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ABSTRACT

Bruce's Sport is a mutant grapevine with green and white variegated fruit

derived from the Sultana variety. This fruit is known to dry to a lighter colour

than other seedless varieties, including Sultana. The biochemical basis for this

decreased browning capacity was investigated. Levels of phenolic compounds

were measured in Sultana and Bruce's Sport grapes and were found to be similar.

In mature berries of Bruce's Sport activity of the enzyme polyphenol oxidase

(PPO), which catalyses the browning reaction, was only 20-30Vo of that in Sultana.

No evidence of inhibitors or activators of PPO was found when berry extracts

were mixed. PPO activity was measured throughout berry development and on a

fresh weight basis. PPO activity in Sultana berries was high at fruit set then

declined as the berry developed. PPO activity showed similar changes during

development of Bruce's Sport berries but was lower than in Sultana at all stages.

The Bruce's Sport grapes were variegated and the green regions of skin had

similar PPO activity to Sultana skin whilst the white regions had very low

activity. An antibody was raised to active PPO purified from Sultana grapes and

Western blot analysis indicated that mature Sultana grapes contained a single 40

kD PPO whilst young Sultana berries also had small quantities of a 60 kD protein.

Bruce's Sport grapes had much less of the 40 kD PPO and greater ¿unounts of the

60 kD band. Protease digestion of Bruce's Sport extracts decreased the proportion

of the 60 kD protein and increased the 40 kD band. A technique was devised for

the isolation of RNA from grape berries. A cDNA clone of grape PPO was used to

probe a Northern blot of Sultana and Bruce's Sport RNA and hybridized to a 2.2

kb transcript in both grapevines. The level of PPO mRNA was high in the early

stages of berry development then declined. Transmission electron microscopy

indicated that plastids in Bruce's Sport lacked thylakoid membrane structure.

The results are used to suggest that in grapevine the active 40 kD form of PPO is
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synthesized as a precursor protein of at least 60 kD and normal processing is

interrupted in Bruce's Sport, resulting in the accumulation of the 60 kD inactive

preform of PPO.
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CHAPTER 1.: GENERAL INTRODUCTION

In Australia approximately 65,000 tonnes of dried vine fruit are produced

each year, of which more than 607o is exported, primarily to Europe and Canada.

By world standa¡ds Australia is not one of the major producers of sultanas,

growing less than 50Vo of the tonnage of Turkey and only around 20To of that of

the United States. Australia retains its relatively large export markets, however,

by the marketing of tight coloured or golden brown sultanas, rather than the

darker fruit produced by the United States. Filling this market niche ensures that

Australian fruit commands the highest price in overseas markets, but
necessitates the consistent production of light coloured dried fruit.

Sultanas in Australia are graded according to a crown system, with six crown

fruit being the lightest and most uniform in colour, down to one crown fruit
which is extremely varied in colour and relatively d.ark brown. The price

obtained by the grower is in part determined by the grade of the fruit, with higher

crown values gaining a higher price. The production of five and four crown

fruit, prized by the overseas markets, is achieved by dipping the drying fruit in a

drying emulsion of potassium carbonate and mineral oils. This hastens the

drying process, slows browning and aids in the production of light coloured fruit.

When rain or high humidity interrupts rapid drying and the drying process is

lengthened, much of the fruit is downgraded and less becomes available for
export purposes.

Bruce's Sport is a mutant of Sultana, the variety most commonly used in

the production of dried fruit, which had been shown previously to dry to a

lighter colour than Sultana. It has also been reported to lack vigour and bears

smaller berries than Sultana and, thus, is unlikely to be suitable for the

commercial production of dried fruit (Antcliff and Webster, 1962). However, the

low browning characteristic of Bruce's Sport is of great interest, partictrlarly for its
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potential transfer to other, more productive, drying varieties. The aim of this

work was to extend the observations on the low browning potential of Bruce's

Sport made by Radler (1964) and to determine the biochemical basis for the

decreased browning in Bruce's Sport grapes.

2



CHAPTER 2: LITERATURE REVIEW

Grapes

The grapevine is a perennial, woody vine which climbs with the aid of

tendrils, but is usually grown on a trellis. It has been estimated that there are

approximately "1.4,000 varieties in eústence, although perhaps fewer than half of

these are in commercial use (Alleweldt et al., 1,990). The genus Vítis, which

contains approximately 60 species, is divided into two sub-genera - Euaitis, the

true grapes, and Muscadinia. The most commonly grown species is Vítís

uiniferø, which originated from Middle Asia, and is the species to which most

well known varieties belong. Species originating in the New World are

predominantly used as rootstocks, examples being Y. riparía, V. rupestrís and V.

berløndieri. The sub-genus Muscadínia, originally found in North America,

contains only two species, rotundifolíø and munsoniønø.

Grapevines are usually propagated by cuttings although most produce viable

seeds. Most domestic varieties from Europe and the New World are

hermaphroditic and self-pollinating whilst other varieties, predominantly

originating in Middle Asia, are dioecious and out-crossing (Olmo, 1,976).

Commercial grapevines are often grown on hybrid rootstocks as the Old World

species V. ainifera, which is valued for its wine making and eating qualities, has

poor resistance to soil pests. Varieties are, therefore, often grafted onto V. riparia,

V. rupestris or V. berlandierí hybrid rootstocks for resistance against phylloxera

(Daclylosphæra aitifolíæ), or onto V. cøndícans, V. solonis or M. rotundifoliø Íor

protection against nematodes (Winkler et al., 1.974). The use of these different

rootstocks may affect vigour, fruitfulness, the time taken to maturation, berry

size and colour.
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In the second year of growth, grapevine shoots mature and become woody,

bear fruit and become known as canes. Although the grapevine does not produce

terminal buds at the end of the annual cycle, shoots do not increase in length

once they have completed their annual growth. Instead growth can continue for

as long as environmental conditions permit. The leaf arrangement on canes and

shoots is distichous, whilst the growth of tendrils is discontinuous with tendrils

opposite two adjacent leaves but not the third. The initial period of growth,

which in Australia occurs in early September, is quite slow whilst the cells are

undergoing active division. A period of extremely rapid growth occurs soon

afterwards, with the shoots of some cultivars increasing by 2 to 3 cm a day. In

South Australia, flowering occurs in mid November, after which this rapid shoot

elongation slackens. The rate of growth then continues to decrease until the end

of the season, in March to April.

The fruit of the grapevine is a berry. These are borne in bunches which may

consist of only a few to hundreds of berries. A pedicel containing vascular tissue

attaches each berry to the bunch, and supplies the developing fruit with water

and nutrients, including sugar. The skin or epicarp of the berry accounts for 5 to

1,27o of the total weight and consists of a few layers of thick-walled hypodermal

cells covered with a thin cutin or wax layer (Lavee and Nir, 1986). The vascular

tissue of the berry is contained within the mesocarp, whilst the pulp, which

comprises 65 to 907o of the berry weighç consists of large, highly vacuolated cells

containing the cell sap. Approximately 70Vo of the matu¡e berry weight is that of

the seeds, of which there may be up to four. Seedless cultivars, such as Sultana,

often contain traces of nondeveloped seeds in which the development of the

embryo and endosperm has been arrested. Other cultivars are, however, truly

parthenocarpic, and fertilization is not required for berry development.

In Australia the grape growing regions are centred in the south-eastern part

of the continent, although a small amount of wine is produced in Western

4



Clnpter 2: Líterature Revievv

Australia. South Australia is the major wine producer, accounting for 59Vo of

total production, with much of this originating in the Barossa Valley, Mclaren

Vale and Coonawarra regions. Most dried fruit is produced in Victoria (68Vo),

New South Wales and South Australia, whilst the production of table grapes is

predominantly undertaken in Victoria and New South Wales (ASRRC, 1,989).

Approximately 58,000 hectares are devoted to the growing of grapes in Australia,

which were expected to produce 844,000 tonnes of grapes in 1990-1991 (ABARE,

1990b). Of these, 65To was to be used in wine making, 30Vo in the production of

dried fruit and onty SVo for table grapes. In gross values, these represent $215m in

wine, $141m in dried fruit and fi67m in table grapes (ABARE, 7990a).

Drying grapes

World production of dried grapes is dominated by the USA, Turkey, Greece

and Australia. Drying methods vary extensively according to country, although

almost all so-called sultanas (Australia) or raisins (USA, Europe) a¡e berries of the

variety Sultana (Sy . Thompson Seedless, Kishmish, Sultanina). North America

primarily produces dried fruit known as 'naturals', the grapes being laid on long

sheets on the ground and allowed to dry in the sun without further treatment.

This results in a dark-coloured sultana with a purple-grey waxy 'bloom' and a

distinctive flavour. In Afghanistan the berries are dried in 'Soyagi-hana' (shade

houses), rectangular clay buildings with only narrow slits set high in the wall for

ventilation. Bunches of fruit are hung from the roof where they can be left to dry

for several months. The lack of direct sunlight and air-flow in these buildings

results in pale sultanas which retain a distinctive yellow-green colour, much like

the mature berry (Grncarevic, 1969). The lack of browning during the drying of

Soyagi sultanas has been suggested to be due to the retention of caftaric acid, the

major pulp phenol, which is rapidly lost in grapes dried in direct sunlight

(Singleton et al., 1985). The green colour of these sultanas is unacceptable in

5It



Chapter 2 : Literature Revíew

many Western markets and in Australia any remaining chlorophyll is removed

from the sultana by'sun-bleaching',Laying the dried fruit on long hessian strips

and watering by hose during the hottest part of the day.

The establishment of dried fruit production in Australia is generally

attributed to the Chaffey brothers, who initiated the use of irrigation in the

Riverland district of South Australia and the Sunraysia District a¡ound Mildura

in Victoria (Grncarevic and Lewis,'1,976). In 1890 the first small plantings of

Sultana were made, the fruit of which was dried because the distance from the

city prevented the marketing of fresh fruit. At this time the grapes were dipped

in boiling caustic soda before drying, a treatment initially introduced in order to

reduce the drying time. Whilst producing light coloured fruit, this hot dip had

the undesirable sideeffect of cracking the skin of the berry. The export of dried

fruit to England necessitated the production of fruit of a golden colour, similar to

that produced by Turke/, rather than the amber coloured fruit exported by

Australia at the time. Greek refugees from Turkey in the early 1920's introduced

the Turkish cold dip method of drying. This required the dipping of grapes in an

emulsion of olive oil and potassium carbonate at ambient temperature,

increasing the time required for drying compared to hot dipping, but resulting in

the light-coloured fruit preferred by the English market. By the 1940's the

ingredients of the drying emulsion had been further modified and commercial

dips became available (Grncarevic and Lewis, 1976). The hot dip method

persisted for some years in the production of Australian raisins (dried Muscat

Gordo Blanco and Waltham Cross berries) which are now also treated with a cold

dip based on that used for sultanas (DFPC, 1982).

In Australia the fruit is harvested when it reaches about lgoBrix (197o sugar).

The bunches are spread out on wire racks about 50 metres long and thinned

where necessary. The racks have 8-12 tiers covered with five centimetre wire

netting and are supported every three metres by pairs of posts. Some racks are

6



Chapter 2: Literantre Revtew

roofed to restrict rain damage whilst others are left completely open. The grapes

are sprayed with the cold dip; an alkaline oil emulsion of 2.57o (w / v) potassium

carbonate and2Vo (w/v) of a mixture of ethyl esters of fatty acids and free oleic

acid (DFPC,'1.982). The pH of this emulsion is kept higher than 10 to prevent

fermentation of the drying fruit. The dried fruit is shaken from the racks when

the moisture content of the fruit is"l,8-20Vo and removed to long strips of hessian

alongside the racks (Grncarevic and Lewis, 1976). There the fruit is spread out,

fully exposed to the sun, and allowed to dry further to the 'l.,3.5Vo moisture

content required by the packing sheds. It is at this stage, 'finishing of{, that any

remaining chlorophyll is removed from the dried fruit. A more recent

development to the traditional rack drying system has been the introduction of

the trellis drying method. Instead of harvesting the mature bunches, the fruit-

bearing canes are severed with the fruit still on the vine. The grapes are sprayed

evenly with the drying emulsion within two days of this cane cutting and

allowed to dry on the vine. Trellis drying has the major advantage of allowing

mechanical harvesting and is currently carried out by an estimated'l.IVo of the

growers in the Sunraysia district.

Sultana berries are covered with a waxy 'bloom', a series of overlapping wax

platelets which are normally randomly orientated. The berries take on a

somewhat translucent appearance when dipped and these platelets appear to be

removed. Scanning electron microscopy, however, has revealed that the wax

platelets remain but become adpressed to the berry surface (Possingham,'1,972).

This effect persists whilst the fruit is dried. The reorientation of these wax

platelets by the dipping emulsion reduces both the distance between the platelets

and the effective thickness of the wax layer. Possingham (1972) suggested that the

additional bringing together of hydrophilic groups of overlapping platelets would

promote the loss of water from the grape to the atmosphere, thus hastening the

drying process. As direct contact of the berry with the drying emulsion is

7
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necessary for this effect, it is considered essential for growers of dried fruit to

obtain complete coverage of the fruit when spraying with the drying emulsion

(Clingeleffer, 1987).

The effect of the dipping process on the berry can be reversed by washing the

fruit in water (Grncarevic and Lewis, '1,976), thus when rain falls during drying,

the dipping emulsion must be reapplied to prevent the fruit drying as 'naturals'.

Drying fruit remains green until membrane breakage occurs, allowing the mixing

of the enzyme polyphenol oxidase (PPO) with its phenolic substrates (Singleton eú

al., 1.985). After membrane disruption, browning proceeds until the increasing

sucrose concentration inhibits PPO, preventing any further reaction (Radler,

1964). Treating the fruit with drying emulsion, which hastens drying, minimises

the time available for browning to occur. If rain or high humidity occurs during

this drying period, however, the fruit can take up moisture from the atmosphere,

the sucrose concentration is again decreased and PPO can continue to act upon its

substrates, resulting in a darkening of the fruit (Grncarevic and Lewis, 1976). The

time taken for the fruit to reach a moisture level such that PPO is again inhibited

by sucrose, is also increased if the drying emulsion is not reapplied. This

therefore further exacerbates the darkening of the fruit.

Dried fruit in Australia is classified according to a crown system, from six

crown fruit, the lightest and most uniform in colour, to one crown, which is dark

brown or extremely variable. This classification is carried out at the packing

sheds by an inspector with the Australian Dried Fruit Association. It is a relative

rather than an absolute grading, thus between years the colour of five crown fruit

may vary (Grncarevic and Lewis, 1973). Within any one year, however, all fruit

is classified on the same criteria, the inspectors being reliant on a series of

standard samples. A premium is offered for fruit of increasing crown value as

the market niche of Australian dried fruit depends at least in part on the

continued production of 'golden-brown' sultanas. Approximately two-thirds of

I
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the Australian dried fruit production is exported each year, mainly to the

European Community and Canada, representing an export value of 60 to 70

million dollars.

Browning

Browning in plants is usually due to a mixture of three reactions. Two of

these are enzymic in nature and are initiated by membrane damage due to

wounding or senescence, mixing the enzyme with its substrates. These reactions,

catalysed by polyphenol oxidase (PPO) and peroddase (POD), are rapid, unlike the

Maillard or amino-carbonyl reaction, which is slow and completely non-enzymic.

Peroxidase (POD) is an iron-containing enzyme and is primarily of interest

to food scientists due to its involvement in the production of off-flavours. The

reaction catalysed by this enzyme involves the decomposition of hydrogen

peroxide in the presence of hydrogen donors and is usually associated with

ripening and senescence. The physiological function of peroxidase is unknown,

although it has been assocjated with ethylene biosynthesis, hormone balance and

membrane integrity (Vámos-Vigyâ26,1981). The enzyme is extremely heat stable

and, thus, is often studied as an indicator of blanching adequacy during the

canning of fruits and vegetables (Burnette, 1977). The recent generation of

transformed tobacco (Nicotiana tabacum) plants overexpressing peroxidase

indicated that, at least in some plants peroxidase is also involved in browning

after wounding (Lagrimini,799l). Levels of peroxidase in these transgenic plants

were such that leaves expressed peroxidase at a l0-fold higher level than control

plants (Lagrimini et al., 1,990). Transgenic plants also synthesized peroxidase

throughout all stem tissues, unlike non-transformed plants which localized

peroxidase activity primarily in the xylem and epidermis (Lagrimini, 7997). After

wounding, control plants did not brown even after seven days whilst the

transformed plants browned markedly after less than 24 hours. It must be

9
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emphasised, however, that much of this browning occurred in the pith, a tissue

that under normal circumstances contains only negligible amounts of peroddase

activity. Thus the role of peroxidase in the catalysis of browning reactions ín

viao would still appear to be somewhat unclear.

The gradual browning of fruit or vegetables during long term storage over a

period of months is due to the Maillard reaction, a relatively slow process caused

by a complex interaction of sugars and amino acids (Namiki, 1988). The reaction

is encouraged in certain foods, particularly fermented Oriental foods such as soy

sauce, as it contributes to flavour formation. In fruit, however, the gradual

darkening associated with the Maillard reaction is undesirable. The rate of

colouration and the colour produced are dependent on the temperature of

storage and the pH of the fruit, with acidic conditions favouring the initial stages

of the reaction (Namiki, 1988).

Polyphenol oxidase (PPO) also catalyses enzymic browning in plants. It is a

copper-containing enzyrne, apparently associated with the chloroplast thylakoids,

which reacts with the phenolic compounds in the vacuole after damage to

cellular membranes. Also known as catechol oxidase, PPO catalyses the oidation

of o-diphenols to o-diquinones which in turn polymerize to form the familiar

coloured pigments associated with browning in plants. Like peroxidase, the

physiological function of PPO is unclear, although its high levels in the

immature stages of many fruits has led to speculation that it has a role in

pathogen defence (Hammerschmidt et a1.,1982). Polyphenol oxidase is believed

to be the major cause of browning during the drying of grapes and is discussed in

more detail below.

10
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Polyphenol oxidase

The oxidation of o-diphenols to o-diquinones occurs by two separate

reactions: catecholase activitl, which involves the oxidation of o-diphenols to

their corresponding quinones, and cresolase activity - the insertion of an oxygen

ortho to the hydroxyl group of a monophenol and oxidation of the resulting o-

diphenol (Mayer and Harel,1979). The products of both reactions polymerize to

form the familiar coloured pigments associated with browning in plants.

Polyphenol oxidase, or catechol oxidase, is extremely widespread in the plant

kingdom and has been reported in possibly all angiosperm families, as well as

numerous fungi, some bacteria, mycorrhiza, algae, bryophytes and pteridophytes

(Mayer and Harel,1979; Sherman et a1.,1990).

Multiple forms of PPO have been reported to occur in a wide range of plant

species, including cherries, green olives, peaches, banana, avocado, kiwifruit,

pear, and sago palm (Benjamin and Montgomery, 1,973; Ben-shalom et ø1.,1977;

Flurkey and fen, 7978; Galeazzi et a1.,7981,; van Lelyveld eú a1.,1984; Park and Luh,

1985; Wissemann and Montgomery,1985; Okamoto et a1.,1988). The appearance

of these apparent multiple forms is dependent upon the age of the tissue, the

conditions of storage, the tissue type and the extraction procedure. In banana, for

instance, Thomas and Janave (1986) found L4 forms of PPO in the pulp tissue of

unripe Dwarf Cavendish fruit, whilst Galeazzi et ø1. (198L) reported the presence

after electrophoresis of only four bands in the pulp tissue of an unknown variety

of mature dwarf bananas. Similarly, kiwifruit has been shown to have different

electrophoretic banding patterns in the skin and fruit following staining for PPO

activity (Park and Luh, 1985) and Benjamin and Montgomery ('1.973) found that

the number and sizes of the PPO isozymes present in Royal Ann cherries were

altered if they extracted the enzymes with a mixture of acetone and polyethylene

glycol rather than with acetone alone. It is likely that at least some of these

multiple forms represent degradation products of PPO, aggregation of subunits or
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tanned enzyme. Few reports have described these apparent isozymes or multiple

forms purified to homogeneity, and most studies have been conducted under

non- or partially-denaturing conditions. Nakamura et ø1. (1983), however,

purified PPO to homogeneity from Koshu grapes and found a single PPO with an

estimated molecular weight of 4'1.,000 by SDS-PAGE. This can be compared to

the minimum of three forms in 55 grapevine varieties, not including Koshu,

noted by Wolfe (1,976). Until further examples of complete purification of PPO

are reported, true numbers of isozymes, as well as accu¡ate estimates of molecular

weights, are unlikely to be known.

Polyphenol oxidase has often been reported to have an acidic pH optimum,

ranging from 4.0 in eggplant to 6.0 in artichoke (Fujita and Tono, 1.988;

Zawistowski ¿ú ø1., 1988). Ffowever other plant tissues, such as avocado fruit,

green pepper berries and the leaves of the Aranda orchid, have a form of PPO

requiring a more neutral pH of 6.7 to 7.0 for maximal activity (Kahn, 1975;

Variyar et aL,1988; Lam and Ho, 1990). Reported substrate specificities also vary

widely and many plant polyphenol oxidases act on an extensive range of both

mono- and o-diphenols. Interestingly, in many cases the phenolic compound for

which a PPO has the highest affinity is the one most prevalent in the studied

tissue. The affinity of PPO for oxygen is relatively low, with an estimated K,
value of 1. x 10-4 M or 87o Oz (Radler and Torokfalvy, 1973). Thus, at the normal

partial pressure of air, and with excess phenolic substrate present, the reaction

velocity approaches its maximum.

The group of enzymes known as polyphenol oxidases may be more correctly

divided into three subclasses. Enzymes which can oxidise only o-diphenols, such

as the formation of melanin from DOPA, are termed catechol oxidases. Those

which are able to produce melanin from the oxidation of tyrosine a¡e known as

tyrosinases or monophenol monooxygenases, although they can also catalyse the

oxidation of o-diphenols to o-quinones (Robb, 1,981,; Lerch et al., 1,982).
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Tyrosinases have been isolated from a variety of both prokaryotic and eukaryotic

sources and have been studied predominantly in mushrooms (Lerch, 1981)

where tyrosinase is the major enzyme responsible for browning (Ingebrigtsen eú

aI., 1989). Th"y can be distinguished from catechol oxidases by their ability to

oxidise tyrosine, but are subject to inhibition by similar compounds to catechol

oxidases (Walker and McCallion, 1980; Kahn and Andrawis, 1985). Tyrosinases

are cytoplasmic in fungi and found throughout mushroom tissue, but are

located in the chloroplast in Beta vulgaris (Vaughan et aL, 1975; Robb, 1,981,;

Burton, 1988). The third group of polyphenol oxidases are the laccases which

oxidise only p-diphenols. These have been described mainly from fungi, where

they appear to be widespread, but have also been found in peach, the secretory

ducts of mango fruit, cultured sycamore cells, the Anacørdiaceae, Rftus and

Aesculus (Bligny and Douce, 1983). Laccase is a blue glycoprotein that has been

reported to contain 45Vo carbohydrate in sycamore and up to 70Vo in Botrytis

cínerea (Btigny and Douce, 1983; Marbach et al.,198/). Syringaldazine, a substrate

of laccase which is not oxidised by catechol oxidase or tyrosinase, can be used to

distinguish the presence of laccase rather than other polyphenol oxidases

(Hodson et a1.,1987). The cellular location of laccase is still unclea¡ (Mayer, 1987).

The inhibitors of PPO fall into two main dasses: those which chelate copper

and prevent the activity of this copper-containing enzyme, and the -SH

compounds which act as reductants. Sodium diethyldithiocarbamate (DIECA),

and perhaps cyanide, are examples of compounds interacting with the copper

molecule which have been found to almost universally inhibit plant PPOs (e.g.

Interesse et ø1., 1983; Okamoto et a1.,1988; Lam and Ho, 1990). A weak copper

chelator, EDTA, however, only inhibits PPO at high concentrations and at 10 mM

had no effect on PPO in green olives, eggplant or sago palm (Ben-Shalom et ø1.,

7977; Fujita and Tono, 1988; Okamoto et al., 1988). Tropolone is a slow-binding

competitive inhibitor of grape PPO, structurally analogous to the o-diphenolic
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substrates of PPO as well as an effective copper chelator (Bryant et a1.,1953; Valero

et a1.,1991,). This compound, found in several plants and fungi, acts as a substrate

of peroxidase and therefore can be used to distinguish between the reactions of

peroxidase and PPO (Kahn, 1985). Similarly, salicylhydroxamic acid (SHAM),

which inhibits PPO at concentrations of less than 10 pM, has little effect on

laccases and may be used to establish the presence of these enzymes rather than

PPO (Atlan and Walker, 1988). The sulfhydryl inhibitors include sodium

metabisulfite, dithiothreitol and ß-mercaptoethanol which dramatically inhibit

plant PPOs at micromolar concentrations. Some phenolic compounds have also

been reported to act as inhibitors of PPO isolated from varying tissues (e.g. Gunata

et ø1., 1987; Zawistowski eú al., 1988), but this does not appear to be a general

phenomenon.

In many plants PPO is latent and is only activated in aiuo by wounding or

senescence. The activation of spinach PPO has been extensively studied and has

been found to be initiated by fatty acids (Golbeck and Cammarata,7987), freezing

and thawing of the chloroplasts (Lieberei and Biehl, 1978), trypsin (Tolbert, 1,973)

and sodium dodecyl sulfate (SDS) (Satô and Hasegawa,7976). SDS has also been

shown to activate PPO in green olives and avocado (Kahn, 1977; van Lelyveld et

al.,'1.984). Suggested mechanisms for the activation of PPO in spinach include

release from the thylakoid membranes and dissociation of an enzyme-inhibitor

complex. In Vícia faba, the chloroplastic PPO can be activated by denaturing

agents such as urea (Robb et al., '1,965), limited proteolysis with trypsin,

thermolysin and subtilisin (King and Flurkey, 1987) or by treatment with fatty

acids (Hutcheson et al., '1,980) acid, alkali or anionic detergents (Kenten, 7957;

Kenten, 1958). As in spinach, activation of PPO in Viciø føbø }:.as been suggested

to be due to a release of PPO from the thylakoid membranes, although a number

of authors have also proposed that a conformational change in the enzyme,

brought about by the action of trypsin, anionic detergents (particularly SDS), acids,
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alkali and some denaturing agents, may also cause the observed increase in PPO

activity. In particular, King and Flurkey (1987) reported that trypsin treatment of

broad bean PPO, which resulted in an increase in activity of up to 350%,

converted the active 45 kD enzyme into a 43 kD enzyme within 20 minutes.

Similarly, activation by SDS was found to alter the enzymatic and physical

characteristics of purified broad bean PPO, attributed to a limited conformational

change caused by the binding of small amounts of the detergent (Moore and

Flurkey, 1990).

A study of the PPO isozyme patterns of species of Nicotianø and their

hybrids was used to determine the mode of inheritance of PPO (Lax et al., 1984).

The plastids of Nicotiøna are strictly maternally inherited, thus in each hybrid the

Presence of isozymes from the paternal parent, but absence of those from the

maternal parent, indicated the nuclear inheritance of PPO. Although this work

relies on multiple forms of PPO being due to alternative genes rather than

secondary modification of the protein, Reisch and Watson (1984) also found

Mendelian inheritance of a low PPO trait in a genetic study of variegated

grapevines. Similarly, a mutant of Aegopodium podagraria, which lacked 70S

chloroplast ribosomes and was therefore unable to synthesize proteins encoded

in the chloroplast genome, was shown to contain PPO activity (Vaug}ln et al.,

1981). Based on these results, PPO appears to be a nuclear-encoded protein.

