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ABSTRACT

Downy mildew, caused by the biotrophic Oomycete Plasmopara viticola, is one of the
most important diseases of grapevines world wide. It is particularly destructive in
temperate viticultural regions that experience warm wet conditions during the
vegetative growth of the vine (Wong et al., 2001). The disease is not normally a
problem in mediterranean climates where the growing season tends to be hot and dry
(Mullins et al., 1992; Sivasithamparam, 1993). Grape downy mildew is however a
major disease in Australian viticulture (McLean et al., 1984; Magarey et al., 1991).
Grape downy mildew was first reported in Europe in 1878 (Viennot-Bourgin, 1981). In
Australia, it was recorded for the first time in 1917 at Rutherglen in Victoria (Vic) (de
Castella, 1917). The first recorded outbreak of the disease in Western Australia (WA)
occurred in 1997 in a small planting of vines in the far north of the state. In the
subsequent year, it was detected in widespread commercial viticulture in the Swan
Valley production area, near Perth (McKirdy et al., 1999). The pathogen has since
been found in all grape growing regions of WA. Since its introduction into European
vineyards in the 1880’s, P. viticola has become one of the world’s most investigated
grapevine pathogens. Many aspects its basic biology however remain unknown (Wong
et al., 2001).
Due to the recent detection of P. viticola in WA, little is known of the nature of
strains of the pathogen in the state and their response to local environmental
conditions. Much of the research concerning the influence of environmental factors
on the development of P. viticola has been conducted in Europe e.g. parts of France
and Germany. Due to significant differences in climatic conditions and a shorter
selection time on the pathogen in WA, much of the information described in
European studies may not be directly applicable to the grape downy mildew disease
situation in WA.
The focus of this thesis was to examine epidemiological aspects of P. viticola in the
mediterranean climate of WA. The environmental conditions that could favour the
development of epidemics by strains of the pathogen that have been detected in the
state were determined. The existence of P. viticola ecotypes and genetic variation
among strains from WA and the Eastern states of Australia was also investigated.

i

Direct sporangial germination was demonstrated for WA strains of P. viticola. The
phenomenon occurred in the absence of the host and was generally favoured by
environmental conditions considered less than optimal for infection by P. viticola.
Most importantly however was that sporangia had the capacity to germinate in the
absence of free water, a factor that has been previously thought to be essential for
infection.
Indirect sporangial germination, via the release of zoospores, occurred in free water
at temperatures ranging from 5 to 35 °C. At 20 °C, germination occurred in light and
dark environments.
darkness.

Levels of sporangial germination were however reduced in

Numbers of geminated sporangia increased with time however not all

propagules liberated zoospores, even after incubation for 24 h.
In free water on the surface of susceptible Vitis vinifera cv. Chardonnay leaf tissues,
zoospores germinated within 1 h following the deposition of sporangia. Zoospores
germinated at temperatures ranging from 5 to 30 °C. A 20 °C and dark environment
favoured this phase of the infection process.
Leaf tissues were not penetrated by germ tubes arising from zoospores at 5, 30 or 35
°C.

Penetration did however occur at 10 and 25 °C and temperatures tested in

between.

Like zoospore germination, a dark and 20 °C environment favoured

penetration of the host. Germ tubes penetrating stomatal apertures were observed
within the first hour following inoculation of susceptible leaf tissues.
Zoospore germination and host penetration were favoured by darkness.

Both

processes did however occur in light but at reduced levels. Unlike its stimulatory
effect on sporangia, light exerted an inhibitory effect on the development of
zoospores soon after their release from sporangia.

This in turn influenced the

infectivity of the pathogen.
Temperature exerted a greater influence than relative humidity (RH) on the
colonisation of host tissues by P. viticola. Leaf tissues were aggressively colonised by
the pathogen at 20 °C and 85 % RH. Levels of colonisation were reduced at 10 °C,
most likely due to disruption of the host’s physiological functions e.g. respiration. A
decrease in RH also resulted in reduced levels of colonisation.

ii

Sporulation did not occur at 10 or 30 °C. The pathogen did however sporulate at 20
°C.

At this temperature, sporulation occurred in light and darkness and in

atmospheres varying in RH from 30 to 100 %. The capacity of P. viticola to sporulate
was however reduced at low RH. Sporangial production was enhanced in darkness.
Strains of P. viticola sourced from different grape growing locations in WA, New
South Wales (NSW), Queensland (Qld) and South Australia (SA) responded similarly to
different temperatures of incubation following inoculation. Zoospores from all of the
strains germinated and penetrated the host at 10 and 20 °C. None of the strains
penetrated leaf tissues at 30 °C. Zoospores from only the Wilyabrup and Chittering
strains from WA germinated at 30 °C.

Such behaviour could indicate ecotypic

specialisation of these two strains.
Genetic analysis of the P. viticola strains assessed in the ecotype study revealed low
levels of diversity among the WA strains. The strains could therefore be similar in
their parentage or origin. None of the strains from WA were related to those sourced
from the Eastern states of Australia. The Wilyabrup and Chittering strains possessed
unique, though not identical, alleles. It remains to be determined if the presence of
those alleles are related to the variations in infection behaviour observed for these
strains in the previous investigation.
The development of grape downy mildew in WA is favoured by specific combinations
of the environmental factors temperature, RH and light. This study has shown that
the most critical factor that determines the success of infection in WA is
temperature.

The conditions that favour severe outbreaks of the disease in WA

generally do not differ from those reported in earlier literature. As with P. viticola
elsewhere, it is likely that infection in WA vineyards would take place during the
night or early hours of the morning when temperature, RH and light would be
conducive. Sporangia from WA strains of P. viticola do however appear to be more
resilient than European strains to variations in temperature, RH and light. Sporangia
germinated directly in the absence of the host and free water. Sporangia germinated
indirectly via the release of zoospores under a broad spectrum of temperatures (5-35
°C). Indirect sporangial germination was also favoured by low levels of light rather
than darkness. The pathogen was able to sporulate in relatively dry (30 % RH) and
saturated atmospheres (100% RH).

Such infection behaviour could provide an

explanation for the prevalence of the disease each year in WA and other areas in
Australia that have a hot dry climate.
iii
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CHAPTER 1
GENERAL INTRODUCTION

1.1

Viticulture in Western Australia

Grape growing (wine, raisin and table) is the largest fruit industry in Australia.
Production occurs in environments ranging from temperate to tropical (Oag, 2000).
Wine grape production and wine making is the largest and most predominant of the
three viticulture industries. The wine making industry in Western Australia (WA) is a
small but an important contributor to the national wine industry, being recognised as
a producer of premium and ultra-premium wines.

The industry has experienced

significant increases in wine production and export over the last five years and is one
of the fastest growing wine making industries in the country. In 2002 there were 78
wine making locations in WA, representing one fifth of all locations in Australia. In
the same year, the total area of vineyards cultivated in WA was 11 381 ha (ABS,
2003). The principal wine producing area of WA is the South West Australia wine
zone (AWBC, 2003). This area accounted for 80.9 % (9 208 ha) of the total area of
vines and 86.2 % (54 804 t) of the total grape production for winemaking in the 2002
season (ABS, 2003).

1.2

Grape downy mildew disease

Grape downy mildew, caused by the biotrophic Oomycete Plasmopara viticola, is one
of the most serious diseases of Australian and world viticulture (McLean et al., 1984;
Wong et al., 2001). Australian viticulture is based on the grapevine species Vitis
vinifera L., which is susceptible to P. viticola (McLean et al., 1984). The disease is
most severe in temperate wine growing regions which experience warm wet
conditions during the growing season. The pathogen attacks all green parts of the
vine however most economic loss is associated with cluster destruction and
defoliation.
Grape downy mildew is thought to be a relatively new disease in WA having only
been reported for the first time in commercial viticulture in 1998 (McKirdy et al.,
1999). It was first recorded in Europe in 1878, in Britain in 1894 and in Australia in
1917 (de Castella, 1917; Viennot-Bourgin, 1981).
1

The absence of environmental

conditions suitable for its development and the existence of stringent quarantine
measures in WA were thought to have prevented its establishment or introduction
(Weltzein, 1981; McLean et al., 1984).

An alternative theory suggested that the

disease may have been in WA for some time at low and/or undetectable levels and
very low incidence (McLean et al., 1984).

In WA, P. viticola is isolated

geographically and by distance from other Australian and world wide localities
affected by the disease.

1.3

Purpose of this thesis

The purpose of this thesis was to i) determine if strains of P. viticola associated with
the disease in WA are specifically adapted to environmental conditions that prevail in
the state or ii) if the conditions required for outbreaks of the disease defined in
earlier literature are so broad that they encompass the behaviour of the pathogen in
the mediterranean climate of WA. Pre- and post-infection behaviour of WA strains of
P. viticola, in relation to environmental conditions, was assessed. More specifically,
the influence of the environmental factors temperature, light and relative humidity
(RH) on specific stages of pathogen development during the infection process was
examined. The stages included germination of sporangia, germination of zoospores,
penetration of stomatal apertures by germ tubes arising from zoospores (infection),
colonisation of sub-epidermal tissues in the leaf and sporulation of the pathogen.
The existence of ecotypes and genetic variation among WA strains of P. viticola was
also investigated. It is hoped that these studies will provide further insight into the
biology of the pathogen in WA and subsequently improve the management of the
disease through more targeted measures.

2

CHAPTER 2
REVIEW OF THE LITERATURE

2.1

GRAPE DOWNY MILDEW DISEASE

2.1.1

Taxonomy of Plasmopara viticola

Grape downy mildew is one of the most serious infectious diseases of Australian and
world viticulture.

It is caused by the oomycetous organism Plasmopara viticola

(Kendrick, 1992).

Oomycetes are fungi-like members of the kingdom Chromista

making them more closely related to heterokont algae than true fungi, green algae
or plants (Kumar and Rzhetsky, 1996; Van de Peer and De Wachter, 1997; Rumbolz et
al., 2002).
Plasmopara viticola is a member of Peronosporaceae, the most highly specialised
family within the order Peronsporales.

All species belonging to this family are

obligate parasites of higher plants and cause diseases called downy mildews
(Alexopoulos and Mims, 1979).

Being an obligate parasite, P. viticola cannot be

cultured in vitro on inert nutritive media (Lafon and Bulit, 1981; Kiefer et al., 2002).
It can be grown only in living and metabolizing plant tissues (Prell and Day, 2001).
Plasmopara viticola is also heterothallic, meaning two genetically distinct but
compatible mycelia must fuse before sexual reproduction can take place (Kendrick,
1992; Wong et al., 2001).
The causative organism of grape downy mildew has previously been classified
taxonomically as Botrytis cana Lk., Botrytis viticola Berk. & Curt., Peronospora
viticola de Bary and finally Plasmopara viticola (Berk. & Curt.) Berlese & de Toni
(Schweintz, 1837, Berkeley, 1855, de Bary, 1863 and Berlese and de Toni, 1888 cited
in Viennot-Bourgin, 1981; Emmett et al., 1992).
2.1.2

History and distribution

Grape downy mildew originated in North America and was first described over a
century ago. It has since spread from the point of origin to vineyards all over the
world. The importation of an American grape cultivar for use as a rootstock resistant
to the serious grape pest phylloxera (Daktulospharia vitifolii) has been identified as
3

the probable source of spread of P. viticola into Europe in 1878 (Viennot-Bourgin,
1981; Emmett et al., 1992). It has since been recorded in at least 91 countries and
from nearly all grape growing areas (Weltzein, 1981).

Grape downy mildew has

never been found or confirmed in the Pacific Northwest. In Oregon, P. viticola has
been recorded on Boston Ivy (Parthenocissus tricuspidata) but never on grapes. No
reports of grape downy mildew have ever been confirmed in Oregon (Jay Pscheidt,
pers. comm.). Weltzein (1981) concluded that the geographical distribution of grape
downy mildew is governed by the distribution of the host V. vinifera (the cultivated
grapevine) and by environmental factors. Infection, sporulation and survival of the
asexual propagules of the pathogen are dependent on specific conditions of
temperature, leaf wetness and RH.

For these reasons, grape downy mildew is

particularly destructive in viticultural regions that experience warm, wet conditions
during vegetative growth of the vine (Lafon and Clerjeau, 1988; Wong et al., 2001).
The first outbreak of grape downy mildew in Australia was recorded in 1917 at
Rutherglen, Victoria (Vic) (de Castella, 1917). Soon after the pathogen dispersed
throughout the viticultural districts of New South Wales (NSW), Vic, South Australia
(SA) and Queensland (Qld) (Laffer, 1918; McLean et al., 1984). It was later recorded
in Tasmania in 1959 (Emmett et al., 1998).
Until recently, WA was one of the few grape growing areas in the world that was free
from grape downy mildew (McKirdy et al., 1999). The absence of environmental
conditions suitable for its development and the existence of stringent quarantine
measures in the state were thought to have prevented its introduction (Weltzein,
1981; McLean et al., 1984; Emmett et al., 1992). An alternative theory suggested
that the disease may have been in WA for some time at low and/or undetectable
levels and very low incidence. In 1984, McLean and others predicted a regular low
incidence with a sporadic severe occurrence of downy mildew in Margaret River and
the Swan Valley if P. viticola was present in those WA regions. They also speculated
that epidemics could occur occasionally in areas like Margaret River, Mount Barker
and Frankland. Vineyards in the Swan Valley however were considered unlikely to
suffer serious losses, should P. viticola be present or introduced, due to unfavourable
environmental conditions (McLean et al., 1984).
The first recorded outbreak of grape downy mildew in WA was in 1997 in a small
planting of vines grown at Kalumburu, a remote community in the semi-arid tropics
of WA. Subsequent to this it was eradicated. In 1998 the disease was detected for
the first time in widespread commercial viticulture in the Swan Valley, near Perth,
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which is one of the main grape production areas in WA (McKirdy et al., 1999). At
least 17 diseased vineyards were found in the Swan Valley in 1998.

From the

widespread spatial distribution of infected properties at that time, it is reasonable to
assume that the pathogen had arrived in WA some years earlier and been present
undetected (Peter Magarey, pers. comm.).

Since then, grape downy mildew has

been found in many table and wine grape growing areas within the state including
Kununurra and Broome in the Kimberley (Barry Conde and Rex Pitkethley, pers.
comm.), Carnarvon in the Gascoyne (Ian Cameron, pers. comm.), Geraldton and
Northampton in the Central West (Morcombe, 1999), Chittering Valley in the Perth
Hills (Morcombe, 1999), Dunsborough, Cowaramup and Boyanup in the South West
(Fisher, 1999) and Albany and Denmark in the Great Southern region.
2.1.3

Host range

Plasmopara viticola is specific to grapevines and mainly attacks the cultivars of V.
vinifera which constitute the majority of vineyards under cultivation throughout the
world (Lafon and Bulit, 1981). Vitis vinifera is so widely grown due to its high fruit
yield and quality and its capacity to grow in diverse climatic conditions (Alleweldt
and Possingham, 1988).

All V. vinifera cultivars are susceptible to grape downy

mildew with susceptibility differing only slightly between cultivars. For example,
Sultana and Pinot Noir are particularly susceptible while Cabernet Sauvignon and
Semillon are less susceptible (Sohi and Sridhar, 1970; Emmett et al., 1998).
Hybrids of V. vinifera and other Vitis species are less susceptible or are resistant e.g.
V. rupestris and V. riparia (Lafon and Bulit, 1981; Olmo, 1986; Emmett et al., 1992).
These species have been utilized as principal sources of resistance in European
breeding programs in an attempt to breed new grapevine varieties resistant to the
pathogen (Alleweldt and Possingham, 1988; Mullins et al., 1992).
2.1.4

Life cycle

In temperate regions, the pathogen overwinters as oospores in infected leaves and
bunch parts on the ground or as resting mycelia in buds, persistent leaves and stems
(Lafon and Clerjeau, 1988).

Viable oospores germinate to produce a sporangium

which germinates to release motile spores (zoospores) when free water is present at
a suitable temperature for adequate duration. Splash dispersed sporangia release
zoospores which infect the grapevine provided that the foliage is wet at a suitable
temperature for adequate duration.

The broad criteria that are used to signal
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primary infection are at least 10 mm rainfall with a minimum temperature of 10 °C or
above over a 24 h period (Magarey et al., 1991). Such conditions may occur at any
time throughout the growing season. Symptoms of primary infection, such as the
distinctive vineyard evidence of yellow “oilspots” on leaves, appear after a
temperature dependent incubation period of 4-20 d. Given adequate temperature,
humidity and darkness, sporangia are produced from primary oilspots and emerge
through stomatal openings (Magarey et al., 1991). Sporulation requires at least 4 h
of darkness combined with an ambient temperature of 13 °C or more and RH levels of
at least 95 % or saturation vapour pressure deficit (SVPD) <1.3 mb (Magarey et al.,
1991; Emmett et al., 1992; Magarey et al., 1994). The sporangia are splashed or
blown to foliage and if conditions are appropriate, germination occurs with release of
zoospores that swim to stomata and penetrate host tissues (secondary infection
sites). The life cycle is completed when oospores develop within infected ageing
leaves during late summer and autumn (Emmett et al., 1998).
2.1.4.1

Propagation strategies

Two propagation strategies occur in the lifecycle of P. viticola: primary infections
(originating form sexual spores) and secondary infections (originating from asexual
spores) (Figure 2.1). Primary infection, where inoculum is spread from the soil to the
vine, initiates the disease cycle each season. The spread of inoculum from primary
infection sites to cause second generation infections in the canopy via leaf to leaf,
shoot, inflorescence, berries and/or stalk routes is called secondary infection
(Magarey et al., 1991). Primary infections begin the disease cycle of P. viticola each
season with the appearance of oilspots and are not considered to multiply or disperse
pathogen inoculum significantly.

Secondary infections are the major source of

disease spread since large numbers of sporangia per leaf are produced that can
migrate via wind or water in a short time over long distances (up to 100 m) to cause
new infections (Fisher et al., 2000). Hence primary infections play a role only at the
start of an epidemic while secondary infections are responsible for the growth of the
epidemic (Rumbou and Gessler, 2004).
In recent literature however, the contribution of each propagation strategy to the
development of epidemics has been questioned. In a study by Stark-Urnau et al.
(2000), the genetic variability of P. viticola isolates derived from primary and
secondary infections from a vineyard in Germany were compared.

Genotypic

diversity was found to be high amongst primary infections and low amongst
secondary infections suggesting environmentally directed selection (Stark-Urnau et
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al., 2000).

Four separate investigations outlined in the Proceedings of the 4th

International Workshop on Powdery and Downy Mildew in Grapevine (Gessler et al.,
2002; Gobbin et al., 2002; Pertot et al., 2002; Rumbou et al., 2002) and recent
studies by Gobbin et al. (2003a, 2005) and Rumbou and Gessler (2004) all suggested
that

grape

downy

mildew

epidemics

are

generally

driven

by

continuous

oosporic/primary infections. These investigations used molecular techniques such as
microsatellite polymerase chain reaction (PCR) amplification and sequencer based
fragment analysis to investigate the genetic diversity of several P. viticola
populations sampled at various stages throughout epidemics in a number of European
vineyards. It was assumed that isolates of P. viticola having different allele patterns
were derived from independent oosporic infections (primary infections) while isolates
presenting identical allele patterns (same genotype) were clonal progeny, derived
from the same primary lesion (asexual reproduction). A multitude of genotypes were
found in the populations investigated however the clonal fractions in each tended to
be low suggesting primary infections were the driving force behind P. viticola
epidemics. It is yet to be determined if this is true for epidemics in vineyards within
the mediterranean climatic regions of Australia.

2.2

SYMPTOMS

All green parts of the vine, namely leaves and tendrils, petioles, shoots,
inflorescences and bunches can be affected by grape downy mildew. The earlier an
infection event occurs in the growing season, the greater the resulting damage,
especially to bunches.
2.2.1

Leaves

Leaves are usually considered to be the first site to be infected. Symptoms on leaves
vary with leaf age, prevailing weather and duration of the incubation period (Lafon
and Bulit, 1981; Lafon and Clerjeau, 1988; Emmett et al., 1992).
On young leaves, after an incubation period of moderate duration (7-10 d), the
disease appears on the upper surface as yellow translucent oily lesions or oilspots
(Figure 2.2 a) (Lafon and Bulit, 1981).

These yellow oilspots are the distinctive

vineyard symptom of grape downy mildew (Magarey et al., 1991). Sporulation – a
delicate, dense, white, felt-like growth consisting of sporangia and sporangiophores
of the pathogen – occurs under the oilspots on the lower surface of the leaf (Figure
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2.2 b). In warm wet conditions, the oily lesions may enlarge (to approximately 50
mm diameter) and coalesce to cover most of the leaf (Emmett et al., 1998; Fisher et
al., 2000). In conditions that are unfavourable, the oilspots dry out, become red or
brown in colour (Figure 2.2 c).

Later, when humid conditions return, further

sporulation of the pathogen may occur around the outer active edges of these brown
lesions (Figure 2.2 d) (Emmett et al., 1992). The incubation period can be very brief
(up to 4-5 d) if suitable levels of temperature, RH and darkness for disease occur. In
such cases there is no obvious underlying oilspot and the pathogen sporulates before
symptoms are expressed (Figure 2.2 e) (Lafon and Bulit, 1981).
On aged leaves, infections appear as small angular lesions that are confined by minor
veins (Figure 2.2 f). These proceed to form a patchwork of spots that soon turn from
yellow to red-brown in colour. Severe infection causes leaves to fall prematurely,
reducing berry yield and sugar content, and exposing remaining bunches to sunburn
(Fisher et al., 2000).
2.2.2

Shoots, petioles and tendrils

Infected shoots are rare but appear stunted and distorted with oily brown areas.
After warm humid nights suitable for infection, these oily patches may become white
with sporulation (Lafon and Clerjeau, 1988; Emmett et al., 1992). Eventually the
infected shoots turn brown and die. Petioles and tendrils exhibit similar symptoms to
those found on shoots (Lafon and Bulit, 1981).

If infected early enough in the

growing season they turn brown, dry up, and drop.
2.2.3

Inflorescences and bunches

Infected inflorescences and young bunches turn brown and wither. Young berries
(<5-7 mm diameter) when infected stop growing, harden and develop a purple hue
which then turn a darker brown, shrivel and fall from bunches. Older berries, which
are normally resistant to P. viticola, may be killed if berry or bunch stems become
severely affected (Magarey et al., 1994). Bunch infection before, during or after
flowering may result in poor fruit set, reduced fruit quality and considerable crop
loss (Lafon and Clerjeau, 1988; Reuveni et al., 2001). Total crop loss can occur if
severe disease is not managed, especially near flowering (Fisher et al., 2000).
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2.3

COST TO AUSTRALIAN VITICULTURE

In the 1990’s, it was estimated grape downy mildew annually cost Australian
viticulture AUD$22.5 million in direct crop loss and a further AUD$10 million in
attempts to control the disease (Magarey and Butler, 1998; Magarey and Emmett,
1998). Total annual losses since then will have increased because the industry has
expanded (Peter Magarey, pers. comm.). In wet seasons, which occur on average
every nine to ten years, total loss was estimated to exceed AUD$60 million because
the application of controls, costing near AUD$20 million, were not timed according to
disease risk (Magarey et al., 1991; Magarey and Butler, 1998). The wet season loss
estimates would be proportionally higher as Australian viticultural area (ha) and
value of production ($) has increased.

The yield loss, high cost and the use of

chemicals has resulted in uncertainty about the effectiveness of control measures in
the industry.

2.4

INFECTION PROCESS

The infection process of P. viticola is a highly coordinated series of events during
which the host and pathogen interact with each other and with the environment.
The infection process consists of several distinct stages; germination of sporangia,
germination of zoospores and penetration of the host (infection) followed by an
incubation period during which the host is colonised. The process terminates when
sporulation of the pathogen occurs. Colonisation of host tissues and sporulation of
the pathogen occur post-infection. These stages are not normally termed infection
but they are however associated with it. In this thesis, the term infection is being
used in its broadest sense hence the infection process of P. viticola consists of both
pre- and post-infection stages.
2.4.1

Germination of sporangia

Two mechanisms of sporangial germination are known for oomycete pathogens –
direct and indirect. In many of the foliar pathogens, sporangia germinate directly on
susceptible host tissues by the formation of a germ tube (Heffer et al., 2002). A
sporangium that germinates in this way, and therefore acts as a single infective unit,
is sometimes referred to as a conidium. A conidium is defined as an asexual fungal
spore formed and liberated from a conidiogenous cell; it is not motile, not developed
by cytoplasmic cleavage like a sporangiospore or by free cell formation like an
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ascospore (Holliday, 1998).

In most of the soil and water inhabiting genera,

germination of sporangia occurs indirectly by the formation of motile spores called
zoospores (Heffer et al., 2002).
species-specific,

however

some

The particular germination mechanism is often
species

e.g.

Phytophthora

infestans

and

Phytophthora cryptogea, can germinate by either mechanism depending on
prevailing environmental conditions such as temperature and moisture availability
(Colhoun, 1973; Erwin and Ribeiro, 1996).
Generally, the asexual propagules of the downy mildews germinate either by germ
tubes (directly) or by zoospores (indirectly). In the genera Bremia, Peronospora and
all except one species of Sclerospora, germination of sporangia occurs directly. In
these instances, the spores behave as conidia (Populer, 1981).

Sclerospora

graminicola and the genera Plasmopara and Pseudoperonospora produce zoospores
(Populer, 1981) and hence the asexual propagules of these species and genera are
referred to as sporangia. Germ tube germination via a germ tube occurs sporadically
in Sclerospora graminicola (Weston, 1924) and Plasmopara halstedii (Goossen and
Sackston, 1968).
In addition to mode of germination, the asexual propagules of the downy mildews
can be differentiated as conidia or sporangia by morphological examination.
Sporangia have a distinct apical modification of the wall and are commonly described
as being operculate. As sporangia mature the lens shaped operculum enlarges giving
the apex of the propagule a papillate appearance (Shaw, 1981; Emmett et al., 1992).
Typically, the operculum completely detaches from the sporangium due to an
increase in osmotic pressure prior to zoospore discharge. Unlike sporangia where
zoospores are released through a pore in the apical region, conidia have no apical
wall modification therefore germ tubes may emerge from anywhere on the
circumference of the propagule (Shaw, 1981).
2.4.1.1

Indirect germination

Throughout the literature it is recorded that sporangia of Plasmopara viticola
liberate zoospores in free water which then swim to stomata that provide the entry
point for the pathogen into the host (Lafon and Clerjeau, 1988; Emmett et al., 1992;
Magarey et al., 1994; Kiefer et al., 2002).
viticola is said to occur indirectly.
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Hence, sporangial germination of P.

Environmental factors strongly influence the success of this initial stage in the
infection process of P. viticola. After deposition of sporangia onto susceptible host
tissues, the infection process only continues if leaf-wetness conditions permit the
release of zoospores (Büche et al., 2002). Free water must be present for sporangia
to germinate and for the liberation of zoospores to occur. Germination of sporangia
is also dependent on temperature, light and age of the propagules with young
sporangia germinating more readily (Lafon and Bulit, 1981).

The liberation of

zoospores from sporangia has been observed at temperatures ranging between 2 to 9
°C and 28 to 30 °C, with optima between 15 and 25 °C (Gregory, 1915; Blaeser and
Weltzein, 1977; Galet, 1977). The germination process requires 10 h at extreme
temperatures but only 40-60 min at optimum temperatures (Lafon and Bulit, 1981).
Under Indian conditions, with day temperatures above 30 °C, the vitality of sporangia
is conditioned by sunlight.

Srinivasan and Jeyarajan (1976) found that sporangia

harvested during the day between 10 am and 6 pm did not germinate.

Those

collected at night between 8 pm and 6 am germinated within 1 h with maximum
germination among those harvested at 2 am (Srinivasan and Jeyarajan, 1976). In
Greece, Zachos (1959) reported exposure of sporangia to dry sunlight for 1 h was
sufficient to have a permanent detrimental effect on their viability.

Similarly in

France, Lafon and Bulit (1981) found sporangia collected in the evening following a
hot sunny day did not germinate.
The number of zoospores produced by each sporangium varies greatly.

‘Large’

sporangia produce as many as 15-17 zoospores while ‘small’ ones have only one or
two. Typically five to eight zoospores are produced per sporangium (Gregory, 1912).
2.4.1.2

Direct germination

In the early literature on this subject, sporangia were exclusively referred to as
conidia and several alternative modes of germination were proposed for P. viticola.
In 1881, Patrigeon suggested the production of a germ tube by the conidium’s
contents - following expulsion, rounding up and enclosure of the contents by a
membrane - as a possible mode of germination (Patrigeon, 1881 cited in Gregory,
1912).

Viala (1893) sketched and described three types of conidial germination

namely i) by zoospores; ii) by the emission of the entire contents of the conidium as
described by Patrigeon above and iii) directly by a germ tube.

Viala found the

emission of a conidium’s contents was favoured by temperatures below 20 °C.
Conidia taken from conidiophores which had become a dull white due to desiccation
reliably produced germ tubes (Viala, 1893).
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However, both Patrigeon and Viala

recognised that any mode of germination other than zoospore release by the
pathogen was rare.

Istvanffi (1913) proposed the same modes of conidial

germination as Viala and stated that germination by means of a germ tube only
occurs in “moist air” (humid conditions). It is important to note however Istvanfii
never observed this type of germination (Istvanffi, 1913). The same mechanisms of
germination have however been reported by de Bary (de Bary, 1887) for numerous
other Peronosporales therefore it was concluded that such pathways were possible
for P. viticola.
There have been few recent studies since these which have suggested alternative
modes of sporangial germination for P. viticola. In a study by Langcake and Lovell
(1980) on infection of resistant and susceptible Vitis species by P. viticola, the
authors state that “at no time during these experiments was the infection of
grapevine by P. viticola seen to be initiated by sporangia except via the liberation of
zoospores”. Water plays an extremely important role in the life cycle of P. viticola
since the liberation of motile zoospores from sporangia only occurs if free water is
present on the surface of grapevine tissues.

In that study, young fully-expanded

grapevine leaves were inoculated by spraying the underside of leaves with a
concentrated aqueous suspension of P. viticola sporangia (Langcake and Lovell,
1980). Since water encourages the release of zoospores from sporangia it would be
unlikely that the authors would have seen evidence of direct germination. A recent
study by Sergeeva et al. (2002) refers to the asexual propagules (sporangia) of P.
viticola as conidia.

In that study the survival of “conidia” on V. vinifera cv.

Chardonnay leaves sprayed with chlorine dioxide was assessed using a fluorochrome
bioassay. At no time did the authors record germination of the propagules, however
they did state that the fluorochrome bioassay was faster than measuring conidial
germination when establishing survival rates (Sergeeva et al., 2002).

The most

probable reason for their use of the term “conidia” instead of sporangia may be a
misinterpretation of the mycological term.
To my knowledge there is only one contemporary paper that reliably demonstrates
direct germination of P. viticola sporangia.

In 1999, Kortekamp and Zyprian

investigated the role of leaf hairs during the infection process of P. viticola.
Infection was examined on leaves of four “hairy” Vitis spp under natural conditions
and upon treatment with a detergent (Tween 20). Under natural conditions, leaf
hairs caught droplets of inoculum, and the sporangia adhered to the hairs. As a
result, germination of sporangia via zoospores was not observed by the authors.
Instead, sporangia produced hyphae (germ tubes) directly (Kortekamp and Zyprian,
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1999). Hyphae did not infect the host however due to the long distance (>300 μm) to
the leaf surface. It was possible that germinated zoospores were present on leaf
surfaces under natural conditions but were washed off during fixation in alcohol
(Kortekamp and Zyprian, 1999). As treatment with detergent wetted the leaf hairs,
infection was enhanced and initiated via zoospores.

The authors observed 25

sporangia with germ tubes but gave no indication in their communication on the
proportion of sporangia that germinated via this mode i.e. the frequency of the
event.

The mechanisms by which sporangia are determined to each of the

alternative modes of germination are still far from clear (Kortekamp and Zyprian,
1999).
2.4.2

Germination of zoospores

Immediately after their release from the sporangium, the motile zoospores swim
using flagella in a whirling motion towards stomata (Lafon and Bulit, 1981).
Zoospores may swarm in water on the surface of vine tissues for several hours.
Gregory (1912) reviews several earlier works all of which confirm infections occur on
the lower (abaxial) surface of leaves through stomates. Infection via penetration of
the epidermis on the upper (adaxial) surface of leaves is reported to be possible but
uncommon (Gregory, 1912). Across a number of studies, the attraction of zoospores
to stomata has been correlated with width of stomatal aperture, the oxygen regime
at stomata, chemotactic and physical stimuli and factors that depend on stomatal
closure (Royle and Thomas, 1973; Emmett et al., 1992; Kiefer et al., 2002;
Kortekamp, 2003).
Usually after 20-30 min of swarming, zoospores become motionless and encyst at
stomata by absorbing their flagella and becoming enclosed by a membrane (Gregory,
1912).

