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SUMMARY
Grapevine is constantly under attack from a wide variety of pathogens including viruses,
bacteria and fungi. In order to ensure survival, the grapevine has developed a vast array of
defense mechanisms to combat invading organisms. A key element of this disease
resistance is the production of phytoalexins, of which resveratrol is the primary component.
The synthesis of resveratrol, together with other structural and biochemical defense
mechanisms equips the plant to combat a number of pathogens resulting in the production
of healthy grapes for the vinification of top quality wine. As part of the active disease
response resveratrol is synthesised de novo in the berry skin at the site of infection, on
recognition of the pathogen. Here it is able to limit the damage caused by the pathogen as
well as preventing it from spreading. This gives the plant the opportunity to initiate its
systemic acquired resistance thereby protecting the rest of the plant and preventing
secondary infections.
The fermentation of red wine on the grape skins allows for the extraction of resveratrol
from the skin into the wine. Red wines therefore have a significantly higher concentration
of resveratrol than white varieties, which contain little or no resveratrol at all. It is for this
reason that the moderate consumption of wine, in particular red wine, is synonymous with
a healthy lifestyle. The antioxidant and anti-inflammatory activities of resveratrol are
important contributors to the cardiovascular benefits derived from the consumption of red
wine. It now seems, however, that significant cardiovascular protection is derived from the
synergistic action of resveratrol, the polyphenols and the alcohol in wine.
With the wholesomeness of any food or beverage being of extreme importance, the
aim of this project was to manipulate wine yeast to produce resveratrol during
fermentation. This required the introduction of an entire metabolic pathway, by integrating
plant genes into the yeast. Resveratrol synthase utilises three malonyl-CoA and one pcoumaroyl-CoA molecules to produce one molecule of resveratrol, Saccharomyces
cerevisiae produces malonyl-CoA but no p-coumaroyl-CoA. Therefore, the following genes
were obtained to enable yeast to produce p-coumaroyl-CoA: PAL, encoding phenylalanine
ammonia-lyase to convert phenylalanine into cinnamic acid; C4H, encoding cinnamate-4hydroxlyase to convert cinnamic acid into p-coumaric acid; and 4CL9 or 4CL216 encoding
CoA-ligases to convert the p-coumaric acid into p-coumaroyl-CoA. To attain high-level
expression, the genes were subcloned under the control of the phosphoglycerate kinase
gene (PGK1) promoter and terminator. Due to integration problems with these expression
cassettes and the fact that the yeast was able to consume p-coumaric acid, the 4CL9,
4CL216 and Vst1 (encoding resveratrol synthase) genes were subcloned under the control
of the alcohol dehydrogenase (ADH2) and PGK1 promoters into episomal plasmids,
respectively. A laboratory yeast strain containing both the Vst1 and 4CL9, or the Vst1 and
4CL216 genes was evaluated for its ability to utilise p-coumaric acid and produce
resveratrol. Northem analysis confirmed that the Vst1, 4CL9 and 4CL216 genes were
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transcribed and over-expressed compared to the control strain. The transformants
expressing the CoA-ligase genes utilised the p-coumaric acid faster than the control,
although it was not possible to determine whether p-coumaroyl-CoA was produced. No
resveratrol was produced under the assay conditions used. The results indicated that the
yeast is unable to produce active resveratrol synthase, which is required to catalyse the
final reaction in the production of resveratrol. Posttranslational modification, such as overglycosylation and disulphide formation, of the heterologous protein in yeast has been
indicated as the possible reason for the lack of enzyme activity. This introduces an exciting
area of research for the development of biotechnological tools with the ability to increase
the production of active heterologous proteins in yeast.
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OPSOMMING
Wingerde word voortdurend

deur 'n groot verskeidenheid

patogene, insluitende

virusse,

bakteriee en swamme, aangeval. Ten einde oorlewing te verseker, het die wingerdstok
wye reeks verdedigingsmeganismes

ontwikkel

om weerstand

organismes.

'n Belangrike faktor in hierdie weerstand

fitoaleksiene,

waarvan resveratrol die hoofkomponent

asook

ander

toegerus

strukturele

om weerstand

en

biochemiese

In

te bied teen indringer-

teen siektes is die produksie van
is. Oeur die sintese van resveratrol,

verdedigingsmeganismes,

word

die

plant

te kan bied teen In hele aantal patogene ten einde gesonde

druiwe te produseer wat gebruik kan word vir die vinifikasie van topgehalte wyn. As deel
van die aktiewe reaksie teen siektes, word resveratrol de novo in die dop van die korrel by
die plek van infeksie gesintetiseer
deur die patogeen veroorsaak,

sodra 'n patogeen herken word. Hier kan dit die skade

beperk en verhoed dat dit versprei. Oit gee aan die plant

die geleentheid om sy sistemies-verworwe

weerstand te inisieer, en daardeur die res van

die plant te beskerm, sowel as sekondere infeksies te verhoed.
Die fermentasie van rooiwyn op die druifdoppe maak voorsiening vir die ekstraksie van
resveratrol

uit die dop na die wyn. Die konsentrasie

van resveratrol

in rooiwyn is dus

beduidend hoer as in die wit varietelte, wat geen of baie min resveratrol bevat. Oit is dan
juis die rede waarom die matige inname van wyn, veral rooi wyn, gesien word as In
integrale deel van 'n gesonde leefwyse. Resveratrol se aktiwiteit as antioksidant
inflammatoriese
verkry

word

middel lewer In belangrike
uit die inname

kardiovaskulere

beskerming

van

bydrae tot die kardiovaskulere

rooiwyn.

Oit blyk egter

gesetel is in die sinergistiese

en anti-

voordele wat

nou dat die

beduidende

werking van resve ratro I, die

polifenole en die alkohol in wyn.
Aangesien

die heilsaamheid

van enige voedsel of drank van die uiterste belang is,

was dit die doel van hierdie projek om wyngis
fermentasieproses
daargestel
gebruik

resveratrol te produseer.

word deur plantgene
te produseer.

maar nie p-kumaroiel-Kcs,
te

stel

om

en een p-kumarotel-Kos-molekule

Saccharomyces

te

produseer:

om te sit na kaneelsuur;

en

-terminator.

uitdrukkingskassette
4CL216-

pad
maak

om een

maloniel-KoA,

fenielalanien-ammoniak-liase

C4H, wat sinnamaat-4-hidroksliase
en 4CL9 of 4CL216 wat KoA-ligases
Om hoevlak-uitdrukking

te

onder beheer van die fosfogliseraat-kinase-geen(PGK1)As

gevolg

van

integrasieprobleme

en die feit dat die gis die p-kumaarsuur

en Vst1- (wat resveratrol-sintase

gesubkloneer

wat

om te sit na p-kumarolel-Kos,

verkry, is die gene gesubkloneer
promotor

cerevisiae produseer

PAL,

enkodeer om kaneelsuur om te sit na p-kumaarsuur;
enkodeer om p-kumaarsuur

Resveratrol-sintase

die

nie. Oie volgende gene is dus aangewend om die gis in staat

p-kumarolel-Koe,

enkodeer om fenielalanien

ten einde tydens

Hiervoor moes 'n volledige metaboliese

in die gis te inkorporeer.

van drie maloniel-KoA-molekules

molekule resveratrol

te manipuleer

enkodeer)

met

hierdie

kon verteer, is die 4CL9-,

gene na episomale

onder beheer van die alkohol-dehidrogenase(ADH2)-

plasmiede

en PGK1-promotors
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onderskeidelik. 'n Laboratorium-gisstam wat 6f beide die Vst1-geen en die 4CL9-geen, 6f
die Vst1-geen en die 4CL216-geen bevat het, is geevalueer vir die verrnoe om pkumaarsuur te benut en resveratrol te produseer. Noordelike klad analises het bevestig
dat die Vst1-, 4CL9- en 4CL216-gene getranskribeer en ooruitgedruk was in vergelyking
met die kontrole-stam. Die transformante wat die KoA-ligases uitgedruk het, het die pkumaarsuur vinniger benut as wat die kontrole dit gedoen het, alhoewel dit nie moontlik
was om vas te stel of o-kurnarotel-Kos, geproduseer is nie. Met die essai-kondisies wat
gebruik is, is geen resveratroI geproduseer nie. Die resultate het daarop gedui dat die gis
nie daartoe in staat is om aktiewe resveratrol-sintase, wat nodig is vir die katalise van die
finale reaksie in die produksie van resveratrol, te produseer nie. Naomsettingsmodifikasies van die heteroloe protelen in die gis, soos oor-glikosilasie en
disulfiedvorming, is aangewys as die moontlike rede vir die gebrek aan ensiemaktiwiteit.
Dit stel In opwindende veld vir verdere navorsing voor, naamlik die ontwikkeling van
biotegnologiese middele met die vermoe om die produksie van aktiewe heteroloe
protelene in gis te verhoog.
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PREFACE
This thesis is presented as a compilation of five chapters. Each chapter is introduced
separately and is written according to the style of the journal, South African Journal of
Enology and Viticulture, except Chapter 2, which is written according to the style of the
journal, South African Journal of Science. Chapter 2 will be submitted for publication in the
current format, whereas Chapter 3 will be submitted in a revised format.

General Introduction and Project Aims
Literature Review

Wine and Health
Literature Review

Resveratrol and its significance in the wine industry
Research Results

The production of resveratrol by wine yeast
General Discussion and Conclusions
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GENERAL INTRODUCTION

AND PROJECT AIMS

1.1 INTRODUCTION
Throughout the centuries wine has played a pivotal role in medical practice, largely
because it was safer to drink than most available water (Blevins and Morris, 1997). Early
references in biblical times indicate wines' use as a medicinal substance. Wine has been
described as one of natures' most complex beverages containing a plethora of
compounds that are more effective and pronounced together than individually. Due to its
alcohol and acid content wine is able to inhibit the growth of many spoilage and
pathogenic organisms. Such qualities broadened the use of wine in an era where few
alternatives were available. While the ancient art of winemaking has steadily progressed
through the centuries, the perceptions involving its consumption have altered along the
way. By the second half of the zo" century, alcohol consumption, including wine
drinking, had become a target for some health campaigners, who with limited success
had demanded warning labels on wine bottles. Fortunately by the 1990's medical
science had reported that the moderate consumption of alcohol, especially red wine,
could reduce the incidence of heart disease (Renaud and de Lorgeril, 1992). Today, it is
generally accepted that moderate wine drinking can be socially beneficial and can be
effective in the management of stress and reducing the risk of coronary heart disease
(Frankel et al., 1993; Goldberg et aI., 1995; Nigdikar et al., 1998). The prudent wine
drinker, however, continues to monitor what he or she drinks to ensure that the benefits
exceed the risks. The worldwide decrease in alcohol consumption testifies to this effect.
In developing wine yeast strains, it is therefore of the utmost importance to focus on
these health aspects and to develop strains that reduce the risks and enhance the
benefits of wine consumption. It is therefore no surprise that, since glycerol and ethanol
are produced in inverse amounts, part of the objective in developing glyceroloverproducing yeast strains is to reduce the alcohol content in the end product. The
introduction of a glucose oxidase gene into yeast to reduce the alcohol content in wine
has also been targeted to improve the wholesomeness of wine. Likewise, research in
several laboratories around the world is directed towards the elimination of suspected
carcinogenic compounds in wine such as ethyl carbamate, and asthmatic chemical
preservatives such as sulphites.
The compound resveratrol has long enjoyed being the focal point of the health
benefits attributed to the consumption of red wine. Produced in the skin of the grape
berry, it is believed to be part of the active defence mechanism in response to fungal
pressure in the vineyard, and is found in varying concentrations in red wines around the
world (Siemann and Creasy, 1992). Its antioxidant properties have associated it with the
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dietary anomaly commonly

known as the "French paradox" (Kopp, 1998). Despite the

high dietary fat intake of the cheese-loving

population of Southern

France, the death

rate from coronary heart disease is significantly lower than in comparable
countries

(St Leger, 1979). Several possible explanations

best case for resolving

this paradox

industrialised

have been offered, but the

has been made for the synergistic

action of

resveratrol and the other red wine phenolics that chemically modify blood lipoproteins in
cholesterol-furred

arteries (Parthasarathy

further investigation
additional

health

et a/., 1992; Kondo et a/., 1994). More recently

has shown that the ingestion of resveratrol
benefits

such as anticarcinogenic

properties

carries a number of
(Huang,

1997) and

protection against Alzheimers disease (Paganini-Hill and Henderson, 1994).

1.2 PROJECT AIMS
The aim of this project was therefore the manipulation of wine yeast to possibly produce
resveratrol during the fermentation
precursors

malonyl-CoA

and is actively
biosynthesis

process. The production of resveratrol

and p-coumaroyl-CoA.

involved

in a number

of processes,

(Lampl et a/., 1996). Previous

communication)

Malonyl-CoA

is readily found in yeast

including

unpublished

requires the

de novo fatty acid

studies (A. Maritz, personal

have shown that certain yeasts are able to accumulate

coumaric acid

from the growth medium. This needs to be confirmed for our laboratory yeast strains.
The specific aims and approaches of this study were as follows:
(i)

Should the yeast be able to accumulate

coumaric acid, the coenzyme

A ligase

genes (4CL9 and 4CL216 from hybrid poplar) will be cloned into an episomal
multicopy plasmid in order to produce p-coumaroyl-CoA

(Schroder and Schroder,

1990; Allina et a/., 1998). The resveratrol synthase gene (Vst1, from Vitis) (Hain et
a/., 1993) will also be cloned
constructs will be transformed

into an episomal

multicopy

plasmid.

The above

into a laboratory yeast strain.

