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Summary : A correct approach to crop protection must consider the effect of disease on plant activity and its impact
in terms of economical losses. These evaluations can drive the farmers to a quantification of plant responses to
pathogen attack and to the application of economical thresholds for fungicide sprays. For grapevine (Vitis vini-
fera L.), the knowledge of plant responses to disease is still very limited independently from the level of investi-
gation (physiology, growth, development, etc.). The aim of this research was to evaluate the impact of downy
mildew (Plasmopara viticola Berl. et De Toni) on grapevine photosynthesis under controlled and field conditions.
Downy mildew was shown to reduce to a negative value net photosynthesis in the oilspot, as well as to affect the
physiology of gas exchanges of the tissues surrounding the oilspot. The daily trend under field condition pointed
out a normal trend of assimilation, without differences between green portions of healthy and diseased leaves. The
consequences on source-sink relationships were discussed, as well as the relation between visible symptoms and
physiological alterations.

Résumé : Une méthode correcte pour le contrdle des infections doit considérer les effets du pathogene sur l'acti-
vité de la plante et son poids en termes économiques. D'un point de vue pratique, I'évaluation de ces effets est
utile pour une meilleure quantification des dommages et pour déterminer le seuil des applications des anticrypto-
gamiques. Pour obtenir ces résultats, il faudrait analyser la réponse de la culture au pathogene a différents niveaux,
par rapport a nombreux processus : photosynthese, translocation, transpiration, croissance, développement. L'analyse
de ces réponses physiologiques est tres importante, car elle offre la possibilité de confronter des résultats similaires,
obtenus par plusieurs types de stress. La connaissance des altérations physiologiques produites par les phytopa-
thogenes sur la vigne est encore limitée ; en particulier par rapport aux maladies cryptogamiques. La finalité de
cette recherche a été I'analyse des conséquences du mildiou sur la photosynthese de la vigne. Afin de rendre visibles
ces effets on a mesuré les échanges gazeux en plein champ et en conditions contrdlées. Les mesures en plein champ
ont été effectuées dans la but de vérifier les effets de la maladie méme en présence d'autres stress, tandis que ces
facteurs étaient réduits en conditions contrdlées. En particulier, les mesures effectuées en conditions controlées
montrent que le mildiou endommage gravement la photosyntheése en réduisant la transpiration de la surface objet
des dommages macroscopiques (tache d’huile). De plus, la maladie endommage les échanges gazeux méme immé-
diatement a I'extérieur de la tache d'huile (« effet bord »). Ces données montrent aussi qu’il n'existe pas de grandes
différences entre les performances photosynthétiques du tissu sain restant de la feuille malade et de la feuille entie-
rement saine. La diminution de l'assimilation et de la transpiration est étroitement liée au pourcentage de tissu
endommagé, inclus dans la surface de la cuvette. Cette régression montre une valeur élevée de I’intercept qui
confirme I'hypothese de la présence d'un « effet bord ». La corrélation est confirmée méme en cas de régression
entre le périmetre de la tache et la photosynthese. Les mesures des échanges gazeux effectuées en plein champ
confirment qu'il n'y a aucune différence entre le tissu indemne des feuilles malades et les feuilles saines. Celles-ci
ont montré tout de méme un niveau d'assimilation Iégérement plus élevé. Malheureusement ces mesures ne per-
mettent pas la mise en évidence de l'origine de I'« effet bord », mais plusieurs hypotheses peuvent étre formulées.
Ces résultats sont discutés pour vérifier la possibilité de les utiliser pour la détermination d'un seuil d'intervention
qui considere l'existence de « I'effet bord » et de la possibilité que les feuilles, une fois soumises a une attaque cryp-
togamique, ont, méme avec un pourcentage environ de 60 p. cent, de convertir leur role de source a celui de puits.
En particulier la définition de ce nivéau représente un résultat significatif pour 'amélioration de la méthodologie
d'intervention anticryptogamique et de la capacité de simuler par des modeles de croissance 'accumulation de
matieres seches et les coefficients de répartition du carbone sur les plantes attaquées par le mildiou.

Key words : Plasmopara viticola, Vitis vinifera, gas exchange, disease intensity, source-sink
relationships.
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INTRODUCTION

The recent improvements of crop protection require
the knowledge of several elements, among those the
epidemiology of diseases, the trend of biological cycle,
the variation of pathogen population during the season
play a fundamental role. However they could be inte-
grated with other parameters describing the inter-rela-
tionships between host and pathogen in order to take
into account the real effect of disease on plant acti-
vity (ORLANDINI, 1996). So fungicide application
should be timed according to the real consequences of
disease infection on final yield, both in terms of qua-
lity and quantity aspects of production. On these bases,
economical thresholds of treatment can be implemen-
ted, further improving the efficacy of crop protection
techniques (CAMPBELL et MADDEN, 1990).

