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Introduction

The grape vine and its physiology constitute a vast and
diffuse subject, including on the one hand general aspects
of plant physiology and on the other hand the attributes
particular to the vine. Progress of knowledge occurs in
both these domains, with reciprocal and often unex-
pected benefits.

Plant physiology may be treated under various themes:
nutrition, metabolism, growth, and development. In a
review like this it is not possible to treat all these subjects.
In choosing an orientation within these themes, for rea-
sons evident later, I will concentrate upon certain aspects
of development.

The fact that the vine is a perennial with a major and
complex interaction between storage and mobilization
of reserves marks the physiological responses of this
plant. Moreover, development of the rooting system can
be quite different according to genetic, soil and climatic
factors which the scientist cannot control completely.
For example, the vine’s mineral nutrition is still little
understood: it is not generally possible to demonstrate in
the vineyard a requirement for phosphorus, although it is
no doubt indispensable. Work needs to be done in this
area, but there is little progress at present; laboratory
models give conclusions which cannot be transposed to
field conditions, whilst experimental methods in the vine-
yard are disappointing as their results are irregular. This
is a typical example of an important area which remains
vague, the diverse results producing no firm conclusions.
Hence, one needs an experimental model enabling an
analysis of the sources of variation, notably climate and
soil, affecting the measured attributes. Twenty years ago
such studies were run in phytotrons, especially in the
F.R.G."?and in Australia'™'®. Although the results, were
interesting, they were limited because of the costs in-
volved, because of the space required for a vine and the
length of time needed for experiments with a perennial.
Over the past 50 years more tractable experimental sys-
tems have been developed, using only parts of the vine
(tissues) or whole plants maintained in vitro. As shown
below, there are now attempts to use in vitro the smallest
unit of living matter, the cell of the vine, to study the
physiology (the functions and regulatory mechanisms) of
the cell and of the plant.

This review will accordingly be centered on a technique,
cultivation of the vine in vitro, which has enabled coher-
ent and repeatable experimentation around the world.
These studies seek to understand the functioning of the
cell, of tissues, and of organs of the vine, and to under-
stand the phases of development revealed or manipulated
by this technique. An abundance of new knowledge has
resulted.

What is the vine in vitro?

Once nurserymen were no longer satisfied to multiply the
vine by mature cane cuttings (aoiité, or lignified and rich
in reserves), they began to meet the problems which
opened the route to an in vitro approach. Indeed, to
reduce the time required to multiply a variety, one natu-
rally adopts increasingly younger and smaller cuttings,
such as green shoot cuttings®*, the use of which is rela-
tively simple, except for two types of difficulty compared
to classical cuttings. Firstly, the external protective tiss-
ues are less developed and the cutting is sensitive to at-
tack by numerous fungi and bacteria normally non-
pathogenic for the vine. Secondly, as a consequence of
the low reserves and small size, a complete and balanced
nutrition must promptly be supplied to green cuttings in
contrast to the situation for large and mature cuttings
with extensive reserves.

Of course as the size of cuttings is diminished such prob-
lems will be increasingly acute; the cut section - the most
direct route of entry for microorganisms — will become
more important relative to the volume and the nutritional
demand will be more exacting. These two difficulties may
be resolved by in vitro culture.

As long as the cutting includes a bud it remains possible
to produce a plant by the classical methods of a spe-
cialized nursery, notably with mist propagation and ac-
cepting a high percentage of losses from small shoot
cuttings. But with a bud-free cutting, termed a tissue
explant, maintenance of the living state for the long or
medium term requires adoption of in vitro methods,
especially with regard to the two conditions mentioned
already: protection from diverse microorganisms and
supply of a medium covering nutritional requirements.
For culture in vitro the constraint of sterility is absolute
because, on the one hand, the cutting is very sensitive to
competition and to toxins released by microorganisms
and, on the other hand, the culture medium is a favorable
substrate for numerous microorganisms.