Taking into account the fact that the amount of coumaric acid found in grape must
could be a limiting factor, two extra genes, phenylalanine
from Bromheadia

fin/aysoniana)

(C4H, from Arabidopsis)
metabolic

pathway

(Schroder

and Schroder,

polyploid

eliminates

(PAL,

(Liew et a/., 1996) and cinnamate 4-hydroxylase

(Bell-Lelong et a/., 1997) will be introduced to form a new

for the production

of p-coumaric

acid from

phenylalanine

1990). The fact that industrial wine yeast strains are

the ability to utilise auxotrophic

selection for positive transformants.
will be cloned into an expression
marker.

ammonia-lyase

markers

as a means of

In order to circumvent this problem each gene
cassette with a re-useable, dominant antibiotic
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(ii)

Construction

of an expression cassette, pJCP, which contains the PGK1 promoter

and terminator and a reusable marker, 10xP-kanMX-loxP (Guldener et al., 1996).
(iii)

Cloning of the phenylalanine

ammonia-lyase

(PAL), the cinnamate 4-hydroxylase

(C4H) and coenzyme A ligase (4CL9 and 4CL216) genes into the re-useable pJCP
expression

vector and integration

into an industrial wine yeast strain. Multicopy

sigma elements in the yeast genome will be targeted for integration

(Kudla and

Nicolas, 1992). This will introduce a new metabolic pathway that is able to utilise
phenylalanine for the production of p-coumaroyl-CoA.
(iv)

Cloning of the resveratrol synthase gene (Vsf1) into pJCP and then integration of
the cassette into the industrial wine yeast so as to catalyse the addition of three
acetate

units from malonyl-CoA,

already found in yeast, to p-coumaroyl-CoA,

resulting in the formation of resveratrol.
(v)

The success of the project will provide some indication regarding the viability of
manipulating

and introducing other metabolic pathways in yeast such as the one

responsible for the production of anthocyanins

(colour pigments). The success of

such research is ultimately dependent on the yeast's ability to transcribe, translate,
fold and produce active proteins from plant genes. At this stage in biotechnology
we are unable to manipulate these intricate processes to a high degree, leaving the
yeast's native protein machinery

as a critical determining

factor in success and

failure.
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Is it possible that wine may indeed be the world's oldest medicine? Until the
18th century wine played an integral role in medical practice. Not only was it
safer to drink than most available water but its alcohol, antioxidant and acid
content inhibited the growth of many spoilage and pathogenic organisms. The
paradigm shifted towards the second half of the 20th century when alcohol
consumption, including wine drinking, had become the target of health
campaigners, who, with some success had demanded warning labels on wine
bottles. In the 1990's medical science showed that the moderate consumption
of especially red wine, can reduce the incidence of coronary heart disease.
Today it is perceived and generally accepted, that moderate wine drinking can
be socially beneficial, and can be effective in the management of stress and
reducing coronary heart disease. The prudent wine drinkers however continue
to monitor their drinking habits so as to ensure that the benefits exceed the
risks.
2.1 Introduction
As a consequence of aerobic life and energy metabolism human organisms are
exposed to a barrage of oxidative damage (Leighton et al., 2000). While occasionally
contributing to this damage, diet composition is also able to provide protection in the
form of antioxidant relief. This explains, at least in part, the relationship between diet
and chronic diseases such as atherosclerosis and cancer. Coronary heart disease
(CHD) has established itself as the leading cause of death in industrialised nations,
also increasingly so in the developed world. Through the ages conventional wisdom
and more recently epidemiological evidence indicated that the moderate intake of
alcoholic beverages is consistent with a long and healthy life.
The renewed interest in flavonoids, resveratrol and wine consumption has been
spurred on by the dietary anomaly commonly referred to as the "French paradox".
This paradox refers to a remarkable association between a high fat diet and a lower
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incidence of CHD found in Mediterranean countries which contrasts with a higher
incidence of CHD among most Western 'cultures (Formica & Regelson, 1995). The
French eat 30% more fat, smoke more and exercise less than Americans and yet
have fewer heart attacks (Renaud & Lorgeril, 1992; Holmgren, 1993). An American
man has three times the chance of dying from a heart attack compared to a French
man of the same age (Blevins & Morris, 1997). A significant difference in the two
cultures is the consumption of wine. The average annual per capita consumption of
wine in France is 58.1 litres whereas the Americans consume a meagre 7.42 litres.
The increased benefits that red wine has over white wine, arises from the processes
used to produce the wines. During red wine vinification the grape must is fermented
on the grape skins. As the yeast converts the grape sugars to ethanol and carbon
dioxide the fermentation temperature and alcohol content increases. This increases
the solubility of the various compounds found in the grape skin ie. phenolic acids,
anthocyanins, tannins, resveratrol etc. and they are extracted into the wine. During
white wine vinification the grape juice is mostly first separated from the skins before
fermention, in order to obtain a clear wine that is low in tannins and other phenolics.
The aim of this review is to provide a compact summary of the vast amount of
literature available on the compounds found in wine that are able to provide
cardiovascular protection.
2.2 Development of cardiovascular

disease

Atherosclerosis refers to the progressive build up of cholesterol in the vessel wall,
leading to injury to the blood vessel endothelial lining, forming an atherosclerotic
plaque, which focally promotes blood platelet adhesion and aggregation. This is the
basis of thrombosis. Such thrombus formation eventually reduces the blood flow to
the downstream tissues, a condition known as ischaemia. Finally, complete blockage
(thrombosis) occurs, resulting in the death of these tissues (infarction). Due to these
serious effects as well as their economic impact, research into the causes,
prevention and treatment of atherosclerosis has been intense.
Cholesterol exists either in a free form or as a fatty acid ester and is carried in the
blood by lipoproteins. The body's cholesterol level is regulated by low density
lipoprotein (LDL) receptors, which transport cholesterol into the cell. When there is
LDL in excess or when the LDL-receptor is (genetically) deficient, LDL accumulates
in the blood and the LDL:HDL ratio increases.
Oxidative stress is ubiquitous throughout the body and arises primarily from
oxidants that are produced endo- and exogenously (Halliwell & Gutteridge, 1989).
The super oxide radical (02-) which tends to leak from the mitochondria, is a
precursor for the formation of more potent oxidants such as the peroxide ion (02.)
and the hydroxyl radical (OH"). The latter can initiate the peroxidation of lipids and so
disrupt biological membranes and render lipoproteins more atherogenic (Steinberg et
a/., 1989). These processes are accelerated in the presence of free transition metal
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ions such as Fe2+and cu'. Oxidative modification of LDL is recognised as an
important factor in the development of' atherosclerotic lesions (Steinburg, 1991).
Oxidised LDL can be taken up by endothelial cells or ingested by monocytes through
their scavenger receptors leading to the formation of cholesterol ester-loaded foam
cells in the arterial walls. These inflammatory events are believed to precede the
formation of the atherosclerotic plaque, which eventually leads to the formation of a
thrombus (Bellizzi, 1995).
The following is a list of the atherogenic effects of oxidized LDL not shared by
native LDL (Parthasarathy et al., 1992):
•
•
•
•

•
•
•
•
•

Oxidised LDL is rapidly taken up by macrophages and leads to cholesterol
accumulation
Oxidised LDL is chemotactic for monocytes, yet inhibits macrophage motility
Oxidised LDL is cytotoxic
Minimally oxidised LDL can alter gene expression in arterial cells ego Inducing
endothelial cells to express colony-stimulating factors and monocyte
chemotactic protein-1 (MCP-1)
Oxidised LDL increases expression of adhesion molecules at the endothelial
cell surface
Oxidised LDL inhibits endothelium-dependant relaxation
Oxidised LDL exhibits increased binding to type 1 collagen
Oxidised LDL can adversely affect coagulation pathways
Oxidised LDL is immunogenic

Atherosclerosis is characterised by the presence of lipid-laden macrophages
within the intima of arteries. Macrophages in vitro take up and degrade only small
amounts of unoxidised human LDL due to down regulation of their LDL receptors and
do not accumulate cholesterol. However, the uptake of oxidised LDL is rapid and not
subjected to down regulation. Oxidised LDL is also chemotactic for macrophages
(Quinn et al., 1987) and cytotoxic to the vascular endothelium (Hessler et al., 1979).
A consequence of atherosclerotic lesions is a natural inflammatory response
resulting in the adhesion and aggregation of blood platelets at the site of the injury.
This compounds the risk for developing severe cardiovasular disease. Platelet
aggregation is mediated by the enzymatic conversion of arachidonic acid, by cyclooxygenase, to form thromboxane A2, a potent pro-aggregatory agent (Van Velden &
Hundt, 2000).
2.3 Major protective compounds found in wine
2.3.1 Phenolic compounds

Flavonoids are a group of natural phenolic compounds, consisting mainly of
flavonols, flavanols and anthocyanins (Haslam, 1998). They respond to light and are
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known to control the level of auxins, which influence plant growth and differentiation

(Moore, 1989). In food plants flavonoids provide colour, texture and taste (Harborne,
1986). They occur naturally in fruit, vegetables

and beverages (tea, wine and fruit

juices) and form an integral part of the human diet. This group of polyphenols exhibits
a wide range of biological activities as antimicrobials,
(Hertog,

1998). Wine polyphenols

inhibiting

cyclo-oxygenase

antiallergics

and vasodilators

are able to exhibit anti-inflammatory

and hence the production

activity by

of thromboxane

A2 (Pace-

Asciak et al., 1995).
Flavonoids are the main polyphenolic
grape

juice

are

particularly

rich

compounds found in wine. Red wine and

in flavonoids

containing

more

than

1 gIL

in

comparison with < 60 mg/L found in white wine (Soleas et al., 1997). The two major
classes of flavonoids

are anthocyan ins (0.2 - 0.8 gIL) and flavanols

Flavanols are present as monomers

(1 - 3 gIL).

(catechins) and as oligomers (procyanidins

or

condensed tannins) (Larion & Amiot, 1999). Catechin and epicatechin have shown to
exert potent

biological

effects

as antioxidants

and as inhibitors

formation (Salah et al., 1995). The biosynthetic polymerisation

of free

radical

of these free phenols

and of their gallic esters generates the procyanidins and condensed tannins which in
themselves have powerful anticoagulation
more pronounced
several-fold

activities (Kovac et al., 1995). One of their

effects is their antioxidant

ability, to such an extent that it is

more potent than that of a-tocopherol

(Vitamin E)(Frankel

et al., 1993;

1995).
Quercetin,

a flavonol,

is the most frequently

studied flavonoid

and has been

shown to exhibit biological properties that are consistent with its protective effect on
the cardiovascular

system. Its concentration

white wine containing
international

in red wine ranges from 4 - 16 mg/L with

< 1 mg/L (Formica

wines studied the quercetin

& Regelson,

1995). Of a number of

content of the South African wines was

among the highest for their respective cultivars. Merlot was the highest at 10.3 mg/L,
Shiraz (second highest) at 9.2 mg/L and Pinotage, South Africa's indigenous
wine cultivar, contained an average of 4.7 m/gL (Goldberg et al., 1998).

red

It is important to note that qualitative and quantitative changes in polyphenols can
occur

during

antioxidant

processing

and

ageing.

This

potential of these compounds.

could

affect

the

bioavailabilty

and

A number of interesting questions

have

been proposed: (i) the effect of flavonoid conjugation with other substances
rate of intestinal absorption; (ii) the modulation of the bioavailability
other food matrix molecules,
intestinal microflora,
qualitative

regulation

such as proteins,

especially on polymeric
by liver metabolism

biological consequences

lipids and fibres;

polyphenols;

on the

of flavonoids by
(iii) the role of

(iv) the quantitative

and resecretion

and

in bile; and (v) the

of chelation of metal ions by polyphenols

(Lairon & Amiot,

1999). There is, however, a limited amount of information available that may be able
to clarify some of the above points. Reports have indicated that quercetin glycosides
are more efficiently absorbed by the small intestine than free quercetin (Hollman et
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al., 1997}. Human serum albumin is the primary protein that binds quercetin (Boulton
et al., 1998). After crossing the intestinal mucosa it is bound to albumin and
transported

via the portal vein to the liver (Formica & Regelson,

1995). Here it is

subjected to various reactions, including methylation, sulphation and glucuronidation,
leading to various conjugated forms (Remesy et al., 1998). Fortunately quercetin, in
its conjugated form, is able to maintain its antioxidant activity (Manach et al., 1998).
Studies

involving

approximately

animals

have

shown

that

the

absorption

of

catechin

is

fivefold higher than quercetin (Hollman et al., 1997). It has, however,

been reported that flavonoids are poorly absorbed in the stomach and are subject to
intestinal

degradation

by intestinal

Data on the pharmokinetics

microorganisms

of absorbed

(Formica

polyphenols

& Regelson,

1995).

still remains relatively scarce

and inconclusive.

2.3.2 Resveratrol
The biosynthesis

and accumulation

of the stilbene

resveratrol

is one of the key

components in grapevine's active disease defence mechanism. These low molecular
weight, antimicrobial

stress metabolites

are produced

de novo in the grape skin

(Ebel, 1986). It is here where they form the primary defence against attack from
fungal pathogens

(Lisidowati

et al., 1990). The resveratrol concentration

ranges

between 5 and 7 J.Lg/gfresh weight in the skin cells whereas only traces can be
detected in the fruit flesh «
amount of resveratrol

0.1 J.Lg/gfresh weight) (Jeandet et aI., 1995). The actual

found in wine varies considerably

and is dependent

on a

et al., 1995), cultivar (LamuelaRaventos et al., 1997), Botrytis pressure in the vineyard (Jeandet et al., 1995) and
influence of enological procedures (Goldberg et al., 1995). Resveratrol may also be

number

of factors

including

climate

found in the form of a glucoside,
retains its antioxidant
Lamuela-Raventos,

(Goldberg

known as a piceid molecule. This molecule still

activity identical to that of free resveratrol
1994).

Resveratrol

has also

been

shown

(Waterhouse
to exhibit

&

anti-

inflammatory activity in a similar fashion to that of the polyphenols (Pace-Asiak et al.,
1995). During malolactic fermentation

malolactic bacteria, containing

J3-glucosidase

activity, are able to cleave off the glucose molecule thereby increasing the amount of
free resveratrol (Jeandet et al., 1994). The total resveratrol concentration

in red wine

varies between 0.1 and 12 mg/L (Goldberg et al., 1994). Although this is considerably
less than the amount of flavonoids found in red wine, resveratrol has still enjoyed the
strongest association with the "French paradox". This may be due to the fact that
resveratrol

has been reported in very few components

of the human diet with red

wine being the only significant source, thereby distinguishing
beverages (Siemann & Creasy, 1992).

it from other alcoholic
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2.3.3 Phytoestrogens
Estrogen replacement
shown

to reduce

osteoporosis

therapy (ERT) has an anti-atherogenic

the

risk of cardiovascular

in postmenopausal

women

disease.

effect as it has been

Estrogen

also

prevents

(Lobo, 1995). Estrogen users have also

shown a reduced risk of stroke and consequent mortality, as well as a reduced risk of
Alzheimers disease (Henderson et a/., 1991; Finucane et a/., 1993). The collection of
data and knowledge currently available strongly indicate that women's overall quality
of life is enhanced with estrogen use (Limouzin-Lamothe

et a/., 1994).

On the basis of the structural similarity of resveratrol and the synthetic estrogen
diethylstilbesterol,

a number of researchers have hypothesised that resveratrol could

be a phytoestrogen

(Gehm et a/., 1997; Kopp, 1998). The estrogenic

actions of

resveratrol broaden the spectrum of its biological actions and may be relevant to the
cardiovascular

benefits of drinking wine.

2.3.4 Salicylic acid
Various compounds are produced by plants as constitutive and as inductive defence
chemicals.

Salicylic

acid is one of these compounds

and is part of the plant's

systemic acquired resistance response (Muller, 1995). It actually performs so many
functions

in plants that it has previously

been postulated to be a plant hormone

(Raskin, 1992). Salicylic acid levels in 12 South African wines studied ranged from
126 - 383 ~g/L (Van Velden & Hundt, 2000). Once again the content is dependent on
variety,

vine

health

pharmacological

and

activities

processing
of this

practices,

ubiquitous

among

compound

other

include

factors.