Under favourable conditions e.g. persistent moisture, a germ tube or

“infection peg” is formed from each spore approximately 12 min later (Gregory,
1915; Lafon and Bulit, 1981).
2.4.3

Penetration of the host

Germ tubes emerging from zoospores penetrate the host plant almost exclusively via
the stomata and subsequently reach into the sub-stomatal cavity where they dilate
into infective vesicles from which primary hypha emerge (Emmett et al., 1992; Kiefer
et al., 2002). Other entry points into the host have been discussed in the literature
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i.e. wounds and flower stigmas, however they are considered exceptional (Lafon and
Bulit, 1981).
It is not uncommon to see two, three or more zoospores clustered about a single
stomate with all of them sending germ tubes into the host (Gregory, 1912). Galet
(1977) counted up to 17 zoospores penetrating a single stomate. The influence of
light on stomatal penetration was the subject of a study by Royle and Thomas (1973).
In light, zoospores settled on stomata of grapevine leaf discs, in groups of up to 10
but, in darkness, on comparatively few stomata in groups of up to 28. The authors
found that the presence or absence of light had little effect on stomatal penetration
and no significant effect on infection (Royle and Thomas, 1973).
Sufficient duration of foliage wetness is required together with adequate
temperature to enable the germination of encysted zoospores and growth of germ
tubes through stomates, to initiate infection (Magarey et al., 1991). Under optimal
conditions, the time from germination to penetration is reported to be less than 90
min (Lafon and Clerjeau, 1988). Alternatively, infection is said to be favoured by
surface wetness for at least 2 h after midnight following sporulation (Gregory, 1912;
Müller and Sleumer, 1934). In Germany, Blaeser and Weltzein (1977, 1979) found a
temperature-sum requirement of at least 45 degree hours (summation of hourly
temps, °C, until the specified value is achieved i.e. 2 h and 15 min at 20 °C) for
duration of leaf wetness before infection could occur.
2.4.4

Incubation/colonisation

The incubation period is “the time between infection and the first appearance of
disease symptoms or sporulation” (Emmett et al., 1992). During this time, P. viticola
colonises the inter- and intracellular spaces of the host and establishes haustoria that
penetrate into the walls of the mesophyll (Burruano, 2000; Kortekamp, 2005).
On susceptible hosts at 23 °C, haustorium formation begins within 3.5 h of
sporangium deposition on the abaxial surface of leaves (Langcake and Lovell, 1980;
Emmett et al., 1992). For the next 12-15 h, relatively little further development is
seen. During this time the haustorium dramatically increases in size but no further
hyphal development takes place. Once the haustorium is fully developed, a phase of
rapid growth proceeds. Within 24 h of inoculation, hyphae extend beyond the point
at which the first haustorium was formed and begin to form intercellular hyphae and

14

additional haustoria thereby parasitising the host (Langcake and Lovell, 1980). After
36 h, plasmolysis of grapevine cells is noticeable (browning of cells) (Gregory, 1912).
Growth of P. viticola mycelium within V. vinifera tissues is limited by cultivar, tissue
age, temperature and tissue anatomy. Gregory (1915) found mycelial growth was
more abundant and mycelia were greater in diameter in younger tissues. Müller and
Sleumer (1934) found growth ceased at 30 °C although mycelia remained viable for 12
d even at extreme temperatures (42-43 °C). Hyphal growth within leaf tissues is
restricted to the intercellular spaces of the mesophyll.

This results in both an

irregular shape and variability in the size of hyphae (Langcake and Lovell, 1980;
Kortekamp et al., 1998).

Occasional infection of epidermal cells has also been

observed. Vascular tissue represents a considerable physical barrier to the spread of
the pathogen due to the dense packaging of cells (Langcake and Lovell, 1980;
Kortekamp et al., 1998; Burruano, 2000; Rumbolz et al., 2002). Observations made
by Kortekamp et al. (1998) using light microscopy however revealed the pathogen
was able to traverse this barrier. Similarly, Langcake and Lovell (1980) found P.
viticola was able to breach this barrier in younger leaves enabling it to colonize
adjacent interveinal areas.

In more mature leaves, vascular tissue is less easily

breached (Langcake and Lovell, 1980; Kortekamp, 2003). In a study by Rumbolz et
al. (2002), the authors found the veins to be resistant to and thus impassable for P.
viticola hyphae. In the rachis of the inflorescence and the bunch however, hyphae of
P. viticola are unimpeded by veins and grow along the parenchyma (Büche et al.,
2002).

Light does not appear to affect intercellular colonization by P. viticola

(Rumbolz et al., 2002).
Duration of incubation varies with the weather i.e. temperature and humidity, tissue
age and grape cultivar (Gregory, 1915; Rafaila et al., 1968; Emmett et al., 1992).
Studies from different localities have shown that the duration of incubation ranges
from 4-21 d with 7-10 d being the most frequently reported (Rafaila et al., 1968;
Langcake and Lovell, 1980; Lafon and Bulit, 1981; Magarey et al., 1991; Emmett et
al., 1992).
The duration of the incubation period is strongly influenced by temperature (Magarey
et al., 1991). As temperature increases from 5 to 26 °C, the duration of incubation is
shortened (Emmett et al., 1992).

Optimum temperatures are 19 to 26 °C which

result in an incubation time of approximately 4-5 d (Müller and Sleumer, 1934;
Rafaila et al., 1968; Magarey et al., 1991).

In a study by Rafaila et al. (1968),

incubation lasted only 3 to 3.5 d at temperatures ranging between 22 and 24 °C.
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Humidity influences duration of the incubation period to a lesser extent than
temperature. As air humidity is reduced, the duration of incubation increases. At 13
°C, Müller and Sleumer (1934) found the incubation period lasted 6 d at 100 % RH
while at 80-90 % RH it extended to 11-12 d. At 28 °C, incubation was reduced to 5 to
6 d at 100 % RH while at 70 % RH it was reduced to 8 d.
As infected tissues increase in age, the duration of incubation is extended (Emmett
et al., 1992). In a study by Rafaila et al. (1968), grapevine shoots were divided into
three storeys with the third storey comprising the top of the shoot and hence the
youngest leaves. The longest incubation period was recorded on leaves in the first
story (8-10 d) and the shortest period on leaves in the third story (6-7 d) (Rafaila et
al., 1968).
Gregory (1915) reported that following inoculation in summer, the period of
incubation was from 7-12 d for the V. labrusca varieties Delaware, Niagra and
Catawba while for the V. riparia variety Concord, the incubation period was 20 d.
The difference exhibited between the vines was a result of early infection behaviour
on the hosts. On vines that exhibit resistance to the pathogen, the infection process
is slowed or retarded hence the duration of the incubation period is extended
(Gregory, 1915; Langcake and Lovell, 1980).
2.4.5

Sporulation

After incubation and discolouration of tissues, sporangia and sporangiophores may
develop from stomatal openings of infected organs.

The sporulation process is

influenced by RH, light, temperature and the condition of infected tissues (Emmett
et al., 1992).
Sporulation of P. viticola requires continuous high RH i.e. 95-100 % (Blaeser and
Weltzein, 1978; Lafon and Bulit, 1981). The process also requires darkness with a
minimum of 4 h needed at 20 °C for sporangiophores to form (Blaeser and Weltzein,
1978; Magarey et al., 1991). Moist dark conditions following a period of light favour
sporulation of the pathogen (Yarwood, 1937). Light exerts a pre-conditioning effect
on the host and/or pathogen prior to a sporulation event (Peter Magarey, pers.
comm.). Under continuous light or dark, little or no sporulation occurs (Yarwood,
1937). Sporulation of P. viticola therefore occurs most often at night because it is
inhibited by light and favoured by high RH (Müller and Sleumer, 1934; Yarwood,
1937; Brook, 1979). Brook (1979) and more recently Rumbolz et al. (2002) examined
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the effect of light quality, quantity and regimes on sporulation of P. viticola. Brook
found sporulation was inhibited by irradiation either with near ultraviolet light (310400 nm) or with green (500-560 nm) at intensities of more than 3 or 3.5 Wm-2
respectively (Brook, 1979). Rumbolz and others found white light irradiation
prevented the formation of sporangia while a “light” pre-conditioned prolonged dark
period was necessary for their formation (Rumbolz et al., 2002). Their results also
suggest photosensitivity at the end of the latent period. Different light qualities
were also tested revealing an inhibition of sporangium development by blue light
whereas neither red nor far-red light were effective (Rumbolz et al., 2002).
The reported minimum, optimum and maximum temperatures for sporulation of P.
viticola are 15, 17-27 and 29 °C respectively (Müller and Sleumer, 1934; Blaeser and
Weltzein, 1978; Populer, 1981). In a review of grape downy mildew by Emmett,
Wicks and Magarey (1992), sporulation is said to occur across a much larger
temperature range; 9-34 °C. A study by Zachos in Greece showed that sporulation
does not occur at temperatures below 13 °C (Zachos, 1959). Under conditions of high
RH and temperatures between 13 and 27 °C, sporangiophores form within 24 h
(Istvanfii, 1914 and Ravaz and Verge, 1914 cited in Lafon and Bulit, 1981). At 18 to
22 °C, the formation of sporangiophores takes between 10 to 12 h i.e. a single night
(Gregory, 1915; Lafon and Bulit, 1981). Some say that once initiated, sporulation
may take place repeatedly for several successive nights on the same lesion if
favourable conditions persist and the temperature remains above 11 °C (Müller and
Sleumer, 1934; Hill, 1989; Magarey et al., 1991; Emmett et al., 1992). In Germany,
Hill (1989) suggested the lower temperature threshold for sporulation was less than
11 °C but greater than 10.1 °C.

The minimum temperature at the onset of

sporulation however should not be lower than 12.5 °C (Hill, 1989).
Sporulation is reported to be favoured by high water content of infected tissues
(Branas, 1939 cited in Emmett et al., 1992).
Sporangia are dispersed via wind or in wind blown/splashed water droplets from rain,
overhead irrigation systems or dew.
humidity and light.

Their survival depends on temperature,

Sporangium viability decreases with increasing temperature,

decreasing RH and exposure to sunlight e.g. within 2-4 h of exposure to UV, P.
viticola sporangia are killed (Blaeser and Weltzein, 1978; Emmett et al., 1992).
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2.5

ENVIRONMENTAL FACTORS AND DISEASE

There is strong evidence that the environment plays a key role in the disease
dynamics of P. viticola.

From epidemiological

and disease management

perspectives, it is imperative to appreciate how the environmental characteristics
influence the inception and development of disease.
Due to its destructive effects, grape downy mildew is one of the most studied
diseases of grapevines (Emmett et al., 1992).

Much of the research concerning

environmental factors and their influence on the life cycle of P. viticola has been
conducted in Europe. The localities in which many of the overseas studies have been
undertaken e.g. various regions of France and Germany, experience frequent summer
rain and high humidity at night with minimum temperatures above 13 °C that
together produce favourable conditions for the development of the disease.

In

contrast to Europe, WA has a relatively dry growing season. Furthermore, significant
differences in geography and the climatic conditions of late spring, and low summer
rainfall make it difficult to directly apply information derived from European studies
to the grape downy mildew disease epidemics in WA.
In a review by Colhoun (1973), the author states “Up to now, much of the research
undertaken on environmental effects on disease have concentrated on studying the
effects of single environmental factors….” (Colhoun, 1973). This is true for many
past studies of P. viticola concerned with the influence of the environment on
pathogen development. In most laboratory and glasshouse studies, all factors are
held constant except for the one that is altered experimentally (Colhoun, 1973).
Reliable and useful information is obtained from such studies however the possibility
exists for significant interactions to be overlooked.

Moreover, experimental

conditions such as these are far removed from field conditions hence information
obtained from studies utilising such an approach needs to be interpreted to vineyard
conditions with care.
While regular fungicide application provides reasonable control of the disease, grape
downy mildew is more severe in WA vineyards in certain seasons and not others. It
was once thought WA remained free of grape downy mildew due to the absence of
environmental conditions suitable for its development. However, since its discovery
in at least 17 properties in the Swan Valley in 1998 (Peter Magarey, pers. comm.),
the disease has been found throughout all grape growing regions of the state.
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In the 2001-2002 growing season, symptoms of P. viticola were first noticed in the
Swan Valley region in late October and were evident until the end of March (Benedict
Killigrew, pers. comm.). Despite the lack of summer rainfall and hence a relatively
hot dry growing season in WA, warm wet conditions can still occur interspersed in the
season sufficient to favour the development of the disease. If such conditions occur
at suitable frequency in relation to infection and incubation periods, the disease can
proliferate to epidemic proportions despite the otherwise dry conditions.

The

environmental conditions that are conducive, tolerable and inhibitory for infection by
WA strains of P. viticola and their similarity to strains in eastern Australia is yet to be
clarified. Such information would lead to a better understanding of the conditions
that determine epidemics in WA vineyards and beyond, an issue that still remains
unclear. One could assume that the conditions found favourable for P. viticola in
similarly arid localities in eastern Australia e.g. the Sunraysia (near Mildura, Vic) and
the Riverland (near Loxton, SA) hold true for WA.

This assumption would be

challenged by the studies undertaken in this thesis.

2.6

QUANTIFYING PATHOGEN DEVELOPMENT DURING INFECTION

Many epidemiological studies of P. viticola lack quantitative analytical and factual
data. This is most likely due to the era in which they were conducted. Because of
the extent of the disease in WA and the commercial impact it imposes there is a
need to critically examine and quantitatively assess i) specific stages of development
that occur during the infection process of P. viticola and ii) determine how prevailing
environmental conditions might influence these stages.
Due to the biotrophic nature of P. viticola and hence the inability for it to be
cultured on artificial media, nearly all development that occurs during infection must
be examined in a host-pathogen system. Consequently, when studying the influence
of environmental factors on disease development, it is virtually impossible to
distinguish if an effect is due to a response by the host, pathogen or an interaction of
the two.

A system has recently been established however that allows early

development of P. viticola (zoospore release until the formation of a germ tube) to
be studied in the absence of the host (Riemann et al., 2002).

Spores of

Peronosporaceous species have the capacity to utilise stored energy or exogenously
applied nutrients to facilitate germination and host penetration (Crute, 1981).
Although the host-free system renders the initial developmental stages during
infection accessible for physiological and cytological studies, the efficiency of the
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system is not very high (Riemann et al., 2002). Also, it may or may not reflect the
pathosystem in vivo. Developmental steps subsequent to zoospore release are not
initiated in the absence of the host.

Riemann and others (2002) found that the

addition of sodium chloride to P. viticola suspensions triggered encystment and
germination of zoospores.

The response however was inconsistent and the

proportion of spores either encysting or forming a germ tube was less than 30 % for
each (Riemann et al., 2002). Kiefer et al. (2002) found morphogenesis was more
susceptible to stochastic deviations in the host-free system e.g. zoospores on host
tissues tended to form one unbranched straight germ tube while branching and
bulging germ tubes were typical in the host-free system(Kiefer et al., 2002). While
the host-free system provides partial simulation of a natural situation, only
sporangial germination can be reliably assessed in the absence of the host as
subsequent steps in the infection process are synchronized, coordinated and
regulated by the host.
To this author’s knowledge, colonisation of host tissues is the only stage in the
infection process of P. viticola which is yet to be quantified. The majority of downy
mildew pathogens carry out a large proportion of their life cycles inside the leaf and
as a result, many aspects of infection at the cellular level are still unknown
(Kortekamp, 2005).

This is particularly true of P. viticola (Langcake and Lovell,

1980; Kortekamp, 2005).

Like other obligate biotrophs, P. viticola is technically

difficult to handle (Kortekamp, 2005).

It can be grown only in living and

metabolizing plant tissues (Prell and Day, 2001), hence explaining why no previous
attempts have been made to quantify the colonisation phase of infection.

An

investigation of the effect that the environment has on colonisation of host tissues by
P. viticola would provide further insight into the biological behaviour of the pathogen
and the timing of events during an infection cycle. Dai et al. (1995) investigated
mycelial development in three grapevine species differing in levels of resistance to P.
viticola. In that study, mycelia were only observed, not quantified, in leaf tissue
samples up to 15 d after inoculation (Dai et al., 1995). Other investigators have
examined the influence of temperature (Müller and Sleumer, 1934) and tissue age
(Gregory, 1915) and anatomy (Langcake and Lovell, 1980; Kortekamp et al., 1998;
Rumbolz et al., 2002) on mycelial growth however their findings were also
observational.

Pezet et al. (2004) reported the effect of certain stilbenes e.g.

resveratrol, on zoospore mobility. In this study, disease development was
investigated in vitro. As the parasite cannot be cultivated on artificial media, no
attempt was made to measure the in vivo effect of the stilbenes on P. viticola
mycelium development (Pezet et al., 2004).
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The incubation period, during which host tissues are invaded, has been extensively
studied (see Section 2.4.4) and is readily quantified. This has been achieved by
measuring the time between infection and the expression of symptoms i.e. oilspots.
Colonisation is the only time during infection when the pathogen exists entirely
within the host. All other stages i.e. zoospore germination and sporulation involve
the pathogen entering or exiting the host. In general, quantification of hyphae in
heterogenous environments such as plant material may be achieved either by
chemical methods, that rely on indicator substances like glucosamine (the hydrolysed
product of chitin), or microscopy assessment of stained preparations (Daniel et al.,
1995). Being an oomycete, P. viticola has cell walls of are composed of β-1,3- and β1,6-glucans and cellulose rather than chitin as in true fungi e.g. Aschomycetes and
Basidiomycetes (Alexopoulos and Mims, 1979). Because of this, P. viticola can not be
quantified via chemical assay. Quantification of P. viticola would be best achieved
using analytical optical methods such as quantitative automated image analysis
(Daniel et al., 1995).

2.7

ECOTYPES

Despite the many past and contemporary investigations conducted over the past 200
years on the epidemiology of P. viticola, several aspects of the pathogen’s basic
biology remain unexplored or poorly understood (Wong et al., 2001; Kortekamp,
2003) e.g. the existence of different ecotypes of the pathogen.
An ecotype is defined as “part of a population of a species showing morphological,
chemical or physiological characteristics that appear to be genetically determined
and correlated with particular ecological conditions that are thought to have no
taxonomic significance” (Shurtleff and Averre, 1997).
Due to the recent discovery of grape downy mildew in WA, little is known of the
nature of local strains of the pathogen and their response to environmental
conditions. The organism has been at recorded at climatically diverse locations
across WA including tropical Broome and Kununurra in the Kimberley in the far north
of the state, desert Carnarvon in the Gascoyne area in north western WA and
temperate Esperance located on the Southern ocean coast. It is not unreasonable to
suggest that ecotypes of P. viticola may exist in WA due to the widespread
distribution of the pathogen.

This may hold true for other climatically and
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geographically diverse and isolated regions in Australian viticulture e.g. SA and parts
of Vic and NSW.
A review of grape downy mildew by Emmett et al. (1992) suggests geographical
ecotypes of P. viticola appear to exist, however their significance remains unclear
(Emmett et al., 1992). The authors do not expand on this topic nor do they refer to
any earlier works. In 2000, Kast and others also suggested different ecotypes of the
pathogen may exist.

An extensive review of the literature has revealed a small

number of studies in which variability amongst isolates of P. viticola sourced from
different geographical locations was investigated. In these studies, morphological,
genetic and/or pathogenic variability was assessed to determine races, strains or
populations of the pathogen. These reports however did not address the existence of
P. viticola ecotypes nor attempt to establish their existence.
2.7.1

Morphological variability

Rafaila, Sevcenco and David (1968) investigated if “physiological races” of P. viticola
existed between isolates collected from different vineyards in Romania.

By

definition a physiologic race is “a subdivision within a species of fungus or other
organism; members of a race are alike in morphology but differ from other races in
virulence, symptom expression, biochemical and physiological properties or host
range” (Shurtleff and Averre, 1997). Interestingly, Rafaila and others (1968) used
morphological differences among the isolates to determine physiological races of the
pathogen.

The influence of temperature, humidity, grapevine cultivars and

geographical conditions on the dimensions of sporangia and sporangiophores of up to
eight isolates of the pathogen was investigated. The authors provide no information
of how many measurements of sporangia and sporangiophore length and width were
made for each isolate in the tests they performed.

Based on their findings, no

differences in physiological forms or races were found (Rafaila et al., 1968). The
authors make reference to several earlier studies which explored the existence of P.
viticola races in other world wide localities e.g. America, France, Poland and Italy.
In these studies, the classification of races was also based on morphological evidence
(Rafaila et al., 1968).
The sporangia and sporangiophores of P. viticola are naturally quite variable in size.
Environmental conditions, particularly RH and temperature can also influence the
morphology of the pathogen (Rafaila et al., 1968). Sporangia are usually ellipsoid
and papillate in shape and vary from 10 to 18 μm in width and 15 to 31 μm in length.
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In certain cases they have been reported to be much larger than this (Gregory, 1915;
Emmett et al., 1992). The branched sporangiophores are most commonly reported as
being 140 to 250 μm in length (Lafon and Clerjeau, 1988). Gregory (1915) states
“conidiophores are from 300 to 500 μm in height and 7 to 9 μm in diameter.” He
also makes reference to the work of Istvanfii (1913) who found average
sporangiophore height to be 800 to 1200 μm with up to 1500 μm being attained
occasionally (Istvanfii, 1913 cited in Gregory, 1915). While the origin of an isolate
may influence sporangia and sporangiophore size, it is likely the dimensions would
fall within the range described for P. viticola.
2.7.2

Genetic variability

Studies of genetic variability of P. viticola have recently been reported from several
European locations including France, Germany, Greece, Italy and Switzerland (StarkUrnau et al., 2000; Gobbin et al., 2003a; Gobbin et al., 2003b; Rumbou and Gessler,
2004; Gobbin et al., 2005). Lesions/oilspots derived from primary and secondary
infections were sampled over time from a single vineyard/plot at each location. The
genetic diversity of isolates derived from primary and secondary infections was
compared at the various locations with the intent of establishing the contribution of
each propagation strategy to the development of epidemics. In Italy, Gobbin et al.
(2003a) also compared the genetic variation of a newly established mountain
population (1005 m above seal level) with four long-established valley populations
(170-220 m above sea level).

The distance between the mountain and the most

distant valley population was approximately 62 km. Gobbin and others found the
mountain population to be i) characterised by low genetic variation; ii) genetically
separated and isolated by distance from the valley populations and iii) exists most
likely due to a founder effect (Gobbin et al., 2003a).

A founder effect is “a

difference in allele frequencies between a donor population and small colony derived
from it that occurs as a result of sampling in the first generation of colonization
(Griffiths et al., 2000)”.
2.7.3

Pathogenic variability

In a recent study, Kast and others (2000) state that “little is known about the
diversity of strains of P. viticola although different ecotypes may exist and strains of
varying virulence to hybrid varieties have been found”.

Such strains were first

observed in 1996 and later in 2000 (Kast, 1996; Kast et al., 2000). In the latter study
Kast and others identified two isolates, We10 and We11, of P. viticola that exhibited
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extraordinary fitness.

Those isolates were sourced from Stüfa Switzerland and

Württemberg Germany, respectively. When inoculated onto a resistant grapevine
cultivar (Regent), the levels of infection achieved by both isolates were comparable
to that found on a highly susceptible grapevine cultivar (Trollinger). The isolates did
not appear to be specifically adapted to one grapevine cultivar. Percentage leaf
area sporulating was used as a measure of fitness/aggressiveness. They concluded
that resistance of the cultivar Regent might depend on the biological fitness and the
genotype of the P. viticola isolate (Kast et al., 2000).
To this author’s knowledge, no previous reports have compared pathogenic behaviour
of P. viticola strains from diverse geographic/climatic locations under the same sets
of environmental conditions. Variability in developmental behaviour associated with
infection, such as sporulation and germination, between strains from different
habitats would provide evidence of the pathogen’s adaptation to particular
conditions.
Morphological, pathogenic and genetic variability however have been investigated for
isolates sourced from geographically different locations for other downy mildews e.g.
Plasmopara halstedii (sunflower downy mildew) Sclerospora graminicola (pearl millet
downy mildew) Peronosclerospora sorghi (sorghum downy mildew) (Bonde et al.,
1985; Bock et al., 2000; Komjati et al., 2004; Thakur et al., 2004).
Establishing the existence of ecotypes of P. viticola in WA could provide an
explanation for its widespread distribution and hence demonstrate the adaptability
of the pathogen to exist in areas not normally considered conducive for its
development.

Potentially, the origin of the pathogen and its pattern of spread

throughout WA could also be determined through the establishment of ecotypes.

2.8

AIMS OF THIS THESIS

The overall aim of this thesis was to examine epidemiological aspects of P. viticola in
the mediterranean climate of WA. Grape downy mildew is thought to be a relatively
new disease in WA. It is possible the biology of P. viticola in WA is different to
elsewhere due to i) the presumed short evolution time of the pathogen in WA; ii) the
existence of vast natural barriers (sea and desert) between and within WA and other
Australian and world wide localities affected by the disease and iii) a reliable
absence of summer rainfall creating a hot and dry growing season throughout the
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state from year to year. The information obtained from the investigations in this
thesis was expected to provide further insight into the biological behaviour of P.
viticola during infection and aid in the development of more targeted control
measures in vineyards of WA and other similarly isolated areas in Australia with a hot
dry climate.
The specific aims of this thesis were;
1.

To determine if P. viticola sporangia from WA strains of the pathogen
could germinate directly via a germ tube or other means. The frequency
of direct germination and the influence of environmental factors on the
process were also investigated.

2.

To critically examine and quantify the effect of temperature, light and RH
and their interaction, on the infection process of a WA strain of P.
viticola.

3.

To establish the existence of ecotypes among strains of P. viticola sourced
from different grape growing areas in WA.

The response of strains to

different temperatures of incubation for zoospore germination and host
penetration was used to determine ecotypes.
4.

To assess genetic variation among P. viticola strains examined in the
ecotype study.
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INCUBATION

PRIMARY INFECTION

OILSPOTS

INFECTION

SECONDARY
INFECTION CYCLE
(ASEXUAL)
PRIMARY INFECTION
CYCLE (SEXUAL)

DISPERSAL
SPORULATION

OVERWINTERING OOSPORES

Figure 2.1

Lifecycle of grapevine downy mildew (Plasmopara viticola). The

propagation strategies of the pathogen – sexual (primary) and asexual (secondary) –
are highlighted in red text. Image modified from Magarey et al. (1991) and Emmett
et al. (1992).
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Figure 2.2

a)

b)

c)

d)

e)

f)

a) Oilspots, some coalescing, on the upper surface of a leaf; b)

Sporulation on the underside of oilspots; c) Aged oilspot. The centre of the oil spot
has dried and become red-brown in colour leaving an outer ring of yellow tissue
where the pathogen remains active; d) Sporulation around the abaxial, outer active
edges of an aged oilspot; e) Sporulation on the underside of an aged leaf in high
relative humidity and suitable temperature, prior to completion of the incubation
period. Note no apparent oilspots; f) Symptoms of infection on an aged leaf. Note
the red-brown mosaic like pattern as a result of infection being confined by minor
veins. Figures a and f courtesy of Mr Peter Magarey (SARDI).
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CHAPTER 3
INFLUENCE OF ENVIRONMENTAL FACTORS ON DIRECT GERMINATION OF
SPORANGIA FROM WESTERN AUSTRALIAN STRAINS OF PLASMOPARA VITICOLA

3.1

INTRODUCTION

Much of WA has a mediterranean type climate with hot dry summers, very high solar
radiation and evaporation, and mild wet winters (Dry and Smart, 1998; BOM, 2005).
Under-canopy irrigation systems e.g. drip, trickle and micro-jet, are commonly used
in regions with mediterranean climates (McCarthy et al., 1998; Gladstones, 1999).
Such systems minimise leaf wetness in the canopy as opposed to overhead systems
e.g. fixed and travelling sprinklers (McCarthy et al., 1998).
Direct germination of the asexual propagules (sporangia) of P. viticola has been
proposed and/or demonstrated in a number of European studies (Viala, 1893;
Gregory, 1912; Kortekamp and Zyprian, 1999).

The phenomenon is yet to be

confirmed for strains of the pathogen in Australia. To this author’s knowledge, there
are no published reports on the incidence at which P. viticola sporangia directly
germinate nor has the influence of specific environmental factors on the process
been investigated. The mechanism by which P. viticola sporangia are determined to
direct or indirect modes of germination is still far from clear (Kortekamp and
Zyprian, 1999).
In WA, the capacity of P. viticola sporangia to germinate directly would provide the
pathogen with an alternative way to initiate the infection process, most likely when
conditions are not conducive for zoospore survival and germination.

This would

provide an explanation for the occurrence of the disease from year to year in WA
where the growing season tends to be hot and dry.
The purpose of the study reported in this chapter was to i) determine if sporangia of
WA strains of P. viticola could germinate directly; ii) investigate the influence of the
environmental factors temperature, light and RH on the process and iii) establish the
frequency at which P. viticola sporangia germinate directly. Sporangial germination
was examined in host-free systems for ease of assessment. This is the first study, to
this author’s knowledge, to investigate direct germination of P. viticola sporangia in
a host-free system. Since water encourages the release of zoospores, sporangia were
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deposited without water i.e. dry inoculum onto two different surfaces. Treatments
in the investigations reported in this chapter consisted of up to five temperature
levels, four levels of RH, light and/or darkness and three sampling/observation
times.

3.2

MATERIALS AND METHODS

3.2.1

Plasmopara viticola cultures and inoculum production

Plasmopara viticola strains SV-1, SV-2 and SV-3 were isolated in November 2002 from
infected grapevine leaf material sampled from natural field infections at three
separate table-grape growing properties in the Swan Valley. To isolate, the infected
material was surface sterilised (Emmett et al., 1992) and incubated overnight in the
dark at 22 °C in sealed clear plastic containers containing moistened paper towel,
referred from this point onwards as “humid containers”, to induce sporulation.
Strains were maintained in the laboratory on detached glasshouse grown V. vinifera
leaves.

The cultivars Chardonnay, Grenache, Zinfandel, Pinot Noir, Riesling and

Marsanne were used as these are all susceptible to P. viticola (Sohi and Sridhar,
1970; Li, 1988; Emmett et al., 1998). These cultivars also have few or no leaf hair
on their abaxial surfaces (Chris Harding & Peter Magarey, pers. comm.).

The

relatively glabrous nature of the leaves ensured direct contact between the pathogen
and host tissues at the time of inoculation (Kortekamp and Zyprian, 1999). Rootlings
of each cultivar were obtained from Viticlone Supplies®, a wholesale grapevine
nursery located in the Margaret River wine region in the south west of WA. Before
planting, roots were trimmed to approximately 50-100 mm in length and left in water
overnight (Chris Harding, pers. comm.). Rootlings were then planted into a mixture
of steam sterilised composted pine, cocoa peat and river sand (2:2:1, vol/vol/vol) in
20 cm free draining black plastic pots at a rate of one rootling per pot. Pots were
kept in a glasshouse at UWA in Crawley, WA. Temperature in the glasshouse was
regulated by air conditioning and maintained so that the minimum temperature was
11 °C and maximum 27 °C. To simulate summer conditions (long days, short nights)
and maintain active growth all year round, vines were exposed to a 2 h pulse of light
(SKY LIGHT, 1500W, Cariboni® Italy) at night (Ian Dry, pers. comm.). Vines were
watered as needed and fertilised every 3-4 weeks using Phostrogen (Phostrogen Ltd.,
UK) at a rate of approximately 2 g/l.
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To ensure a continual supply of viable inoculum for experimental work, strains were
transferred to fresh leaf tissue every 7 d.
Inoculum was produced by spraying the abaxial surface of fresh leaves with an
aqueous suspension of P. viticola sporangia using a simple hand held atomiser.
Suspensions were prepared by placing a sporulating leaf or leaves in a plastic jar
containing approximately 20-30 ml of deionised (d.i.) water. The jar was vigorously
shaken to facilitate the detachment of sporangia from sporangiophores. Sporangial
concentration was usually in the order of 1.0 x 106 sporangia/ml. The abaxial surface
of fresh leaves to be inoculated was sprayed with a fine mist of the suspension until
the entire area appeared to be uniformly covered (Figure 3.1 a). Leaves were then
inserted into blocks of moistened floral foam (Smithers-Oasis Australia Pty. Ltd.,
Australia) (Figure 3.1 b), placed inside humid containers (Figure 3.1 c-d) and
incubated in the dark overnight at 22 °C. The containers were removed from the
incubator the following morning and exposed to a natural diurnal light cycle in the
laboratory. Usually 5 to 6 d after inoculation, sporulation of P. viticola (white downy
growth) could be observed on the abaxial surface of leaves.
3.2.2

Inoculation procedure and treatment application

Germination of P. viticola sporangia was examined under a variety of controlled
environmental conditions using two experimental systems.

