrÈggt t t tacc E gc taat tÈ gt tÈÈctsaagaÈ tÈtt gatsgc f ttsaaaaga 540

GGGCGGCccCAGGAGGATATTGÀGcTGTTcAcGAGGGCTGcGccGGÀGAGCTTTAGGCÀG
GRPQEDTELFTRAAPESFRO

GGGATGGTAATGGcTGTGGCcGAGACAGGGCGGcCAGTGAGCTGccTGGTGGCTGACGcA
GMVMAVAETGRPVSCLVADA

TTCATTTGGTTTGCcGCAGATATGGCAGCAGAGATGGGGTtGGCTTGGcTGccGTTTtGG
FIWFAADMAAEMGLAWLPFW

AcTcc¡cccð cTAÀcTcÄ,cTcTc cAcccATcTTTAcATTcATcAAATcAcAcA'AA¡'cATT
TAGPNSLSTHVYIDEIREKI

GVS

54t 600

601 660

661 720

72t 780

'7 gt ccAÀccrca;caccrÀccrðAÀTaTccotðcATTca¡cc;A-ATA¡ccccAcccccccrrc
KL KT Y L N I G P F N TJ T T P P P VV

840

841 TÀCC CAACACAÀCCGGCTGC CTCCAATGGCTCA.A,\GA.A.AGAAAÀC C CAC C TC GGTC GTGT 9 O O

901 AcATTÀccr;TcccacccrcAccAcAccÀcccccÀccccAccrrcrÀccccrATcrcAcc 960

154

tEgaEtgctcaatccctEacgÈtacagGcArTcAAGGccGTGAÀGACGAGCTGCTCAÀTT
GIQGREDELLNF

TCATTC C C GGAAT GTCT.A.AAGTACGTTTTCGCGAC CT GCÀGGÀAGGCAT C GTGTTCGGAÀ

IPGMSKVRFRDLQEGIVFGN

AC CTA.AACTC GCÎCTTC TCACGCÀTGCTCCATC GGATGGGCCÀ.AGTGCTÀC CTÀÀGGC GA

L N S L F S R M T, H RM G Q V L P K À T

CTGCAGTTTTCATAAACTCCTTCGAGGAGCTCGACGATTCCCTAÀCCAATGATCTCAÀAT
AVFTNSFEELDDSLTNDLKS

PNTTGCLQWLKERKPTSVVY



ISFGTVTTPPPAEVVÀLSEÀ

CACTGGAGGCA,AGCcGGGTACcGTTTATATGGTcccTAÀGGGÀcAÀGGCAÀGGGTGcATT
LEASRVPFIWSLRDKARVHL

r020
961

702]_

114 0
10 81

7]-4T 1200

!20t )-260

]_26! 7320

1_321
r.380

13 81 L440

1.441, ATGTCTAGA.ACTGTTGCTTGTACCACCTGTTTGGATGCÀÀTGAAAÀTAÀÀGGTTTCCCGG 1 5 O O

v*

15 01_ M15s3
AÀ.AAAATACAÀATGAATTÀTCAÀGTlTCAAGAÀC

to the 5'-end probe in both positive plaques. These were cloned into pBluescript and

sequence obtained for the S'-end of the coding region and about 600 bp upstream of the

ATG start (Fig.7.2). Interestingly, the clones were slightly different in both the promoter

and coding regions. GUGI4 was 1007o homologous to the cDNA clones and was thus

used for the one-hybrid screening (Section 7.3.4). GUGI6 was 997o homologous to

GUGI4 in the coding region and977o homologous in the promoter region.

TGcCÀGAÀGGTTTCTTGGAGAAGACCAGAGGGTÀCGGÀÀTGGTGGTTccÀ
PEGFLEKTRGYGMVVP

TGGGCTCCTC 1O8O
W.A P Q

AGGcGGAGGTccTÀGCAcÀTG.AGGcÀGTTGGGGcTTTTGTcÀcAcATTGcGGTTGGAå'CT
AEVLAHEAVGAFVTHCGWNS

CATTGTGGGÀAÀGCGTGGcCGGTGGGGTACccITGATTTGCAGGCccTTTTTTGGGGAcc
LWESVAGGVPLICRPFFGDQ

A.AAGGC TCÀÀTGGGÀGGÀTGGT GGAGGATGTTTTGGAGÀTT GGC GT GAGÀÀTTGAÀGGT G

RLNGRMVEDVLEIGVRIEGG

GGGTTTT CACAAÂGAGTGGGC TAATGAGTTGC TTTGATCAAATTC TCTCÀCAAGAÀÄÀÀG
VFTKSGLMSCFDQ]LSQEKG

GGA.AGAÀÀCTGAGGGA.AÀÀTClGÀGAGccCTAAGAGAGACTGCAGÀCAGGGCAGITGGTc
K K I, R E N L R À L R E T A D R ÀV G P

C ÎAAAGGGAGTîCTACTGÀGAATTTCATAÀC C C TGGT GGATTTAGT GTCAÀ.AÀC CAAAGG

KGSSTENFITLVDLVSKPKD

Certain sequences within the promoters show homology to motifs recognised by flavonoid

regulatory genes. The nryc recognition sites are characterised by the nucleotide sequence

CANNTG which is common for basic/helixloop-helix (bHLH) type transcription factors
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Figure 7.2 Grape UFGT genomic sequences and putative regulatory motifs. The sequences

of GUGI4 and GUGI6 are given from -609 as related to the expected translation start site as the

transcription start is unknown. Dashes indicate'gaps'in either sequence when they are aligned' and

clifferences in the sequences are indicated in both the nucleotide and deduced amino acid sequences' A

putative TATA-box and ATG start are represented in bold and an intron is denoted by lower case letters'

Double underlining appears under proposed n¡rc-binding sites, bold arrows indicated proposed nrrå-binding

sites and the boxed regions contain a l9 bp repeat'

cucl4 -609
GUGl 6

cuc14 -549
GUG1 6

cuc14 -489
GUG1 6

cuc14 -369
GUG16

cuc14 -309
GUGl 6

TcTTTAÀ.4ÀTATTTTTCÀÀTIGTTTTTTGGTA.ACÀÀ.AÀTTCTATcTAÀTAACCAÀAATAT

A.AAÀ.AÀTÀTTTTTTTTAGTTC'...TCTTCATÀAÀAGTÀÀTATATATCATGTGGAATACA
A TCTT C

A.AAÀCTTTTAÀÀACATTCTCTACCTTTTCÀÀTATTACT..AAAÀÀA.AÀCAATTTTA.AATT
AÀ

TTG

-550

-490

-43 0

-130

-70

GVGI4 _42g ATTCTTAA. AACAATGGGGTTTTAATCA.AÀTTAATTTTGAAA'ACATTAÀTTTATTTCAAÀ
GUG16 C A

-370

A.AATTTATTGAÀTCATATTTTTCAÀ.ATTAGA.AÃÀC..4ÀTTTTATGTTGTTTAGAATAGAÀATCG
-3 10

AÀTTATTTTTGAAGTA.A.AÀTTÀÀCAAÀTATGCTCTTGCTACTACTCGCCAÀGTATATCCC'250
A T Àc

G]UGL4-249ACCAATGGCAÀÀGTAÀ.AÀGCTCACACAGAGCTTTCACTTGCCCCTGGTTTTGTT
GUG1 6

cuc14 -189
GUG1 6

cuc14 -129
GUGl 6

TTT -190

cuc14 -69
GUGl,6

GUG14
GUG1 6

GUG14
GUG1 6

cuc14 111
GUG16

GUG14 I7I
GUG16

cuc14 237
GUG16

cuc14 29]-
GUG1 6

cuc14 35L
GUG16

-10

.gÀTTccAÀcctToTcTcAAÀccAccAccAÄccccCATGTGGccGTccTGGccTTccccTTc
A

50

51 110

"ã_ ü,crcATTTlt!åÀTcrrcÀAcAccCAÀAÀCCCÀÀÀTTGTÀÀCATCCCCC

MSQTTTNPHVAVLAFPF
K

TccAcccATGcAGccccccTcCTTGccGTcGTTcGccGGcTTGcTGccGcTGccccTcAT

GCAGTCTTCTCCTTCTTCAGCACCÀGCCAÀTCCAACGCCTCCÀTCTTCCÀCGACTCCATG 170

S T H A A P L L A V V R R L A A A A P H

AVFSFFSTSOSNASIFHDSM

CÀTACCÀTGCAATGTAATATCAAGTCCTATGATATCTCCGACGGTGTGCCTGAGGGGTAT 23 O

GG
HTMQCNTKSYDISDGV

V

G
P
À

EGY

GTGTTCGCCGGGCGGCCCCAGGÀGGATATTGAGCTGTTCÀCGAGGGCTGCGCCGGAGÀGC 290

350

T
VFAGRPOEDIELFTRÀAPES

M

TTTAGGcAGGGGATGGTAÀTGGCTGTGGccGÀGAqAGGGcGGccAGTGAGcTGccTGGTG

FROGMVMÀVAETGRPVSCLV
GCTGACGCATÎCATTTGGÎTTGCCGCAGATATGGCAGCAGÀGÀTGGGGGTGGCTTGGCTG 410

A D A F I W F À A DM A À E M G VA W I'