The

antipyretic

and

analgesic properties (Muller, 1995).
Fibrin formation following adhesion and aggregation
consequence

of

atherosclerotic

plaque formation

metabolites,
vasodilator

2,3

low-density

lipoprotein
acid

and anti-inflammatory

antiatherogenic

oxidation

(Smith & Thompson,

dihydrobenzoic

acid is also an outstanding

(LDL)

and

activities

antioxidant

2,5

of platelets is an important
in

the

etiology

of

1994). Salicylic acid and its

dihydrobenzoic

acid,

all

have

(Van Veld en & Hundt, 2000). Salicylic

and in this regard it may be able to exhibit

properties by limiting LDL oxidation (Kaur & Halliwell,

1994). This,

however, still needs to be established in vivo.
Aspirin is rapidly deacetylated
salicylic acid (Rowland
salicylic

et a/.,

in the body in the portal blood circulation to yield

1972). Thus in the systemic blood circulation

acid and its metabolites

remain,

only

not aspirin, and many of the medical

benefits commonly attributed to aspirin might in fact be due to salicylic acid (Muller,
1995). It has been shown that salicylic acid and aspirin are equipotent

in inhibiting

the chemotactic generation of 12-HETE from 12-HPETE in the lipoxygenase
of arachidonic

acid metabolism

by leukocytes,

inflammation (De Gaetano et a/., 1985).

pathway

a key reaction in the prevention of
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2.3.5 Alcohol
The effects of alcohol consumption on cardiovascular disease are complex and
remain under close scrutiny. While heavy alcohol intake increases overall mortality
(Klatsky et al., 1981) and mortality due to cardiovascular complications (Fraser &
Upsdell, 1981), the moderate intake of alcohol appears to exhibit a protective effect
against CHD when compared to drinking no alcohol at all (Friedman & Kimball,
1986). The U- and J-shaped curve showing the relationship between alcohol
consumption and CHD has been well documented (Gaziano et al., 1993; Chick,
1998; Kauhanen et al., 1999). The high points for mortality are abstainers and
excessive drinkers. The lowest risk group are the moderate drinkers. The
mechanisms by which alcohol exerts its protective effect are not completely
understood. One of the best established physiological risk factors for vascular
disease ie. decreased serum levels of high-density lipoprotein (HDL), has been
shown to increase as a direct result of moderate alcohol consumption (Chick, 1998).
HDL's are particles that are able to scavenge cholesterol from membranes and
tissues where it occurs in excess and transport it to the liver for excretion. Alcohol is
able to increase, in a dose-dependent manner, the hepatic secretion of
apolipoprotein A-I and apolipoprotein A-II, both of which are the primary lipoproteins
found in HDL's (Amarasuriya et al., 1992; Gaziano et al., 1993). Alcohol is also able
to block the stimulation of phospholipase A2, thereby preventing the mobilisation of
arachidonate which is essential for the generation of thromboxin A2, an important
platelet aggregant. The amount of alcohol, however, required for this mechanism of
protection far exceeds what can be described as moderate consumption (PaceAsciak et al., 1996).
2.4 Conclusion
The accumulating evidence strongly suggests that the moderate consumption of
alcoholic beverages, in particular red wine, carries numerous health benefits.
Experimental data indicating that wine-derived compounds improve vascular function
and interfere with haemostatic and oxidative mechanisms involved in the initiation
and progression of vascular damage is abundant. While it has been shown that
alcohol has its benefits, the mechanisms through which wine might exert its antiatherogenic and antithrombotic effects appear to be distinct from those of alcohol
(Gaziano et al., 1993). This is attributable to the biological properties of red wine's
polyphenolic constituents, and most notably its antioxidant and radical scavenging
ability. This notion has received strong support from both epidemiological (Gronbaek
et al., 1995) and experimental studies in man (Seigneur et al., 1990) and laboratory
animals (Klurfeld & Kritchevsky, 1981). Observations that phenolic acids are
absorbed from the gastrointestinal tract and are measurable in plasma and urine
offer further support (Stockley, 2000). It would be unwise to isolate any single
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compound, or a group of compounds, as the only health-providing substance in red
wine, but rather emphasise the synergistic action of a variety of the compounds that
were discussed. A preliminary study in South Africa shows a definite trend towards
the increase in in vivo antioxidant activity with the consumption of red wine (Mansvelt
et al., 2000). Any possible lack of antioxidant activity however, is highly unlikely to
deter the discerning wine connoisseur from enjoying a good bottle of red wine.
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3.1 INTRODUCTION
Coronary

heart disease

industrialised

(CHD)

has long been the leading

nations, and is increasingly

cause

of death

in

so in the developed world (Ellison, 2000).

While often frowned upon, conventional wisdom through the ages has been that the
moderate intake of alcoholic beverages is consistent with a long and healthy life. The
phenomenon

known as the "French Paradox" - the low risk of heart disease of the

French, despite their high consumption
1992) - has initiated widespread

of saturated fats (Renaud and De Lorgeril,

interest into the possible health benefits of wine.

These benefits have been attributed to a number of compounds found in wine, such
as resveratrol,

quercetin,

catechin,

epicatechin

and a number of other phenolic

compounds, all of which have antioxidant activity.
Resveratrol
grandiflorum)

was first isolated from the roots of the white hellebore

by Takaoka in 1940, and since then it has become the subject of many

articles in numerous agricultural and molecular disciplines.
been paid to the possible role of resveratrol
grapevine

(Veratrum

Particular attention has

and its oligomers as phytoalexins

(Vitis vinifera). Plants are armed with a number of weapons

them with a means of survival against invading organisms.

in

equipping

Firstly, they possess

structural characteristics

that act as physical barriers and prevent the pathogen from

entering

through the plant. Secondly,

and spreading

biochemical

reactions that produce substances that are either toxic to the pathogen

or create conditions
triggered

plants exhibit a number of

that inhibit its growth (Agrios, 1997). Plant defenses

by gene-for-gene

interactions

compounds. This broad-spectrum

as well

as the

recognition

can be

of foreign

innate immune response can be expressed locally

at the site of the invading pathogen as well as systemically in the distal parts of the
plant (Maleck and Lawton, 1998). Subsequently
spreading

of the disease while simultaneously

the plant is able to prevent the
protecting

uninfected

literature review will concentrate on resveratrol and its distribution

tissue. This

in grapevine,

its

role as a phytoalexin in disease resistance and the factors that influence its content
in wine (the health aspects have been covered in the previous chapter).

Stellenbosch University http://scholar.sun.ac.za

17

3.2 RESVERA TROL AND ITS ROLE IN PLANT RESISTANCE
3.2.1 General defense mechanisms in plants
Plant resistance mechanisms have been shown to be effective at varying levels of
host-parasite interactions. These mechanisms include preformed physical and
chemical defense barriers as well as those responses triggered by the invader (Ebel,
1986). Some of the passive preformed defenses may be structural, such as the
structure of the epidermis and the thickness and composition of the cuticle (Jeandet
et al., 1995a). These primary defense mechanisms help to limit the penetration of the
disease organism to the inner tissues of the plant (Swift et al., 1974). In the case of
fungal attack, preformed antifungal compounds such as anthocyanins and other
phenolic compounds, proanthocyanidins, pterostilbenes, glycolic acid and
compounds of glycoproteic nature have an inhibitory effect on the cell wall degrading
enzymes of the fungus (Jeandet et al., 1995a).
These factors assist in retarding the infection process and localising the infection
site, thus allowing the establishment of active defense mechanisms such as
lignification-like reactions (Hoos and Blaich, 1988), the deposition of callose (Ebel,
1986) and phytoalexin accumulation in and around diseased tissues (Liswidowati et
al., 1990; Jeandet et al., 1995a; Bravaresco et al., 1997). These compounds are not
usually detected in tissues prior to infection and are synthesised de novo upon
recognition of the pathogen (Kuc and Rush, 1985). Added to this impressive
defensive repertoire are a fast, localised cell death phenomenon known as the
hypersensitive response (HR) (Maleck and Lawton, 1998). The above responses
form part of the plants' "localised acquired resistance". In this case resistance and
susceptibility are determined by the speed at which the RNA for these products is
expressed, the activity of the gene products and the magnitude of the response.
Experimental evidence to support this has been obtained in a number of systems
involving infection by fungi (Hahh et al., 1985) and bacteria (Lyon and Wood, 1975).
Of equal importance as the local response to pathogen attack, is the protection of
surrounding tissue as well as maintaining resistance against secondary infections.
These functions are carried out by the plant's systemic acquired resistance (SAR)
mechanism. This long-lasting broad-spectrum disease resistance mechanism is
triggered by local disease response and is not related to responses induced by
wounding or osmotic stress (Ryals et al., 1994). A number of substances such as
salicylic and jasmonic acid as well as various peptides play an important role in the
signal transduction to uninfected tissues, thereby initiating this defensive response.
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3.2.2 Phytoalexins and other antimicrobial substances in attacked host plants
The biosynthesis and accumulation of phytoalexins is one of the components of
active disease resistance. Plants respond to infection by accumulating these lowmolecular weight antimicrobial stress metabolites (Kuc and Rush, 1985; Ebel, 1986).
There are well over 150 known phytoalexins distributed among isoflavonoids,
sesquiterpenes, diterpenes, polyacetylenes, dihydrophenanthrenes, stilbenes and
other classes of compounds (Ebel, 1986). These generally lipophilic substances are
products of the plants secondary metabolism, and accumulate at infection sites to
concentrations inhibitory to the growth and development of bacteria and fungi (Kuc
and Rush, 1985; Ebel, 1986). Phytoalexins may also be produced by healthy cells
adjacent to localised damaged and necrotic cells in response to materials diffusing
from the damaged cells (Agrios, 1997).
There are over 30 naturally occurring stilbenes and stilbene glycosides (Gorham,
1980). The two stilbenes that are of importance in grapevine are resveratrol (3,4'5trihydroxystilbene) and pterostilbene (trans-3,5-dimethoxy-4' -hydroxystilbene) (Figure
1). Pterostilbenes accumulate in both the leaves and the berries (Adrian et al., 1998)
(Figure 2).
HO
OH

OMc
HO

OH

Resveratrol

QMc

Pterostilbene

Figure 1. The structure of resveratrol and pterostilbene (Langcake and McCarthy,
1979; Breuil et al., 1998).
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leaves with Plasmopara viticola (Langcake and McCarthy 1979).
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3.2.3 Elicitation of defense
The term "elicitor" is used to describe an environmental condition or range of
compounds that are able to induce phytoalexin synthesis in plants (Bravaresco et al.,
1997). Unlike the antibody-antigen component of the immune system in animals, low
specificity is the general rule for the induction of phytoalexin accumulation and their
activity against the invading microorganims (Kuc and Rush, 1985). Phytoalexin
synthesis and accumulation can be elicited by factors other than infection such as
ultraviolet (UV) light (Schoeppner and Kindl, 1979; Dercks and Creasy, 1989), but
usually not by mechanical injury (Kuc and Rush, 1985). In order for the plant to
survive it must react quickly to the pathogen to induce its resistance. Evolution has
ensured, therefore, that many bacterial and fungal metabolites and their cell wall
components are able to elicit the production of phytoalexins (Kuc and Rush, 1985).
Most phytoalexin elicitors are generally high molecular weight substances, including
carbohydrates from fungal and plant cell walls, lipids, microbial enzymes and
polypeptides (Ebel, 1986). Elicitor molecules such as chitin and glucan are released
from the fungal cell wall by host plant enzymes. Although most phytoalexin elicitors
are thought to be of pathogen origin, some elicitors are produced by plant cells in
response to infection and are released from plant cell walls after their partial
breakdown by the cell-wall-degrading enzymes of the pathogen. The plant releases
galacturonic acid after fungal polygalacturonases have broken down plant cell wall
homogalacturonans.
3.2.3.1 Botrytis cinerea as elicitor
Botrytis cinerea is the most frequent elicitor of the production of the phytoalexin
resveratrol in grape berries (Liswidowati et al., 1990). This causal agent of grey
mould seriously reduces grape yield and quality by converting sugar into glycerol and
gluconic acid and by producing enzymes catalysing the oxidation of phenolic
compounds (Bravaresco et al., 1997). Infection causes the main grape acids to be
degraded to a higher extent: 70-90% for tartaric acid and 50-70% for malic acid,
respectively. Additionally, a concentration effect occurs due to the loss of water from
infected berries. Consequently, must from rotting grapes is characterized by high
sugar levels, sometimes reaching 360 giL, while acid levels remain close to those in
healthy grapes (Doneche, 1994).
Different forms of rot are formed depending on the prevailing environmental
conditions. Berries which reach maturity intact, owing to an inexcessive water supply,
are one of the prerequisites for the formation of noble rot. The most favourable
conditions for noble rot are a temperature range between 15-20DC with 90% relative
air humidity (Doneche, 1994). Noble rot provides grapes that are suitable for the
production of sweet botrytised wine. Whereas noble rot develops regularly and
uniformly throughout a vineyard, grey rot is normally heterogeneous (Doneche,
1994). A mycelial web on the surface of the grapes characterises the widespread
external development of grey rot. Where the concentration effect in noble rot has a
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greater impact than degradation, the opposite occurs in grey rot, in which the berries
undergo greater oxidation (Doneche, 1994). Sugar concentrations rarely exceed 230
gIL and large quantities of gluconic acid are produced. Whereas noble rot bestows
on wines the most sought-after aromatic nuances, grey rot causes detrimental
modifications to the organoleptic qualities, thereby rendering the grapes unsuitable
for wine production.
Pathogenicity

of Botrytis cinerea

The conidia represent the main form of dissemination and contamination by the
fungus. Under humid and damp conditions, they develop a germination tube, but
enzyme activities during germination are too weak to penetrate the surface of the
grape skin. Stomata on the surface of the grape, which are functional only at the very
beginning of berry development, become necrotic just before veraison and as the
berry increases in size, peristomatic areola cracks develop (Doneche, 1994). These
microfissures provide mycelial hyphae with the opportunity to penetrate the grape
skin. This can be one explanation for the infection of B. cinerea only on ripe and
over-ripe grapes. Another possible explanation is the decrease in the amount of
resveratrol as the berry develops, but this is examined in further detail later in the
chapter. After invasion the fungus then secretes a number of phytotoxic compounds,
of which the extracellular enzymes involved in plant cell wall degradation, play an
important role. Endopolygalacturonases are synthesised from the beginning of
conidial germination (Verhoeff and Warren, 1972). Exopolygalacturonase,
pectinmethylesterase and a transeliminase then complete the degradation of the
pectin compounds on the surface of the grape (Doneche, 1994). A phospholipase
(Shepard and Pitt, 1976) and a protease (Movahedi and Heale, 1990) also contribute
to cell wall degradation.
3.2.3.2 Specific grapevine antimicrobial compounds
The phytoalexin response is initiated soon after recognition of the pathogen by the
plant. This response includes the production of a simple stilbene, resveratrol, a
number of biosynthetically related compounds derived from resveratrol, the viniferins,
and pterostilbene (Langcake and Pryce, 1977).
Viniferins

Langcake and Pryce (1977) proceeded to study the antifungal activities of
resveratrol, a-, y- and s-viniferln. They concluded that «-viniferin (a cyclic trimer of
resveratrol), y-viniferin (a highly polymerised oligomer) and s-viniferin (a dehydro
dimer) (Figure 3), were more fungistatic than resveratrol on its own. Langcake and
Pryce (1977) suggested that the slight antifungal activity of resveratrol is insufficient
to classify it as a phytoalexin (Table 1). They proposed that it probably functions as a
biosynthetic precursor of the viniferins and that biosynthesis from resveratrol is an
oxidative process analogous to that involved in the formation of the dimeric phenyl
propenoid lignans.
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HO

HO

OH

Figure 3. The structure of E-viniferin (Breuil et al., 1998).