Cellular localization

Much of the work concerning the localization of PPO has involved the use

of electron microscopy, as biochemical fractionation techniques are prone to

artifactual results. This is due to solubilization of the enzyme during extraction,

indiscriminate aggregation of protein and membranes and cross-membrane

contamination. Polyphenol oxidase reacts with oL-dihydroxyphenylalanine

(DOPA) to form an electron dense product, such that active PPO can be localized
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by sectioning tissue incubated with DOPA and observing the sub-cellular location

of the reaction product under an electron microscope. In cells in healthy green

leaves of Nicotiønø tabøcum, Brøssícn napus, Vigna radiøta, Sorghum bicolor ønd

Aegopodium podøgraría PPO activity has been shown to be localized at the

thylakoid membranes within the chloroplast (Henry, 1975; Henry, 1976; Vaughn

and Duke, 1.981.a; Vaughn and Duke, 1981b; Vaughn et al., 1981). In tobacco, a

membrane-bound component of the chloroplast from which thylakoids appeared

to develop, was also shown to contain active PPO (Henry, 1,975). The formation

of the reaction product in all cases was attributed to the action of PPO, rather than

peroxidase, as tissue treated with sodium diethyldithiocarbamate (DIECA), an

inhibitor of PPO, formed no such osmiophilic substance. A similar situation was

found to occur in a suspension culture of carrot cells, where the PPO reaction

product was found to be associated only with the thylakoid membranes (Olah and

Mueller, 1981). These cells lacked grana stacks, indicating that they are

unnecessary for the correct localization and subsequent activity of PPO. In studies

on fruit, PPO appears only to have been cytochemically localized. In the

mesocarP of three week old olives, PPO reaction products were found to be

associated with the mitochondrial, as well as the thylakoid membranes, resulting

in the suggestion that PPO in olive fruit was bound to both the mitochondrial

and thylakoid membranes (Shomer et al., 1,979). Conversely, fractionation

studies on the intracellular location of particulate-bound PPO of avocado

mesocarP indicated that PPO was not a constituent of chloroplasts, chromoplasts

or mitochondria, but rather was associated with microbodies (Sharon and Kahn,

1979). The method used to homogenize the tissue was, however, reported by the

authors to markedly affect the relative distribution of PPO in the fractions.

Immunocytochemistry has also been used to determine the cellular location

of PPO in the leaves of Viciø faba (Yaushn and Duke, 1984b). Rather than

allowing PPO to react with its substrates, which detects only active PPO, this
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method avoids the possibility of diffusion of the electron dense product produced

by reaction with DOPA and ensures that all immunogenically reactive PPO

molecules are detected. In this study, leaf tissue was ground in a morta¡ and

pestle and the homogenate exposed to a PPO antibody raised in rabbits. The

thylakoid membranes of disrupted chloroplasts were heavily labelled with the

secondary antibody used to detect the anti-PPO, indicating that, as found with the

cytochemical studies, antigenic PPO molecules were associated with the

thylakoids.

Although PPO appears to be restricted to thylakoids in most tissues, not all

plastid types contain PPO. The plastids in guard cells of Sorghum and

Aegopodíum, for instance, have been shown to lack active PPO (Vaughn and

Duke, 1981b; Vaughn et a1.,1981). Similarly, the bundle sheath cells of Sorghum

were shown by cytochemical, biochemical and mechanical fractionation methods

to lack PPO activity (Vaughn and Duke, 1981b). This was not attributed to

differences in the structures of bundle sheath and mesophyll plastids, as grana

stacks had been shown to be unnecessary for PPO activity in carrot cells in

suspension culture and a 70S ribosome-less mutant of Aegopodium (Olah and

Mueller, 1.981.; Vaughn et a1.,1981). Vaughn and Duke (1981) suggested, however,

that the lack of oxygen evolution in bundle sheath and guard cell plastids

determined the lack of PPO, and that the enzyme may act as an oxygen buffer

within the plastids of the mesophyll.
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Function

The function of PPO has been comprehensively reviewed by a number of

authors (Mayer and Harel, 1979; Vámos-Vigyá;z6,1987; Vaughn and Duke,1984a;

Vaughn et ø1.,1988).

Polyphenol oxidase has often been implicated in the synthesis of the

phenolic compounds which comprise its substrates. The major argument for this

appears to be that the enzyme can catalyse the hydroxylation of phenolics in

aítro. Secondary support arises from the correlation between levels of phenolics

and PPO activity, inhibitors such as DIECA that affect both PPO and synthesis of

phenolics, and the co-induction of PPO activity and phenolic formation (Vaughn

et a1.,1988). The strongest argument against this suggested function of PPO is that

proposed by Vaughn and Duke (1984a), who point out that PPO is apparently

inactive until it crosses the plastid envelope, but most phenolic compounds are

located in the vacuole. It is therefore difficult to understand how PPO, once

activated, could be involved in synthesizing the phenolics from which it is

spatially separated. Other evidence against the involvement of PPO in the

production of phenolics is provided by the treatment of mung bean seedlings

with tentoxin, a fungal toxin inducing chlorosis in susceptible plants (Vaughn

and Duke, 1,98'l,a). These mung bean seedlings have a complete absence of PPO

activity, but were shown to have normal levels of certain phenolics such as

caffeic acid (a hydroxycinnamate), and the flavonoid compounds delphinidin and

rutin (Duke and Vaughn, 1982). Finally, the disparity in PPO activity between

species must be highlighted. Flurkey (1986) found a range of activities from 1.3

units BFWI-I in bush bean (Phøseolus lunøtus) and 69 units in broad bean (Viciø

faba), up to 180 units gFWt-1 in mung bean (Vigna radiatø), where one unit

referred to a change of one absorbance unit per minute. An enzyme involved in

primary metabolism would be expected to occur at reasonably similar levels in

different plants.
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Polyphenol oxidase has also been implicated in the formation of hard seed

coats due to the polymerization of quinones, for instance in the tanning of the

seed coat proteins in Pisum elatius which renders the seed coat impermeable to

water (Marbach and Mayer, 1975). Ffowever, this reaction has been shown to be

associated with peroxidase in the seeds of three malvaceous and two leguminous

weed species (Egley et ø1., 7983; Egley et a1.,1985). In addition, in each of these

species PPO activity was not detectable by spectrophotometric, cytochemical or

immunochemical means suggesting that the correlation with PPO activity

reported by Marbach and Mayer (7975) was an artifact, with lignification of seed

coats being due entirely to the action of peroxidase (Egley et ø1.,'1.985). It is
therefore somewhat doubtful if the development of impermeable seed coats is a

major, or even minor function of PPO.

The strong oxidizing ability of quinones has led to the hypothesis that these

compounds, produced by the PPO-catalysed oxidation of o-diphenols, are

somehow involved in electron transport. In particular, PPO has been claimed to

mediate cyanide-insensitive respiration in plant tissues. Polyphenol oxidase,

however, is consistently localized in chloroplasts rather than mitochondria, and

Mayer and HareI (7979) comment that there is little evidence associating the

reduction of quinones with electron transport. Although substituted hydroxamic

acids have been shown to be powerful inhibitors of both PPO and the cyanide-

insensitive electron transport chain (Mayer and Harel, 1979), the relatively high

sensitivity of PPO to cyanide, coupled with its absence from mitochondrial

membranes in most plants, would seem to deny this suggested function of PPO.

The association of PPO with the thylakoid membranes of chloroplasts has

led to suggestions from a number of authors that PPO is involved in

photosynthesis. Tolbert (1973) proposed a role in pseudocyclic

photophosphorylation, a suggestion that was modified by Vaughn and Duke

(1984a), who proposed the mediation of the photoreduction of molecular oxygen
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(the Vtehler reaction) via photosystem I. Evidence to support this latter proposal

included the exclusive presence of PPO in those chloroplasts generating high

oxygen levels and the knowledge that quinones can regulate the Mehler reaction

(Vaughn and Duke, 1984a). Mayer and Harel (1979) also speculated on a role for

PPO in providing an oxygen buffer, but added that its relatively low affinity for

oxygen would require a high concentration of oxygen in the chloroplast.

Recently, however, PPO has been shown to colocalize with the proteins of

photosystem II, rather than photosystem I (Lax and Vaughn, 1991). Whilst this

would throw into doubt the proposed mediation of the Mehler reaction, the

association of PPO with PStr particles tends to suggest an as yet unknown role in

photosynthesis.

Oxidised phenolics and tanned proteins tend to reduce the digestibility of

fruit, hence it has been suggested that the high levels of PPO activify early in fruit

development act as a defence mechanism by protecting the seeds from predation

prior to maturity (Mayer and Harel, 1981). Whilst this seems to be a reasonable

hypothesis, it applies only to fruit and does not account for the predominantly

latent enzyme found in the leaves of many species.

The association of PPO with resistance to pathogen invasion has been

investigated by many workers. Damage to the cellular membranes in plant tissue

results in the activation of latent PPO and the mixing of the active enzyme with

its phenolic substrates. The o-quinones resulting from this reaction are believed

to be toxic to many pathogens and act as a barrier to prevent the spread of

infection. There is a wealth of literature attempting to correlate PPO activity with

disease resistance, although much of the evidence is inconclusive or

contradictory. There are, however, many reports of a stimulation of PPO activity

following injury to the plant tissue. Montalbini et al. ('/..98L), for example, found

that infection of Vícia fabø with the rust fungus, (Iromyces fabøe, resulted in an

increase in the amount of PPO activity extractable from chloroplast membranes.
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A pea variety resistant to powdery mildew was also reported to have a higher

level of PPO activity than a more susceptible line, although the levels of activity

were very low (Chander and Chandravadana, 1988). Similarly, PPO activity was

found to increase in tomato plants when infected with Fusarium oxyspotum

(Abbattista Gentile et al., 1988), although this activity was also found to be

stimulated by treatment with chloroform, heat and a non-pathogenic strain of

Fusarium. It is difficult to ascertain, therefore, whether the noted increase in PPO

activity was a direct response to infection or merely a result of cell senescence and

death. Indeed, although Mayer and Harel, (1,979) concluded that PPO activity

increased following infection by virus, bacteria or fungi, later reviews by Vaughn

et aI. (1988) and Mayer (1987) were unable to generalize even to this extent. There

can be little doubt that damage to cellula¡ membranes results in the browning

reaction, however it is still somewhat controversial as to whether PPO itself plays

a direct role in preventing infection by bacteria and fungi.

The role of PPO in defence against insect attack, by comparison, has been

somewhat darified recently. A careful study by Felton et aI. (1989) has indicated a

connection between the relative growth rate of the tomato fruitworm (Heliothis

zea) and the amount of PPO activity in tomato foliage. Upon ingestion of the

foliage, PPo reacted with chlorogenic acid, a phenolic compound, to form

chlorogenoquinone. This molecule is highly reactive and resulted in alkylation

of amino acids and a subsequent reduction in the digestibility of the dietary

protein. Furthermore, e\zymes within the gut of the fruitworm activated the

PPO derived from the tomato plant, leading to a further reduction in the

bioavailability of amino acids. Felton et al. (1989) suggest that their results may be

able to be extrapolated to other plant-insect systems.
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Grape pol¡rhenol oxidase

The edstence of multiple forms of PPO in grapes, as in other fruit, has been

extensively reported. Wolfe (1,976) noted at least three forms of PPO in 55

grapevine varieties, whilst up to eight bands staining for PPO activity were

described by Wissemann and Lee (1981) and Sánchez-Ferrer et ø1. (1989).

Exposure of an extract of grape berries at 2oC to a pH of 5.0 for several weeks and

subsequent analysis by gel electrophoresis resulted in the complete conversion of

fast moving bands into much slower moving proteins (Harel et ø1., '1,97i;

Dubernet and Riberéau-Gayon,1974). A similar phenomenon was observed after

treating the enzyme with 5 M urea or after ion-exchange chromatography, and

was suggested to represent dissociation of the enzyme into subunits. Attempts to

induce reassociation of these apparent subunits was not successful. Analysis of

the bands suggested that they had identical molecular weights, but differed in

their distribution of charges, resulting in the suggestion that the bands

represented true isozymes of grape PPO (Harel et al., 1973). The purification to

homogeneity of PPO from Koshu grapes by Nakamura et at. (7983) has since

shown, however, that at least in this variety there is only a single form of ppO

with an apparent molecular weight of 39,000 to 4L,000.

There is similarly little consensus in the literature on the pH and

temperature optima of grape PPO. Estimates of the optimum pH for grape ppO

activity range from 3.5 in the variety Airen (Valero et ø1.,19gg) through to 6.0 in

Koshu (Nakamura et a1.,1983). DeChaunac grapes, which are a hybrid of Vitís

ainiferø and V. labruscanø, also have been reported to have an optimum pH of

6.0 (Lee et al., 1983), whilst V. rotundifolíø grapes of the variety Welder had an

acidic optimum pH of 4.5 (Lamikanra, 1988). The optimum temperature of ppO

in the fapanese variety Koshu has been reported to be 25oC (Nakamura et al.,

1983), whilst that of Airen grapes grown in Spain was found to be 45oC (Valero ¿f
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aL,1988). As with much of the work on grape PPO, the rarity of reports on PPO

purified to homogeneity may well contribute to this lack of consistency.

Polyphenol oxidase in grapes has been suggested to be located in subcellular

particles, rather than being a cytosolic enzyme. Harel and Mayer (1971) found

that PPO precipitated when an extract was centrifuged at 1.,0009 for L0 minutes,

and could only be solubilized by extraction with detergent. This suggested

organellar location of PPO was supported by the work of Kidron et al. (7977), w}ro

partially purified the enzyme from freeze-dried chloroplasts of Clairette grapes.

Localization of PPO in grape leaves or berries using electron microscopy,

however, has yet to be carried out.

Polyphenol oxidase activity has been shown to vary markedly during the

development of grape berries, although when expressed on a fresh weight basis it

could clearly be seen to decrease from anthesis until maturity (Sapis et a1.,1983).

Although most activity was particulate and only able to be solubilized with

detergent, a small amount of soluble PPO activity appeared first at veraison and

increased slightly until maturity. The changes in PPO activity during maturation

have also been found to be greatly affected by varietal differences and

environmental conditions (Kidron et a1.,7978; Wissemann and Lee, 1980; Sapis eú

a1.,7983).

Bruce's Sport

Bruce's Sport was first described by Antcliff and Webster (1962r. It is believed

to be a spontaneous mutant of the Sultana grapevine and was first propagated in

1934 by Mr A.J. Bruce, from whom the name was derived. A horticultural sport

is an abnormal form of an individual caused by a mutation or segregation, and

often appears as a single shoot on a tree or vine. Bruce's Sport was described as

being less vigorous than Sultana and having paler, smaller and rounder berries.

The first leaves produced were reported to be the same as those of Sultana, but
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those produced after flowering were variegated in an irregular pattern. The

flowers differed from Sultana, being cream rather than green, and the young

berries of Bruce's Sport were also found to be variegated and were described as

being mainly whitish with pale green longitudinal markings. The variegation

was not considered to be the result of a virus as Antcliff and Webster (7962)

reported that the variegation was not transmitted by grafting and none of the

vines growing near Bruce's Sport had become variegated.

Although Bruce's Sport was noted to be less vigorous than Sultana, Antcliff

and Webster (1962) concluded, af.ter a series of pruning experiments, that the vine

was caPable of yielding as least as much as Sultana. The lower vigour of the

mutant resulted in fewer buds per length of cane, thus the normal pruning of 36

inch canes resulted in a lower number of buds being left on the vine. If both

varieties were pruned to a standard number of buds, however, the yields were

found to be similar. Bruce's Sport berries are smaller and lighter than those of

Sultana, but the greater number of bunches on the vine increased the overall

yietd to one similar to that of Sultana.

The fruit of Bruce's Sport was also reported by Antcliff and Webster (1962) to

have a tendency to darken less than Sultana berries during drying. This

observation was further investigated by Radler (1964) who measured both

polyphenol oxidase (PPO) and its phenolic substrates at a single stage of

development of Bruce's Sport and Sultana. Bruce's Sport was found to have only

a fraction of the PPO activity of Sultana, although the level of phenolic

compounds was the same in both grapevines. Radler (1964) concluded that the

low browning tendency of Bruce's Sport berries was due to a lack of PPO activity.

other grapevines, such as Riesling, chardonnay, Baco 2-'!,6, Ny 34217 and

Ravat 51., have also been reported to be produce variegated progeny in a 3 to 1

ratio when self-pollinated or crossed within this group (Reisch and Watson,

7984.)- The seedlings exhibited an irregular pattern of variegation like that of
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Bruce's Sport, some shoots being entirely green and others intensely variegated.

Unlike Bruce's Sport, however, none were reported to produce variegated fruit.

Reisch and Watson (1984) concluded that the variegation in grapevines within

this group was controlled by a single, recessive gene, the oar gene.

Lax et al. (1987) described a variegated cotton mutant, apparently similar to

Bruce's Sport, with slow sorting out of the mutant plastid phenotype. Although

this mutant had been sexually propagated through several generations,

variegated progeny could still be obtained, resulting in the 'slow sorting'

classification. The plant had an unusual pattern of variegation for a dicot, with

leaves of several phenotypes - all green, all mutant or with a mosaic pattern of

green and mutant. Lax et al. (1987) suggested that the cells in this mutant were

mixed with respect to both whole plastids and the DNA within plastids. Thus

the number of cell divisions required for sorting out was markedly increased, as

both sources contributed to the heterozygosity of the mutant.
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INTRODUCTION

Colour is a major determinant of quality in dried fruit produced in

Australia, with lighter coloured fruit attracting a higher price. In Australia the

grape variety Sultana (Syn. Thompson Seedless, Kishmish, Sultanina) is
predominant amongst drying varieties. Harvested fruit is generally laid on long,

open wire racks and sprayed with an emulsion of potassium carbonate and

drying oils, esters of long chain fatty acids derived from vegetable oils or beef

tallow. This hastens drying by modifying the outer wax layer of the berry so that

its permeability to water is increased. If rain falls during the drying period, drying

time is increased and the fruit may darken further (Grncarevic and Lewis, 19Z6).

Bruce's Sport is a mutant of Sultana which was first described by Antcliff

and Webster (1962) and reported to have an inherently low capacity for browning.

The mature berries of Bruce's Sport were also previously noted to have a reduced

polyphenol oxidase (PPO) activity in comparison to that of Sultana (Radler, 1964).

The initial stages of this project were to determine if the reported low capacity for

browning of Bruce's Sport was significantly different to other grapevine varieties

drying to a light colour. Succeeding experiments were designed to determine if
the reported low PPO activity was associated with the lower capacity for browning

of the drying berries.
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MATERIALS AND METHODS

Plant material

Drying experiments were conducted with Canner, Kennedy, Merbein

Seedless, Seekamp II and Sultana H5 grapes grown at the CSIRO Division of

Horticulture, Merbein, victoria, and Bruce's Sport, which was grown in a

commercial vineyard adjoining the CSIRO plantation. The mature fruit was

picked on 21. February 1989 and dipped in oil-carbonate emulsion or frozen the

same day for later assay of PPO activity. Sugar content was measured using a

Zeiss hand held refractometer. In all cases 'mature fruit' refers to berries of

greater than 20oBrix.

Sultana H5 and Sultana H25 are different selections of the original variety

known as Sultana in Australia, Thompson Seedless in North America and

Kishmish in Afghanistan and surrounding areas.

Drying of fruit

Bunches of Bruce's sport, sultana }{5, Bz7-11, canner seedless, Denham,

Kennedy, Merbein Seedless, Seekamp tr and Sultana FI25 weighing between 5 and

10 kg were dipped in drying emulsion, a mixture of commercial drying oil
(Eemulsoyle) and potassium carbonate, and dried on open wire racks similar to

those used commercially. A dehydrator at 40oC was used to dry other 10 kg

samples, a 5 kg sub-sample of which was removed when the moisture content

decreased to approximately 20Vo, rewet over two days by moistening in plastic

bags and then replaced in the dehydrator. Another 5 kg sample of each variety

was allowed to dry naturally on wire racks without having been dipped in drying

emulsion. Dried fruit colour was measured using a Minolta CR200

Chromameter. Values are a measure of lightness, with perfect white being
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measured as 100, and black as zero. Statistical analysis was carried out using

JMpo (SAS Institute Inc.) on a Macintosh computer.

Bunches of Sultana H5 were also dipped in drying emulsion for three

minutes and dried in an oven at a constant temperature of 40oC. Over a period of

ten days five berries were removed daily for chlorophytt estimation, and five

berries for the assay of PPO activity.

Chlorophyll determination

Chlorophyll levels of drying Sultana H5 berries were determined by

grinding them in a Polytron blender in four times their weight of 7007o acetone.

The resulting homogenate was centrifuged at 40,0009 for five minutes, the

supernatant removed and absorbance measured at 663, 645 and 652 nm. Total

chlorophyll was calculated according to the method of Bruinsma (196i):

Chlorophyll a (Cà = 12.7 Aæz - 2.7 A5a5

Chlorophyll b (Cù = 22.9Au5 - 4.7 A553

Total chlorophyll (Cø+b) = 20.2Aeq5 + 8.0A56s = 27.8Aesz

Development of PPO assay

Berries were ground in a Polytron blender in a basic buffer of ice-cold 0.1 M

NaH2POt QH7.2). Various additions in different combinations were made to

this buffer, including L mM MgCl2 and 0.4 M sucrose to keep the chloroplasts

intact, and different concentrations of polyethylene glycol and Triton X-100 to

solubilize and activate the enzyme. Polyvinylpoly-pyrrolidone (pvpp), ß-

mercaptoethanol, dithiothreitol (DTT) and sodium ascorbate were also used in an

effort to prevent browning of the extract. Solubilization of PPO was attempted by
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grinding in the phosphate buffer, centrifuging at 10,0009 for five minutes and

resuspending the pellet in 50 mM NaH2POa and 0.47o cetyldimethyt-

ethylammonium bromide (cTAB), 17o sodium dodecyl sulfate (SDS) or '!,To Triton

x-100. Catechol, 4-methyl catechol or DL-DOPA, all at 2 mM, were used as

substrates of PPO when measuring activity. Filtration of the homogenate

through Miracloth was also carried out to remove larger skin and seed particles.

Enz5rme and subshate linearity

Frozen Sultana H5 berries were ground with a Polytron blender and the

homogenate filtered through two layers of Miracloth and assayed for PPO activity

as described below, but using catechol as a substrate rather than 4-methyl catechol.

varying amounts of homogenate, 20 ¡tL,50 pL, 100 pL and 150 pL, were added to

the oxygen electrode with 2 mM catechol to determine whether the assay was

linear with respect to the amount of enzyme added.

Different amounts of catechol were also added to the oxygen electrode with

100 pL homogenate, and the resulting PPO activity measured to determine the

satu¡ation point of the enzyme. The concentrations of catechol used were 1. mM,

2 mM,5 mM and L0 mM.

Many enzymes lose activitywhenplant extracts are left at room temperature

for significant periods of time. Although much of this loss of activity may be due

to heat denaturation, it may also be associated with browning of the extract and

the subsequent binding of phenolics to the enzyme. Fresh Sultana H5 berries

were ground in a Polytron blender as described betow and the PPO activity of the

homogenate assayed immediately. The remaining homogenate was transferred

to a beaker on a shaking platform at room temperature and aliquots removed

and assayed for PPo activity at 30 minute intervals for three hours.
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PPO assay conditions

The following procedure was adopted as the standard assay procedure.

Frozen berries were ground for five seconds in a Polytron blender in three

volumes of ice-cold 0.1 M NaH2Poa (pH7.2),0.4 M sucrose, 1 mM MgCl2 and,zTo

polyethylene glycol (PEG) 2000. The homogenate was kept on ice and the volume

measured after five minutes. Polyphenol oxidase activity was measured as

oxygen uptake in a Hansatech oxygen electrode at 25oC using 2 mM 4-methyl

catechol, 0.6 mM SDS, 50 mM NaH2PO¿ (pH 5.0) and extract in a final volume of

L mL. The reaction was initiated with 4-methyl catechol, a phenolic substrate of

PPO.

RESULTS

Extraction and measurement of PPO activity

There are many published procedures for the extraction and assay of ppO,

varying according to plant species (Benjamin and Montgomery, '1,973; Kahn, 1,975;

Flurkey and ]en, 1978; van Lelyverd et al., 1,984; pa¡k and Luh, 19g5; udayasekha¡a

Rao and Deosthale, 1987; Lee et aI., l98B; Martínez-Cayuela et aI., 1,9g9; Thanaraj

and Seshadri, 7990; Trejo-Gonzalez and Soto-YaLdez, 1,991). Various methods

specific for grape berries also have been reported (Harel and Mayer,19T1.; Lerner

et al., 7972; Radler and Torokfalvy, 1973; Kidron et al., 1978; Nakamur a et al., 1983;

sapis et al., 7983; Angleton and Flurkey, '1,984; Gunata et al., 19g7; Lamikanra,

1988; sánchez-Ferrer et al., 1988; oda et aI., '1.989; Sims et aL, 1,990) which were

modified to develop a rapid, simple method for the extraction and measurement

of PPO. It was found that filtering the extract through two layers of Miracloth

reduced measured PPO activity by up to 35Vo (Table 3.L), believed to be due to the

removal of pieces of berry skin, high in PPO (Chapter 4). Total extracts were
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therefore used for all PPO activity assays and differential solubilization at

different stages of berry development should not have influenced measured

activity.

Table 3.1: Effect of filtration on PPo activity of Sultana H5 grape berry
homogenate

Each value represents the mean of two measurements. Values are given *
standard errors

PPO activity (pmol Oz min'l gFWrr)

31

Filtered

Unfiltered

11.35 + 0."t4

1,4.77 + 1,.29

Substrates

Polyphenol oxidase extracted from Sultana H5 berries was found to have a

much higher activity with 4-methyl catechol than either catechol or or.-DOpA

(Table 3.2). The use of catechol, however, resulted in a higher measured activity

of PPO than when using DL-DOPA as a substrate. This order of specificity is

supported by the work of wissemann and Lee (1981) and Lee et at. (19g3).
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Table 3.2: Substrate specificity of PPO extracted from mature Sultana H5 benies

Each value represents the mean of two measurements. Values are given *
standard errors.

PPO activity (pmol Oz min-l gFWrr)
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4-Methyl catechol

Catechol

DL-DOPA

2.70 + 0.09

0.45 + 0.02

0.30 r 0.03

Reducing øgents

Although reducing agents have been shown to inhibit PPO activity in

various tissues by a number of authors (Benjamin and Montgomery, 1.973; Ben-

Shalom et aI., 1.977; Interesse et al.,'1,983; Lam and Ho, 1990), this inhibition can

sometimes be less than that resulting from auto-oxidation of the enzyme. All

reducing agents added to the extraction buffer, however, lowered the activity of

PPO in grapes (Table 3.3), particularly in younger and immature berries. This was

despite the marked reduction in browning of the extract and the relatively low

concentrations added, dithiothreitol (DTT) and ß-mercaptoethanol being less

than 10 mM and 0.0'l.5Vo in each instance. Polyvinylpolypyrrolidone (PVPP), an

insoluble compound which binds to phenolics and prevents them reacting with

PPO and causing the inactivation of enzymes by tanning, was also added to the

extraction buffer at various concentrations to prevent browning. Although

browning was indeed reduced, at no stage was it completely prevented and the

addition of PVPP tended also to reduce the measured activity of PPO (Table 3.3).



Chapter 3: Low browning potentíal of Brtrce's Sport

Table 3.3: Effect of extraction mixtures on PPO activity in mature Sultana H5
benies

standard buffer is 0.1 M NaH2Po¿ (pH 7.2),0.4 M sucrose, 1 mM Mgclz.
Each value represents the mean of two replicates. Values are given + itandard

errors.

Buffer PPO activity
(pmol Oz min-l gFWt-r)
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% of standard

Standard buffer

Standard buffer - 0.4 M sucrose

Standard buffer - 1 mM MgCIZ

Standard buffer - 2Vo PEG

Standard buffer + 2Vo PVPP

Standard buffer + 0.0'l.5Vo ß-ME

Standard buffer + 10 mM DTT

Standard buffer + ']-.7o Triton X-100

Standard buffer + 10 mM Na ascorbate

3.39 +

3.26 +

3.31 +

3.57 !
3.27 +

3.18 +

2.65 +

3.04 +

3.03 +

0.37

0.40

0.11

0.22

0.49

0.49

0.65

0.76

0.61

100

96

98

105

95

94

78

90

90
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Solubilízation ønd øctíaation

In many plants PPO is latent, even after extraction, and is activated only by

treatment with detergents or proteases (Vaughn and Duke, 79U). In view of this,

efforts were made to ensure that the PPO in both Bruce's Sport and Sultana H5

was fully activated. Various detergents such as Triton X-100 and cTAB were

tested in the extraction of PPO in an attempt to gain an increase in PPO activity or

solubilization, but these had only minor effects (Table 3.3). In certain plants with

latent PPO, the enzyme can be activated by treatment with SDS (Flurkey, 1936).

This anionic detergent had only a minor effect on PPO activity in grape extracts,

particularly with mature grapes, the maximum being a 207o increase in very

young berries (Table 3.4). All subsequent assays for PPO activity were, however,

carried out in the presence of SDS to ensure complete activation.

Table 3.4: Activation of grape PPo in very immature Sultana H5 benies by
assaying with 0.6 mM SDS

Values were obtained using catechol as a substrate.