GUG14 411 CCGTTTTGGACTGCÀGGGCCTAÀCTCACTCTCCACCCATGTTTÀCÀTTGATGAÀÀTCAGÀ 47 O
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GUGl 6 T
A
S

C

GPNSLSTHVYIDEIFPFWT

GAÀÀAGATTGGAGTTTCAG-qtggrttttacctgctaattt qt tttc Eaaqa..t t- tcgargc
CA

EKTGVS
A

tttaaaagatÈqattgltEcaatcccttacqtEacaqGCATTCAÀGGcCGTGAÄGACGAGc
GIQGREDEL

TGcTcAÀTTTCATTcccGGAÀTGTcTAÀAGTACGTTTTcGcGAccTGcAGGAÄGGcATcG

LNFIPGMSKVRFRDLQEGIV

TGTTCGGÀ.AÀCCTÀA.ACTCGCTCTTCTCACGCATGCTCCATCGGATGGGCCAAGTGCTÀC

FGNLNSLFSRMLHRMGQVLP

CTÀAGGCGACTGCÀGTTTTCATAA 734

KÀTAVFI

534cucl4 47)-
GUGl 6

cuc14 531
GUGl 6

cuc14 59r
GUGl 6

cuc14 651
GUG15

GUGl4 '7IL
GUGl 6

590

550

'7 t0

(Roth et al. l99l; Tuerck and Fromm 1994;Li:rtlewood and Evan 1995)' Similar sequences

are present in the grape UFGT promoter and are indicated by the double underlining in

Figure 7.2. The motifs that plant myb-llke proteins are able to bind are reported to differ

considerably from mammalian mvb proteins and also amongst themselves (Martin and Paz-

Ares 1997). Nevertheless, the grape UFGT promoter has regions which show homology to

rr.r,b bind'ng sites. The same regions which show homology to the bHLH binding regions

could also be 2-yå binding regions following the consensus of IC/TIAACIG/TIG which

show the complementary sequence CIC/AIGTTIG/AI as they are located on the

complementary DNA strand (Biedenkapp et a\.1988; Urao et al. 1993; Tuerck and Fromm

lgg4), and these are indicated by the bold arrow beneath the sequence. There is also a

region homologous to the P protein recognition site IC/A]TCCIT/AIACC (Grotewold ¿f al.

lgg4) which again is on the complementary DNA strand (thus reads GGT[A/T]GGT[G/T]

in Figure 7.2) and is indicated by the bold underlining arrow. Two copies of a tandem

repeat of 19 bp are also present just upstream of the putative TATA box and these are

boxed in Figure 7.2.
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7.3.2 Promoter walking of grape DFR and LDOX

Ir was planned to use the uFGT promoter in gel retardation studies to compare the

presence of interacting proteins in different tissues' The DFR and LDOX promoters were

also isolated to act as controls, since they are expressed in pigmented and non-pigmented

tissues (see Chaptefs2,3 and 4). These genes were also reported to be present in single

copies in the grape genome (Sparvoli et at. 1994) and so it was thought that results from

gel retardation studies would be easier to interpret if only one gene was involved' The

promoter walking technique (siebert et al. 1995) was used to clone the LDOX and DFR

promoters. This technique is less labour intensive than genomic screening and overcomes

the problems associated with the purification of phage DNA' Also, the subsequent

identification and cloning of those regions of a genomic clone containing sequence

immediately upstream of the coding region of the genes is not necessary'

Following the rwo rounds of PCR (see Section7.2.3) discrete products were amplified from

the Dra I and Hpa I libraries using the DFR primers and from the Hpa I library using the

LDOX primers. These bands were excised from an agarose gel and cloned into pBluescript.

Sequence from the coding regions of all three clones and the region immediately upstream

of the translation start was obtained. Two different sized clones (ddpl and ddp3) were

obtained from the DFR primers and the Dra I library and upon sequencing were shown to

be amplified from different grape DFR genes (Fig. 7.3). The clone obtained from the DFR

primers and the Hpal library (dhpl) was identical to ddp3, but contained less sequence

upstream of the translation start.
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Figure 7.3 Grape DFR genomic sequences and putative regulatory motlfs. The sequences <ll'

ddpl and ddp3 are given from -968 as related to the expected translation start site as the transcription start

is unknown. Dashes indicate'gaps'in either sequence when they are aligned' and differences in the

sequences are indicated in the nucleotide sequences. A putative TATA-box and ATG start are represented

in bold and an intron is denoted by lower case letters. Double underlining appears under proposed rrrÌc-

binding sites and bold arrows indicated proposed rrr'á-binding sites.

ddpl -968
ddp3

ddpl -848
ddp3

ddpl- -788
ddp3

ddpl -728
ddp3

ddpl -668
ddp3

ddpl -488
dclp3

ddpl -428
ddp3

AAATAÀAGGTTÀÀÀATTTTCATCÀTAÀAGCTTCGTCAAGAGCTTTGGGCATCCACTAAGG - 9 O 9

c

iIdpl - 9 O 8 AGCAGAÃAGCAGTGCCÀCGÀÀAAÀÀTTGTGGAAÀÀ.AA
ddp3

. . . . ATAG . TGTAGCTGTAGGTC
TACTG C C

ATCGCAÄÀCGA

-849

-489

-429

-3 69

-3 09

-249

-189

-L29

-69

-9

51

GTGGGTTCAGTTGTCACTTTCTCACAÀCTAGTTTCAÀ TCAGCCA.ACTGGGGACCATGAÀT
TÀ

-'7 89

GGGGGÀAAGCTTATTAGT. .TTÀTTTCATCACTTATCATTTTTCCTTTATTTCTTCATGC -.129
C CA AÀTG

CTTTTCCAGTAGCGTTCCTACGAÀÀCATATTGGÀCTCCTGATCTTCTGATTGCGTÀATAG -669
c

GGAGGCCATCACGATCTTCCATATTCTGATGATTTTGCTTCGTTGCAT.AÀÀTGGGAÀAGÀ - 5 O 9

c

ddpl - 6 0 8 AGTATATCCCAÀGTTGTCATTAGCGGATCAGATAÀGAAÀTTA.ATCGTGTÀAAGATTGTTC -549
ddp3 À

ddpl-54EcTAATGcCATTcTTTTTTTGAÀCTeTTTTcGAcÄÀTTAcÀcGAGTTccq
ddp3 r

ddpl
ddp3

ddpl
ddp3

ddpl
ddp3

-3 68

-308

-248

. , . , . ATTTGGTGGCTTGCTTCTTGCTATAGAAGATÀTTTCAÀÀGG
TATATATATTCATTGGAAG A

GCTCACGCTGTGTTGAAGTGCATTTTCCCCCGA.ATCATGCGAGÀÀTTTÀTTATGATGGTG

À.ATAAÀCTÀTTGGACCCCGÀGAGCGATGGGCG CCGCCCGCÀTGACCAGCTA.ACCTTCTTC
A

CTTCCTACAATTCGTGAÀÀTTGGATTTCTAGAÀGTTGTGACGCTCTTGGGÀGACTTCTTA
G

ACTTGCAA.ATTCGAÀÀCTACAÀTCCTTAGA.AAGAGTGAG CAGGTÀGGAG CTACCATCeAg

TAGATATGGGTTCATGAAGTCGÀGTGCAIAIrTE¡ITCCTGGAATCGGCGAGAÀGGCAÀCA
A TATÀIT G A

AÀÀCAÀTTTGGGccTTTCAÀTcTTTTCTTGTTGcTTTcTTTTTCTTccTCGGATTATTTTcAcc
TGAGAAGTÀToGGTTCÀCÀAÀGTGAÀÀCCGTGTGcGTcAccGGTGccTcCGGTTTCATcG

MGSQSETVCVTGASGFIG

GTTCATGGCTGGTCATGAGGCTCCTGGAGCGCGGCTACACTGTTCGGGCCACCGTTCGCG

S W L VM R L I, E R G Y T V R A T V R D

cldpl - 1 8 I GTGCTACAACCGTAGÀGcCcCÀcÀccAccAÀcccGTCTÀÀÀCGAGGCCAAAACAGGGTGT
ddp3 r A

ddpl -I28
itdp3

ddpl
ddp3

ddpl
ddp3

ddpl
ddp3

-68

-8

52

159
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ddpl
ddp3

LL2 ATCCÀÀgtccgqt t tc Lt t ttcaatctacCtc EtcgcEt
ttttctttltc c

23 i-
a c tgac ccaaaatggt EgaEggat t ttgEgac tgt tt tgtgc tcagCTAÀCGTGAÂr1AÀÀ

c

VKHLLDLPKAETH

ddpl
ddp3

ddpl
ddp3

I72

232 GTGA.AGCATTTGCTGGÀCTTGCCCAAÀGCGGAGACGCÀT 27C
NVKT.

The DFR genomic clones were signif,icantly different in the promoter region and the intron,

but they were identical in the coding region of the gene. The promoters have no features

which stand out, except some regions of homology to z-vc-binding sites and one region with

homology to a myb-binding site on the complementary DNA strand. The coding regions of

the genomic clones are 97vo homologous to the same region of the CDNA clone isolated by

Sparvoli et al. (1994).