To reach this goal, the responses of crop to patho-
gen should be investigated at different levels, accor-
ding to the considered processes: photosynthesis,
translocation, biomass accumulation, growth, deve-
lopment, etc. (RABBINGE et al., 1989). The analysis
of physiological responses assumes a high importance
because of the possibility of describing and unders-
tanding the first phases of host-pathogen relationships.
This represents a basic step in the assessment of plant
responses to the pathogen and it also allows charac-
terising similar dynamics to other stresses. In such a
way progress in research can be facilitated and the
results of isolated studies can be used in different bio-
tic and a-biotic stress analyses (AYRES, 1992).
Moreover, the observed crop physiological responses
to disease attack can be quantified and implemented
to formulate simulation models for the effect of disease
on growth and development of plants. In particular,
existing growth models could be modified to simulate
growth of plants subjected to a disease attack including
specific parameters which value could be tuned accor-
ding to the state and the intensity of infection
(ROSSING et al., 1992).

Among the physiological processes, photosynthe-
sis is one of most sensible to different conditions of
stress, and its measurement is frequently used to ana-
lyse and describe stress responses of crops (CORREIA
etal., 1990 ; QUICK et al., 1992). Diseases, such as
downy mildew (Plasmopara viticola Berl. et De Toni),
are known to induce many alterations at the physio-
logical level, but the exact location and mechanisms of
damage have been identified only for few patho-sys-
tems (SCHOLES, 1992). Alteration of photosynthe-
tic performances are typically localised in the area of
the disease attack, but there have also been evidences
of reduction of assimilation rate outside the spot or the
area attacked by disease. Several studies describe this
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effect, called border effect, for different patho-systems
as the result of the presence of a virtual lesions, i.e. a
physiological alteration of the leaf tissues without a
corresponding visible symptom (BASTIAANS, 1991).
Alterations of the area surrounding the lesions have
been also detected through modifications of reflectance
signature, but the physiological meaning has not been
yet investigated (BACCI et al., 1993).

As concerning grapevine (Vitis vinifera L.), the
knowledge of the real impact of diseases on the plant
is still very limited and only a few studies have
been devoted to the analysis of physiological plant res-
ponses (LAKSO et al., 1982 ; BREM et al., 1986 ;
GOODWIN et al., 1988), as well as to the assessment
of quantitative and qualitative losses related to disease
severity (DUSO et BELVINI, 1992 ; KOBLET ez al.,
1993 ; ORLANDINI, 1997). In the last few years, seve-
ral studies have been carried out to describe and explain
some aspects of grapevine responses to viruses (BALO
et al., 1997) and to the attack of several pests
(CANDOLFI et al., 1993).

This paper presents the results obtained during 1996,
when the responses of photosynthesis, transpiration
and other physiological aspects were studied on gra-
pevine leaves during a downy mildew attack which
naturally developed under field conditions. With res-
pect to this pathogen of grapevine, its biology and epi-
demiology have been studied since many years, and
this knowledge has been analysed in several simula-
tion models developed for the main viticultural regions
(MORIONDO et al., 1997). On the contrary, the lack
of understanding of direct grapevine responses to downy
mildew requires a deeper investigation to find more
precise relationships and to propose economical thre-
sholds of damage based on visible symptoms
(JERMINI et al., 1994). With this aim, in controlled
conditions photosynthesis was measured on healthy
leaves and on the green and the oilspot portions of disea-
sed leaves, to outline the responses of plant and the pre-
sence of virtual lesions and their relationships with the
area of visible symptoms. Additionally, under field
conditions, measurements were performed on the green
portion of healthy and diseased leaves to investigate
the diurnal daily trend of gas exchanges.

MATERIALS AND METHODS

This work was carried out in the experimental farm
Mondeggi (Bagno a Ripoli - central Italy). 20 years old
grapevine plants (cultivar Sangiovese) in well nutrition
condition were cordon trained and spur pruned
(9-11 trellised shoots per plant). In three vineyard plots
randomly chosen (1000 m2 each), downy mildew
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attacks were allowed by the absence of fungicide appli-
cation, while treatments against powdery mildew
(Uncinula necator) were applied at fixed intervals to
avoid any possible infection and damage interactions.
The following products were chosen, to avoid any inter-
ference with downy mildew: wettable sulphur and dino-
cap. Any other product was applied since the absence
of other diseases and pests. Control plants were loca-
ted in three plots with the same characteristics and area,
and they received treatments against all pests and
diseases at identical intervals.