PPO activity (pmol Oz min-l gFWrr)

34

Assay without SDS

Assay with 0.6 mM SDS

10.13

12.38
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Polyethylene glycol

The use of polyethylene glycol (PEG), a nonionic water-soluble polymer, is

primarily associated with the precipitation and purification of proteins rather

then their solubilization (Fried and Chun, 7977; Ingham, 79U). The addition of

PEG to the grinding buffer used for grape berries was found, however, to increase

markedly both the activity and solubility of PPO in immature berries (Table 3.5),

although this effect was lessened with mature berries (Table 3.3). Solubility was

further increased by the presence of MgCl2 in the grinding buffer. This activation

of grape berry PPO by PEG varied according to the stage of the procedure at which

it was added, addition after grinding having a lesser effect than if it were present

during the actual grinding procedure (Table 3.6). Ineffective resuspension of

pelleted material, particularly skin particles, is believed to have prevented

complete recovery of the activity measured in the homogenate before

centrifugation (Table 3.5).

Table 3.5: The effect of PEG and MgCl2 on the solubilization and activation of
PPO extracted from immature Sultana H5 berries

Each value represents the mean of two measurements. Centrifugation of the
a microfuge for one minute.homogenate was carried out in

35

Grinding buffer PPO activity (pmol 02 mi¡-lgFwrl)

Homogenate Supernatant Pellet

0.1 M NaH2PO4; 0.4 M sucrose

+ 2V,PEG

+ 1 mM MgCl2

+ 2Vo PEG;I mM MgCl2

0 1.02 f 0.00 (897")

3.14 r 0.00 (27Vo) 3.82 t O.?3 (33V")

0 1.92 t 0.33 (76V")

11.03 r 0.56 (77V") 3.15 + 0.00 (22v")

1.14 r 1.15

77.73 t l.n
2.53 t 0.66

14.37 t'.t.3g
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Table 3.6: Effect of time of addition of PEG on the activation of PPO extracted

from immafure Sultana H5 beries

36

Each value represents the mean of two
homogenate was carried out in

measurements. Centrifugation of the
a microfuge for one minute.

Grinding buffe¡ PPO activity (pmol 02 mi¡-lgfWfl)

Homogenate Supernatant Pellet
0.1 M NaH2PO4; 0.4 M sucrose;

1 mM MNlz

+ 2Vo PEG (added after grinding)

Ground with 2Vo PEG

5.81 I 0.26 0:t2 +. 0.05 (2y") 3.99 L 0.06 697")

6.47 L 0.4A

8.13 f 0.46

1.69 t 0.00 (26%) 4.65 t 0.33 (72y.)

7.07 i.0.34 (87Vò 2.'18 x 0.07 (27vo)
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Enzyme líneørity of ppO reactíon

Polyphenol oxidase activity in Sultana H5 berries increased linearly with
increasing added homogenate (Figure 3.1), indicating that the amount of added
substrate exceeded that used by the enzyme. All subsequent measurements of
PPo activity involved 100 pL or less of added homogenate, thus all
measurements should have been within the linear range.
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Figure 3.t Linear increase in PPO activity of Sultana H5 grape bgoy homogenate
with inc¡easÍng amounts of added homogenate.
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Substrate linearity

Saturation of PPO activity in 100 ¡rL Sultana H5 grape berry homogenate was

attained with the addition of 5 mM catechol (Figure 3.2). At concentrations of

catechol less than 5 mM, there was a linear increase in PPO activity with

increasing amounts of added substrate. Increasing the concentration of catechol

above 5 mM induced no further PPO activity, indicating that all available enzyme

was saturated with the substrate.

024681072
Catechol (mM)

Figure 3.2: The effect of substrate concentration on PPO activity of Sultana H5
grape berry homogenate.
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Change in PPO actiuíty ot¡er tíme

The brown pigments and quinones formed by the action of PPO are

powerful inhibitors of many enzymes (Anderson, 1968). This has been reported

to be also true of the PPO found in apples, which was inhibited by its own

products after a reaction time of 20 minutes (Walker, 1,964). polyphenol oxidase

in an extract from Sultana H5 berries, however, did not show a reduction in

activity even over a three hour period at room temperature (Figure 3.3). This

was despite the noticeable browning of the extract, no inhibitors of browning

having been added to the grinding buffer.

0 30 60 90 720 150 180

Time (minutes)

Figure 3.3: Effect of incubation at room temperature on ppO activity of Sultana
H5 grape b"rry homogenate.
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Dried Fruit Colou¡ and PPO Activity

There is a wide range in the colour of different grape varieties when dried.

In order to select those producing light-coloured fruit, a range of grape varieties

and selections in the CSIRO grapevine collection at Merbein were dried either

according to the normal commercial practice or naturally, without dipping in

drying emulsion. Nine varieties were selected as producing fruit of a tight colour

(Table 3'7). All were seedless and five were selections of Sultana, whilst two were

hybrids of Sultana; Merbein Seedless being the result of a cross between Farana

and Sultana, and Canner Seedless the progeny of Hunisa crossed with Sultana.

827-1'1' was a mutant produced after the irradiation of Sultana seedlings. Bruce,s

Sport, which is probably a mutant of Sultana (Antcliff and Webster, 1,962),

consistently produced the lightest coloured fruit regardless of the conditions

during drying. There was little difference between the remaining eight varieties

and statistical analysis indicated that of the nine grapevines, only Bruce's Sport

dried to a significantly lighter colour (Figure 3.4). These results were confirmed

by ^ similar experiment carried out in the preceding year, involving six of the

nine varieties described here.
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Table 3.7: Colour of dried fruit of seedless grapevine varieties

Colour values (lightness) and standard errors are the mean of 10 measurements
on a samPle of dried fruit. Scale of lightness ranges from perfect white (100) to

black (0).

Variety Rack dried Naturally dried

4T

Bruce's Sport

Kennedy

Canner Seedless

Denham

Sultana H25

B.27-1,1,

Seekamp II

Sultana H5

Merbein Seedless

50.4

M.5

M.0

42.6

4't.9

41,.2

40.9

39.4

37.1,

3.7

2.7

2.0

2.3

2.5

2.2

2.6

2.'t

7.7

35.9

29.8

29.7

29.7

28.4

30.0

29.8

29.3

32.1,

+ 2.1,

t 1.3

t 't.2

+ 2.0

+ 1.1

+ 2.2

+ 1,.2

! 1,.7

r 1.3

+

+

+

+

+

t
+

+

t
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As well as producing the lightest coloured fruit, berries of Bruce's Sport had

significantly lower PPO activity than the other varieties (Table 3.g).

Measurements in the preceding year also confirmed that Bruce,s Sport

consistently averaged only 20-3070 of the PPO activity of the other varieties.

Although the ranking of these varieties with respect to PPO activity differed from

that of the colour of dried fruit, the relatively smatl differences between the
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values, in comparison to those of Bruce's Sport, tends to reduce the significance

of these ranking disparities.

Table 3.8: Polyphenol oxidase activity in mature benies of seedless

Activity values

grapevine varieties

t the mean and standard error of three te samples.

Variety PPO activity

(ttmol Oz min-l gFWfr)

Bruce's Sport

Canner Seedless

Sultana H25

Seekamp II

Kennedy

Denham

Sultana H5

B.27-1,1,

Merbein Seedless

43

0.63 +

3.10 +

3.33 t
3.77 +

3.87 t
3.87 t
4.20 t
4.60 +

4.63 +

0.38

0.30

0.15

0.25

0.15

0.55

0.36

0.36

0.67

Change in PPO actiaity during drying

Dipping grapes in drying emulsion prevents browning during drying,

although this is not due to a direct inhibition of PPO (Radler, 1964). It seems

likely, however, that the potential for browning changes throughout the drying

process, as grapes exposed to moisture whilst drying, and thus effectively

rehydrated, are able to continue browning. Polyphenol oxidase activity was

measured in drying Sultana H5 berries to determine if activity gradually
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decreased throughout drying, ceased soon after dipping in drying emulsion or

stayed at a constant level until the berries dried out. As the fresh weight of the

berries decreased, there was a slight increase in PPO activity on a fresh weight

basis (Figure 3.5). This measurement was, however, influenced by the rapid loss

of fresh weight of the berries, and PPO activity calculated on a per berry basis gave

a more accurate indication of the reduction in PPO activity during drying (Figure

3.6). Indeed, it can be seen in Figure 3.6 that atthough PPO activity declines

during drying, some activity is retained in the dried berry even when the fruit is

dried to the point used in normal production. It may be this activity that allows

the further browning of rehydrated fruit during periods of rain or high humidity.

10

-.r- 
ppO activity

--------o- Fresh weight (g)

0
4 6 I

Figure 3.5: Changes in fresh weight and PPO activity during the drying of Sultana
H5 berries.
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10

I

6 10

Days

Figure 3.6: Polyphenol oxidase activity during berry dryrng expressed on a per
b".!ybasis.

Change ín chlorophyll during drying

The gradual browning of berries during drying is accompanied by u

reduction in chlorophyll, particularly if sunlight is present during the browning

process (Bottrill and Hawker, 1970). Measurements of total chlorophylt and its

major constituents, chlorophyll ø and b, were made during the drying of Sultana

H5 berries previously dipped in drying emulsion (Figure 3.7). The level of total

chlorophyll decreased during drying, although chlorophyll ø, the predominant

chlorophyll, underwent a more marked reduction than chlorophyll b, which

decreased only slightly towards the end of drying. The chlorophyll ø:chtorophyll

b tatio, however, remained relatively constant throughout drying, perhaps owing

to the small changes in chlorophyll b.
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Figt" e 3.7: Changes in total chlorophyll, chlorophyll ø and chlorophyll b during
the drying of Sultana H5 beries.

Polyphenol oxidase is an enz¡rlne encoded by nuclear DNA, but located in

the chloroplast in many plants and tissues. It seems likely, therefore, that a

reduction in chloroplast number would involve a concomitant decrease in PPO

activity. During the drying of Sultana H5 berries, the reduction in total

chlorophyll appeared to occur at a similar rate to the decrease in PPO activity on a

per berry basis (compare Figures 3.6 and 3.7). When these were plotted against

each other, there was indeed a reasonably strong correlation, the 12 value being

0.68 (Figure 3.8).
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DISCUSSION

Centrifugation of a crude extract of grape berries resulted in the precipitation

of large amounts of protein and nearly all of the active PPO (Tabte 3.5). Addition

of PEG during grinding, however, allowed much of the PPO activity to remain

soluble, suggesting that the previous occurrence of insoluble PPO was an artifact

of extraction. Similarly, Hawker (1969), found that previously reported insoluble

invertase of grape berries was a result of the formation of an insoluble tannin-

protein complex, and the enzyme could be solubilized by grinding in pEG.

Insoluble invertase obtained after centrifugation could be resolubilized by pEG or

the detergents Tween-20 and Triton X-100. It would seem to be likely, therefore,

that the precipitation of PPO was due to the similar formation of an insoluble

tannin-protein complex, and the enzyme is normally soluble within the cell.

Solubilization of PPO with Triton X-100 and SDS was dependent on berry age,

with a greater degree of solubilization being possible with more mature berries.

This was perhaps related to the decreasing concentration of phenolics which

occurs during development of the berries (Ong and Nagel, 197g; Romeyer et aL,

1985; Lee and Jaworski, 1989), resulting in a reduction in the possible formation of

tannin-protein complexes.

The dramatic activation of grape PPO in immature berries by the inclusion

of PEG during grinding (Table 3.5) was found to be highly dependenr on the age

of the berries, and the effect on mature berries was by no means as marked

(compare Table 3.3). There seemed to be a direct relationship between this

activation and berry age, with the degree of activation lessening almost from the

time of anthesis to maturity. It may be that PPO is at least partially latent within

the berry, particularly during the early stages of development, and the addition of

PEG to the grinding medium releases the enzyme from this latency. polyphenol

oxidase could be extracted from grape berries in a partially latent form using
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temperature-induced phase separation of the nonionic detergent, Triton X-714

(Sánchez-Ferrer et ø1., 1989). The enzyme, although thought to be an integral

membrane protein (Sánchez-Ferrer et ø1., 1989), became enriched in the

detergent-poor region after phase separation. It is possible that PpO is soluble in

both hydrophilic (cytoplasmic) and hydrophobic (cellular membrane) situations,

but active only in the latter. Addition of PEG to the grinding medium, by

allowing the solubilization of many proteins in the extract, possibly ensured the

hydrophobicity of the supernatant and thus the complete activation of ppO.

The inhibition of PPO activity with reducing agents such as DTT and ß-

mercaptoethanol has been reported in grapes by Lee et at. (7983), and in many

other tissues (e.g. Benjamin and Montgomery, 1973; Loomis, 1974; Ben-Shalom eú

ø1., 1'977; Interesse et al., 1.,983; Fujita and rono, 1,98g; okamoto et ø1., 19gg;

Zawistowski ¿f al., '1,988; Lam and Ho, 1990). It seems that PPO in most plant

extracts is extremely sensitive to these compounds, possibly due to an

involvement of sulfhydryl bonds around the active site. Although the addition

of reducing agents prevents browning of the extract, and therefore the auto-

oxidation of PPO, in grapes this is only at the expense of the loss of PPO activity.

The action of PVPP in the prevention of browning is also perhaps due to

some extent to the inhibition of PPO, as well as to its involvement in the

precipitation of phenolic compounds and prevention of their oxidation.

Addition of PVPP and its soluble form (PVP) in extraction buffers for the

subsequent measurement of PPO should therefore be kept to a minimum, as it
has been reported previously to result in a loss of PPO activity (Harel et a1., L964;

Hulme et al., 7964; Jones et al., 1.96s; walker and Hulme, 1,96s; Loomis and

Battaile, 1'966). In view of the susceptibility of PPO to inhibition by known

inhibitors of browning, addition of these compounds during the extraction of

PPO should be kept to a minimum.
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The eventual procedure chosen for the extraction and assay of grape ppO

was the simplest and most rapid, whilst ensuring the measurement of all ppO

activity. Addition of browning inhibitors to the extraction medium was

restricted, as they appeared both to inhibit PPO and because browning of the

extract did not inhibit PPO activity (Figure 3.3). Removal of phenolics from the

homogenate was also found to be redundant, again as browning of the extract did

not reduce PPO activity. Inclusion of detergents in the grinding medium was

unnecessaty, as the addition of PEG during grinding both activated and partially

solubilized PPO. Filtering of the extract removed skin particles and reduced the

measured activity, thus the medium was assayed including the larger particles in

the homogenate by using a positive displacement pipette with a relativety wide

mouthed barrel. Optimization of the extraction technique therefore allowed the

assay of all active PPO present in the grape b"*y.

The nine varieties chosen for drying arise from a very narrow genetic base.

All share at least some genetic material with Sultana, a variety which has been

grown for dried fruit production in Australia for close to 100 years (Grncarevic

and Lewis,'l'976). Kennedy, Seekamp II, Denham, Sultana H5 and Sultana H25

are selections of the original Sultana variety, whilst Merbein Seedless and Canner

Seedless were bred from Sultana at least in part for their light colour after drying.

The similarity in the colour of dried fruit produced from these varieties is

therefore not surprising, as the narrow genetic base from which they arise would

be expected to minimise large amounts of variation. This would be especially

true in the case of dried fruit colour, which is a selectable trait. Bruce's Sport,

however, produced fruit of a much lighter colour than the remaining eight

varieties, suggesting that it differed in some major way during the process of

browning. Bruce's Sport is believed to be a true horticultural sport and, thus, is

likety to be the result of a mutation of Sultana, rather than a selection differing in

some minor characteristic from the parental material.
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As the tight coloured trait of Sultana would have been selected for, rather

than against, it is not unexpected that the eight varieties measured also had

similar levels of PPO activity, the relatively low browning trait having been

preserved. Again, Bruce's Sport differed markedly from these eight varieties in

its extremely low levels of PPO activity, confirming the single measurement

made by Radler (1964) who found that Bruce,s Sport had 6To of the ppO activity of

Sultana on a fresh weight basis. The magnitude of these differences in dried fruit

colour and PPO activity, in comparison to other selections from the same

parental material, support the suggestion that the mutation resulting in Bruce,s

Sport has reduced its potential for browning.

Immediately after removal from the vine, grape berries begin to lose water,

a Process that is hastened by dipping the fruit in drying emulsion. In the early

stages of this water loss, it would seem likely that the cellular membranes retain

integrity and PPO would remain separated from its phenolic substrates, normally

located in the vacuole. Thus browning would be prevented in the initial stages

of drying. When the loss of water approached perhaps 50Vo, cellular

compartmentation would be lost and browning of the fruit initiated (Grncarevic

and Hawker, 197'1.). Singleton (1985) found that individuat berries did not begin

to brown until approximately dehydrated by one-third, when they browned

rapidly to a grey-brown colour. Browning could also be initiated by gently

bruising the berry, and would appear to be result of membrane damage causing

the mixing of PPO and its substrates. It must be emphasised that the measured

activity of PPO during drying is an estimate of potential activity, given saturating

levels of substrate, and is not a reflection on actual levels of activity within an

intact cell. Thus, although potential PPO activity was shown to decrease

gradually during drying (Figure 3.6), it was not until membrane breakage

occurred that there was formation of brown pigments within the drying berry.
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After breakage of the cellular membranes, browning continues during the

gradual drying of the berry, although the extent to which this reaction proceeds is

inversely related to the rate of drying (Grncarevic and Flawker, 1gZ7), as well as

the amount of PPO and phenolic substrates present in the berry. Undipped, or
naturally dried fruit, dries at a much slower rate than berries dipped in drying

emulsion, contributing to its much darker colour. This has been suggested to be

due to the longer time period available for PPO to oxidize its phenolic substrates

before the enzyme is inhibited (Grncarevic and Hawker, .1,971,). The gradual

reduction in PPO activity during the drying of a grape berry has been attributed to

the rise in sucrose levels which occur as water is lost from the berry (Radler,

79e). Sugar levels increase from around 20vo to close to 90vo during drying, and

over 50% inhibition of PPO is attained by sucrose concentrations in excess of 30To

(Radler, 1'964). During humid weather, when drying berries are able to partially

rehydrate, sucrose levels are decreased and PPO is able to continue its action until

after further drying the sug¿ìr concentration once again reaches fully inhibitory

levels. Alternatively, a similar mechanism may result in the inhibition of ppO

by other comPounds also concentrated during the dryi.g of the berry, an example

perhaps being hydroxycinnamic acids which have been reported to inhibit the

activity of grape PPo (Rich and Bonner, 1977; Gunata et al., 1,997). It is also

possible that PPO is inhibited by its own reaction products, although this would

apPear to be unlikely in view of the potential for rehydrated berries to undergo

further browning. The ability of grape PPO to retain full activity in the presence

of its reaction products (Figure 3.3) would also tend to belie this possibility.

Drying berries in the full sunlight results in a more rapid and complete loss

of chlorophyll and other pigments than if drying is carried out in the dark
(Bottrill and Hawker,'1,970). Thus the drying of Sultana H5 berries in an oven

prevented the total loss of chlorophyll (Figure 3.2). Although chlorophyll

bleaching is usually a result of oxidation by molecular oxygen, Bottrill and
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Hawker (1'970) suggested that in the dark, bleaching of chlorophyll was due to
disintegration of the photosynthetic apparatus. Polyphenol oxidase in Vicia faba
has been found to be colocalized with proteins from photosystem II (Lax and

Vaughn, 1991), thus the destruction of this complex may be associated with the

reduction in PPO activity observed during berry drying. There is an indirect

correlation, therefore, between the loss of chlorophyll and reduction in ppO

activity in drying grapes (Figure 3.8).

CONCLUSIONS

1. Bruce's Sport fruit dries to a lighter colour than that of other light drying

varieties.

2. Bruce's Sport berries have a lower PPO activity at maturity, resulting in an

inherently low capacity for browning.

3. There is an indirect correlation between reduction in chlorophylt and loss of

PPO activity during dtn^g.
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CHAPTER & THE BIOCHEMICAL BASIS OFTHE LOW BROWNING

POTENTIAL OF BRUCE'S SPORT

INTRODUCTION

Polyphenol oxidase is considered to be the major contributor to enzymic

browning in grapes (Bayer et al., 1,957; Sánchez-Ferrer et al., 19gg). The low

browning potential of Bruce's Sport grapes had been previously attributed to a

reduction in PPO activity by Radler (1964). This was based on the measurement

of PPO at a single developmental stage, although, as in many fruits, PPO activity

in grapes is known to fluctuate during the maturation of the berry (Kidron et aI.,

1978; Sapis et ø1., 1983). It is therefore possible that the PPO activity of Bruce,s

Sport berries was not consistently lower than that of Sultana, but merely at one

stage of development. A lack of the phenolic substrates of PPO in Bruce's Sport

would also result in a reduced tendency toward browning. Radler (1964)

measured the total phenolic levels in both Sultana and Bruce's Sport and found

them to be similar in both the skin and putp. Different phenolics oxidize to form

differently coloured quinones, thus the loss of a single, but crucial, phenolic

compound could prevent the development of the particular brown pigment

associated with dried grapes. A third explanation for the observed low browning

capacity of Bruce's Sport might be the presence of an inhibitor of PPO in the

mutant, preventing the action of the enzyme and, thus, the formation of brown

quinones from oxidized phenolics. Similarly, the lack of an activator of PPO,

present in Sultana but absent in Bruce's Sport, would prevent browning during

the drying of Bruce's Sport berries. The purpose of the following experiments

was to determine if the lack of PPO observed at maturity (Chapter 3), was perhaps

due to the additional lack of substrates or presence of a PPO inhibitor.
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MATERIALS AND METHODS

Plant material

Fruit used in the measurement of PPO activity during development was

obtained from one (Bruce's Sport) or two (Sultana) vines growing at CSIRO

Division of Horticulture, LJrrbrae, Adelaide. Fresh berries were collected before 8

am prior to the significant water loss that can occur during the day (Coombe and

Bishop, 1980). Sugar content was measured using a Zeiss hand held

refractometer and berry diameter with a pair of spring callipers. Berry weight was

calculated as the average of 30 berries. In all cases 'mature fruit' refers to berries

of greater than 20oBrix.

The fresh, mature fruit used for the phenolic measurements ,was also

collected from these vines in March 7gg0. Likewise, the immature (pre-veraison)

berries used for electron microscopy were collected in late November 7990. The

leaves of Sultana used for embedding were from the Adelaide vines, but the

highly variegated Bruce's Sport leaves were collected from young vines grown in

the glasshouse which were propagated from the Adelaide Bruce's Sport vine

using the fragmented shoot apex technique (Barlass and Skene,'1,978).

The immature Sultana and predominantly white Bruce's Sport berries used

in the analysis of carotenoid levels were collected from the field grown vines in

Adelaide on 5 December 7990.

In this and succeeding chapters, all mentions of 'sultana' may be taken to

refer to the selection of the original Sultana variety now known as 'sultana H5'.
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Initiation of variegation

Cuttings were propagated from the Bruce's Sport vine growing at CSIRO

Division of Horticulture, IJrrbrae, Adelaide. When approximately 30 cm high,

six of these were transferred into growth cabinets with day/night temperatures of

17oC/77oC,25oC/'l'8oC and 30oC/22oC. Two seedlings were placed in each of the

three growth cabinets, two of which had sodium lighting (77oC and 25oC), and the

third both tungsten and fluorescent lights. Day length extended for a period of 12

hours in all cabinets. After four months the degree of variegation was compared

with tr.r¡o seedlings retained in the glasshouse at cslRo, Adelaide.

Electron microscopy

Preparation of tissue for electron microscopy was based on the method of

Sylvester et aI. (7989). Small sections of tissue (2 x 1, mm) were cut with a fresh

tazor blade with the preferential excision of white regions of Bruce's Sport berries

and leaves. The samples were fixed in 37o glutaraldehyde, 0.1 M Na cacodylate

(pH7.4) overnight atroom temperature, then washed twice in this buffer for ten

minutes. Post-fixation in l.% osmium tetroxide (OsO¿), 0.1 M Na cacodylate (pH

7.4) was carried out for two hours at room temperature, before six rinses in water

over two hours. The samples were then stained in 0.57o lranyl acetate for 30

minutes at room temperature, before following a dehydration procedure of ZTVo,

4570,75Vo,95% and 100% acetone, with each step being carried out for L0 minutes.

Upon dehydration the tissue was infiltrated with 1:1 acetone:Spurr's resin (Spurr,

7969) overnight at room temperature. The samples were then transferred into

1'00Vo Spurr's resin and left for 24 hours at room temperature, following which

the infiltrated tissue was embedded in fresh resin and polymerized at 65oC

overnight.

Blocks were cut down with a fresh tazor blade and thin sections (60-90 pm)

cut using a diamond knife on a Reichert-fung Ultracut microtome. These were
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collected on to standard (2 x'l-, mm) copper slot grids coated with formvar and

sequentially stained with 0.47o (aqueous) uranyl acetate and Reynolds' lead citrate
(Reynolds, 1963). The sections were viewed under a Philips EM 400 transmission

electron microscope at an accelerating voltage of 60 kV.

Carotenoids

The measurement of the concentration of total carotenoids was carried out

according to the method of Lichtenthaler and Wellburn (19g3). Fifteen berries of

each variety were ground in four volumes of 807o acetone. The homogenate was

centrifuged at 40,000 g for five minutes, the supernatant collected and the pellet

resuspended in 5 mL 80Vo acetone and re-ground in a glass/glass homogenizer.

This was again centrifuged at 40,000 g for five minutes, the supernatant collected

and combined with the previous and absorption measured in a Pye Unicam Spg-

200 spectrophotometer at wavelengths of 663, 646 and 420 nm. A scan of

absorption from 800 to 400 nm was also conducted. Levels of carotenoids were

calculated according to the formulae of Lichtenthaler and Wellburn (19g3).

Total carotenoids (C¡+c) =
7000Aso - 3 .27Ca-'l.04Ct

229

Chlorophyll a (Co¡ = 12.27Ae6s - 2.81,A6a5

Chlorophyll b (Cù = 20.13A0t6 - 5.03A66s

Individual carotenoid patterns were identified by high performance liquid

chromatography (FIPLC) using the method of Young et ø1. (1g8g), carried out on a

varian vista 5500 with a Hewlett-packard 33g0A Integrator. A 5 pm C1g

Spherisorb column was used at 39oC and absorption monitore d, at 44T nm.

Carotenoid extracts from Sultana and Bruce's Sport were dried in a Savant Speed-
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Vac and resuspended in a one-fifth volume of 70Vo (v/v) Solution A(9OVo (v/v)

acetonitrile,0.LVo (v/v) triethylamine, pH 5 with acetic acid) and 30% (v/v)

Solution B (ethyl acetate). Samples were eluted with Z\Vo Solution B in Solution

A for two minutes, followed by a gradient of 30Vo to 53Vo B over 1L minutes and.

then to 'j,007o B over a further seven minutes.

PPO Assay conditions

Frozen or fresh berries were ground for five seconds in a Polytron blender in

three volumes of ice-cold 0.1 M NaH2Poa (pH 7.2),0.4 M sucrose, 1 mM MgCl2

and 27o polyethylene glycol (PEG) 2000. The homogenate was kept on ice and the

volume measured after five minutes. Polyphenol oxidase activity was measured

as oxygen uptake in a Hansatech oxygen electrode at 25oC using 2 mM 4-methyl

catechol, 0.6 mM sodium dodecyl sulfate (SDS), 50 mM NaH2pOa (pH 5.0) and

extract in a final volume of 1 mL. The reaction was initiated with 4-methyl

catechol, a phenolic substrate of PPO.

Where skin, seed traces and pulp were to be separated, the berries were cut

in hall seed traces dissected out and the skin pulled off with forceps. Skin, pulp

and seed traces were placed in petri dishes on racks over liquid nitrogen. This

prevented water loss and browning by the tissue whilst avoiding the shattering

associated with immersion in liquid nitrogen. Where green and white skin

sections were assayed individually, they were removed separately and stored on

liquid nitrogen.

In the mixing experiment, separate extracts were made from Sultana and

Bruce's Sport. These were assayed separately in the oxygen electrode, then mixed

in the electrode chamber and assayed together.
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Chlorophyll determination

Chlorophyll levels of Sultana and Bruce's Sport berries were determined.