All the clones obtained from the band amplified from the Hpa I library using the LDOX

primers were identical, and one, lhp5, was chosen for further Sequencing' The sequence of

lhp5 is presented in Figure 7.4.

The LDOX genomic clone described above and the LDOX cDNA isolated by Sparvoli et ø1.

( 1994) are identical over the region where they overlap. The promoter region of the lhp5

has many interesting features including a large palindrome, a microsatellite sequence just

upstream of a putative TATA box and three copies of a 7 bp tandem repeat at

approximately -450. There are also several regions which show homology to myb- and

rn¡,c-binding sites as indicated in Figure 7.4.
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Figure 7.4 Grape LDOX genomic sequence and putative regulatory motifs' The sequence ol-

lhp5 is given fiom -6-7g asrelated to the expected translation start site as the transcription start is unknown'

A putative TATA-box and ATG start are represented in bold. a tandem repeat is separated by vertical lines

an<I a microsatellite is denoted by italics. Double underlining appears under proposed nrÌc-binding sites'

holcl arrows indicated proposed nrr'å-binding sites and a large palindrome is boxed'

-679

-51-9

-s59

-499

-439

-31 9

-319

-259

-199

-13 9

-'7 9

-19

ÀCATAGAGAGÀGGACÀTCAÀCCÀATTTCÀÀTGTTAGGGTTTÀTCÀGÀAATTGÀCATACAA

ATTAÀAGTTTTTATGCATTAÀÀACTTcAccCAATTTAÀTTAAATÀTTAÄCATccCcAcAG

AA

cccAGGÀccccrAGcrcAAÀccrcrÀrGGcrrAceþccteceþccraeeþccraeaþcct

ÀAGGAATCTTTAGAGAAGTTTACGGTCATGAGGTGATTGGccÀÀGGGcCAAGAGGTTcGT

GTTGCcCGTTGATTTcTccGGTCT.A.AATCTCACAÀGGGTTAGAAGGccccGTGcCTGAÀA

ccTTccAGTcÀGcGcAccTTccTTcTTGGTTcTcTTcGGCTGTTGAGTGTTGAATcTGGT

GCGGAGGTCATgÀ=CryACry9ACACÀAT C?C? C'.r C T C TC T C IEATTTGGTGGGTTG

GT

TTTGGCTTAÀGGTTTAGTTGAAGAGACGATcTCTÀTÀÀATTAÀAGcTTCAÀÀÀATGAccA

ATGcAGcGTGCTGATCATTcAGAcTGcAÀGCAAGAGAGAAÀGGGAAGGGA.A.AACAÀGTAG

ATCÀGTGATATTTACTAGAÀTGGTGÀcTTCAGTGGcTcCTAGÀGTTGAGAGCTTGTccAG
MVTSVAPRVESLSS

- 620

-560

-500

-440

-3 80

-320

-260

-140

-80

-20

40

4L CAGTGGGATCCAGTCÀATCCCCA.AÀGAGTACA
SGIQSIPKEYI

TCCGCCCCCÀÀGAAGAGCTCACCAGC 98
RPQEELTS

AGCGCT

7.3.3 Nuclear protein isolation from grape berry skins

Having isolated the grape UFGT, DFR and LDOX promoters, the aim was then to identify

specific regions of the UFGT promoter which regulate its expression after véraison' This

required gel retardation studies to demonstrate interaction of a region of the promoter with

nuclear proteins from postvéraison berry skins. Thus, it was necessary to have a reliable

protocol for the extraction of useable amounts of nuclear proteins from grape berry skins'

A method based on that of Sablowski et aI. (lgg4) was followed and modifled in an attempt

to release native proteins from a crude grape skin nuclei preparation. Tobacco leaves were

used as a control to check the success of the nuclei preparation method.
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Analysis of the crude nuclei preparations under the microscope revealed that the mqor

problem in gaining workable amounts of nuclear protein was in the initial homogenisation

step. The number of nuclei obtained from grape skins was considerably lower than the

number obtained from tobacco leaf (see Table 7. I ). The inclusion of abrasives such as sand

and detergents such as Triton X-100 had little affect on the recovery of nuclei from the

grape skins. The percoll gradient did not seem to be the cause of the low yield as extracts

viewed by microscopy before the gradient step showed that the release of nuclei was much

less in the grape skins than in the tobacco leaves. The amount of protein released per nuclei

from the nuclei preparations was similar for grape skins and tobacco leaves (Table 7'1)'

Thus. it seems that the inability to obtain sufficient nuclear protein from grape beny skins

was due to the difficulty associated with releasing nuclei from this tissue'

Table 7.1 Typical results from nuclear protein extracts from tobacco leaf and grutpe berry

skin.

Tobacco leaf Grape berry skin

Grams fresh weight used

Approximate number of nuclei 2x108

¡rg protein 1636

pg protein/g fresh weight

pg protein/nucleus 2x 10-6

55

327

3x106

ll

2.3

8 x l0-7
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T.3.4one.hybridscreenusingaportionofthegrapeUFGTpromoter

The one-hybrid screening system allows the identification of cDNA clones whose proteln

products bind to a specific DNA sequence or promoter' The inability to prepare nuclear

protein extracts from grape skins meant that the binding region for regulators of UFGT

transcription could not be identified. Studies into the promoters of anthocyanin biosynthesis

genes in both snapdragon (Almeida et al. 1989; Martin et al. 1991;Sablowski ¿f al' 1994)

and maize (Roth et al. l99I; Grotewold et al. 1994: Tuerck and Fromm 1994) have shown

that controlling elements are usually present within a few hundred base pairs upstream of

the transcription start site. Although the transcription start site for grape UFGT is not

known, the presence of the tandem repeats containing nxyc rccognition sequences just

upstream of the putative TATA box (Fig. 7.2) stggested that this region may be a suitable

target to use for the one-hybrid system. The region of the genomic clone GUGI4 from

- 166 to - I as numbered in Figure 7 .2 was amplified by PCR and cloned upstream of the

I1lS-l and IncZ genes in their respective one-hybrid reporter vectors. These vectors were

then linearised, transformed into yeast and the desired transformants selected. Expression

of both genes was at a low background level indicating that these vectors were suitable for

screening, and so a dual yeast reporter strain containing both HIS andLacZ selection was

prepared. A cDNA library made from mRNA isolated from grape berry skins harvested I I

weeks postflowering was constructed in the GAL4 activation domain fusion vector

pGADlg. This stage of development of the benies coincides with the initial stage of

anthocyanin accumulation in the berry skins.

Three large scale transformations of the dual yeast reporter strain with aliquots of the grape

skin gDNA library were carried out. In each case the number of yeast transformants
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obtained was approximately 5 x 105 colony forming units' The largest colonies were

restreaked on selective media to eliminate 'escapes' from the first round of screening'

Colonies which grew after the second round of screening were restreaked on selective

media and assayed for p-galactosidase activity. This screen is intended to eliminate false

positives as the expression of ktcZ is less 'leaky' than the expression of the I//S3 gene'

The three rounds of screening identified nine yeast transformants for further study'

plasmids were isolated from the yeast cells and transformed into E. coli. The plasmids were

purified from the bacteria and sequenced using a primer specific to the pGADlQ fusion

vector. The inserts from three of the plasmids (UPBL4, UPBAT42 and UPBAT43) were

cloned into pBluescript for sequencing. The sequences were compared to those on the

various databases and putatively identified as indicated in Table 7.2'

Table 7.2 Size and identitv of cDNA clones isolated using the yeast one-hvbrid screen for

UFGT promoter binding Proteins'

Clone Size Putative IdentitY Closest Match
-bp)( (species & accession number)

UPBLl

UPBL2

UPBL4

UPBL5

UPBL6

UPBS5

UPBS25

UPBAT42

300

s50

500

600

750

600

900

850

400

26s rRNA

26s rRNA

l8s rRNA

lnorganlc
pyrophosphatase

l8s rRNA

l8s rRNA

l8s rRNA

18s rRNA

Medicago sativa
zlt498

Nigella damascena
u52635

Sc orodocarpus bo rneensis
G2138105

Arabidopsis thaliana
x57545

Daphniph'tllum sP.

u42531
Ceanothus sanguineus

u42799
C as uarina e q ui s e t ifo lia

u42515
C e r c idiphy llum i ap onic um

CJD783
Herpes saimiri

G331028
collagenJike

protein
UPBAT43
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7.4 Discussion

Two cDNA clones encoding grape UFGT were isolated from an aliquot of 400-000 plaques

of the postvéraison library. These low numbers were not surprising as the detection of

UFGT by northern analysis was difficult and UFGT had the lowest levels of expression of

all the anthocyanin biosynthesis genes tested (Chapters 2, 3 and 4)' Both clones were

identical in the coding region, buf. Yvufgt2 possessed 34 bp more in the 3'-untranslated

region immediately prior to the poly-A tail, and theYvufgt3 clone possessed an intron' The

identification of the additional sequence tn Yvufgt3 as an intron is supported by the

presence of sequences homologous to intron splice sites and branch sites, the presence of

the same sequence in the genomic clone GUGI4 and the absence of the intron from the

yvufgt2cDNA clone . The reason for its presence is unknown. The simplest explanation is

that the clone originates from the isolation of unprocessed nuclear RNA when the original

cDNA library was made. The accumulation of unspliced message in plant and animal

tissues has been observed in several systems. The hsp82 mRNA of Drosophila and yeast

actin mRNA have been shown to be unprocessed when cells from these species are exposed

ro heat shock (Yost and Lindquist 1988; l99l). The same phenomenon has not been

observed in plants as petunia hsp70 mRNA and soybean Gshsp26-A mRNA are still spliced

correctly under heat shock conditions (Czarnecka et aL 1988; 'Winter et al. 1988).