The nutritional constraint is much less precise. Plants are
effectively capable of extensive autotrophy, not only for
energy substrates but also for growth regulators. How-
ever, certain growth regulators or effectors are produced
by one part of the plant and act upon another; such
chemical messengers may be lacking in a culture of tissue
fragments — hence the need for an exogenous supply.
Likewise for energy substrates it is possible to supply a
sugar to the plant in sterile medium: this is an absolute
requirement with non-chlorophyllian tissues. For a small
cutting with one bud, sugars greatly stimulate the initial
growth of the bud. But even for a whole plant in vitro, a
significant part of sugars supplied to the root system is
utilized.
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Whenever living tissue is to be manipulated to obtain a
novel response, a strategy of culture in vitro is generally
warranted. In this respect the work of G. Debreaux™ is
notable. Her objective was to maintain leaves in a state of
survival as long as possible: with the vine (Chasselas de
Fontainebleau) she obtained survival times of 13 months
with excised leaves, especially when with hormone treat-
ments these leaves initiated roots. These results were ob-
tained in non-sterile medium with distilled water as sole
nutrient (accepting neither of the two constraints evoked
above). However, these experiments reveal one of the key
interests of the in vitro approach, to provide controlled
rates of supply of various hormones through the sterile
culture medium. To have maintained an isolated leaf in
survival during 13 months under such conditions was a
remarkable achievement then, whereas now living tissue
may be indefinitely maintained in vitro without diffi-
culty.

As for the contribution of in vitro studies to plant phy-
siology, the method offers the possibility of controlling
factors of the environment, both those of the atmosphere
(light, temperature, humidity, gaseous environment) and
of the culture medium. But the method is particularly
useful as a means of studying a small group of cells from a
single tissue or organ and for observing the diverse poten-
tials of such a sample.

For example, a cell of leaf parenchyma is subject to a
system of correlations, receiving messages from neigh-
boring cells and from the various plant organs such that
in the leaf that cell retains its essential function and chlo-
rophyllian characteristic without ever dividing. If that
cell is removed from its environment, and so from the
intercellular messengers, it will be able to express other
capacities of its genome. Given the totipotency of plant
cells (a feature which is demonstrated and used daily),
one may hope to obtain a complete plant with meristems
and with sexual reproductive organs ensuring genetic
continuity based upon the genotype of that cell. Except
for the in vitro step, this cell would have finished its
existence in the autumn like all the other cells of leaf
parenchyma.

When a well-differentiated functional tissue is isolated, it
does not generally retain its function for long in vitro. It
dedifferentiates, returns progressively towards an undif-
ferentiated state and recovers young cell characters.

The vine in vitro before 1975

In 1931 and after numerous attempts**% Cracium
summarized the situation as follows: ‘All authors seem to
agree that it is impossible to obtain true tissue cultures’.
The first positive results arose from emphasis of the no-
tion that all tissues do not have the same potential and in
1934 Gautheret® succeeded in making the first cultures of
cambial tissue, which became permanent cultures in
1939, At this time White® produced cultures of tumoral
tissue. In both cases the original explant possessed a
remarkable aptitude for cell proliferation. This logic
which produced these successes with tissue culture should
have led to the relatively simple step of somatic embryo-
genesis with the vine. As is apparent below, despite the
existence of model systems offering a basis for deduction,
the practical achievements are sometimes surprisingly
slow to follow.
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Morel produced the first substantial and important in
vitro work on the vine, beginning in 1943** % and conti-
nuing to 1948 with a thesis showing the strong correlation
between the proliferation activity of cells in the source
tissue of the vine and their aptitude for dividing in vitro.
Tissue sampled during vegetative quiescence would not
yield tissue cultures. He also showed the importance of
growth factors in this area, using ‘heteroauxin’ to affect
cell proliferation. Morel described the different types of
calli obtained with various auxin concentrations and in
fact suggested this as a mean ‘to produce cultures of
isolated cells’ from the vine® (p. 104). He noted the now
common phenomenon of habituated cultures® (anergie)
which corresponds to an evolution of the hormonal re-
quirements of tissue cultures. He also studied cell differ-
entiation in tissue cultures, especially those giving rise to
organization into secondary tissues or to conductive vas-
cular tissues. In passing, one must note the hand of a
master in associating the culture of this tissue in vitro
with an obligate parasite, downy mildew (Plasmopara
viticola).