Predominantly white and predominantly green Bruce's Sport berries were

selected and separated. All berries were ground in a Polytron blender in four

times their weight of 7007o acetone. The resulting homogenates were centrifuged

at 40,0009 for five minutes, the supernatants removed. and absorbance measured

at 663,645 and 652 nm. Total chlorophyll was calculated according to the method

of Bruinsma (1963).

Phenolics

Fresh berries were collected and the skin peeled off. Both skin and putp plus

seed traces were stored on liquid nitrogen and weighed without thawing. Tissue

samples were ground with a Polytron blender in 807o methanol then centrifuged

at 40,0009 for 10 minutes. The supernatant was collected and the pellet ground in

methanol in a glass/glass homogenizer. This homogenate was centrifuged at

40,0009 for 10 minutes and then ground and centrifuged again. The three

supernatants were combined and reduced to 'J,0-15Vo of the original homogenate

volume in a rotary evaporator or Speedivac. The condensed sample was diluted

to the original juice volume with water and filtered through a 0.45 pm Millipore

filter before being aliquoted and frozen.

Total phenolics were measured using Folin-Ciocalteu reagent (Singleton,

1988). Use of this reagent has been recently discredited due to the strong

interaction between sulphur dioxide and o-dihydroxy phenols in response to the

Folin-Ciocalteu assay, magnifying phenol measurements several-fold (Somers

and Ziemelis, 1980). Grape juice however, unlike wine, does not contain

significant concentrations of sulphur dioxide and, hence, use of the Folin-

Ciocalteu reagent was retained. Sample and water were mixed. to a final volume

of 550 pL, then 50 pL Folin-Ciocalteu reagent was added. The mixture was left for

59



Chapter 4: Biochemical basts of low browning potential

two minutes then 350 pL 1 M Na2CO3 added and mixed thoroughly. Absorbance

at 765 nm was measured after two hours. This absorbance was calibrated against a

standard curve of gallic acid at 5,"1,0,25,50,100 and 200 mgl,-l.

Separation of grape phenolic compounds into hydroxycinnamate (acidic)

and flavonoid (neutral) fractions was carried out according to ]aworski and Lee

(1987). A neutral Cra SEP-PAK column (Waters Associates) was preconditioned

by passing through dropwise 5 mL methanol followed by 5 mL water. For acidic

phenolics, another column was preconditioned with 5 mL methanol and 5 mL

0.01 N HCl. The berry methanol extract was adjusted to a pH of 7.0 with NaOH

and 1 mL passed through the neutral SEP-PAK column at a flow rate of 0.9

mllmin. The effluent was collected, adjusted to pH 2.5 with HCI and passed

through the acidic column. Both columns were eluted with methanol and. 2.5

mL collected for analysis. The methanol was removed by evaporation in a

Savant Speed-Vac Concentrator.

Individual phenolic patterns were identified by high performance liquid

chromatography (HPLC) using a modification of the methods of Salgues et ø1.

(1986) and Lee and faworski (1987), carried out on a Varian Vista 5500 with a

Hewlett-Packard 33804 Integrator. A 5 pm C1g Brownlee column was used.

Samples were eluted with 0.1,7o CH3COOH for five minutes followed by a

gradient of }Vo to 55Vo acetonitrile in 0.1,Vo CH3COOH over 55 minutes. Major

catechin and epicatechin peaks were identified by spiking the samples before

injection with 0.1 mM catechin or 0.1 mM epicatechin.

Sectioning and staining

Fresh immature, pre-veraison (berry softening) grape berries were collected

and hand sectioned. 4-Methyl catechol (50 mM) was added to cover each slice and

the sections were left until significant browning had occurred. The slices were

then washed with water to remove excess stain.
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Fresh grape berries of the same age were also collected and chilled, then

frozen slowly in an empty centrifuge tube immersed in liquid nitrogen. Thuy

were thawed on ice and then allowed to brown at room temperature.

RESULTS

Bruce's Sport

Pattern of aariegation

The variegated leaves of Bruce's Sport had a complex random mosaic

pattern of green and white tissue, with different sections being completely white,

pale white, pale green or totally green (Figure 4.1). They tended to be found in

shaded areas of the vine, under the canopy or in regions where shade was

provided externally. There appeared to be tittle segregation and a completely

white shoot was only rarely observed. The variegated trait was not continuatly

expressed, but was first observed approximately one month after bud burst.

Although all flowers were variegated, the vine continued. to produce completely

Sreen leaves for a short time after flowering. This was dependent upon

environmental conditions, and some vines produced only variegated leaves

immediately after the flowers were formed. Variegated tissue ceased to be

produced three to four months after the trait was first observed, although new,

totally green leaves continued to be formed for around another eight weeks.

The berries of Bruce's Sport had green and white stripes running along the

length of the fruit (Figure 4.2). The relative proportions of green and white tissue

varied between berries and it was possible to find almost completely white and

almost totally green berries. The degree of variegation also varied between

bunches on the same vine, as well as between different vines, with one vine

tending to be more or less variegated than its neighbour. The stripes along the
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fruit were not continuous, and extended to the skin, pulp and seed traces. They

were especially apparent in immature fruit, but could. also be observed in mature

berries.

Expression of oariegation

The expression of variegation in Bruce's Sport appeared to be triggered by *
environmental factor, perhaps temperature or day length. In an attempt to

elucidate this initiating factor Bruce's Sport seedlings were grown at different

daylnight temperatures of 77oC/17oC, ?5oC/18oC and 30oC /2ZoC. Although all

vines exhibited a significant amount of new growth, particularly so when grown

at 30oC day and 22oC night temperatures, the degree of variegation was unaltered

in comparison to those seedlings left in the glasshouse.
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Figure 4.1: Variegated leaves of Bruce's Sport vine.
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Figure 4.2: Immature Sultana 0eft) and variegated Bruce's Sport (right) benies.
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Deaelopment of Bruce's Sport and Sultana

The development of Bruce's Sport grapes was essentially the same as that of

Sultana. Bruce's Sport and Sultana vines growing alongside one another

underwent bud burst, flowering, fruit set and senescence at similar times. The

shape of the leaves was also similar, but canes on Bruce's Sport vines possessed

fewer buds per unit length. Thus pruning, as observed by Antcliff and. Webster

(7962), must be conducted according to bud number rather than a set cane length

for comparable yields to be achieved.

The development of Sultana berries was found to occur in a manner close to

the classical sigmoidal growth curve exhibited by seedless grapes (Figure 4.3),

rather than the double sigmoidal curve of seeded varieties (Lavee and Nir, 1,986).

The diameter of Bruce's Sport berries increased along a similar growth curve. If
berry uteight, rather than diameter, was used as the determinant of growth

however, it became obvious that around veraison the pattern of development in

Sultana and Bruce's Sport began to diverge, and thereafter at a given stage of the

season the berries of Bruce's Sport tended to be lighter (Figure 4.4).

Measu¡ements of sugar content revealed that Bruce's Sport berries accumulated

sugar more slowly than those of Sultana, resulting in a slower increase in berry

weight (Figure 4.5).
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Figure 4.3: The development of berries of Bruce's Sport and Sultana as measured
by diameter.
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Figure 4.4: The development of berries of Bruce's Sport and Sultana as measured
by weight
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Figure 4.5: The increase in sugar content during the development of benies of
Bruce's Sport and Sultana.

Carotenoíd synthesis

Mutations in the synthesis of carotenoids have been shown to be the cause

of variegation in a number of plants (e.g. Robertson et al., 7978; Scolnik et ø1.,

7987). Carotenoid levels were therefore measured in both Bruce's Sport and

Sultana (Table 4.1). Sultana berries had three times the total carotenoids found in

Bruce's Sport. The pattern of absorbance between 800 and 400 nm, however, was

similar for both varieties, with peaks at G64 and 454 nm.

A mutation Preventing the synthesis of carotenoids usually results in the

accumulation of one or two carotenoid intermediates, particularly phytoene or z-

carotene (Young et al., 1'989). Analysis by HPLC was therefore und.ertaken to

determine if one of these carotenoid intermediates was present in Bruce's Sport,

together with the absence of a major carotenoid compound. The peak patterns
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were, however, similar in both Bruce,s Sport and Sultana and no major

carotenoid was absent from the Bruce's sport extract (Figure 4.6).

Table 4.1: Carotenoid levels in immature berries of Sultana and Bruce's Sport

Variety Carotenoids gFWtsl)

Sultana

Bruce's Sport
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Figure 4.6: Peak patterns obtained from HPLC of total carotenoid extract from
mature (a) Sultana and (b) Bruce's Sport benies.
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Electron microscopy

Sultøna leaaes

A cross-section of a young leaf from the Sultana grapevine showed the

structure of a fairly typical C3 leaf with palisade and spongy parenchymal tissue

(Figure 4.7.1). There were high numbers of small chloroplasts in both cell types

but none in the epidermal layer, covered by u thin layer of wax. Some cells

contained what appeared to be large, polymerized phenolic bodies, appearing as

electron dense areas filling a large pa-rt of the cell. At a higher magnification (x

800), starch grains in the chloroplast could be seen. The thylakoid membranes,

which were negatively stained with osmium, could clearly be seen at

magnifications of greater than x 10,500 (Figure 4.7.2).

INhite Bruce's Sport leaaes

In comparison to the leaves of Sultana, the white regions of Bruce's Sport

leaves were much thinner, and an entire cross-section of the leaf was still visible

at x 800 magnification (Figure 4.7.3). The palisade parenchyma appeared to be

absent, or completely undifferentiated, and the remaining spongy parenchyma

cells lacked normal cell contents, as weii as the phenolic bodies seen in some cells

of Sultana leaves. A higher magnification revealed that normal chloroplasts

were almost entirely absent and were replaced by smatl membrane-bound bodies.

The occasional chloroplast which could be found lacked any internal membrane

structure but contained starch grains and some osmiophilic globuli.

Neighbouring mitochondria clearly had a double membrane, whilst it was

somewhat difficult to see the membrane or membranes surrounding the plastid

(Figure 4.7.4).
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Sultana berries

Like the leaves, many of the large, squarish cells in young Sultana berries

contained large bodies of polymeúzed tannins, the large vacuoles in the outer

two cell layers appearing to be filled with polymerized phenolic bodies in the

following layers (Figure 4.8.1). The chloroplasts visible under higher

magnification had well developed thylakoid membranes as well as large starch

grains (Figure 4.8.2). The double membrane enclosing the chloroplast also could

be clearly seen. In comparison to leaves there were fewer chloroplasts in Sultana

berries. They were, however, spread fairly evenly throughout the tissue.

White Bruce's Sport berries

The cells in the young berries of Bruce's Sport, like those in Sultana, had

large bodies of polymerized tannins in the second and following cell layers

(Figure 4.8.3). As observed in the leaves, plastids were only rarely seen, and

although these appeared to be normal at low magnification, were revealed by

much higher magnification to lack internal membrane structure (Figure 4.8.4).

The double membrane enclosing the chloroplast was, however, clearly visible,

and like those in the leaves, these chloroplasts contained starch grains. The wax

layer on the outside of the berry was of similar thickness to that of Sultana.
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Figarc 4.72 Transmission electron micrographs of immature Sultana and Bruce's

Sport leaves.

(1):

(2):

(3):

(4):

Cross-section of immature Sultana leaf. Magnification x370.

Chloroplast of immature Sultana leaf showing negatively stained thylakoid
membranes. Magnification x 32000.

Cross-section of immature white Bruce's Sport leaf. Magnification x 800.

Chloroplast of immatu¡e white Bruce's Sport leaf with lack of thylakoid
membrane structure. Note neighbouring mitochondria with double outer

membranes. Magnification x 22,000.
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Figure 4.8: Transmission electron micrographs of immature Sultana and Bruce's

Sport berries.

(1):

(2):

Outer cell layers of immature Sultana be.rr'. Magnification x 1,350.

Chloroplast of immature Sultana berry with clearly defined thylakoid
membranes. Magnification x 22,000.

Outer cell layers of white Bruce's Sport berry. Magnification x 1,050.

Chloroplast of immature white Bruce's Sport beny showing lack of internal

membrane structure. Note neighbouring mitochondrion with double outer

membrane. Magnification x 37,000.

(3):

(4):
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Comparison of PPO activity it Bruce,s Sport and Sultana

Polyphenol oxidase activity fluctuates throughout the development of grape

berries (Wissemann and Lee, 1980; Sapis et aI., 7983; Sánchez-Ferrer et ø1.,19g9). It
was therefore considered necessary to measure PPO activity of both Sultana and

Bruce's Sport as the fruit developed, rather than relying on a single measurement

taken at maturity. Polyphenol oxidase activity was measured in berries of

Sultana and Bruce's Sport from shortly after fruit set to maturity (Figure 4.9).

Polyphenol oxidase activity on a fresh weight basis in Sultana dropped

dramatically early in development, then decreased steadily until shortly after

veraison (berry softening) at 60 days. Activity then plateaued at about 3.5 pmol

Oz min-l gFwt-l. Polyphenol oxidase activity in Bruce's Sport also declined on a

fresh weight basis throughout berry development, but was much lower than in

Sultana at all stages (Figure 4.10). Polyphenol oxidase activity expressed on a per

berry basis provides an indication of PPO activity independent of any change in

berry weight. In Sultana PPO activity per berry increased until veraison, after

which it fell slowly (Figure 4.1,0). The dramatic reduction in PPO activity per

gram fresh weight in Figure 4.9 is, therefore, mainly due to the increase in berry

weight rather than to any reduction in PPO synthesis or increase in ppO

turnover. The results in Figure 4.1.0 suggest, conversely, that the highest level of

PPO synthesis occurs early in the development of the Sultana berry. Bruce,s

Sport berries, although also appearing to synthesise active PPO early in
development, did so only slowly, reached a constant level much earlier and

never reached the levels of activity attained by Sultana berries (Figure 4.10).
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Figure 4.9: Polyphenol oxidase activity in berries of Sultana and Bruce,s Sport as
a function of berry age.
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Bruce's Sport throughout berry development.
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Polyphenol oxidase in berry tíssue

Berries were dissected to determine if the overall lower level of PpO activity

in Bruce's Sport was due to an absence of PPO in one tissue type or rather a

general reduction throughout the berry. Polyphenol oxidase activity was

measured in each of the skin, pulp and seed trace components of grape berries.

This dissection revealed that both Bruce's Sport and Sultana had similar

proportions of each tissue - 97o of the fresh weight being skin, 907o pulp and, "IVo

seed traces (Table 4.2). In each tissue, Sultana had a significantly higher level of

PPO activity than Bruce's Sporç indicating that the generally lower levels of ppO

activity in Bruce's Sport were due to a reduction in PPO activity throughout the

berry. In both Sultana and Bruce's Sport the skin had a much higher level of ppO

activity Per gram fresh weight than the pulp. In dried fruit most of the colour is

in the skin, so the relatively high proportion of PPO found in the skin is of some

importance. This high proportion of PPO activity is much greater than the 9%

expected from its contribution to berry weight. In both varieties, the pulp had the

highest proportion of PPO activity on a per berry basis atthough it had the lowest

PPO activity per gram fresh weight. This is due to the weight of the pulp, which

contributes 90Vo of the berry weight. The seed trace, although making up orúy 1,Vo

of the berry weight, had a much higher proportion of PPO activity on a fresh

weight basis. The ratio of PPO activity per gram fresh weight of Bruce's Sport to

Sultana varied according to the tissue type. Thus the pulp of Bruce's Sport had

37o t}re PPo activity of sultana, the skin B% and the seed trace 24vo.
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Table 4.2: Polyphenol oxidase activity in skin, seed and pulp of mature gFape

benies

Values in parentheses are the activi ty in each tissue as a percentage of total
activity in the b".ry. In both varieties, skin represented 97o of tlne trerry by weight,

the pulp 90Vo and seed trace"l.Vo.
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Variety PPO activity (trmol Oz min'l gFwt-l)

Skin Seed Pulp

Sultana

Bruce's Sport

6.6

0.5

(19V")

(33%)

(4%)

(207")

(777o)

(46%)

11,.2

2.7

2.6

0.07

PPo Activity in green and white skin sections of Bruce's sport

Given the apparently chimæric nature of Bruce's Sport, PPO activity was

determined in the white and green areas. The green and white sections of skin of

a number of Bruce's Sport berries were carefully removed and assayed for ppO

activity and the results compared to whole Sultana skin. There was no difference

in the PPO activity on a fresh weight basis between the green skin sections of

Bruce's Sport and the skin of Sultana berries (Table 4.3). The white skin regions

of Bruce's Sport, however, had very little PPO activity. The measurements of

chlorophyll suggest that there was, however, some chtorophyll in the so-called

white tissue. The low levels of PPO activity in these regions therefore may be

due to the small amount of green tissue present. The skin of the Sultana berries

had less chlorophyll than the green skin of Bruce's Sport. This may have

reflected differences in berry maturity, however, as chlorophyll levels decreased

in the later stages of berry development.
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Table 4.3: Polyphenol oxidase activity and chlorophyll content in dissected skins
of mature Sultana and Bruce's Sport benies

Values were obtained using catechol as a substrate.

t7

Variety Chlorophyll

(pg eFwrl)

PPO activity

(pmol 02 min-l gFWfr)

Sultana

Bruce's Sport (green)

Bruce's Sport (white)

5.81

1,0.7

0.7

1.33

1.35

0.26

Mixing experiment

The absence of an activator or presence of an inhibitor of PPO in Bruce,s

Sport could account for the difference in PPO activity between Bruce's Sport and

Sultana. Mixing extracts of Sultana and Bruce's Sport together and measuring

subsequent changes in PPO activity would allow the detection of such an

activator or inhibitor, an increase in activity indicating the presence of an

activator of PPO and a decrease being due to an inhibitor. Such an experiment

was carried out using immature fruit collected in Adelaide and frozen at -80oC.

The PPO activity of the Sultana berries was 1.8.7 pmol Oz min-1 gFWt-l, that of

Bruce's Sport 8.0 pmol Oz min-l gFWt-l, whilst the activity of the two mixed

together was 12.8 pmol Oz min-1 gFWt-l . A t-test indicates that this last value is

not significantly different from the expected average of 13.4 pmol Oz min-1 gFWt-

1 (t = 0.7604; d.f. =7).
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Phenolics

Phenolics are the primary substrates of polyphenol oxidase, their oxidation

and subsequent polymerization resulting in the brown pigments associated with
PPO activity. A depletion of these compounds in Bruce's Sport could contribute

to the reduced enzymic browning observed. The phenolics in grape berry skin

are of particular importance in drying grapes as most of the brown colour is

located in the skin (Figure 4.11). Measurement of the total phenolics in extracts

from skin and Pulp, before fractionation on the SEP-PAK columns, indicated. that

separation into acidic and neutral fractions by the method of Lee and faworski
(7987) was not accounting for all phenolics and a significant proportion was

remaining bound to the columns. Recoveries varied markedly between

experiments, and between 25 and 75Vo of the phenolics were not eluted from

either the acidic or neutral preconditioned columns. Gallic acid, a

hydroxycinnamic acid, was therefore passed through the columns at a

concentration of 300 mg/L. Elution of the columns, and the subsequent detection

of gallic acid in the eluates using Folin-Ciocalteu reagent, showed that

approdmately 607o was eluted from the neutral column and 307o from the acidic

column. About 'l.\Vo was therefore remaining bound to one or both of the

columns. Being a hydroxycinnamate, gallic acid was expected to bind to the acidic

column alone, with none at all being present in the flavonoid fraction eluted

from the neutral column. Separation of the phenolic extracts into the two

compound classes was therefore abandoned and total phenolic levels of both

Bruce's Sport and Sultana were measured and compared.
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Figure 4.11: Hand section of dried Sultana berry. Note that majority of brown
pigments are located in the skin.

79



Chapter 4: Bíochemícal basis of lowbrowning potential

Total phenolics in skin ønd pulp tíssues

The skin was removed and assayed separately from the pulp, as small

differences in the quantity of skin phenolics would be difficult to detect due to the

large differences in fresh weight. Quantification of total phenolics in skin and

pulp/seed traces revealed that similar levels eisted in both Sultana and Bruce,s

Sport, although the skin had three times the concentration of phenolics of the

pulp and seed traces (Table 4.4). ,statistical analysis of these results showed that

there is no significant difference between levels in the pulp (t-test t = 0.762; d.f. =
22). There is, however, a statistically significant difference between phenolic

levels in the skin of Sultana and Bruce's Sport (t-test: t = 3.042; d.f. = z2). The

biological significance of this difference is somewhat dubious, however, as it is
difficult to imagine that the small difference in phenolic levels could account for

the large difference observed in browning.

Table 4.4: Total phenolic levels in skin and pulp of mature grape berries

Each value represents the mean and standard error of three replicate samples
'Pulp'refers to both pulp and seed traces. phenoric levels are given in gallic acid

equivalents per fresh weight.

80

Variety

Total Phenolics

(pg eFwt-l)

Skin Pulp

Sultana

Bruce's Sport

1372 + 270

7736 t 769

475 t 47

400 + +Z

The oxidation of different phenolic compounds results in the formation of

differently coloured quinones, thus analysis by HPLC was undertaken to

determine if the lack of a particular phenolic in Bruce's Sport was contributing to
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its reduced brown colou¡. HPLC indicated that similar peak patterns occurred in
Bruce's Sport and Sultana, although again there were some differences between

skin and pulp/seed traces (Figure 4.1.2). Two peaks were identified as catechin

and epicatechin, the former being a predominant compound in grapes (Iaworski

and Lee, 7987) and a major peak in both Bruce's Sport and Sultana. There was

slightly more catechin and slightly less epicatechin present in the skin of both

varieties compared to the pulp.
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SI,JLTANA: PULP/8EEO TRACES

AULTANA: SKIN

BRUOE'S SPORT: SK|N
BRUCE'S SPoRT: PULP/SEED TRAoEg
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Figure 4.12.2: Peak patterns obtained from HPLC of phenolic extracts of (a)

Bruce's Sport and Sultana berry skin and (b) Bruce's sport and Sultana berry pulp
and seed traces.



Chapter 4: Biochemícal basis of low browning potential

Sectioning and staining

The addition of a phenolic compound to sectioned plant tissue allows the
rapid visual detection of the presence of active polyphenol oxidase ¿ue to
formation of the brown pigments produced by oxid.ation of the substrate by ppo.

Immature Bruce's Sport and Sultana berries were sectioned and stained with 4-

methyl catechol, a substrate of PPO (Figure 4.73). In Sultana, skin, seed traces and

vascular tissue browned quickly (in about 30 minutes) while the pulp took
several hours before significant browning was observed. It was apparent that the

stain was able to enter the tissue and entry was not restricted to damaged cells.

In Bruce's Sport, however, browning in the skin was not universal but
restricted to the green regions of the skin. The degree of browning in these

regions, as with that in the seed traces and associated reproductive tissue, was

similar to that observed in Sultana. Interestingly, the vascular tissue in Bruce,s

sport did not brown, whilst the pulp browned only very slightly.

Freezing and thawing

In normal healthy plant tissue, PPO is separated from its substrates by
compartmentation within the cell. Freezing and thawing the tissue causes the
cellular membranes to break, allowing PPO to mix with its phenolic substrates

and browning to occur. This enables the visual detection of tissues in which both
PPO and phenolics are Present, as the absence of either will prevent the
occurrence of any browning.

Whole berries of Bruce's Sport were slowly frozen, thawed, and allowed to
brown. As with the staining experiment, the green sections of Bruce,s Sport skin
browned, indicating that both PPO and phenolics were present (Figure 4.1,4).

Little browning occurred in the white skin regions, suggesting the absence of
either PPO or its substrates. In Sultana, however, browning occurred all over the
skin of the berry.
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l

Figure 4.L3: Hand sections of (a) immature Sultana H5 and (b) Bruce's Sport

beries stained with 4-methyl catechol.
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Figure 4.14: Whole immature Bruce's Sport bery, frozen and thawed.
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DISCUSSION

Bruce's Sport did not appear to be a sectorial, but rather a periclinal chimæra,

as the pattern of variegation is that of a random mosaic (Tilney-Bassett, 1986).

The white, pale white, pale green or green tissue phenotypes implied that any of

three cell layers were potentially of the mutant type. In green leaves however,

only two distinct cell layers containing chloroplasts were observable in the

electron micrographs, the palisade parenchyma and mesophyll parenchyma. The

palisade parenchyma was, moreover, absent in completely white leaf sections,

implying that the colour variation in Bruce's Sport leaves was due to different

mixtures of mutant and normal (green) chloroplasts within each cell, rather than

completely normal or abnormal tissue layers. Grape buds generally have an apex

with two discrete tunica layers covering a corpus (Thompson and Olmo, 1,96g).

There are, however, numerous variants with apices varying from a strictly one.

layered tunica to one with three or more layers, and it may be that Sultana and

Bruce's Sport are among these. Although an occasional completety white shoot

has been noted to occur in Bruce's Sport, this is definitely the exception to the

usual mixture of entirely green and variegated tissue. Minimal segregation into

totally white shoots also occurred in a variegated cotton mutant described by Lax

et al. ('l'987), which had a slow sorting out of the mutant plastid phenotype. The

authors suggested that the cells in this plant were mixed with respect to both

whole plastids and the DNA within plastids. It is possible that, like this

variegated cotton, Bruce's Sport is a slow sorting mutant. However irregular

expression of the variegation-causing mutation would tend to mask, at least to

some degree, the relative abundance of mutant plastids.

The production of white tissue in Bruce's Sport may be associated with some

environmental factor, possibly the increasing temperature during the summer

months. Variegation of selfed progeny of the ancient European Vitis ainiferø
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variety Aramon has been reported to be mediated by temperature, seedlings being

variegated when grown at 20oC but not 35oC (Reisch and Watson, 1,gg4).

Induction of increased variegation of Bruce's Sport seedlings by growing them at

different temperatures was, however, unsuccessful. The predominant location of
variegated leaves of Bruce's Sport in shaded areas of the vine suggests that high
light intensities or daytime temperatures are disadvantageous to the expression

of variegation and either low light or slightly reduced daytime temperatures are

conditional for the production of white tissue. Day length, which is another

possible initiating factor - the first variegated leaves of Bruce's Sport appearing at

around the same time every year - would be expected to cause the variegation of
all leaves at one time. If the initiating factor is indeed environmental, a window
in the changing environment would seem to be required for the production of

white tissue, as although variegated leaves appear for a large part of the season,

production ceases before the end of seasonal growth.

There is a large amount of variation in the degree of variegation both
between and within the different bunches, canes and vines of Bruce,s Sport.

Simila¡ variation was observed in the fruit of a non-sorting variegated mutant of
Bartlett Pear, although in this case variegation was continually expressed

(Gardner et al., 7933). Like the fruit of Bruce's Sport, the mutant pears had

alternating vertical stripes of yellow and green, the stripes being of various

widths. The leaves, however, were not variegated, resulting in the dismissal of

the pear as a slow sorting mutant (Tilney-Bassett, 1,9g6). Although Gard.ner ef ø1.

(1933) considered the Bartlett pear mutant to be a sectorial chimera, Tilney-Bassett

(1986) suggested that it may rather have been a periclinal chimera with yellow L I
and green L II, with the regular periclinal, as well as anticlinal, division of L I
during the formation of the skin of the fruit. It was assumed that the customary

stability of L I was retained during leaf development. Although Bruce,s Sport

may be a slow sorting mutant, the regular striping of the fruit suggests that L I
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also divides periclinally as well as anticlinally during the formation of the skin.

Although periclinal divisions in L I have been reported to be the predominant

mode of division in grapes (Brooks, lgsz), as cited by (Coombe, 19z6), they

conversely also have been noted to be an infrequent occurrence (Thompson and

Olmo, 7963).

The growth of seeded berries shows a three-phased sigmoidal curve, if
growth is measured using the determinants of berry diameter or weight. A
period (I) of rapid growth, is followed by a second phase (tt¡ o¡ minimal

expansion, and then finally another growth increase (Itr). The second stage of

growth, the so-called lag period (Coombe, 1980), is much less obvious in seedless

graPe varieties, and the growth cu¡ve tends to be a straight line rather than

sigmoidal in shape. This phase of minimal expansion has been attributed to a

competition effect between the developing seeds and the berry (Lavee and Nir,

1'986), and hence is less likely to occur in truly parthenocarpic varieties. Sultana,

and probably Bruce's Sport, are not in this class of grapevine varieties, but abort

their partially developed embryos during the first 20 days after fruit set.

However, the development of Sultana and Bruce's Sport berries, as measured by

both berry weight and diameter, follows the seedless type of growth curve, and

does not exhibit the period (II) of slow growth shown by seeded grapevine

varieties.