Nevertheless, the splicing of both of these transcripts was found to be disrupted following

exposure to high levels of heavy metals (Czarnecka et aL 1988; Winter et aI. 1988), and

hypoxia has been shown to affect the splicing of Adhl RNA in maize plants (Ortiz and

Strommer 1990). There are also reports of cDNAs with introns being isolated from plants

that have not been exposed to stress (Paz-Ares et al.1990; Arondel et aI. 1991; Grotewold

et aL 1991¡ The Bronze2 gene in maize has been shown to produce unspliced transcripts in
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response to cadmium stress (Marrs and Walbof' lggl), but one line of maize accumulated

more unspliced message than another line under both field and glasshouse conditions'

suggesting a genetic factor could be involved as well (Nash and Walbor' 1992)' Splicing

failure could be seen as a reduction of the efficiency of the splicing process or a regulated

event. Both the Yvufgt3 and vvrl,,-å2 (Chapter 6) cDNAs isolated from the ripening berry

library had introns, but a number of other cDNAs have been isolated from the library and

none seem to contain introns (Dr. C. Davies, CSIRO, Adelaide, pers' comm')' Marrs and

V/albot (1997) have observed that the lack of splicing of the Bronz,e2 mRNA in maize under

cadmium Stress is not a general phenomenon aS many other test genes were conectly

spliced, suggesting that only a subset of genes are affected by non-splicing' If splicing is a

regulatory process, then at which level does it work? It may play a role in

posttranscriptional gene regulation. However, Nash and Walbot (1992) report that the

spliced and unsplic ed Bronze2 mRNAs have identical half-lives. Unspliced messages have

also been shown to be exported into the cytoplasm and translated (Yost and Lindquist

lggg; Frey et al. 1990). Thus, it seems that the unspliced messages are capable of being

translated into altemative (and usually truncated) proteins when compared to the spliced

messages. Whether this is simply a means of controlling the levels of the normally produced

protein or a process to specifically produce the alterative protein is unknown'

The UFGT clones described in this chapter and the cDNA clone isolated by Sparvoli et al.

(lgg4) show 977o similarity and the DFR clones isolated by promoter walking also show

97Vo identity in the coding region to the DFR cDNA clone isolated by Sparvoli et aI.

(lgg4). The differences could be due to genetic variation between the two varieties from

which the clones were isolated. Thomas et al. (1993) have observed that there is much

genetic variation amongst V. vinifura cultivars. Grapes are also highly polymorphic
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(Thomas and Scott 1993) which may explain the differences between the two Shiraz UFGT

genomic clones isolated Gig.7.2) and between the two shiraz DFR clones (Fig' 7'3)'

Sparvoli et at. (lgg4) suggested that both UFGT and DFR were present as single gene

copies in the grape genome, so perhaps the close similarity between the sequences suggests

that the clones isolated are alleles' Nevertheless' we can not discern whether the two

UFGT clones or the two DFR clones are alleles or different genes. lt is interesting that both

the UFGT cDNA clones isolated are homologous to only one (GUG14) of the two genomic

clones isolated. There are slight differences in the promoter regions of both genes' but

nothing to suggest that one should not be transcribed. It is possible that there are more

controlling elements upstream or downstream of the region sequenced, or that a larger

cDNA screening program may result in the isolation of cDNAs homologous to the GUGIó

genomic clone.

The identification of regulatory motifs in promoters by sequence homology alone is fraught

with danger. Marrin and paz-Ares (1997) srate that the DNA-binding specificities of plant

ntyb-likeproteins differ considerably among themselves. It could be expected that as more

ntyb-ltke proteins (and perhaps any class of transcription factor) have their binding

specificities elucidated that the consensus motifs may become more degenerate. The myc-

like protein consensus for example is very ambiguous, being CANNTG, and some of these

sites are also recognised as being able to bind also G-box binding factors and mvb-like

proteins. There is little sequence similarity between anthocyanin gene promoters believed to

be controlled by the same regulatory genes. Tuerck and Fromm (1994) report a loose

consensus sequence found in maize anthocyanin promoters, but Martin et al. (1991) found

that comparing the promoter sequences from the early and late pathway genes in

snapdragon revealed little about the nature of their control. It is apparent that a promoter
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musr be dissected in detail (e.g. Roth et at.199l) to determine the exact location of motlfs

bound by regulatory genes. However. there is then the complication that in vit'rt there mal'

be multiple factors interacting in the regulation of these genes (Franken et al' 1994: Tuerck

and Fromm 1994; Moyano et al. 1996). Therefore, it would be highly speculative to

suggest thal nttc- and. mvb-like transcription factors play a role in regulating the DFR'

LDOX and UFGT genes in grape berry skins by simply looking at promoter sequences'

The lack of any consensus in the promoters sequenced raises the possibilities that either

these genes are under the control of different regulators or maybe the same regulatory

proteins have the ability to bind to many similar but not identical motifs. These questions

await the isolation of grape anthocyanin regulatory genes and/or the development of gel

retardation assays for use with grapevine tissues.

The inability to isolate nuclei proteins proved a hurdle in the functional dissection of the

promoters. The problem did not seem to be related to the extraction of protein from the

crude nuclei preparation, but rather, the low yield of nuclei from grape beny skins. This is

probably due to the nature of the skin cells. The size of the cell walls of the cells of the

exocarp or skin have been shown to be much thicker than those from the mesocarp and

endocarp of grape berries (Hardie et al. 1996). The exocarp cells also remain much smaller

throughout beny development than the mesocarp and endocarp cells (Hardie et aI. 1996).

Therefore, the inability to homogenise the grape beny skin tissue and then release the nuclei

from these small, thick-walled cells may be the reason for the low nuclear protein yield from

this tissue. Perhaps a combined enzymatic and mechanical maceration is required to release

the nuclei from this tissue. Alternatively, it may be easier to use another grape tissue to

investigate regulators of the anthocyanin genes. The anthocyanin biosynthesis pathway

genes were originally cloned from grape seedlings which had been induced to accumulate
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anrhocyanins by exposing them to contlnuous light (Sparvoli et al' 1994¡' It would

probably be easier to isolate nuclear proteins from grape seedlings and thus use this system

to learn more about the control of the anthocyanin structural genes in grapes' However' the

control of anthocyanin production in grape seedlings may be different from the control of

anthocyanin production in the berry skins, as has been seen in different maize tissues (for

review see Mol et at. 1996). It is also possible that the light induction of anthocyanin genes

involves different promoter regions and transcription factors than does the induction caused

by the onset of benY riPening.

The results obtained with the one-hybrid system were disappointing. The high incidence of

false positives suggested that the conditions for the use of the system must be optimal to

isolate clones that are actually interacting with the promoter. The one-hybrid system has

been used successfully to clone DNA-binding proteins (e.g. Li and Herskowitz 1993; V/ang

and Reed 1993; Ulmasov ¿/ al. 1997) but in these cases tandem copies of a known DNA-

binding motif were used in the target-reporter constructs. Kim et aI. (1997) used an 82 bp

fragment of the carrot Dc3 genepromoter to clone abZlP factor. They reported difficulties

with the system which resulted in the isolation of many false positives, and were forced to

modify the system by using a centromeric plasmid containing the ¡ilS3 reporter gene and an

episomal plasmid containing the LacZreporter gene (Kim et aI. 1997). These modifications

reduced the incidence of false positives. It seems clear that changes are required to enable

the system to be used for the purpose of cloning grape DNA-binding factorsl tt may Ue

necessary to develop gel retardation assays to identify regulatory regions of the UFGT

promoter. This should make the target-reporter gene constructs more specific to the

regulatory protein of interest and reduce the amount of 'non-specific' promoter DNA

available for other proteins to bind and perhaps induce reporter gene expression.

lsee addendum

169



Alternatively, it may be possible to use the same vectors that Kim et al. (1997) used as the¡'

appeared to reduce the number of false positives escaping the screening process' The

manufacturers promote the use of random primers to increase the chance of cloning the

DNA-binding region of a protein if it is located at the S'-end of an mRNA species'

However, the predominance of ribosomal clones isolated using the one-hybrid system

suggests that it is perhaps unwise to use random primers when constructing the fusion

library.