Table 1. Antifungal
Pryce, 1977).

Resveratrol
a-viniferin
y-viniferin
s-vinlferin

activity of resveratrol

>200
97
>200
100

and its derivatives

>200
47
150
37

(Langcake and

>100
19

** Concentrations (Ilg/ml) causing a 50% inhibition of spore germination. ***Concentrations
(!lg/ml)
causing a 50% inhibition of release of zoospores from sporangia of Plasmopara viticola. Bioassays
were carried out in duplicate.

Jeandet et al., (1995a) suggested that pterostilbenes and viniferins are the most
active inhibitors produced by grapevines in response to pathogen attack. However,
resveratrol is quantitatively the major component of the phytoalexin response and, as
such, could be considered as a good marker for grape disease resistance.
Production and distribution of resveratrol

The amount of resveratrol tends to decrease with the ripening of the grape. Maximum
production occurs at a sugar level of about 100 -150 gIl and then decreases rapidly.
The sudden decrease in resveratrol concentration at veraison corresponds to the
beginning of anthocyanin accumulation in the grape skin (Jeandet et al., 1995a).
Both anthocyan ins and resveratrol are derived from the phenylalanine/polymalonate
pathway and share common precursors. This observation suggests enzyme
competition for the same substrates required for their biosynthesis. This factor will be
discussed in greater detail later in the chapter.
Jeandet et al., (1995a) confirmed extensive experiments (Creasy and Coffee,
1988; Jeandet et al., 1991) that resveratrol is produced primarily in the grape skin
and not in the fleshy part of the fruit. Their experiments showed that the skin cells
produced 5-7 ~g/g fresh weight of resveratrol, whereas only traces of resveratrol
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could be detected in the pulp (less than 0.1 J,1g/gfresh weight) (Table 2). These
results are in good agreement with previous findings (Creasy and Coffee, 1988;
Jeandet et al., 1991) according to which resveratrol production of UV irradiated grape
berries occurs mainly in the skin. The primary resistance to B. cinerea can thus be
assumed to take place at this level. Indeed, as soon as the fungus has penetrated
into the inner tissues through injuries or microlesions on the surface of the grape
(Swift et al., 1974) it develops in the fruit regardless of the physiological state of the
grape (Jeandet et al., 1995a). The lack of resveratrol in the pulp would allow for rapid
colonisation of the berries by the pathogen.
Table 2. Localisation of resveratrol synthesis in grape berries. Healthy grapes
from different cultivars are compared to grapes infected by B. cinerea (Jeandet
et al., 1995a).
Grape

Grapes 10% infected by B. cinerea

Healthy grapes

component
Pinot

Chardonnay

Gamay

Pinot

Chardonnay

Gamay

Grape skin

4.9 ± 1.2

3.7± 0.9

5.2 ± 1.2

6.4 ±2.5

3.6 ± 1.8

6.7 ± 2.9

Fruit flesh

0.06

0.03

0.05

0.06

0.08

0.04

Seeds
1.1
1.1
1.0
1.1
1.2
1.2
Values given are trans-resveratrol concentrations in ~g/g fresh weight. Each value is the mean of
three replicates.

These experiments were expanded to include the distribution of resveratrol in
grape bunches (Figure 4). Their results showed that resveratrol was present
predominantly in the non-infected berries that were in close proximity to the necrotic
area, whereas the concentration in the infected area was generally lower (Table 3).

Region A

RegionB

Figure 4. Diagrammatic representation of the infection sites (Jeandet et al., 1995a).
Region A is shown to be the site of infection with Region B in close proximity. Region
C and D are distal to the site of infection.
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of resveratrol in lesions caused by B. cinerea (Jeandet et

al., 1995a).
Gamay
A

2.0 ± 0.3

5.7 ± 0.9

B

27.9 ± 5.8

5.8±1.1

15.9 ± 2.9

C

22.1 ± 3.9

3.8 ± 0.8

9.4 ± 1.0

0

20.1 ± 4.2

1.6 ± 0.3

8.9 ± 1.9

Values given are trans-resveratrol
replicates.

concentrations

in I1g/g skin. Each value is the mean of three

A number of conclusions can be drawn from the above results. Firstly they reflect
that B. cinerea hyphae may be able to degrade the phytoalexins to which they are
exposed (Hoos and Blaich, 1990; Pezet et al., 1991). This aspect will be discussed
further in this section. It also seems that by killing numerous cells quickly the
pathogen suppressed the phytoalexin synthesis ability of the infected tissues thereby
reducing the disease response of the host (Mansfield and Huston, 1980). It was also
observed that different grape varieties consistently produce varying amounts of
resveratrol. It may be of interest to winemakers to investigate this phenomenon
further and determine if it is consistent through various vineyards. It may provide
some insight to which cultivars should be harvested earlier to provide protection
against B. cinerea infection. It may also be interesting to determine the possible
explanations for these differences in resveratrol between the grape cultivars.
Finally it is important to consider that resveratrol is produced in the areas
surrounding the site of infection. One would expect that resveratrol would be
transported out of the lesions to the adjacent berries, but previous studies have
reported that this compound does not move readily in the plant (Langcake and
McCarthy, 1979). Jeandet et al., (1995a) suggest that this early response of the plant
may result from a stress condition due to B. cinerea pressure present in the vineyard.
When exposed to favourable climatic conditions the pathogen may remain as conidia
on fruit and other plant surfaces and the possibility that the grape skin cells are able
to recognise a prepenetration signal from the fungus cannot be ruled out (Gehlert et
al., 1990). These signals, triggered at the site of infection, may reach distal parts of
the host with the potential to stimulate phytoalexin synthesis. Expression of the
phytoalexin genes may be regulated by one or more signals initiated upon
recognition of the pathogen by the plant as has been suggested by Lamb et al.
(1989). It is this mechanism that plays a vital role in the plants' SAR. This can be
conceptually divided into two stages namely, initiation and maintenance. The
initiation phase of SAR may be transient and includes all of the events that lead to
the establishment of resistance. The maintenance period describes the resistance
that results from initiation and provides continued protection against the invading
pathogen and others (Ryals et al., 1994).
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3.2.3.3 Detoxification of phytoalexins by Botrytis cinerea
The ability of a pathogen to detoxify phytoalexins is an important component of its
pathogenicity (Van Etten et al., 1989). The ability of B. cinerea conidia to metabolise
resveratrol could provide the fungus with the opportunity to create an environment
suitable for growth, thereby creating a means of survival for the conidia (Adrian et al.,
1998). Numerous studies (Hoos and Blaich, 1990; Pezet et al., 1991; Sbaghi et al.,
1996; Adrian et al., 1998) have shown that B. cinerea secretes a laccase-like stilbene
oxidase capable of oxidising resveratrol.
Sbaghi et al. (1996) investigated the abilities of various isolates of B. cinerea to
degrade the grapevine stilbenes. Table 4 indicates the varying abilities of different
isolates of B. cinerea to degrade stilbenes. The age of the fungal culture seems to
playa role in the rate of stilbene degradation (Figure 5).
Table 4. Stilbene-degrading
~~
Isc;)lates

activity

of eight isolates

of B.

cinerea (Sbaghi et al., 1996).

Stilbene degradation rate (J.I:!11oles/hr/ml)
Pter'Ostilbene

RFA2

1.1

1.5

916T

0.7

1.2

MF-FS

1.0

1.2

N

0.3

0.4

03U4

0.4

0.5

02U3

0.1

0.1

P18A

nd

nd

P61A

nd

nd

Stilbene degradation is expressed as urnoles of stilbene degraded/hr/ml
of the eight isolates. nd, not detectable.

of 30 day old culture filtrates

Stilbene oxidases isolated from crude protein extracts of B. cinerea culture filtrates
were shown to have simultaneous stilbene oxidase and laccase activity (Pezet et al.,
1991). It can be assumed that the stilbene-degrading activity was related to the
presence of laccase. It has been shown that certain isolates of B. cinerea do not
produce laccase. This should be interpreted cautiously since laccase production by
B. cinerea can differ considerably according to methods used to culture the fungus
(Viterbo et al., 1992).
Laccase is a glycoprotein that may be produced by plants (Lehman et al., 1974) or
by fungi (Leoniwicz and Malinowska, 1992). It is a polyphenol oxidase capable of
oxidising a wide range of mono-, di-, and triphenols and has been classed as a pdiphenol:oxygen oxido-reductase (Marbach et al., 1984). The heterogeneity of the
laccases have been clearly demonstrated and their properties depend on the nature
of their inducers (Marbach et al., 1984). It has also previously been shown that the
production of laccase is related to the availability of copper (Gigi et al., 1980).
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Figure 5. Stilbene degrading activity of different isolates of B. cinerea (Sbaghi et al.,
1996).
According to Sbaghi et al. (1996) evidence has been obtained, using dual cultures
in vitro, that the pathogenicity of B. cinerea isolates towards grapevine is associated
with their ability to degrade the stilbenes, whereas non-pathogenicity seems to be
associated with the inability to do so. This reinforces the possible involvement of
laccase as a mechanism of pathogenesis. However, it was found that cultures of
B. cinerea lacking laccase still showed high phytotoxicity. This suggests that the
mechanisms of pathogenicity involve a number of enzymes i.e. the previously
mentioned cutinases, lipases, pectin-methylesterases and polygalacturonases,
whose enzyme activities rapidly increased following the germination of the conidia. In
this context the laccase-mediated oxidation of the stilbenes represent only one of the
traits required for pathogenicity (Viterbo et al., 1992).
3.3 RESVERATROL SYNTHESIS IN PLANTS ON A MOLECULAR LEVEL
On a molecular level stilbenes can be described as a group of secondary plant
products which share a common diphenylethylene backbone (Schroder et al., 1990).
These molecules may all undergo basic modification steps such as methylation of
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hydroxyl groups (methylethers), attachment of sugars to hydroxyl groups
(glycosides), C-alkylation with isoprenyl groups (2-isopentenyl derivatives),
polymerisation (e.g. viniferins), along with a number of other substances that may be
derived from stilbene backbones by other or additional modifications (Schroder et al.,
1990). Most stilbenes are toxic and being highly reactive polyphenols, they can
inactivate proteins and other macromolecules by the formation of covalent bonds. It is
thought that it is in this way that they function as a defense mechanism in plants
(Schroder et al., 1990).
3.3.1 Key enzymes in resveratrol synthesis
The key enzyme responsible for the formation of hydroxystilbenes is stilbene
synthase, which utilises p-coumaroyl-CoA and malonyl-CoA as substrates (Figure 6).
As mentioned before the effectiveness of a plants' disease response is a factor of the
speed of response upon pathogen attack. Malonyl-CoA is found in mammals, plants
and yeast, and plays an essential role in fatty acid synthesis as well as various other
processes (Kohlwein and Schneiter, 1996). In yeast cells the ACC1 gene encodes for
acetyl-CoA carboxylase, which catalyses the initial and rate-limiting step of fatty acid
synthesis by converting acetyl-CoA to malonyl-CoA (Lampl et al., 1996). In plants pcoumaroyl-CoA is derived from phenylalanine, via cinnamic and coumaric acid
(Schroder and Schroder, 1990).

...

Phenylalanine

Cinnamic acid
C4H

PAL

...

Coumaric acid

GoA-ligase

j

p-coumaroyl-CoA

p-coumaroyl-CoA

+ 3 malonyl-CoA

RS

...

Resveratrol

+

4 CoASH

+

4 CO2

PAL = Phenylalanine ammonia-lyase
C4H = Cinnamate 4-hydroxylase
RS = Resveratrol synthase

6. The biosynthesis of resveratrol from phenylalanine (Schroder and
Schroder, 1990)
Figure

3.3.1.1 Regulatory enzymes
The two key regulatory enzymes that control the induction as well as the regulation of
the disease response are phenylalanine ammonia-lyase (PAL) and resveratrol
synthase (RS) (Melchior and Kindl, 1991). It must be emphasised that each individual
plant species is unique with regard to the rate at which gene expression occurs, the
duration of the transient stage, and the extent to which the enzymes of the pathway
are coordinately produced. Vornam et al. (1988) has shown this phytoalexin
response to be rapid in grapevine, when compared to various other plant species.

Stellenbosch University http://scholar.sun.ac.za

27

Various studies have been done to analyse phytoalexin gene expression in
grapevine at mRNA level.
Melchior and Kindl (1991) analysed mRNA in grape cells after elicitor treatment
with fungal cell walls. They found a marked increase in the level of the individual
mRNA of each enzyme during the first 2 hours of elicitor treatment. The time courses
of appearance of the PAL mRNA and the RS mRNA appeared to be coordinated.
The stationary mRNA levels reached maximum values about 6 hours after the onset
of elicitor treatment. The mRNA levels were then quantified by hybridization on
Northern blots and subsequently measuring the intensities of spots on the
autoradiograph. Although the appearance of mRNAs for PAL and RS are closely
coordinated, the profiles of the two enzyme activities are not (Figure 7). It is probable
that either the degradation rates of the mRNAs or putative post-translational
modifications of the proteins reflect the differences in enzyme activities (Melchior and
Kindl, 1991).
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Figure 7. Comparison of the time courses for mRNA levels and enzyme activities of
PAL and RS after the onset of elicitation (Melchior and Kindl, 1991). 100 relative units
of enzyme activity given on the ordinate represent 0.5 nmol/h (mg protein)" stilbene
synthase specific activity and 25 nmol/h (mg protein)" PAL specific activity in the
crude extracts.
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3.3.2 Resveratrol synthase and chalcone synthase
Chalcone

synthase

pathways

(Schroder

(CHS) and RS are key enzymes in two different plant-specific
et al., 1990). Both are polyketide synthases that catalyze the

step-wise elongation of p-coumaroyl-CoA
CHS, however,

is important

with three acetate units from malonyl-CoA.

in flavonoid

biosynthesis

and produces

a different

product namely naringenin chalcone (Schroder and Schroder, 1992) (Figure 8).
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Resveratrol
(+ 4 CoASH + 4 CO2)
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(+ 4 CoASH + 3 CO2)

Figure 8. Reaction performed by chalcone synthase and resveratrol synthase.
According to Niesbach-Klosgen

et al. (1987) as quoted by Schroder et al. (1990)

CHS from at least eleven different plants including monocots and dicots have been
analyzed and comparisons

showed that the proteins are highly conserved with 81-

90% identity between enzymes from different sources. This established a consensus
sequence, which covers 64% of the protein sequence, a figure which increases to
78% if the consensus

is extended to include presumably

exchanges.

sequences

Ehmann
Schroder

Additional

published

et al. (1988) and Feinbaum
(1990) confirms

the validity

subsequently

conservative

amino acid

by Ryder et al. (1987),

et al. (1988) as quoted by Schroder
of this approach.