Shortly after veraison, the berries begin the rapid accumulation of sugars.

This is markedly slower in Bruce's Sport, and as total soluble solids can account

for up to ?57o of the berry weight, leads to an associated reduction in the rate of

weight increase of the berries. The berries do, however, eventually reach the

same size and sugar content as those of Sultana. The variegated leaves of Bruce's

Sport would be expected to have a lower overall photosynthetic capacity in

comparison to that of Sultana. If the production of sugar, rather than its

translocation, were the rate limiting step involved in sugar accumulation by the
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berries, this would result in the slower amassment of sugar observed in Bruce,s

Sport.

Lack of internal membrane structure, a distinguishing feature of the

rudimentary plastids in the white regions of Bruce's Sport leaves and berries, has

been previously observed to occur in the mutant plastids of other variegated

plants. In the completely white regions of a variegated mutant of alfalfa

described by Lee et aI. ('1.989), the plastids had a complete lack of thylakoids but

many large osmiophilic bodies. Interestingly, those plastids in the yellow-green

areas of the leaves exhibited a low degree of lamellar development, although no

grana were present. Abnormal plastids in Chlorophytum, the variegated spider

plant, were shown to lack stromal lamellae by vaughn et al. (19g0). unlike those

in Bruce's Sport, however, the Chlorophytum thytakoids were aggregated into an

abnormal structure, termed 'magnograna'. A variegated mutant of cotton also

contained plastids with little internal membrane structure (Lax et al., 1,987).

Abnormal plastids in this mutant lacked the plentiful ribosomes found in wild
type chloroplasts. Bruce's Sport plastids, however, do not lack ribosomes, nor

does the alfalfa mutant of Lee et al. ('1,989), and this phenotype does not seem to be

ubiquitous amongst the plastids of variegated plants. The pale green regions of a

variegated, photosystem tr deficient mutant of Nicotíana contained chloroplasts

in which the amount of membrane stacking had been substantially reduced,

although not eliminated (Miller and Cushman, 1,979). Lax et al. (1987) noted the

striking similarity between the ultrastructure of these chloroplasts and those of

the variegated cotton mutant they described. The Nicof iana mutant was found to

retain the chlorophyll-protein complex associated with photosystem II (Cp II),

although freeze fracture analysis indicated the absence of the core particle of

photosystem II. Miller and Cushman (1979) suggested therefore that Cp II was

involved in stacking membranes in some regions of the chloroplast. This would

seem to be somewhat unlikely, however, as the amount of membranes correctly
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stacked was very small. Vaughn et aI. (1980) suggested that cells with mutant

plastids could overcome their lack of chlorophyll by transferring metabolites

from the normal green sections. A similar situation may well occur in Bruce,s

Sport, as the white tissue does not become necrotic but remains viable

throughout the growth rycle.

The reduction in the concentration of carotenoids in Bruce's Sport has also

been observed in several maize mutants (Robertson et aL, 7g7B). Atl of these

mutants were, however, pale green in colour rather than being green and white

variegated, and tended to have plastids with a more regulated internal structure

than those of Bruce's Sport. Robertson ef al. (l9TB) suggested. a correlation

between pigment concentration and membrane synthesis, with mutants with a

lesser amount of pigments being unable to synthesise membranes to any great

extent, and those with a greater concentration of pigments developing a more

normal lamellar and grana configuration. Although Bruce's Sport berries have

extensive white and green regions, rather than being pale green overall, it is

possible that the green regions are those contributing most to the total measured

carotenoid concentration, with there being only small amounts present in the

white areas of the berry where the plastids have tittle internal membrane

structure. It seems, however, that Bruce's Sport does not have a blockage in the

synthesis of carotenoids, resulting in the accumulation of a single compound, but

rather a reduction in the total concentration.

Bruce's Sport differed markedly from Sultana in its extremely low levels of

PPO activity. The PPO activity per gram fresh weight of Bruce's Sport was lower

than that of Sultana at all stages of berry development although Suttana ppO

activity on a fresh weight basis decreased markedly during berry growth. This

low PPO activity of Bruce's Sport confirmed the single measurement made at

maturity by Radler ('1.964), who found that Bruce,s Sport had, 6To of the ppO

activity of Sultana on a fresh weight basis. The browning of drying grapes is
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caused by PPO activity (Aguilera et a1.,7987), thus the severe lack of this enzyme

in Bruce's Sport at all stages of berry development would account for its light
brown colour once dried.

The rapid decrease in PPO activity per gram fresh weight early in the

development of Sultana berries was similar to that found to occur in the grape

varieties Clairette (Kidron et al., l97B), Carignane and Grenache (Sapis et al.,

1983). The PPO activity of these varieties, however, increased after veraison,

whereas an increase was not observed in Sultana. They also differ from Sultana

in having fully developed seeds rather than seed traces. A high level of ppO

activity is found in the seed, thus the inhibition of seed development in Sultana

may prevent this post-veraison increase in PPO activity from occurring.

Measurements of PPO activity throughout grape development by other authors

(e.g. Wissemann and Lee, 7980; Sánchez-Ferrer et al., 1g8g) is presented in varying

forms such as on a total protein or volumetric basis and so is not directly

comparable to activity per gram fresh weight. It does not necessarily follow that

the PPO activify measured is equivalent to the amount of PPO enzyme present. If
it is assumed, however, that the total PPO present was extracted and activated at

all stages of berry development and that specific activity was constant, the results

of Figure 4.9 suggest that synthesis of PPO occurs early in berry development.

Simila¡ results have been reported for peaches (Flurkey and len,'1,978), apples and

Pears (Mayer and Harel, 1981). Oxidised phenolics and tanned proteins tend to

reduce the digestibility of fruit. Thus, it has been suggested that high levels of

PPO activity early in fruit development act as a defence mechanism by protecting

the seeds from predation prior to maturity. Once the fruit and its seeds are fully
developed, however, consumption is to be promoted rather than discouraged

and there is no longer a need for high levels of PPO (Mayer and Harel,'l.g1l).

The similarity of phenolic levels in Bruce's Sport and Sultana suggests that

it is not an absence of these compounds that minimises browning in Bruce,s
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Sport. Different phenolics show different degrees of browning, with monomeric

catechins and dimeric procyanidins browning more intensely than other

phenolic compounds (Lee and faworski, 198g). Analysis by HpLC, however,

indicated that similar peak patterns occur in both Sultana and Bruce's Sport.

Thus it is not a lack of these compounds in particular that prevent the browning

of Bruce's Sport. The distribution of phenolics has been shown to vary within

the berry. Studies with the white wine grape varieties Dutchess, Niagara, pinot

blanc, Ravat 5L and Seyval indicated that greater amounts of hydroxycinnamic

tartrates occurred in the skin than the pulp, whilst larger quantities of flavan-3-

ols and procyanidins were found in the flesh (Lee and faworski, 1989). In Sultana

and Bruce's Sport distribution of the phenolic classes appears to be fairly constant

across berry tissues and the greater degree of browning that occurs in the skin of

Sultana is more likely to be due to the elevated levels of active PpO that are

found there.

The absence of active PPO in the white skin regions of Bruce's Sport is

reinforced by the results obtained by freezing and thawing whole berries and by

staining berry sections for PPO activity with exogenous phenolic substrates. It is
evident that there are a number of possible mutations which could result in the

observed low browning potential of Bruce's Sport. A mutation in the gene

encoding PPO in the white regions in Bruce's Sport berries could prevent the

synthesis of PPO, or produce an inactive enzyme. This mutation could involve

the insertion of a transposable element, or simply be a nucleotide change

resulting in an inactive protein. Alternatively, the gene encoding the ppO

protein may be completely absent in Bruce's Sport. FIowever, it must again be

emphasised that it is in the white regions of the berry, where the plastids lack

internal thylakoid membrane structure, that PPO activity is reduced. polyphenol

oxidase, although encoded in the nucleus, is consistently localized in the

chloroplast (e.g. Vaughn et al., 7981,; Vaughn and Duke, 'l.g}4). It may be that the
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primary mutation in Bruce's Sport is that inhibiting the correct development of
chloroplasts and resulting in the variegation. Thus the lack of ppO activity may
be an effect of this lack of fully developed chloroplasts, perhaps preventing the

activation, import into the plastid or correct processing of ppo.

CONCLUSIONS

1'. The expression of variegation in Bruce's Sport is irregular with respect to both

time and tissue.

2' The plastids in the white regions of Bruce's Sport leaves and berries lack

internal membrane structure.

3' Bruce's Sport berries have a lower level of polyphenol oxidase activity at all

stages of development.

4. The overall lower PPO activity in Bruce's Sport is due to the lack of active ppO

in the white regions of the berry.
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O)ODASE IN BRUCE'S SPORT

INTRODUCTION

The molecular weight of PPO has not yet been clearly established. partially-

denaturing gels stained for PPO activity revealed a 40 kD PpO in Vicia faba, the

same size as the denatured purified protein (Vaughn and Duke, l9g4b). The

polyphenol oxidases purified from olive, sago palm and spinach also consisted of

a single subunit of 40-42 kD (Vaughan et al., '],975; Ben-Shalorn et al., 1977;

Okamoto et a1.,1988). Nakamura et aI. (19g3) purified ppO from Koshu grapes

and estimated the molecular weight of the single PPO to be 39,000 by gel filtration

and 41,000 by SDS polyacrylamide gel electrophoresis.

Polyphenol oxidase is encoded in the nucleus and thclught to be transported

to the chloroplast in an inactive form (Vaughn and Duke,79g4a). It is located on

thylakoid membranes in healthy green leaves (Vaughn and Duke, 1981b) and

immature olive fruit (Shomer et aI., l9Z9). Immunoblots probed. with a

polyclonal antibody raised against purified broad bean PPO indicated a 4j to45 kD

band was present in broad bean, bush bean, lettuce, mung bean, soybean, spinach

and tobacco (Lanker et a\.,1988). In aitro translation of leaf mRNA isolated from

each of these species produced a protein of approximately 45 kD (Flurkey, "tgg6),

leading to the suggestion that in a range of plant tissues PPO is synthesized as a 45

kD protein without a transit sequence.

Bruce's Sport was found to lack PPO activity in the white regions of berry

tissue, although the green sections had an activity equivalent to that of Sultana

(Chapter +). A mutation in Bruce's Sport resulting in the deletion of the gene

encoding PPO would cause a complete absence of the enzyme in the white tissue
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regions. Alternatively, a mutation within the PPO gene, a hiatus during

processing of the enzyme or the removal of introns during RNA processing

would result in the presence of an inactive enzyme. Polyphenol oxidase is

inactive until reaching the chloroplast (vaughn and Duke, 19g4a), thus incorrect

targeting would prevent activation of the enzyme. The following experiments

were undertaken in order to elucidate the biochemical mechanisms underlying

the lack of PPo activity in the white regions of Bruce,s Sport berries.

MATERIALS AND METHODS

Plant material

Immature berries from Sultana and Bruce's Sport were collected from

grapevines grown at the CSIRO Division of Horticulture, Merbein, Victoria.

Sugar content was measured with a Zeiss hand held refractometer and berry

diameter with spring callipers. When collected the fruit was less than five

millimetres in diameter and about 4oBrix. The berries were immediately frozen

in liquid nitrogen and stored at -80oC.

Partial purification of PPO

Polyphenol oxidase was partiatly purified from Bruce's Sport berries for

subsequent purification using an antibody-bound affinity column. All
procedures were carried out at 4oC. Immature, f.rozen berries (300 g) were

homogenised in a Polytron blender in 1500 mL of ice-cold extraction medium (0.1

M NaH2Po¿ pH 7.2,0.4 M sucrose, 1mM MgCIz,5 mM DTT). The homogenate

was centrifuged at 10,0009 for 10 minutes and the pellet resuspended in 300 mL

extraction medium containing 77o (v/v) Triton X-100. This was stirred on ice for

l'0 minutes, centrifuged at 40,0009 for 10 minutes and the supernatant strained

through Miracloth. Ammonium sulfate was added to gsvo (w /v) over two hours
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and the mixture left stirring for a further 20 minutes prior to centrifugation at

40,0009 for 20 minutes. The pellet was resuspended in BTP buffer (20 mM Bis

Tris Propane pH 7.5, 5 mM DTT) before further centrifugation at 40,0009 for 30

minutes. The supernatant was loaded onto a Sephadex G-25 column and eluted

with BTP buffer. Fractions (30 x 10 mL) were collected and six of these were

pooled and are referred to as the 'partially purified extract' used for subsequent

purification with an affinity column.

Centrifuge

Supematant 1 Pellet 1

Triton X- I OO/Centrifuge

Supernatant 2 Pellet 2
Ammonium sulfat{Centrifu ge

Supematant 3 Pellet 3

BTP Buffer/Centrituge

Supernatant 4 Pellet 4

Sephadex G25

Partially purified extract

Diagrammatic representation of the partial purification of PPO from Bruce's
Sport.
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Polyphenol oxidase activity was measured polarographically at 25oC in an

oxygen electrode (Hansatech) containing 0.6 mM SDS, 50 mM NaH2pOa (pH 5.0)

and extract in a final volume of 1 mL. Oxygen uptake was initiated with the

addition of 2 mM 4-methyl catechol. Protein concentrations were determined

using the Bio-Rad Protein Assay, based on the method of Bradford, (1976) using

bovine gamma globulin as a standard.

Antibody preparation

Polyphenol oxidase was purified to homogeneity from mature Sultana

berries (Robinson, in preparation) and a sample used to raise polyclonal

antibodies in New Zealand white rabbits. For the initial injection, 300 ¡rg of

purified grape PPo was made up to 3 mL in pBS (132 mM NaCl, 2J rnl.¿1 KCl, 10

mM Na2HPo¿, 1.7 mM KH2Poa pll7.4), then 1mL added at a time to 3 mL

Freuncl's Complete Adjuvant. This was mixed with a syringe and 19 gauge

needle until an emulsion was formed and checked by adding two drops into a

beaker of ice cold water. When the first drop spread only a little, and the second

drop not at all, the back legs of each of two, three month old male New Zealand.

white rabbits were injected intramuscularly with 1 mL. Approximately 50 pg of

purified grape PPO was injected into each leg. After three weeks another 350 ¡rg

of purified protein was made up to 2.5 mL in PBS and mixed as before with 2.5

mL Incomplete Freund's Adjuvant for subcutaneous injection into both rabbits at

six to seven sites along the back. A final intravenous injection of 350 pg of grape

PPO in sterile saline was conducted after a further two weeks. The rabbits were

test bled and the sera clotted and frozen for analysis five days after this injection.

Immunoelectrophoresis and an Ouchterlony test indicated that the anti-grape

PPO present in serum from both rabbits was similarly sensitive to purified grape

PPO, with a good reaction occurring with a one-tenth dilution of serum.
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Blood was removed from the rabbits by cardiac puncture and left for one

hour at room temperature until clotted. The top layer of serum was removed

with a syringe and the remainder centrifuged at 2,0009 for 10 minutes. This

procedure was repeated and the serum removed and added to the previous

before the total was frozen in liquid nitrogen and stored at -g0oc.

IgG was purified on a Protein A column with a flow rate of 15 to 20 mL hr-1.

The column was washed with PBS for 45 minutes and 20 mL of serum filtered

through a 0.22 pm Millipore filter. This was loaded onto the column and for

approximately 30 minutes was washed with PBS until the colour reached the

end of the column. IgG was eluted with 0.587o (v/v) acetic acid in 0.1S M NaCl

and six fractions of 5 mL each were pooled. The pH was adjusted to 2.3 with

NaOH and the IgG concentrated to approximately 7 mL with an Amicon filter.

This was again filtered through a 0.22 pm Millipore filter and stored at -80oC in

70Vo (v/v) glycerol. The IgG fraction (23.3 mgmL-1) was diluted 1:2000 or l:1000

for immunoblotting.

Affinity column

A CNBr-activated Sepharose 4B column (pharmacia) was prepared

according to instructions from the manufacturer. Approximately 5 *g of anti-

grape PPO was bound to 2 g of CNBr-activated Sepharose 48.

CNBr-activated Sepharose 4B (2 g) was placed in a glass column with a

sintered glass filter and 100 mL 1 mM HCI added. The get was allowed to swell,

then washed a further four times with 4 x 100 mL 1 mM HCl, ensuring

resusPension of the gel each time. A wash in 12 mL coupling buffer was ca¡ried

out before transferral to a disposable centrifuge tube. Approximately 5 mg IgG

(anti-grape PPo) was diluted into 6 mL coupling buffer (0.1 M NaHCo3 pH g.3, 0.5

M NaCl), added to the gel and coupling buffer and mixed by gentle end-over-end

inversion at room temperature for two hours. After leaving to stand for ône
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hour, the gel was transferred to another glass column with a sintered glass filter
and excess ligand washed away with coupling buffer. Blocking buffer (0.1 M Tris-

HCI pH 8.0) was added to prevent further binding to the gel which was again

transferred to a centrifuge tube in a volume of 30 mL and mixed by end-over-end

inversion at room temperature for 2.5 hours. The gel was finally transferred to a

plastic column with a sintered glass filter, the blocking buffer allowed to drain

and the column washed with three cycles of 15 mL each of two wash buffers (1.:

0.1 M sodium acetate pH 4.0, 0.5 M NaCl; 2: 0.1 M Tris-HCl pH g.0, 0.5 M NaCl).

A 0.05Vo solution of sodium azide was used for storage of the column at 4oC.

Before use the column was brought to room temperature and equilibrated

with 25 mL of sample buffer. Partially purified Bruce's Sport PPO (10 mL) was

added and allowed to pass through the column. The column was then washed

with 25 mL sample buffer (20 mM Bis Tris propane p}lZ.s,0.1 M NaCl,5 mM

DTT, O.'l'Vo (v /v) Triton X-100) and the sample eluted with 0.1 M glycine.HCl (pH

2.8), 'l.. mM DTT. Fractions (10 x 1 mL) were collecterj and the pH of each

neutralised with 50 pL of 1 M Tris (pH 9.5). Polyphenol oxidase activity was

measured using an oxygen electrode as described above. Fractions containing

active PPO were pooled and concentrated with a Centricon-l.0 microconcentrator

(Amicon) with the addition of 0.05vo (v/v) Tween-20. The concentrated ppO was

transferred into 50 mM Tris (pH 6.8),0.057o (v/v) Tween-20 using the Centricon-

10 microconcentrator. This is referred to as BS PPO throughout the text.

Electrophoresis

Crude protein extracts were made from immature, Írozen Sultana and

Bruce's Sport berries for protease digestion, electrophoresis and immunoblotting.

Two grams of berries were ground in a Polytron blender in 6 mL of grinding

buffer (0.1 M NaH2Poa pH7.2,0.4 M sucrose, 1 mM MgClzl. The homogenate was

centrifuged at 10,0009 for five minutes and the resulting pellet resuspended in 2
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mL grinding buffer containing'!,Vo (v/v) Triton X-100. This suspension was

incubated on ice for 10 minutes, centrifuged at 10,0009 for a further five minutes

and the supernatant collected for subsequent analysis. This is referred to as the

'crude protein extracf .

Electrophoresis was conducted using a mini-gel system (Hoeffer Mighty

Small II) and Tricine polyacrylamide slab gels (Schägger and. Von Jagow, TggZ),

comprising a"l.jVo (w/v) resolving gel and a 4Vo (w/v) stacking gel in a

discontinuous buffer system. Protein samples loaded onto activity stained

(partially-denaturing) gels were diluted into loading buffer (50 mM Tris-HCl pH

6.8, O.'l'vo (w /v) sDS, 'l,jvo (v /v) glycerol, 0.01,vo (w /v) bromophenol blue) but were

left at room temperature. These gels were washed for 10 minutes in two changes

of wash buffer (20 mM NaH2POa pH 6.0, 0.7Vo (w /v) SDS) immediately after

electrophoresis. They were then shaken in 50 mL wash buffer containing 2 mM

L-DOPA, 1 mM catechol, 0.5 mM p-phenylenediamine and 100 units ml,-l catalase

(Sigma) for one to two hours although most bancls were visible after L5 to 30

minutes. After staining the gels were rinsed in wash buffer and dried on a slab

dryer.

For all other forms of electrophoresis protein samples were denatured by

dilution in denaturing buffer (62.5 mM Tris-HCl pH 6.8, ZTo (w/v) SDS,'t0To (v/v)

glycerol, 100 mM DTT, 0.0'l.Vo (w/v) bromophenol blue) and heated to L00oC for

three minutes. Gels to be stained for total protein were stained in Coomassie

stain (0.75Vo (w/v) Coomassie blue, S0To (v/v) methanol, lTVo (v/v) acetic acid)

then destained in 507o (v/v) methanol, l\Vo (v/v) acetic acid for approximately

one hour. Remaining background colour in the gels was removed by washing in

SVo (v /v) methanol, TVo (v /v) acetic acid before drying on a slab dryer. Molecula¡

weight standards from Sigma were bovine serum albumin (66 kD), ovalbumin
(45 kD), glyceratdehyde-3-phosphate dehydrogenase (36 kD), carbonic anhydrase
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(29 kD), trypsinogen (24 kD), soybean trypsin inhibitor (20 kD) and lactalbumin

(14 kD).

For immunoblotting, proteins were transferred to a polyvinylidene

difluoride (PVDF) membrane in transfer buffer (25 mM Tris, 792 mM glycine,

20Vo (v/v) methanol pH=8.3) using a Bio-Rad Mini Trans-Blot apparatus. Before

transfer, both gel and membrane were washed in transfer buffer for 20 minutes,

then loaded into the apparatus. Transfer was carried out for 60 minutes at 100

volts. After the completion of transfer, the membrane was removed, rinsed in

water and washed in TBS (20 mM Tris-HCl pH z.s,so} mM NaCl) for 15 minutes.

To block the membrane, a 3Vo (w /v) gelatin solution was made up in TBS and the

membrane washed for 45 minutes. Three rinses of five minutes each were then

carried out in TTBS (20 mM Tris-HCl p}{7.5,500 mM NaCl, 0.05vo (v/v) Tween-

20). The primary antibody (anti-grape PPO), prepared as described above, was

made to a 1:2000 dilution in TTBS,'l.Vo (w/v) gelatin, 0.027o (v/v) sodium azide.

The membrane was incubated with primary antibody for one to two hours before

a further three rinses of five minutes each in TTBS. The secondary antibody was

Bio-Rad goat anti-rabbit conjugated with alkaline phosphatase and was made to a

1:2000 dilution in TTBS. This was incubated with the membrane for a further

one to two hours, followed by three rinses, each of five minutes, in TBS. The

alkaline phosphatase substrates, 4-nitro blue tetrazolium chloride (NBT) and 5-

bromo-4-chloro-3-indolyl-ø-D-mannoside (BCIp), were made up according to the

manufacturer's instructions and incubated with the membrane for up to 10

minutes. The colorimetric reaction was stopped by washing with water and the

membrane removed, rinsed and air dried. All washing and rinsing procedures

were carried out on a rotary shaker. Pre-stained molecular weight standards from

Bio-Rad were phosphorylase (89 kD), bovine serum albumin (7'1, kD), ovalbumin

(49 kD), carbonic anhydrase (35 kD), trypsin inhibitor (24 kD) and lysozyme (20
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kD). Pre-stained standards were calibrated in the Tricine gel system by

comparison with unstained standards of known molecular weight.

For a more sensitive detection of total proteins, gels were stained with
colloidal gold. After electrophoresis, the proteins were tra¡tsferred onto a pVDF

membrane as described above and the membrane washed three times, each for 20

minutes, in TTBS. Three water rinses of two minutes each removed traces of the

buffer, before the membrane was incubated in Bio-Rad Colloidal Gold Total

Protein Stain for up to two hours. The membrane was rinsed with water before

air drying.

Acid-mediated breakdown of Bruce's Sport affinity purified ppO

A sample of BS PPO was aliquoted into five microcentrifuge tubes so that

each contained 2 ¡tg of protein. The contents of the first tube were immediately

denatured and 1 pL 1 M glycine (pH 2.8) was added to the remaining tubes. These

were incubated for 30 seconds, five minutes, one hour and five hours before

being neutralized with 5 ¡rL 100 mM Tris-HCl (pH 9.5) and denatured by boiling

for three minutes in denaturing buffer. Samples from each tube were subjected

to electrophoresis and detection by staining with Coomassie blue.

Separation of Bruce's Sport affinity purified PPO (BS PpO)

A Sephadex G100 column with a 36 mL bed volume was equilibrated with

100 mL column buffer with a flow rate of 0.13 mL min-1 . 740 pg of Bruce's Sport

PPO, purified on the affinity column (BS ppo), was loaded onto the column at

4oC and washed through with column buffer (25 mM NalIzPOt,100 mM NaCl

pH 7.0), collecting 7 mL fractions. Protein was detected by passing the eluate

through a Pharmacia IJV detector at 280 nm. Fractions containing protein were

analysed by immunoblotting.
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Detection of glycans on Bruce's Sport ppO

A Boehringer Glycan Detection Kit was used according to the

manufacturer's instructions to determine if the Bruce's Sport ppo was

glycosylated. Transferri. (Z ILg), a glycosylated protein, was used as a control,

whilst 20 þg of BS PPO was used for the detection of glycans. The samples were

denatured in denaturing buffer then separated by electrophoresis on a l0To

Tricine gel and transferred onto a PVDF membrane. The membrane was blocked

for 40 minutes, rinsed three times in TBS for 10 minutes and. then incubated with

<digoxigenin>alkaline phosphatase conjugate for 90 minutes. The procedure

was comPleted with three rinses in TBS for 10 minutes each before adding the

alkaline phosphatase substrates. An identical membrane was stained with Bio-

Rad Colloidal Gold Protein Stain in order to detect non-glycosylated proteins

present on the membrane.

Protease digestion

Approximately 20 Vg of Bruce's Sport PPO, purified using the affinity

column, was seParated by electrophoresis on a 0.75 mm '!.TVo Tricine gel as

described above. The bands were excised for proteolysis according to the method

of Cleveland et aI. (1,977). After electrophoresis the gel was retained on the

backing plate and protein bands were visible as small indentations in the gel,

allowing the bands to be excised without staining. Using gloves and a clean

scalpel blade to prevent contamination, these bands were excised and soaked for

30 minutes in 5 mL protease buffer (0.1 M Tris-HCl pH 6.g, O.tVo (w/v) SDS) with

the addition of 0.0001.% (w/v) bromophenol blue. After equilibration in protease

buffer the slices were removed from the vial, placed in a clean microcentrifuge

tube and heated to 100oC for three minutes. The gel slices were then trimmed

and loaded onto a second 0.75 mm, 70Vo Tricine gel, where the addition of

bromophenol blue in the protease buffer allowed the gel slices to be seen. It was
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essential to ensure the slices were sitting on the bottom of the well, achieved by
gentle prodding with the reverse end of a spatula of the correct dimensions.

Spaces around the slices were filled by overlaying with 5 pL protease buffer,20To
(v /v) glycerol, 0.057o (w /v) bromophenol blue, then another 5 pL protease buffer,
707o (v/v) glycerot,0.057o (w/v) bromophenol blue was added with trypsin or
thermolysin in a 1:100 or 1:200 dilution. The samples were then electrophoresed

at 25oC until the bromophenol blue neared the bottom of the stacking gel, when
the current was turned off for one hour to allow digestion to occur. Cathode

buffer was squirted into the wells with a pipette, electrophoresis continued in the

usual manner and the proteins detected by staining with Coomassie blue.

An extract of predominantly white Bruce's Sport berries was also made as

described for electrophoresis and 50 pL of t]ne non-denatured extract incubated

with 1:20 (w/w) trypsin or thermolysin at 25oC. Digestion was stopped with the

addition of denaturing buffer. Extracts were further denatured by heating to
100oc for three minutes before electrophoresis and immunoblotting.

In order to investigate whether Sultana berries contained a protease lacking

in white berries of Bruce's sport, extracts were made by grinding T g in 2g mL
grinding buffer as previously described and PPO activity measured

polarographically. Homogenates of Sultana, Bruce's Sport, and an equal mixture

of both were left stirring at room temperature and aliquots removed at five
minutes, 30 minutes, one hour and three hours.