The reasons behind the appearance of false positives during the one-hybrid screening are

unknown, but there are several possibilities for their existence. It is possible that the

activation domain fusion constructs can indeed code for a protein that has the ability to

specifically or non-specifically bind to the promoter region inserted upstream of the reporter

genes. This may still be the case even if the cDNA itself does not encode a transcription

factor as the reading frame may by chance encode a DNA-binding protein. Nevertheless,

the chance of this happening is extremely rare, and examination of the sequences of the false

positives revealed that the proteins produced by the fusion constructs did not possess any

known DNA-binding potential. In fact, all of them had in-frame stop codons very close to

the start of the cDNA insert. The size of the promoter fragment used in the reporter

vectors may allow transcription factors from the yeast itself to bind and activate the reporter

genes. However, initial studies on the background expression of these genes indicated that

the induction of these genes by endogenous yeast proteins was low. Perhaps the proteins

formed by the fusion construct in the transformants in which we saw background expression

had induced the yeast to produce factors which could bind and activate the reporter genes.

However, when the activation domain-cDNA fusion clones were retransformed into yeast

they were no longer able to induce expression of the reporter gene. This suggests that the
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background was due to the original transformed yeast and not the plasmid harbouring the

acrivation domain-cDNA fusion. It was also possible that some of the activation domain

fusion library plasmids had been nicked during the purification process, and thus could

integrate into the yeast genome. Thus' the induction of the reporter genes may be due to

tlre presence of a cDNA integrated into the yeast genome with DNA-binding potential' and

not due to another cDNA in an episomal plasmid. Nevertheless, PCR amplification using

primers specific to the pGADlO vector did not reveal the presence of activation domain-

cDNA fusion clones integrated into the yeast genome'

As I have already stated, it seems that the conditions for the yeast one-hybrid system must

be optimal in order for desired results to be achieved. Discussions with visiting scientists

who have used the two-hybrid system indicate that this similar system also has problems

with background which is often related to the reporter vectors used (Dr. S. de Vries,

Wageningen Agricultural University, pers. comm.; Dr. M. Vivier, University of Stellenbosch

pers. comm.) and a similar problem was reported by Kim ¿r al. (1997) with the one-hybrid

system. Unfortunately, time did not permit any attempts to optimise the one-hybrid system

for use in isolating grape transcription factors. However, the level of background was

relatively low, and the basic protocols for one-hybrid screening are now in place, so it

should be possible to fine tune the system so that it can be used to isolate the cDNA clones

of interest.
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Chapter I
Concluding discussion

The ripening process in grape benies involves a series of subprograms which are

coordinated to convert the hard, green, inedible berries into soft, sugar-filled, flavoursome

fruit. In black and red grapes the accumulation of anthocyanins in the skins of the grape

berries is a major part of the ripening process. The composition and quantity of these

anthocyanin compounds are determinants of the quality of the frnal grape product' be it

wine, table fruit, dried fruit, jelly or juice. In order to manipulate the anthocyanin content of

the grape b".ry, it is important to understand the control of their accumulation in the fruit'

Studies into anthocyanin accumulation in other plant species have revealed that the

anthocyanin biosynthesis pathway is controlled at the transcriptional level by similar

regulatory factors but at different stages of the pathway (for review see Martin and Gerats

1993a). In this thesis the molecular approach to studying the expression of anthocyanin

pathway genes and their control has been extended to grapevines and in particular grape

berry skins.

8.1 Anthocyanin accumulation and pathway control in grape berries

8.1.1 Total anthocyanins

Anthocyanin accumulation in Shiraz berry skins begins at véraison and continues

throughout berry ripening (Fig. 2.28). The anthocyanin pathway appears to be controlled in

grapevines in a manner different from that seen for maize, petunia and snapdragon, the

species most studied thus far. In grape berry skins during development there were two
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phases of anthocyanin pathway gene expresslon (Fig. 2.7). Early in development all the

genes except UFGT were expressed followed by a reduction in the expression of all the

genes during the lag phase of grape berry development. Then, after véraison' there was a

co-ordinare induction of all the genes from the pathway including UFGT and this coincided

with the accumulation of anthocyanins in the skin. These results suggest that UFGT is

under a different regulatory regime than the genes from the rest of the anthocyanin pathway'

The correlation between anthocyanin synthesis and UFGT gene expression was also seen

when flavonoid pathway gene expression was studied in various grapevine tissues (Chapter

3) and the skins of white and coloured benies (Chapters 3 and 4). In most of the

unpigmented tissues mRNAs homologous to all the genes from the flavonoid pathway

except UFGT were detected. It was also demonstrated that when ripening is delayed by the

application of a synthetic auxin (BTOA), anthocyanin accumulation occurs later in

development and the induction of UFGT gene expression is delayed (Chapter 5)' Thus' it

appears that UFGT plays an important role in the accumulation of anthocyanins in

grapevines. However, the gene encoding the putative dehydratase which is thought to

catalyse the reaction between LDOX and UFGT (Heller and Forkmann 1988) has not been

cloned and could be controlled in a manner similar to UFGT. Genes involved in

transporting the anthocyanins into the vacuole, whose functions are required after UFGT in

the anthocyanin pathway, may also be controlled in the same manner as UFGT. Therefore,

it is perhaps more correct to state that the control of anthocyanin biosynthesis occurs

beyond the LDOX step of the anthocyanin biosynthesis pathway.

Total colour in the benies is a measure of quality, so any means of increasing the amount of

anthocyanins accumulating in the benies would be an advantage to both the grape grower

and the winemaker. Viticultural practices have been developed to try and increase the
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amount of colour in berries and these are revlewed in section l'5.2. Nevertheless' it ma1' be

possible to genetically manipulate the grape berry to enable it to accumulate more

anthocyanins. As uFGT has been shown to be important in the accumulation of

anthocyanins in the beny skins, upregulating its expression may result in the accumulation

of more anthocyanins. There are several strategies that could be employed to try and

increase UFGT expression. Either the grape UFGT gene itself or grape regulatory factors

that induce UFGT gene expression could be over-expressed in the berry skins'

Unfortunately, many attempts to increase the expression of an endogenous gene in plants

have encountered the phenomenon of co-suppression, where a transgene in the sense

orientation can inactivate the expression of the endogenous homologue (for review see

Jorgensen 1995) thus having the opposite effect from that desired' Furthermore, if high

UFGT expressing transgenic plants are obtained in vitro they may be subsequently co-

suppressed on transfer to the freld as has been reported (Palauqui et aL 1996). Another

option is to introduce genes into grapevine that encode UFGT or anthocyanin regulatory

genes from other plants. Schwinn et aI. (1997) transformed lisianthus with the UFGT gene

from snapdragon and found that new anthocyanin structures were produced (Markham

1996). Nevertheless, the total amount of anthocyanins produced was not altered (Schwinn

et al. 1997). The use of regulatory genes from one plant species to increase anthocyanin

accumulation in another has been reported (Lloyd et aI. 1992; Mooney et aI. 1995) and

perhaps would be the most promising approach. The effect on anthocyanin synthesis

depends on both the source of the regulatory genes and the target species. For example, the

Delila gene had no effect on Arabidopsis pigmentation (Mooney et aI. 1995) whereas the R

(Lc) gene induced the production of more anthocyanins in normally pigmented Arabidopsis

tissues (Lloyd et aL 1992). However, the Detila gene increased anthocyanin synthesis in

tomato flowers and vegetative tissues when introduced into this species, but in tobacco only
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increased anthocyanin accumulation in the flowers (Mooney et at. 1995)' The rrn'h-like ci

gene alone had no effect on anthocyanin accumulation in tobacco or Arabidopsis- but when

Cl and¡ expressingArabiclopsfs were crossed, tissues that were not normally pigmented

accumulated anthocyanins (Lloyd et al. 1992¡. It appears that the Cl gene Qnvb-like) plays

a role in the tissue specificity of anthocyanin synthesis whereas the R gene (nn'c-like)

influences the amount of pigmentation. There are three possible strategies for the use of

regulatory genes to increase anthocyanins in grape benies' One is to express a rnvc-like

regulatory gene (e.g. Lc or DeIiIa) in the berry skin after véraison, as these genes seem to

increase anthocyanin synthesis in normally pigmented tissues. Another approach would be

to express both nr_vc- and rl.yå-like genes in the beny skins before véraison in an attempt to

induce anthocyanin synthesis earlier than usual and increase the total amount of

anthocyanins accumulated before harvest. The beny flesh may also be a target for these

genes, thus increasing overall anthocyanin levels by inducing the whole of the grape berry to

produce anthocyanins. Grape berry flesh appears to have the capacity to produce

anthocyanins as several red fleshed varieties are known (e.g. Alicante Bouschet, Rubired)

suggesting that this approach is feasible'