It is known that auxins lead to intense rooting activity,
which Morel observed but did not study. It is striking
that at that period each time a tissue culture produced an
organ it was treated as uninteresting, a mere recon-
stitution of part of the plant or of a whole plant as
already known elsewhere!

Only in 1964 was the rooting process of vines studied in
vitro. J. Fallot* analyzed in detail the responses of vari-
ous Vitis species and varieties. Trials with numerous
combinations of hormones, vitamins and nutrients led to
a fine control of cell multiplication and root formation,
but in contrast shoots never appeared. From this moment
the difficuity of regenerating the vine in tissue culture was
taken as proven and this plant, which had largely contri-
buted to a general understanding of tissue culture, was
temporarily abandoned as the reference model and
usurped by other species, such as carrot™”,

The choice of a tissue with readily obtainable cell multi-
plication (such as cambium) has remained a fruitless ap-
proach to the task of regenerating a shoot meristem. This
approach is still adopted to investigate tissue differ-
entiation in culture® but it is evidently deceiving to obtain
only root meristems for such study.

From 1961, in parallel with such tissue culture, the tech-
nique of whole plant culture in vitro developed. Amongst
the numerous reports those of R. Galzy*®?, aimed pri-
marily at the elimination of some virus diseases, will be
cited. These cultures used an axillary bud as starting
material and were also maintained through axillary buds,
without any hormone in the culture medium. It is noted
that, by good fortune, the vine develops without prob-
lems in a test tube typically 2 ¢m in diameter and 20 cm
long. It was simply necessary to place the vine in vitro to
observe its miniaturization, although the factors produc-
ing that effect are still little known. At the University of
Dijon we have shown that the gaseous atmosphere is a
primary factor affecting the degree of miniaturization®
and the activity of the terminal meristem (Fournioux,
unpublished results). The propensity for vegetative multi-
plication in vitro amongst virtually all Vitis species is
most useful for studies on this plant.
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The vine in vitro since 1975: Dual emphasis upon tissue
competence and growth factor management

After this remarkable scientific activity with the vine in
the middle of this century, other simpler material was
used to continue such fundamental studies. The vine ap-
peared difficult for manipulation in vitro as the govern-
ing idea was partially false: it was commonly considered
that the plant cell was totipotent and that it would merely
be necessary to establish a hormonal and nutritional
equilibrium to regenerate, in this case, a vine. This was a
poor entry to the problem and the numerous studies on
that basis have always been unsuccessful. Although this
approach may yet yield results a much simpler handling
of the task would emphasize association of an appro-
priate hormonal stimulation with the cellular competence
of a correctly chosen tissue, restoring the reasoning men-
tioned above which led to initial successes in tissue cul-
ture.

In 1976 Favre” in France and Mullins” in Australia
obtained, simultaneously but by distinctive means, the
regeneration of vine plants in tissue cultures.

Tissue competence. Two approaches have proven useful
with many plants that otherwise only give shoot
meristems or somatic embryos with much difficulty. The
condition that cells should be very young or actively
proliferating is not always adequate for subsequent re-
generation: it is sometimes necessary to take juvenile cells
from a young plantlet derived from seed®. Such juvenile
cells, even though they are relatively differentiated (e.g.
from leaf parenchyma tissue), conserve an excellent re-
generation capacity. In the vine this possibility is of little
practical interest since the starting material is then a
zygotic embryo whose genetic characteristics are unde-
fined, a handicap naturally carried into any plants regen-
erated therefrom. This difficulty has been overcome in
two ways.