Sporangia were

deposited, without water, onto the surface of microscope glass slides and agar
plates.
3.2.2.1

Glass slides

To disperse sporangia onto glass slides, a heavily sporulating leaf was held
approximately 10 cm above glass slides and a small dry camel hair paint brush was
used to gently dislodge the sporangia. To increase the variety of sources, the slide
surface was inoculated with a mixture of sporangia from all three P. viticola strains
(SV-1, SV-2 and SV-3) (Section 3.2.1). Following inoculation, the slides were placed
into RH chambers. Each chamber consisted of a Petri dish (90 mm diameter and 20
mm deep) containing a lid from a plastic vial (10 ml volume) which acted as a
saturated salt solution reservoir, a glass slide elevator and a glass slide (Figure 3.2).
Different saturated salt solutions were used to produce four levels of RH**: potassium
sulphate (K2SO4, 96-97 % RH) (BDH Chemicals, Australia), sodium chloride (NaCl, 7530

75.8 % RH) (Sigma Chemical Co., USA), sodium bromide (NaBr, 57-58 % RH)
(Mallinckrodt, USA) and magnesium chloride hexahydrate (MgCl2.6H2O, 32.5-33.5 %
RH) (BDH Chemicals, Australia) (Young, 1967; Sun, 2002). The RH chambers were
sealed with several layers of Parafilm® (Pechiney Plastic Packaging, USA) and a
weight was applied to the lid to ensure the seal remained.

The RH chambers were

then placed inside lit temperature controlled rooms set at 10, 22 or 37 °C.

To

administer a dark treatment to the sporangia, half of the chambers were kept inside
plastic containers surrounded with aluminium foil during the incubation period.
Slides were removed from the chambers after 1, 3 or 5 h incubation.

To fix

sporangia, the slides were i) gently heated over a low flame and ii) sprayed with a
water soluble fixative Spray-Cyte® (Clay Adams, USA). Three slides were allocated to
each combination of light (on or off), temperature (10, 22 or 37 °C), RH
(approximately 30, 60, 75, 97 % RH) and sampling/observation time (1, 3 or 5 h) (72
experimental treatments in total, three slides/replicates per treatment).
As a control, a thin film of water was applied to the surface of three glass slides
before sporangia were deposited. These slides were maintained in light at 22 °C and
high RH for the duration of the investigation.
**In a closed container, a saturated salt solution (with excess salt present) produces a constant water
vapour pressure at a given temperature. The ranges of RH given for the salt solution are the levels
that are achieved at the incubation temperatures. For example at 10 °C, a saturated solution of MgCl2
produces a RH of 33.5 %. The RH of a saturated MgCl2 solution can however vary from 34 % at 5 °C to 32
% at 40 °C (Sun, 2002).

3.2.2.2

Agar plates

Sporangia of P. viticola were deposited onto the surface of agar plates in the same
manner as described above.

Before depositing the propagules, agar plates were

placed inside a sterile laminar flow, with their lids removed, for several hours to
minimise the amount of free water present on the surface of the plates. Sporangia
were examined on three different types of media: water agar (10 g agar/500 ml di
water), 1/5 strength potato dextrose agar (1/5 PDA) (3.9 g PDA + 6 g agar/500 ml di
water) and 1/10 strength PDA (1/10 PDA) (1.95 g PDA + 7.95 g agar/500 ml water).
Once inoculated, the plates were sealed with Parafilm and incubated in the dark at
4, 10, 22, 28 or 37 °C for 4, 8 or 24 h. There was no RH control in this experiment.
One plate was allocated to each combination of temperature (4, 10, 22, 28 or 37 °C)
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and time (4, 8 or 24 h) (15 experimental treatments in total, one agar
plate/replicate per treatment).
3.2.3

Light microscopy

A drop of cotton blue and a cover slip was placed onto each slide and subsequently
observed under a light microscope. Numbers of directly germinated sporangia, out of
the first 500 sporangia counted on each slide, were recorded.
Agar plates were scanned in four radial traverses under a light microscope for the
presence or absence of directly germinated sporangia.
Sporangial size and length of germ tubes was measured using an ocular micrometer.
3.2.4

Analysis

Statistical analyses were conducted for the results obtained from the glass slide
study only. The main effects of temperature, time, light and RH, as well as the 2-,
3- and 4-way interactions of these treatment factors, on the occurrence of direct
germination were determined by analysis of variance (ANOVA) using a general
analysis design in the statistical package GenStat® (7th Ed., VSN International Ltd.,
UK). Each direct germination category (Section 3.3.1) was analysed separately.
Agar plates were scored for the presence or absence of direct germination hence no
statistical analyses were conducted on the observations made from this component
of the investigation.

3.3

RESULTS

3.3.1

Glass slides

Examination of the glass slides revealed morphological variation amongst sporangia.
Due to the variation observed, a key was developed to assist in classifying different
modes and/or stages of direct germination (Table 3.1). It was assumed sporangia are
normally hyaline, ellipsoid and operculate/papillate in shape (Section 2.4.1). With
this assumption in mind, sporangia that differed in morphology from the “norm” and
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that appeared to have germinated directly were assigned to 1 of 4 direct germination
categories.
It should be noted that the frequency of observing direct germination on the slides
was very low with usually only one to three sporangia, amongst the 500 counted per
slide, assigned a category. Often there was no evidence of direct germination on
some of the slides.
Sporangia assigned to Category A provided the most convincing evidence that the
asexual propagules of WA strains of P. viticola could germinate directly via a germ
tube. These spores had an obvious protrusion, resembling a typical conidial germ
tube, extending from the apex. Germ tubes varied in size and shape (Table 3.1). Of
the experimental factors investigated, RH was found to have a significant influence
(P<0.05) on the occurrence of Category A direct germination.

Sporangia of this

category were observed most frequently on slides which had been incubated in 60 %
RH.

Category A sporangia were not observed however on slides which had been

incubated at the highest and lowest levels of RH tested i.e. 97 and 30 % RH,
respectively.
Sporangia assigned to Category B were morphologically similar to those of Category A
but appeared to differ in their stage of germination. The sporangia of this category
had a protrusion emerging from the apical region of the propagule however it was
not as pronounced as in Category A. The distinct morphology of Category B sporangia
may have resulted from an elongation of the papillary end of the sporangium.
Temperature was found to have a significant influence (P<0.05) on the occurrence of
Category B germination. Interestingly, sporangia of this type were observed most
frequently on slides incubated at 37 °C.

As temperature decreased, so did the

frequency of observing Category B sporangia.
Although sporangia assigned to Category C were not as morphologically typical of
direct germination as previous categories, there was an obvious rounded protrusion
emerging from the apex. Unlike Category A and B sporangia, where the transition
from the apex of the propagule to where the germ tube emerges was smooth, the
characteristic rounded protrusion of Category C sporangia was much more
pronounced with regards to its point of emergence/attachment.

None of the

environmental factors investigated had a significant effect (P>0.05) on the
occurrence of this type of germination. Category C sporangia were never observed
on slides which had been incubated at 10 °C.
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Category D sporangia represented another form of direct germination.

In this

category, the contents of the propagule were emitted apically. Once emitted, the
contents appeared to be held together outside the sporangium by a membrane. A
significant interaction effect (P<0.05) between light and time on the occurrence of
this type of direct germination was found. Category D sporangia were recorded most
frequently on slides which had been exposed to light for 3 h.
A total of 108 000 sporangia were counted on the glass slides (72 experimental
treatments, three slides/replicates per treatment, the first 500 sporangia counted
per slide). Of this total number, seven sporangia were assigned to Category A, 20 to
Category B, nine to Category C and seven to Category D. Therefore, less than 0.05 %
of the sporangia observed in this component of the study germinated directly.
On the control slides, zoospores were released within 1 h of sporangia being
deposited in water. There was no evidence of direct germination on these slides
with nearly all sporangia releasing zoospores after 5 h incubation. Several sporangia
had not germinated by the conclusion of the investigation.
3.3.2

Agar plates

Limited numbers of sporangia on the agar plates germinated directly.

The

morphology of directly germinated sporangia on agar differed to that on the glass
slides.

The frequency of observing directly germinated sporangia on agar was

extremely low i.e. one or two spores among several thousand. Often there was no
evidence of direct germination on the plates. For these reasons direct germination
categories were not used.
On water agar plates, evidence of direct germination was first observed after 4 h
incubation at 37 °C (Table 3.2). Directly germinated sporangia were later observed
on water agar plates that were incubated for 8 h at 22 °C and for 8 or 24 h at 28 °C.
Germinated sporangia appeared to have lysed, though not always from the apical
region (Figure 3.3 a-b), or had slightly elongated. Despite attempts to dry any free
water present on the surface of the agar plates, sufficient moisture was present on a
number of the plates to permit the release of zoospores from sporangia. Pooling of
water around sporangia was often observed at lower incubation temperatures i.e. 4
and 10 °C.
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The morphology of a limited number of sporangia on PDA provided more convincing
evidence of direct germination. A pronounced elongation of the propagules resulted
in the formation of what resembled to be a germ tube (Figure 3.3 c-e). Sporangia
were clearly double walled whilst the germ tubes were characteristically single
walled.

Often the terminal end of the germ tube had burst, possibly due to

unfavourable osmoticum of the media or in response to incubation conditions. It was
speculated that depositing sporangia onto 1/10 strength PDA would eliminate or
minimise the rupturing of germ tubes due to a reduction in the osmoticum of the
media. This however did not occur and germ tubes continued to “burst”. Zoospore
release and water pooling was not observed on PDA plates.
It was not feasible to examine the agar plates beyond 24 h after sporangia were
deposited due to significant amounts of microbial contamination.

3.4

DISCUSSION

The purpose of the study reported in this chapter was to determine if sporangia from
WA strains of P. viticola could germinate directly via a germ tube or other means.
Germination was observed and quantified in host-free systems under a variety of
controlled environmental conditions.

The influence of the environmental factors

temperature, light and RH on the process was investigated.

In an attempt to

increase the likelihood of observing direct germination, sporangia were deposited
onto the surface of glass slides and agar plates without any added water.
The principal findings/outcomes from this study were;
i)

First evidence of direct germination of P. viticola sporangia from WA
strains of the pathogen and first reported observation of direct
germination in Australian strains of P. viticola.

ii)

The incidence of direct germination was very low.

iii)

Sporangia directly germinated in the absence of the host on the surface of
glass slides and agar plates.

iv)

The absence of free water encouraged direct germination of the
propagules.

v)

Directly germinated sporangia differed morphologically.

vi)

Different modes/stages of direct germination were identified for P.
viticola sporangia.

35

vii)

Sporangia tended to germinate directly from the apical region of the
propagule.

viii)

On glass slides, direct germination was favoured by environmental
conditions not normally considered conducive for infection by P. viticola.

It has been recognised in earlier literature that any mode of germination other than
the release of zoospores from P. viticola sporangia would be rare. The findings from
the current study confirm this with less than 0.05 % of sporangia observed on glass
slides and one or two sporangia amongst several thousand on agar plates directly
germinating. The rarity of the event has been confirmed for Sclerospora graminocola
(graminocola downy mildew) and Plasmopara halstedii (sunflower downy mildew)
(Weston, 1924; Goossen and Sackston, 1968). Both of these downy mildews typically
produce zoospores however direct germination of sporangia by germ tubes has been
observed to occur very occasionally i.e. only one or two among several thousand.
Glass slides and agar plates have been utilised in several previous studies as suitable
materials to germinate spores of several different types of fungi including Uncinula
(Erysiphe) necator (grape powdery mildew) (Rea and Gubler, 2002) and Puccinia
graminis f. sp. tritici (wheat stem rust fungus) (Maclean, 1982). Like P. viticola,
these fungi are biotrophic in nature.

Biotrophs obtain nutrients for their

development once they have successfully penetrated the host and formed a primary
haustorium.

These pathogens therefore do not require an exogenous supply of

nutrients to germinate.

The spores of biotrophs are usually richly supplied with

energy reserves (Brown, 1980), hence the suitability of using materials such as glass
and agar to germinate spores of these fungi. Both materials also facilitate ease of
observing spore germination in comparison to observing the process in a hostpathogen system.
The success of infection by P. viticola is heavily dependent on the presence
moisture. Sporangia must be wind-blown in moist air or in wind-blown or splashed
water droplets during rain, dew or over vine irrigations onto susceptible grapevine
foliage (Lafon and Bulit, 1981; Lafon and Clerjeau, 1988; Emmett et al., 1992). Once
sporangia are established on the host, the infection process only continues if leafwetness conditions permit the release of zoospores (Büche et al., 2002).

In the

literature, sporangium germination and the liberation of zoospores is said to occur
only in water (Emmett et al., 1992). In a film of water on the surface of grapevine
leaves, the motile zoospores swim to stomata and penetrate stomatal apertures via a
germ tube (Stark-Urnau et al., 2000).
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The results from the present study

demonstrate P. viticola sporangia have some limited capacity to initiate infection in
adverse conditions, namely in the absence of free water, by directly germinating on
the host.

In Germany, Kortekamp and Zyprian (1999) demonstrated direct

germination of P. viticola sporangia on Vitis species e.g. V. labrusca and V. davidii
differing in density of leaf hair. Leaves were inoculated with an aqueous suspension
of sporangia. The hydrophobic nature of the hairs repelled droplets of the inoculum
from the leaf surface and sporangia adhered to the hairs well above the epidermis.
Under these conditions, germination of sporangia by the release of zoospores was not
observed by the authors (Kortekamp and Zyprian, 1999).
produced hyphae (germ tubes) directly.

Instead, sporangia

Upon treatment of the leaves with a

detergent prior to inoculation, the felt like covering of hair was wetted. As a result,
infection was enhanced and initiated via zoospores (Kortekamp and Zyprian, 1999).
It appears the absence of free water on the surface of host tissues triggered direct
germination of the propagules.
Recently, a host-free system has been established for P. viticola that allows early
developmental stages of the pathogen to be studied and quantified (Riemann et al.,
2002).

Kiefer and others (2002) used this system in their study and found

“morphogenesis in the host-free system appears to be more susceptible to stochastic
deviations”. In the host-free system, germ tubes emerging from zoospores appeared
to be branching and bulging while those that developed on the host in the same
period of time were straight and did not branch. Germ tubes also tended to be
longer and more variable in length in the host-free system (Kiefer et al., 2002).
Although the current study investigated sporangial, not zoosporic, germination it is
possible that attempts to germinate sporangia of P. viticola in the absence of the
host may have contributed to the variations in morphology seen amongst the asexual
propagules.
Undoubtedly, the absence of free water would have also contributed to the
morphological variation observed.

Kortekamp et al. (1998) reported that under

conditions of low RH, sporangia of P. viticola may frequently collapse. The process
does however appear to be reversible with Kortekamp and others drying and imbibing
sporangia up to five times without affecting their vitality (Kortekamp et al., 1998).
In the present study study, sporangia were often observed that appeared sunken,
collapsed and dehydrated.

As a result the propagules tended to fold or pucker.

There was however a clear morphological distinction between sporangia which
appeared to be affected by the absence of free water and/or the host and those that
germinated directly.
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As outlined in Section 2.4.1.2, several modes of germination have been proposed for
P. viticola in earlier literature: i) zoospore release; ii) emission of the propagules
entire contents and iii) by a germ tube directly. In the current study, zoospores were
only observed on control glass slides and water agar plates.

Both surfaces had

sufficient amounts of free water to initiate the release of zoospores from sporangia.
Category A and D sporangia from the glass slide study and sporangia observed on PDA
plates which had lysed from the apical region or elongated, closely resembled past
descriptions and sketches of directly germinated sporangia made by Viala in 1893
(Figure 3.4a-b). Interestingly, the photographic example of Category A germination
shown in Table 3.1 is extremely similar in appearance, though the germ tube is not
as long, to a directly germinating conidium of Bremia lactucae seen in Chapter 20 of
“The Downy Mildews” (Figure 3.4 c) (Crute and Dixon, 1981). Category A sporangia
also appeared similar in morphology to directly germinated P. viticola sporangia
observed by Kortekamp and Zyprian (1999).
With the exception of 1 or 2 sporangia on agar lysing from a random point on the
circumference of the propagule (Figure 3.3 a), directly germinated sporangia differed
morphologically from the “norm” appearance of the propagule as a result of
modification in the apical region. Since the apex is where zoospores are usually
released from, it was expected sporangia would directly germinate from this region
also. This contradicts the thinking of Shaw who states “reports of direct germ tube
germination are suspect in most sporangial Peronosporaceae because the germ tube
is consistently described or illustrated as emerging apically, not indiscriminately at
any point on the circumference of the sporangium as in Phytophthora infestans, or of
the conidium as in conidia of Peronosclerospora philippinensis” (Shaw, 1981).
Interestingly, the conidia of Bremia lactucae germinate directly by means of a germ
tube which always emerges from the distal end (Crute and Dixon, 1981).
As expected, the environmental conditions found to significantly influence the
different categories of direct germination in the glass slide study differed from what
is considered, in the literature, conducive for infection.

Category A germination

occurred most frequently at 60 % RH, Category B at 37 °C and Category D was
favoured by exposure to light. The most significant finding however, as previously
discussed, is that P. viticola sporangia had the capacity to germinate directly in the
absence of free water.

In a previous study, P. viticola sporangia exuded their

contents, similar to Category D germination, at temperatures below 20 °C (Viala,
1893). By subjecting the pathogen to conditions that aren’t considered conducive for
zoospore release, it may be forced to employ alternative modes of germination to
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initiate the infection process. This is true for Phytophthora infestans where higher
temperatures favour the formation of a germ tube instead of the release of
zoospores and for Phytophthora cryptogea where very wet or saturated soil
conditions induce zoospore formation whereas slightly drier conditions favour direct
germination (Shaw, 1981; Erwin and Ribeiro, 1996; Heffer et al., 2002). Rather then
perishing and/or becoming non-functional, P. viticola may employ direct germination
as a survival mechanism when conditions are not conducive for infection.
To provide further evidence that the various morphological forms of sporangia
observed in the glass slide and agar study are in fact sporangia that have directly
germinated the infectivity of these propagules needs to be tested. This would need
to be investigated in a host-pathogen system.
Though direct germination of P. viticola appears to be a rare event, the contribution
of directly germinating sporangia to the development of epidemics should not be
underestimated. It may require only a single propagule, whether it be a sporangium
or zoospore, to initiate an infection locus which could become the foundation for a
future epidemic when conditions become conducive.

However, for all remaining

studies conducted in this thesis, it was assumed P. viticola sporangia germinate
indirectly and infection was initiated by zoospores.
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a)

b)

c)

d)

Figure 3.1

Production of Plasmopara viticola inoculum.

a) The entire abaxial

surface of fresh leaves was sprayed with fine droplets of a sporangial suspension of P.
viticola; b) The petioles of inoculated leaves were inserted into moistened blocks of
floral foam (one leaf per block); c-d) The leaves were placed inside a sealed plastic
container containing moistened paper towel to maintain high levels of humidity.
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Figure 3.2

Relative humidity chamber constructed from a Petri dish containing

saturated salt solution in a reservoir (plastic lid, 10 ml volume), a glass slide elevator
and a glass slide. The dishes were sealed using Parafilm (not shown here).
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c)

a)

d)

b)

e)

Figure 3.3

a-b)

Plasmopara viticola sporangia on water agar. Arrows indicate

sporangia which have lysed/emitted their contents from the apex of the propagule
(a) or from a random point on the circumference (b) (bars = 20 μm); c-e) P. viticola
sporangia on potato dextrose agar (PDA). Sporangia elongated from the apex forming
what resembled to be a typical conidial germ tube. Note “bursting” of germ tubes in
c and d (bars = 10 μm).
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a)

b)

c)

Figure 3.4

a) “Germination des conidies par tubes myceliens.” (Germination of

the conidium by tube mycelium.) (Viala, 1893). The sketches resemble Category A
direct germination (Table 3.1); b) “Germination des conidies par emission du
protoplasma.” (Germination of the conidium by emission of the protoplasm.) (Viala,
1893). The sketches, in particular the first two sporangia, from the left, in the top
row resemble Category D direct germination (Table 3.1); c) Long germ tube, de void
of cytoplasm, produced by a conidium of Bremia lactucae (lettuce downy mildew)
following germination in vitro (Crute and Dixon, 1981).
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Table 3.1 (opposite)

Direct germination categories for Plasmopara viticola

sporangia observed on glass slides. Sporangia were deposited, without water, onto
the surface of glass slides and exposed to various combinations of temperature, RH
and light for up to 5 h. Due to morphological variation among sporangia, categories
were formulated to assist in classifying different modes and/or stages of direct
germination. Each category has a description, specifications and photographic and
sketched examples (bars = 10 μm).
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Category

A

Description

Germ tube

B

Emergence of
germ tube /
elongated papilla

C

Ball like structure
on apical end of
sporangium

D

Emission of
sporangium
contents

Specifications
•

Germ tube emerging from apical region of
sporangium

•

Germ tube is >1/2 length & >1/7 width of
sporangium

•

Activity occurring in apical region of sporangium

•

Germ tube/elongated papilla is >1/7<1/2 length &
>1/7<1/3 width of sporangium

•

Ball protruding from apical region of sporangium

•

Ball is >1/5<1/2 length & >1/3 width of sporangium

•

Contents partly emitted from sporangium and
appear to be held within a membrane
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Examples

Table 3.2

Direct germination of Plasmopara viticola sporangia on water agar, 1/5

strength potato dextrose agar (1/5 PDA) and 1/10 strength potato dextrose agar (1/10
PDA). Sporangia were deposited onto the surface of agar plates and incubated in the
dark at five different temperatures.

Plates were scanned for directly germinated

sporangia after 4, 8 and 24 h incubation.
Key:

3 - Evidence of direct germination
2 - No evidence of direct germination

Media
Time (h)

4

8

24

Temperature (°C)

Water agar

1/5 PDA

1/10 PDA

4

2

2

2

10

2

2

2

22

2

2

2

28

2

2

3

37

3

2

2

4

2

2

2

10

2

2

2

22

3

2

3

28

3

2

2

37

2

2

3

4

2

3

2

10

2

3

2

22

2

2

2

28

3

2

2

37

2

2

2
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CHAPTER 4A
EARLY INFECTION BEHAVIOUR OF A WESTERN AUSTRALIAN STRAIN OF
PLASMOPARA VITICOLA ON VITIS VINIFERA cv. CHARDONNAY LEAF TISSUE
UNDER VARIOUS CONTROLLED ENVIRONMENTAL CONDITIONS

4A.1

INTRODUCTION

Before its detection in commercial viticulture in 1998, the existence of grape downy
mildew in WA was considered unlikely. This consideration was based on the existence
of stringent quarantine measures and the absence of suitably wet conditions during
spring and early summer in WA when, in Australian vineyards elsewhere, infection is
most likely to occur. Plasmopara viticola has since been found in all grape growing
regions of WA. As grape downy mildew is still a relatively newly investigated disease
in WA, little is known of the nature of strains of P. viticola that reside in the state and
their response to local environmental conditions. Such information would assist in a
complete understanding of the conditions that determine outbreaks of grape downy
mildew in WA vineyards.
The study reported in this chapter examined the early infection behaviour of a WA
strain of P. viticola on the surface of V. vinifera cv. Chardonnay leaf tissue. The
initial stages of the infection process (zoospore germination, germ tube growth and
host penetration) were quantitatively observed, over time, under a variety of
controlled

environmental

conditions.

Despite

encompassing

both

stomatal

penetration and the penetration of host cells by haustoria, the entry of germ tubes
through stomatal apertures was used as a measure of host penetration. It would be
laborious to trace the first cellular invasion by P. viticola hyphae and the methods to
do so e.g. sectioning can be difficult and imprecise. Treatments consisted of eight
temperature levels, three intensities of light and eight sampling/observation times.

4A.2

MATERIALS AND METHODS

4A.2.1

Plasmopara viticola culture and inoculum production

Refer to section 3.2.1.
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Plasmopara viticola strain SV-2 (originating from the Swan Valley, WA) was used for all
experimental work discussed in this chapter.
4A.2.2

Host plant material and growth conditions

Rootlings (shoot pruned to 2-4 buds) of V. vinifera cv. Chardonnay (clone I10V5) were
obtained from Viticlone Supplies. This cultivar is susceptible to P. viticola (Sohi and
Sridhar, 1970; Li, 1988; Emmett et al., 1998), relatively hairless (Chris Harding and
Peter Magarey, pers. comm.) and widely grown in Australian viticulture (Dry and
Gregory, 1998).
Rootlings were prepared and planted as described in Section 3.2.1.
Pots were kept in a phytotron at UWA maintaining at 25 °C/20 °C (day/night, natural
photoperiod). To simulate summer conditions (long days, short nights) and maintain
active vine growth all year round, vines were exposed to a 2 h pulse of light during the
night (suspended light bank, 4 x 40 W globes) (Ian Dry, pers. comm.).
Vines were watered and fertilised as described in Section 3.2.1.
4A.2.3

Inoculation procedure

To quantify development of P. viticola during the early stages of the infection process
the 4th, 5th and/or 6th unfolded leaf (counted from the apex) (Figure 4A.1) were
removed; surface sterilised with 70 % ethanol, rinsed thoroughly with distilled water
and carefully dried with paper towelling.

Leaves of this age/developmental stage

were used as they generally provided more reliable results than more mature leaves
(Stein et al., 1985; Staudt and Kassemeyer, 1995; Brown et al., 1999). Discs, 10 mm
in diameter, were excised from the leaves using a cork borer and rubber pad. Major
veins were avoided when obtaining the leaf discs. For each treatment, leaf discs were
excised from at least three leaves sampled from different vines.
Leaf discs were sprayed with an aqueous suspension of P. viticola sporangia using a
simple hand held sprayer. Only freshly generated sporangia were harvested and used
in experiments.

The concentration of each sporangial suspension used for

experimental work in this chapter was approximately 7.0 x 106 sporangia/ml.

A

haemocytometer was used to determine the concentration of each suspension.

If

required, suspensions were diluted to the desired density using deionised water. The
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abaxial surface of the discs was sprayed until the entire area appeared to be covered
with fine droplets of inoculum. The discs were then transferred to glass slides (eight
discs per slide) with the abaxial/inoculated side of the discs facing upwards. The
slides were placed onto glass slide elevators inside Petri dishes containing moistened
paper towel. The dishes were sealed using Parafilm.
4A.2.4

Treatment application

Petri dishes were transferred to a cooled incubator (Model MIR-153, SANYO Electric
Co. Ltd., Japan) at 5, 10, 15, 20, 22, 25, 30 or 35 °C and exposed to light of varying
photosynthetically active radiation (PAR) intensity (0, 25 or 100 μmol m-2 s-1) for up to
6 h.

Temperature treatments were formulated using comprehensive weather data

collected from a vineyard in Caversham in the Swan Valley region from 1998-2002.
Data were supplied, as hourly readings, by the Air Quality Monitoring Division at the
Department of Environment in Perth WA. Meteorological variables recorded included
i) air temperature (°C) at 10 m height; ii) RH (%) at 10 m height; iii) rainfall (mm) and
iv) solar, net and ultra violet radiation (Wm-2).

Light treatments were limited by

incubator size and light source. The light source was a 15 W full spectrum TRUE-LITE®
fluorescent tube (Duro-Test International, USA). A TRUE-LITE lamp was used as these
tubes simulate the full colour and balanced ultraviolet spectrum of natural outdoor
light. Intensities of 25 and 100 μmol m-2 s-1 PAR were achieved by placing the Petri
dishes on shelves at varying distances from the incubator light source. To administer
a dark treatment (0 μmol m-2 s-1 PAR), one third of the Petri dishes were sealed in
aluminium foil for the duration of incubation. The intensity of PAR reaching the leaf
discs was measured using a hand-held quantum sensor (Model QMSW, Apogee
Instruments, USA). There was no RH control in this experiment since i) inoculum was
applied to leaf discs as an aqueous suspension and ii) discs were subsequently
maintained in a moist environment. Hence, RH on the abaxial surface of the discs
would be close to, or at, saturation throughout the duration of the experiment.
Zoospore germination and host penetration were quantified every 30 min for the first
2 h following inoculation and then at hourly intervals until 6 h post inoculation (hpi)
i.e. eight sampling times. Preliminary tests indicted that levels of germination and
penetration were highly variable for certain treatments. As a result, no less than
three and up to nine replicate leaf discs were used for each combination of
temperature, light and sampling/observation time.
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4A.2.5

Light microscopy

Leaf discs were randomly sampled from the Petri dishes at each sampling/observation
time. The discs were placed directly into a 2:2:1 clearing solution of 100 % acetic
acid:100 % ethanol:deionised water (Bayliss, 2000). After approximately 1 h, the discs
were removed, rinsed thoroughly with deionised water, stained with 0.1 % aniline blue
in 30 % ethanol and mounted in water. Zoospores on the surface of the leaf tissue
were observed using bright field microscopy.

The total number of zoospores,

germinated zoospores and penetrating germ tubes on each leaf disc was recorded.
The length and width of zoospores and germ tubes were measured using an ocular
micrometer.
4A.2.6

Analysis

The main effects of temperature, time and light as well as all 2- and 3-way
interactions of these treatment factors on zoospore germination and host penetration
was determined by ANOVA using an unbalanced treatment structure design in GenStat.
The progression of zoospore germination and host penetration over time for each
combination of temperature and light was graphed using SigmaPlot® (Windows 6th Ed.,
SYSTAT Software Incorporated, USA).

4A.3

RESULTS

4A.3.1

Zoospore germination

Zoospore release from sporangia occurred at all temperatures tested in this
investigation (data not shown).

The number of zoospores present on the abaxial

surface of leaf discs following clearing varied from 0 (early stages of incubation) to in
excess of 600 (later stages of incubation). Germinated zoospores were clearly visible
and easily distinguished from those which had not germinated (Figure 4A.2).

For

several treatments, zoospore germination commenced within the first hour following
inoculation of the discs (Figure 4A.3 a-c).
Light, temperature and time as well as all 2- and 3-way interactions were found to
have a significant effect (P<0.001) on zoospore germination. Incubation in the dark
for 4 h at 20 °C or for 6 h at 22 °C favoured maximum levels of zoospore germination.
Zoospore germination rate increased with time until usually a maximum was reached
50

after which levels of germination tended to gradually decline.
zoospore germination.

Darkness favoured

As light intensity increased, the number of germinated

zoospores on leaf discs decreased. Generally, zoospores did not germinate at the two
extreme incubation temperatures (5 and 35 °C) tested in this study. However, on discs
incubated for 5 h at 5 °C and exposed to the highest light level (100 μmol m-2 s-1 PAR),
one amongst several hundred zoospores had germinated. Zoospores germinated at
temperatures ranging from 10 to 30 °C however 20 °C was found to be optimal for this
phase of the infection process (Figure 4A.3 a-c).
4A.3.2

Germ tube development

Germ tubes on all of the leaf discs differed in size and shape. Germ tubes tended to
increase in length with time.

As they developed, they generally became thinner.

Germ tubes varied in width from 0.8 to 1.8 μm and were up to 60 μm in length. The
majority of germ tubes produced were long and slender and tended to grow in one
direction. Others were branched (usually one-three branching points) or grew with
several bends/curves most likely due to changes in orientation while developing
(Figure 4A.4).

These patterns of growth illustrate the flexuous nature of the

structure. On several occasions the entire cytoplasmic content of the zoospore was
seen to have translocated into the germ tube, leaving the residual spore empty.
Average zoospore size was 6 x 6.5 μm.
4A.3.3

Host penetration

The pathogen did not penetrate stomata on discs incubated at 5, 30 or 35 °C. In
addition, there was no evidence of host penetration on discs exposed to 100 μmol m-2
s-1 PAR at 10 and 25 °C (Figure 4A.3 c).
As for zoospore germination, temperature, time and light as well as all 2- and 3-way
interactions were found to have a significant effect (P<0.001) on the number of germ
tubes penetrating stomata. Incubation for 6 h in the dark at 20 °C favoured maximum
levels of host penetration. Under these conditions (darkness, 20 °C), germ tubes grew
through stomatal apertures within the first hour following inoculation.

A high

frequency of host penetration was also recorded on discs incubated for 6 h in the dark
at 22 °C.

Numbers of penetrating germ tubes on leaf discs remained relatively

constant between 2 and 6 hpi for most treatments.

Maximum levels of host

penetration occurred in the dark. As light intensity increased, the number of germ
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tubes penetrating stomata decreased. The optimum temperature for host penetration
by P. viticola germ tubes was found to be 20 °C (Figure 4A.3 a-c).
The proportion of zoospores which germinated was far greater than the proportion
that went on to penetrate the host. The highest frequency of penetration recorded
on the leaf discs was approximately 48 % compared to 92 % for germination. It was
observed not all zoospores which had geminated were able to penetrate the host and
initiate infection even when there were in close proximity to stomata. Often the
orientation of the germ tube in relation to stomata prevented successful penetration
of the host.
The number of zoospores clustered about a single stoma and the number subsequently
penetrating the host varied on all of the leaf discs. One to five zoospores surrounding
a stomate with 1 or more of them sending a germ tube into the host was most
frequently observed (>85 %) on the leaf discs (Figure 4A.5 a). In several instances
groups of up to 20 zoospores clustered about a stomate were seen with a significant
proportion of them (>40 %) penetrating the host (Figure 4A.5 b). Zoospores did not
have to be directly on or near a stomate to penetrate the host (Figure 4A.5 c).
Zoospores up to 60 μm away from stomata were able to produce long germ tubes
which grew towards stomata and eventually through the apertures.
4A.3.4

Light effects on zoospore structure

Light appeared to have a detrimental effect on zoospore structure that could be
observed within 30 min of the discs being inoculated.