Schroder

and

et al. (1988)

conducted the first analyses of RS sequences, which revealed a 70-75% identity on
protein level with the known chalcone synthases.

Similar figures were obtained for

the DNA sequences. Even the gene structures are closely related.
In view of the similarities between the method of biosynthesis of the two enzymes
and yet the totally different products that are produced

it becomes

an intriguing

question as to which part of the protein determines whether it will function as CHS or
RS.
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3.3.2.1 Differences in amino acid sequences
According to Schroder and Schroder (1990), it seems likely that the formation of
different products is due to a different spatial stabilisation of tetraketide intermediates
directly prior to formation of the ring systems. Schroder and Schroder (1990)
suggested that the key, which controls the formation of different ring systems must be
hidden in the protein sequences and relatively minor differences may be sufficient to
alter the enzyme action. Schroder et al. (1988) claim that on a protein level 15.9% of
the 270 highly conserved amino acids in CHS are exchanged in RS, and that these
differences are not confined to a specific part of the protein but appear to be
throughout the amino acid sequence. The experiments were then repeated when
Schroder and Schroders (1990) compared the CHS consensus sequences with the
known RS sequences. They found that most of the strictly conserved amino acids are
also found in the RS, and that the RS sequences deviates from the CHS consensus
in just 35 positions, or 14% of the consensus. On closer inspection some of the
differences were considered conservative exchanges, which have little or no
functional significance. When the extended consensus was included in the
comparison a number of systematic differences became apparent. Interestingly,
Schroder and Schroder (1990) found that these differences were mostly in the
charged amino acids, which may be of functional importance, such as in the folding
of enzyme bound intermediates prior to the formation of the different ring systems,
and they may represent an important aspect for the immunological differences
observed between RS and CHS, resulting in the different catalytic properties of the
enzyme.
3.3.2.2 Role of cysteines
The step-wise condensing reactions of RS and CHS correspond to those in other
polyketide and fatty acid synthases, suggesting that the two proteins also contain
cysteines that are essential for enzyme activity due to their binding of the substrates
(Lanz et al., 1991). Lanz et al. (1991) showed that the two enzymes have six
cysteines in common and these are also conserved in all other chalcone synthases
studied up to this point (Schroder and Schroder, 1990), indicating that they may be of
functional importance. Lanz et al. (1991) concluded that RS and CHS possess a
single cysteine that is essential for enzyme activity. The similarity of the condensing
reaction with other polyketide synthases suggests that this cysteine represents the
binding site for the starter p-coumaroyl group. This proposal by Lanz et al. (1991) is
consistent with previous studies of the side reaction, malonyl-CoA decarboxylation
and CO2 exchange with CHS, that suggested that the malonyl residue does not have
to be bound to the enzyme to participate in the condensing reaction.
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3.4 RESVERA TROL CONTENT IN WINES
As a result of the production of resveratrol in the grape skin and the potential health
benefits that may be derived from the consumption of this compound several
researchers have studied the resveratrol content in wines. While this compound is
found only in low concentrations in white wine, it is present in much higher
concentrations in red wines (Siemann and Creasy, 1992; Jeandet et al., 1993). This
can easily be explained by the fact that red wine fermentation takes place on the
grape skins thereby allowing extraction of the compounds from the skin, facilitated by
an increase in temperature and alcohol content. During white wine production the
skins are first separated from the must before fermentation of the must takes place.
In this section the various factors that affect the concentration of resveratrol in wine,
as well as the concentration of this compound in wines made from different grape
varieties will be discussed.
3.4.1 Factors affecting resveratrol content in wine
3.4.1.1 Influence of climate and grape variety
According to Skurray (1996) the resveratrol content in grape berries can increase
five-fold after a warm and humid summer, compared with the level after a hot dry
summer. It was found that the amount of resveratrol increased with lower summer
and autumn temperatures, but was lowest from warmer countries such as the
Mediterranean, South America and Australia. Goldberg et al. (1995c) has reported
similar results. Their data also showed resveratrol content to be at its highest in the
cool-climate regions such as Ontario (Canada) and Bordeaux (France). It is,
however, probable that differences between regions of climatic similarity are due to
the intrinsic resveratrol synthesising capacity of the different cultivars that are grown
in these regions.
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Figure 9. Levels of resveratrol monomers in Spanish red wines. CS, Cabernet
Sauvignon; T, Tempranillo; G, Grenache; M, Merlot; Pn, Pinot noir; Ave., Average.
(Lamuela-Raventos et al., 1997).
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Pinot noir grapes seem to have the highest trans-resveratrol concentrations
relative to those from other cultivars irrespective of the country or region of origin
(Goldberg et al., 1995c). It therefore seems that climate and terroir do not influence
the trans-resveratrol concentration, which this particular grape yields on vinification.
This sentiment was echoed by Lamuela-Raventos et al. (1997) who also observed
the highest concentration of trans-resveratrol in Californian and French Pinot noirs'.
They did, however, find that the total amount of resveratrol derivatives were very
similar in Merlot and Pinot noir (Figure 9).
According to Creasy and Coffee (1988) the highest concentration of the stilbene
resveratrol in the grape skin occurs at veraison and thereafter begins to decline. The
high concentration in Pinot noir may be due to the earlier harvesting of this grape,
which is notoriously susceptible to unfavourable weather conditions at the time of
harvesting. Alternatively (or conjointly), the characteristically thin skin of this cultivar
renders it especially prone to fungal infection and hence the induction of resveratrol
synthesis (Jeandet et al., 1995b). Goldberg et al. (1995c) did, however, find that
resveratrol concentrations in wines made from the Cabernet Sauvignon grape
showed marked fluctuations which appeared to be temperature dependent. In
general, this cultivar produced wines of higher resveratrol content when grown under
unfavourable conditions. Merlot, whether as the predominant cultivar, or the exclusive
cultivar as in many Italian and New World wines seemed to generate wines that
spanned a narrower range than those of Cabernet Sauvignon and showed to be less
influenced by climatic conditions. Goldberg et al. (1995b) found that in all countries
and regions that he studied, those wines vinted from Shiraz grapes had low
resveratrol concentrations and climate seemed to exercise no effect. In confirmation
of many reports Goldberg et al. (1995b) showed that white wines are almost always
invariably low in resveratrol concentration and few, if any of these wines had
concentrations within 10% of those found in the lowest range of red wine. Only the
occasional German Riesling had modest concentrations of resveratrol, which
overlapped the lower range of concentrations for red wines. Rose wines were almost
as low as were fortified red wines such as Ports and Madeiras. Significant differences
in resveratrol content were also noted in wines from different vintages.
3.4.1.2 Influence of Botrytis pressure
It has been suggested that conditions leading to infection by B. cinerea enhance
resveratrol production, but that extensive grey mould development may also destroy
the induced phytoalexin (Jeandet et al., 1995a). The laccase-like stilbene oxidase
produced by B. cinerea is also active in musts and could thus lower the resveratrol
content of the wines. A small amount of Botrytis pressure on a few grape bunches
induces the systemic acquired resistance response as previously discussed. This is
able to induce phytoalexin synthesis in apparently healthy, uninjured grapes.
Therefore years with low levels of disease are often associated with maximum
concentrations of resveratrol in the wine. These observations suggest that the
resveratrol concentration in the must and wine is determined by a balance between
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resveratrol production by the plant and resveratrol degradation by the pathogen. The
concentration

of resveratrol

is, however,

unaffected

by systemic

fungicides

that

stimulate defense mechanisms in vines (Skurray, 1996).

3.4.1.3 Influence of enological procedures
Goldberg et al. (1995b) conducted a detailed study concerning the enological factors
that influenced
interesting

the resveratrol

conclusions.

isomerization

isomer concentration

of wines and came to some

They found that during fermentation

of trans- to cis-resveratrol,

there is negligible

presumably due to the absence of light and

oxygen. The extraction of resveratrol isomers during skin fermentation was observed
to follow one of two patterns, which seemed to be characteristic

of the cultivar

concerned. With cultivars such as Cabernet Franc, Villard Noir and Chambourcin,
rapid

increase

in trans-resveratrol

occurred

during

fermentation

reaching

a
its

maximum over the next two days followed by a plateau and, in some cases, by a
slight fall in concentration.
concentration

Simultaneously

or one day later, the cis-resveratrol

started to increase, a lot more slowly but without reaching a plateau or

decreasing

at the end of fermentation.

On the other hand Pinot noir, Cabernet

Sauvignon,

Merlot and De Chaunac were characterised

by a more gradual and

parallel increase in the concentrations of both isomers, accelerating after day three of
fermentation,
According

reaching a peak at around day six and declining thereafter (Figure 10).

to Lamuela-Raventos

fermentation

is controlled

et al. (1997)

the extraction

of resveratrol

by the increase in ethanol concentration

in

(Table 5), the

enzymatic activity of bacteria (Mattivi et al., 1995), and by fermentation temperature.
Goldberg

et al. (1995a)

resveratrol

concentration

corresponding
vinification

also emphasised

of the

finished

that for most grapes,

wines

was

less

than

the trans-

those

of the

skins, indicating either incomplete extraction or a possible loss during

and processing.

Length of skin contact was also an important variable.

Doubling of the skin fermentation time increased the trans-resveratrol

concentration

nearly three-fold, and cis-resveratrol by 150%. Various processing methods, and their
effect on the resveratrol concentration, were investigated by Goldberg et al. (1995a).
It was found that certain methods used in clarification caused reduced concentrations
of resveratrol

isomers.

Losses tended

to be greater with trans- than with cis-

resveratrol. Although bentonite and gelatin had little effect, silica caused minor losses
and charcoal major losses in both isomers. Interestingly cellulose filter pads retained
trans- but not cis-resveratrol to the extent that the two isomers could be separated by
replicate

passage.

Even though the wines were kept cool and free of light, oak

ageing led to a major reduction in both isomers.
Creasy

(1992)

concentration

analysed

three

1982

wines

On the other hand Siemann and
and

found

that

the

resveratrol

averaged 2.1 mg/L, suggesting that the compound is relatively stable

in wine during ageing.
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Figure 10. Concentration of trans- and cis-resveratrol during skin fermentation of (a)
Chambourcin and (b) Merlot grapes (Goldberg et a/., 1995b).
Table 5. Comparison of the concentration of resveratrol (trans- and cisisomers) in must and wine to ethanol concentration
during alcoholic
fermentation and at the end of malolactic fermentation (Pezet and Cuenat,
1996).

0.00
0.37
0.58
1.12
2.17
2.75
9.10
a
b

Sum of the mean cis- and trans-resveratrol isomers.
Percentages were calculated from the mean of three replicates.
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3.4.2 Piceid molecule
The origin of the increase in free resveratrol in wine after malolactic fermentation is a
result of a resveratrol glucoside known as a piceid molecule. This molecule, with
biological activity identical to that of resveratrol in inhibiting the copper-catalysed
oxidation of LDL has been identified in grape berries (Waterhouse and LamuelaRaventos, 1994) and in wine (Goldberg et al., 1995a). Mayen et al. (1994), have
already shown that, as a consequence of the ~-glucosidase activity of malolactic
bacteria, the concentration of free anthocyan ins increased and their corresponding
glucosides decreased in wine after malolactic fermentation. They attributed this to the
~-glucosidase activity of Leuconostoc oenos. In 1994 Jeandet et al., carried out
preliminary studies on the occurrence of a resveratrol ~-D-glucoside in wine. They
undertook their investigation by simply adding glucosidases directly to the wine. They
found that the treatment of wine with a-D-glucosidase did not increase the free
resveratrol concentration even after 48 hours of incubation when compared to nontreated wines. In contrast, however, after the addition of ~-D-glucosidase, there is a
rapid increase of resveratrol during the first 24 hours, by which time the levels of
resveratrol had reached more than 10 mg/L. Figure 11 illustrates that both the cisand trans- isomers of resveratrol are glycosylated. In both cases the rate of liberation
of resveratrol follows apparent first order kinetics.
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Figure 11. Time course changes of the free cis-resveratrol and trans-resveratrol in
wine with the addition of a-and ~-glucosidases (Jeandet et al., 1994).
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of resveratrol in wine

«

McMurtrey (1997) examined eleven wines and found low levels oftrans-resveratrol

0.02 mg/L) in four white wines and levels varying between 1 to 5 mg/L in the seven
red wines studied. These levels were consistent with those reported by Mattivi (1993)
and Pezet et al. (1994), both of which used different methods of detection. Goldberg
et al. (1994), using yet another method of detection,
wine from 0.1 to 12 mg/L. They also indicated
followed a geographical

reported resveratrol levels in

that resveratrol

concentrations

distribution as previously mentioned. Lamuela-Raventos

al. (1995) extended the analysis of wines to include the determination
. and

trans-resveratrol

concentration

and their

glycoside

conjugates

of both cis-

The

combined

of these compounds reached levels of up to 13 mg/L in Spanish Merlot

with high levels also found in Pinot noir. According
resveratrol

in wine.

et

and its piceid molecule

as well as trans-piceid

converted

in the human body to trans-resveratrol

hydrolysis

reactions.

during fermentation

The trans-piceid
as previously

to McMurtrey

(1997) the cis-

compounds

by combined

can be

isomerisation

and

molecule is also able to release resveratrol

discussed.

Waterhouse

and Teissedre

(1997)

studied 110 Californian red wines, varying in variety and vintage. They found that of
the wines tested 42% had total resveratrol concentrations

between 0 and 1 mg/L,

26% between 1 and 2 mg/L, 22% between 2 and 5 mg/L and 10% over 5 mg/L.
Goldberg et al. (1995c) did a global survey of the trans-resveratrol
red wine

and discovered

large variations

between

regions.

concentration
The

mean

in

trans-

resveratrol concentration for the 36 Canadian wines tested was 3.16 ± 1.34 mg/L with
Pinot noir and Gamay noir having the highest concentrations.

The 61 Californian

wines analysed produced a mean of 1.47 ± 1.76 mg/L. Most of the Australian wines
tested had trans-resveratrol

concentrations

< 3 mg/L. The overall mean for 41 wines

tested was 1.47 ± 1.76 mg/L. The only Australian
resveratrol concentration

Pinot noir analysed had a trans-

of 13.4 mg/L. The 67 Italian wines tested produced a mean

of 1.76 ± 1.52 mg/L. The French wines analysed were divided into four regions. The
36 wines from the Rhone valley had a mean of 3.6 ± 2.38 mg/L. Bordeaux's 44 wines
tested produced
Beaujolais

a mean 3.89 ± 2.20 mg/L. The mean of the 30 samples

was 2.88 ± 1.72 mg/L. The wines

concentration

from Burgundy

from

had the highest

among all the French wines analysed in this study. The mean of the 61

samples was 4.39 ± 1.73 mg/L.
3.5 CONCLUDING

REMARKS

Plants lack a circulating somatically adaptive immune system to protect themselves
against pathogens (Fritig et al., 1998). Instead they have evolved other mechanisms
of antimicrobial

defense,

which are either structurally

preformed,

constitutive

or

inducible. Added to this is the plants ability to not only provide localised resistance at
the site of infection, but also spread this resistance to distal regions of the plant. The
gene-for-gene
pathogen's

hypothesis states that resistance occurs only when the product of a

avirulence gene interacts with the product of a plant's resistance gene
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(Baker et al., 1997). While this may be true for certain facets of the localised acquired
resistance

and the systemic

interactions

are

hypersensitive
produced
fungal

also

able

response

acquired
to

induce

of plants.

resistance,
phytoalexin

including

the induction

resveratrol

overexpression

of the genes

synthase,

of the resveratrol

production

The degradation

by B. cinerea, confirms resveratrols'

attack

non-compatible

a

synthase

evaluation

of this compound

importance

in the active defence mechanism

of resveratrol
in phytoalexin

plant-pathogen

gene in grapevine

in plant defense

as

part

of the

by laccase,

role in disease resistance.

involved

suggests

plant-pathogen

mechanisms.