— It is possible to take an adult bud from a given stock
and in vitro to return towards the juvenile forms®* * char-
acterized by disappearance of tendrils and by a phyllo-
taxy 2/5. Concomitantly, the plant induced to a juvenile
form exhibits the regenerative capacity characteristic of
that development stage' ¢,

— Furthermore, having mastered the difficult step of
getting somatic embryos in cultures, one can exploit the
embryos’ prolific regenerative capacity. They will readily
display intense embryogenesis. Adventitious embryos
will form naturally in agitated liquid suspensions or in
solid media at the transition zone between the shoot and
the root of these primary embryos'"*. Furthermore,
sequential transfers of such embryonic tissues produces
an intense embryogenesis both on solid and in agitated
liquid media.

While these studies use the potential of juvenile cells for
regeneration, another approach uses cells close to the
reproductive apparatus, cells which in many species are
particularly disposed to regeneration. For the vine,
nucellar tissue and connective tissues of the stamen have
this aptitude' 1642467,

The attention of scientists was drawn to the nucellus
because in certain plant species under natural conditions
this tissue can develop adventitious embryos much like a
sucker of the mother plant. In the young ovule of the
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vine, the nucellus develops about three weeks before
flowering with rapid mitosis and growth. A surface cell
produces the archeospore which becomes the embryo sac
after several divisions and a meiosis. In several woody
plants, and notably in Citrus'>*¢", the nucellus gives rise
to multiple embryos (polyembryony) from each seed; this
feature has been extensively used with Citrus with or
without in vitro manipulation. Natural polyembryony
also seems to occur in the vine'. It is less apparent and
rarer than in Citrus, but through in vitro methods Mul-
lins®> %7 has obtained active expression of this trait.

The grape nucellus appears to feed the developing em-
bryo sac and thereby degenerates and disappears rapidly
after flowering®®. Therefore the period during which
tissue cultures may be established from the nucellus is
about one week, during which cell multiplication is most
active in this tissue.

Growth factor management in tissue culture. With the vine
this field is on the one hand classic and on the other hand
poorly mastered; techniques are often successful but re-
sults may be most irregular. Several general notions indi-
cated below are used, although various elements of tech-
nique are still not understood despite systematic experi-
mentation. One must admit that the technique is to some
extent an art, which is not always easy to communicate
between one laboratory or practitioner and another.

To demonstrate the imprecise nature of the method, de-
spite its coherent and logical basis, I shall take the exam-
ple of regeneration from nucellar culture as it is regularly
performed at the University of Dijon'2. The variability of
results can be analyzed and to some extent mastered. This
introduction is particularly intended to excuse a rather
vague and goal-oriented description.

The nucellus is an integral part of the ovule, whose length
is less than 1 mm upon excision. The starting material is
thus the whole ovule as it is impossible to isolate the
nucellus. Culture is in agitated liquid medium containing
salts, sugars, vitamins, and hormones of the auxin group
with a low rate of the cytokinin, 6-benzyl aminopurine (6
BAP). The latter hormone is thought to enable plant cells
to conserve or to acquire young-cell character and in
many species it stimulates shoot meristem formation in
tissue cultures. However, during this first phase, the auxi-
nic function is primordial even though poorly measura-
ble. Indeed, auxins normally have two known roles, to
stimulate cell proliferation as sought here and to initiate
root meristems as needed in the subsequent phase.

The auxin used in this first medium is 2,4-dichlo-
rophenoxyacetic acid (2,4-D) at a concentration in the
order of mg/l. Of course, this molecule is used in agricul-
ture as a herbicide. The vine is highly sensitive to 2,4-D
with such rapid damage or destruction that in the Cham-
pagne for example its use is prohibited within 500 m of a
vineyard. In the culture medium this auxin activates
nucellar cell division. But whole ovules are used and cell
division may originate from other ovule tissues (evident
in microscopic sections); such calli never become em-
bryogenic. For example, if the initial culture has a slightly
increased 2,4-D concentration the external tegument of
the ovule develops into callus. Secondly, if the auxin:cy-
tokinin ratio is increased there is a spurt of division; cells
became large, the callus is friable, cells differentiate and
lose their embryogenic capacity.
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The first phase of culture is of 15-30 days. A second
phase of about 30 days involves replacement of 2,4-D by
another auxin hormone, 2-naphthoxyacetic acid (NOA).
Why the change, and is it indispensable? The basic idea is
that 2,4-D is a very active but reputedly mutagenic hor-
mone, causing abnormal mitosis. 2,4-D is necessary to
activate division but may be rapidly substituted by an-
other auxin less aggressive for the genome, such as NOA.
This deduction has little direct experimental support, and
notably not from any studies with the vine.