Zoospores on leaf discs

incubated in the dark retained their structure throughout the duration of the study.
They varied in size from approximately 5-7 x 5-8 μm, were generally round in shape
and stained dark blue (Figure 4A.2). Zoospores exposed to light (25 or 100 μmol m-2 s-1
PAR) tended to enlarge, became blurred in appearance and often burst.

As a

consequence, this retarded/prevented successful germination of the propagules which
consequently inhibited infection. The density of staining was also reduced i.e. the
zoospores stained light blue (Figure 4A.6).

They also varied in size from

approximately 8-15 μm x 9-17 μm. Not all of the zoospores were adversely affected
by light. Many (>25 %) retained their integrity and appeared as previously described
for zoospores incubated in darkness.
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4A.4

DISCUSSION

The purpose of the study reported in this chapter was to examine the early infection
behaviour of a WA strain of P. viticola under a variety of controlled environmental
conditions.

The influence of the environmental factors temperature and light on

specific stages of pathogen development was investigated.

High humidity, which

favours P. viticola infection, was maintained throughout the duration of the study.
Zoospore germination, germ tube growth and host penetration were quantitatively
observed over time on the surface of susceptible V. vinifera cv. Chardonnay leaf discs.
The principal findings from this study were;
i)

Optimal conditions for both zoospore germination and host penetration in a
high RH environment with free water present were darkness and 20 °C.

ii)

Under these conditions, zoospore germination and host penetration
commenced within the first hour following inoculation of the leaf discs
while maximum levels occurred 4 and 6 hpi, respectively.

iii)

Zoospore germination did not generally occur at temperatures of 5 and >30
°C at all light levels.

iv)

Host penetration did not occur at temperatures of 5 and >30 °C at all light
intensity levels tested. In addition, penetration was not observed at 10 and
25 °C on discs exposed to the highest light level (100 μmol m-2 s-1 PAR).

v)

Germ tubes varied in size (length and width) and shape on all leaf discs.

vi)

Exposure of inoculated discs to light (25 or 100 μmol m-2 s-1 PAR) adversely
affected zoospore structure.

The release of zoospores from P. viticola sporangia has been reported to occur at
temperatures ranging between 2 to 9 °C and 28 to 30 °C, with optima between 15 and
25 °C (Gregory, 1915; Blaeser and Weltzein, 1977; Galet, 1977; Emmett et al., 1992).
In the present study, temperature requirements for zoospore germination and host
penetration of the WA strain generally fell within the previously mentioned range.
Zoospore germination and host penetration would have the same or similar
temperature requirements as sporangial germination since all three stages i) occur in
free water on the surface of susceptible host tissues and ii) facilitate the entering of
the pathogen into the host. Emmett et al. (1998) confirmed this by reporting in their
communication that the optimum temperature for infection (which encompasses all
three stages) is “about 25 °C, the minimum about 9 °C and the maximum about 28 °C”
(Emmett et al., 1998).
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In the current study, the optimum temperature for germination and penetration was
found to be 20 °C. Penetration of host tissues did not occur and only 1 zoospore
amongst several hundred germinated at 5 °C.

Therefore, if most WA strains are

similar in their behaviour, the lower temperature limit for zoospore germination and
host penetration in WA vineyards is likely to be between 5 and 10 °C.

Although

sporangial germination was not a target phase of interest in this investigation,
zoospores were released at all temperatures tested (5 to 35 °C). Evidently, the upper
temperature limit for sporangial germination of P. viticola in WA appears to be slightly
higher (>30 °C) than what is reported in the literature, mainly for European strains for
the pathogen. In France however, P. viticola can withstand a temperature of 35 °C in
a saturated atmosphere (Lafon and Bulit, 1981). In WA, high temperature coincides
with low humidity (Sivasithamparam, 1993).

The slightly higher temperature

thresholds found for sporangial germination, zoospore germination and host
penetration in this study provides evidence of the pathogen’s adaptability to exist in a
mediterranean climate.

It would indeed be interesting to compare strains from

mediterranean regions of Europe with those from mediterranean regions of WA to
know whether this is a specific evolutionary aspect enforced by the environment.
As maximum zoospore germination and host penetration occurred in the dark,
infection by P. viticola in WA vineyards, as with other reports (Lafon and Clerjeau,
1988; Emmett et al., 1998), is most likely to occur during the night or early hours of
the morning. Exposure of inoculated discs to light reduced levels of germination and
penetration and adversely altered zoospore structure. As a result, rate of infectivity
declined. Interestingly, in a study by Royle and Thomas (1973), the authors found the
presence or absence of light to have little effect on stomatal penetration and no
significant effect on infection by P. viticola. In their study, zoospores on grapevine
leaf discs were exposed to 4500 lux (approximately 57 μmol m-2 s-1 PAR) warm white
fluorescent light for up to 64 min (Royle and Thomas, 1973). A similar light source but
light of lesser (25 μmol m-2 s-1 PAR) and higher (100 μmol m-2 s-1 PAR) intensity were
utilised in the current study. As well as this, inoculated discs were exposed to the
various light treatments for a longer period of time (up to 6 h). Inhibition of spore
formation and deformation in spore shape and pigmentation resulting from exposure
to light, particularly in the blue region of the spectrum, has been observed for
Peronospora tabacina, causal agent of tobacco downy mildew, by various authors
(Cruickshank, 1963; Cohen, 1976).
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Under optimal conditions, the time from sporangial germination to host penetration
for P. viticola is reported to be less than 90 min (Lafon and Clerjeau, 1988). In the
present study, both zoospore germination and penetration of host tissues commenced
within 60 min of inoculation on discs incubated in the dark at 20 °C. The window of
opportunity for infection by P. viticola appears to be quite large since maximum levels
of germination and penetration, under optimal conditions, occurred 4 and 6 hpi,
respectively. Under less than optimal conditions, infection still occurred for several
treatments after 5 or 6 h incubation.
Since zoospore germination is a naturally staggered process i.e. not all spores
geminate at the one time, germ tubes on a single disc varied in length. Plasmopara
viticola germ tubes are typically described as flexuous, non-septate and up to 50-80
μm long (Emmett et al., 1992). There is limited information in the literature on width
of P. viticola germ tubes.

Germ tubes observed in this study match the previous

description however they did not exceed 60 μm in length.

Germ tubes also varied in

form. Most were straight while others were branched. In a study by Kiefer and others
(2002), the host appeared to coordinate the morphogenesis of P. viticola germ tubes.
Branching and bulging germ tubes were typical in a host-free system while zoospores
that developed on the host tended to form one straight unbranched germ tube (Kiefer
et al., 2002). In the current study, branching did not appear to affect the ability of
the propagules to grow through stomatal apertures.
The influence of environmental factors on proceeding stages of pathogen development
associated with the infection process of P. viticola, namely colonisation and
sporulation, was examined in Chapter 6.
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4

5

6

Figure 4A.1

The 4th, 5th and/or 6th unfolded leaves, counted from the apex of the

grapevine shoot, were used to examine early infection behaviour of a Western
Australian strain of Plasmopara viticola. The arrows and numbers denote the position
of the leaves on the shoot (demonstrated on a Vitis vinifera cv. Semillon shoot).
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Figure 4A.2

Plasmopara viticola zoospores on the surface of a cleared Vitis vinifera

cv. Chardonnay leaf disc (bar = 50 μm). The inoculated disc was incubated for 90 min
in the dark at 20 °C. Note in this image, approximately 45 % of the zoospores have
germinated.
Key:

gz = germinated zoospore
z = zoospore (has not germinated)
st = stomata
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Figure 4A.3 (opposite)

Influence of temperature and light on rate of zoospore

germination and host penetration by a Western Australian strain of Plasmopara
viticola over time. Vitis vinifera cv. Chardonnay leaf discs were inoculated with an
aqueous suspension of P. viticola sporangia and incubated in various combinations of
temperature and light for up to 6 h. The first assessment of zoospore germination and
host penetration was made 30 min post inoculation. Bars indicate standard errors
(n=3-9).
Key to light treatments: Dark: 0 μmol m-2 s-1 PAR (Figure 4A.3 a)
Light (i): 25 μmol m-2 s-1 PAR (Figure 4A.3 b)
Light (ii): 100 μmol m-2 s-1 PAR (Figure 4A.3 c)
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Figure 4A.3 a
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Figure 4A.3 c
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Figure 4A.4 (opposite)

Morphology of Plasmopara viticola germ tubes on the

surface of cleared Vitis vinifera cv. Chardonnay leaf discs following incubation in
different combinations of temperature and light for up to 6 h. In the given examples,
inoculated leaf tissues had been incubated for a) 4 h in darkness at 22 °C (bar = 20
μm); b) 5 h in light (25 μmol m-2 s-1 PAR) at 25 °C (bar = 15 μm); c) 4 h in darkness at
20 °C (bar = 10 μm); d) 3 h in light at 22 °C (bar = 20 μm); e) 1.5 h in light at 25 °C
(bar = 10 μm); f) 6 h in light at 22 °C (bar = 10 μm); g) 1.5 h in light at 25 °C (bar =
10μm).
Key:

bgt = branched germ tube
s = sporangia
sa = stomatal aperture
sgt = straight germ tube
z = zoospore
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Figure 4A.5

Plasmopara viticola zoospores surrounding stomata on the surface of

cleared Vitis vinifera cv. Chardonnay leaf discs following various periods of exposure
to different combinations of temperature and light for up to 6 h. a) Small clusters of
zoospores. The leaf disc had been incubated for 1.5 h in the dark at 20 °C (bar = 50
μm); b) Large clusters of zoospores. In clusters 1 and 2 there are approximately 17
and 20 zoospores, respectively. The disc had been incubated for 6 h in the dark at 15
°C (bar = 50 μm); c) Zoospore with long germ tube that has grown towards and
penetrated a stoma. The disc had been incubated for 3 h in light (25 μmol m-2 s-1 PAR)
at 22 °C (bar = 20 μm).
Key:

gt = germ tube
s = sporangia
sa = stomatal aperture
z = zoospore
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Figure 4A.6

Effect of light on zoospore structure on the surface of a cleared Vitis

vinifera cv. Chardonnay leaf disc. Zoospores tended to enlarge, become blurred in
appearance and/or burst when exposed to light >25 μmol m-2 s-1 PAR. In the given
example, the disc had been incubated for 6 h in light (100 μmol m-2 s-1 PAR) at 15 °C
(bar = 50 μm). Compare the structure of light affected zoospores to zoospores on leaf
tissues incubated in the dark (Figure 4A.2).
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CHAPTER 4B
EFFECT OF LIGHT ON GERMINATION OF SPORANGIA FROM A
WESTERN AUSTRALIAN STRAIN OF PLASMOPARA VITICOLA

4B.1

INTRODUCTION

The work described in this sub-chapter was conducted as a justification to the findings
of Chapter 4A, where the early infection behaviour of a WA strain of P. viticola was
examined under a variety of controlled environmental conditions on V. vinifera cv.
Chardonnay leaf discs. In those studies, exposure of inoculated leaf material to light
had a significant effect on zoospore germination and host penetration.

Maximum

rates of both processes occurred in the dark. As light intensity increased, the total
number of germinated zoospores and penetrating germ tubes on the surface of leaf
discs decreased. Based on these findings, it is reasonable to assume grapevines in WA,
like elsewhere, are most likely to be infected by P. viticola during periods of low light
e.g. night time or early morning.
Germination of P. viticola sporangia was not investigated in Chapter 4A as zoospore
germination was previously determined as the first target phase of interest in the
study. An effect of light on the germination of sporangia would influence the timing
of subsequent stages in the infection process.
This sub-chapter confirms the timing of events examined in Chapter 4A and
investigates the influence of light on the germination of P. viticola sporangia. This in
turn would establish the most favourable time of the day for sporangia to germinate
on susceptible host tissues. Using a host-free system, sporangia of P. viticola were
exposed to light of varying intensity (0, 25 or 100 μmol m-2 s-1 PAR), as tested in
Chapter 4A. Germination of the propagules was quantified after various periods of
exposure (2, 4 and 24 h) to the light treatments.

4B.2

MATERIALS AND METHODS

4B.2.1

Plasmopara viticola culture and inoculum production

Refer to Section 4A.2.1
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4B.2.2

Treatment application

The effect of light on sporangial germination was investigated in a host-free system
for rapidity and ease of assessing numbers of germinated sporangia.
A suspension of P. viticola sporangia was prepared (Section 3.2.1) and the
concentration subsequently determined (Section 4A.2.3). The concentration of the
sporangial suspension used was approximately 1.0 x 107 sporangia/ml.

A higher

concentration was used in this investigation to ensure adequate numbers of sporangia
for assessment.
Approximately 5 ml of the sporangial suspension was pipetted into each of three small
plastic vials (vial volume 8 ml, diameter 1.8 cm). The vials were then sealed, placed
inside a cooled incubator and exposed to the light treatments as described in Section
4A.2.4. To achieve intensities of 25 and 100 μmol m-2 s-1 PAR, two of the vials were
placed at varying distances from the incubator light source. The intensity of light
reaching the vials was verified using a hand held quantum sensor. A dark treatment (0
μmol m-2 s-1 PAR) was administered to one of the vials by sealing it in aluminium foil
for the duration of the incubation period. The vials were incubated at 20 °C for the
duration of the investigation as this temperature favoured both zoospore germination
and host penetration (Chapter 4A).
One vial containing 5 ml of P. viticola sporangial suspension was allocated to each
light intensity level tested in this investigation.
4B.2.3

Light microscopy

The vials were removed from the incubator after 2, 4 or 24 h incubation and from
each, three 100 μl samples were taken. Using light microscopy, the total number of
sporangia and those that had germinated were counted in four randomly selected
“medium” sized squares on a haemocytometer grid for each sample.

Percent

sporangial germination was subsequently calculated. Germination was monitored for
up to 24 h to determine if all sporangia eventually germinate regardless of exposure to
light or darkness or if there is an immediate effect of the light treatments on the
process.
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4B.2.4

Analysis

The effect of light and time on sporangial germination was determined by ANOVA
using a general analysis of variance design in GenStat. Data were normalised by log10
(x+1) transformation.

4B.3

RESULTS

Sporangia which had germinated and released zoospores were clearly visible and easily
distinguished from those which had not germinated (Figure 4B.1 a-b).

The

operculum/papilla at the apex of sporangia, through which zoospores escaped, could
often be seen (Figure 4B.1 c).
Light and time were found to have a significant effect (P<0.001) on sporangial
germination. The interaction of the two factors however had no significant effect on
the process (P>0.05).

Sporangia incubated in the dark had the lowest rates of

germination. There was no significant difference (P>0.05) in numbers of germinated
sporangia in suspensions exposed to the two levels of light i.e. 25 or 100 μmol m-2 s-1
PAR.

Numbers of germinated sporangia increased with time, however there was

always a proportion (up to 30 %) that failed to germinate, even after 24 h incubation
(Figure 4B.2).

4B.4

DISCUSSION

The purpose of this study was to determine the effect of light on sporangial
germination of P. viticola. Germination of the propagules was quantified in a hostfree system following various periods of exposure to light differing in intensity.
The principal findings from this study were
i)

Sporangia germinated under all light levels tested.

ii)

Light favoured sporangial germination.

iii)

Sporangia incubated in the dark had the lowest rates of germination.

iv)

Rate of germination did not significantly differ between sporangia
exposed to the two highest light intensities (25 and 100 μmol m-2 s-1
PAR).

v)

Numbers of germinated sporangia increased with time.
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The climate of the Swan Valley region has been described as “of pronounced
mediterranean type with a hot dry summer and very high solar radiation and
evaporation” (Dry and Smart, 1998).

The region receives a total of 1750-2000

sunshine hours during the October-April growing season which corresponds to
approximately 9.7 h of bright sunshine per day (Dry and Smart, 1998; Gladstones,
1999).
The amounts of PAR are maximal above a grapevine canopy on a sunny day with
irradiance and fluence values of approximately 2000 μmol m-2 s-1 (Smart, 1998; Taiz
and Zeiger, 2002). Values within a dense canopy however may be as low as 15-30
μmol m-2 s-1, or less than 1 % of above canopy values (Smart, 1998). Evidently the
intensities of light tested in this investigation are relatively low when compared to
what occurs naturally in the field during the growing season.

It is therefore

reasonable to assume that sporangial germination is most likely to occur during the
evening when the intensity of light reaching vines and within the canopy is low. This
assumption is also based on the findings from Chapter 4A that zoospore germination
and host penetration, which proceed sporangial germination in the infection process,
are favoured by darkness hence these processes are most likely to occur during
periods of low light i.e. night time or early hours of the morning.
In India, P. viticola sporangia harvested during the same day between 8 am and 6 pm
did not germinate.

Those harvested the following night between 8 pm and 6 am

germinated within 1 h (Srinivasan and Jeyarajan, 1976). In Greece, exposure of P.
viticola sporangia to sunlight for 1 h was sufficient to permanently reduce the viability
of the propagules (Zachos, 1959).

In France, sporangia collected in the evening

following a hot sunny day did not germinate (Lafon and Bulit, 1981). Evidently, if P.
viticola strains in WA behave similarly to strains in India, Greece and France,
sporangia are unlikely to germinate and initiate infection during daylight hours.
As a further confirmation to the proposed timing of events during the early stages of
the infection process of P. viticola, the average temperature from 6 pm to 6 am (when
temperature and light intensity tends to drop and humidity tends to rise) was
calculated over three growing seasons (1999-2000, 2000-2001, 2001-2002) using
comprehensive hourly weather data from the Swan Valley (Section 4A.2.2). Average
temperatures from 6 pm on the 15th day of the month to 6 am on the 16th day of the
month for each of the 7 months (October-April) (Gladstones, 1999) in the growing
season were calculated. An overall growing season average (GSA) temperature for this
period was subsequently obtained. The GSA from 1999 to 2002 was 20.5 °C (std. err.
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+/-0.74). Gladstones (1999) reported the daily mean temperature during the growing
season in the Swan Valley to be 21.3 °C. These findings suggest that during periods
low light, the temperature is often optimal for infection by P. viticola.

Theses

averages could however miss the actual temperature during conditions that favour
infection but serve as a guide. Hence in WA vineyards, sporangia of P. viticola are
most likely to germinate in free water on the surface of susceptible vine tissues in the
evening followed by germination of zoospores and penetration of the host tissues
during the night or early hours of the morning when temperature is conducive for
infection.
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Figure 4B.1

gs

Plasmopara viticola sporangia following 2, 4 or 24 h exposure to light

differing in intensity (0, 25 or 100 μmol m-2 s-1 PAR) at 20 °C. Sporangial germination
was assessed in a host-free system and germinated sporangia were quantified using a
haemocytometer.

In the given examples, aqueous sporangial suspensions were

exposed to a) light (25 μmol m-2 s-1 PAR) for 2 h (scale bar = 50 μm). In the image
there are approximately 14 sporangia which have germinated and 2 which have not.
The amount of sporangial germination that has occurred is 87.5 %; b) darkness (0 μmol
m-2 s-1 PAR) for 4 h (scale bar = 20 μm); c) light (100 μmol m-2 s-1 PAR) for 24 h (scale
bar = 20 μm).

Note the operculum at the apex of the sporangium through which

zoospores escaped from.
Key:

gs = germinated sporangium
s = sporangium (has not germinated)
z = zoospore
op = operculum
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Figure 4B.2

Mean germination (%) of Plasmopara viticola sporangia over time as

influenced by light differing in intensity. Sporangial suspensions were exposed to 0
(dark), 25 or 100 μmol m-2 s-1 PAR of light for 2, 4 or 24 h at 20 °C. Numbers of
germinated sporangia were quantified using a haemocytometer.
Key to light treatments:

Dark = 0 μmol m-2 s-1 PAR
Light (i) = 25 μmol m-2 s-1 PAR
Light (ii) = 100 μmol m-2 s-1 PAR
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CHAPTER 5
DETERMINATION OF METHODS TO MONITOR AND QUANTIFY COLONISATION OF
VITIS VINIFERA CV. CHARDONNAY LEAF TISSUE BY PLASMOPARA VITICOLA IN
ENVIRONMENTS DIFFERING IN RELATIVE HUMIDITY

5.1

INTRODUCTION

Many aspects of infection by P. viticola at the cellular level are still unknown because
the pathogen spends a large proportion of the duration of its life cycle inside
susceptible host tissues (Kortekamp, 2005).

Obligate biotrophic pathogens are

difficult to handle and all attempts at host free-cultivation of P. viticola have failed
(Kiefer et al., 2002; Kortekamp, 2005).
Colonisation of grapevine leaf tissue by P. viticola hyphae has been visualised in
several earlier microscopy based studies (Gregory, 1915; Kortekamp et al., 1998;
Kortekamp and Zyprian, 1999; Burruano, 2000; Rumbolz et al., 2002; Kortekamp,
2005). In all of these past endeavours, hyphal development was observed, but never
quantified, in cleared or sectioned leaf tissue that had been maintained in conditions
conducive for disease development e.g. high RH and incubation temperatures ranging
from 19 to 23 °C. Usually detached leaves were floated on water or whole plants
were kept in chambers to achieve high levels of humidity.

The effect of specific

environmental factors on the colonisation process is yet to be investigated.
A pilot trial was conducted to determine the most suitable method to allow
colonisation of leaf tissues by P. viticola to be monitored and quantified under a
variety of controlled environmental conditions.

Consideration was given to space,

replication, ease, repeatability and the environmental conditions in which the
inoculated leaf material would be incubated.

Eight separate investigations were

undertaken in the pilot study, each discussed in detail below. In each investigation,
RH was the only varying environmental factor while temperature and light were
maintained at levels known to be conducive to the disease.
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5.2.1

Investigation 1 - Inoculated leaf discs incubated on glass slides inside
RH chambers.

5.2.1.1

MATERIALS AND METHODS

Fifty leaf discs (14 mm diameter) were excised from V. vinifera cv. Chardonnay leaves
(Section 4A.2.2) using a cork borer and a rubber pad. The 4th, 5th and/or 6th leaf,
counted from the apex of the shoot (Section 4A.2.3), were removed as leaves this age
would be used for experimental work discussed in Chapter 6.

No more than two

leaves were excised from a single vine. While the discs were taken from random
positions on the leaf, care was taken to avoid excising major veins.

The abaxial

surface of the leaf discs was inoculated with an aqueous suspension of P. viticola
sporangia as outlined in Section 4A.2.3.

The concentration of the sporangial

suspension used in this and later investigations in the pilot trial was approximately 5 x
106 sporangia/ml. Discs were placed abaxial/inoculated side up onto small plastic
trays inside a humid container (Section 3.2.1). The container was then incubated in
the dark at 20 °C for 2 h. Under such conditions, this was an adequate amount of time
for at least 50 % of the sporangia present on the surface of susceptible grapevine leaf
tissue to have germinated and for host penetration to have commenced (Chapter 4A).
The discs were then transferred to glass slides (five discs per slide, abaxial/inoculated
side up) and placed inside RH chambers (Section 3.2.2.1). Different salt solutions
were used to produce five levels of RH: potassium sulphate (K2SO4, 97 % RH), sodium
chloride (NaCl, 75.3 % RH), magnesium nitrate hexahydrate (Mg(NO3)2.6H2O, 53 % RH)
(BDH Laboratory Supplies, UK), magnesium chloride hexahydrate (MgCl2.6H2O, 33 %
RH) and lithium chloride (LiCl, 12.5 %) (Sigma Chemicals, Australia) (Section 3.2.2.1)
(Young, 1967; Sun, 2002). Enough salt solution (approximately 15 ml) was poured into
the bottom half of each Petri dish to ensure the base was covered. The glass slides
were placed above the salt solutions using a 15 mm high plastic grid. The chambers
were sealed several times using Parafilm and a weight was applied to the lid to
maintain the seal. The chambers were then placed on shelves inside a refrigerated
incubator (Model TLMRIL396-1-SD-ADF, Thermoline L+M, Australia) set at 20 °C with a
diurnal photoperiod (14 h day/10 h night, 2 x 15 W cool white fluorescent tubes, light
intensity at Petri dishes approximately 25 µmol m-2s-1 PAR).

To ensure the salt

solutions remained saturated (excess salt present) and therefore RH remained
constant, the chambers were observed on a daily basis.
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Leaf discs were sampled 2 and 4 d post inoculation (dpi), and cleared and stained
using a method modified from Rumbolz et al. (2002). Discs were placed directly into a
1 M KOH solution and cleared overnight (12-16 h) in a 70 °C oven rather than
autoclaving at 121 °C for 15 min (Rumbolz et al., 2002) which was found to be too
destructive to the tissues. The discs were examined by epifluorescence microscopy
using a Zeiss Axioplan II microscope equipped with an epifluorescence device (filter
block: 2, excitation: G365 nm, emission: LP397 nm, colour: blue) to determine the
presence of intercellular mycelium of P. viticola.

5.2.1.2

RESULTS

Only the leaf discs that were incubated in 97 % RH retained their integrity for the
entirety of the investigation.

Discs inside the 12.5, 33, 53 and 75% RH chambers

began to shrivel and dry after 2 d incubation and after 4 d had completely desiccated
(Figure 5.1 a). The desiccation process was more rapid in chambers of low RH with
leaf discs incubated at 10 % RH drying within 24 h. For this reason, only the leaf discs
incubated in near saturated conditions (97 % RH) were sampled, cleared, stained and
observed. Mycelium of P. viticola was evident in all of the leaf discs and in greater
quantities in discs sampled 4 dpi (Figure 5.1 b).
From the observations of this initial investigation, Investigation 2 was formulated in
attempt to over come desiccation of leaf discs in less than saturated environments.

5.2.2

Investigation 2 - Sealed and inoculated leaf discs incubated on glass
slides inside RH chambers.

5.2.2.1

MATERIALS AND METHODS

Leaf discs were excised, inoculated and incubated as described in Section 5.2.1.1.
Prior to inoculation however, the severed edge of each disc, where the disc was
punched from the leaf, was sealed using water (Surgi Pack® Lubricating Jelly, Tyco
Healthcare, Australia) or petroleum (Vaseline®, Lever Rexona, Australia) based
lubricant. The lubricants were applied to the perimeter of each of the leaf discs using
a small paint brush.
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Discs were sampled after 4 d incubation. At the time of sampling, a slightly smaller
disc (10 mm diameter) was punched from the centre of each of the discs to avoid
sealant from the perimeter affecting material to be examined under the microscope.
They were cleared, stained and observed as described in Investigation 1.

5.2.2.2

RESULTS

In general, both lubricants prevented desiccation of tissues across the range of RH
tested. Petroleum based lubricant appeared to be more effective as a sealant as any
water based lubricant present on the perimeter of the leaf discs and/or on the glass
slides tended to be “absorbed” in environments <97 % in RH rendering it ineffective.
A small proportion (16 %) of “sealed” leaf discs shrivelled and dried, most likely as a
result of incomplete coverage of the severed edge by the lubricants.
Interestingly leaf discs sealed with the water based lubricant tended to gradually turn
brown in colour over the duration of the incubation period. Discs sealed with Vaseline
generally did not discolour. As in Investigation 1, discs incubated in 97 % RH retained
their structure with no discolouration observed. Despite their appearance, all of the
discs were sampled, cleared and observed. Mycelium of P. viticola was evident in only
one of the five leaf discs which had been sealed with Vaseline and incubated at 97 %
RH. All other discs sealed with Vaseline showed no activity of the pathogen. Mycelial
activity was absent in all of the discs which had been sealed with the water based
lubricant.
From the findings of this investigation, Investigation 3 was formulated in an attempt
to determine if i) larger leaf discs would be more suitable as experimental units and
ii) if by using larger sample sizes the discolouration process could be slowed and/or
minimised enough to allow a disc of apparent unaffected green tissue to be excised
from the centre of the disc at the time of sampling.
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5.2.3

Investigation 3 - Sealed leaf discs of various sizes incubated on glass
slides inside RH chambers.

5.2.3.1

MATERIALS AND METHODS

Eighteen leaf discs were excised as described in Section 5.2.1.1. The leaf discs varied
in diameter: 14 mm (small), 18 mm (medium) or 22 mm (large).
category, six leaf discs were punched.

For each size

The edges of the discs were painted with

water or petroleum based lubricant as described in Section 5.2.2.1. The discs were
not inoculated with P. viticola as the aim of the investigation was only to observe the
durability of the different sized leaf discs when exposed a range of RH levels. Leaf
discs were incubated in 12.5, 53 or 75 % RH as described in Section 5.2.1.1.
As the leaf material was not inoculated with P. viticola, a visual assessment of the
discs was made 2 and 4 dpi.

5.2.3.2

RESULTS

As in Investigation 2, Vaseline appeared to be a more suitable sealant with no
desiccation or discolouration of tissues evident after 4 d incubation (Figure 5.1 c).
Again, leaf discs sealed with water based lubricant tended to turn brown in colour
with time (Figure 5.1 d). The discolouration process was, as expected, more rapid on
smaller samples with little or no green tissue evident on the small and medium sized
discs after 4 d incubation. Only a very small amount of green tissue (approximately 57 mm) was evident in the centre of large discs after the same amount of time. The
rate and severity of the discolouration process appeared to be similar across the levels
of RH tested.
It was speculated the brown discolouration observed on leaf discs sealed with water
based lubricant in Investigations 2 and 3 was due to an impedance in gas exchange.
The leaf discs were incubated on the surface of glass slides inside a sealed chamber
hence there was little or no air movement between the abaxial and adaxial surfaces of
the leaf tissue. This resulted in the discs becoming necrotic. Although discs sealed
with Vaseline tended to remain green after 4 d incubation, it is likely they too were
“suffocated” as a result of the methodology used. Interestingly, P. viticola mycelium
was evident in only one of the five leaf discs sealed with Vaseline and incubated at 97
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% RH in Investigation 2.

In Investigation 1 however, leaf discs that had not been

sealed but incubated in the same conditions all had mycelium present in them.
Investigation 4 was thus formulated in an attempt to increase the amount of
atmosphere air available to samples inside the RH chambers. Due to its unsuitability,
water based lubricant was no longer used as a sealant.

5.2.4

Investigation 4 - Sealed and inoculated leaf discs incubated on plastic
netting inside RH chambers.

5.2.4.1

MATERIALS AND METHODS

Twenty five leaf discs (18 mm in diameter) were excised, inoculated and incubated as
described in Section 5.2.1.1. As in Investigation 2, the leaf discs were sealed prior to
inoculation using petroleum based lubricant. In an attempt to increase air flow, leaf
discs were placed abaxial/inoculated side up onto circular pieces of plastic netting
which sat on top of the plastic grid inside the RH chambers (Figure 5.1 e).
Discs were sampled and processed as described in Section 5.2.2.1.

5.2.4.2

RESULTS

Leaf discs incubated on netting inside chambers <97 % in RH tended to desiccate over
the duration of the incubation period despite being sealed with Vaseline. Evidently,
the atmosphere in these chambers was dry enough to draw sufficient water from the
abaxial and adaxial surfaces and possibly a portion of the exposed edge of the discs
where sealant had not been applied. No discolouration of tissues was observed. As in
Investigations 1 and 2, leaf discs incubated in 97% RH retained their structure for the
entirety of the incubation period.

These, as well as several discs which had not

completely desiccated after 4 d incubation in 75 % RH, were sampled, cleared, stained
and observed.

Mycelial activity was evident only in the leaf discs that had been

incubated 97% RH.
Due to the apparent unsuitability of leaf discs, with or without a sealant, as an
experimental unit in environments <97 % in RH, Investigation 5 was formulated in an
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attempt to determine if whole detached leaves, from which leaf discs could be
excised from at the time of sampling, could withstand the range of RH levels being
tested.

5.2.5

Investigation 5 - Inoculated whole detached leaves incubated on
plastic netting inside RH chambers

5.2.5.1

MATERIALS AND METHODS

Four leaves were excised from vines and then inoculated and incubated as described
for leaf discs in Section 5.2.1.1. Leaves were maintained inside humid containers with
their petioles inserted into blocks of moistened floral foam (Section 3.2.1).

To

accommodate the size of the leaves, large glass Petri dishes (90-180 mm in diameter)
were used to create RH chambers. The leaves were placed abaxial/inoculated side up
onto plastic netting which sat on top of the plastic grid inside the glass Petri dishes
(one leaf per dish). Leaves were exposed to 33, 53, 75 or 97 % RH. Prior to the leaves
being placed inside the Petri dishes, the end of each petiole was sealed using
Vaseline.
It was anticipated five leaf discs (18 mm diameter) would be excised from each of the
leaves 4 dpi. The discs would be cleared, stained and observed as outlined in Section
5.2.1.1.