The branching nature of the anthocyanin/flavonoid biosynthesis pathway means that there is

competition between enzymes for the same substrate (Holton and Cornish 1995). For

example, DFR, F3'H, F3'5'H and flavonol synthase (FLS) can all use dihydroflavonols as

substrates. It may be possible to increase the flux down the anthocyanin pathway by

suppressing genes involved in the formation of other flavonoid compounds produced from

anthocyanin precursors. Grape berry skins are known to produce flavonols (Cheynier and

Rigaud 1986; Price et al. 1995) and proanthocyanidins (Escribano-Bailón et al. 1990;

Chapter 2) both of which are generated from intermediates of anthocyanin biosynthesis.
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Flavonols are produced from dihydroflavonols by FLS and proanthocyanidins are made

from leucoanthocyanidins by the activity of leucoanthocyanidin reductase (LAR)' Holton ¿¡

al. (1993b\have shown that anthocyanin accumulation can be increased in tobacco flowers

by co-suppressing the FLS gene. Therefore, reducing FLS and/or LAR expression in grape

berry skins may increase anthocyanin accumulation by increasing the flux down the

anthocyanin pathway. However, the importance of tannins and other phenolics to the

colour of red wine (Section 1.5.4) may mean that increasing anthocyanins at the expense of

these compounds will not enhance wine colour. Perhaps strategies to improve colour

should aim to increase the activity of all the enzymes of the pathway or the flux down the

pathway by increasing the concentration of early intermediates to keep a balance between

anthocyanins and other flavonoids, both of which are reported to contribute to wine colour'

The transport of anthocyanins into the vacuole will also influence the amount of

anthocyanins that accumulate in the beny skins. Anthocyanins are secondary metabolites

that can be toxic to the plant cells that produce them and thus are recognised and

transported to the vacuole in a similar way to herbicides and other xenobiotics (Marrs

1996). This process is believed to involve the 'tagging' of the anthocyanin with the

tripeptide glutathione by glutathione S-transferase (GST) and the recognition and entry of

these conjugates into the vacuole by way of a glutathione-conjugate pump (Martinoia er a/.

1993; Marrs et aI. 1995). Marrs et al. (1995) suggest that in maize the anthocyanin-

glutathione conjugate may then be metabolised and acylated in the vacuole in a similar

fashion to herbicide-glutathione conjugates. The sequestering of anthocyanins in the

vacuole is an important process for the survival of those cells producing anthocyanins. It

could be speculated that the efficiency of the conjugation and conjugate pump will be

important in determining the amount of anthocyanins that accumulate in these cells, as the
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toxiciry of these compounds would suggest that a feedback inhibition would protect these

cells if their levels rise in the cytoplasm'

The Bronze-2 genein maize is the last genetically defined step in anthocyanin synthesis and

has been shown to encode a GST that catalyses the formation of anthocyanin-glutathione

conjugates (Marrs et al. 1995). The cloning of a GST from petunia which maps to the

anthocyanin biosynthesis gene locus An1.J has also been reported (E' Souer and R' Koes

pers. comm. cited in Marrs 1996), and the clone is able to complement both anl3 petunia

mutants and bz-2 maize mutants (MR Alfenito pers' comm' cited in Marrs 1996)' Some

mutant bz-2 maize ears have bronze coloured kernels as anthocyanins accumulate in the

cytoplasm, whereas others have pale pink kernels due to the ability of another GST to use

cyanidin-3-glucoside as a substrate, although only poorly (Walbot et aI' 1994)' Thus, it

appears that the amount of anthocyanin accumulated in the vacuole is influenced by GSTs'

It follows that the efficiency of the glutathione-conjugate pump may also influence the rate

and perhaps the amount of anthocyanins that accumulate in the vacuole. A glutathione S-

conjugate pump has been isolated ftom Arabidopsis and is a member of the ABC

transporter family (Lu et at. 1997). The activity of the transporter was demonstrated in

isolated membranes from yeast cells expressing the clone and was shown to be competent in

transporting glutathione S-conjugates of xenobiotics and endogenous substrates including

cyanidin 3-glucoside (Lu et aI.1997). An ABClike transporter that shows a high degree of

homology to the Arabidopsis clone has been cloned from grape benies but awaits further

characterisation (Dr. C. Davies, CSIRO, Adelaide, pers. comm')' The transport of

anthocyanins into the vacuoles of grape skin cells is an aspect of anthocyanin accumulation

that will need to be investigated if anthocyanin levels in benies are to be increased.
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8.1.2 Specific anthocYanins

The type of anthocyanins produced by a grape variety will also influence the colour of the

grape product. Grape berry skins produce at ìeast 16 different species of anthocyanins. all

of which derive from either the dihydroxylated anthocyanidin cyanidin or the

trihydroxylated anthocyanidin delphinidin. The various anthocyanin species have different

colour spectra and so the relative amounts of each will contribute to the final colour of the

fruit. Furthermore, in the case of wine production, the anthocyanin species have different

properties with regard to extractability, stability and the reactions they undergo during

winemakingandthesubsequentstorageof thewine(Section 1.5.4). Also,if thecolourof

grape berries can be altered this may provide products that can be marketed as being novel,

especially in the table grape industry.

The accumulation of the various anthocyanin species during the ripening of Shiraz grape

berries is reported in Chapter 2. All the anthocyanins increased in concentration during

development and the major anthocyanins were malvidin 3-monoglucoside, malvidin 3-

acetylglucoside and malvidin 3-p-coumaroylglucoside (Fig. 2.Ð. There was a general

decrease in the percentage of total anthocyanin 3-monoglucosides during development

whereas the levels of anthocyanin 3-acetylglucosides and 3-p-coumaroylglucosides tended

to increase during this time (Fig. 2.64). This was due to a greater accumulation of malvidin

based acylated anthocyanins than any of the monoglucosides (Fig, 2.5). The malvidin

derivatives increased as a percentage of total anthocyanins during development as the

percentage of the other species decreased slightly (Fig. 2.68). Nevertheless, the flux down

the trihydroxylated and dihydroxylated branches of the pathway remained fairly constant,
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although the percentage of trihydroxylated anthocyanins was almost five times more than

the percentage of dihydroxylated anthocyanins (Fig' 2'6C)'

Malvidin-based anthocyanins are the major anthocyanins that accumulate in the wine grapes

Shiraz, Cabernet Sauvignon and Pinot Noir (Fig' 4'l)' This suggests that the activity of

F3,5,H is important to the colour development in these grape berry skins' A F3'5'H gene

was first cloned from petunia by Holton et al. (1993a), but has since been cloned from other

plant species (e.g. Toguri et aL 1993; Tanaka et al. 1996; Nielsen and Podivinsky 1997)'

The F3'5'H gene is involved in producing anthocyanin structures that provide pigment at

the blue end of the spectrum which is lacking in important ornamentals such as carnations,

chrysanthemums and roses (Holton and Cornish 1995). Given that there are several F3'5'H

sequences now published it should be possible to design oligonucleotide primers for the

PCR amplification of grape F3'5',H cDNA. F3'5',H is a member of the cytochrome P-450

family of genes so it would be important to ensure that the primers will not simply amplify

p-450 sequences in general as they do show similarity in a number of small regions' One

would expect that the F3'5'H gene would be expressed in grape beny skins in a similar

pattern to those genes early in the anthocyanin biosynthesis pathway (see Fig. 2.7). The

presence of prodelphinidins in the young beny skin samples was observed when extracts

were hydrolysed with concentrated acid and analysed by HPLC (data not shown). Thus,

there is evidence of F3'5'H activity early in berry development. Similarly, cyanidin based

proanthocyanidins also accumulate early in berry development (data not shown) and so it

would be expected that F3'H gene expression could be detected at this stage of

development as well as after véraison. F3'H may be useful to clone if the type of

anthocyanins that accumulate in the berry skins is going to be altered. It has been reported

that a cDNA clone with F3'H activity has been isolated from petunia (Holton and Cornish
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1995). Antisense or sense co-suppresslon could be used to alter the activity of these

enzymes in the grape berry skins and thus force the anthocyanin pathway down one or othet'

of the branches of the pathway, thus altering the anthocyanin species produced'

Methyltransferase activity also appears to be important in determining the types of

anthocyanins that accumulate in the skins of wine grapes, as the major species found were

malvidin-based, and to a lesser extent peonidin-based, both of which are methylated in the

B-ring of the molecule. There is only one report of an anthocyanin methyltransferase being

cloned and that was by Quattrocchio et aL (1993) from petunia. However, the sequence

has not been released on any of the gene databases. It may be possible to use other

sequences from non-anthocyanin methyltransferases to develop a strategy for the cloning of

grape anthocyanin methyltransferases, but the lack of knowledge about the enzyme and the

location of catalytic and substrate binding domains may limit this approach'

The modification of anthocyanins by acyltransferases is not well studied enzymatically and

no anthocyanin acyltransferase genes have been cloned. It was thought that the acylation of

anthocyanins was important for the transport of anthocyanins into the vacuole and for

methylation (see Heller and Forkmann 1988), although this may not be true for all plant

species. In most grapes that are known to produce wine with stable colour there are

significant amounts of acylated anthocyanins (e.g. Shiraz and Cabernet Sauvignon in Fig.