During this month-long second phase there is always
only slow growth of callus, and any attempt to hasten
growth by hormone application only reduces the ten-
dency for embryogenesis. The culture is in agitated liquid
medium. Upon completion the largest calli are generally
less than 10 mm in diameter and sometimes only 2 or 3
mm. The calli grow more slowly and become brown. This
state marks a predisposition for the third phase, embryo-
genesis.

The calli are transferred to a hormone-free medium.
Growth is only slight but after several weeks or months
there are small cellular aggregates floating in the agitated
liquid medium: these are glossy white embryos. Embryo-
genesis continues for several months; some calli may
become completely black (figure). In the later part of this
phase embryos form directly on the callus rather than in
the medium.

The term embryos has been used in a broad sense. Cer-
tain authors would no doubt disapprove, but following
the general studies of Street” and those of Krul on the
vine® it is apparent that somatic embryos follow a devel-
opment pattern close to that of zygotic embryos, even
though aberrations are frequent.

One central notion in this methodology is as follows:
initially, a few cells have marked embryogenic compet-
ence; these are multiplied under conditions favoring
retention of that capacity, and then they are placed in a
hormone-free medium where they may express this ca-
pacity. This implies balanced use of hormones adapted to

BEmbryogenesis on nucellar callus. We note the high embryonic activity
despite the black coloration of the callus. The arrow indicates an embryo
which closely resembles that found in the mature seed of the grapevine.
This embryo is 1 mm long.
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each circumstance in the culture sequence according to
relatively subjective observation. The hormone concen-
trations are measurable but the evolution of these target
cells is difficult to assess, even though they determine
success of the culture.

The methodology, for developing plants from these em-
bryos will not be discussed; this process generally has a
low success rate. As shall be seen, plants derived in such a
manner are valuable and contribute to our understanding
of vine physiology.

Growth factor management in apex culture. Management
of the complex cultures just described highlights the con-
trasting simplicity of apex culture in which a cutting
containing a shoot meristem is developed to an entire
plant®2:3:31.34.367 Three classical groups of hormones
are useful.

1) Auxins are generally supplied during about 15 days to
stimulate root formation and so rapidly to transform the
shoot cutting into a whole plant.

2) Gibberellins are also used in the first phase of culture
to enable the internodes of the young shoot to begin
elongation. This stimulation is especially necessary for
the most reduced explants comprising a single meristem
with the last two leaf initials, about 0.2 mm in all. (For
the vine this is at present the closest approach to true
meristem culture.)

3) Cytokinins are fundamental to the field of micropro-
pagation. They suppress the correlative inhibition of axil-
lary buds such that all the higher order axillary buds start
growing: The original cutting therefore branches abun-
dantly in a witches’ broom form. Each ramification can
be transferred to a medium without cytokinin to develop
a whole plant. Chee et al.” calculated that from one apex
they might obtain 75.10° vines in 330 days! The method
could be most rewarding, provided that several serious
problems discussed below can be solved.