5.2.5.2

RESULTS

As was the case for leaf discs in Investigations 1-4, the only whole detached leaf to
retain its structure over the duration of the 4 d incubation period was the one
incubated in 97 % RH. This leaf remained green and turgid for the entirety of the
investigation.

Interestingly, sporulation of P. viticola was evident on the abaxial

surface of this leaf 4 dpi hence discs did not have to be excised to confirm the
presence of P. viticola mycelium in the tissues. Leaves inside the 33, 53 and 75 % RH
chambers gradually shrivelled and dried with time (Figure 5.1 f). By the conclusion of
the incubation period the leaves had desiccated to a degree that made it virtually
impossible to excise leaf discs from them. There was no evidence of sporulation on
these leaves. As RH decreased, the rapidity at which leaves desiccated increased.
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The observations from this and previous investigations led to the formulation of
Investigation 6 in which it would be determined if whole plants would be more
suitable as an experimental unit.

5.2.6

Investigation 6 - Inoculated attached leaves on a single vine
incubated inside RH bags.

5.2.6.1

MATERIALS AND METHODS

Using a whole V. vinifera cv. Chardonnay vine, five leaves were tagged and inoculated
with P. viticola as described for leaf discs in Section 5.2.1.1. The abaxial surface of
the leaves was sprayed with a fine mist of a sporangial suspension of P. viticola until
run-off (approximately 3-4 ml per leaf). The inside of a large black plastic rubbish bag
was misted with water and placed over the vine for approximately 2 h. Snap lock
plastic bags (200 mm x 250 mm) containing approximately 25 ml of the various
saturated salt solutions were then placed around the petiole of each of the tagged
leaves. The snap lock bags were sealed as close to the petiole of each leaf and held in
place using metal slide clips. Vaseline was applied where the plastic bag met with the
petiole to ensure a seal was maintained. Supports were used to ensure there was no
contact between the leaves and the salt solutions. The vine was then incubated as
described in Section 5.2.1.1.
It was anticipated leaf discs would be excised from each of the tagged leaves as
described in Section 5.2.5.1.

The discs would be cleared, stained and observed

described in Section 5.2.1.1.

5.2.6.2

RESULTS

After 2 d incubation, the inoculated leaves appeared to have retained their structure
with no discoloration and/or desiccation of tissues observed.

It was apparent

however, that they had transpired with condensation present on the inside of all the
plastic bags. The amount of water emitted from the transpiring leaves would have
undoubtedly altered the environments inside the bags. Water present on the surface
of the leaves and/or on the inside of the plastic bag would have created a near
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saturated environment around the infected material. In addition to this, the water
transpired by the leaf may have converted the salt solutions from saturated to
unsaturated hence increasing the level of RH in each of the bags. For these reasons,
as well as the laborious and fastidious nature of the method, Investigation 6 was
terminated and Investigation 7 was formulated.

5.2.7

Investigation 7 - Inoculated attached leaves on grapevines incubated
in controlled environment room facilities.

5.2.7.1

MATERIALS AND METHODS

Three leaves, the 4th, 5th and/or 6th leaf from the apex on one or more shoots were
tagged on each of three V. vinifera cv. Chardonnay vines. The tagged leaves were
inoculated as described for leaf discs in Section 5.2.1.1. The vines were covered with
black plastic bags for 2 h following inoculation. Using a controlled environment room
(CER) facility at UWA, each of the vines was then placed into a room set at 20 °C with
a RH level of approximately 30, 60 or 90 % and a diurnal photoperiod (14 h day/10 h
night, 4 x 1000 W HID metal halide globes, light intensity above the vine
approximately 560 μmol m-2s-1 PAR).
After 4 d incubation, the tagged leaves were detached and five leaf discs (16 mm
diameter) were excised from each leaf. The discs were subsequently cleared, stained
and observed as described in Section 5.2.1.1.

5.2.7.2

RESULTS

All three vines withstood, to the same capacity, the environmental conditions they
were incubated in.

The tagged/inoculated leaves retained their integrity and

remained green for the entirety of the investigation. Observation of the leaf discs
revealed mycelial activity in all of the samples.
Due to i) the apparent suitability of whole plants/attached leaves to withstand a wide
range of conditions; ii) the ease at which different steady state environments could be
created and maintained using CER facilities and iii) the frequency of observing
mycelial activity in leaf discs excised from leaves incubated in such conditions, this
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method was found to be appropriate for the colonisation component of the late
infection behaviour study. The pilot trial therefore ceased at this point.
The experiment discussed in Chapter 6 was undertaken utilising the methodology
employed in Investigation 7. Due to operating difficulties and circumstances beyond
this author’s control, the CER became unavailable for use, for an extended period of
time, before the experimental work had concluded.

Only four of the seven

treatments outlined in Section 6.2.2.1 were performed in the CER before it
malfunctioned. A constant high demand on CER facilities at UWA meant no other
rooms were available for use at that time. As a result, an alternative and suitable
method to quantify host colonisation under various controlled environmental
conditions was developed. Due to space limitations and availability of materials and
facilities, it was determined the colonisation experiment would be conducted in the
laboratory employing this method using detached leaves. Steady state environments
would be created using incubators and RH chambers. Although the method discussed
below in Investigation 8 was not an original component of the pilot trial, it was
included in the present chapter since the findings from Investigations 1-7 assisted in
its formulation.

5.2.8

Investigation 8 - Inoculated whole detached leaves incubated with
their petioles in vials of water inside RH chambers

5.2.8.1

MATERIALS AND METHODS

Four whole detached leaves were inoculated and incubated as described in Section
5.2.5.1. Following the 2 h incubation period, the leaves were transferred to small
glass vials containing approximately 25 ml tap water (1 leaf per vial). As the vials had
been sealed with Parafilm to prevent the escape of water, the petioles were inserted
into the vials through a small puncture made in the seal using a dissecting needle.
Vaseline was applied where contact was made between the petiole and Parafilm to
ensure a good seal.

The vials where then placed inside RH chambers (1 vial per

chamber) which consisted of a 1 L snap lock glass preserving jar (Luminarc®, France)
containing approximately 40 ml of a saturated salt solution and a support for the vial
made from mouldable plastic mesh (Figure 5.1 g). Leaves were incubated in 33, 53,
75 or 97 % RH as described in Section 5.2.1.1. The chambers were observed on a daily
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basis to ensure i) salt solutions remained saturated and ii) petioles were emerged in
water throughout the duration of the incubation period.
Leaves were removed from the RH chambers 4 dpi and five leaf discs (16 mm
diameter) were excised from each leaf. The discs were subsequently cleared, stained
and observed as described in Section 5.2.1.1.

5.2.8.2

RESULTS

All four leaves retained their integrity and remained green for the entirety of the
investigation.

The leaf incubated in near saturated conditions had droplets of

inoculum present on its abaxial surface after 4 d incubation but appeared the same as
leaves incubated in environments of lower RH. Evidently, immersing the petioles in
water allowed the leaves to withstand a wide range of environments. Observation of
the leaf discs revealed mycelial activity in all of the samples.

5.3

DISCUSSION

From the series of investigations conducted and the findings obtained from each, it
was evident the methodology employed in Investigations 7 and 8 were the most
suitable of those tested for quantifying host colonisation under a variety of controlled
environmental conditions. Selection of either method for use in an experiment would
depend on the facilities available to create steady state environments and space
(number of replicates, size of experimental unit).

Colonisation of attached vs.

detached grapevine leaves by P. viticola is addressed in Chapter 6.
Humidity was the only environmental factor to vary in all of the investigations.
Temperature and light were maintained at levels known to be conducive for disease
development. Humidity was adjusted from very low (12.5 % RH) to near saturated (97
% RH). A temperature of 20 °C was selected as this was found to be optimal for
earlier stages in the infection process (Chapter 4A). A diurnal photoperiod of 14 h
days and 10 h nights was used for the entirety of the incubation period as this was
representative of summer field conditions.
Leaf discs have long been used as experimental units in studies as they provide “an
efficient, space saving in vitro approach for reproducing field responses in plants”
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(Brown et al., 1999). There does however appear to be a limitation for their use.
Leaf discs appear to only be useful in environments maintaining high RH i.e. 95-100 %
RH. Below this level, tissues tend to desiccate. The desiccation process can be rapid
at low RH. For this reason, leaf discs are often floated on water (Royle and Thomas,
1973; Kast, 1996) or incubated in chambers of high RH e.g. inside a Petri dish on
moistened filter paper (Reuveni, 1998; Brown et al., 1999), cloth (Brook, 1979) or
water agar (Kiefer et al., 2002; Rumbolz et al., 2002). Despite attempts to prevent
desiccation by sealing the exposed edge of the discs, the atmosphere in RH chambers
<97 % in RH was inadequate to prevent dehydration of the discs. In a study by Kast
(1996) the author used large grape vine leaf discs (3 cm diameter) to examine the
virulence of several isolates of P. viticola.

The leaf discs were inoculated with

sporangial suspensions of the pathogen and then floated on water at 20 °C for 20 h.
Interestingly, the discs were then dried and stored at 70 % RH for 10 d. After this
time, the discs were returned to a high RH environment for 3 d to assess sporulation
on surface of the tissues (Kast, 1996). From the observations made in Investigation 1,
unsealed leaf discs incubated in 70 % RH for any longer than 4 d would desiccate
irreversibly making recovery of the pathogen impossible.

84

Figure 5.1 (see over)
a) Vitis vinifera cv. Chardonnay leaf discs in relative humidity (RH) chambers after 4 d
incubation in controlled conditions (20 °C, 14 h day/10 h night). Desiccation of tissues
can be observed in chambers <97 % in RH. Top row: (left to right) 97, 53 and 12.5 % RH
chambers, bottom row: (left to right) 75 and 33 % RH chambers. The drying process
was more rapid at low RH;
b) Plasmopara viticola mycelium (fluorescing) colonising grapevine leaf tissue (bar =
200 μm). The inoculated leaf tissue had been incubated for 4 d in 97 % RH;
c) 14, 18 and 22 mm diameter grapevine leaf discs sealed with petroleum based
lubricant. The discs shown in the image were incubated in 75 % RH for 4 d. Note no
discolouration or desiccation of tissues;
d) 14, 18 and 22 mm diameter grapevine leaf discs sealed with water based lubricant.
The discs shown in the image were incubated in 53 % RH for 2 d. Note the brown
discolouration of the tissues. The discolouration process occurred more rapidly on
smaller leaf discs;
e) Grapevine leaf discs (18 mm diameter) incubated on plastic netting inside a 75 % RH
chamber;
f) Detached grapevine leaves inside RH chambers after 2 d incubation in controlled
conditions. Desiccation of leaves can be observed in environments <97 % in RH Top
row: 97 % RH, bottom row: (left to right) 33, 53 and 75 % RH. The drying process was
more rapid at low RH;
g) A RH chamber housing a detached grapevine leaf.

Chambers were constructed

using i) a 1 L glass snap-lock preserving jar; ii) approximately 40 ml of a saturated salt
solution; iii) a small glass vial filled with tap water and sealed with Parafilm and iv) a
support for the vial constructed from mouldable plastic mesh. Petioles were inserted
into vials through a small puncture made in the Parafilm seal using a dissecting
needle. Note the excess salt present (indicated by arrow) in the base of the jar to
ensure salt solutions remained saturated and therefore RH constant.

85

c)

a)

d)

b)

e)

f)
g)

Figure 5.1
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CHAPTER 6
LATE INFECTION BEHAVIOUR OF A WESTERN AUSTRALIAN STRAIN OF
PLASMOPARA VITICOLA ON VITIS VINIFERA cv. CHARDONNAY LEAF TISSUE
UNDER VARIOUS CONTROLLED ENVIRONMENTAL CONDITIONS

6.1

INTRODUCTION

The study reported in this chapter is based on the concepts and work discussed in
Chapters 4A and 4B. Where the earlier chapters examined the initial stages of the
infection process of P. viticola, which eventuate in the pathogen entering and
infecting the host, the present chapter investigates the final two stages associated
with the process - colonisation of host tissues and sporulation of the pathogen.
Colonisation involves the vegetative growth of P. viticola inside the host (Populer,
1981). Sporulation is the external manifestation of the pathogen at the surface of the
host (Lafon and Bulit, 1981). Host tissues are colonised inter- and intracellularly by P.
viticola hyphae during the incubation period (Burruano, 2000; Kortekamp, 2005). The
incubation period terminates with the pathogen sporulating (Lafon and Bulit, 1981).
Both phases occur post-infection and facilitate the exiting of the pathogen from the
host and its subsequent secondary spread.
This chapter examines the late infection behaviour of a WA strain of P. viticola on V.
vinifera cv. Chardonnay leaf tissue. Colonisation and sporulation were quantitatively
observed in a variety of controlled environments.

The influence of specific

environmental factors (temperature, RH and light) on development of the pathogen
during both processes was examined.

Treatments consisted of three temperature

levels, up to seven levels of RH and light and/or darkness applied alternately or
continuously. This is the first study, to this author’s knowledge, to quantify hyphal
growth of P. viticola in host tissues.

6.2

MATERIALS AND METHODS

6.2.1

Plasmopara viticola culture and inoculum production

Refer to Section 4A.2.1
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6.2.2

Host plant material and growth conditions

Refer to Section 4A.2.2.
6.2.3

Inoculation procedure

A suitable method that would allow colonisation of host tissues to be monitored and
quantified under a variety of controlled environmental conditions was determined in a
pilot trial outlined in Chapter 5. The colonisation experiment reported in the present
chapter was originally undertaken using whole vines/attached leaves in a CER facility
at UWA (Section 5.2.7). Due to operating difficulties however, the experiment was
discontinued since not all treatments were able to be performed.

An alternative

method was developed (Section 5.2.8) that allowed steady state environments to be
achieved on a smaller scale. This approach was also used to examine sporulation of
the pathogen in different environments.

A comparison of the colonisation data

obtained for the four treatments that were initially conducted in the CER using
attached leaves and then repeated in the laboratory using detached leaves is made in
Appendix A.
To examine the colonisation and sporulation phases of the infection process, V.
vinifera cv. Chardonnay leaves were detached and surface sterilised as described in
Section 4A.2.3.

No more than two of the three replicate leaves used for each

treatment in the experiments reported in this chapter were removed from a single
vine. The leaves were inoculated using the same technique outlined for leaf discs in
Section 4A.2.3. The entire abaxial surface of each leaf was misted with fine droplets
of a sporangial suspension of P. viticola. The concentration of suspensions used was
approximately 7 x 106 sporangia/ml. Once inoculated, leaves were incubated in the
dark at 20 °C for 2 h inside humid containers (Section 5.2.1.1). Leaf petioles were
inserted into blocks of moistened floral foam (Section 3.2.1) during this time.
6.2.4

Treatment application

6.2.4.1

Colonisation

Host colonisation by P. viticola was quantified under seven different combinations of
temperature and RH (Table 6.1).

Each combination of the environmental factors

formed an individual experimental treatment (seven treatments in total).
whole detached leaves were allocated to each treatment.
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Three

Following the dark 2 h incubation period, the leaves were transferred to small glass
vials and placed inside glass RH chambers as described in Section 5.2.8.1. Saturated
solutions of potassium chloride (KCl) (BDH Chemicals, Australia), magnesium nitrate
hexahydrate (MgNO3)2.6H2O) and magnesium chloride hexahydrate (MgCl2.6H2O) were
used produce 85.3-86.7, 52-53 and 32-33 % RH, respectively (Section 3.2.2.1). The
chambers were placed inside a refrigerated incubator (Section 5.2.1.1) set at 10, 20 or
30 °C for 4 d. A diurnal light regime (14 h day/10 h night) was used for the entirety of
this component of the investigation due to the longer duration of this stage in
comparison to preceding stages i.e. days in comparison to hours. The intensity of light
reaching the chambers was approximately 25 μmol m-2 s-1 PAR. The chambers were
observed on a daily basis for reasons outlined in Section 5.2.8.1.
6.2.4.2

Sporulation

Sporulation of P. viticola was quantified under 30 different combinations of
temperature, RH and light (Table 6.2). Light was included as a treatment factor in
this component of the investigation due to the shorter duration of the sporulation
process in comparison to the colonisation phase.

Each combination of the

environmental factors formed an individual experimental treatment (30 treatments in
total). Three whole detached leaves were allocated to each treatment.
Instead of removing the leaves from the humid containers after incubation for 2 h in
the dark, they were incubated for a further 3 d at 20 °C and exposed to a diurnal light
regime (Section 5.2.1.1). There was no evidence of sporulation on the abaxial surface
of any of the leaves 3 dpi. Leaves were then transferred to small glass vials and
placed inside RH chambers as described in Section 5.2.8.1. Saturated solutions of
potassium sulphate (K2SO4), potassium chloride (KCl), sodium chloride (NaCl),
magnesium nitrate hexahydrate (MgNO3)2.6H2O), magnesium chloride hexahydrate
(MgCl2.6H2O) and lithium chloride (LiCl) were used produce 97, 85.3-86.7, 75.3-75.8,
52-53,32-33 and 11 % RH, respectively (Section 3.2.2.1). Water was used to create a
saturated environment (100 % RH). The chambers were incubated at 10, 20 or 30 °C in
continuous light (Section 6.2.4.1) or darkness for 2 d. To administer a dark treatment,
half of the chambers were sealed in aluminium foil for the duration of the incubation
period. The chambers were observed on a daily basis.
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6.2.5

Sampling and light microscopy

6.2.5.1

Colonisation

Five leaf discs (16 mm diameter) were excised from each of the leaves after 4 d
incubation using a cork borer and rubber pad.

While the discs were taken from

random positions on the leaf, care was taken to avoid excising major veins. The discs
were cleared and hyphae were stained and examined according to the methodology
outlined in Section 5.2.1.1. Six randomly selected fields of view were photographed
(Zeiss AxioVision Camera and Software, Release 4.3, Carl Zeiss, Germany) at a
magnification of 10x for each disc. Colonisation of host tissues was quantified using
the digital image analysis software ImageJ (http://rsb.info.nih.gov/ij/). Quantification
was based on the area occupied by P. viticola hyphae in each image. Hence, host
colonisation was expressed as a percentage (see example in Figure 6.1).
6.2.5.2

Sporulation

The abaxial surface of the leaves was observed 4 and 5 dpi (24 and 48 h after being
placed inside RH chambers) for evidence of sporulation. Sporulation was rated at both
observation times on a scale of 0-5, as described by Brown et al. (1999). The scale
was based on estimates of % abaxial leaf area sporulating. Following the assessment
made 5 dpi, all of the leaves were transferred to humid containers and kept in the
dark overnight (approximately 12 h) at 20 °C. Leaves were observed the following day
(5.5 dpi) and sporulation on the abaxial surface was rated for a final time.
Sporangial production was determined for leaves which had sporulated 5 dpi. For
leaves that had heavily sporulated i.e. most of the abaxial surface covered with
downy growth, 10 leaf discs (10 mm in diameter) were excised from sporulating areas.
The discs were carefully transferred to small plastic vials containing 5 ml of d.i.
water. For leaves with only a small amount sporulation, as many discs as possible
were excised from sporulating areas and placed in d.i. water at a rate of 0.5 ml d.i.
water/disc. Sporangia were washed from the discs by slowly agitating the vials on a
rotary shaker for 5 min.

Numbers of sporangia were counted with the aid of a

haemocytometer (4 x 100 μl samples, two counts per sample, total number of
sporangia in five “medium” sized squares per count).

The number of sporangia

produced per square centimetre of leaf disc area was calculated.
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6.2.6

Analysis

6.2.6.1

Colonisation

The main effect of temperature and RH as well the interaction of the treatment
factors on colonisation of host tissues was determined by ANOVA using a general
analysis of variance design. Data was normalised by angular (arcsine) transformation.
6.2.6.2

Sporulation

6.2.6.2.1

Leaf area

The main effect of light, time and RH as well as all 2- and 3-way interactions of the
treatment factors on sporulation ratings obtained 4 and 5 dpi was determined by
ANOVA using a general analysis of variance design. Temperature was not included as a
treatment factor in the analysis for reasons later discussed. Data were normalised by
log10 (x+1) transformation.
Sporulation rating data obtained 5.5 dpi, following incubation of all leaves under the
same conditions for 12 h, was analysed separately. The influence of exposure to the
preceding treatments i.e. the 30 different combinations of temperature, RH and light
on sporulation of the pathogen was determined by ANOVA using a general analysis of
variance design.
6.2.6.2.2

Numbers of sporangia

The main effect of RH and light as well as the interaction of the treatment factors on
sporangial production was determined by ANOVA using a general analysis of variance
design.

Temperature was not included as a treatment factor in the analysis for

reasons later discussed. Data were normalised by log10 (x+1) transformation.

6.3

RESULTS

6.3.1

Colonisation

Temperature, RH and the interaction of the two factors significantly influenced
(P<0.001) colonisation of host tissues by P. viticola (Table 6.3). Analysis of the data
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however revealed temperature was more influential than RH as evidenced by the high
sum of squares and variance ratio (data not shown). Maximum % colonisation occurred
in leaf tissues incubated at 20 °C and 85 % RH. The least amount of colonisation
occurred at 10 °C while P. viticola aggressively colonised host tissues at 20 °C (Figure
6.2). Generally, as RH decreased so too did the area of leaf tissue occupied by hyphae
in each of the images. Host tissues were colonised by P. viticola, to varying degrees,
under all seven combinations of temperature and RH tested in the investigation.
6.3.2

Sporulation

6.3.2.1

Leaf area

None of the leaves incubated at 10 or 30 °C sporulated 5 dpi i.e. sporulation rating = 0
for all leaves. Sporulation was evident 4 and 5 dpi on the abaxial surface of most of
the leaves incubated at 20 °C (Table 6.4). As a result only sporulation ratings assigned
to leaves incubated at 20 °C were statistically analysed. Temperature was therefore
not included as a treatment factor in the analysis.

From the observations made

however, temperature exerted an obvious effect on sporulation of P. viticola.
Sporulation was inhibited at 10 and 30 °C while 20 °C was conducive for the process.
Time, RH and the interaction of the two factors were found to significantly influence
(P<0.001) sporulation of P. viticola at 20 °C (Table 6.5).

Light did not exert a

significant effect on the process (P>0.05). The highest sporulation rating occurred on
leaves incubated in a saturated environment (100 % RH) for 48 h (5 dpi). There was
however no significant difference (P>0.05) in sporulation ratings 4 or 5 dpi on leaves
incubated in environments >85 % in RH. Generally, a decrease in RH resulted in a
reduction in % leaf area sporulating. Interestingly, leaves sporulated at all levels of
RH tested (30-100 % RH). Only a very small amount of sporulation occurred at low RH
e.g. on leaves incubated in the dark at 30 % RH or in light at 50 % RH, the pathogen
sporulated on less than 3 % of the abaxial leaf surface area. Sporulation tended to
intensify (denser, greater leaf area covered with downy growth) with time hence
sporulation ratings were generally higher at the second observation time (5 dpi).
There was no significant difference (P>0.05) in % leaf area sporulating at the two
observation times on leaves incubated in environments <75 % RH.
All three leaves incubated at 20 °C in light and 30 % RH failed to sporulate 5 dpi while
only one of the three leaves incubated in the dark at the same level of temperature
and RH sporulated.
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Transfer of all leaves 5 dpi to humid containers, which were incubated in the dark at
20 °C for approximately 12 h, resulted in an increase in the incidence of leaves
sporulating and usually an increase in % leaf area sporulating (Table 6.6). Previous
exposure to the 30 different combinations of temperature, RH and light for 48 h had a
significant effect (P<0.001) on sporulation of the pathogen 5.5 dpi.

Maximum %

sporulation (sporulation rating = 5) occurred on leaves that had received the
treatments; 20 °C/100 % RH/dark, 20 °C/100 % RH/light, 20 °C/97 % RH/dark, 20
°C/85 % RH/light and 10 °C/97 % RH/dark. Generally, sporulation ratings 5.5 dpi were
higher for leaves which had been previously exposed to high RH environments.
Temperature appeared to have less of an effect.

Sporulation ratings did not

significantly differ (P>0.05) between many of the leaves 5.5 dpi despite nearly twothirds of the leaves failing to sporulate 5 dpi. Mean sporulation ratings 5.5 dpi could
be clustered into two groups.

Twenty treatments shared the highest level of

sporulation while 10 treatments shared a lower level of sporulation (Table 6.6).
Levels of sporulation did not significantly differ (P>0.05) between treatments in each
cluster however sporulation significantly differed (P<0.05) between the two clusters.
6.3.2.2

Numbers of sporangia

Sporangial production was determined 5 dpi for leaves that had been incubated at 20
°C since sporulation did not occur at 10 or 30 °C. Light, RH and the interaction of the
two factors significantly influenced (P = 0.003, <0.001 and <0.001, respectively) the
number of sporangia produced per cm2 of leaf disc area (Table 6.7). The greatest
numbers of sporangia were produced on leaf tissues that were incubated in the dark in
97 % RH. Sporangia were more abundant on discs which had been excised from leaves
incubated in the dark. A decrease in RH resulted in a reduction in the numbers of
sporangia produced. Sporangia were produced in much larger quantities on tissues
incubated in high RH environments. Sporangial production did not significantly differ
(P>0.05) between tissues incubated at >85 % RH in the light or dark. As previously
stated, leaves incubated in the dark at 20 °C and 30 % RH failed to sporulate hence
sporangial production was zero for this treatment.

6.4

DISCUSSION

The purpose of the study reported in this chapter was to examine post-infection
behaviour of a WA strain of P. viticola under a variety of controlled environmental
conditions.

The effect of the environmental factors temperature and RH on
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colonisation of host tissues by P. viticola and the effect of temperature, RH and light
on sporulation of the pathogen were investigated. Both stages were quantitatively
observed at various times on susceptible V. vinifera cv. Chardonnay leaf tissue. To
this author’s knowledge, this is the first study to quantify the colonisation stage of the
infection process of P. viticola.
The principal findings from this study were;
i)

Temperature influenced colonisation of host tissues more so than RH
though both environmental factors had a significant effect on the process.

ii)

Maximum % colonisation of host tissues occurred at 20 °C and 85 % RH.

iii)

Colonisation was favoured by environments high in RH.

iv)

Host tissues were colonised by P. viticola, to differing degrees, under all
combinations of temperature and RH tested.

v)

The pathogen did not sporulate at 10 or 30 °C.

vi)

The pathogen sporulated in light and dark environments.

vii)

The highest sporulation rating occurred 5 dpi on leaves incubated at 20 °C
and 100 % RH.

viii)

Sporulation ratings did not significantly differ 4 or 5 dpi on leaves
incubated in environments >85 % in RH.

ix)

At 20 °C, P. viticola sporulated at all levels of RH tested i.e. 30-100 % RH
however high RH environments favoured the process.

x)

Percentage leaf area sporulating tended to be higher 5 dpi than 4 dpi.

xi)

Sporulation could be “revived”, following inhibition of the process due to
incubation of infected leaf material in adverse conditions, by transferring
the material to a 20 °C, dark and high RH environment for 12 h.

xii)

At 20 °C, the greatest numbers of sporangia were produced on leaf tissues
incubated in the dark at 97 % RH.

xiii)

High RH and darkness favoured the production of sporangia.

xiv)

Sporangia were produced in similar quantities at high RH i.e. >85 % RH
regardless of exposure of infected leaf material to light or dark.

Many past epidemiological studies of P. viticola have examined the effect of
environmental factors i.e. temperature and RH on the number of days between
infection and the first appearance of disease symptoms and/or sporulation.
Comparatively fewer endeavours have investigated the effect of such factors on the
development of P. viticola that occurs during this period, with all of these being
observational works. To my knowledge this is the first study which has quantitatively
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assessed colonisation of host tissues by P. viticola under a variety of controlled
environmental conditions.
Growth of P. viticola hyphae within host tissues is said to be limited by temperature.
In Germany, Müller and Sleumer (1934) reported P. viticola hyphal growth ceased at
30 °C although hyphae remained viable for 12 d at even at 42 and 43 °C. In the
current study, P. viticola actively colonised host tissues at 30 °C.
The duration of the incubation period is affected by temperature and humidity (Lafon
and Bulit, 1981). Rafaila, Sevcenco and David (1968) found temperature influenced
the duration of the incubation period of P. viticola more than humidity. Similarly in
the present study, colonisation of host tissues was affected by both temperature and
RH though temperature was the more influential of the two environmental factors
investigated.
The duration of the incubation period decreases as temperature approaches optimal
levels (19-26 °C) (Müller and Sleumer, 1934; Rafaila et al., 1968; Magarey et al., 1991;
Emmett et al., 1992). Maximum colonisation i.e. the highest % leaf area occupied by
P. viticola hyphae occurred at an incubation temperature of 20 °C followed by 30 and
10 °C.

Using a temperature dependent incubation period model developed by

Magarey, Weir and Seem (1991), the duration of incubation periods at 10, 20 and 30 °C
would be 15.5, 6 and 10.5 d, respectively. Evidently, the more aggressive the invasion
of host tissues by P. viticola, the shorter the incubation period. The duration of the
incubation period is reported to increase when humidity is reduced (Emmett et al.,
1992).

The same trend was detected in the current study where maximum

colonisation occurred at the highest RH level tested at each level of temperature and
a reduction in RH generally resulted in a decrease in the amount of host tissue
occupied by P. viticola hyphae.
Sporulation is influenced by RH, temperature and darkness (Emmett et al., 1992). In
the current study, the pathogen sporulated on the abaxial surface of nearly all leaves
incubated at 20 °C but not at 10 and 30 °C. The reported minimum, optimum and
maximum temperatures for sporulation of P. viticola are 15, 17-27 and 29 °C
respectively (Müller and Sleumer, 1934; Blaeser and Weltzein, 1978; Populer, 1981).
In a review of grape downy mildew by Emmett, Wicks and Magarey (1992) sporulation
is said to occur across a much larger temperature range; 9-34 °C.

Zachos (1959)

claims no sporulation under 13 °C in Greece. In Germany, Blaeser and Weltzein (1978,
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1979) determined the same lower temperature threshold for sporulation as Zachos.
They also established P. viticola did not sporulate at temperatures above 29 °C
(Blaeser and Weltzein, 1978).

Hill (1989) later reported the possible lower

temperature threshold for sporulation of P. viticola in Germany is less than 11 °C but
ranges above 10.1 °C.

The minimum temperature however at the onset of the

sporulation period should not be lower than 12.5 °C (Hill, 1989). In the present study,
maximum sporulation occurred at a temperature considered optimal for this phase of
development.

The specific temperature requirements (minimum, optimal and

maximum) for sporulation of WA strains of P. viticola are yet to be determined
however preliminary evidence from this study suggests sporulation may occur within
the temperature range established in Greece and Germany.
Sporulation of P. viticola is closely linked to RH.

Humidity must be high and

continuous for sporangiophore and sporangia formation to occur (Brook, 1979; Lafon
and Bulit, 1981). The most frequently reported level of RH required for sporulation
of P. viticola is 95-100 % (Müller and Sleumer, 1934; Lafon and Bulit, 1981; Emmett et
al., 1992).

In Germany, Blaeser and Weltzein (1978) determined the lower RH

threshold to be 98 %. Below this there was no sporulation of the pathogen in the
canopy (Blaeser and Weltzein, 1978). Müller and Sleumer (1934) refer to several early
European studies in which sporulation was observed, at reduced levels, in
environments as low as 70 % in RH. In the present study, P. viticola sporulated at all
levels of RH (30-100 % RH) tested at an incubation temperature of 20 °C. A large % of
the abaxial leaf surface area sporulated in moist atmospheres while only a very small
amount of sporangiophore and sporangia formation occurred on leaves at 30 and 50 %
RH. To ensure treatments were accurate, RH was validated inside the glass chambers
using data loggers (Appendix B). The ability of the pathogen to sporulate across a
wide range of RH levels could provide an explanation for its existence in WA where
the growing season is typically hot and dry.
Blaeser and Weltzein (1978) determined a minimum of 4 h of darkness was needed for
sporangiophores to form while Yarwood (1937) established moist dark conditions
following a period of light favours maximum sporulation of P. viticola. Interestingly,
in the present study, light had no significant effect on the occurrence/incidence of
sporulation with the pathogen sporulating to similar capacities on leaves exposed to
continuous light or darkness.

Light did however affect the number of sporangia

produce per cm2 tissue area i.e. the intensity/severity of sporulation.