During

biosynthesis,

interaction.

The

will allow a closer
Due to resveratrol's

in grapevine its occurrence

in wine is

inevitable. It is in wine that resveratrol has been the focal point of the health benefits
attributed to the consumption of wine, especially red wine.
Accumulating
alcohol,

evidence

in particular

strongly

suggests

that the moderate

red wine, carries numerous

consumption

health benefits (Gaziano

of

et al.,

1993; Stockley, 2000). These benefits are attributable to the biological properties of
wine's

polyphenolic

constituents,

and

most

notably

its antioxidant

and

radical

scavenging ability. Numerous in vivo and in vitro studies have confirmed resveratrol's
role in the cancerpreventive

and cardioprotective

properties

of wine. There

is,

however, a new school of thought suggesting that these benefits are derived from a
synergistic effect involving all of the polyphenolic compounds found in wine. It would
therefore

be unwise to isolate resveratrol as the only health-providing

compound in

red wine, but rather emphasise the role it plays, together with a number of other
compounds.

Future studies will most probably focus on the exploitation

of these

compounds in wine to further improve the health benefits of both red and white wine.
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Stilbenes are secondary plant products that are produced through the
phenylalanine/polymalonate pathway. The stilbene resveratrol is a stress metabolite
produced by Vitis vinifera during fungal infection, wounding or UV-radiation. Resveratrol
is synthesised particularly in the skin cells of grape berries and only traces are found in
the fruit flesh. Red wine therefore contains a much higher resveratrol concentration than
white wine due to skin contact during fermentation. Resveratrol has been shown to have
cancer chemopreventive activity and reduce the risk of coronary heart disease. It acts
as an antioxidant and anti-mutagen and has the ability to induce specific enzymes,
which metabolise carcinogenic substances. Therefore the objective of this study was to
investigate the feasibility of developing wine yeasts for the production of resveratrol
during fermentation in both red and white wines. To achieve this goal, the
phenylpropanoid pathway in yeast would have to be modified to produce p-coumaroylCoA, one of the substrates required for resveratrol synthesis. The other substrate,
malonyl-CoA, is already found in yeast and is involved in de novo fatty acid
biosynthesis. We hypothesised that the production of p-coumaroyl-CoA can be
achieved by cloning and expressing the PAL (phenylalanine ammonia-lyase), C4H
(cinnamate 4-hydroxylase) and 4CL9 or 4CL216 (coenzyme A ligase) genes in
laboratory strains of Saccharomyces cerevisiae. Results, however, have shown that
although it appears that the yeast is able to convert p-coumaric acid to p-coumaroylCoA, it is unable to produce resveratrol. The introduction of the resveratrol synthase,
Vst1 gene into the yeast was unable to catalyse the addition of three acetate units from
malonyl-CoA to p-coumaroyl-CoA.
4.1 INTRODUCTION

The stress metabolite resveratrol has enjoyed considerable tenure as a research subject
in diverse fields ranging from disease resistance in plants to its contribution to human
health. Both structural and biochemical mechanisms are involved in providing resistance
to a plant from its pathogens (Jeandet et al., 1995). The active defense mechanism in
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plants, in response to infection, involves the induced accumulation of antimicrobial, low
molecular weight secondary metabolites known as phytoalexins (Hammerschmidt,
1999). Stilbene synthases synthesise the backbone of the stilbene phytoalexins that
have antifungal properties and contribute to the pathogen defenses of the plant (Tropf et
al., 1995). The speed and intensity with which stilbene compounds are formed are
indicators of the plants ability to resist fungal infection. The rapid increase in resveratrol
concentration in grapevine after infection by Botrytis cinerea gives a good indication of
the crucial role it plays in disease resistance. The primary area of defense for the grape
against fungal infection is the grape skin. As a result resveratrol is synthesised
particularly in the skin cells of the grape whereas only small amounts can be detected in
the fruit flesh (Jeandet et al., 1995). Indeed as soon as the fungus has penetrated into
the inner tissues through the grape surface it is able to develop unhindered in the fruit
(Considine, 1982).
During red wine vinification the must is fermented with the grape skins. As the
temperature and alcohol content increases, phenolic substances, including resveratrol,
are extracted into the wine. Must used for the production of white wine is fermented in
the absence of the grape skin and therefore contains very little of these compounds.
Due to this difference in vinification practices it is only the consumption of red wine that
has been linked to the "French paradox". This dietary anomaly suggests that although
the French seemingly follow a high-fat diet and low exercise lifestyle they have a
remarkably low incidence of coronary heart disease. Oxidative modification of lowdensity lipoproteins is recognised as an important factor in the development of
atherosclerosis (Steinberg, 1991). Resveratrol has been implicated in this beneficial
action of red wine mainly due to its ability to act as an antioxidant and an inhibitor of
platelet aggregation (Kopp, 1998). Based on the structural similarity between resveratrol
and the synthetic estrogen diethylstilbesterol Gehm et al. (1997) have shown that
resveratrol acts as a phytoestrogen. Given the known cardioprotective benefits of
estrogens (Lobo, 1995), these findings are extremely appealing.
Dietary intake contributes to both the development and prevention of human cancer
(Huang, 1997). Certain phytochemicals in fruit, vegetable, spices, beverages and foods
have been identified as potential cancer chemopreventive agents. Resveratrol's
antioxidant and anti-inflammatory activity enables it to inhibit biochemical changes
involved in tumor initiation, promotion and progression (Huang, 1997). Given these
health benefits the aim of this study was to investigate the feasibility to develop wine
yeasts for the production of resveratrol during fermentation in both red and white wines.
This required the introduction of an entire metabolic pathway into the yeast. MalonylCoA, one of the substrates required for the production of resveratrol, is present in the
yeast and is actively involved in fatty acid biosynthesis (Lampl et al., 1996). The other
substrate, p-coumaroyl-CoA, can be produced from p-coumaric acid which is found in
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small quantities in grape must (Goldberg et al., 1998) and is shown to be able to be
accumulated by yeast. The amount present in the grape must as well as the amount
accumulated by yeast could, however, be a limiting factor in the production of
resveratrol. To overcome this problem it was decided to introduce a new metabolic
pathway into a laboratory strain of S. cerevisiae to produce p-coumaric acid from
phenylalanine (Figure 1).

Phenylalanine

=

PAL
Phenylalanine
ammonia-lyase
C4H = Cinnamate 4-hydroxylase
RS = Resveratrol synthase

Cinnamic acid

1

Coumaric acid

3 malonyl-CoA

CoA-NgBse

p-coumaroyl-CoA

RS

Resveratrol

+

4 CoASH

+

4 CO2

Figure 1. The biosynthesis of resveratrol from phenylalanine (adapted from Schroder

and Schroder, 1990).

4.2 MATERIALS AND METHODS
4.2.1 MICROBIAL STRAINS, MEDIA AND GENETIC METHODS
All yeast and bacterial strains used in this study and their relevant genotypes are listed
in Table 1. Escherichia coli DH5a cells were used for bacterial transformations and were
grown at 37°e in Luria-Bertani (LB) broth, containing 1.2% tryptone, 1.2% sodium
chloride and 0.6% yeast extract (Sambrook et aI., 1989). All percentages are given as
w/v unless otherwise stated. All bacterial transformations and isolation of DNA was done
according to Sambrook et al. (1989). Selection was done on solid media (LB agar)
containing 100 J.lg/mlampicilan (Boehringer-Mannheim, Randburg, South). S. cerevisiae
cells were grown at 30 e in synthetic media SeD and SeDL (containing 0.67% yeast
0
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nitrogen base without amino acids (Difco), supplemented with the required amino acids
and 2% glucose [for SCD] or 0.8% glucose [for SCDL] as well as in rich media, YPD
(containing

1.2% yeast extract, 2.5% peptones and 1.2% glucose) or YPG (containing

1.2% yeast extract, 2.5% peptones and 1.2% galactose).

Solid media contained 2%

agar. Standard procedures for the manipulation of DNA were used throughout the study
(Ausubel et al., 1994). Restriction enzymes, T4 DNA-ligase and Expand Hi-Fidelity DNA
polymerase

were used in the enzymatic manipulation

of DNA (Boehringer-Mannheim)

and used according to the specifications of the supplier.
Table 1. Microbial strains used in this study.
Bacterial strain

Genotype

Source

Escherichia coli DH5a

F' endA 1 hsdR17 (r, - m/) supE44 thi-1

GIBCO-BRLlLife

recA 1

gyrA

(Nair)

relA 1

L1(1acIZYA- Technologies

argF)U169 deoR [FBOdlac DE(lacz)M15]
Yeast strains
FY23

MATa leu2 trp1 ura3

Winston et al., 1995

FY23

pDLG34CL9; YEplac181 Vst1

This study

FY23

pDLG34CL216;

VIN13

Commercial wine yeast strain

This study
Anchor
Yeast,
Africa

YEplac181Vst1

The laboratory yeast strain FY23 was transformed
and the positive transformants

South

according to standard protocols

were selected on SC media without the amino acids

leucine and uracil (Ausubel et al., 1994). The industrial wine yeast strain VIN13 was
transformed

by means of electroporation.

Yeast cells were inoculated into 10 ml YPD

and incubated at 30°C overnight. Pre-warmed YPD was then inoculated and incubated
until mid-log phase was reached [absorbance at 600 nm (A6oo)of 1]. The cells were then
harvested at 5000 rpm for 5 min, washed with 50 ml sterile water and re-suspended
50 ml 0.025 M 1,4-dithiothreitol-solution
All centrifugation
were harvested

and incubated at room temperature for 10 min.

steps were carried out in a Sorvall GSA rotor. Thereafter,
again and washed

in

in 50 ml Tris/ethylene

the cells

diamine tetra-acetic

acid

disodium salt-buffer (TE-buffer; pH 7.5). The cells were finally suspended in 10 ml TE
buffer. 10-15 ~g of linear DNA (PCR product), in a maximum volume of 20 ~I, was
added to 400 ~I of cell suspension in a microcentrifuge
min. A 70% v/v polyethylene
thoroughly,

glycol-solution

tube and incubated on ice for 10

(400 ~I) was then added and mixed

but carefully. The mixture was transferred to 4 mm electroporation

cuvettes

(EquiBio) and incubated on ice for 5-10 min. The EasyjecT + 450 Twin pulse (EquiBio)
apparatus was used for electroporation.

The pulse program was as follows: The voltage

was set to 1300 V, with 25 ~F capacity, a shunt of 329 ohm and the pulse, 8.2 msec.
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Following transformation of the integrative plasmids, half the cells were plated out
directly onto the selective plates, whereas the remainder of the cells were pre-incubated
in YPD at 30°C for 2-4 h before being plated out on the selective media. Selection of
transformants took place on YPD plates containing geneticin (Sigma) with
concentrations varying between 220 J.1g/mland 280 J.1g/ml.
4.2.2 CONSTRUCTION

OF A RE-USEABLE

EXPRESSION CASSETTE

All primers used in the construction of the cassettes and plasmids are listed in Table 2
and Table 3, respectively. The phosphoglycerate kinase (PGK1) promoter and
terminator was amplified from pHVXII as a cloning cassette using PCR and inserted into
pUG6 (GOIdener et al., 1996) at the EeoRV-Spel site. This produced pJCP containing an
expression cassette with the EeoRI-Bgnl-Xhol cloning sites (Figure 2). Primers were
then designed with flanking sigma sequences (PJCP-forward, PJCP-reverse) that would
anneal upstream of the first 10xP site and downstream of the PGK1 terminator (Table 2).
algma

.,_.

ICII<P

......
algma

EcoRJ

Bg/IJ

Xhd.

Figure 2. Construction of the expression cassette, pJCP, from the disruption cassette,
pUG6 (adapted from GOldener et al., 1996).

Integration into the yeast genome takes place via homologous recombination
between the flanking sigma sequences on the primers and the repeated sigma
sequences in S. eerevisiae (Figure 3). This sequence is a highly conserved 340-341 bp
element that corresponds to the long terminal repeat of the retrotransposon Ty3 (Clarke
et al., 1988). It occurs as an isolated sigma element approximately 30 times on different
chromosomes of the haploid genome (Sandmeyer et al., 1988).
In order to use the kad marker gene for several integrations it is necessary to
eliminate the marker from successfully integrated cassettes. This is achieved through
the introduction of the ere-recombination plasmid, pSH47 (GOIdener et al., 1996). This
plasmid carries the URA3 marker gene and the ere-recombinase gene under the control
of the inducible GAL 1 promoter. Expression of the ere-recombinase can be induced by
shifting the cells from YPD (glucose) to YPG (galactose) medium. Recombination takes
place between the two loxP sites thereby removing the marker and leaving behind a
single loxP site (Figure 4). GOldener et al. (1996) reported that growth for 2 h in
galactose media was sufficient to remove the kad marker gene in 80-90% of the cells.
Due to the polyploidy of industrial wine yeast the URA3 gene on pSH47 is unable to be
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l

,

Transformation

Integration

c::=::l~_~_-==:::J/
Figure 3. Homologous

recombination

between the expression cassette and sigma

sequences in the yeast genome (adapted from GOidener et 8/., 1996).
used as a selective marker. It was therefore necessary to introduce the SMR1 gene into
pSH47 to serve as a dominant selective marker for positive transformants.

This was

done by amplifying the EN02 promoter from the industrial wine yeast strain VIN13 using

peR. The SMR gene was obtained by peR from the plasmid pWX509. Both fragments
were digested with Pstl, ligated together and amplified using peR before being cloned
into the pGEM-T vector system (Promega). The entire fragment was cut out at the Ncol-

NS/l sites and cloned into pSH47 at the same sites. This produced plasmid pSH47SMR
containing the SMR gene under the control of the EN02 promoter thereby enabling it to
provide resistance to the herbicide sulfometuron

methyl (SMM).