An approach intermediate between tissue and apex cul- -
ture, proposed by Skene”, is to use a fragmented shoot
apex. The culture includes axillary and non-axillary
tissue such that the source of regeneration is uncertain®",
The method is rapid and relatively easy. The initial cul-
ture includes cytokinins and once regeneration is evident
the bud is normally transferred to a medium without
cytokinin,

Practical utilization of the vine in vitro

Micropropagation. The objective here is to hasten vegeta-
tive propagation and this is altogether feasible. Two se-
rious problems remain and are unlikely to be resolved for
several years. The first arises from the fact that the large
majority of cultivated vines are phylloxera-sensitive Vitis
vinifera requiring grafting upon resistant rootstocks. The
use of scions on their own roots as in many other horti-
cultural crops such as the rose” is not generally applica-
ble. Micropropagation should however enable simple
multiplication of those rootstocks whose rooting in the
nursery is difficult to obtain.

The second major problem is that for the vine an in vitro
cycle can modify the resultant plant relative to its source
material. Grenan”** demonstrated that a vine culti-
vated in vitro without any hormone during two months
was modified when returned to field conditions, com-
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pared to its stock. His report underlines the need for
methods to assess and to control the conformity of vege-
tatively propagated material.

The matter remains to be elucidated but the vine, now
that micropropagation is possible, should be a useful
model to study conformity. For the comparison of two
plants supposes precise knowledge of the phenotype, and
the vine is probably the best known of species in this
sense, it is the source of the science of ampelography:
knowledge of the characteristics and aptitudes of differ-
ent varieties and of clones derived therefrom. It is thus a
particularly interesting material. Using ampelography,
Grenan showed that an in vitro cycle always produced
vines with more deeply cut leaves, increased pubescence
and pigmentation of the cane relative to the original
stock™. Fertility was also modified, sometimes more,
sometimes less, depending upon the variety”’. These
modifications were essentially stable over time and
throughout growth®. Given the strict obligation to
ensure trueness of type, especially in classified wine-
growing areas, vine micropropagation could not be ex-
tensively used in practice until these major questions are
resolved.

Elimination of virus. It is well-known that in many in-
stances viruses do not pass through the seed or into the
meristem. The above technologies and notably meristem
culture enable elimination of certain virus diseases such
as leaf-roll, stem pitting and corky bark*®" 1545 disea-
ses which classical heat-therapy cannot eliminate. Ob-
viously the aforementioned problems associated with cul-
ture in vitro apply here too.

Variety improvement. As an in vitro cycle induces modifi-
cations the next step is to exploit such changes. Conven-
tional genetic improvement have proved to be of limited
use as the vine requires broad heterozygosity. When this
is lessened by self-fertilization, inbreeding rapidly leads
to loss of the plant through poor vigor. Furthermore,
hybrids have a very low reputation in the viticultural
community since the economic catastrophe associated
with their abuse in the first part of this centruy. In the
traditional viticultural zones and especially in regions of
grands crus, vine improvement must be based upon exist-
ing varieties which have assured the reputation of the
areas” wines. Clonal selection through selection in vine-
yards has produced good results but it has limited poten-
tial. In contrast, use of the variability appearing in vitro
opens fresh perspectives and will hopefully enlarge the
scope of clonal selection.

Successes in this area have already been obtained with
other plants such as sugarcane” and potato’™ ™. Soma-
clones derived by somatic embryogenesis arise from
diploid cells and should therefore be very close to the
original clone: they constitute (phenotypic or genotypic?)
variants with potentially useful characters. Initially it is
adequate to look for spontaneous variation and to assess
embryos in the vineyard. A further strategy now being
applied with respect to certain problems'" involves pri-
mary selection of exceptional embryos on the basis of salt
or toxin resistance™, for example, following with field
tests. Eventually, genetic manipulation may allow intro-
duction of a single character into the genome, but in this
area even the physiological tools are not yet ready. Re-
generation of the vine from the isolated wall-less cell, the
protoplast, has not yet been achieved™ ™.
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Conclusion