In 1937,

Yarwood demonstrated, for P. viticola, a complete inhibition of sporulation under
continuous light while very little sporulation occurred under continuous darkness.
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Wild grape leaves infected with P. viticola were exposed to light, of much lesser
intensity (approximately 110 μmol m-2 s-1 PAR) than sunlight for 10 h (Yarwood, 1937).
Infected material was exposed to light of even lesser intensity in the present study
(approximately 20-30 μmol m-2 s-1 PAR). In a study by Magarey and Butler (1998) the
authors found the same incidence of reduced sporulation at the end of the
incubation/latent period following exposure of P. viticola infected leaf discs to
continuous light, continuous darkness or alternating light and dark periods. Sunlight
prevented sporulation. In their study, the intensity of sporulation i.e. numbers of
sporangia produced was highest on discs exposed to the alternating light/dark
treatment (Magarey and Butler, 1998).
If favourable conditions (moist air, darkness, >11 °C) persist once sporulation is
initiated, the process may continue i.e. a new sporulation event each night (Müller
and Sleumer, 1934; Hill, 1989; Magarey et al., 1991). In the current study, sporulation
ratings were higher at the second observation time (5 dpi) for leaves incubated in high
RH environments (>85 % RH). Sporulation ratings did not significantly differ 4 and 5
dpi for leaves exposed to <75 % RH. The incubation period of P. viticola can vary from
4-20 d depending on prevailing temperature (Magarey et al., 1991). The incubation
period under ideal conditions for sporulation is 4 d (Peter Magarey, pers. comm.). At
13-27 °C and high RH (95-100 %) sporangiophores are said to form within a day (Lafon
and Bulit, 1981). Transfer of all leaves to the same conditions 5 dpi confirms this
timing of events since all leaves had sporulated at the conclusion of the 12 h dark
incubation period.

As previously reported, the duration of the incubation period

increases when humidity is reduced (Emmett et al., 1992). Interestingly, 28 of the 36
leaves incubated at 20 °C sporulated after 4 d incubation while 3 more sporulated 5
dpi i.e. 31 leaves. Leaves were exposed to a wide range of RH levels at 20 °C. From
these findings it is reasonable to assume leaves inoculated with P. viticola and
maintained in an environment of 20 °C and >30 % RH will sporulate after 4-5 d.
The implication of the findings from the investigations in the present chapter as well
as Chapters 4A and 4B with regards to the development of grape downy mildew in WA
will be addressed in the General Discussion (Chapter 9).
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Figure 6.1 (opposite)

Quantification of Plasmopara viticola hyphae in Vitis vinifera

cv. Chardonnay leaf tissue using the digital image analysis software ImageJ. Outlined
is a summary of the steps taken to determine the area of the image occupied by the
pathogen (bar = 200 μm).

In the given example, 30.2 % of the tissue has been

colonised by P. viticola hyphae.
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STEP 1
•

Import image into ImageJ using “File,
Open” options

STEP 2
•

Convert the image to black and white
using “Image, Type, 8-bit” options

STEP 3
•
•

Set the scale using “Analyze, Set
Scale…” options e.g. 298 pixels: 200
microns
Select hyphae using ”Image, Adjust,
Threshold…” options (automatic and
red)

STEP 4

OUTPUT

•

Threshold: 98-255
Count: 175
Total Area: 182371.07 microns^2
Average Size: 1042.12 microns^2
Area Fraction: 30.2%

•
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Calculate area of image occupied by
hyphae using “Analyze, Analyze
Particles …” options
Expressed as a percentage (Area
Fraction) in output

a)

b)

Figure 6.2

Colonisation of Vitis vinifera cv. Chardonnay leaf tissue by a WA strain

of Plasmopara viticola 4 d post inoculation. In the given examples, inoculated leaf
material was incubated at a) 10 °C/50 % relative humidity (RH); b) 20 °C/50 % RH
(bars = 200 μm). Approximately 1.5 % and 65 % of the tissue in Figures 6.2 a and b,
respectively has been colonised by the pathogen.
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Table 6.1

Selected combinations of temperature and relative humidity (RH) that

formed the treatments of which the effect on colonisation of Vitis vinifera cv.
Chardonnay leaf tissue by a WA strain of Plasmopara viticola was investigated.
RH (%)
50
85
30
50
85
30
50

Temperature (°C)
10
20
30

Table 6.2

Selected combinations of temperature, relative humidity (RH) and light

that formed the treatments of which the effect on sporulation of a WA strain of
Plasmopara viticola on Vitis vinifera cv. Chardonnay leaf tissue was investigated.
Temperature (°C)

RH (%)
50
75

10

85
97
100
30
50
75

20
85
97
100
11
30
30
50
100
101

Light
on
off
on
off
on
off
on
off
on
off
on
off
on
off
on
off
on
off
on
off
on
off
on
off
on
off
on
off
on
off

Table 6.3 Influence of temperature and relative humidity (RH) on colonisation of
Vitis vinifera cv. Chardonnay leaf tissue by a WA strain of Plasmopara viticola 4 d post
inoculation. Mean % colonisation (angular transformed) values are presented (n=3).
Back transformed means shown in brackets. Percentages followed by the same letter
are not significantly different at P<0.05. Temperature/RH combinations marked with
a dash were not performed in the investigation.

Temperature (°C)

30

10

-

20
30

RH (%)
50
7.14 e
(1.54)
28.19 b
(22.32)
22.12 c
(14.18)

29.95 b
(24.92)
9.76 d
(2.87)

85
6.31 e
(1.21)
36.16 a
(34.81)
-

Standard errors of differences (s.e.d.) of means = 1.23
Least significant differences (l.s.d.) of means (5 % level) = 2.42

Table 6.4

Sporulation of a WA strain of Plasmopara viticola on Vitis vinifera cv.

Chardonnay leaves 4 and 5 d post inoculation (dpi). Leaves were incubated at 20 °C
and exposed to different levels of relative humidity (RH) and light. Sporulation was
rated on a scale of 0-5: 0 = no sporulation, 1 = >0 to 10 %, 2 = >10 to 30 %, 3 = >30 to
60 %, 4 = >60 to 80 % and 5 = >80 % of the abaxial leaf surface area sporulating (Brown
et al., 1999). Mean sporulation ratings (+/- standard error, n=3) are presented.
Time
RH (%)
30
50
75
85
97
100

Light
on
off
on
off
on
off
on
off
on
off
on
off

4 dpi
0
0.33 +/- 0.33
0.67 +/- 0.33
0.67 +/- 0.33
0.67 +/- 0.33
2.00 +/- 0.00
2.67 +/- 1.20
2.33 +/- 0.33
2.33 +/- 0.88
1.67 +/- 1.20
2.67 +/- 0.88
3.00 +/- 1.00

5 dpi
0
0.33 +/- 0.33
1.00 +/- 0.00
1.00 +/- 0.00
1.00 +/- 0.00
2.00 +/- 0.00
4.33 +/- 0.33
4.33 +/- 0.33
4.33 +/- 0.33
5.00 +/- 0.00
5.00 +/- 0.00
5.00 +/- 0.00

Standard errors of differences (s.e.d.) of means = 0.66
Least significant differences (l.s.d.) of means (5 % level) = 1.33
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Table 6.5

Influence of relative humidity (RH) and time on sporulation of a WA

strain of Plasmopara viticola on Vitis vinifera cv. Chardonnay leaves incubated at 20
°C.

Sporulation was rated 4 and 5 d post inoculation (dpi) on a scale of 0-5 as

described in Table 6.4.

Mean sporulation ratings are presented (n=3).

followed by the same letter are not significantly different at P<0.05.
Time
RH (%)
30
50
75
85
97
100

4 dpi
0.17 e
0.67 de
1.33 cd
2.50 b
2.00 bc
2.83 b

5 dpi
0.17 e
1.00 de
1.50 cd
4.33 a
4.67 a
5.00 a

Standard errors of differences (s.e.d.) of means = 0.47
Least significant differences (l.s.d.) of means (5 % level) = 0.94
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Ratings

Table 6.6

Sporulation of a WA strain of Plasmopara viticola on Vitis vinifera cv.

Chardonnay leaves 5.5 d post inoculation (dpi). Leaves were exposed to 30 different
combinations of temperature, relative humidity (RH) and light for 48 h (Treatment A;
concluded 5 dpi) followed by 12 h incubation of all leaves in the dark at 20 °C and high
RH (Treatment B; concluded 5.5 dpi). Sporulation was rated on a scale of 0-5 as
described in Table 6.4.
presented.

Mean sporulation ratings (+/- standard error, n=3) are

Ratings followed by the same letter are not significantly different at

P<0.05.
TREATMENT A (48 h)
Temperature
RH
Light
(%)
(°C)
on
50
off
on
75
off
on
10
85
off
on
97
off
on
100
off
on
30
off
on
50
off
on
75
off
20
on
85
off
on
97
off
on
100
off
on
11
off
on
30
off
30
on
50
off
on
100
off

TREATMENT B (12 h)
Temperature
RH
Light
(%)
(°C)

20

95

Standard errors of differences (s.e.d.) of means = 1.02
Least significant differences (l.s.d.) of means (5 % level) = 2.05
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off

Sporulation rating
(5.5 dpi)
3.00 +/- 0.58 a
3.67 +/- 0.33 a
2.33 +/- 0.33 b
3.00 +/- 0.58 a
3.33 +/- 0.33 a
3.33 +/- 0.33 a
2.33 +/- 0.67 b
5.00 +/- 0.00 a
4.33 +/- 0.33 a
3.67 +/- 0.67 a
3.67 +/- 0.67 a
3.00 +/- 0.58 a
2.33 +/- 1.33 b
2.00 +/- 0.00 b
2.67 +/- 0.88 b
3.33 +/- 0.67 a
5.00 +/- 0.00 a
4.33 +/- 0.33 a
4.60 +/- 0.33 a
5.00 +/- 0.00 a
5.00 +/- 0.00 a
5.00 +/- 0.00 a
2.00 +/- 0.58 b
1.33 +/- 0.33 b
3.00 +/- 1.00 a
2.00 +/- 0.58 b
2.67 +/- 0.33 b
1.33 +/- 0.33 b
3.67 +/- 0.67 a
4.67 +/- 0.33 a

Table 6.7

Influence of relative humidity (RH) and light on sporangial production

by a WA strain of Plasmopara viticola on Vitis vinifera cv. Chardonnay leaves 5 d post
inoculation. Leaves were exposed to 12 different combinations of RH and light at an
incubation temperature of 20 °C. Mean numbers of sporangia produced per cm2 leaf
disc area (log10 x+1 transformed) are presented (n=24). Back transformed means are
shown in brackets. Means followed by the same letter are not significantly different at
P<0.05.
Light
RH (%)
30
50
75
85
97
100

On
0.15 d
(1.43)
1.60 c
(40.09)
1.98 c
(95.28)
5.58 a
(384 591.78)
5.37 a
(233 345.81)
5.55 a
(356 451.13)

Off
0.00 d
(0.00)
1.69 c
(48.86)
4.46 b
(28 906.80)
5.56 a
(366 437.57)
5.59 a
(390 840.89)
5.48 a
(299 226.46)

Standard errors of differences (s.e.d.) of means = 0.35
Least significant differences (l.s.d.) of means (5 % level) = 0.69
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CHAPTER 7
DETERMINATION OF ECOTYPES OF PLASMOPARA VITICOLA IN WESTERN AUSTRALIA
BASED ON REPSONSE OF STRAINS TO DIFFERENCES IN TEMPERATURE FOR
ZOOSPORE GERMINATION AND HOST PENETRATION

7.1

INTRODUCTION

Grapevine downy mildew is particularly destructive in viticultural regions that
experience warm, wet conditions during the growing season e.g. parts of Europe,
South Africa and Australia (Emmett et al., 1992; Wong et al., 2001). The absence of
rainfall during spring and summer limits the spread of the disease to vineyards in
certain areas (Lafon and Bulit, 1981). This was thought to be the case for WA until
the disease was detected for the first time in 1997 (McLean et al., 1984; McKirdy et
al., 1999). Since then the pathogen has been found in all grape growing regions in the
state. Plantings of table and wine grapes in WA extend across a wide range of climate
zones: tropical and grassland in the far northern Kimberley region, desert in the
central Gascoyne region, subtropical on the Central West coast and temperate in the
South West and Great Southern regions (Dry and Smart, 1998; BOM, 2005).

The

existence of P. viticola in climatically different regions of the state, not all considered
conducive for the disease, raises the issue of whether ecotypes of the pathogen exist
in WA. Does the pathogen have a common set of optimal environmental conditions or
do strains of P. viticola from different areas of the state differ in their behaviour due
to the influence of local environmental conditions?
The aim of the study reported in this chapter was to investigate the behavioural
responses of P. viticola strains, sourced from a number of grape growing locations in
WA, to different temperatures of incubation following inoculation. More specifically,
zoospore germination and host penetration were quantified over time under three
different temperatures.

Germination and penetration were selected as the target

phases of interest as P. viticola is external to the host during these processes hence
environmental factors directly influence the behaviour and development of the
pathogen.

The information obtained from the study may provide evidence of

adaptation by P. viticola to local conditions and therefore assist in establishing the
existence of ecotypes.
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The existence of P. viticola ecotypes has been suggested in earlier literature (Emmett
et al., 1992; Kast et al., 2000) but is yet to be experimentally investigated and
confirmed.

This is the first study to compare zoospore germination and host

penetration by WA strains P. viticola under the same environmental conditions.
Initially, the experiment reported in this chapter was to be conducted using strains of
P. viticola sourced from different grape growing regions in WA.

Strains of the

pathogen were readily obtained from the South West Australia and Greater Perth wine
zones in WA (AWBC, 2003) over the last four growing seasons (01/02 – 04/05). Despite
an extensive search (vineyard scouting exercises, email, telephone and written
communication to growers and industry representatives) in the state’s northern grape
growing regions e.g. Kununurra, Broome, Carnarvon, Geraldton and Northampton, P.
viticola could not be found in these areas from 01/02 to 04/05. The absence of the
disease in the state’s north during this period was thought to be to due to a lack of
suitable environmental conditions and/or rigorous chemical spraying by growers (John
Boulter and Ian Cameron, pers. comm.). As a result, strains of P. viticola from warm
to hot grape growing regions were sourced from the Eastern states of Australia.

7.2

MATERIALS AND METHODS

7.2.1

Plasmopara viticola cultures and inoculum production

Samples of grapevine leaf material infected with P. viticola were collected from 13
different locations within four Australian states – WA, NSW, Qld and SA (Figure 7.1).
The material was obtained with the assistance of i) grape growers; ii) Department of
Agriculture WA; iii) Commonwealth Scientific and Industrial Research Organisation
(CSIRO) Plant Industry Adelaide, SA; iv) South Australian Research and Development
Institute (SARDI) Loxton, SA and v) Department of Primary Industries and Fisheries
(DPI&F) Kingaroy, Qld. Ten of the samples were from WA. Strains of the pathogen
were isolated from the samples and maintained as described in Section 3.2.1. It must
be noted that a ‘strain’ of P. viticola from a location may have consisted of a
combination of strains since single zoospores isolations were not performed on the
infected leaf samples. For the purposes of the investigation however, It was assumed
a single strain of P. viticola was isolated from each sample (13 locations = 13 samples
= 13 strains). Strains were named according to the locality from which the infected
leaf material was sourced, e.g. the Donnybrook strain. The Herne Hill strain was the
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same strain used in experiments reported in Chapters 4A, 4B and 6. Climate details of
each “strain location” are presented in Table 7.1.
To avoid cross contamination between strains during inoculum production (Section
3.2.1), each strain was assigned its own jar, hand held sprayer and humid container.
When inoculating fresh leaf material with a particular strain, all other containers were
kept closed. Between inoculations, laboratory benches (working area) and hands were
decontaminated with 70 % ethanol.
7.2.2

Host plant material and growth conditions

Refer to Section 4A.2.2.
7.2.3

Inoculation procedure

Refer to Section 4A.2.3.
7.2.4

Treatment application

Petri dishes were transferred to a dark incubator set at 10, 20 or 30 °C. Treatments
were formulated based on the findings of Chapter 4A. Conditions optimal for both
zoospore gemination and host penetration were environments of high humidity with
darkness and 20 °C.

Under these conditions, maximum levels of germination and

penetration occurred after 4 and 6 h incubation, respectively. Very little of both
processes occurred on tissues incubated at extreme temperatures (<10 and >30 °C)
(Sections 4A.3.1 and 4A.3.3). In the present study, germination and penetration were
quantified for each P. viticola strain at hourly intervals for 6 h following inoculation of
host tissues i.e. six sampling times.

The growth of germ tubes through stomatal

apertures was used as a measure of host penetration (Section 4A.1). Four leaf discs
were allocated to each combination of temperature and sampling time (24 discs in
total for each strain).
7.2.5

Light microscopy

Four leaf discs were randomly selected from the Petri dishes at each sampling time.
The discs were cleared, rinsed, stained, mounted and observed as described in Section
4A.2.5. The total number of zoospores, germinated zoospores and penetrating germ
tubes on the surface of each leaf disc was recorded.
108

7.2.6

Analysis

The main effect of temperature, time and P. viticola strain location, as well as all 2and 3-way interactions of these treatment factors, on zoospore germination and host
penetration was determined by ANOVA using a general analysis of variance design in
Genstat. Germination and penetration data was normalised using an angular (arcsine)
transformation. The progression of zoospore germination and host penetration over
time, as influenced by the different incubation temperatures, was graphed for each
strain using SigmaPlot.

7.3

RESULTS

In general, the effect of temperature on early infection behaviour was similar for all
P. viticola strains (Figure 7.2).

Zoospores from all of the strains germinated and

penetrated the host at 10 and 20 °C.

Zoospores from only 2 of the 13 strains

germinated at 30 °C, whilst none of the strains penetrated the host at this
temperature.
7.3.1

Zoospore germination

Temperature, time and strain location as well as the 2-way interactions between
temperature and time and temperature and strain location were found to have a
significant effect (P<0.001) on zoospore germination.

The highest numbers of

germinated zoospores were recorded on leaf discs inoculated with the Wilyabrup
strain of P. viticola. Maximum levels of germination occurred at 20 °C. Germination
was greatly reduced on leaf tissues incubated at 30 °C.
Chittering and Wilyabrup strains germinated at 30 °C.

Zoospores from only the

Less than 3 % of the total

number of zoospores observed on discs inoculated with these strains germinated at 30
°C. Numbers of germinated zoospores on the surface of leaf discs increased with time
until the highest level of germination was reached 5 hpi. The Wilyabrup strain of P.
viticola exhibited the highest rate of zoospore germination however it did not
significantly differ (P>0.05) to the germination rates of the Chittering, Donnybrook
and Pyap strains. Significant differences (P<0.05) in zoospore germination rates were
found between certain strains sourced from same region e.g. the Wilyabrup and
Margaret River strains in the Margaret River wine region and the Mount Barker and
Denmark strains in the Great Southern wine region.
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Germinated zoospores were first observed on the surface of leaf discs incubated at 10
°C after 2 h incubation.

At this temperature, the highest level of germination

occurred 5 hpi, however the number of germinated zoospores present on discs after 6
h incubation did not significantly differ (P>0.05). At 20 °C, germination commenced
within the first hour following inoculation. Although the highest level of germination
occurred 5 hpi, there was no significant difference (P>0.05) in levels of germination
after 4, 5 or 6 h incubation. On leaf discs incubated at 30 °C, germinated zoospores
were observed 1, 2 and 6 hpi. There was no significant difference (P>0.05) in the rate
of germination attained at these three times.

At each sampling time, levels of

germination significantly differed (P<0.05) between the three temperatures.
Zoospores from most strains behaved similarly at each temperature level tested in the
investigation (Table 7.2).

As previously stated zoospores from only 2 strains –

Wilyabrup and Chittering – germinated at 30 °C. There was no significant difference
(P>0.05) in the number of germinated zoospores on leaf discs inoculated with either
strain at 30 °C.

At an incubation temperature of 20 °C, the highest level of

germination occurred on discs inoculated with the Chittering and Lovedale strains.
There was however no significant difference (P>0.05) in the germination rates of these
strains and the Wilyabrup, Herne Hill, Pyap, Pemberton, Murgon, Denmark and Albany
strains (Table 7.2).

At 10 °C, the highest number of germinated zoospores was

recorded on discs inoculated with the Donnybrook strain. The germination rate of this
strain however did not significantly differ (P>0.05) to the Wilyabrup and Pyap strains
(Table 7.2). Of the 13 strains of P. viticola assessed, the Wilyabrup and Chittering
strains demonstrated a greater capacity to germinate under a wider spectrum of
temperatures.

The Wilyabrup strain was however the only strain to demonstrate

relatively high rates of germination at each temperature level i.e. positioned in the
first/red grouping of strains at 10, 20 and 30 °C (Table 7.2).
7.3.2

Host penetration

Temperature, time and strain location as well as all 2- and 3- way interactions of the
treatment factors were found to have a significant effect (P<0.001) on host
penetration.

Maximum host penetration occurred at 20 °C.

penetrated the host at 30 °C.

None of the strains

Numbers of penetrating germ tubes on leaf discs

increased with time until a maximum was reached 5 hpi. Levels of host penetration
were highest on leaf discs inoculated with the Narrikup strain but were not
significantly different (P>0.05) to the Albany, Chittering, Donnybrook, Murgon, Pyap,
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Wilyabrup, Lovedale and Herne Hill strains.

As was the case with zoospore

germination, significant differences (P<0.05) in penetration rate were found between
certain strains sourced from the same region e.g. the Wilyabrup and Margaret River
strains in the Margaret River wine region and the Albany and Denmark strains in the
Great Southern wine region.
Penetrating germ tubes were first observed on leaf discs incubated at 10 °C after 3 h
incubation. The highest numbers of penetrating germ tubes were recorded on leaf
discs 5 hpi however the rate of penetration at the final sampling time (6 hpi) did not
significantly differ (P>0.05). Penetrating germ tubes were first observed on leaf discs
incubated at 20 °C after 2 h incubation while the highest levels of penetration
occurred 4 hpi. Penetration rate however did not significantly differ (P>0.05) after 4
or 5 h incubation at 20 °C.

As previously stated, none of the P. viticola strains

investigated in this study penetrated the host at 30 °C.
Host tissues were not penetrated by any of the strains within the first hour following
inoculation. Penetrating germ tubes were first observed 2 hpi. The number of germ
tubes penetrating stomatal apertures on the discs tended to increase with time.
Levels of penetration tended to be highest towards the end of the incubation period
i.e. after 5 or 6 h incubation.
All strains responded similarly with regards to penetration of host tissues under the
different levels of temperature.

At 20 °C, the highest rate of penetration was

recorded on leaf discs inoculated with the Albany strain. The penetration rates of the
Lovedale, Murgon, Narrikup, Pyap and Herne Hill strains at 20 °C however did not
significantly differ (P>0.05) to that of the Albany strain (Table 7.3). At an incubation
temperature of 10 °C, levels of penetration were highest on discs inoculated with the
Wilyabrup strain but did not significantly differ (P>0.05) to the Chittering and
Donnybrook strains (Table 7.3).
An interaction of all three treatment factors resulted in the highest rate of
penetration occurring on discs which had been inoculated with the Murgon strain and
incubated at 20 °C for 4 h (Figure 7.2). Penetration rates of the Albany and Mount
Barker strains after 4 h incubation, the Albany, Herne Hill and Chittering strains after
5 h incubation and the Albany and Narrikup strains after 6 h incubation, all at an
incubation temperature of 20 °C, did not however significantly differ (P>0.05) to the
penetration level attained by the Murgon strain.
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7.4

DISCUSSION

The purpose of the study reported in this chapter was to determine if ecotypes of P.
viticola exist in WA. The behavioural responses of 13 P. viticola strains, sourced from
various localities, to different temperatures of incubation following inoculation was
investigated. More specifically, the effect of temperature on zoospore germination
and host penetration was quantified over time on susceptible Vitis vinifera cv.
Chardonnay leaf tissue. To my knowledge, this is the first study to experimentally
investigate the existence of P. viticola ecotypes.
The principal findings from this study were;
i)

All but two of the 13 strains of P. viticola assessed were similar with
respect to temperature effects on early infection behaviour.

ii)

Zoospores from all strains germinated and penetrated the host at 10 and 20
°C.

iii)

Zoospores from only the Wilyabrup and Chittering strains germinated at 30
°C.

iv)

Host tissues were not penetrated by any strain at 30 °C.

v)

The highest levels of germination and penetration were shared by four and
nine strains, respectively. The strains that demonstrated high germination
rates (Chittering, Donnybrook, Pyap and Wilyabrup) also attained high rates
of penetration.

vi)

An incubation temperature of 20 °C favoured zoospore germination and
host penetration.

vii)

Numbers of germinated zoospores and penetrating germ tubes observed on
the surface of leaf discs increased with time until a maximum of both was
reached 5 hpi.

viii)

At 20 and 30 °C, zoospore germination commenced within the first hour
following inoculation while at 10 °C, germinated zoospores were observed
for the first time after 2 h incubation.

ix)

At each temperature, the highest rates of germination and penetration
were shared by up to nine and six strains, respectively.

x)

The Wilyabrup strain was the only strain to attain high levels of
germination at 10, 20 and 30 °C.

xi)

At incubation temperatures of 10 and 20 °C, penetrating germ tubes were
first observed on leaf discs after 3 and 2 h incubation, respectively.
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xii)

Significant differences in rates of zoospore germination and host
penetration were found between certain strains from the same region.

All but two of the 13 strains of P. viticola examined in this study had similar responses
to temperature for zoospore germination and host penetration.

Germination of

zoospores and penetration of the host via stomata was favoured at 20 °C while rates of
both processes were reduced at 10 °C. Usually zoospores did not germinate at 30 °C
however a very small number of zoospores from the Wilyabrup and Chittering strains
germinated at this extreme temperature. None of the strains penetrated the host at
30 °C.

This behaviour mimics that of the Swan Valley strain (SV-2) examined in

Chapter 4A. The SV-2 strain was one of the 13 strains assessed in the present chapter
but was referred to as the Herne Hill strain due to the nomenclature system adopted
in the investigation. Interestingly, some sporadic zoospore germination of this strain
was observed at 30 °C in Chapter 4A but not in the detailed study reported in this
chapter. This illustrates the sporadic nature of the pathogen when exposed to less
than optimal incubation temperatures. For the purposes of this and the following
chapter, it was assumed only zoospores from the Wilyabrup and Chittering strains
germinated at 30 °C.
Temperature requirements for sporangial germination of P. viticola are well
documented in the literature but are lacking for the proceeding stage in the infection
process – zoospore germination.
water.

Sporangia liberate their zoospores exclusively in

This phenomenon occurs at temperatures of 3-9 °C and 28-30 °C with an

optimum at 22-25 °C (Gregory, 1915; Galet, 1977; Lafon and Bulit, 1981). According
to Viala (1893), the optimum temperature for germination of P. viticola sporangia is
from 28 to 30 °C. At this temperature zoospores were produced in approximately 30
min. Istvanfii (1913) however found germination of P. viticola sporangia practically
ceased at such temperatures (Istvanfii, 1913 cited in Gregory, 1915). The optimal
temperature for development of P. viticola is about 25 °C, the minimum 9 to 10 °C
and the maximum 28 to 30 °C (Lafon and Clerjeau, 1988; Emmett et al., 1998). The
infection process of P. viticola is extremely rapid, the initiation of the first haustorium
taking place within 3.5 h of application of a sporangial suspension to the abaxial
surface of the leaf (Langcake and Lovell, 1980). The early stages in the infection
process of P. viticola are therefore assumed have similar temperature requirements.
The minimum, maximum and optimum temperature for sporangial germination,
zoospore germination and host penetration may however differ slightly.

Like P.

viticola, free water is essential for infection by Pyricularia (Magnaporthe) grisea,
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causative agent of rice blast disease.

Interestingly, optimum temperatures for

germination and appressorium formation are 25-28 °C and 16-25 °C, respectively
(Bonman, 1992).
Despite the similarities in early infection behaviour between the strains, the
Wilyabrup and Chittering strains demonstrated a greater capacity to germinate under
a wider spectrum of temperatures. The Wilyabrup strain was however the only strain
to attain high levels of germination at each level of temperature tested in the study.
This strain also achieved the highest rate of host penetration at 10 °C. Interestingly,
the Wilyabrup strain demonstrated a lower rate of penetration compared to the other
strains at 20 °C. Plasmopara viticola strains of varying fitness have been previously
observed in Europe by Kast (1996, 2000).

In his studies, the virulence and

aggressiveness of up to four strains from different geographical areas (Southern
Germany and Switzerland) was examined on resistant hybrid grapevine varieties.
Percentage leaf area with visible sporangiophores was used as a measure of fitness
(Kast, 1996; Kast et al., 2000). In the current study, the behavioural responses of the
Wilyabrup and Chittering strains may indicate some ecotypic specialisation of the
pathogen in the Margaret River and Perth Hills wine regions in WA. Further tests are
required to confirm this and will be addressed in Chapter 8.
The temperature responses of the P. viticola strains from SA, Qld and NSW did not
deviate sufficiently from the WA strains to suggest the existence of ecotypes among
these strains.

That said however, all three strains demonstrated high rates of

germination and penetration at 20 °C. The Lovedale and Pyap strains, along with the
Wilyabrup strain, also attained high levels of germination rates 10 °C. None of the
Eastern states strains germinated or penetrated the host at 30 °C. All three strains
were sourced from regions with typically hot growing seasons.

In Pyap, summer

rainfall is low while in Lovedale and Murgon, it is high (Dry and Smart, 1998). Similar
hot/dry and hot/wet conditions are experienced in northern grape growing regions in
WA. It is therefore not unreasonable to assume that the behaviour of the SA, Qld and
NSW strains could be similar to strains associated with the disease in northern WA.
Early infection behaviour of P. viticola appears to be reasonably analogous throughout
WA despite the influence of varied local environmental conditions.

Although the

Wilyabrup and Chittering strains were more tolerant to variations in incubation
temperature, evidenced by germination of zoospores of these strains only at 30 °C,
the response to differences in temperature for germination and penetration was
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similar among all strains assessed in the study. This does not however negate the
possibility of ecotypic specialisation of the Wilyabrup and Chittering strains.
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Figure 7.1 (opposite)

Samples of grapevine leaf material infected with Plasmopara

viticola were collected from 13 different grape growing locations in Australia. Strains
of the pathogen were subsequently isolated from the samples (1 strain per sample).
The insets (maps 1-9) illustrate the wine subregions/zones of Australia (AWBC, 2003).
The localities where each of the strains were sourced from are highlighted in black
bolded frames.
* No map available for Pemberton wine region. Location of the Pemberton strain is
instead shown on South West Australia wine zone map.
Images courtesy of the Australian Wine and Brandy Corporation (AWBC, 2003). Images
have been modified.
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(Refer to page 119 for caption and legend)
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Figure 7.2

Influence of temperature on rate of Plasmopara viticola zoospore

germination and host penetration over time.

The response to temperature was

compared between 13 strains of P. viticola sourced from different grape growing
locations in Australia. Vitis vinifera cv. Chardonnay leaf discs were inoculated with
aqueous sporangial suspensions and incubated in the dark at 10, 20 or 30 °C for up to
6 h. The number of germinated zoospores and penetrating germ tubes on leaf discs
was recorded every hour for 6 h following inoculation of host tissues. Ten of the
strains were from WA while the remaining three were from SA, Qld and NSW. The
first assessment of zoospore germination and host penetration on leaf discs was made
60 min post inoculation. Bars indicate standard error (n=4).
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Table 7.1

Plasmopara viticola strains were isolated from samples of infected grapevine leaf material sourced from 13 different grape growing

locations in Australia. Strains were named according to the location from which they were derived. The corresponding state, wine zone and wine
region (AWBC, 2003) of each strain is presented as well as details of the climatic conditions experienced at each location during the October-April
growing season (Gladstones, 1999).

Strain/location
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a
b
c

State

Latitude &
Longitude

Zonea

Region & Map No.a

Daily Mean

Avg. Sunshine

Avg. No.

Avg.

Avg. RHb

Temperature

Hours

Rain Days

Rainfall

1500 HRS

(°C)

(h)

(d)

(mm)

(%)

Albany

WA

-35.02, 117.89

South West Australia

Great Southern (6)

17.1

1504

81

303

60

Chittering

WA

-31.48, 116.06

Greater Perth

Perth Hills (1)

20.3

1949

36

220

51

Denmark

WA

-34.95, 117.35

South West Australia

Great Southern (6)

17.0

1405

83

354

67

Donnybrook

WA

-33.58, 115.82

South West Australia

Geographe (3)

18.9

1830

46

221

36

Herne Hill

WA

-31.83, 116.02

Greater Perth

Swan District (2)

21.3

1962

40

168

44

Lovedale

NSW

-32.43, 151.23

Hunter Valley

Hunter (8)

21.2

1660

52

493

45

Margaret River

WA

-33.95, 115.07

South West Australia

Margaret River (4)

17.6

1626

52

274

56

Mount Barker

WA

-34.63, 117.67

South West Australia

Great Southern (6)

16.8

1518

75

285

54

Murgon

Qld

-26.23, 151.95

-

South Burnett (9)

20.2

1760

70

697

50

Narrikup

WA

-34.77, 117.73

South West Australia

Great Southern (6)

nac

nac

nac

nac

nac

Pemberton

WA

-34.47, 116.02

South West Australia

Pemberton (5)

16.7

1423

70

361

56

Pyap

SA

-34.43, 140.48

Lower Murray

Riverland (7)

20.1

2002

31

139

30

Wilyabrup

WA

-33.80, 115.05

South West Australia

Margaret River (4)

17.8

1661

51

253

57

See Figure 7.1 for zone, region and map number (1-9).
Relative humidity (RH)
Data not available (na) for Narrikup. Refer to climate data of Mount Barker, Denmark and Albany for approximation (all from same wine zone and region).