Cleavage of BS PPO with cyanogen bromide

Cleavage of BS PPO with CNBr was carried out according to the methods of
Plaxton and Moorhead (1989). Up to 40 ¡rg of BS ppo, denatured as described

previously, was loaded onto a 0.75 mm, 1,0vo poryacrylamide gel. This was

prepared according to Doucet and Trifaró (1988) rather than the usual Tricine

system (schägger and Von lagow, 1,ggz), as this method provided gels with a
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much greater porosity. Upon completion of electrophoresis, the gel was stained,

but not fixed, in0.'l,5Vo (w/v) Coomassie blue, 507o (v/v) methanol for 15 minutes

then destained in 50% (v/v) methanol without shakíng. Bands visualized in this

way were excised by placing the gel on Cling Wrap on a light box. Gloves and a

clean scalpel blade were found to be essential to prevent contamination of the gel

and the heat from the light box necessitated rapidity. All procedures using CNBr

were carried out in the fume hood. Cyanogen bromide (200 mg) was dissolved in

100 pL acetonitrile to a final volume of approximately 150 pL. Excised gel slices

were placed in microcentrifuge tubes containing 10 pL of the CNBr solution,

followed by 200 ¡rL of 125 mM Tris-HCl (pH 6.8) and 200 pL 0.6 N HCt. Cyanogen

bromide was omitted from the controls. The microcentrifuge tubes containing

the gel slices were tightly capped and incubated with frequent vortexing for 30

minutes at 37oC. After incubation the reaction mixture was removed and the

slices rinsed with 1mL 125 mM Tris-HCl (pH 6.8),0.17o (w/v) SDS and 1mM

EDTA. The slices were then transferred into a 5 url- vial containing 3 mL of this

rinsing buffer and shaken at room temperature for 24 minutes with three buffer

changes. The buffer was removed and the gel slices trimmed and loaded onto a

second gel, this time a 0.75 mm, 707o Tricine gel. It was essential to ensure the

slices were sitting on the bottom of the well, achieved by gentle prodding with

the reverse end of a spatula of the correct dimensions. Electrophoresis was then

carried out according to normal procedures. Proteins were detected by Coomassie

staining, gold staining or immunoblotting.

Pol¡rhenol oxidase in variegated ornamentals

Young, variegated leaves were collected in late spring from ornamentals

grown in gardens in Adelaide. These plants were identified as variegated

Nerium oleander splendens, Agonís flexuosa variegata (Pied piper), variegated

Ficus rubiginosa, variegated Pelargoníum sp., Ficus benjømia aaríegøta,
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variegated Geraníum sp., variegated, Fuchsia sp., vinca sp. (variegated

periwinkle), LiTustrum sp. (privet), variegated Hydrangea sp., variegated Hedera

helix (ivy) and Chlorophytum sp.

Leaves were separated into white and green tissue and 0.1 g ground in 10 mL
grinding buffer (0.1 M NaH2pO 4,, 0.4 M sucrose, L mM MgCl2, pH 7.2) in a

Polytron blender for 20 seconds. Polyphenol oxidase activity was assayed as

described previously in an oxygen electrode using 4-methyl catechol as a

substrate. For analysis by immunoblotting 0.5 g tissue was ground in 3 mL

grinding buffer + 10 mM sodium D-iso-ascorbate in a glass/glass homogenizer.

The homogenate was filtered through nylon, 50 pL removed and denatured by
boiling for three minutes in denaturing buffer.

Nuclear-encoded chloroplast ptoteins

For the analysis of grape chloroplast proteins encoded in the nucleus, an

extract was made from immature, frozen Bruce's Sport bcrries. predominantly

green and primarily white berries were separated and 1 g ground in 6 mL

grinding buffer (as above) in a Polytron blender. A sample of this homogenate

was diluted with denaturing buffer and heated to 100oC for three minutes for
analysis by immunoblottin g, 70 pL being loaded for electrophoresis. After
transfer to PVDF, the membrane was sliced into five identical blots such that each

membrane portion contained tracks of pre-stained molecular weight markers and

both green and white Bruce's Sport homogenate. Antibodies used to probe these

immunoblots in a 1:2000 dilution were anti-chlorophylt ø binding protein, anti-

cytochrome f, anti-plastocyanin, anti-grape PPO and anti-Rieske Fe-S protein.

The anti-PPO antibody was obtained as described previously, all others were a gift
from Dr w. Taylor, cslRo, Division of plant Industry, canberra.
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RESULTS

Active polyphenol oxidase can be detected by separating extracts on a

partially-denaturing SDS-PAGE gel and staining with a phenolic substrate. Crude

extracts of Sultana and Bruce's Sport berries were separated on a partially-
denaturing gel and washed in a buffer containing the PPO substrate, catechol. A
single band of approximately 40 kD was evident in Sultana extracts (Figure 5.1).

Bruce's Sport berries also had a single band with an apparent molecular mass of

40 kD but had less than 70Vo of the activity of Sultana berries (Figure 5.1). This

was consistent with earlier polarographic measurements of ppO activity in
Sultana and Bruce's Sport berries (Chapter 4).

Purification of PPO from Sultana berries yielded a single protein which co-

migrated with the band of PPO activity in crude extracts and had. an apparent

molecular mass of 40 kD in denaturing SDS-PAGE (Robinson, in preparation).

This was similar to PPO purified from Koshu grapes, which had a molecular

weight of 39,000 to 41,000 (Nakamura et a1.,1983). The antibody raised against the

purified 40 kD Sultana PPO was used to detect PPO proteins in immunoblots of

crude extracts of Sultana and Bruce's Sport. The specificity of this antibody was

ascertained by probing an immunoblot with pre-immune and post-immune

serum. Pre-immune serum did not react with crude extracts of either Sultana or

Bruce's Sport berries, whereas post-immune serum gave the expected single band

at 40 kD with extracts of mature sultana berries (Figure 5.2).
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Figure 5.L: Crude berry extracts separated by electrophoresis on a partially-
denaturing SDS-PAGE gel and stained for PPÓ acdvity. Lanes 1 to 4 ì"pr"r"ít
Sultana extracts of 7,2,5 and 10 pL respectively; Lanes 5 to 8 show Bruceå Sport
extracts also of 1-,2,5 and 10 pL. The positions of fully denature molecular 

^ursmarkers (kD) are indicated in the left margin.
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Figure 5.2: Immunoblot of SDS-PAGE gel of cmde extracts of grape berries. Lanes
1 to 3 represent Sultana extracts of 7,2 and 5 ¡rL respectivelyl Lãnes 4 to 6 show
Bruce's Sport extracts also of 7,2 and 5 pL. The left side of íhe btot (lanes 1 to 6)
was probed with post-immune serum, the right hand side with pre-immune
serum. The positions of molecular mass markers (kO¡ ¿¡" indicateà in the left
margin.
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Extracts of ímmature Sultana berries probed with post-immune serum also

exhibited a prominent band of 40 kD, but in addition a small amount of an

antigenic protein of 60 kD could be observed (Figure 5.3, Lane 2). In extracts of

Bruce's Sport there was much less of the 40 kD protein, in agreement with the

measurements of PPO activity, but relatively more of the 60 kD protein (Figure

5.3, Lane 1). The mainly white Bruce's Sport berries (Figure 5.3, Lane 3) contained

relatively less active 40 kD PPO and relatively more inactive 60 kD protein than

the predominantly green berries (Figure 5.3, Lane 4), which had only small

amounts of the 60 kD protein. This suggested that the inactive 60 kD protein was

derived from the white tissue, which lacks PPO activity, and that there was a

direct correlation between the amount of the 40 kD protein and measured PPO

activity. The presence of the 60 kD protein in immature, but not mature Sultana

berries, and its elevated level in the white regions of Bruce's Sport berries,

suggested that this may be an immature protein whose normal processing is

interrupted in the mutant.

Partial purification of PPO from Bruce's Sport

This procedure resulted in an 8.2-fold purification of PPO from Bruce's Sport

with a 52Vo recovery (Table 5.1). Activation and solubilization of PPO present in

the homogenate was achieved by adding 17o Triton X-100 and incubating on ice

for 10 minutes. Addition of ammonium sulfate to the second supernatant

resulted in the formation of a yellowish 'scum' containing some PPO activity.

This floating lipid-like layer was difficult to recover, but was added to the

ammonium sulfate precipitate. Electrophoresis and Coomassie staining of the

fractions indicated that a wide range of proteins had been removed from the final

partially purified extract (Figure 5.4). Samples of Pellet 3 were not loaded onto

this gel due to the extremely high levels of ammonium sulfate present in the

109
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Table 5.1: Partial purification of polyphenol oxidase from Bruce,s Sport

110

Total
activity (U)

Total
protein

(^g)

Specific

activity
(U mg-t¡

Purification
(fold)

Recovery
(Vo)

Homogenate
Pellet L +

Triton
Supernatant 2

Pellet 3

Supernatant 4

Part. purified
extract

620

1,M0

920

1130

1130

743

3465

1,673

0.18

0.89

1

4.9

870

669

633

502

1.1

7.69

1,.79

1..48

6.1

9.4

9.9

8.2

100

&
78

78

52
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Figure 5.3: Immunoblot of SDS-PAGE gel of crude extracts of grape berries.
Lanes: 1, Bruce's Sport; 2, Sultana; 3, predominantly white Bruce's Sport berries;
4, predominantly green Bruce's sport berries. All lanes contained 5 pL of crude
extract. The positions of molecular mass markers (kD) are indicated in the left
margin.
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Figure 5.4: Coomassie brilliant blue-stained SDS gel of partial purification of PPO
from Bruce's Sport berries. Lanes: 2, Homogenate; 3, Supernatant 7; 4, Pellet 7; 5,
Supernatant 2; 6, Pellet 2; 8, Supernatant 3; 9, Parttally purified extract; 10, BS PPO.
Lanes 2 to 9 contained 10 ¡rL of extract, Lane 10 approximately 4 þg BS PPO
purified using the affinity column. The positions of molecular mass markers
(kD) are indicated in the left margin.
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Purification of PPO by affinity chromatog¡aphy

Anti-grape PPO antibodies were bound to a CNBr-Sepharose matrix and

used to purify antigenic proteins from a crude extract of Bruce's Sport berries.

Polarographic measurements indicated that PPO was eluted almost immediately

and coincided with the major protein peak detected by UV absorbance (Figure

5.5). The CNBr-Sepharose column had a binding capacity of about 250 ¡tgppo.
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Figure 5.5: Polyphenol oxidase activity and absorbance at 280 nm of fractions
eluted from the affinity column. A unit of PPO activity is defined as that
resulting in the uptake of 1 pmol oxygen in one minute under the assay
conditions.

Electrophoresis by SDS-PAGE of the eluate indicated that three proteins,

with apparent molecular weights of 60 kD, 40 kD and 20 kD, were eluted after

passing the extract through the column (Figure 5.6). The 40 kD protein was the
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most abundant, whilst approximately 20Vo ol the mixture consisted of the 20 kD

protein. The 60 kD protein made up only about 'l.\Vo of this purified PPO extract.

An immunoblot of the partially purified extract, before passing through the

column, indicated that passage through the anti-grape PPO affinity column

decreased the relative amount of the 60 kD, and increased the proportions of the

40 and 20 kD proteins present in the extract (Figure 5.7). The 20 kD peptide was

only mildly antigenic (compare Figures 5.6 and 5.7) and was difficult to detect in

the partially purified extract by immunoblotting. As it could not have been

recognised and bound by the anti-grape PPO antibody, therefore, it must have

been a breakdown product of either the column or of the 60 kD or 40 kD proteins.

Experiments with two different column types (Pharmacia CNBr-activated

Sepharose 48 and Pierce Aminolink) indicated that the appearance of the 20 kD

peptide was not connected with either the age or type of column and, thus, was

unlikely to be a result of column breakdown.

Acid-mediate d breakdown

In comparison to the original extract, the eluate from the affinity column

contained reduced amounts of 60 kD relative to 40 kD PPO, suggesting that loss of

the 60 kD protein had occurred during this purification procedure. It was possible

that this was a product of exposure of the protein to the acidic elution buffer,

which had a pH of 2.8. In order to determine if acidic conditions resulted in the

breakdown of the 60 kD to the 40 kD protein, a sample of BS PPO was incubated

in the elution buffer for increasing lengths of time and then electrophoresed.

There was no apparent breakdown of the 60 kD protein under these conditions.
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Figure 5.6: Coomassie brilliant blue-stained SDS gel of affinity column
purification of PPO from partially purified exhacts of Bruce's Sport berries. Lane
1 indicates the profile of proteins in 10 pL of partially purified extract; Lanes 2 and
3 contain 3.5 and 5 pg respectively of the proteins eluted from the affinity
column. The positions of molecular mass markers (kD) are indicated in the left
margin.
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Figure 5.7: Western blot of crude extract of Bruce's Sport berries. Lanes 1

and 2 represent 1 and 2 pL respectively of partialty purified extract (refer to
Fig. 5.6, Lane 1). Lane 3 indicates the altered proportions of the 60 and 40 kD
proteins after elution from the affinity column. The positions of molecular
mass markers (kD) are indicated in the left margin.
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Separation of BS PPO

Unrelated proteins differing in molecular weight should separate on a size

basis when subjected to gel filtration. An extract of BS PPO, containing slightly

more 60 kD than 40 kD protein, was applied to a Sephadex G100 column, the

protein mixture passed through the column and PPO activity in the collected

fractions monitored polarographically. The two proteins eluted concurrently

however, and in each fraction containing active PPO the inactive 60 kD protein

also occurred. In the eluate, the amount of the 60 kD protein relative to the

active 40 kD PPO was markedly diminished in comparison to the proportions

loaded onto the column. There also appeared to be a number of high molecular

weight proteins co-eluting with the 60 and 40 kD proteins which were not present

in the original extract.

Glycan detection of BS PPO

Glycosylation of proteins in plant cells begins in the lumen of the

endoplasmic reticulum, followed by transfer to the Golgi apparatus (Faye et al.,

1989). Previous work in this laboratory (Robinson, personal communication),

suggested that the active 40 kD PPO purified from Sultana may be glycosylated so

determination of the glycosylation status of the 60 kD protein in Bruce,s Sport

would provide an indication of its location within the cell. Using the Glycan

Detection Kit from Boehringer, the 60, 40 and 20 kD PPO proteins isolated from

Bruce's Sport all gave a positive reaction suggesting the presence of glycans

(Figure 5.8).
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Protease digestion of PPO

In order to determine the relationship between the 60 kD and the 40 kD

proteins, BS PPO was electrophoresed, the bands excised from the gel and digested

with trypsin or thermolysin, re-electrophoresed and then analysed by staining

with Coomassie blue. It was difficult, however, to obtain significant digestion of

the protein using this method, and high ratios of protease (1:5 (w/w)) or long

incubation periods (up to three hours) were required for any minor bands to

appear. Major bands also tended to be blurred or misshapen, and it was

somewhat difficult to obtain clear banding patterns that could be easily compared

to neighbouring tracks.

Crude protein extracts were made from predominantly white Bruce's Sport

berries (c.f. Figure 5.3, Lane 3), subjected to proteolytic digestion by trypsin or

thermolysin and the products analysed by immunoblotting (Figure 5.9). When

denatured, the PPO proteins present in the extract remained largely undigested

even after 24 hours under the conditions of proteolysis. Whcn undcnatured,

however, after one hour only faint traces of the 60 kD band remained, whilst

there were increased levels of the 40 kD protein. Although not visible in Figure

5.9, a small amount of the 20 kD peptide also became apparent after digestion by

trypsin. The 40 kD protein produced by digestion of the 60 kD band was not

significantly cleaved even after three hours. Analysis by activity stained gels was

unsuccessful in detecting any increase in PPO activity resulting from cleavage of

the 60 kD protein.

Extracts of Sultana berries and white Bruce's Sport grapes were also mixed

and incubated at room temperature, but polarographic measurements over a

period of three hours failed to detect an increase in PPO activity (Figure 5.10).
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Figure 5.L0: Change in PPO activity stirred at room temperature of extracts of
Sultana berries, white Bruce's Sport berries and an equal mixture of both
homogenates.
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Figrue 5.8: Glycan detection of pro.teins affinity purified from Bruce,s Sportberries. Lanes 2 to 4 contain 0.5, 1 and 2 Lrg respectivety of untreated BS ppo; Lane
6 contains o.5 t g 9f_!h9 gþcoprotein transFerrin, Lanei g to 10 contain 0.5, L and 2
¡rg respectively of BS PPO treated for the detection of glycans. The positions ofmolecular mass markers (kD) are indicated in the left m;gin.
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Figure 5.9: Immunoblot of proteolysis of PPO in Bruce's Sport berries. Crude
extracts of predominantly white berries
with trypsin and thermolysin for one
extract treated with trypsin; 3, extrac
contained 5 pL of c¡ude extract. The p
are indicated in the left margin.
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Cyanogen bromide cleavage of BS ppO

Cyanogen bromide readily cleaves peptides only on the carboxyl side of

methionine residues and, under acidic conditions, very slowly with the bond

adjacent to cysteine. It therefore tends to generate far fewer fragments than

cleavage with proteases (Nikodem and Fresco,7979). Cleavage of the protein in a

polyacrylamide gel matrix and identification of the resultant peptides by

electrophoresis (Plaxton and Moorhead, 7989), was undertaken as it was difficult

to separate the 60, 40 and 20 kD PPO proteins of Bruce's Sport by conventional

means. Although banding patterns tended to be blurred or misshapen, as

experienced with proteolytic digestion of protein in gel slices, cleavage of the 60

kD and 40 kD proteins eluted from the affinity column yielded a number of

peptides of common sizes (Table 5.2). Some aggregation of protein appeared to

occur during the procedure, and in the controls a number of proteins of markedly

higher molecular weight could be observed (Figure 5.11).

Table 5.2: Molecular weights (kD) of peptides generated from cyanogen bromide
cleavage of 40 kD and 60 kD PpO proteins of Bruce's Sport

40 kD protein 60 kD protein

tL9

34

28

26

22

77

10

77

10

46

39

35

29

26
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Figure 5.L1: Immunoblot of cyanogen bromide cleavage of affinity purified PPO
proteins from Bruce's Sport benies. Affinity p"urified PPO from Bruce's Sport
berries was separated by electrophoresis, the bands excised and the 40 kD and 60
kD proteins subjected to cleavage by cyanogen bromide. Lanes: 1, 30 pg cleaved
40 kD PPO; 2,30 pg cleaved 60 kD PPO; 3, 40 kD PPO, control; 4, 60 kD PPO,
control. The positions of molecular mass markers (kD) are indicated in the left
margin.
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Pol¡rhenol oxidase in variegated ornamentals

The correct import and processing of PPO in Bruce's Sport was posttrlated to

be prevented by the absence of mature chloroplasts in the white regions of the

leaves and berries. It is possible, therefore, that other variegated plants

containing active PPO lack the active enzyme in the white regions of the leaves.

Twelve variegated ornamentals were assayed for PPO and although six of these

were found to contain negligible amounts, the remainder (Chlorophytum, Fícus

rubiginosa, Fuchsía, Hedera helix, Lígustrum and Nerium oleander splendens)

had some PPO activity (Table 5.3). The white regions of two of these species

(Ficus rubíginosa and Fuchsia) contained similar amounts of PPO activity to the

green regions, whilst two other species exhibited a two-fold greater amount of

PPO activity in those areas with chlorophyll (Chlorophytum and Nerium

oleønder splendens). Hederø helix trad a PPO activity 7.S-fold, and Ligustrum 7'1.-

fold lower in the white areas of the leaves. Analysis of PPO in the different

regions of Ligustrum and Hedera helix by immunoblotting (Figure 5.12) was

difficult to interpret due to the low specificity of the antibody, but differences

were apparent in the strongest reacting bands. The most prominent protein

reacting to the anti-grape PPO in Ligustrum had a size of 64 kD and was present

in much lower amounts in the white regions of tissue. Similarly, in Hedera

helix, the prominent band of 43 kD apparent in the green tissue was only faintly

observable in the extract made from the white regions of leaves.
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Table 5.3: Polyphenol oxidase activity in the white and green regions of leaves of
variegated ornamentals

n.d. = not determined

PPO activity (¡rmol 02 min-l gFWtsr)
Green regions White regions

122

Agonis t'lexuosø aariegata

Chlorophytum
Ficus benjømia aariegatø

variegated Ficus rubiginosø

variegated Fuchsia

variegated Geranium
variegated Hederø helix
variegated Hydrangea
Ligustrum
Neríum oleander splendens

variegated P elar gonium
variegated Vinca

2.8

1,.2

2.3

27.3

276

6.3

n.d.

1.1

n.d.

1.3

3.5

n.d.

3.7

n.d.
20

3.1

n.d.

n.d.

Nuclear-encoded chloroplast proteins

Polyphenol oúdase is encoded in the nucleus, but after translation in the

cytoplasm is processed and imported into the chloroplast. In the white regions of

Bruce's Sport berries, however, some part of the process resulting in active ppO

in the chloroplast appeared to be inhibited. It was considered possible that the

import and processing of other nuclear-encoded organelle proteins in Bruce,s

Sport was similarly affected. Green and white tissue produced similar banding

patterns when probed with antibodies to plastocyanin, chlorophylt ø binding

protein and Rieske FeS proteins (Figure 5.13). Thus, processing of these proteins
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did not aPPear to be affected by the abnormal chloroplasts found in the white

regions of tissue. Anti-cytochrome f, however, a protein encoded in the

chloroplast, reacted relatively strongly with a protein of apparent molecular

weight 34 kD in the green regions which was absent in the homogenate of white

leaf areas. A larger protein, however, was not detected by the antibody, and it
appeared that cytochrome / was absent in the white regions of tissue rather than

being incorrectly processed.
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Figure 5.12: Immunoblot of PPO in green and white regions of leaves of
variegated ornamentals. Lanes: 1, 5 pL green ivy (Hedera heliÐ; 2, 5 ¡tL white
ivy; 3,5 pL green privet (Ligustrum sp.); 4,5 pL white privet. The positions of
molecular mass markers (kD) are indicated in the left margin.
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Figure 5.13: Immunoblot of chloroplast proteins in green and white regions of
Bruce's Sport berries. Crude extracts of predominantly white and primarily green
berries were blotted onto PVDF membrane and probed with antibodies to
different chloroplast proteins. Lanes: 1 and 2, probed with anti-plastocyanin; 4
and 5, anti-chlorophyll ø binding protein; 7 and 8, anti-cytochrome f; 10 and 1,7,

anti-Rieske Fe'S; 13 and 14, anti-PPO. Each pair of lanes contained 10 ¡rL of crude
extract from green tissue on the left, white tissue on the right. The positions of
molecular mass markers (kD) are indicated in the left margin.
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DISCUSSION

Purification of Sultana PPO yielded a single, 40 kD protein (Robinson, in
preparation), and a single, 40 kD PPO was detected in extracts of mature Sultana

grapes probed with the anti-grape PPO antibody. The additional recognition of

small amounts of a 60 kD protein in immature Sultana berries, where synthesis

of PPO appears to be greatest (Chapter 4), suggested the existence of an immature

form of PPO. This 60 kD protein was found in much larger amounts in the white

tissue regions of Bruce's Sport where PPO activity is known to be low. The

relatively high levels of the 40 kD, active enzyme in green berries of Bruce,s

Sport, with the concomitant small amounts of the 60 kD protein, suggested that

the presence of the 40 kD PPO was dependent upon the existence of normal

plastids. Equally, the amount of the 60 kD form was proportional to the amount

of white tissue, with more occurring in those regions where the plastids lacked

normal internal membrane structure.

Cleavage of a protein with cyanogen bromide usually provides fewer

fragments than proteolysis, due to the highly specific nature of its action (Scott et

aI.' 1988). Exposure of the 40 kD and 60 kD PPO proteins to CNBr resulted in the

generation of six and seven peptides respectively, suggesting the presence of five

and six methionine residues. Of the seven peptides released upon cleavage of the

60 kD protein, five were of a comparable molecular weight to those generated by

the 40 kD PPO. The similarity of these peptides would suggest that the proteins

are related, although only amino acid sequencing of these peptides can provide a

true indication of the degree of this similarity. The remaining two peptides were

larger than any produced from cleavage of the 40 kD protein, and may have

arisen from a region of the 60 kD protein not shared with the 40 kD ppo.

When subjected to proteases the undenatured 60 kD protein readily cleaved

to a 40 kD peptide. When denatured, however, it remained largely intact after 24
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hours under the same conditions. This suggested that the susceptibility of the 60

kD protein to cleavage was structurally conferred, perhaps being in the form of a

proteolytically sensitive protruding loop. The 40 kD protein produced by
digestion with trypsin and thermolysin, however, did not have any detectable

PPO activity, as might be predicted from the activity of the 40 kD protein in
extracts of Sultana (Figure 5.1). There may be two reasons for this. Firstly, ppO is

a copper containing enzyme and it is not known if its immature, inactive form
has an incorporated copper atom. Secondly, trypsin and thermolysin may not

cleave at exactly the same site as an in aíao protease involved in processing, and

the precise location of cleavage may be required for activation. Similarl/, mixing

of crude extracts of Sultana and Bruce's Sport failed to elicit an increase in ppO

activity due to the cleavage of the 60 kD to the 40 kD active ppo. The pH of these

extracts was close to 5.0, somewhat more acidic than ideal proteolytic conditions.

A protease specific for the cleavage of a chloroplast protein also may be expected

to be located either in or very close to the chloroplast itself. In this experiment

the chloroplasts were diluted approximately 20 fold, thus reducing the chances of
contact between the 60 kD PPO and its specific protease. Further investigation is

needed to ensure that activity indeed cannot be induced. ín aitro.

The 20 kD protein eluted from the affinity column was found to be only
mildly antigenic on an immunoblot and hence was likely to have been the result

of cleavage of the 60 kD protein to the 40 kD PPO. Strong evidence for the origin
of the 20 kD protein as a PPO breakdown product was provided by an

immunoblot of the partialty purified extract which revealed that, in comparison

to the affinity column eluate, relatively much larger amounts of the 60 kD
protein were present. After binding to the column and elution with the highly
acidic buffer, the amount of the 60 kD protein was decreased, the 40 kD ppO was

increased and the 20 kD peptide became evident. A ten fold activation of grape

PPO after a five minute exposure to pH 5.0 was reported by Lerner et al. (1,972).
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This activation was attributed to a conformational change in the enzyme, and

was reversible for acid shocks of short periods. Although incubation of the

affinity column eluate under acidic conditions failed to alter the proportions of
the PPO proteins (Figure 5.9), previous exposure to the elution buffer (pH 2.g)

may have already resulted in the breakdown of available 60 kD ppo.

The failure to separate the 40 kD and 60 kD PPO proteins by gel filtration
suggested that the proteins were aggregated. Multimeric forms of ppO have been

previously reported to occur in grapevine (Lerner et al., 1922; Harel et ø1., '1,973;

Lee et aI., 'l'983), and it may be that denaturation of the proteins for
electrophoresis, which was not carried out for gel filtration, prevented

observation of such aggregates. Kidron et at. (1977) reported a ppO in Clairette

grapes with a molecular mass of 80 kD, possibly a dimer of the 40 kD active form

found in Sultana. Conformational changes of PPO in grapevine have also been

reported to result in an activation of enzyme activity, and it may be that

aggregation of the 40 kD protein is associated with latency. Nakamur a et aI.

(1983), however, found only a single, 40 kD ppo in Koshu grapes, which did not

apPear to occur in a multimeric form. Further work is required to determine,

therefore, if aggregation of PPO in grape berries is a result of extraction or if the

single subunits are due to denaturation of the naturally occurring multimer.

After translation, proteins are transported to the endoplasmic reticulum

where disulfide bonds are formed and some proteins are glycosylated. They are

then transported to the Golgi complex where the carbohydrate units of these

glycoproteins are modified and extended (Sturm et al., lggZ). The role of protein

glycosylation is still unclear, however, although glycans have been reported to be

involved in the prevention of proteolytic degradation, the targeting of proteins,

and to be required for correct folding and subsequent biological activity (Faye et

a1.,1989). The 40 kD active PPO of Sultana grapevine was previously thought to

be glycosylated and PPo would be, therefore, the only known case of a
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glycosylated chloroplast membrane protein (Keegstra and Cline, rggz). Indeed,

recently it has been reported that PPO in broad bean leaves, a protein known to be

located on the thylakoid membranes, is glycosylated (Ganesa et ø1., 1,992). That

the 60 kD, presumed precursor of PPO, also appears to be glycosylated suggests

that it has already passed through the Gotgi apparatus and the hiatus in
processing is after this stage. It may also be inferred, therefore, that the lack of

PPO activity of this protein is not due to an absence of glycans preventing correct

folding. Oligosaccharide side chains have also been proposed to be necessary for

the correct cleavage of precursor proteins to their mature forms (Faye etal.,19S9).