4.1). However, Pinot Noir does not produce any acylated anthocyanins, but still

accumulates high levels of anthocyanins in the vacuole (Merlin et al. 1985). The fact that

malvidin 3-monoglucosides accumulate in the vacuoles of Pinot Noir (Merlin et al. 1985)

suggests that acylation is not required for vacuolar transport or methylation. The cloning of

acyltransferases using mutants may prove difhcult. It is possible that the acyltransferases
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may acr on many substrates as part of the xenobiotic detoxification pathway (Marrs 1996)

which also involves GST and the glutathione pump (see above). Therefore these genes mav

be regulated independently of the anthocyanin biosynthesis pathway' Perhaps the best

approach to isolate acyltransferase genes would be to begin with the purification of the

protein. as methods for assaying acyltransferase activity have been developed (e'g' Teusch

and Forkmann 1987; Callebaut et al. 1996) However, it may be best to use a species other

than grape as the high phenolic content of grape tissue makes protein studies diffrcult'

Nevertheless, Pinot Noir could be used as a negative control throughout these studies

because of its inability to produce acylated anthocyanins'

Grapes do not produce pelargonidin-based anthocyanins. This phenomenon is also seen in

perunia where cyanidin- and delphinidin-derivatives accumulate, but no pelargonidin-

derivatives are produced because of the specificity of the DFR enzyme (Forkmann and

Ruhnau 1987). Meyer et al. (1987) were able to create a transgenic petunia that produced

pelargonidin-derivatives by introducing the maize AI gene, which codes for DFR, into a

petunia mutant which usually accumulates dihydrokaempferol. Thus, a petunia with novel

flower colour was produced. It may be possible to engineer grapes that produce

pelargonidin-based anthocyanins and therefore with a novel berry colour. The complete

lack of any pelargonidin-based anthocyanins in grapes suggests that one of the structural

genes is unable to utilise a substrate with only one hydroxyl group in the B-ring. The

enzyme with this substrate specificity will need to be identified, perhaps through feeding

experiments. Grapevines will then need to be transformed with a gene from another species

that codes for the enzyme that blocks pelargonidin production in grapes. However, in order

to get significant production of pelargonidin-derivatives, the endogenous pathway will

probably need to be altered as well. This would involve the down-regulation of F3'H and
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F3'5'H to inhibir the hydroxylation of the B-ring of the anthocyanin and thus block the

production of the substrate for the endogenous enzyme' A grape berry with a unique colour

resulting from pelargonidin accumulation may be useful for the table grape industry as the

product would be marketable as being novel. Also. a rich colour' but with a lighter hue

than normally seen in grapes may be more desirable for markets in Asia, which is a major

export destination of Australian table grapes'

8.2 Anthocyanin biosynthesis regulatory genes

The coordinate induction of all the anthocyanin biosynthesis genes at véraison in Shiraz

grape beny skins during development (Fig. 2.7) suggests that these structural genes are

under the control of regulatory genes and that anthocyanin accumulation is controlled at the

level of transcription. As outlined in Section l.7.3,regulatory genes control the expression

of anthocyanin biosynthesis genes in other plant species and, although they encode similar

,^,c- and ntyb-like transcription factors, these regulatory genes control the pathway at

different points in different species. The induction of all the anthocyanin biosynthesis genes

in ripening beny skin (Fig.23) and in dark-grown grape seedlings subsequently exposed to

light (Sparvoli et al. 1994) appears to minor the control seen in pigmented maize tissues.

However, mRNAs homologous to all the genes of the anthocyanin pathway except UFGT

were detected early in beny development (Fig. 2.7) and in almost every unpigmented grape

tissue tested (Fig. 3.1). Thus, there seemed to be three levels of control of the anthocyanin

pathway. One where there is little expression of any of the genes of the pathway, another

where all the genes are expressed and anthocyanins accumulate and another where all the

genes except UFGT are expressed. There are a multitude of possible scenarios involving

regulatory genes to explain the expression patterns seen and these are extensively discussed
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at the end of the relevant chapters of this thesis. In summary. the regulation mav involve

one subset of regulatory genes for the expression of the early genes of the pathway and

another subset for regulation of the expression of all the genes of the pathway including

UFGT. Alternatively, UFGT expression may require both a regulatory gene which also

controls expression of the early genes of the pathway and another transcription factor that is

specific for UFGT and only produced when anthocyanins accumulate. The comparison of

the patterns of expression seen for the anthocyanin biosynthesis genes in the skins of black

and white grape cultivars (Fig. 3.2) suggests there are two levels of control after véraison as

the expression of anthocyanin genes in Sultana and Muscat Gordo was very different to the

other white cultivars. However, this may reflect the nature of the mutation that has led to

loss of anthocyanin accumulation rather than the nature of the control of the pathway. For

example, Semillon, Chardonnay and Riesling may have mutations in the regulatory gene that

specifically controls UFGT or in regions of the UFGT gene itself which concerns the

transcription of this gene. The rest of the pathway is also down-regulated and this may be

because either the regulatory gene controlling UFGT expression has a direct qualitative

effect on the expression of these early genes, or perhaps there is a feedback inhibition of the

UFGT substrate on the early pathway genes. The mutations in Sultana and Muscat Gordo

appear to result in a complete down regulation of the pathway, both early genes and UFGT.

This implies that the mutation in these varieties involves a regulatory gene that regulates the

expression of all the anthocyanin pathway genes, either directly through interaction with the

promoters, or indirectly through the induction of the anthocyanin regulatory genes

themselves

The control of the anthocyanin pathway in grapevines will not be fully understood until the

genes regulating the expression of the structural genes are cloned and characterised.
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Chapters 6 and 7 describe attempts to clone grape homologues to the anthocyanin

regulatorygenesisolatedfromotherspecies.M)'b-likegeneswereisolatedfromapost-

véraison grape berry library, but the role these transcription factors play in gene regulation

awaits further study. Different ntyb-like genes have been shown to have diverse roles in

plant development and physiological functions (Paz-Ares et al' 1986: Oppenheimer et al'

lggl; Grotewold et al. 1994; Noda et al 1994), but unfortunately, the various rnr'å-like

genes do not fall into groups based on sequence homology and function' The

characterisation of ntvb-like genes is difficult due to their presence as large gene families in

plant genomes (Lin et at. 1996; Martin and Paz-Ares 1997), post-transcriptional control of

their activity (Moyano et al. 1996), multiple transcript sizes (Avila et al. 1993|' Lin et al'

1996) and the ability of multiple myb-llke proteins to interact with the same promoter

(Franken et at. 1994: Moyano et at. 1996). Gel retardation studies and the use of transient

expression systems would confirm the ability of the myb-like gene products to bind

promoters and induce expression of specifrc genes, but will not confirm the role of the

transcription factors in planta. The elucidation of the functions of the grape mvb-like

homologues will require transgenic studies. Transformation of grape has been achieved in

the CSIRO laboratory in Adelaide for the cultivar Sultana and this is being extended to

other grape cultivars (Dr. T. Franks and Dr. M. Thomas pers. comm.)' So there exist the

tools to introduce sense and antisense constructs of the mvb-llke grape genes Yvmybl and

yvntyb2 into grapevine and observe the effects that over expression and suppression of

these genes have on the development of the plants. It may also be possible to use other

plant species more amenable to transgenesis for functional studies. The role of nyc-like and

ntyb-like genes in the regulation of anthocyanin biosynthesis has been demonstrated by

introducing maizeor snapdragon genes into other species (Lloyd et al' 1992;Mooney et al.

1995), although the phenotype of the transgenic plants depended on the target species as
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well as the genes introduced. A rrvb-like gene from snapdragon has also been shown to be

involved in phenylpropanoid and lignin production by transgenic studies in tobacco (Dr' C'

Martin. John Innes Institute, Norwich, UK, pers. comm.). Therefore. it is possible to use

other species to demonstrate nqtb-ltke gene function, although obviously any conclusions

will have to account for the effect the target species has in these studies.