120

Table 7.2

Influence of temperature and Plasmopara viticola strain location on zoospore germination. Vitis vinifera cv. Chardonnay leaf discs

were inoculated with aqueous sporangial suspensions of the pathogen and incubated at 10, 20 or 30 °C. The number of germinated zoospores on
discs was quantified every hour for 6 h following inoculation of host tissues. Strains are listed in order of decreasing levels of germination e.g. at
10 °C, the highest level of germination was recorded on leaf discs inoculated with the Donnybrook strain while the lowest level occurred on discs
inoculated with the Mount Barker strain. Only two strains germinated at 30 °C. Mean % zoospore germination values (angular transformed) are
presented (n=4). Back transformed means shown in brackets. Strains grouped within the same colour are not significantly different at P<0.05
(s.e.d of means = 2.27, l.s.d. of means (5 % level) = 4.46).
Germination
Level
HIGHEST

10 °C

Strain
Donnybrook

20.37

Chittering

(12.12)

Wilyabrup
Pyap
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Chittering
Lovedale
Narrikup
Herne Hill
Murgon
Pemberton
Denmark
Margaret River
Albany
Mount Barker

Strain

44.20

Wilyabrup

(48.60)

19.72

Lovedale

(11.38)

16.46

16.46

(8.03)

(8.03)

Denmark

15.10

15.10

(6.79)

(6.79)

Pemberton

12.56

12.56

12.56

12.56

(4.73)

(4.73)

(4.73)

(4.73)

12.20

12.20

12.20

12.20

(4.47)

(4.47)

(4.47)

(4.47)

11.92

11.92

11.92

(4.27)

(4.27)

(4.27)

11.77

11.77

11.77

(4.16)

(4.16)

(4.16)

11.62

11.62

11.62

(4.06)

(4.06)

(4.06)

10.14

10.14

10.14

(3.10)

(3.10)

(3.10)

Pyap
Herne Hill
Wilyabrup
Murgon
Albany

8.21

8.21

(2.04)

(2.04)

6.74

Narrikup
Donnybrook
Margaret River

6.50

Mount Barker

(1.28)

44.20

Chittering

3.13
0.62
(0.01)

43.83

43.83

(47.96)

(47.96)

43.31

43.31

43.31

(47.05)

(47.05)

(47.05)

42.50

42.50

42.50

42.50

(45.64)

(45.64)

(45.64)

(45.64)

41.88

41.88

41.88

41.88

41.88

(44.56)

(44.56)

(44.56)

(44.56)

(44.56)

41.63

41.63

41.63

41.63

41.63

(44.13)

(44.13)

(44.13)

(44.13)

(44.13)

41.55

41.55

41.55

41.55

41.55

(43.99)

(43.99)

(43.99)

(43.99)

(43.99)

40.93

40.93

40.93

40.93

40.93

(42.92)

(42.92)

(42.92)

(42.92)

(42.92)

39.41

39.41

39.41

39.41

(40.30)

(40.30)

(40.30)

(40.30)

39.24

39.24

39.24

(40.01)

(40.01)

(40.01)

38.64

38.64

(38.99)

(38.99)

Albany
Denmark
Donnybrook

37.80
(37.56)
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30 °C
(0.29)

(48.60)

(1.38)

LOWEST

20 °C

Strain

Herne Hill
Lovedale
Margaret River
Mount Barker
Murgon
Narrikup

Pemberton
Pyap

Table 7.3

Influence of temperature and Plasmopara viticola strain location on host penetration. Vitis vinifera cv. Chardonnay leaf discs were

inoculated with aqueous sporangial suspensions of the pathogen and incubated at 10, 20 or 30 °C. The number of germ tubes penetrating stomata
on discs was quantified every hour for 6 h following inoculation of host tissues. Strains are listed in order of decreasing levels of penetration e.g.
at 10 °C, the highest level of penetration was recorded on leaf discs inoculated with the Wilyabrup strain while the lowest level occurred on discs
inoculated with the Albany strain. The host was not penetrated by any P. viticola strain at 30 °C. Mean % host penetration values (angular
transformed) are presented (n=4). Back transformed means shown in brackets. Strains grouped within the same colour are not significantly
different at P<0.05 (s.e.d of means = 1.43, l.s.d. of means (5 % level) = 2.80).
Penetration
Level
HIGHEST

10 °C

Strain
Wilyabrup

7.95

Albany

(1.91)

Donnybrook
Chittering
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Narrikup
Pyap
Herne Hill
Lovedale
Murgon
Denmark
Pemberton
Mount Barker
Margaret River

6.12

6.12

(1.14)

(1.14)

Lovedale

5.78

5.78

5.78

(1.01)

(1.01)

(1.01)

Narrikup

4.75

4.75

4.75

(0.69)

(0.69)

(0.69)

4.50

4.50

4.50

(0.61)

(0.61)

(0.61)

Murgon
Herne Hill

3.74

3.74

3.74

3.74

(0.42)

(0.42)

(0.42)

(0.42)

3.73

3.73

3.73

3.73

(0.42)

(0.42)

(0.42)

(0.42)

3.24

3.24

3.24

(0.32)

(0.32)

(0.32)

2.79

2.79

(0.24)

(0.24)

2.63

2.63

(0.21)

(0.21)

2.16

2.16

(0.14)

(0.14)

1.18
(0.04)

LOWEST

Albany

20 °C

Strain

1.13
(0.04)

Pyap
Chittering
Donnybrook
Mount Barker
Pemberton
Wilyabrup
Margaret River
Denmark
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26.68
(20.16)

25.39

25.39

(18.38)

(18.38)

24.64

24.64

(17.38)

(17.38)

24.38

24.38

(17.04)

(17.04)

24.27

24.27

24.27

(16.89)

(16.89)

(16.89)

23.97

23.97

23.97

(16.50)

(16.50)

(16.50

23.58

23.58

23.58

(16.00)

(16.00)

(16.00)

21.27

21.27

21.27

(13.16)

(13.16)

(13.16)

20.96

20.96

(12.80)

(12.80)

20.40

20.40

(12.15)

(12.15)

18.62

18.62

(10.19)

(10.19)

17.78

17.78

(9.32)

(9.32)

17.44
(8.98)

CHAPTER 8
GENETIC VARIABILITY AMONG STRAINS OF PLASMOPARA VITICOLA SOURCED FROM
DIFFERENT GRAPE GROWING LOCATIONS IN AUSTRALIA

8.1

INTRODUCTION

The purpose of this study reported in this chapter was to examine genetic variability
among the strains of P. viticola assessed in Chapter 7 to further determine the
existence of ecotypes of the pathogen.

DNA samples from each strain were

genetically analysed using a variety of molecular methods including DNA extraction,
microsatellite PCR amplification, electrophoresis and fragment analysis, in an
attempt to provide further supporting evidence for the findings of the previous
chapter and possibly support the existence of unique genotypes among strains in the
study.

The outcomes from this study would determine if the variations in early

infection behaviour, specifically zoospore germination, observed in Chapter 7 were
associated with genotypic variation. Genetic analysis of the P. viticola strains may
also provide some insight into the origin and spread of P. viticola strains in WA.

8.2

MATERIALS AND METHODS

8.2.1

Plasmopara viticola cultures and inoculum production

Refer to Section 7.2.1.
All strains were maintained on V. vinifera cv. Chardonnay leaf tissue for several
weeks prior to the commencement of the experiment reported in this chapter to
ensure consistency in the rate and quantity of inoculum produced.
8.2.2

Sampling procedure

For each strain, a 2 cm2 section of freshly sporulating Chardonnay leaf tissue was
excised using a scalpel. The leaf samples were transferred to 8-strip 1.2 ml micro
dilution tubes (Scientific Specialities Inc., California), each containing a 3 mm
grinding ball (Tungsten Carbide Beads, Qiagen, Germany), in a 96 deep-well sample
rack (Scientific Specialities Inc., California). To avoid cross contamination between
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strains, one leaf section was excised at a time, a new pair of disposable latex gloves
were worn when sampling each strain and the scalpel and laboratory work bench
were decontaminated between samplings using 70 % ethanol. When a leaf sample
was being inserted into a tube, all other tubes in the strip and neighbouring strips
were sealed using 8-strip dilution tube caps (Scientific Specialities Inc., California).
Two of the tubes in the sample rack contained samples of healthy/uninfected
Chardonnay leaf tissue (controls).

Once all of the samples were loaded into the

racked tubes, a puncture was made in each tube cap using a syringe. The samples
were then freeze dried (FD 4.0, Heto Lab Equipment, Denmark) directly in the
sample rack for 48 h. Once dried, the sample rack was kept in an airtight container
with self indicating silica gel (Sigma Chemicals, WA).
All molecular laboratory work was conducted by the author at the Australian Genome
Research Facility (AGRF) in Adelaide, SA.
8.2.3

DNA extraction

Total DNA was extracted from the leaf tissue samples using a Nucleospin Multi-8/96
Plant kit (Macharey-Nagel, Germany). The extraction was performed according to
the manufacturer’s protocol (CTAB method) with several slight modifications.
Freeze drying
Upon their arrival in Adelaide, the samples were freeze dried (Alpha 2--4 LSC,
Osterode, Germany) overnight to ensure all moisture was removed.

After freeze

drying, the punctured caps were discarded and replaced with new sets of 8-strip
dilution caps.
Homogenise and lyse plant samples
The sample rack was homogenised on a Retsch MM 300 Mill (Qiagen, Germany) for 2
min at a frequency of 30 hertz/sec.

It was then centrifuged on a Sigma 4K15

centrifuge, equipped with a Qiagen 2x96 plate rotor (rotor 09100F, buckets 09366e),
at 6000 rpm for 2 min to settle the powdered leaf tissue to the base of the tubes. To
each racked tube sample, 400 μl C1 buffer (contained CTAB) and 10 μl RNase A (30
mg RNAse A in 2.5 ml MilliQ Water, standard kit concentration) was added.

To

prevent spillage, caps were secured to the tubes using masking tape. The sample
rack was homogenised for 1 min at a frequency of 30 hertz/sec to evenly distribute
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the buffer and RNase throughout the solution. The final stage of the lysis process
was incubation of the sample rack at 57 °C and 1350 rpm for 1 h (Titramax 1000
Incubator, Heidolph, Germany).
Clear lysate
To clear the lysate, the sample rack was centrifuged at 6000 rpm for 20 min.
Adjust DNA binding conditions
The masking tape and tube caps were carefully removed and 300 μl of clear
supernatant was transferred from each tube to new 1.2 ml micro dilution tube strips
in a sample rack. 300 μl of C4 buffer and 200 μl of ethanol was then added to each
sample tube. The tubes were capped and the contents mixed by vigorous shaking for
20-30 sec. The sample rack was then centrifuged for 30 sec at 1500 rpm to collect
any sample from the cap strips.
Loading
The cap strips were removed from the tubes and samples were transferred into the
wells of a Nucleospin plant binding plate placed on a square well block. The binding
plate was then sealed with a self-adhering plastic cover (Tape Pads, Qiagen,
Germany).
Bind DNA to silica membrane
The square well block and the binding plate were centrifuged for 3 min at 6000 rpm
to bind DNA to the silica membrane.

Contents of the square well block were

discarded.
Wash silica membrane
The self adhering plastic cover was removed and 500 μl of CW buffer was added to
each well of the binding plate containing sample DNA. The plate was sealed with a
new plastic cover and centrifuged for 3 min at 6000 rpm. The contents of the square
well block were discarded. The plastic cover was removed and 900 μl C5 buffer was
added to each well of the binding plate containing sample DNA.

The plate was

sealed with a new plastic cover and centrifuged for 5 min at 6000 rpm. The contents
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of the square well block were discarded. To remove ethanol traces, the binding
plate (plastic cover removed) was incubated at 37 °C for 20 min.
Elution
The binding plate was placed onto new 1.2 ml micro dilution tube strips in a sample
rack and 100 μl of pre-warmed (70 °C) CE buffer was dispensed into each well of the
plant binding plate containing sample DNA. The buffer was pipetted directly onto
the membrane. Only one elution was performed. The binding plate and sample rack
were incubated at room temperature on the bench top for 1-2 min and then
centrifuged for 2 min at 6000 rpm. The binding plate was carefully removed from
the tube strips by lifting it at one side. The tubes of eluted DNA were capped and
stored in the sample rack at -20 °C.
8.2.4

Polymerase chain reaction amplification

PCR amplification with four P. viticola specific microsatellite or simple sequence
repeat (SSR) markers – ISA, CES, GOB and BER – was performed as described by
Gobbin et al. (2003b).
Three separate PCR amplifications - ISA, GOB, and CES/BER (multiplexed) – were
carried out for each DNA sample in a 10 μl volume containing 1 μl DNA solution
(average 4.87 μg/μl, SpectraMax Gemini XS, Molecular Devices, California) and 9 μl
of PCR master mix. Multiplexing is the co-amplification of several loci during PCR
and allows rapid genotyping of large sample sizes (Ciofi et al., 1998).

For one

reaction, the master mix consisted of 1 μl 10x reaction buffer (concentration 15 mM
MgCl2), 0.4 μl MgCl2 (25 mM), 0.2 μl dNTP (10 μM each), 0.5 μl primer mix (0.25 μM
forward primer and 0.25 μM reverse primer), 0.05 μl Taq DNA Polymerase (5 units/μl)
(HotStarTaq kit, Qiagen, Germany) and 6.85 μl MilliQ water (PCR reagents from
Qiagen, Germany). Forward primers were labelled with the following dyes: ISAf and
BERf with HEX, GOBf with 6-FAM (Geneworks Pty. Ltd, Adelaide) and CESf with NED
(Applied Biosystems, California). Single (CAS-1200) and and multi channel (CAS-3800)
Corbett Robots (Corbett Robotics, Mortlake, NSW) were used to deliver 1 μl of DNA
solution (template) and 9 μl master mix respectively, to PCR plate wells. The plates
were sealed with foil sheets (AB-Gene®, Thermal Sealer, UK) and centrifuged at 1500
rpm for 1 min. PCR was performed in a PTC-225 Peltier Thermal Cycler under the
following conditions; 15 min at 95 °C (necessary to remove antibodies from the
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HotStarTaq), 40 cycles of 30 sec at 95 °C, 30 sec at 55 °C, 30 sec at 72 °C with a final
extension of 10 min at 72 °C.
8.2.5

Agarose gel electrophoresis

The reliability of PCR was tested, fragments were differentiated and allele sizes
were estimated by PCR amplification of the DNA samples with the four SSR markers –
ISA, GOB and CES/BER (multiplexed) – on 1.3 % agarose gel (1.3 g agarose, 100 ml
TAE (1x) and 5 μl ethidium bromide). To each lane, 10 μl of PCR product and 1 μl of
loading dye (6x Gel Loading Solution, Sigma) was pipetted into wells. The first well
on each gel contained 3 μl of Ready-LoadTM 100 base pairs (bp) DNA ladder
(Invitrogen, USA). Two wells on each gel contained control samples (grapevine DNA
alone). The gels were run in a three cell running buffer tank (BIO-RAD) at 100 V
(BIO-RAD Power Pac 300) for approximately 1 h. The gels were transferred from the
tank and placed on the transilluminator of a UVP BioDoc-IT system (Upland,
California, USA). The UV wavelength was set to 365 nm and the CCD camera was
used to capture the gel image.
8.2.6

Panelling and fragment analysis

To determine exact allele sizes, fragment analysis was performed in an ABI 3700
Genetic Analyser (96 tube capillary array). For each marker – ISA, GOB and CES/BER
– 2 μl PCR product was mixed with 98 μl di water. All markers were then panelled
together using the following volumes from the 1 in 50 dilution plate: 18 μl GOB, 1 μl
ISA and 1 μl CES/BER. For analysis in the ABI 3700, 3 μl of each mixed/panelled
sample was added to 5 μl di formamide containing 500HD ROXTM labelled 35-500 bp
ladder (5μl 500 ROX per 500 μl formamide) (Applied Biosystems, California) in a 96
well sequencing plate. Fluoro labelled PCR products were detected by the systems
laser. GOB fluoresced blue, CES fluoresced yellow and ISA and BER both fluoresced
green. The approximate allele size range of the GOB, CES, ISA and BER markers are
210-434, 143-186, 118-144 and 179-185 bp, respectively (Gobbin et al., 2003b).
Electrophoresis results (fluorescence emission) were transmitted directly into a
computer database where they were analysed using the software program Genotyper
3.7 (Applied Biosystems, California).

Size calling of peak positions was manually

determined which allowed integer allele numbers to be established (see Figure 8.1
for example). Only major peaks were called. For each marker, different fragments
lengths were considered as different alleles. Fragments that differed in length by 1
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bp were considered to be the same allele e.g. 301 and 302 bp (Nicole Burtt, pers.
comm.). For P. viticola strains to be closely ‘related’, they had to share at least one
allele for each marker (Nicole Burtt, pers. comm.).

Genotypes were defined as

strains that differed by at least one allele in their SSR profiles (Gobbin et al., 2005).
Strains showing identical allele patterns were of the same genotype (Gobbin et al.,
2003a).

8.3

RESULTS

8.3.1

Electrophoresis

PCR products of the four SSR markers were clearly visible on the 1.3 % agarose gels
(Figure 8.2). Bands of P. viticola DNA were detected in the approximate allele bp
size range outlined for each marker in Section 8.2.5.

Interestingly, bands were

evident for control samples (lanes m and o) on the ISA and CES/BER gels. Grapevine
DNA alone was never amplified by the GOB marker.

The control sample bands

appeared fainter than amplified P. viticola DNA fragments. In addition, a number of
bands were detected in P. viticola DNA samples that were not present in samples of
grapevine DNA alone.

The exact size of these bands could be determined using

fragment analysis and used to assess genetic variation among the strains. The bands
that appeared in P. viticola DNA and control samples were therefore ignored.
Evidently, the CES, BER and ISA markers were not as reliable as the GOB marker in
priming P. viticola DNA. Since a total DNA extraction was performed using P. viticola
infected grapevine leaf tissue samples, there was a considerable amount of grape
DNA present which could potentially act as template during PCR and to which the
CES, BER and ISA markers may have misprimed.

Despite the amplification of

fragments for the control samples by three of the markers, there appeared to be
very little genetic variation among the WA strains of P. viticola evidenced by their
similar banding patterns.

There was however a considerable amount of genetic

variation between the WA strains and the Lovedale, Pyap and Murgon strains (lanes
b, d and f respectively). The Eastern states strains exhibited markedly different
banding patterns/“fingerprints” (more bands, smaller and larger sized fragments) to
the WA strains on the GOB gel (Figure 8.2). The array of fragments amplified by the
GOB marker for the Lovedale, Murgon and Pyap strains indicated genotypic variation
among these strains as well.
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8.3.2

Fragment analysis

The number and exact size of alleles scored for each P. viticola strain for the four
SSR markers are presented in Table 8.1. Usually four alleles were detected at locus
GOB and 2 at each of the loci BER, CES and ISA for each strain. GOB was the most
diverse locus. GOB amplified 13 different alleles while BER, CES and ISA amplified
three, four and five different alleles, respectively. The following allele sizes (bp)
were present in the SSR profiles of all WA strains; GOB-290, GOB-294, GOB-298, BER175, CES-137 and ISA-111. The alleles BER-175 and BER-177 were present in the SSR
profiles of the Murgon, Pyap and Lovedale strains. There were no common GOB, CES
or ISA alleles among the Eastern states strains. The BER-175 allele was the only
allele to appear in all 13 strains assessed in the study.
The Albany and Denmark strains presented identical allele patterns at each marker.
These strains were therefore considered to belong to the same genotype (Table 8.1).
The same was true for the Pemberton and Donnybrook strains. No other identical
allele patterns were found in the SSR profiles of the remaining nine P. viticola strains
in the study. All WA strains were however related to one another as they shared at
least one common allele for each marker. None of the WA strains were related to
the Lovedale, Pyap or Murgon strains.

Since GOB was the most diverse locus,

genotypes among the WA strains tended to be differentiated by additional or absent
GOB amplified alleles (usually 4 bp differences) in the SSR profiles. For example, the
Wilyabrup, Narrikup and Mount Barker strains had similar allele patterns to the
Donnybrook and Pemberton strains yet the GOB-286 and/or GOB-302 alleles in their
profiles distinguished them as different genotypes from those two strains. The same
was true for the Albany, Demark and Margaret River strains.

Other genotypes

displayed very small bp differences in alleles at a particular marker. For example,
the SSR profile of the Herne Hill strain was very similar to the Donnybrook and
Pemberton strains yet this strain was of a different genotype due to absence of a
second CES amplified allele that was only 2 bp smaller than the CES-137 allele in its
profile.
Genetic variation between the Eastern states and WA strains of P. viticola was much
more apparent. The loci CES and ISA tended to amplify larger sized fragments in the
Lovedale, Murgon and Pyap strains (CES-167, CES-169 and ISA-137) in comparison to
the WA strains. As previously mentioned, alleles amplified for the Eastern states
strains by the BER locus were identical in size to most of the WA strains.

Both

smaller and larger sized fragments were amplified by the GOB locus for the Eastern
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strains e.g. GOB-202, GOB-268, GOB-273, GOB-368 and GOB-382. Genotypes in WA
and the Eastern states tended to be differentiated by large bp differences between
alleles amplified by the markers GOB, CES and ISA.
The SSR profiles of the Murgon, Pyap and Lovedale strains differed by at least one
allele hence each of these strains represented a different genotype. Interestingly
only two peaks were measured (Section 8.2.5) during fragment analysis of GOB
amplified PCR products of the Pyap strain (GOB-202 and GOB-273) however a wider
range of fragment sizes (300+ bp) can be seen for this strain on the GOB gel (Figure
8.2). Based on fragment analysis results however, the Pyap strain was related to
both the Murgon and Lovedale strains however the Lovedale and Murgon strains were
not related (alleles at each marker differed by >2 bp) to each other.
As reported in Chapter 7, zoospores from only two WA strains (Wilyabrup and
Chittering) germinated at 30 °C. All other strains in the study failed to germinate at
this relatively extreme incubation temperature. Since genetic analysis of the strains
assessed in the previous chapter revealed all WA strains are closely related, it is
unlikely the variations in early pre-infection behaviour (zoospore germination)
observed for the Wilyabrup and Chittering strains are linked with a genotype
identified in this study. That said however, the SSR profile of the Chittering strain
contained a BER-171 allele which was unique to only this strain i.e. did not appear in
the profiles of the remaining 12 strains. Similarly the SSR profile of the Wilyabrup
strain contained a GOB-302 allele which also appeared in the profiles of the Lovedale
and Mount Barker strains.

Though the allele size detected for the Mount Barker

strain was not exact with regards to size (301 bp), it was assumed to be the same as
the 302 bp allele.

Interestingly, both of the strains that geminated at 30 °C

possessed unique, though not identical, alleles.

8.4

DISCUSSION

The purpose of this study was to examine genetic variation among the strains of P.
viticola assessed in Chapter 7 to relate it to the existence of ecotypes of the
pathogen. The study would establish if the variations in early infection behaviour
demonstrated by certain strains in the previous chapter were associated with
genotypic variation. Genetic analysis of the strains was conducted using a variety of
molecular methods including high throughput DNA extraction, microsatellite PCR
amplification and fragment analysis.

Fragment differentiation of DNA samples
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amplified with four P. viticola specific SSR markers allowed allele sizes to be
determined for each strain. Allele patterns were compared to determine genotypes
and therefore similarities of the strains.
The principal findings from this study were;
i)

Genetic diversity was low among the WA strains of P. viticola.

ii)

The Albany and Denmark strains and the Pemberton and Donnybrook
strains from WA presented identical allele patterns i.e. same genotypes.

iii)

The Lovedale, Pyap and Murgon strains from NSW, SA and Qld,
respectively exhibited different banding patterns and SSR profiles to the
strains from WA.

iv)

None of the WA strains were related to the Eastern states strains.

v)

The Lovedale, Murgon and Pyap strains exhibited different banding
patterns and SSR profiles.

vi)

The Pyap strain was related to both the Murgon and Lovedale strains
however the Lovedale and Murgon strains were not related.

vii)

The alleles GOB-290, GOB-294, GOB-298, BER-175, CES-137 and ISA-111
appeared in the SSR profile of all the WA strains.

viii)

The allele BER-175 appeared in the profiles of all 13 P. viticola strains.

ix)

GOB was the most diverse locus and therefore the most reliable of the
four markers used in detecting genetic variation among the strains.

x)

The Wilyabrup and Chittering strains possessed unique, though not
identical, alleles in their profiles.

xi)

Zoospore germination behaviour does not appear to be linked with
genotypic variation.

The four polymorphic P. viticola specific SSR loci BER, CES, GOB and ISA were
developed by Gobbin, Pertot and Gessler in 2003. In their study, 46 primer pairs
designed to cloned P. viticola SSR sequences were tested.

Five primer pairs

amplified in a specific and reproducible manner. Their loci were designated as BER,
CES, ISA, GOB and REX. All other primer pairs produced very weak or no signals with
P. viticola DNA or produced non specific PCR products besides typical SSR stuttered
fragments which impeded objective interpretation (Gobbin et al., 2003b). The locus
REX was not used in the present study since Gobbin and others (2003b) found it to be
monomorphic and was of no use for genotype discrimination.

Since their

development the SSR markers GOB, CES, ISA and BER have been used in several
recent studies to investigate grape downy mildew disease dynamics and genetic
structure (Gobbin et al., 2003a; Rumbou and Gessler, 2004; Gobbin et al., 2005).
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Genetic analysis of the 13 strains of P. viticola assessed in Chapter 7 revealed low
levels of genetic diversity among the WA strains. Two pairs of strains shared the
same genotypes. Although all other WA strains were of different genotypes, all 10
strains were however related and could therefore be similar in their parentage or
origin.

Marked genetic differences were evident between WA and Eastern states

strains of the pathogen.

None of the WA strains were related to the Murgon,

Lovedale or Pyap strains. Populations of P. viticola on the east and west coasts of
Australia are separated by vast natural barriers e.g. sea and desert. These barriers
prevent a homogenous and omnidirectional disease spread which subsequently limits
and/or eliminate the opportunity for genetic exchange between P. viticola
populations.

As a consequence of infrequent long range migration of sporangia,

genotypes are rarely shared between neighbouring plots (Gobbin et al., 2005). Grape
downy mildew has prevailed in the Eastern states of Australia since the early 1900’s.
The disease is still considered fairly new in WA where it was first recorded in
commercial viticulture in 1998 (McKirdy et al., 1999).

Its recent detection and

isolation from other national and international P. viticola populations have allowed
the pathogen to develop independently.
In a study by Gobbin et al. (2003a), the genetic variation of a mountain and four
valley P. viticola populations from the Trentino/Alton Adige region of Italy was
compared. The mountain population was from an isolated vineyard in Tesero. Two
of the valley populations were collected in Navicello while the other two were
sourced from San Michele.

The pathogen was long established in both valley

locations (Gobbin et al., 2003a). The largest distance between collection sites was
62 km. Significant genetic subdivisions were detected between populations collected
at three different locations. The mountain population appeared with a poor gene
pool, genetically separated and isolated-by-distance from the valley natural stocks.
The differences between the populations was likely an effect of the peculiar
geographical location of the mountain population (1005 m above sea level, 30 km
from the nearest cultivated grapevine).

Based on abrupt differences in allele

frequencies and loss of alleles among the populations, the authors concluded the
mountain population had been established by a founder effect event (Gobbin et al.,
2003a). If a small number of sporangia or oospores are introduced to disease-free
host areas a colonisation process may start on disease-conductive plots (Gobbin et
al., 2003a).

Such a phenomenon is known as a founder effect, which is usually

characterised by reduced genetic variation in comparison to the parental population.
The population resulting from a founder effect may have a reduced fitness, a higher
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probability of extinction and a reduced potential for future adaptation (Gobbin et
al., 2003a).
The SSR profiles of the P. viticola strains assessed in the current study were
compared to the profiles of the mountain and valley P. viticola populations from Italy
(Gobbin et al., 2003a; Gobbin et al., 2003b).

Interestingly, none of the alleles

amplified by the ISA, CES and BER loci for the WA strains were present in the SSR
profiles of the Italian populations.

The CES-167, CES-169 and ISA-137 alleles

detected for the Pyap, Murgon and Lovedale strains were however present in the
profiles of the Italian populations. Most of the P. viticola strains assessed in the
present study had a BER-177 allele in their profile. An allele of similar size (179.2
bp) was amplified for the Italian populations. As GOB was the most diverse locus, all
of the alleles amplified by this marker appeared in the profiles of the Italian
populations.

In another study, genetic variation of a P. viticola population from

Greece was investigated over two consecutive years (Rumbou and Gessler, 2004). A
comparison of allele patterns for the Australian strains and the Greek population
revealed the same findings when the Australian strains were compared to the Italian
populations. The CES-167 allele amplified for the Pyap and Lovedale strains was not
however present in the SSR profile of the Greek population.
Genetic variation among the strains of P. viticola assessed in the current study was
not reflective of variations in zoospore germination behaviour observed in Chapter 7.
The Wilyabrup and Chittering strains, which were the only strains to germinate at an
incubation temperature of 30 °C, were closely related to all other WA strains. They
did however possess unique GOB and BER amplified alleles, respectively in their SSR
profiles. The Lovedale, Murgon and Pyap strains, which were not related to any of
the WA strains, did not demonstrate any obvious differences in early infection
behaviour.

Poor correlation between genetic and pathogenic variability has been

demonstrated for isolates of Sclerospora graminicola, causative organism of pearl
millet downy mildew (Thakur et al., 2004).
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290
286

Figure 8.1

294

Peak calling for PCR products amplified by the GOB marker using

Genotyper 3.7.

In this example, three peaks were called for PCR products from a

Plasmopara viticola DNA sample extracted from grapevine leaf tissue infected with a
strain of the pathogen sourced from Chittering in WA. The peaks represent 286, 290
and 294 bp alleles. Only major peaks were called. The peaks and their respective
size are indicated by the arrows.
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ISA
bp
2072
1500
600
100

* a b c d e f g h i j k l m n o p

GOB

* a b c d e f g h i j k l m n o p

CES/BER

* a b c d e f g h i j k l m n o p

Figure 8.2

PCR amplification with the four SSR markers ISA, GOB and CES/BER

(multiplexed) on 1.3 % agarose gels.

Lanes a, c, e, f, g, h, i, j, k, l, n and p:

Plasmopara viticola DNA extracted from Vitis vinifera cv. Chardonnay leaf tissue
infected with WA strains of the pathogen.

Lanes b, d and f: P. viticola DNA

extracted from Chardonnay leaf tissue infected with strains of the pathogen from
NSW, SA and Qld, respectively. Lanes m and o: Chardonnay leaf tissue DNA alone
(control samples). Lane *: Ready-LoadTM 100 bp DNA ladder.
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Table 8.1

Number and size (bp) of alleles recorded for the four microsatellite

markers GOB, BER, CES and ISA for Plasmopara viticola DNA samples extracted from
Vitis vinifera cv. Chardonnay leaf tissues infected with different strains of the
pathogen.

Strains were isolated from infected grapevine leaf material collected

from different grape growing locations in Australia. Strains showing identical genetic
profiles were of the same genotype. The markers are colour coded according to the
colour PCR products fluoresced. Tables are presented in alphabetical order of P.
viticola strain location.

Strain
Albany WA

Strain
Chittering WA

Strain
Denmark WA

Strain
Donnybrook WA

Strain
Herne Hill WA

Strain
Lovedale NSW

Lanea
p

Lanea
a

Lanea
g

Lanea
i

Lanea
c

Lanea
b

GOB
290
294
298

GOB
286
290
294

GOB
290
294
298

GOB
286
290
294
298

GOB
286
290
294
298

GOB
202
268
302
364

Microsatellite marker
BER
CES
175
135
177
137

ISA
111
114
130

Genotype
A

ISA
111

Genotype
C

ISA
111
114
130

Genotype
A

Microsatellite marker
BER
CES
175
135
176
137

ISA
111
130

Genotype
B

Microsatellite marker
BER
CES
175
137
176

ISA
111
130

Genotype
D

Microsatellite marker
BER
CES
175
167
177

ISA
133
137

Genotype
E

Microsatellite marker
BER
CES
171
137
175

Microsatellite marker
BER
CES
175
135
177
137
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Strain
Margaret River WA

Strain
Mount Barker WA

Strain
Murgon Qld

Strain
Narrikup WA

Strain
Pemberton WA

Strain
Pyap SA

Strain
Wilyabrup WA

a

Lanea
l

Lanea
h

Lanea
f

Lanea
n

Lanea
k

Lanea
d

Lanea
j

GOB
286
290
294
298

GOB
285
290
294
298
301

GOB
200
268
282
382
368

GOB
290
294
298

GOB
286
290
294
298

GOB
202
273

GOB
290
294
298
302

Microsatellite marker
BER
CES
175
135
177
137

ISA
111
114
130

Genotype
F

Microsatellite marker
BER
CES
175
135
177
137

ISA
111
130

Genotype
G

Microsatellite marker
BER
CES
175
137
177
169

ISA
111
130

Genotype
H

Microsatellite marker
BER
CES
175
135
177
137

ISA
111
130

Genotype
I

Microsatellite marker
BER
CES
175
135
177
137

ISA
111
130

Genotype
B

ISA
130
133
137

Genotype
J

ISA
111
130

Genotype
K

Microsatellite marker
BER
CES
175
167
177

Microsatellite marker
BER
CES
175
135
177
137

Figure 8.2
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CHAPTER 9
GENERAL DISCUSSION

9.1

Summary

The principal aims of this thesis were to i) elucidate behavioural characteristics of
infection by Plasmopara viticola, causative organism of grape downy mildew, on Vitis
vinifera cv. Chardonnay leaf tissues in the mediterranean climate of WA and ii)
determine the environmental conditions in WA that favour infection by strains of the
pathogen that have been detected in the state. Genetic variation among strains of
P. viticola sourced from different grape growing locations in Australia and the
possible existence of ecotypes was also examined.