Transformation

Promotor induction

pSH47

,
EN02-SMRI

I

pSH47SMR

I

...-~-~
=12_'-===
Figure 4. Marker recovery using the pSH47 cre-recombinase
GOldener et a/., 1996).

system (adapted from
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4.2.3 PLASMID CONSTRUCTION
The PAL gene (from 8romheadia

finlaysoniana)

(primers listed in Table 2) and sub-cloned

was amplified from pPAL using PCR

into the pGEM-T vector system (Promega),

before being cloned into pJCP at the 8glll-Xhol

site generating plasmid pJCPPAL. The

Xhol site on pJCP and Xbal site on the PAL insert were first made blunt ends using the
Klenow reaction (Amersham Pharmacia Biotech). The C4H gene (from Arabidopsis) was
cut from p8137 at the EcoRI-Xbal
then

cut out with

pJCPC4H.
8glll-Xhol

EcoRI-Xhol

sites and sub-cloned
and cloned

into pSP73 (Promega).

into pJCP,

at those

sites,

It was

generating

The 4CL9 and 4CL216 genes (from hybrid poplar) were inserted into the
sites of pJCP generating pJCP4CL9 and pJCP4CL216. The Vst1 gene (from

Vitis) was cut from pVST1 and inserted at the EcoRI site of pJCP generating pJCPVst1.
The correct orientation was confirmed by digestion with Kpnl. The resulting expression
cassettes
amplified

in pJCPPAL,

pJCPC4H,

pJCP4CL9,

pJCP4CL216

and pJCPVst1

by PCR using the PJCP forward and reverse primers containing

sigma sequences,

were

50 bp of

in order to target integration into the multicopy sigma sequences in

the yeast genome.
Table 2. Primers used in this study.
Template

Primer

RE sites

PGK pin pHVXl1

5' GACTGATATCCCCGGGAGCTTTCTAACTGATCTACT

3'

EcoRV
Smal

PGK Tin pHVXII

5' GACTACTAGTTAACGAACGCAGAATTTTGG

EN02 (Forward)

5' GACTCCCGGGGTCGACGCTGCGGGTATAGA

EN02 (Reverse)

5' TGCACTGCAGCATTATTATTGTATGTTATAGTA

SMR (Forward)

5' TGCACTGCAGATGATCAGACAATCTACGCT

3'

Pstl

SMR (Reverse)

5' TGCAATGCATTCAGTGCTTACCGCCTGTAC

3'

Nsil

4CL9 (Forward)

5' GATCAGATCTATGGAGGCCAATAAGGATCA

3'

8gll1

4CL216 (Forward)

5'GATCAGATCTATGGAGGCGAAAAATGATCA

4CL9, 4CL216 (Reverse)

5' GT ACCGGGCCCCCTCGAG

PAL (Forward)

5' GATCAGATCTATGGAAGTTTCGAAGGAGAA

PAL (Reverse)

5' GATCTCTAGACTTCTTCCACAGTTGACATC

PJCP (Foward)

5'ACCGGAGTGTCTTGACAA

Spel

3'
3'
3'

3'

Smal
Pstl

8gll1
Xhol

'3
3'
3'

TCCT AA TAT AAACAGTCTT AGG

8gll1
Xbal

Sigma sites

GAAGTAACCATTCGTACGCTGCAGGTCGAC3'

PJCP (Reverse)

5'GAGAT ATGTCAGT ATGACAA T ACGTCACCCTGAACGTTCA

Sigma sites

TAAAACACATCGGCCGCATAGGCCACTAGT3'
Restriction

sites are indicated by the underlined nucleic acids.

The Vst1 gene was cut from pVST1 at the EcoRI sites and cloned into YEpeno2 under
the control of the EN02 promoter generating Yepeno2Vst1.

The correct orientation was
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confirmed by digestion with Kpnl. The entire expression cassette was cut out at the
BamHI-Xbal site and cloned into YEplac181, which contains the LEU2 auxotrophic
marker, generating Yeplac181Vst1. The coenzyme A ligase 4CL9 and 4CL216 genes
were amplified using PCR from p4CL9 and p4CL216 and sub-cloned into the pGEM-T
vector system. The genes were then subcloned into pDLG3 at the BgIII-Xhol sites under
control of the ADH2 promoter yielding pDLG34CL9 and pDLG34CL216. pDLG3 contains
the URA3 auxotrophic marker.
Table 3. Plasmids used and constructed in this study.
Plasmid
pUG6
pHVXl1
pJCP
pPAL
p8137
p4CL9
p4CL216
pVST1
pJCPPAL
pJCPC4H
pJCP4CL9
pJCP4CL216
pJCPVst1
pSH47
pWX509
pSH47SMR
pDLG3
pDLG34CL9
pDLG34CL216
YEpeno2
YEpeno2Vst1
Yeplac181Vst1

Genotype
LoxP-kanMX-loxP
PGK1 PfT
LoxP-kanMX-loxP; PGK1 PfT
Bluescript, PAL
C4H
Bluescript, 4CL9
Bluescript, 4CL216
Bluescript, Vst1
LoxP-kanMX-loxP; PGK1 PfT; PAL
LoxP-kanMX-loxP; PGK1 PfT; C4H
LoxP-kanMX-loxP; PGK1 PfT; 4CL9
LoxP-kanMX-loxP; PGK1 PfT; 4CL216
LoxP-kanMX-loxP; PGK1 PfT; Vst1
GAL 1, cre-recombinase; URA3
SMR1-410
GAL 1, cre-recombinase; URA3; EN02,
SMR
ADH2 PfT; URA3
ADH2 PfT; URA3; 4CL9
ADH2 PfT; URA3; 4CL216
EN02 PfT
EN02 PfT; URA3; Vst1
EN02 PfT; LEU2; Vst1

Source
GOldener et a/., 1996
Volschenk et a/., 1997
This study
Liew et a/., 1996
Bell-Lelong et a/., 1997
Allina et a/., 1998
Allina et a/., 1998
Hain et a/., 1993
This study
This study
This study
This study
This study
GOldener et a/., 1996
Casey et a/., 1988
This study
La Grange et a/., 1997
This study
This study
Unpublished
This study
This study

4.2.4 NORTHERN BLOT ANALYSIS
Cells were grown in 10 ml selective media for 48 hrs. Total RNA was isolated using the
FastRNA kit-RED product (BIO 101). RNA (10 ).1g)from each culture was subjected to
formamide gel electrophoresis. The RNA was then transferred to a Hybond-N nylon
membrane (Amersham Pharmacia Biotech) and Northern blotting performed according
to standard procedures (Ausubel et a/., 1994). The 1646 bp 4CL9, 1673 bp 4CL216 and
1178 bp Vst1 PCR products were used as probes. All probes were labeled with 32p_
dATP using the Prime-It II random labeling kit (Stratagene).
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4.2.5 p-COUMARIC ACID ASSAYS
FY23 transformed with pDLG34CL9 and Yeplac181Vst1 or pDLG34CL216 and
Yeplac181Vst1 were grown in 10 ml SCDL without the amino acids leucine and uracil.
FY23 grown in 10 ml SCD with the amino acids leucine and uracil was used as control.
Culutures were done in duplicate using different colonies. p-Coumaric acid (20 mg/L)
(Sigma) was added to each culture. Spectrophotometric readings were taken at 285 nm
(Cavin et a/., 1993) to measure the amount of p-coumaric acid before inoculation and
24, 48 and 72 h after inoculation. 1 ml of cell culture was centrifuged at high speed for
20 s after which 100 ~I of supernatant was diluted 10x with 50 mM KH2P04 buffer for
each reading.
In a separate experiment the above strains (2 X pDLG34CL9, Yeplac181Vst1; 2 X
pDLG34CL216, Yeplac181Vst1; FY23 as control) were also cultured in 100 ml of
selective media for 48 h. Once again 20 mg/L p-coumaric acid was added to each
culture. The cells were centrifuged at 5000 rpm for 5 min. The extracellular supernatant
was then removed. The experiment was repeated except this time the cells were then
vortexed with glass beads to release the intracellular enzymes, and then incubated
overnight. Both the extracellular and intracellular samples were purified using an organic
solvent protein extraction method. An equal volume of chilled (-20°C) ethanol was slowly
added to the sample (4°C) with continuous gentle stirring on ice. The stirring was
continued for 10-15 min on ice after which the samples were centrifuged in a cold rotor
for 10 min at 10 000 rpm (Kaufman, 1971; Scopes, 1982), to form a protein pellet. Both
the intracellular and extracellular supernatants were then subjected to capillary
electrophoresis (CE) and high-pressure liquid chromatography (HPLC) analysis to
determine whether p-coumaric acid was accumulated by the yeast.
The CE analysis was performed on an Hp3D CE (Hewlett-Packard) system equipped
with diode ray detection and containing a fused silica capillary, 75 mm internal diameter
with a total length of 64.5 cm. Hydrodynamic, 50 mbar 4 s injection was used. The
diode array detection monitored wavelengths 206, 280 and 313 nm (integration
wavelength = 206 nm). The temperature was set at 32°C and 100 mM borate, pH 9.3,
was used. The separation voltage was 25 kV. Data was analysed on HP Chemstation
Software.
The HPLC analysis was performed on an Alliance 2690 Module with a 996
Photodiode Array Detector (Waters). A 125 x 4 mm Macherey-Nagel Nucleosil C18, 5
IJm particle size column was used. 10 IJI was injected at a flow rate of 1 mllmin. The
mobile phase consisted of A: 1% acetic acid in water with a 65% isocratic gradient and
B: 1% acetic acid methanol with a 35% isocratic gradient. The oven temperature was set
at 25°C with DAD (integration wavelength = 280 nm) detection. Data was analysed on
Millenium Chromatography Manager Software.
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4.2.6 RESVERA TROL ASSAYS
FY23 transformed with pDLG34CL9 and Yeplac181Vst1 or pDLG34CL216 and
Yeplac181Vst1 and an FY23 control strain were inoculated from an overnight pre-culture
into 100 ml SCDL containing 20 mg/L p-coumaric acid. Culutures were done in duplicate
using different colonies. Cells were grown at 30°C for 48 h. The cultures were then
centrifuged at 5000 rpm for 5 min and the supernatant removed. The remaining cells
were then re-suspended in 20 ml phosphate buffered saline (10 mM phosphate; 150 mM
NaCI; pH 7.4) after which glass beads were added and the cells vortexed in order to
break them open. The cell debris was then removed by centrifuging at 5000 rpm for 5
min. Both the extracellular and intracellular supernatants were protein purified using the
previously described method and subjected to CE and HPLC analyses.
A second set of assays were done where not only p-coumaric acid, but also malonylCoA and coenzyme A were added to the assay mixture. The same cultures as above
were inoculated from an overnight pre-culture into 100 ml SCDL and grown at 30°C for
48 h. The cultures were harvested as previously described and the supernatant
extracted. The cells were re-suspended in 20 ml phosphate buffered saline, after which
glass beads were added and the cells vortexed in order to break them open. At this
stage 20 mg/L p-coumaric acid, 20 mg/L coenzyme A from yeast (Sigma) and 20 mg/L
malonyl-CoA (Sigma) was added and the mixture incubated overnight at 30°C. A sixth
culture (FY23 control) was spiked with 20 mg/L resveratrol as a control. Protein
purification was done as previously described and the extracellular and intracellular
supernatants were subjected to CE and HPLC analyses to determine if any resveratrol
was produced.
4.3 RESULTS AND DISCUSSION
4.3.1

CONSTRUCTION

OF EXPRESSION

CASSETTES AND YEAST TRANSFOR-

MATION

With the aim of introducing a metabolic pathway in yeast for the production of resveratrol
the PAL, C4H, 4CL9, 4CL216 and Vst1 genes were cloned into yeast integration
plasmids, under the control of the constitutive PGK1 promoter and terminator. Difficulty
was, however, experienced in transforming the integrative constructs containing the
geneticin marker into FY23 and the industrial wine yeast VIN13. It was extremely difficult
to find a concentration range of geneticin to select on. As soon as growth stopped on the
control plates it also stopped on the selection plates. The batch of geneticin was
changed numerous times in order to rule out a possible inactive antibiotic. One possible
explanation is an extremely small difference in resistance between the wild type and the
transformed strain. This could be as a result of the strains used or alternatively, very
weak expression of the kan' marker. Another possible explanation is that the expression
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cassettes, which are between 4.5 kb- 5.5 kb, are too large to integrate into the sigma
regions which stretch only 340 bp. The massive difference in size could possibly hinder
homologous recombination. It was therefore decided to clone the 4CL9, 4CL216 and
Vst1 genes into episomal plasmids under the control of the EN02 and PGK1 promoters,
respectively. The newly constructed plasmids (pDLG34CL9, pDLG34CL216 and
Yeplac181Vst1) were transformed into the laboratory yeast strain FY23 and all
subsequent results only pertain to these transformants.
4.3.2 NORTHERN BLOT ANALYSIS

1

2

3

4 C

1

2 3 4 C

1.2 Kb

Vst1

1.6 Kb

CL91 CL216

Figure 5. Northern blot analysis of transformed yeast strains. Lanes 1 and 3 show FY23
transformed with CL9 and Vst1. Lanes 2 and 4 are FY23 transformed with CL216 and
Vst1. FY23 was used as a control.