Flowever, it does not seem that it is the absence of glycosylation of the 60 kD

protein that has prevented the correct processing of PPO in Bruce's Sport.

It is clear from the study of PPO in the leaves of variegated ornamentals that

PPO activity is not necessarily restricted to the chlorophyll containing areas of

variegated plants. Ficus rubiginosa and the variegated Fuchsíø would appear to

be unusual in this regard, as previous studies of PPO in etiolated tissue have

found an absence of PPO (Vaughn and Duke, 7981,a). It remains a possibility,

however, that the apparently white leaves had an internal tissue layer containing

chloroplasts, and that it was this region that contributed the observed ppO

activity. Hedera helix and Ligustrum exhibited a pattern of PPO activity similar

to that of Bruce's Sport, with a much higher PPO activity in the green regions of

the leaves. Analysis by immunoblotting in order to determine if these species,

like Bruce's Sport, accumulated a high molecular weight inactive form of ppO in

the white areas, suggested instead that these regions lacked all forms of PpO. It

would seem, therefore, that the accumulation of a precursor of PPO in the white

regions of variegated plants is not a universal phenomenon, and the

development of chloroplasts is not inextricably related to the presence of active

PPO.
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A chloroplast mutant of Oenothera was shown to improperly process and

rather accumulate the precursor forms of the plastid proteins cytochrome / and

the 23 kD and 16 kD subunits of the oxygen-evolving subcomplex of photosystem

II (fohnson et al', 7991). These proteins represent products of both the chloroplast

and nuclear Senomes and Johnson et al. ('1,991) suggested that the mutation

affected a Processing protease. Similarly to Bruce's Sport, the plastids of this

mutant lacked internal membrane development, and in order to determine if a

similar protease was affected an immunoblot was probed with antibodies to

cytochrome / and the nuclear-encoded plastocyanin, chlorophyll a binding
protein and Rieske Fe-S protein. Cytochrome / was the only studied protein

affected by the variegation, and rather than accumulating in its precursor form,

appeared to be completely absent in the white regions of the leaves. It would

seem therefore, that if the incorrect processing of PPO in Bruce's Sport is a result

of the absence of a protease in the white regions, this protease is specific for ppO

and its absence does not affect the processing or import of all nuclear-encodcd

chloroplast proteins.

CONCLUSIONS

1. Active polyphenol oxidase in grapes is a singre,40 kD protein.

2. Sultana berries contain large amounts of 40 kD PPO and small amounts of an

inactive, 60 kD protein.

3. Bruce's Sport has large amounts of this inactive,60 kD precursor of ppO in the

white regions of tissue.
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INTRODUCTION

In spite of previous suggestions that PPO was synthesized as a 45 kD protein

without a transit sequence (Flurkey, 1986), the results of Chapter 5 suggest that, in

Bruce's Sport, PPO is rather synthesized as a 60 kD protein and later processed

into a 40 kD active enzyme. This 60 kD protein is proposed to be a preform of

PPO, rather than a true precursor with a transit peptide, and it is considered that

the initial form of the enzyme would be close to 65 kD, the first 5 kD comprising a

transit sequence targeting PPO to the chloroplast. The mutation in Bruce's Sport

which prevents the correct processing of PPO is possibly the lack of a specific

protease, which cleaves the 60 kD preform into the 40 kD enzyme. This protease

is suggested to be encoded by the chloroplast genomc, thus the mutation would

be maternally inherited although the nuclear-encoded PPO was affected. This

chapter describes experiments designed to determine if PPO was synthesized. as a

60 kD or larger protein in both Bruce's Sport and Sultana.

MATERIALS AND METHODS

Plant material

Immature berries used for Northern and Southern blot analysis were

obtained from one (Bruce's Sport) or two (Sultana) vines growing at the CSIRO

Division of Horticulture, Adelaide, South Australia. Sugar content was

measured with a Zeiss hand held refractometer and berry diameter with spring

callipers. When collected the fruit was less than five millimetres in diameter
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and about 4oBrix

stored at -80oC.

The berries were immediately frozen in riquid nitrogen and

Extraction of nucleic acids

Nucleic acids were extracted from berries using a modification of the

method of Rezaian and Krake (1987). Four grams of frozen berries were ground

in liquid nitrogen in a Kambrook Electrical Coffee Grinder and the resulting

powder stirred at room temperature for 30 minutes with 16 mL extraction buffer
(0.2 M Tris pH 8.3,5 M sodium perchlorate,SVo (w/v) SDS, g.SVo (w/v) pVpp,

0-1'Vo (v/v) ß-mercaptoethanol). A Centriflo cone (Amicon) was plugged with
approximately 1.5 cm glass wool and sterilizedby rinsing with 0.1 M NaOH and

then repeated washings with sterile water. The homogenate was loaded into the

cone which was inserted in to a centrifuge tube and centrifuged at2009 for 10

minutes in a swinging bucket rotor. An equal volume of cold (-20oC) ethanol

was mixed with the eluate which was immediately centrifuged at 4,0009 for 10

minutes in a swinging bucket rotor. The petlet was briefly air dried before

resuspension in '1..2 mL TE (10 mM Tris-HCl pH 2.6,0.'!, mM EDTA) and the

suspension extracted three times with phenol:chloroform (1:1) ¿n¿ once with
chloroform alone. Nucleic acid was precipitated by adding an equal volume of

cold ethanol and 0.1 volumes of 3 M sodium acetate (pH 5.2) and immediately

centrifuging at 72,0009 for 15 minutes. The petlet was washed withT0To (v/v)

ethanol, centrifuged at 1,2,0009 for a further 15 minutes, air dried and

resuspended in 50 ¡rL sterile water. Typically 5 to 50 ¡rg nucleic acid per gram of

tissue was extracted from berries, depending on the age of the tissue. This

method resulted in a total nucleic acid extract that was enriched in RNA and

contained only small amounts of genomic DNA, and was therefore considered. to

be suitable for the isolation of mRNA.
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Purification of mRNA

Purification of mRNA was undertaken with an mRNA purification kit
(Pha¡macia) according to the manufacturer's instructions. An oligo(dT)-cellulose

column supplied by the manufacturer was placed in a 15 mL centrifuge tube and

the storage solution allowed to drain through. High-salt buffer (1 mL: 10 mM

Tris-HCL pH 7.4, 1 mM EDTA, 0.5 M NaCl) was added to the column and allowed

to drain though under gravity, repeated with a further wash of L mL high-salt

buffer. Approximately 100 pg of total grapevine nucleic acid was dissolved in 1.

mL elution buffer (10 mM Tris-HCL p}l7.4,1 mM EDTA), heated to 65oC for five

minutes, placed on ice and 200 pL sample buffer (10 mM Tris-HCL pH7.4,1 mM

EDTA, 3 M NaCl) added. This solution was applied to the top of the oligo(dT)-

cellulose column, allowed to soak in under gravity and the column centrifuged

at 3509 for two minutes. The nucleic acid was washed into the column with 2S0

¡tL high-salt buffer by centrifuging at 3509 for two minutes. This wash was

repeated and then followed by three similar washes using 250 ¡rL low-salt buffer

(10 mM Tris-HCl, 1 mM EDTA, 0.1 M NaCl). The column was then removed

from the centrifuge tube and placed in a sterile tube with the tip of the column

inside a sterile Eppendorf tube. The mRNA was eluted with 4 x 250 ¡rL washes of

elution buffer at 65oC, centrifuging at 3509 for two minutes between each wash.

This eluate was transferred to a sterile 15 mL tube and 100 pL sample buffer, 10 pL

glycogen solution (10 mg mL-1) and 2.5 mL ice-cold ethanol added to precipitate

the mRNA. The solution was incubated at -20oC for three hours and centrifuged

at 10,0009 for 10 minutes at 4oC. The resulting mRNA pellet was resuspended in

200 pL sterile water and transferred to an Eppendorf tube where a fu¡ther 400 pL

ethanol, 60 pL 3 M sodium acetate was added to reprecipitate the mRNA. After

chilling at -20oC overnight, this solution was microfuged for 15 minutes and the

pellet washed with707o ethanol, dried and resuspended in 10 pL sterile water.
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In oítro translation

In aitro translation was carried out with a Promeg a in oitro translation kit,
using both rabbit reticulocyte and wheat germ lysates, according to the

manufacturer's instructions. All reagents were thawed slowly on ice and the

nucleic acid (up to 10 pg total or mRNA) heated at 67oC for 10 minutes before

immediate cooling on ice. Components were added as below, mixing at each

step.

Rabbit reticulocyte Wheat germ

35 pL lysate Æ pL lysate

1 pL 1 mM amino acids Cmethionine) 4 ¡tL 7 mM amino acids (-methionine)

4 pL 3sS-methionine 2.5 ¡tL35S-methionine
(Amersham: 0.8 mCi mmol-l) (Amersham: 0.g mCi mmol-l)

Total or mRNA Total or mRNA

H2O to 50 ¡rL H2O to 50 pL

The translation mixture was incubated for 60 minutes at 30oC (rabbit

reticulocyte) or 25oC (wheat germ), then frozen in liquid nitrogen and stored at _

300c.

Incorporation of 3sS-methionine was estimated by precipitating a sample of

the in aitro translation product with TCA (trichloroacetic acid). An aliquo t of 2
pL of the translation mixture was added to 248 ¡rL 1 N NaOH, 2To H2O2 and,

incubated at37oC for 10 minutes. Ice-cold 257oTCA (1 mL) was then added and

the reaction incubated on ice for 30 minutes. Precipitated proteins were removed

by filtering the mixture under vacuum on Whatman GF/A glass fibre filters.

Thus a filter PaPer was wet with a small amount of ice.cold SVo TCA, the reaction

passed through and the filter rinsed with 3 x 3 mL ice-cold SVo TCA. Acetone (1
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mL) was then used to wash the filter which was allowed to air dry. The filter
paper was placed in an Eppendorf tube, scintillation fluid added and radiation

counted in a Beckman LS 3801 Scintillation Counter. To calculate the total

counts added to the reaction (both unbound and incorporated 35S-methionine), 2

pL of the translation mixture was spotted directly onto a glass fibre filter paper

and counted in the scintillation counter.

The translation mixture was analysed by electrophoresis to ensure the

correct translation of proteins over a wide range of molecular weights. An
aliquot of 0.5 pL was removed from the reaction mixture, diluted in denaturing

buffer and heated at 100oC for three minutes before loading onto a 0.75 ttwt,'l.0To

Tricine gel. Upon completion of electrophoresis, the gel was removed and

soaked in 10 volumes of 1 M sodium salicylate for 30 minutes. Water was

removed from the gel by drying on a Bio-Rad gel dryer, before subjecting it to
autoradiography.

Purification of PPO from ín aitro translated products

Affinity column

Polyphenol oxidase, translated in aítro, was passed through the anti-ppO

affinity column as previously described (Chapter 5). Before loading it on the

column, however, 20 tlg BS PPO was added to the in vítro translation mixture to

act as a carrier protein. The column was eluted, fractions collected and 20 pL

from each fraction counted in the scintillation counter. Combined fractions were

concentrated using a Centricon-10 microconcentrator (Amicon), without the

addition of 0.05Vo Tween-20 (Chapter 5). In oitro translated ppo, purified by

affinity chromatography, was also concentrated by precipitation with acetone.

Combined fractions from the affinity column (4 mL) were transferred to a

centrifuge tube and mixed with 30 mL ice-cold acetone before incubation at -20oC

Íor 24 hours and centrifugation at 20,0009 lor 20 minutes in a swinging bucket
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rotor. The supernatant was removed and the large, white pellet air-dried before

resuspending in denaturing buffer and heating at 100oC for three minutes.

Concentrated protein was electrophoresed on a 70Vo Tricine polyacrylamide gel

after which the gel was dried down and fluorographed.

Immunopr ecipîtation

Immunoprecipitation was carried out according to Martin and Northcote

(7982). In aitro translation mix (25 ttL) was added to 75 pL 1 M NaCl, 1% Triton, g

¡rL pre-immune serum and 60 pL Affi-Prep Protein A (Bio-Rad) and the mixture

shaken for two hours at 4oC. Aggregated translation products and Protein A were

removed by microfuging for four minutes. The pellet was washed three times in

67 ¡tL 0.75 M NaCl,7%Triton X-100 to remove any unprecipitated protein, with

each of these washes being added to the initial supernatant. The supernatant was

microfuged for four minutes and then added to a further 60 ¡rL Affi-Prep Protein

A and 8 pL anti-PPO, shaken at 4oC for 19 hotrrs, microfuged for four minutes

and the pellet again washed three times in 67 ¡tL 0.75 M NaCl, 1% Triton X-100.

These washes were added to the subsequent supernatant, which was clarified by

microfuging for four minutes before 60 pL Affi-Prep Protein A and 8 ¡rL anti-ppO

were added to remove any remaining PPO. After a final incubation of 21 hours at

4oC the mixture was microfuged for four minutes, the pellet washed three times

in 67 ¡tL 0.75 M NaCl, 1% Triton X-100 then both final pellets resuspended in

denaturing buffer and subjected to analysis by electrophoresis. The get was briefly

stained with Coomassie blue until the molecular weight markers became

apparent and then subjected to fluorography. Fluorescent tape was laid over the

molecular weight markers on the gel and briefly exposed to light before the X-ray

film was added to the cassette. Fluorescence from this tape was detected by the X-

ray film, thus allowing the non-radioactive molecular weight markers to be

imaged on the film.

135



Chapter 6: PPO encodcd as precursor protein

Northern blot analysis

RNA was loaded onto a 7.2Vo agarose (w/v) formaldehyde gel for Northern

blotting. This gel was made up of 2.4 g agarose, 20 mL 10 x Northern buffer (0.2 M

3-(N-Morpholino)propanesulfonic acid (MOPS) pH 7.0,50 mM sodium acetate, 1.0

mM EDTA) and 140 mL sterile water, dissolved using a microwave oven, cooled

to 60oC in a water bath and transferred to a fume hood where 40 mL 3SVo

formaldehyde was added. Total RNA (5 pg) was dissolved in 3 x sample buffer (1

mL deionised formamide,380 pL jSVo (v/v) formaldehyde,200 ¡tL L0 x fresh

Northern buffer), heated at 65oC for 10 minutes and snap cooled on ice.

Formamide loading buffer (0.1 volumes: 10 mL formamide, L0 mg xylene cyanol

FF, l0 mg bromophenol blue, 200 ¡tL 0.5 M EDTA pH g.0) was added before

loading on the gel, which had been prerun for 10 to 15 minutes at 50 volts. RNA

markers (BRL) were also loaded to allow sizing of the transcript - this track was

cut away from the gel after electrophoresis, stained with ethiclirrm bromide and

photographed.

Following electrophoresis the separated RNA was transferred onto Zeta-

Probe membrane (Bio-Rad) by alkaline capillary transfer. A glass plate larger than

the gel was placed over a plastic container and overlaid with three sheets of

Whatman 3MM paPer such that they overhung the plate into the 50 mM NaOH

poured into the plastic container and used to saturate the 3MM paper. A pipette

was rolled over the paper and glass plate to remove any bubbles. More NaOH

was then poured over the 3MM wick, the gel placed on the paper and again all

bubbles removed. The gel was covered with NaOH and surrounded with strips

of Parafilm such that all liquid had to pass though the gel. A sheet of Bio-Rad

Zeta'Probe was then wetted in sterile water and lowered onto the gel, ensuring

that no bubbles were trapped. The membrane was flooded with NaOH and

covered with three sheets of 3MM paper cut to precisely the same size as the gel.
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These had been wet one by one in NaOH and were laid on the membrane

ensuring no bubbles were trapped. A stack of unfolded paper towels were placed

on top, covered with a glass plate and a small weight (50 to f00 g) used to slightly

comPress the stack. Transfer was allowed to continue overnight, after which the

membrane was removed, rinsed for 10 minutes in 2 x SSC (1S0 mM sodium

chloride, 150 mM sodium citrate p}J7.0) and air dried on a piece of 3MM paper.

Hybridization was carried out in a Hybaid mini hybridization oven. The

filter and mesh were wet in 250 mM Na2HPOa (pH 7.0) before insertion into the

Hybaid bottle. Prehybridization solution (250 mM Na2Hpoa p]ts.7.0,7To (w/v)

SDS, 0.5 mM EDTA,20 ¡rg polyadenylic acid) was then added and the filter

incubated at 65oC for 30 minutes. The filter was probed with a fragment of a

graPe PPO clone GPO1 isolated from Sultana berries, verified from the amino

acid sequence of the active, 40 kD ppo (Dry and. Robinson, personal

communication). This probe, prepared as described below, was added to the

prehybridization solution and allowed to hybridize at 65oC overni¡¡ht.

The probe was labelled using a Hexamer-primer DNA labelling kit (Bresatec

Pty Ltd). Whilst the DNA was denatured by heating at 95oC for five minutes,

snap cooled on ice and briefly microfuged,50 pCi s-32p-dATP was dried down in

a Speed-Vac. To this tube was added 11 pL of the denatured DNA (50 ng), 6 pL of

the nucleotide/buffer cocktail (a0 ¡rM dcrp,40 pM dGTp, 40 pM dTTp, 100 mM

Tris-HCl (pF{7.6),100 mM NaCl,20 mM MgCr2,200 ¡tg mL-1 BSA),6 pL (150 ng)

random hexamer primers and 1 pL (5 units) Klenow fragment of Escherichiø coli

DNA polymerase I. Labelling reactions were incubated at 40oC for 20 minutes.

The mixture was then passed through a Sephadex G50 column with TE buffer to

remove any unincorporated o-32P-dATP, collecting fractions of approximately 100

pL. The radiolabelled DNA probe was detected with a Geiger counter, and four

fractions pooled. These fractions had a total volume of 250 to 300 ¡rL, 2 ¡tL of

which was removed and incorporation measured in the scintillation counter.
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The probe, with unincorporated label removed, was mixed with 10 mL

prehybridization solution, heated to 100oC for 10 minutes and added to the filter

at 65oC for hybridization overnight.

After hybridization the filrer was rinsed briefly in 2 x ssC,0.lro (w/v) sDS in

the bottle before removal and subsequent washing in 2 x ïSC.,0.1.7o (w/v) SDS for

2 x 15 minutes at room temperature followed by rwo washes of 15 minutes in 0.1

x SSC, 0-7Vo (w/v) SDS at 65oC. The filter was allowed to air dry, then wrapped in

Cling Wrap and autoradiographed.

Extraction of DNA

DNA extraction was carried out according to the unpublished method of Dr.

Mark Thomas (personal communication). Immature berries (6 g) were collected

and ground in liquid nitrogen in a Kambrook Electrical Coffee Grinder. The

resulting powder was added to 40 mL extraction buffer (0.2 M Tris-HCl pH g.3, 50

mM EDTA,0.25 M NaCl, 2.5Vo (w/v) polyvinylpyrrotidone (pVp),0.1.7o (v/v) ß_

mercaptoethanol) and stirred at room temperature. Once thawed, the

homogenate was transferred to two centrifuge tubes and centrifuged at 4oC at

4,0009 for 10 minutes in a swinging bucket rotor. The pellets were then

resuspended in 5 mL resuspension buffer (0.2 M Tris-HCl pH g.3, 50 mM EDTA,

0.5 M NaCl, 2.57o (w/ v) PVP, 37o (w/v) sarkosyl (N-lauroylsarcosine),20Vo (v/v)

ethanol, 7vo (v/v) ß-mercaptoethanol) and incubated with occasional shaking for

30 minutes at 37oC. A further 5 mL of 24:1, chloroform:isoamyl alcohol was then

added and the tubes briefly vortexed before centrifuging at 16,0009 for 10 minutes

in a swinging bucket rotor. The upper aqueous phases were transferred to 15 mL

graduated polypropylene tubes, 0.54 volumes isopropanol added and the tubes

left at room temperature for 30 minutes before further centrifugation at 16,000g

for five minutes in a swinging bucket rotor. The resulting pellet was washed

with 70Vo ethanol, air dried, resuspended in 600 ¡rL TE (f O mM Tris-HCl pH 7.6,

138



Clnpter 6: PPO encoded as precursor protein

0.1 mM EDTA) and the RNA removed by digestion with 1.5 pL (20 mg ml-l)
RNase A. Polysaccharides were removed by a final centrifugation at 't6,000g tor

L0 minutes in the swinging bucket rotor and the supernatants transferred to 1.5

mL Eppendorf tubes. A half volume of 7.5 M ammonium acetate was added to

remove excess protein, the tubes microfuged for 15 minutes, then the

supernatants transferred to fresh tubes and a 0.54 volume of isopropanol added.

This solution was incubated for 30 minutes at room temperature, microfuged for

1.5 minutes and the pellets washed with 707o ethanol before air drying. The

pellets were resuspended in 25 ¡tL TE and pooled, frozen in liquid nitrogen and

stored at -30oC. The concentration of DNA was estimated using absorbanc e at 260

and 280 rh, although this absorbance tended to be affected by residual

polysaccharides.

Southern blot analysis

For Southern blotting, 2 pg DNA extracted from berries was digested (see

below), mixed with 3 pL gel-loading buffer (0.25Vo bromophenol blue, 0.2SVo

xylene cyanol FF,'l.SVo Ficoll in water), loaded onto a 0.8Vo agarose /TAE (40 mM

Tris-acetate pH 8.0, L mM EDTA) get and electrophoresed in the same buffer

overnight at 36 volts. After electrophoresis the gel was soaked in ethidium

bromide (4 lrg mL-1) tor 20 minutes, photographed and soaked in 0.25 M HCI for

approximately L0 minutes or until the bromophenol blue had turned yellow.

Alkaline capillary transfer of the DNA onto Zeta-Probe membrane (Bio-Rad) was

carried out as previously described for Northern blotting, with the exception that

the transfer solution was 0.4 M.

After transfer the membrane was washed in 2 x SSC and dried in a vacuum

oven at 80oC for two hours. Hybridization was carried out in a Hybaid mini
hybridization oven as above. Filter and mesh were wet in 2 x SSC, inserted into a

bottle and excess SSC poured out. Prehybridization solution (15 mL: 0.5 M
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NaH2PO4 pH 7.0,7Vo (w/v) SDS, 1mM EDTA) was then added and the filter

incubated for five hours at 65oC before probing with DNA isolated from spinach

chloroplasts. This probe, prepared as described below, was added to the

prehybridization solution and hybridization carried out overnight at 65oC.

The DNA probe was prepared using a nick translation kit (Bresatec). 100 ¡rCi

a-32P-dATP was added to 1 ¡rg spinach chloroplast DNA (obtained from Dr. Niget

Scott), 8 pL nucleotide/buffer cocktail (125 ¡rM dCTP,1.?5 ¡tM dGTp, 125 pM dTTp,

250 mM Tris-HCL (pF{7.6),50 mM Mgsoa,0.5 mM DTT,2s0 ¡tgml--l BSA), 10 pL

enzyme mix (10 units Escheríchiø colí DNA polymerase I, 16 units DNase I) and

10 pL sterile water, mixed in a 0.5 mL Eppendorf tube and incubated at 14oC for 90

minutes. Depurination of the DNA was undertaken by adding a one-fifteenth

volume of 4 M HCl, mixing and incubating at room temperature for L0 minutes.

A one-sixth volume of 4 M NaOH was then added and the mixture left at room

temperature for 10 minutes. A Sephadex G50 spun column was prepared by

placing a 1 mL syringe packed with Sephadex G50 inside a 15 mL Corex ccntrifuge

tube and centrifuging for two minutes at 1509 until the bed volume was 0.9 to L

mL. The end of the syringe was then placed inside a sterile Eppendorf tube

within the Corex tube and 80 pL of STE (10 mM Tris-HCt pH 8.0, 0.1 M NaCl, L

mM EDTA),0.27o SDS added to the probe. This was loaded on to the column and

centrifuged for two minutes at 1509. The tube originally containing the probe

was washed with 100 ¡rL STE, 0.2Vo SDS which was subsequently added to the

column and centrifuged through at 1509 for two minutes. The Eppendorf tube

containing the eluted probe was removed from the Corex tube and an aliquot of 1

pL taken for analysis in the scintillation counter. The remaining probe was

incubated at 95oC for five minutes before hybridization (see above).

After hybridization the filter was removed from the Hybaid bottle, rinsed

briefly in 2 x SSC, 0.1Vo SDS at room temperature, then washed in 2 x SSC, 0.'!,7o

SDS at room temperature for 20 minutes and at 65oC lor 20 minutes. The filter
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was then allowed to air dry until no excess buffer was visible on its surface,

wrapped in Cling Wrap and autoradiographed.

Restriction digestion

DNA extracted from Sultana and Bruce's Sport was digested with various

restriction enzymes for analysis by Southern blotting. Enzymes used were:

Bam frr (New England Biolabs (NEB)) Msp r (Boehringer)

Eco R[ (NEB) Nde I (Boehringer)

Hind trI (NEB) psf I (NEB)

Hpa II (Boehringer) XbøI (NEB)

Kpn I (Boehringer) Xho | (Boehringer)

Msp I is methylation insensitive, Hpa II cuts at the same site but is
methylation sensitive.

The grape DNA (2 ttg) was mixed with 1 pL 0.1 M spermidine, 2 ¡tL
restriction enzyme (approximately 20 units), 10 pL 10 x buffer (supplied by the

manufacturer) and 85 pL sterile water and incubated at 37oC for approximately six

hours. The restricted DNA was precipitated with 2.5 volumes of ethanol and 0.5

volumes of 7.5 M ammonium acetate and the mixture left to incubate at room

temperature overnight. The tube was then microfuged for 15 minutes, the peilet

left to air dry and resuspended in 20 pL TE. Gel-loading buffer was added to DttA
samples before loading the digested DNA on a gel for subsequent Southern

blotting.
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Protein sequencing

Determination of the N-terminal sequence of the PPO proteins isolated

from Bruce's Sport was carried out according to the method of Ploug et al. (I9g9).

A total of 240 pg of Bruce's Sport PPO, purified using the affinity column, was

loaded into seven tracks of a 1.5 mm,1.0To (w/v) Tricine gel (Chapter5). During

pre'electrophoresis (100 minutes), a cathode buffer of 1 M Tris-HCl pH 8.45, 0.ITo

SDS, 10 mM reduced glutathione (GSH) was used in an attempt to prevent amino

terminal blockage of the protein (Simpson et al., Iggg). GSH was also added to

the cathode buffer (0.r u rris-HCl pH 8.25,0.1 M Tricine, 0.'l,vo (w/v) sDS, 10 mM

reduced glutathione (GSH)) during electrophoresis of the ppo proteins.

Separated proteins were transferred onto Transblot Protein Sequencing pVDF

membrane (0.2 pm: Bio-Rad) in sequencing transfer buffer (10 mM CApS-NaOH

(3-(cyclohexylamino)-propanesulfonic acid) pH 11.0, 20 mM methanol, 0.5 mM

DTT), both gel and membrane having been washed three times for seven

minutes in this buffer before transfer. After the completion of transfer the

membrane was washed three times for three minutes in water, then stained in

0-025Vo Coomassie blue, 407o methanol for three minutes. Further destaining

was carried out with 507o methanol, after which the protein bands to be

sequenced were excised, washed in 50% methanol for one hour, rinsed twice in

water for five minutes and allowed to air dry. The slices of membrane were

placed in Eppendorf tubes and frozen before sequencing.

t42



Chapter 6: PPO encoded as precursor protein

RESULTS

In oitro hanslation

It is proposed that the mutation in Bruce's Sport prevents the correct

processing of the 60 kD inactive preform of PPO, thus although both Bruce,s

Sport and Sultana should initially produce the 60 kD protein from mRNAs of a
similar size, this larger PPO preform would accumulate in Bruce's Sport. In aitro

translation of mRNA extracted from both grapevines, in the absence of post-

translational processing, would therefore be expected to result in the synthesis of

a 60 kD PPO in both varieties rather than a 40 kD PPO in Sultana and a 60 kD

protein in Bruce's Sport. mRNA was isolated from these grapevine varieties and

translated in a cell-free system, incorporating 35S-methionine in proteins of a

wide range of molecular weights (Figure 6.1). Translation of grapevine RNA

with the wheat germ system resulted in a much higher incorporation of 35S-

methionine than that obtained with rabbit reticulocyte lysate (Table 6.1). In

subsequent experiments, only the wheat germ system was used for in aitro

translation. Although it has been reported that the wheat germ system suffers

from premature termination of translation, resulting in the unsatisfactory

translation of proteins larger than 60 kD (Clemens, l9g4; |agus, 1.9gZb),

electrophoresis of the translated proteins indicated that proteins ranging from

less than 10 kD to 100 kD had been produced (Figure 6.1).
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Chapter 6: PPO encodcd as precursor protein

Figure 6.1-: Autoradiograph of total proteins translated in oitro from Sultana
berry, Bruce's Sport berry and mouse liver mRNA. Lanes: 1, Bruce's sport;2,

Sultana; 3, Mouse liver; 4, control, no added mRNA. All lanes contained 2 p,L of
translation mixture.
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Table 6.1: Percentage incorporation of 3sS-methionine into protein during
in oitro translation.