In the area of cell and tissue physiology, the grape vine
has been a major reference material. As with all woody
perennials, in vitro technologies are relatively delicate.
Nevertheless, remarkable progress has produced a situa-
tion where, during the past ten years, practical applica-
tion of results from in vitro work has been envisaged.
Reciprocal understanding has yet to be established be-
tween scientists developing micropropagation (multipli-
cation with conformity to type) and those using in vitro
methods for variety improvement (multiplication for
novelty of type). I am convinced that the future should
not see one of these objectives dominating the other. On
the contrary, certain technologies should be developed to
ensure a framework for conformity of propagation and
others to obtain greater variability with the goal of plant
improvement. This will render effective the two applica-
tions considered.
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Several factors are known to have detrimental effects to
the productivity and appearance of grapevines, through
interference with various basic physiological processes.
The causes of some adverse effects can be identified as
abiotic factors such as climatic adversities, air pollution
and nutritional imbalance. Others are infections by
pathogens; fungi, bacteria and viruses are most often
involved. The effects of infection by the most important
of such pathogens will be outlined below.

1. Fungal diseases

A considerable number of fungi are known to cause
diseases of grapevines, including species that in many
areas are the most important pathogens for this crop.
Apart from control costs, the economic importance of
most fungal diseases of the grapevines is mainly related to
a reduction in the quantity and quality of the yield, par-
ticularly of table grapes. For the wine industry, addi-
tional losses may arise from the undesirable effect on
fermentation of substances produced during the plant-
pathogen interaction processes. Only a limited number of
fungi cause destructive diseases which may shorten the
lifetime of the vines or cause them to die.

Because of the vastness of the pertinent literature, only
some physiological aspects of two major diseases, downy
mildew and grey mold, will be discussed in detail here.

1.1 Downy mildew

Spring symptoms of downy mildew appear on leaves,
green shoots, inflorescences and young fruit clusters.
Leaf spots are at first pale green and lightly translucent
(‘oily spots’}, then yellowish — or reddish in some red-ber-
ried cultivars —and eventually turn brown and wither. On
older leaves, the summer or autumn lesions of mildew are
restricted to smaller, polyhedrical, interveinal areas (‘mo-
saic spots’), the tissues of which usually harbor gamet-
angia and oospores of the pathogen, Plasmopara viticola
(Berk et Curt.) Berl. et de Toni. The asexual sporulation

occurs on the lower surface of mildew spots, appearing as
a whitish mold. Heavy infections may cause severe leaf
fall. Attacks on flowers and developing clusters cause
discoloration and distortion (‘S’-shaped bending) of the
rachis, ‘grey-rot’ and loss of young fruits, withering and
dropping of part or all of the inflorescence. Later, mildew
infections through the fruit peduncles and bunch axes
may cause ‘brown rot’ of grapes. Shoots, green nodes of
older canes, and buds are also subject to attack and may
be severely damaged.

Infection occurs by stomatal penetration of germ tubes
developed from encysted zoospores. Before encysting,
the zoospores released from a zoosporangium head for
open stomata by swimming in a thin film of rain or dew
water on the plant surface. Attraction of zoospores by
stomata is probably chemotactic with reference to con-
centration gradients of oxygen or exudates. Several zoo-
spores (4-5) often congregate around a single stoma
which is penetrated by as many thin germ tubes. These
enlarge in the substomatal cavity to form vesicles from
which the invading hyphae of the pathogen originate.
Infection of the grapevine by P. viticola is relatively rapid,
the entire process, from the deposition of the sporangial
inoculum on the leaf surface to the formation of the first
haustorium being completed in about 3 h*. Colonization
of the host tissue is due to the growth of branched coeno-
cytic hyphae of the pathogen in the intercellular spaces.
The biotrophic habit of P. viticola is shown by a profuse
development of pyriform haustoria within the host cells.
The bud-shaped hyphal outgrowths, from which the
haustoria originate, pierce the plant cell wall mostly me-
chanically, although enzymic degradation of cell-wall
components is supposed to be involved as well. In the
carly phase of haustorial penetration, the host plasma-
lemma is invaginated by the growing haustorium. Later,
the continuity of plasmalemma around the fully devel-
oped haustorium is no longer detected in electron micro-
graphs, possibly because the plasmalemma is not distin-
guishable from the electron-dense layer surrounding the