The findings would provide

evidence to explain the variation in disease severity from year to year in WA and
possibly other grape growing areas in Australia that have a hot dry climate.
The main findings from this study were;
i)

Sporangia from WA strains of P. viticola were capable of germinating
directly.

ii)

The incidence of direct germination was very low and occurred in the
absence of free water.

iii)

Indirect germination via zoospore release was enhanced by low levels of
light rather than darkness

iv)

Both zoospore germination and host penetration were favoured by an
environment of 20 °C and darkness.

v)

Under optimal conditions, zoospore germination and host penetration
commenced within the first hour following inoculation.

vi)

Indirect

sporangial

germination,

zoospore

germination

and

host

penetration occurred on leaf tissues in free water and high RH at
temperatures ranging from 5-35, 10-30 and 10-25 °C, respectively.
vii)

Light adversely affected zoospore structure which in turn influenced
infectivity of the pathogen.

viii)

Maximum levels of host colonisation occurred at 20 °C and 85 % RH.

ix)

Colonisation was reduced at low temperature and RH.

x)

Temperature influenced colonisation more so than RH.

xi)

At 20 °C, the WA strain of P. viticola sporulated in environments ranging in
RH from 30-100 %.
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xii)

Sporulation was reduced in environments of low RH.

xiii)

The pathogen sporulated in light and dark environments however
sporangial production was enhanced in darkness.

xiv)

Strains of P. viticola from WA, NSW, Qld and SA responded similarly in
their infectivity to different temperatures of incubation after inoculation.

xv)

Zoospores from only two of the 13 strains germinated at 30 °C. These
strains were from Chittering and Wilyabrup in WA.

xvi)

The Chittering and Wilyabrup strains possessed unique, though not
identical, alleles.

xvii)

Genetic diversity among the WA strains of P. viticola was low suggesting
that the strains could be similar in their parentage or origin.

xviii)

None of the WA strains were genotypically similar to the strains sourced
from the Eastern states of Australia.

9.2

Historical

Grape downy mildew was first reported in Europe in 1878 and in Britain in 1894
(Viennot-Bourgin, 1981). In Australia, grape downy mildew was recorded for the first
time in 1917 at Rutherglen, Vic (de Castella, 1917). By the 1920’s the pathogen had
spread throughout the viticultural districts of Vic, NSW, SA and Qld. It was detected
some years later in Tasmania in 1959 (Emmett et al., 1998). In WA, while the first
recorded plantings of grapevines occurred in 1829 (McLean et al., 1984; Gregory,
1998), the disease was not detected in the state until 1997. The initial discovery was
made in a small planting of vines in the far north of WA. This was followed in the
subsequent year with the detection of widespread P. viticola infection in commercial
vineyards in the Swan Valley near Perth (McKirdy et al., 1999). Grape downy mildew
is still considered to be a relatively new disease in WA viticulture.
Grape downy mildew is now a major foliage disease of Australian viticulture (Magarey
et al., 1991).

Where control programs are inadequate, infestations will reduce

vineyard vigour resulting in winter injury, lowered crop potential or even death of
susceptible vines (Brown et al., 1999). Most of the economic loss is associated with
cluster destruction and vine defoliation. When conditions favour the development of
the disease on flowers or young berries, up to 100 % of a seasons crop can be
destroyed in individual vineyards (Emmett et al., 1992; Kortekamp et al., 1998).
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It is unclear when and how P. viticola was introduced into WA before it was first
detected in 1997.

The absence of environmental conditions suitable for its

development and the existence of stringent quarantine measures were thought to
have been sufficient to have prevented its establishment or introduction.

It is

possible that the disease may have been present in WA for some time at
undetectable levels and very low incidence or that the environmental conditions
necessary for serious outbreaks did not prevail until 1997.

The widespread

occurrence of the disease when first found in the Swan Valley (at least 17 separate
infected properties) does however suggest a reasonably long history of the pathogen
in the south west of WA (Peter Magarey, pers. comm.).

Subsequent to this first

outbreak, the pathogen has now been detected in all grape growing areas in WA
which extend from the far north e.g. Kununurra (-15.4 S, 128.5 E) to the far south
e.g. Albany (-35.01 S, 117.58 E) of the state across a variety of climate zones
including subtropical, desert/grassland, tropical and temperate (BOM, 2005).
In the research undertaken in this study of P. viticola, the nature of WA strains of the
pathogen was examined in relation to their requirements of temperature, light and
RH for infection to occur. Pre- and post-infection phases of pathogen development
were examined and included sporangial germination, zoospore germination,
penetration of stomatal apertures by germ tubes arising from zoospores (infection),
colonisation of sub-epidermal tissues in the leaf and sporulation of the pathogen.

9.2

Germination characteristics of Plasmopara viticola strains in WA

9.2.1

Direct germination of sporangia

In this study, direct germination of sporangia from WA strains of P. viticola was
observed. To this authors knowledge, direct germination of P. viticola sporangia, via
the production of germ tubes, has been reliably demonstrated in only one previous
endeavour (Kortekamp and Zyprian, 1999). That study was conducted in Germany
and the phenomenon was observed on different Vitis species varying in density of
leaf hair.
Direct germination has been recorded as a rare function for other pathogens which
typically produce zoospores.

These include the downy mildews Sclerospora

graminicola (Weston, 1924) and Plasmopara halstedii (Goossen and Sackston, 1968),
and within the Pythiaceae Phytophthora cryptogea and Phytophthora infestans
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(Colhoun, 1973; Langcake and Lovell, 1980; Erwin and Ribeiro, 1996).

The

contribution of directly germinating sporangia to the development of the disease
during summer months should not be ignored. The pathogen may employ this mode
of germination as a survival mechanism to prevent it from perishing or becoming nonfunctional when conditions are not conducive for infection via zoospores.

The

production of germ tubes by sporangia of P. infestans has been reported to occur in
the presence of relatively high temperature (25 °C) (Colhoun, 1973), which is not
unlike the conditions that typically occur during the growing season throughout WA
and Australia. The capacity of P. viticola to germinate both directly and indirectly
could provide an explanation for the prevalence of the disease throughout the
typically hot dry growing season experienced in WA.
9.2.2

Indirect germination of sporangia

In Chapter 4A, zoospores were observed on the surface of leaf discs exposed to the
eight different temperatures (5-35 °C).

The maximum temperature sporangial

germination of P. viticola is said to occur at is about 30 °C (Gregory, 1915; Blaeser
and Weltzein, 1977; Galet, 1977). In France however, Lafon and Bulit (1981) noted
that P. viticola can withstand temperatures of 35 °C in a saturated atmosphere. It
was evident that the presence of free water on the surface of host tissues was the
single most important factor determining the success of P. viticola sporangia
liberating zoospores.

Water provided a ‘safe-haven’ for the pathogen from the

atmosphere enabling it to germinate under a broad spectrum of temperatures.
In the present study, levels of sporangial germination were reduced in conditions of
total darkness.

Previous studies conducted in India, Greece and France have

demonstrated exposure to sunlight for one or more hours reduced the viability of P.
viticola sporangia (Zachos, 1959; Srinivasan and Jeyarajan, 1976; Lafon and Bulit,
1981). The levels of light used in the present study were of much lower intensity
than natural sun light. Light treatments were limited by the incubator used in these
experiments and its light source. The highest intensity of light tested was 100 μmol
m-2 s-1 PAR. On a sunny day, PAR irradiance and fluence rates are both approximately
2000 μmol m-2 s-1 (Taiz and Zeiger, 2002). Values within a dense grapevine canopy on
a sunny day may be as low as 15-30 μmol m-2 s-1 PAR (Smart, 1998). It is important to
note at this point that the work conducted in India, Greece and France were field
tests where infection and sporulation occurred on the abaxial leaf surfaces
presumably away from direct sunlight due to grapevine canopy structure.
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In the

present study, although inoculation was also made on the abaxial surface of leaf
tissues, inoculated tissues were directly exposed to the incubator light source. Light
intensities could therefore be comparable between the previously mentioned field
based studies and the laboratory based investigation in this study.

Even if light

exerted an inhibitory effect on sporangial germination, the infection process could
commence later in the afternoon or early in the evening, provided temperature and
RH thresholds are met, when the intensity of light reaching the vines and light levels
within the canopy are low.
9.2.3

Germination of zoospores

The most favourable environment for zoospore germination was found to be 20 °C
and darkness with high RH and free water present. Under such conditions, zoospores
germinated within 1 h following the application of a sporangial suspension to the
abaxial surface of the leaf. A similar timing of events has been reported by Gregory
(1912) and Lafon and Bulit (1981). In the present study, zoospores germinated at
temperatures ranging from 5 to 30 °C. There is limited information in the literature
regarding temperature requirements specifically for germination of P. viticola
zoospores. However, the influence of temperature on sporangial germination of P.
viticola is well documented (Gregory, 1915; Blaeser and Weltzein, 1977; Galet,
1977).

The infection process of P. viticola is characterised by fast transitions

between different development stages (Riemann et al., 2002).

Temperature

requirements for pre-infection stages are therefore assumed to be similar.
The conditions found to be conducive for zoospore germination are likely to occur
late in the evening during the growing season in WA. Even during summer periods,
severe outbreaks of the disease appear to occur following un-seasonal rainfall
events. This indicates the need for free water on the surface of susceptible host
tissues for epidemics to develop.

Since the temperature range for zoospore

germination was found to be so broad, this phase of the infection process could occur
at any time during the day provided RH and light thresholds are met.

9.3

Penetration of the host – the effect of temperature and light

In this study, host tissues were not penetrated by P. viticola at temperatures less
than 10 and greater than 25 °C. The optimum temperature for P. viticola infection is
reported to be within the range of 20 to 25 °C, the extremes ranging from 10 to 30 °C
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(Lafon and Bulit, 1981; Lafon and Clerjeau, 1988; Emmett et al., 1998).

In this

study, the most favourable environment for host penetration was 20 °C and darkness
with high RH and free water present. Infection by P. viticola is therefore unlikely to
occur in months when night temperatures remain below 10 °C. In the mediterranean
climate of WA, night temperatures, even during spring, are often greater than 10 °C.
Windows of opportunity therefore exist during the growing season, at night, for the
pathogen to enter and infect the host.

This study also demonstrated that

temperatures higher than 25 °C were not conducive for penetration. Therefore this
phase of the infection process is unlikely to occur during daylight hours but rather
during the night when temperatures fall below the maximum temperature threshold
for penetration.
It was also found that both P. viticola zoospore germination and host penetration
were favoured by warm temperatures and darkness. Other studies in the literature
report that Pyricularia (Magnaporthe) grisea, causal organism of the rice blast
disease, a species with similar vegetative growth characteristics to P. viticola, is
favoured by night temperatures between 17 and 23 °C (Bonman, 1992).

Like P.

viticola, this pathogen also requires free water to infect. Susceptible host tissues
escape infection by P. grisea during nights of low temperature (Kahn and Libby,
1958).
This study has shown that zoospore germination and penetration of host tissues
occurred in light however levels of both processes were reduced as light intensity
increased.

Unlike it’s positive influence on sporangia, light clearly exerted an

inhibitory effect on zoospores. While sporangia may germinate late in the afternoon,
zoospores clearly require semi-darkness or total darkness to germinate and
subsequently penetrate and infect the host.

The effect of light on sporangial

germination is well documented in the literature (Zachos, 1959; Srinivasan and
Jeyarajan, 1976; Lafon and Bulit, 1981). In India, P. viticola sporangia were short
lived and did not survive exposure to sunlight at temperatures greater than 30 °C
(Srinivasan and Jeyarajan, 1976). There is very little information on the effect of
light on zoospore germination and host penetration. This is most likely due to the
fact that under favourable conditions i.e. persistent moisture the time from
sporangial germination to host penetration can be less than 90 min (Lafon and
Clerjeau, 1988). Zoospores can produce germ tubes within 30-40 min of their release
from sporangia (Lafon and Bulit, 1981). Therefore, because of the rapid nature of
the development, it is reasonable to assume light exerts a similar influence on the
first three stages in the infection process of P. viticola. In a review of grape downy
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mildew by Emmett et al. (1992), there is reference to only one earlier investigation
of the influence of light on host penetration and infection. Royle and Thomas (1973)
found zoospores of P. viticola aggregated in groups on stomata in light and dark, the
numbers within the groups increased with time.

In that study, the presence or

absence of light had little effect on stomatal penetration and no significant effect on
infection.

The inhibitory effect of light on zoospores observed in the present

investigation has not been described elsewhere.
By analysing the environmental effect on specific stages of development in the
infection process of P. viticola, it has been possible to define the exact times during
the infection process when environmental factors such as light exert a stimulatory or
inhibitory effect on the pathogen. Since sporangia are usually formed at night and
are inactivated by several hours exposure to sunlight, infection is generally
considered to occur in the morning (Lafon and Clerjeau, 1988). The requirement of
low light or darkness for infection therefore appears to be a more important
determinant for the success of zoospore germination and host penetration more so
than sporangial germination.

9.4

Colonisation

In this study, colonisation of susceptible leaf tissues by P. viticola was found to be
influenced by temperature more so than RH. It is unlikely RH would have as much of
an effect on the development of P. viticola within host tissues as it did on activities
of the pathogen outside of the host. An effect of one or more environmental factors
on the colonisation process would be mediated through the host.

The most

favourable environment for colonisation was found to be 20 °C and 85 % RH although
tissues were colonised under all temperatures and levels of RH tested. The lowest
levels of colonisation occurred in tissues incubated at 10 °C. At this temperature,
the rate of photosynthesis in grape leaves decreases to almost zero while the
respiration rate (CO2 evolution) of a mature grape leaf is also close to zero (Mullins et
al., 1992). The inhospitable environment of host tissues at such temperatures could
retard the development of the biotrophic pathogen. Generally as RH decreased, so
too did the level of host colonisation.
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9.5

Sporulation

At 20 °C, the WA strain of P. viticola examined in Chapter 6 repeatedly sporulated in
environments ranging in RH from 30 % (dry) to 100 % (saturated). Sporangiophore and
sporangia formation of P. viticola is reported to require continuous high RH i.e. 95100 % RH (Blaeser and Weltzein, 1979; Lafon and Bulit, 1981). The lowest level of RH
sporulation for P. viticola reported in the literature is 70 % (Müller and Sleumer,
1934). The WA strain of P. viticola however sporulated on leaves exposed to 30 %
RH. This finding suggests that high RH does not appear critical for sporulation of the
pathogen as previously reported.
During the colonisation and sporulation phases of infection, P. viticola is not
dependant on external water for its development. The water potential of the leaf
could support these final two stages associated with the infection process. During
pre-infection stages, the host has no direct influence on the pathogen. The pathogen
therefore develops independently of the host and is at the mercy of prevailing
environmental conditions.

If infected host tissues remain green and turgid and

temperature thresholds are met, P. viticola is able to sporulate in relatively dry
environments, although a moist atmosphere favours the process. During sporulation,
the thallus of P. viticola lies within host tissues. The thallus is the “body” of an
organism (Kendrick, 1992).

The pathogen is therefore buffered against the

inhospitable environment of the atmosphere if free water does not prevail. This may
explain the ability of the pathogen to sporulate in relatively dry environments.
Sporulation of the pathogen is also reported to require a minimum of 4 h of darkness
while maximum sporulation occurs in moist dark conditions following a period of light
(Yarwood, 1937; Blaeser and Weltzein, 1978; Lafon and Bulit, 1981). In the present
investigation, the pathogen sporulated in light and dark environments. This finding
agrees with those of Magarey and Butler (1998) from SA. Sporangial production was
however enhanced by incubation in darkness which is important in relation to the
development of epidemics i.e. the inoculum load.
The ability of P. viticola to sporulate at 20 °C across a broad spectrum of RH levels in
darkness or low levels of light could provide an explanation for the prevalence of the
disease each year throughout the hot and dry growing season in certain regions in WA
each year.

The inability of the WA strain to sporulate at high temperatures is

unlikely to limit the potential of the pathogen to infect during the warmest months
of the growing season. The pathogen would most likely time a sporulation event for
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the later part of the evening or early night when canopy temperatures would fall
below 30 °C and light and RH levels would also be conducive.
When the overall results of the investigations concerning early and late infection
behaviour of P. viticola in WA were examined, there was a general agreement with
what has been reported in the literature in relation to temperature, RH and light
requirements for development of the pathogen during infection.
however a number of notable differences.

There were

These differences concerned i) the

influence of light on sporangial germination, zoospore germination and host
penetration and ii) the capacity of the pathogen to sporulate across a broad
spectrum of RH levels.

9.6

Ecotypes

In general, grape downy mildew is considered a relatively minor disease in
mediterranean climates due to the lack of rainfall during the growth period of the
vine (Mullins et al., 1992). It is however a major disease in Australian viticulture
(McLean et al., 1984; Magarey et al., 1991) including WA which has a mediterranean
climate. The presence of ecotypes among P. viticola populations helps to explain
the adaptability and success of the pathogen in WA which was once thought to be
environmentally unsuitable for the pathogen (Emmett et al., 1992). In the ecotype
identification study, emphasis was placed on the effect of temperature on infection.
From the investigations conducted in this study, temperature appeared to be the
overall single determinant of infection provided there was sufficient moisture (air
humidity, rain and leaf wetness) on and around susceptible host tissues. Germination
of zoospores from only the Wilyabrup and Chittering strains at 30 °C provided
evidence of ecotypic specialisation of these two strains. In previous endeavours, the
physical dimensions of P. viticola sporangia and sporangiophores have been used to
establish “physiological races” of the pathogen (Rafaila et al., 1968). Morphological
measurements may not however provide any indication of the infectivity of the
pathogen nor its contribution to the development of epidemics which is usually of
great concern to plant pathologists.

146

9.7

Genetic variation

Genetic analysis of the strains assessed in the ecotype study provided some insight
into the development of the disease in WA since it was first detected in 1997. There
was clearly a low level of genetic diversity among strains of the pathogen from WA.
All WA strains shared common alleles amplified by the P. viticola specific
microsatellite markers GOB, BER, CES and ISA. Common alleles in the SSR profiles of
the WA strains indicated the possibility of similarity in their parentage or origin. The
strains from WA were genotypically different to the strains that were sourced from
Eastern states of Australia. Not only has grapevine downy mildew been recorded for
decades earlier in viticultural districts in the Eastern states of Australia, there has
been a longer history and larger movement of grapevine material between growing
areas compared to WA. The viticulture industry in WA came into existence long after
protocols were in place for quarantine against phylloxera and characterisation of
germplasm (McLean et al., 1984; Emmett et al., 1998; Gregory, 1998).

The

Wilyabrup and Chittering strains from WA, which demonstrated atypical zoospore
germination behaviour at a relatively high incubation temperature (30 °C), both
possessed unique alleles in their SSR profiles.

Although genetic differences were

observed for these strains, it remains to be determined if the variations are related
to infection behaviour. It is still not known whether the strains studied from NSW, SA
and Qld would be similar in their infection behaviour and genotype to strains that are
associated with the disease in northern grape growing regions of WA e.g. Geraldton,
Carnarvon and Kununurra.

When that is determined there will be a clearer

understanding of the movement of both grapevine material and strains of P. viticola
from one part of Australia to the other.
In a recent publication by Killigrew et al. (2005) a survey of 16 vineyards in ten
geographically separate regions of WA demonstrated oospores are relatively rare in
the state. Oospores were found in leaf tissue samples collected from only 1 of the 16
vineyards (Killigrew et al., 2005). Recent research in European vineyards suggests
that the majority of infection throughout the growing season arises via sexually
derived (oosporic) inoculum (Gobbin et al., 2003a; Rumbou and Gessler, 2004;
Gobbin et al., 2005). An apparent lack of oospores in WA and therefore a lack of
sexual reproduction may contribute to the low levels of genetic diversity observed
among the ten WA strains of P. viticola examined in this thesis. Such low levels of
genetic diversity among the WA strains and their isolation from other national and
international populations of P. viticola is indicative of a founder effect event as
discussed by Gobbin et al. (2003a). In their study, islands of gene pools were shown
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to exist. A population of P. viticola from an isolated and newly established mountain
vineyard in Italy appeared with a poor gene pool, genetically separated and isolatedby-distance from valley populations, where the pathogen had been long established
(Gobbin et al., 2003a). The furthest distance between the collection sites in their
study was only 62 km.
In the present study, the strains of P. viticola from WA, NSW, Qld and SA differed
genotypically from populations of the pathogen examined in Italy and Greece (Gobbin
et al., 2003a; Gobbin et al., 2003b; Rumbou and Gessler, 2004).

There were

however common GOB amplified alleles among the Australian strains of P. viticola
and the Italian and Greek populations. None of the alleles amplified by the loci ISA,
CES and BER for the WA strains were present in the SSR profiles of the populations
from Italy and Greece. The strains from NSW, SA and Qld had CES and ISA amplified
alleles which were also present in the SSR profiles of the Italian and Greek
populations but no common BER amplified alleles. None of the Australian strains
were related to the Italian or Greek populations. As a consequence of infrequent
long range migration, genotypes are rarely shared between neighbouring plots
(Gobbin et al., 2005). In Navicello Italy, plots located 50 m apart (Nac and Nam)
shared one genotype among 370 (in Nac) and among 142 (in Nam) (Gobbin et al.,
2005).
The findings here suggested that the genetic variation that exists among WA strains is
sufficient to maintain its pathogenicity. The fitness and future fate of these strains
remains unclear until comprehensive gene flow studies with time are carried out.

9.8

Future work

The findings from this study suggest that strains of P. viticola in WA are unique as
nowhere else in the world have there been any studies which have demonstrated
such low levels of genetic variability among populations of the pathogen in such an
expansive grape production area.

Further evolution of the disease in WA could

influence the genotypes of populations that inhabit the state.

Future genetic

analysis of P. viticola strains from different grape growing regions in WA will provide
insight into the development of the disease in a geographically isolated locality.
It will be important to assess the pathogenicity of WA strains of P. viticola on a
variety of host genotypes.

Evolutionary studies with other pathogens e.g.
148

Sclerospora graminicola (pearl millet downy mildew) and Leptosphaeria maculans,
(blackleg disease in Brassica), have shown that selection of strains in the field is not
only affected by pathogenicity on one lot of germplasm but also the fitness of the
pathogen on a variety of host genotypes (Thakur and Mathur, 2002; Sivasithamparam
et al., 2005). Resistant-host selection pressure influences pathotype and genotype.
It would be of great benefit to model the findings from the investigations in this
study to predict the likelihood of grape downy mildew outbreaks in WA throughout
the season. In 1991, DMODEL, a computerised simulator of grape downy mildew was
completed (Magarey et al., 1991; Magarey et al., 2002). Inputs into DMODEL include
10-min weather data, crop phenology, and vineyard observations of the disease.
DMODEL provides users with a choice of management recommendations and
explanations on the likely risks associated with each choice (Magarey et al., 2002).
While DMODEL can be used to predict outbreaks of grape downy mildew, it does not
assist with the management of other serious pest and disease problems in viticulture.
Hence, DMODEL expanded into PAM-AusVitTM, an expert decision support system for
grape management in Australasia. The system requires input of vineyard details and
site weather data and provides detailed recommendations, explanations and reports
to assist growers make informed disease management systems (Magarey et al., 2002).
Revision of both DMODEL and PAM-AusVitTM has been proposed (Peter Magarey, pers.
comm.), therefore the findings from this study could have an immediate and
practical application.

From the current study, the timing of events and the

environmental conditions required for each developmental stage in the infection
process could be incorporated into the models.

As well as this, both direct and

indirect germination of P. viticola sporangia could now be considered in
epidemiological based models.

9.9

Conclusions

This study has demonstrated that the environmental conditions that exist in WA are
clearly suitable for the development of grape downy mildew. The occurrence of
large scale epidemics will be determined by specific combinations of temperature,
light and RH. Australian viticulture is based on the grapevine species V. vinifera, the
preferred host of P. viticola.

The absence of severe outbreaks of grape downy

mildew in most grape growing regions of WA since the first recording of the disease
in 1997 is unlikely to be due to a lack of suitable strains or a lack of susceptible host
tissues.

The environmental conditions that have prevailed during the growing
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seasons over the last eight years have favoured sporadic occurrences and/or low
incidences of the disease. This also holds true for the Eastern states of Australia
where the grape downy mildew occurs intermittently in most grape growing regions.
A detailed understanding of local environmental conditions and their influence on the
development of P. viticola during the infection process will improve management of
the disease. This will permit optimal timing of fungicide sprays, reduce costs of
disease control by reducing or eliminating fungicide sprays when the risk of disease is
low or non existent and reduce uncertainty in disease management decisions through
improved understanding of the biology of the pathogen under local conditions.
The findings and conclusions from the series of investigations conducted in this study
of P. viticola have led to the i) fulfilment of the projects original aims and ii)
generation of novel information with a practical based application.
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APPENDIX A

COLONISATION OF ATTACHED VS. DETACHED VITIS VINIFERA CV. CHARDONNAY
LEAVES BY A WESTERN AUSTRALIAN STRAIN OF PLASMOPARA VITICOLA UNDER
VARIOUS CONTROLLED ENVIRONMENTAL CONDITIONS

A.1

INTRODUCTION

As outlined in Sections 5.2.7.2 and 6.2.3, four out of the seven treatments in the
colonisation component of the late infection behaviour study reported in Chapter 6
were originally performed in a CER using whole plants/attached leaves.

These

treatments were 10 °C/50 % RH, 20 °C /50 % RH, 30 °C /50 % RH and 20 °C /85 % RH.
Due to operating difficulties the remaining three experimental treatments (10 °C /85
% RH, 20 °C /30 % RH and 30 °C /30 % RH) could not be conducted, hence the
experiment was discontinued.

The experiment recommenced in the laboratory

where all seven treatments were performed using detached grapevine leaves in RH
chambers inside a refrigerated incubator.
The work reported in this appendix was conducted to determine if P. viticola
behaved similarly during the colonisation phase of the infection process in attached
and detached V. vinifera cv. Chardonnay leaf tissues under the same controlled
environmental conditions.

Colonisation data of the four treatments that were

conducted in the CER using attached leaves and then repeated in the laboratory
using detached leaves was compared. The findings would determine the accuracy of
each method in evaluating late infection behaviour of P. viticola.

A.2

MATERIALS AND METHODS

Each treatment had 90 observations (three replicate leaves, five leaf discs per leaf,
six fields of view/images per disc) (Sections 6.2.4.1 and 6.2.5.1). Colonisation data
was compared by ANOVA using a general analysis of variance design in GenStat. Leaf
type i.e. attached (CER) or detached (laboratory) was the only treatment factor in
the analysis. Mean % colonisation data for each treatment in the two experimental
systems was graphed using SigmaPlot.
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A.3

RESULTS AND DISCUSSION

There was no significant difference (P=0.503) in levels of colonisation of attached
and detached leaf tissues by P. viticola hyphae. For each treatment, both leaf types
were colonised to similar extents by the pathogen (Figure A.1).

It is therefore

reasonable to assume i) the different steady state environments achieved in the CER
were accurately replicated in the laboratory using RH chambers inside an incubator
and ii) the pathogen actively colonised susceptible leaf tissue regardless of whether
the leaf was attached to the vine or detached and maintained with its petiole
immersed in water.
In a study by Brown et al. (1999) an in vitro leaf disc technique was compared with
greenhouse and field evaluations for screening large populations of seedlings for
grape downy mildew resistance. Seedlings were rated for sporulation, chlorosis and
necrosis on a scale of 0-5. Ratings of 0 or 1 for each parameter in the leaf disc assay
agreed with field evaluations 85.6 % of the time compared to 80.3 % agreement
between greenhouse and field ratings (Brown et al., 1999).

Sporulation was the

parameter most highly correlated between leaf disc or greenhouse and field
evaluation of resistance.

Results of their study indicate both the leaf disc and

greenhouse procedures could be used to screen seedlings for grape downy mildew
resistance however the leaf disc method provides a more practical means for
screening large populations. Based on the findings of Brown and others (1999), and
the work in this appendix, attached or detached grapevine leaves in steady state
environments can be used to examine development of P. viticola during the later
stages of the infection process as the behaviour of the pathogen is consistent
between the two systems.
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Figure A.1

Colonisation of attached and detached Vitis vinifera cv. Chardonnay

leaf tissue by a WA strain of Plasmopara viticola in four steady state environments.
Attached leaves were maintained in a controlled environment room (CER) while
detached leaves were maintained in a laboratory in relative humidity (RH) chambers
inside an incubator. Mean % colonisation values are presented.
standard error (n=3).
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Bars indicate

APPENDIX B
VALIDATION OF RELATIVE HUMIDITY INSIDE CHAMBERS USED
IN LABORATORY BASED EXPERIMENTS

B.1

INTRODUCTION

In laboratory experiments requiring atmospheric humidity control, the traditional and
most convenient means of providing standard RH covering a wide range of values is
the use of salt solutions (Young, 1967).

“In a closed container, a saturated salt

solution (with excess salt present) produces a constant water vapour pressure at a
given temperature” (Sun, 2002).

Non-saturated salt solutions can also be used

however they have a limited buffering capacity relative to saturated salt solutions
hence large changes in water content will significantly alter concentration and hence
RH. The use of saturated salt solutions to control RH is both a practical and cheap
method. As well as this, any conveniently sized leak proof container can be used as
a humidity chamber (Young, 1967).
Control of atmospheric humidity was required in several of the investigations in this
thesis (Refer to Chapters 3, 5 and 7). Depending on the size of the experimental unit
i.e. leaf discs or whole detached leaves, Petri dishes or glass preserving jars
containing saturated salt solutions were used as humidity chambers.
The work in this appendix was conducted to verify that the desired levels of RH were
achieved inside chambers used in laboratory based experiments reported in this
thesis for humidity control.

B.2

MATERIALS AND METHODS

Relative humidity was measured inside two 1 L glass preserving jars, each containing
40 ml of saturated magnesium nitrate hexahydrate (Mg(NO3)2.6H2O) solution.
Measuring the RH of only one salt solution in one chamber was deemed sufficient
since i) all of the salts used in experiments to control RH were prepared the same
way i.e. saturated solutions with excess salt present at all times; ii) both the Petri
dishes and glass preserving jars were made to be sealed/leak proof chambers and
contained, proportionally, the same amount of saturated salt solution and iii) the
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size of the data loggers (HOBO® H8 Family, RH/Temp Model H08-003-02, Onset
Computer Corporation, USA) used to measure RH and temperature made them better
suited for use in the glass preserving jars.
Data loggers were placed above the salt solutions in the glass jars using mouldable
plastic mesh supports (Section 6.2.2.1.2). The jars were sealed and placed inside an
incubator set at 20 °C for 6 h.

The data loggers were programmed to record

temperature and RH every 30 min. Data were downloaded from the loggers using the
software programme BoxCar 3.7 (Onset Computer Corporation, USA).

B.3

RESULTS AND DISCUSSION

According to Sun et al. (2000), the equilibrium RH of a saturated Mg(NO3)2.6H2O
solution at 20 °C is 53 %.

This equilibrium was attained inside the glass jars

approximately 60 min after they were sealed (Figure B.1). There was very little
fluctuation in temperature and RH for the following 5 h. It is unlikely the addition of
a detached leaf (Section 5.2.8.1) into the jar would alter RH if temperature
remained constant and the salt solution in the jar remained saturated.

Glass

preserving jars and Petri dishes, containing saturated salt solutions can therefore be
reliably used in laboratory experiments to control RH.
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Figure B.1

Equilibration of relative humidity (RH) inside sealed 1 L glass

preserving jars containing approximately 40 ml saturated Mg(NO3)2.6H2O solution
incubated at 20 °C. The first measurement of temperature and RH was made 30 min
after the jars were sealed and placed inside an incubator. Bars indicate standard
errors (n=2).
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