Thefollowing amounts of RNA were used - Wheat germ: 9.5 pg Bruce,s Sport
mRNA, 7:3_t g Sultana mRNA, 1 pg mouse liver mnNe. Rabbit reticuloóyte
lysate: 3.7 pg Bruce's sport total_RNA, l tlg mouse liver mRNA. n.d. = nôt

determined

Wheat germ Rabbit reticulocyte

lysate

145

Bruce's Sport RNA

Sultana RNA

Mouse liver RNA (+ve control)

No RNA (-ve control)

28.j%o

79.4Vo

77.67o

0.3%

0.SVo

n.d.

1.9Vo

0.6Vo

The affinity column was used to purify PPO obtained by in oitro translation.

The distribution of radioactivity in the column fractions approximated that of

enzyme activity obtained after purification of a crude exfract of grapevine protein,

with most PPO activity appearing to be eluted in the first four fractions.

Concentration of these pooled fractions using a Centricon-lg microconcentrator,

however, resulted in the loss of almost all radioactive protein. Tween-20 was not

used during this purification procedure, although it was later noticed that use of

this detergent during the concentration of PPO improved the yield of protein,

probably by preventing its adherence to the membrane. The use of acetone to

precipitate, and hence concentrate, the PPO produced by the in aitro translation

reaction and purified using the affinity column also resulted in the precipitation

of a large number of unidentified proteins. These became apparent after

acrylamide gel electrophoresis and staining with Coomassie blue.
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Non-specific aggregation of proteins translated from total grapevine 6RNA
and the anti-PPO antibody during immunoprecipitation prevented a clear

indication of the size of the translated PPO. There were tenuous indications of

the presence of three major proteins in the translation mixture reacting with the

anti-PPO antibody, although it remains uncertain that these were indeed ppo.

Other methods of immunoprecipitation were also attempted (Iagus, 79g7a), but

these had little success.

Northern blot analysis

The lack of active 40 kD PPO in Bruce's Sport and its apparent replacement

by a much larger, 60 kD, inactive protein (Chapter 5), could be due to incorrect

protein processing, abnormal RNA splicing or to a mutation in the ppO gene

itself. The last two possibilities would lead to the production of an oversized

mRNA encoding PPO, whilst if the fault were in the processing of the protein,

similar sized transcripts would be expected. RNA isolated from Bruce,s Sp.rt and

Sultana berries at differing stages of development was probed in a Northern blot

with a cDNA clone of Sultana PPO, revealing that both varieties produced

similar sized transcripts of PPO, 2.2kb in length (Figure 6.2). This would encode a

protein of at least 60 kD. High levels of PPO mRNA were extracted from Sultana

berries early in development, but these were reduced by the time the berries

reached veraison (11 mm diameter). Only a small percentage of the initial levels

of mRNA were evident in 12 mm berries, with this being reduced even further

as the berries matured. At these later stages expression was at a constant,

although very low, level. RNA could not be successfully extracted from berries 9

and L0 mm in diameter. A similar pattern of expression was evid.ent in Bruce,s

Sport although expression was sharply curtailed earlier in development; when

the berries were approximately 7 mm in diameter. Again, after the initial abrupt

reduction, the amount of PPO mRNA extracted from the berries tended to tail off,
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with expression in the more mature berries (>12 mm) being at a consistently low
level. The slight inconsistency in mobilities apparent in the autoradiograph was

due to the differing amounts of polysaccharides present in each extract of RNA.

This pattern of. PPO gene expression correlates well with previous

measurements of PPO activity in developing berries of Sultana and Bruce,s Sport

(Chapter +). As Sultana berries developed, PPO activity per berry, which provides

an indication of PPO synthesis, increased markedly until the berries reached

approximately l.l. mm in diameter. Thereafter the PPO activity remained at a

constant level. Bruce's Sport berries, however, reached a peak in ppO activity per

berry when the berries were 7 to 8 mm in diameter, after which the ppO activity

remained constant.
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Figure 6.2: Northern blot analysis of total RNA extracted from developing grape
beries. The blot was hybridized with a grape PPO clone isolated from Sultana.
Lanes '1. to 7 show RNA extracted from Sultana berries of 6,7, 8, "1.7,12,13 and 14
mm diameter. Lanes 8 to 14 contain RNA extracted from berries of Bruce's Sport
of 6,7, 8, 70, 12, 73 and 14 mm diameter. Each lane was loaded with 5 ¡rg of total
RNA. The positions of RNA markers (kb) are indicated in the left margin.
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Southern blot analysis

The mutation causing the variegation in Bruce's Sport was believed to be

maternally inherited, due to the pattern of variegation, and hence due to a

mutation within the chloroplast genome. As the isolation of chloroplasts from

Bruce's Sport proved to be difficult, total DNA was extracted from Sultana and

Bruce's Sport, digested with various restriction enzymes, electrophoresed and

subjected to Southern blot analysis using spinach chloroplast DNA as a probe

(Figure 6.3). No differences were detected between Sultana and Bruce,s Sport and

it did not appear that the chloroplast genome of Bruce's Sport was either grossly

disrupted or heavily methylated.

Amino acid sequencing

The three proteins purified by the anti-grape PPO affinity column (Figure

5.6) were blotted onto PVDF membrane and sequenced (Table 6.2). The amino-

terminal sequence of the 40 kD PPO protein was found to be id.entical to that

obtained from the active 40 kD PPO purified from Sultana berries (Robinson,

personal communication). The 60 kD protein was blocked at the amino-

terminus and was unable to be sequenced. The amino-terminal sequence of the

20 kD protein was identical to a region 16 kD upstream of the carboxyl-terminus

of a peptide encoded by a cDNA clone of grape PPO isolated from Sultana (Dry

and Robinson, personal communication).

For commercial reasons the information in Table 6.2 is restricted, and is
therefore to be found in Appendix One.

Table 6.2: Amino acid sequence oÍ.60,40 and 20 kD PPO proteins isolated from
Bruce's Sport berries.

Refer to Appendix One
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Figure 6.3: Southern blot analysis of DNA extracted from grape berries. DNA
from Sultana and Bruce's Sport berries was digested, trãnsferred to nylon
membrane and the blot hybridized with DNA isolated from spinach chloroplasts.
Lanes: 1 and 2, DNA digested wîttr xbø I; 3 and 4, Hind rII; 5 and 6, Bam HI; z and
8,Xho I;9 and 1.0,Pst I;11. and 72,Eco RI;13 and14, MspI;15 and 76,Hpa tr;1g
and 19, KpnI;20 and 27,NdeI. Each pair of lanes contained Sultana DNA in the
left track, Bruce's Sport DNA in the right track. Each lane was loaded with 5 V.g of
total DNA.
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DISCUSSION

The pattern of expression of PPO indicated by Northern blot analysis of

Sultana and Bruce's Sport RNA is similar to that predicted from measurements

of PPO activity throughout berry development. The high levels of ppO activity

early in fruit developmen! found also in peaches, apples and pears (Flurkey and

len, 1978; Mayer and Harel, 7987) may indicate a role, at least in part, in protecting

the berry against predation. This would support the suggestion that ppO is

associated with disease resistance (vaughn eú al.,l9gg), as it is the immature fruit
that most requires protection against predators, the seeds not yet being fully
developed.

The 2.2 kb transcript of grape PPO mRNA would encod.e a protein of
approximately 70 kD. This is in accordance with the suggestion that ppO is

encoded as an inactive precursor, with a transit peptide. A full length cDNA

clone has recently been isolated for grape PPO, encoding a mature, preform

protein of 57 kD (Dry and Robinson, personal communication). This clone also

has 11 kD upstream of the N-terminus of the mature PPO protein which exhibits

the characteristics of a chloroplast transit peptide, although without the

transformation of plants with this transit peptide, or in aitro targeting with
isolated chloroplasts, it cannot be conclusively stated that it directs the protein to

the chloroplast. Upon reaching its target site in the chloroplast the transit peptide

would be removed, leaving an inactive immature protein of close to 60 kD. This

inactive protein appears to be subsequently cleaved at the carboxyl-terminus to

yield the 40 kD active enzyme and a 20 kD inactive peptide, the three ppO

proteins observed after purification of Bruce's Sport PPO with the affinity
column. Clcavage of the 60 kD preform is perhaps due to a specific protease

present in chloroplast, breakdown on the affinity column is possibly due to the

acidic elution buffer. The much sharper cessation of PPO synthesis noted in
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Bruce's Sport may be due to a feedback mechanism, the lack of processing of the

enzyme preventing the synthesis of any more immature protein.

The sequencing of the 20 kD peptide resulted. in the final evidence that it
was, indeed, a breakdown product of the PPO protein, as it was found to have an

identical sequence to a region at the carboxyl-terminus of the grape ppO clone. C-

terminal cleavage of an immature protein is somewhat unusual. However, it
has also been found to occur in fyrosinase, a close relative of ppO, in Neurospora

crassa' where protyrosinase, with a molecular weight of 75,000, was cleaved to

produce the 46 kD mature tyrosinase (Kupper etal.,19g9). Cloning of the gene

encoding this protyrosinase revealed that this cleavage involved the removal of

213 amino acids from the C-terminus. By analogy with hæmocyanin, the authors

suggested that this C-terminal extension was involved in shielding the enzyme,s

active site, thus its cleavage resulted in activation of the enzyme. It is possible

that the C-terminal 20 kD extension cleaved from the immature form of grape

PPO serves a similar purpose in preventing enzyme activation, as the 60 kD
preform of PPO appears to be inactive until this peptide is removed. It is also

possible, however, that following removal of the 20 kD C-terminal peptide,

correct re'folding of the 40 kD protein is required for activation.

Although it was predicted that the N-terminal amino acid sequence of the

60 kD preform would be identical to that of the 40 kD active ppo, the 20 kD
peptide being cleaved from the C-terminus, the 60 kD protein was unable to be

sequenced. This was despite many efforts to prevent amino acid blockage of the

protein and the successful sequencing of both the 20 kD peptide and the 40 kD

enzyme. It would seem, therefore, that despite the predicted similarities, the N-
terminal sequences of the 60 kD and 40 kD PPO proteins are not identical.

The N-terminal sequence of the 40 kD active PPO can be compared to the

published sequences of PPO isolated from broad bean (Flurkey, 79g9; Robinson

and Dry, 1'992). Broad bean PPO is an active 60 kD protein which could be cleaved
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to 43 kD with no loss of enzyme activity (Robinson and Dry, 1.992). The N-
terminal sequence of both proteins was found to be identical, an 1.8 kD peptide

being deaved from the C-terminus. This N-terminal sequence is quite similar to

that found for the 40 kD grape Ppo, the broad bean sequence being:

SPISPPD(F/L)SKCGPP (Robinson and Dry, t9g2)

The PPO protein sequences from grape and broad bean are STvo identical and

show 93Vo similarity. It appears, therefore, that there is a high degree of
conservation between graPe and broad bean of the N-terminal amino acid

sequence of active PPO, although it is unlikely that it is this region that forms the

active site. It will be interesting to make further comparisons between the

sequences of PPO from other plant species once these have been determined.

The deletion of large regions of the chloroplast genome (up to 80%) is

associated with albinism in wheat generated from anther culture (Day and Ellis,

7984), and could contribute to the variegation observed in Bruce,s Sport.

Ffowever Southern blot analysis and comparison of the chloroplast genomes of
Bruce's Sport and Sultana failed to detect any gross disruption of the chloroplast

DNA in Bruce's Sport. Extensive recombination of chloroplast DNA has also

been found to occur in a somatic hybrid of Nicotiana tabacum and Nico tiana

plumbaginifolia, the chloroplast DNA of which was a fine mosaic of the parental

chloroplast genomes (Fejes et al., 7990). This hybrid had a high number of

recombination sites, suggesting the relative frequency of chloroplast DNA
recombination, proposed to be a result of organelle fusion and the subsequent

recombination of the different chloroplast genomes (Wellburn and Wellburn,

1'979; Fejes et nI., 7990). Bruce's Sport, however, is likely to be a spontaneous

mutant of Sultana rather than the result of a sexual cross. Thus, it is unlikely
that its variegation is due to the extensive recombination of any parental

chloroplast genomes, as borne out by the inability to detect any gross disruption

of the chloroplast genome in comparison to that of sultana.
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The expression of variegation in Bruce's Sport changes during the annual

growth of the vine, suggesting the irregular expression of a mutated gene or a

mutation in the regulation of gene expression. The methylation of DNA has

been shown to inhibit gene expression in transgenic tobacco (weber et al.,7ggo)
and to inactivate the transposition of Tam3 in Antirrhinum and tobacco (Martin

et n1.,7989). The chloroplast DNA of both Bruce's Sport and Sultana was digested

with MtP t, a restriction enzyme unaffected by DNA methylation, and Hpa II,
which targets the same site but is unable to cut methylated DNA. These

restriction enzymes produced similar banding patterns from the chloroplast
genomes of both Bruce's Sport and Sultana, suggesting that neither was

extensively methylated. Thus it appears that the regulation of the expression of
variegation in Bruce's Sport is not due to methylation of the chloroplast genome.

CONCTUSIONS

1'. Synthesis of PPO is transcriptionally regulated and is highest early in berry

development, decreasing throughout berry growth.

2. Grape PPo is encoded as a protein of approximately 70 kD.

3' The 70 kD precursor protein has a transit peptide of 10 kD at the N-terminus,
apparently targeting the protein to the chloroplast.

4. After cleavage of the transit peptide, the resulting 60 kD preform of ppO has

20 kD cleaved from the c-terminus to produce the active 40 kD ppo.

5' Cleavage of the 20 kD peptide from the 60 kD inactive protein is interrupted
in Bruce's sport, probably due to the absence of a specific protease.
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Bruce's Sport is a mutant of the Sultana grapevine with an inherently low

capacity for browning. As a result its fruit dries to a lighter colour irrespective of

the conditions during drying. It is probably a true sport of Sultana, being the

result of a mutation within the Sultana genome rather than the progeny of a

sexual cross.

The berries and leaves of Bruce's Sport are green and white variegated. The

expression of this variegation is not constant throughout the growth cycle of the

vine, however, but first becomes apparent approximately one-third of the way

through the growing season. Although all berries are green and white striped,

the extent of this variegation varies widely between berries and it is possible to

find berries that are almost entirely white, and equally, berries that are almost

completely green.

The low browning capacity of Bruce's Sport is due to a lack of active ppO, a

40 kD protein, in the white regions of the berries (Chapter 5). The fruit therefore

browns only in the green stripes and there is an overall reduction in the colour of

the dried fruit. In the white regions of tissue there is an accumulation of a 60 kD,

inactive preform of PPO. Electron microscopy showed that plastids in the white

regions of Bruce's Sport were not fully developed and lacked internal membrane

structure (Chapter 4). It is possible that a mutation affecting chloroplast

development in Bruce's Sport prevents PPO from entering the chloroplast, to be

correctly processed to produce an active enzyme. A similar situation was

observed in tentoxin-treated Vicia faba plants: where chloroplast development

was arrested, no chlorophyll was found and PPO activity was decreased (Vaughn

and Duke,798"l.). Under these conditions, inactive ppO accumulated at the plastid
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envelope (Vaughn and Duke, 1,9}4b), suggesting uptake was a prerequisite for

production of an active PPO enzyme.

It is unlikely that the variegation in Bruce's Sport is a result of its reduced

PPO activity. Indeed, a mutation of the PPO gene would seem to be unlikely to
cause variegation, as it is difficult to imagine that the lack of an enzyme, latent in

many species, could prevent chlorophyll formation. Potyphenol oxidase does not

apPear to be required for correct chloroplast development or function - pea, for

instance, has extremely low levels of PPO activity, but normal chloroplasts

(Flurkey, 1986). As PPO therefore does not appear to be required for normal

chloroplast assembly, it seems more likely that the converse is true, that is, that

the low PPO activity in the white regions of Bruce's Sport grapes results from an

interruption in chloroplast development. This further implies that the low

browning characteristic of Bruce's Sport cannot be separated from the variegation

of the berries. If this variegation is associated with a reduction in vigour, and

therefore yield, Brttce's Sport may be of limited use in thc breeding of grapevines

for low browning potential. Trials are being conducted in order to ascertain if the

yield of Bruce's Sport is indeed markedly reduced with respect to Sultana,

whether grown on its own or commercial rootstocks, but these results are not yet

available. It has previously been suggested however, that although Bruce,s Sport

has fewer nodes per cane length, a slightly tighter pruning of the vine, in
comparison to that of Sultana, hây allow the variety to yield in a similar fashion

(Antdiff and Webs ter, 7962).

Polyphenol oxidase is encoded in the nucleus, translated in the cytoplasm

and transported to the chloroplast where it is thought to be located on thylakoid

membranes in healthy, green leaves (Vaughn et al.,19gg; Lax and Vaughn, 1gg1).

It is known to be inactive until correctly incorporated into the chloroplast

(Vaughn and Duke , 7984a), but was previously thought to be synthesized as a 40

to 45 kD protein without a transit peptide to target it to the plastid (Flurkey, 19g6;
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Vaughn et al., 1988). An immunoblot of broad bean, bush bean, lettuce, mung

bean, soybean, spinach and tobacco, probed with an anti-broad bean PPO antibody,

revealed bands of 60 to 63 kD and 40 to 45 kD in each species (Lanker et ø1.,19gg).

In aitro translation of RNA from each species produced a single, dominant band

of 43 to 45 kD, leading to the conclusion that PPO was synthesized without a

transit peptide (Flurkey, 7986). The reason for the occurrence of this 45 kD, single

band is unclear, as more recently the gene encoding broad bean PPO has been

isolated, showing conclusively that its product, like the grape enzyme, is a

protein of more than 60 kD (Robinson and Dry,7992). It is possible that cleavage

of the PPo precursor, which is known to be proteolytically sensitive (Chapter 5),

had already occurred in the in aítro translation system used by Flurkey (1986).

The results of Chapter 6 demonstrate that grape berry PPO is synthesized as a

protein of approximately 70 kD with a transit peptide of 10 kD targeting the

protein to the chloroplast. This is removed to produce an immature PpO of 60

kD, further cleavage of 20 kD at a proteolytically sensitive loop at the carboxyl-

terminus being required before the enzyme becomes active. Grape ppO differs

from the broad bean enzyme in this requirement for activation by proteotytic

cleavage, broad bean PPO being active as both a 60 kD enzyme and the 42 kD

protein derived from its N-terminus (Robinson and Dry, 1,992). potyphenol

oxidase in broad bean has been suggested to occur in aiao as the 60 kD protein,

but is susceptible to proteolysis during extraction (Robinson and Dry, lgg¿). It is
possible that the grape PPO also exists as a 60 kD proteinin aiao, but is cleaved

and activated only after membrane breakage. Extraction of grape ppO in the

presence of protease inhibitors, however, failed to alter the relative proportions

of 60 kD and 40 kD PPO, suggesting that the protein occurs in the 40 kD form ln

aiao (Simon Robinson, personal communication). Thus the protease required to

cleave the 60 kD form to the active 40 kD PPO, must have access in oiao to the
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proteolytically sensitive site of the immature 60 kD preform, and membrane

breakage is not required for proteolysis to occur.

A mutation of the type affecting Bruce's Sport could involve the protease

specific for the cleavage of the precursor form of PPO, the transporter necessary

for its import or its receptor on the ptastid envelope. Perhaps the best studied

chloroplast protein is plastocyanin, which is synthesized in the cytoplasm as pre'

plastocyanin and cleaved by a stromal processing peptidase after transport into

the stroma (Smeekens et al., 1990). After removal of the transit peptide, the

protein intermediate is transferred across the thylakoid membrane and processed

to a mature form by u different, thytakoidal peptidase (Smeekens et al., 1'986).

Both of these proteases have been partially purified and used to mature pre-

plastocyanin in aitro, a process which therefore aPPears to occur separately to

transport across chloroplast membranes (Hageman et al., 1986). In tentoxin-

treated Nicotiana, the nuclear-coded plastid enzyme ferredoxin-NADP+ reductase

was found to be fully active within the chloroplast, whilst PPO was not

transported across the membrane (Lax et al., 1985). Similarly, processing of

precursors of plastocyanin, chlorophylt ¿ binding protein and the Rieske Fe-S

protein was apparently not affected by the abnormal plastids in the white regions

of Bruce's Sport (Chapter 5). Each of these proteins is encoded in the nudeus and

transported to the chloroplast where their transit peptides are removed. The

stromal processing peptidase which cleaves plastocyanin is also known to cleave

a number of other imported precursors (Smeekens ef al., 1'990), but as

plastoryanin is known to be processed in the white regions of Bruce's Sport, it is

unlikely that it is this protease that is absent in Bruce's Sport. The transporters

and. proteases specific for plastocyanin, chlorophyll ø binding protein and the

Rieske Fe-S protein, at least, therefore seem to be unaffected by the mutation in

Bruce's Sport, and it may be a transport protein specific for PPO that is absent or

inactive. As the transit peptide targeting the 70 kD precursor PPO protein to the
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chloroplast is removed, and it is the 60 kD preform that accumulates in the white

regions of tissue in Bruce's Sport, it seems more tikely that it is the specific

protease necessary for the final maturation of this PPO preform that is absent or

dysfunctional.

Perhaps the most interesting experiment yet to be undertaken is the

localization of PPO in grape berries at the sub-cellular level. In Sultana, the Z0 kD

Precursor of PPO is expected to be located transiently in the rytoplasm and, if the

protein is indeed glycosylated, may perhaps be found in the endoplasmic

reticulum or Golgi complex. The 10 kD transit peptide would be removed during

passage of the protein across the chloroplast membrane. The resulting 60 kD

preform should therefore be found within the chloroplast, but is unlikely to be

associated with the thylakoid membranes and may be located in either the

intermembrane space or within the stroma. During, or after removal of the 20

kD C-terminal peptide of this 60 kD preform, the subsequent 40 kD ppO is
predicted to become associated with the thylakoid membranes of the chloroplast.

In the white tissue regions of Bruce's Sport the 60 kD preform should also be

located within the abnormal plastids, in a similar position to the 60 kD ppO in
Sultana, as the mutation in Bruce's Sport appears to be in the further processing

of this protein by cleavage with a specific chloroplastic protease. In order to
distinguish between the signals arising from the 60 kD and 40 kD ppO proteins,

an antibody would need to be raised to the 20 kD peptide at the C-terminus of the

60 kD preform. This antibody would react only with the 60 kD and z0 kD ppo

proteins, whilst the antibody raised to active PPO would react with all forms.

Incubation of the 60 kD preform of PPO with chloroplasts isolated from

Sultana would determine if the mutation affecting processing of ppO in Bruce,s

Sport is associated with the plastid. To date, successful isolation of chloroplasts

from grapevine has proven difficult to achieve, however further development of

this technique would allow this experiment to be carried out. Alternatively,
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incubation of the 60 kD preform with chloroplasts isolated from another species,

such as broad bean, may result in processing of the protein into an active enzyme.

This is, however, heavily reliant on the existence of extensive similarities
between the grape and broad bean PPO proteins, particularly in the region of
cleavage, such that the specific PPO protease would be able to recognise and

cleave this 'foreign' protein.

The absence of cytochrome / in the white regions of Bruce's Sport leaves

suggests that the mutation causing the variegation has wider ranging effects than

those involving chloroplast development and the processing of ppO. It is clear

from the results of the Southern blot of chloroplast DNA, however, that the

plastids in the white tissue areas do not suffer from a gross disruption of the

genome. Cytochrome / is encoded and located within the chloroplast, thus

suggesting that if the mutation of Bruce's Sport is indeed in the plastid genome, it
may be located within or near the cytochrome / gene and affect the expression of

both this gene and that of the protease specific for PpO. Alternatively, the

mutation may affect nuclear or chloroplastic factors which regulate the

expression of these genes, both of which are proposed to be located in the

chloroplast.

The nature of the mutation of Bruce's Sport, be it chloroplastic or nuclear,

could be further elucidated by inheritance studies. Bruce's Sport grapes are

seedless, providing difficulties in the use of this variety as a maternal parent. If
the mutation causing the variegated characteristic of Bruce's Sport is located in

the chloroplast genome, however, progeny of Bruce's Sport crossed with another,

non-variegated variety, would be expected to be variegated only when Bruce,s

Sport is the female parent. Similarly, if Bruce's Sport pollen were used for
crossing, Progeny would not be expected to be variegated. Reisch and Watson
(1'9U) described variegated grapevine seedlings which were the selfed or hybrid
progeny of Riesling, Ravat 51, Chardonnay, Baco 2-16 and Ny 34212. These
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varieties were proposed to be heterozygous for the variegated trait (+ aar), a

single gene inherited in each case from tlne Vitís aínifera variety, Aramon.

Aramon is unlikely to be present in the parentage of Sultana, being a red. grape

(Les Krake, Personal communication), thus reducing the tikelihood of Bruce,s

Sport being a result of the selfing of Sultana. It would, however, be interesting to

cross Bruce's Sport with those varieties heterozygous for aar in order to
determine if the variegation is caused by a common gene.

In a fruit, the plant's primary defence against pathogen attack must be in the

skin or outer tissue layers. In many fruits, examples being grape, carrot and

potato, the highest levels of PPO activity are found in the skin, with other

potentially sensitive tissues, such as seeds and vascular tissue, also containing

high levels of active PPO. The activity of PPO tends to be highest early in the

development of the fruit, when the immature seeds are in most need of
protection, and is gradually reduced during maturation. Once mature, the

formation of a hard seed coat tends to protect the seed against invasion, and at

this stage in many plants the palatability of the fruit is increased to encourage

digestion of the fruit and subsequent dispersal of the seed. Plants in which ppO is

latent ín piuo, such as broad bean, frequently are able to reverse this latency upon

membrane breakage, an event often resulting from pathogen attack. Membrane

breakage allows the mixing of PPO with its substrates, resulting in the production

of bitter and unpalatable tannins, and tends to discourage further invasion by the

pathogen. Although the function of PPO is still unclear, and there is little hard

evidence associating the enzyme with resistance against pathogens, it seems

logical that PPo is involved in the defence against pathogenic attack.

The in situ hybridization of PPO mRNA would determine if ppO is
expressed in all cells of a particular tissue Wpq or if particular cells are devoted to

the production of a specific isoform of PPO. Although there appears to be only a
single gene encoding PPO in grape berries (Ian Dry, personal communication),
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Chapter 7: Generøl Discussíon

there remains the possibility that different isoforms are expressed in other
grapevine tissues. A similar situation has been recently reported in tomato,
where two PPO genes were found to be expressed respectively in vegetative and

floral primordia, although an antibody raised to tomato ppO recognised the
products of both genes (Shahar et al.,1.9gZ). In situ hybridization of ppO may also

further clarify the developmental regulation of PPO, and therefore assist in the

determination of the mechanism regulating the expression of the variegation

mutation in Bruce's Sport. If PPO is indeed involved in defence against

pathogens, levels of PPO mRNA may be increased in response to wounding or

invasion by a pathogen. The use of ín situ hybridization would also determine if
these message levels are increased only at the site of woundin g, ot occur

throughout the tissue.

Finally, determination of the primary mutation of Bruce,s Sport, that
predicted to result in the variegation of this variety, could increase our
understanding of both plastid development and the processing of ppO. It is

interesting to consider how the loss of a protease could result in both the

variegation of leaves and fruit and an inherently low capacity for browning. It is

possible that the variegation is due to a mutation in chloroplast development

preventing the expression of a variety of plastid genes. The presence of other
nuclear-encoded proteins in the chloroplast tends to reduce the likelihood of this
possibilit/, as their processing suggests that the transporters and proteases specific

for these proteins are present. Although the mutation in Bruce,s Sport seems to
be more specific for PPO, it is difficult to visualize a simple method for obtaining
this mutation although if, as predicted, the mutation is in the chloroplast
genome, this would at least restrict the number of genes possibly involved. It
remains likely, however, that the initial mutation has numerous pleiotropic
effects, of which the inhibition of the processing of ppo is only one.
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