Northern blot analysis of the 4CL9, 4CL216 and Vst1 genes showed that they were all
successfully transcribed in the yeast (Figure 5). The control strain did not show any
hybridisation signal on the autoradiograph. The detected signal in the lanes containing
RNA from the transformed strains corresponded to the correct size when compared to' a
Bio-Rad Laboratories RNA molecular size marker.
4.3.3 p-COUMARIC ACID ASSAYS
The spectrophotometric assay of the four transformed yeast strains and the control
clearly showed that the yeast was able to utilise p-coumaric acid from the medium. After
48 h more than half the p-coumaric acid had been removed from the medium (Figure 6).
Surprisingly the FY23 control culture had accumulated almost as much p-coumaric acid
as the transformed yeast. Yeast cells utilise p-coumaric acid for the production of volatile
phenols. This indicated that either the yeast accumulated the same amount of pcoumaric acid regardless of the amount that it used or that the transformed yeasts were
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not converting

p-coumaric

acid to p-coumaroyl-CoA

via the 4CL9 and 4CL216 gene

products.
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Figure 6. The accumulation

of p-coumaric acid by the control and transformed yeasts.
Each assay was read in duplicate. Initial concentration of 20 mg/L p-coumaric acid.
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Figure 7. CE analysis of the extracellular supernatant containing p-coumaric acid.
Sample 1 and 3 show yeast transformed with the 4CL9 and Vst1 genes while sample 2
andA are yeast transformed
yeast.

with 4CL216 and Vst1. The control is the untransformed
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Figure 8. CE analysis of the intracellular compounds containing p-coumaric acid.
Sample 1 and 3 show yeast transformed with the 4CL9 and Vst1 genes while sample 2
and 4 are yeast transformed with 4CL216 and Vst1. A spiked sample containing 10
mg/L was included as a standard. The control is the untransformed yeast.
Although

the spectrophotometric

able to accumulate

assays showed that the FY23 control strain was

and utilise as much p-coumaric

acid as the strains containing the

4CL9 and Vst1 or, 4CL216 and Vst1 genes, these results should be interpreted with
caution. The spectrophotometric

assays are not renowned to be completely

accurate

and as reliable as CE and HPLC and merely provide an indication. The CE and HPLC
are both able to provide far more precise data on the samples. It is important to note that
the protein purification

step would have diluted the p-coumaric

acid content two-fold,

leaving only 10 mg/L in the sample. CE analysis of both the extracellular (Figure 7) and
intracellular

(Figure 8) compounds

showed that the transformed yeasts containing the

4CL9 and 4CL216 genes utilised a substantially

greater amount of p-coumaric

acid

when compared to the control strain. This was confirmed by the HPLC analyses (Figure
9and 11).
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Figure 9. HPLG analysis of the extracellular supernatant containing p-coumaric acid.
Sample 1 and 3 show yeast transformed with the 4CL9 and Vst1 genes while sample 2
and 4 are yeast transformed with 4CL216 and Vst1. A slight shift in the profile is used to

illustrate the difference between the control and the samples.
4.3.4 RESVERA TROL ASSAYS
The GE and HPLG analyses were unable to detect any resveratrol in the first set of
assays in either the intracellular or extracellular samples. It was thought that the
malonyl-GoA, already found in the yeast, might be the limiting factor. Although fatty acid
synthesis takes place in the cytoplasm, Ivessa et al. (1996) reported that the Acc1p
which catalyses the carboxylation of acetyl-GoA to yield malonyl-GoA (Kohlwein and
Schneiter, 1996) is associated with the cytoplasmic surface of the endoplasmic reticulum
(ER). Should this process result in the malonyl-GoA being bound to the ER it would
greatly reduce its availability to take part in other cytosolic reactions. Based on this
hypothesis a second set of analyses was performed in which we added GoA and
malonyl-GoA was spiked in the sample. As malonyl-GoA cannot be taken up by the
yeast the extracellular samples were discarded and only the intracellular samples
analysed.
Figure 10 and 11 once again conclusively showed that a greater amount of pcoumaric acid was utilised by the transformed yeast strains containing the 4CL9 and
Vst1 or, 4CL216 and Vst1 genes compared to the control strain. Both of these figures
also clearly show that no resveratrol is produced in any of the samples. The slight
curves of the samples to the bottom right of the spiked resveratrol sample in Figure 11
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exhibit a completely different spectrum to that of resveratrol and should not be mistaken
as containing a small quantity of resveratrol.
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Control

'j

-____.

Samplel+2~

~~~_sa.,..mpl.".e3

Spiked resveratro!
Std.

\

/

Samptet-S

j _~:~~

eee
+4=~"",:::J_";"_"0fo_'

Figure 10. CE analysis of the intracellular compounds showing p-coumaric acid and
resveratrol. Sample 1 and 3 show yeast transformed with the 4CL9 and Vst1 genes
while sample 2 and 4 are yeast transformed with 4CL216 and Vst1. Samples were
incubated with 20 mg/L p-coumaric acid, 20 mg/L CoA and 20 mg/L malonyl-CoA. The
p-coumaric content can be seen on the left and the resveratrol content on the right of the
graph.
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Figure 11. HPLC analysis of the intracellular compounds showing p-coumaric acid and
resveratrol. Sample 1 and 3 show yeast transformed with the 4CL9 and Vst1 genes
while sample 2 and 4 are yeast transformed with 4CL216 and Vst1. Samples were
incubated with 20 mg/L p-coumaric acid, 20 mg/L CoA, and 20 mg/L malonyl-GoA. A
spiked sample of 10 mg/L p-coumaric acid and 10 mg/L resveratrol was included. The 5
sample profiles were shifted slightly for easier illustration. The p-coumaric acid content
can be seen on the left and the resveratrol content on the right of the graph.
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4.4 CONCLUSION
The lack of positive transformants
amount

of research

disruption

using geneticin is extremely puzzling, as a large

has been successful

and multiple integration

using this selection

marker.

For future

projects the possibility of removing the native TEF

promoter and replacing it with a stronger constitutive promoter such as EN02 so as to
of the ken' gene will be investigated.

increase the expression

The viability of using

different target sites in the yeast genome other than sigma will also be tested. This may
be important with the integration of larger fragments.
The CE and HPLC assays indicated that the yeast strains transformed with the 4CL9
and Vst1 or, 4CL216 and Vst1 genes utilised p-coumaric acid in far greater quantities
than the control
coumaroyl-CoA

strain.

Unfortunately

we cannot confirm that it is converted

as we are unable to obtain a p-coumaroyl-CoA

standard.

to p-

We are,

however, able to speculate that the transcribed coenzyme A genes (4CL9 and 4CL216)
have produced correctly folded proteins and active enzymes, and are able to convert the
p-coumaric

acid to p-coumaroyl-CoA.

Both isoforms of the gene appear to be equally

adept at performing their function.
The lack of resveratrol

production

is extremely

unfortunate.

After the first set of

assays were completed it was possible that the other substrate, malonyl-CoA,

was not

available in large enough quantities in the cytoplasm to take part in the reaction. Equally
possible may have been the shortage of available coenzyme A. The addition of these
two substrates, however, was unable to bring about a change in the results leading us to
believe that the resveratrol synthase enzyme is at this stage inactive in yeast. Although
the resveratrol synthase gene, Vst1, is transcribed by the yeast we can only assume that
the protein has undergone
produce

an active

glycosylate

posttranslational

enzyme.

heterologous

modification

It is a common

proteins

and

occurrence

therefore

and is therefore

unable to

that yeasts tend to over-

produce

inactive

enzymes.

The

resveratrol synthase gene has previously been successfully expressed in E. coli (Tropf
et a/., 1995), which is unable to glycosylate

likely that this glycosylation

heterologous proteins. It is therefore highly

is rendering the enzyme inactive. Another strong possibility

is the formation of disulphide bridges between cysteine residues. The exact mechanism
of this process in yeast remains unknown although its occurrence

has been proven.

Tropf et a/. (1995) have shown that the active site on resveratrol synthase is a cysteine
residue (Cys 169) and it is responsible for binding to the p-coumaroyl-CoA.

A disulphide

bridge on this residue will more than likely hinder this process. Antibody studies will have
to be done in order to clarify and isolate the exact cause of the inactive protein. These
results are consistent with previous studies which, have shown that yeast are in some
cases able to produce active enzymes from higher organisms such as plants, but that
this phenomenon

is in the minority and more often than not the proteins are not active.
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This setback has not brought an end to our research in this field. All of the constructs
are available and with the rapid advancements

that are taking place in biotechnology

it

is probable that we will in the near future possess the biological tools to be able to
manipulate the posttranslational

modification

and folding of heterologous

proteins thus

enabling the production of active enzymes. In the meantime we are taking an alternative
route by over-expressing

the resveratrol synthase gene in grapevine. Not only will this

increase the plants' resistance to disease but it will also increase the resveratrol content
in wine. It looks like that wholesome bottle of red wine might not be too far away after all.
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GENERAL DISCUSSION AND CONCLUSION
----------

5.1 CONCLUDING REMARKS AND OTHER PERPSECTIVES
The results of various studies suggest that the level of resistance in grapevine is
regulated by the amount and/or speed of phytoalexin accumulation (Hammerschmidt,
1999). These results, however, do not preclude the involvement of other defenses
that contribute quantitatively to plant defense. It has previously been suggested that
phytoalexins are not a direct part of the plants' defense but merely a response that is
correlated in time and magnitude with the onset of the defence response. These
notions need to be dispelled immediately as an abundance of experimental evidence
exists to the contrary. The grapevine stilbene synthase gene has successfully been
expressed in tobacco (Hain et al., 1993), tomato (Thomzik et al., 1997), and rice
(Stark-Lorenzen et al., 1997), all of which showed increased disease resistance.
Experiments that are able to disrupt phytoalexin synthesis will confirm the role of
phytoalexins in the defence response. Keen (1981), has used metabolic inhibitors
that block phytoalexin synthesis, thereby enhancing susceptibility to disease. By
comparing transgenic plants that have an enhanced phytoalexin response to ones
with the phytoalexin biosynthesis removed, we will ultimately be able to put to rest
any doubts that exist over the phytoalexins' role in disease resistance. Technology,
however, first needs to be developed to disrupt plant genes, thereby destroying the
phytoalexin biosynthetic pathways.
It is accurate to say that resveratrol forms the principle component of the active
defence mechanism in grapevine. Whether in its monomeric form or as a more
complex structure in the form of a viniferin (Jeandet et al., 1995), resveratrol has
been shown, in a number of studies, to be active against the pathogenicity of Botrytis
cinerea. In response to this mechanism, B. cinerea produces laccase, a compound
that is able to degrade resveratrol thereby providing itself with a weapon for survival
(Sbaghi et al., 1996). This should further silence critics who have reservations about
phytoalexins, and resveratrol in particular, in their role in disease resistance.
The health benefits that are derived from the consumption of wine still remain a
controversial topic. Each of the previously discussed compounds have undergone
extensive individual examinations into their various effects on platelet aggregation,
LDL oxidation and vasodilation, all of which suggest an ability to interrupt the
pathophysiology of atherosclerotic plaque formation. Indeed, they may in fact all have
potential as starting material in drug development programmes (Formica and
Regelson, 1995). It is extremely important to take cognisance of the fact that the total
antioxidant potential that wine offers is as a result of the synergistic action of all the
compounds, which may be several fold higher than the sum of the individual
compounds' activities. In vivo studies have shown that oral ingestion of phenol-rich
beverages such as tea and wine is able to increase the antioxidant potential in
humans (Whitehead et al., 1995). The antioxidant protection is undoubtedly provided
by resveratrol and the polyphenols, most notably the f1avonoids.The only consistent
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difference between red and white wine is the phenolic content, which is at least 20
times higher in red wine (Frankel et al., 1995). This logically explains the increased
protection

provided

by red wine over white wine. Further research

required into the bioavailability,

is, however,

stability and antioxidant activity in human serum of

this vast array of bioactive compounds.
A major point of contention remains the alcohol content in wine. Although it has
been conclusively

shown that alcohol has cardioprotective

effects it still remains

difficult to promote the consumption of alcohol given the far-reaching

implications of

excessive drinking. There is a fine line between the moderate consumption of alcohol
and excessive drinking which is more likely to increase mortality than is abstinence. It
does appear, however, that wine is drunk in a healthier fashion than other alcoholic
beverages.

Strong epidemiologic

evidence

recommends

that on the basis of its

protective effects wine, in moderate quantities, should be consumed with meals in
order to optimise its contribution

to human health (Willet et al., 1991).

This may

reduce the toxic effects of high alcohol consumption due to reduced absorption.
A number of interesting questions have been proposed that keep open the debate
on the protective benefits of wine. Is it not possible that in countries, where wine is
the primary beverage consumed, the standard of nutrition is a lot higher with foods
such as olive oil and other components of the Mediterranean diet? Could this not be
the reason for the lower incidence of coronary heart disease? (Criqui and Ringel,
1994). While such challenges
paradox"

are

consumption

abundant

there

on the relationship
is simply

too

between wine and the "French
much

evidence

to

support

the

of red wine and its health benefits. These hypotheses, however, serve

an extremely important function as they continually stimulate new ideas and initiate
further research in this fascinating field.
The introduction of a metabolic pathway into yeast for the production of resveratrol
remains a novel and innovative idea. Unfortunately

it appears as if the resveratrol

synthase protein has been modified by the yeast to such an extent that it is unable to
produce an active enzyme. Antibody studies will go a long way in clarifying the exact
nature of this problem. Hopefully in the not too distant future the molecular tools to
manipulate the posttranslational

modification

of heterologous

proteins in yeast will

become available. This result should by no means be seen as a stumbling block in
the expression of plant genes in yeast. The production of an active enzyme from the
coenzyme-A genes is promising for future experiments in this field. We are currently
pursuing an alternative route to realise our goal of increasing the resveratrol content
in wine. By over-expressing

the resveratrol synthase gene in grapevine we will not

only be able to increase its resistance to disease but also increase the amount of
resveratrol in wine. This holds extremely exciting prospects for the wine industry in
the future.

61

Stellenbosch University http://scholar.sun.ac.za
5.2 LITERATURE CITED
CRIQUI, M.H. & RINGEL, B.L., 1994. Does diet or alcohol explain the French paradox?
1719-1723.

Lancet 344,

FORMICA, J.v. & REGELSON, W., 1995. Review
bioflavonoids. Food Chern. Toxicol. 33,1061-1080.

and

of the

biology

of quercetin

related

FRANKEL, E.N., WATERHOUSE, A.L. & TEISSEDRE, P.L., 1995. Principle phenolic phytochemicals
in selected California wines and their antioxidant activity in inhibiting oxidation of human LDL.. J.
Agric. Food Chern. 43, 890-894.
HAIN, R, REIF, H.J., KRAUSE, E., LANGEBARTELS,
R, KINDLE, H., VORNOM, B., WIESE, W.,
SCHMELZER, E., SCHREIER, P.H., STOCKER, RH., & STENZEL, K., 1993. Disease resistance
results from foreign phytoalexin expression in a novel plant. Nature 361, 153-156.
HAMMERSCHMIDT,
R, 1999. Phytoalexins:
Phytopathol. 37,285-306.

What have we learned

after 60 years? Annu.

Rev.

JEANDET, P., BESSIS, R, SBAGHI, M. & MEUNIER, P., 1995. Production of the phytoalexin
resveratrol by grapes as a response to Botrytis attack under natural conditions. J. Phytopathol.
143, 135-139.
KEEN, N.T., 1981. Evaluation of the role of phytoalexins.
and Toenniessen, G.H., 155-177, New York: Wiley.

In: Plant Disease Control, ed. Staples, RC.

SBAGHI, M., JEANDET, P., BESSIS, R & LEROUX, P., 1996. Degradation of stilbene-type
phytoalexins in relation to the pathogenicity of Botrytis cinerea to grapevines. Plant Pathol. 45, 139144.
STARK-LORENZEN,
P., NELKE, B., HANSSLER G., MULBACH, & THOMZIK, J.E., 1997. Transfer of
a grapevine stilbene synthase gene to rice (Oryzae sativa L). Plant Cell Rep. 16, 668-673.
THOMZIK, J.E., STENZEL, K., STOCKER, R, SCHREIER, P.H., HAIN, R & STAHL, D.J., 1997.
Synthesis of a grapevine phytoalexin in transgenic tomatoes (Lycopersicon esculentum Mill.)
conditions resistance against Phytophthora infestans. Physio/. Mol. Plant Pathol. 51,265-278.
WHITEHEAD, T.P., ROBINSON, D., ALLAWAY, S., SYMS, J. & HALE, A., 1995. Effect of red wine
ingestion on the antioxidant capacity of serum. Clin. Chern. 41, 32-35.
WILLET, W.C., SACKS, F., TRICHOPOULOU, A., DRESCHER, G., FERRO-LUZZI, A., HELSING, E.
& TRICHOPOULOS, D., 1991. Mediterranean diet pyramid: a cultural model for healthy eating. Am.
J. Glin. Nutr. 61 (suppl.), 1402S-1406S.