The cloning of more myb-like genes from grapes could be achieved using PCR technologies

due to the high degree of homology shown between these sequences in the DNA-binding

region of the protein. The clonin g of mvc-like genes appears to be more difficult. although

the recent reports of myc homologues beinþ isolated from Arabidopsis (Urao et aI' 1996: de

Pater et at. 1997), bean (Kawagoe and Murai 1996) and rice (Hu et al. 1996) has expanded

the number of sequences that can be used to design oligonucleotides primers for PCR

amplification of myc-like genes. It may be possible to isolate nryc-like genes from a

genomic library as the problems associated with the abundance of the corresponding mRNA

in the sample used for cDNA library making would not be encountered. However, the

function of any myb or nyc homologue isolated will then have to be elucidated and this is a

difficult process. The one-hybrid system is potentially a useful tool for the isolation of

regulatory genes as the clones selected need to interact with a promoter sequence during

screening. The isolation of promoters from grape DFR, LDOX and UFGT genes will

enable the identification of regulatory genes that are able to interact with most of the genes

from the anthocyanin pathway. However, the one-hybrid system will require fine-tuning

before it can be applied to this grape system and this will probably require the adaptation of

methods for nuclear protein extraction and gel retardation studies so they can be applied to

grapes. Alternatively, some of the grape berry colour mutants described in Chapter 4 may

be used for the isolation of regulatory genes. The Cabernet Sauvignon and White Cabernet
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grapes would be ideal sources for the isolation of differentialìy expressed genes using either

the differential screen or differential display method' The White Cabernet mutant had

reduced expression of all of the anthocyanin pathway genes, but only UFGT expression

could not be detected. Thus, it is possible that these two varieties will only differ in the

expression of UFGT, genes that regulate the expression of UFGT and genes beyond UFGT

in the pathway. However, the regulatory genes may be expressed at too low a level to be

detected by differential screening, and so it may be necessary to cafry out cold-plaque

screening (Hodge et al. lgg2) to increase the probability of isolating genes specifrcally

expressed in Cabernet Sauvignon berries'

There are many possible methods to use for the isolation of regulatory genes of the

anthocyanin biosynthesis pathway from grapevine. The path of choice will be determined

by the ability to apply techniques to grape berries which are a diffrcult tissue with which to

work. Nevertheless, the isolation and characterisation of grape anthocyanin regulatory

genes will advance the knowledge of the control of this pathway in grapes and allow the

development of strategies for the genetic manipulation of anthocyanin biosynthesis in

grapes.

8.3 Grape berry ripening

The application of an auxinlike compound (BTOA) to grape berries before véraison

resulted in a delay in the onset of ripening of the treated fruit. The delay was observed in a

number of physiological factors (Figs. 5.2, 5.3 and 5.4), and was similar to previous

observations (Weaver 1962; Hale 1968; Hale et al, 1970; Coombe and Hale 1973). An

increase in ABA concentration, usually associated with ripening in grape berries, was
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delayed by the BTOA treatment (Fig. 5.6). It was also shown that the auxin treatnlent

affected the expression of several genes in a positive or negative manner (Figs' 5'3' 5'4 and

5.5)

A common theme to many of the studies involving the use of plant hormones to alter

ripening in grape berries is that the benies appear to require 'competence' to respond to the

hormone. That is, the effect of the treatment often depends on the time of application (e.g.

Hale et at. 1970; Coombe and Hale 1973; Hale and Coombe 1974). This suggests that

grape beny ripening is controlled by more than one factor and the whole process can not be

advanced by the addition of excessive amounts of one of these factors as is the case for

climacteric fruit where ethylene is used to induce ripening. Research has shown that the

exogenous application of a number of plant growth regulators can affect grape ripening,

including; ethylene (Hale et aL 1970; Coombe and Hale 1973), ABA (Hale and Coombe

lgly..Kataokaet al.lgBZ): auxin (Weaver 1962;Hale 1968; Hale et aI. 1970; Coombe and

Hale 1973;Hale and Coombe 1974;Davies et al. 1997\ and brassinosteroids (Rujuan er a/.

1gg4). Although, the control of ripening in grape benies appears to be complex, it may be

possible using molecular probes to investigate the role each growth regulator has on the

specific subprograms that are occurring in the ripening berries.

Since the BTOA-treatment experiment was completed, genes involved in grape cell wall

metabolism (K. Nunan, University of Adelaide) and a number of genes that are ripening-

induced have been isolated (Dr. C. Davies, CSIRO, Adelaide). Some of these clones may

be used as probes, along with the anthocyanin cDNA clones, to link the hormone treatments

to specific physiological processes that occur during grape berry ripening. The tools

required for physiological and molecular studies on the role of plant growth regulators in
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grape berry ripening have now been developed and can be used to extend the research on

grape berry ripening beyond the effects of BTOA'

8.4 Conclusion

Expression of all of the anthocyanin pathway genes except UFGT was detected in most

unpigmented tissues, and UFGT was the only gene that showed an absolute differential

expression pattern between white and coloured grape berry skins. These results suggest

that UFGT is under a different regulatory regime compared to the other anthocyanin

pathway genes in grapevine, and that anthocyanin synthesis is controlled at a later stage

than seen in species previously studied. Expression of all of the anthocyanin genes except

UFGT early in berry development and in most of the unpigmented tissues tested conelates

with the production of condensed tannins in the young berries and may also be responsible

for the synthesis of a number of other phenolic compounds. Treatments that delay grape

ripening and thus anthocyanin biosynthesis alter the expression of UFGT, but also influence

the pattern of CHS gene expression.

V/hite grapes lacked UFGT expression, but also showed decreased expression of other

anthocyanin pathway genes suggesting alteration of regulatory genes has occurred.

Attempts were made to isolate genes that encode myb- and myc-like transcription factors,

which have been shown to regulate structural genes from the anthocyanin pathway in other

plant species. Two myb homologues were isolated, but the expression pattern of these

genes does not support a role for them in the control of UFGT gene expression and thus

anthocyanin accumulation. Further development of techniques, initiated during this study,

for the isolation and characterisation of transcription factors will be required to advance our
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understanding of the regulation of anthocyanin biosynthesis in grapes' The opportunity also

exists to extend our knowledge of the role of growth regulators upon ripening in grape

berries and this may be applicable to non-climacteric fruit in general' The result of future

studies building on the research presented in this thesis could then be applied to the genetic

I

modification of grape cultivars that will benefit the grower and the consumer'
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Appendix A

Subclones generated for the sequencing of the grape mtb-like cDNA clones isolated' The

restriction endonuclease sites used to generate the subclones are indicated on the arrows representing the

full length clones. All clones were generated using pBluescript SK(+), and their orientation in the plasmid

clisplayed by the location of the T3 and T7 primer sites. The frapments subcloned are represented by the

unshaded boxes and the names of the subclones are indicated on the left of the figure.
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Appendix B

Subclones generated for the sequencing of the grape UFGT cDNA clones isolated' The

restriction endonuclease sites used to generate the subclones are indicated on the arrows representing the

full length clones. All clones were generated using pBluescript SK(+)' and their orientation in the plasmid

displayed by the location of the T3 and T7 primer sites. The fragments subcloned are represented by the

unshaded boxes and the names ofthe subclones are indicated on the left ofthe figure.
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Addendum

Page 59 It should be pointed out that the proanthocyanidin data is presented per gram fresh

weight. Grape cells are taking up a lot of water which makes it difficult to interpret

whether the proanthocyanidins are being turned over in ripening berries are whether they

are not being synthesised after véraison. It is also interesting that the relationship

between anthocyanin and proanthocyanidin production was not reciprocal. This

suggests that there is some type of metabolic channelling occurring in the flavonoid

pathway in grape berries.

Page 72 The Shiraz UFGT cDNA clones described in Chapter 7 enable a better interpretation of

the Southern data. Both cDNA clones possessed an Eco RV site close to the 5'-end,

whereas a Dra I site was only found in the putative intron in the Yvufgt3 clone.

Therefore we would expect to see at least two bands in the Shiraz DNA lanes in both

Southern blots, as is indeed the case. Also, re-examination of the Dra I Southern

suggests that there is some evidence for polymorphism between the grapevine varieties

tested.

Page 131 Introns can cause major disruption to the predicted restriction fragment lengths seen in

Southern blots. Myb-l1ke genes tend to possess introns towards the S'-end in the DA

binding regions. Thus, the Southern blots probed with the full-length clones will be

influenced by the introns. However, the 3'-end probes use should not span introns

found in these myb-hke genes.

Page 137 Re-examination of the Southern data suggests that there is only a single Yvmybl gene

in grapes, not more as is suggested in this discussion.



Page 145 These DNA libraries are made by ligating a special adaptor to the ends of DNA

fragments which have been digested separately with restriction enzymes that have six-

base recognition sites and generate blunt ends. The adaptor has an amine group on the

3'-end of the lower strand which blocks extension of this strand and thus the generation

of the primer binding site unless a dìstal gene-specific primer extends a DNA strand

opposite the upper strand of the adaptor. If, however, PCR products are formed which

contain double-stranded adaptor sequences at both ends, the ends of the individual DNA

strands will form panhandle structures after denaturation due to the presence of inverted

terminal repeats. These structures are more stable than the primer-template hybrid and

will thus suppress amplification of these species. However, when the gene specific

primer extends through the adaptor, the product will contain the adaptor sequence only at

one end and will not form the panhandle structure. PCR amplification can proceed

normally in this case allowing the cloning of these products.

Page 147 TheFigureoverleaf presents an overview of the One-Hybrid System as presented in

the Clontech manual.

Page 169 Another ploblen with the oneìybrÌd system and its use to isolate plimary regulators

of anthocyanin production may involve the way in which these transcription factors act

to regulate the structural genes. It has been demonstrated that the myb-llke and myc-||ke

proteins may interact and thus operate as heterodimers (Martin and Paz-Ares 1997).

Therefore, the one-hybrid system, which relies on a single protein product interacting

with its DNA recognition site may not be suitable for isolating transcription factors

which operate as heterodimers.
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