During all measurements, either in controlled envi-
ronment or in the field, the rates of photosynthesis, sto-
matal conductance and transpiration were measured
on healthy and diseased leaves of similar age, still atta-
ched to field plants, with a portable gas-analyser
(Ciras-1, PP-system, Hitchin). It was equipped with
a Parkinson cuvette, that had a shape of a circle with
an area of approximately 3.1 cm?2. Diseased leaves were
chosen among those having a similar intensity of infec-
tion, which was never higher than 15 p. cent, because
of the low intensity of downy mildew infection during
the season.

At first, to avoid cutting the leaves for the measu-
rements and, at the same time, to standardise measu-
rement conditions, they were conducted by introducing
through the window shoots still attached to plant, inside
a car equipped with an air conditioning system provi-
ding a controlled environment. During these
measurements, light was provided by a halogen
lamp connected to the cuvette which gave a
PPF (Photosynthetic Photon Flux) of about
1500 pmol mr2 57!, water vapour pressure deficit (VPD)
in the cuvette was kept under 1 kPa and temperature at
27 =1 °C. During three consecutive days, measure-
ments were conducted on healthy leaves as well as
on the green portion and on the oilspot of diseased
leaves. For each plot a total of seven leaves was cho-
sen for every position (table I).

After measurements, leaves were cut and the per-
centage of oilspot area included into the leaf cham-
ber was estimated using three different methods :

- by visual estimation of skilled technicians ;

- by means of a leaf area meter (LI-COR), photo-
copying the leaves and then cutting the oilspot area
included into the cuvette ;

- by means of a software for image analysis, using
the scanned photocopies of the leaves and determining
the grey levels due to the green and the oilspot tissues.
This method also permitted the calculation of the oils-
pot perimeter.
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Then the assimilation rate was also measured under
field condition to evaluate the trend of gas exchanges,
as the results of environmental conditions on grape-
vine physiology. During several days from June to
September, photosynthesis was monitored every two
hours on ten leaves per plot. Leaves were always ran-
domly chosen among those well orientated towards the
sun, to obtain maximum PPF, and having a similar age,
degree of attack and development of oilspots.

RESULTS AND DISCUSSION

Under controlled condition, comparison of pho-
tosynthetic performances of the green portion of heal-
thy and diseased leaves, pointed out that the
photosynthetic rate was not significantly affected by
the fungus (table I), though assimilation level was lower
in the green portion of diseased leaves than in the heal-
thy leaves. The impact of disease was evident when
measurements were carried out directly on the spot.
Because of the low intensity of downy mildew infec-
tion, it was difficult on every measurement to find oils-
pots as large as the area of the cuvette. Thus, many
times, green and oilspot tissues were both included into
the cuvette, determining the positive value of assimi-
lation in the diseased samples. On the contrary, when
photosynthesis was measured only on the oilspot, the
observed level of photosynthesis was well below zero
(table I).

The values of photosynthesis measured on the oils-
pot and green tissue were used to analyse the relation-
ship with the infected area. Relative values (p. cent) of
photosynthesis were preferred to normalise the varia-
bility among different leaves. The ratio between the
assimilation rate measured on oilspot and green tissue
and the assimilation measured on the green portion of
the same leaf was linearly correlated with the disco-

TABLE I

Assimilation rate of healthy and diseased leaves.
AVG = average value (umol m2 s°1), SE = standard error. Different
letters indicate statistically significant differences (analysis of
variance and Bonferroni test with a significance level of .05).

Tableau I — Taux d’assimilation

des feuilles saines et malades.
AVG = valeur moyenne (umol m-2s-1), SE = erreur standard. Les diffé-
rentes lettres indiquent les différences significatives d’un point de vue
statistique (analyse de variance et test Bonferroni avec un degré significa-
tif de 0,05).

Position AVG SE
Oilspot -220A 093
Oilspot and green portion 2.17B 0.70
Green portion of discased leaves 11.82C  0.84
Healthy leaves 14.02C 1.13
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Fig. 1 - Linear regression of reduction of assimilation
rate vs. area of the cuvette occupied
by oilspot tissue estimated by visual method (A), leaf
area meter (B) and software for image analysis (C).

Fig. 1 — Régression linéaire de la réduction du taux d’assimi-
lation en rapport avec la surface de la cuvette occupée
par le tissu de la tache d’huile estimée par la méthode

visuelle (A), la mesure de la surface de la feuille (B)
et le logiciel pour ’analyse de ’'image (C).

loured area included into the cuvette, independently
from the method for the estimation of diseased area
(figure 1 and table II). According to this method, the
intercept of the linear functions fitted to the data, ran-
ged from 73 to 77 p. cent. Accordingly when the area
of the infection approached zero, the reduction in pho-
tosynthesis was already about the 23-27 p. cent, sug-
gesting that the disease was in some way affecting the
physiology without showing any visible symptoms.
Since all the leaves had the disease at a similar deve-
lopmental stage, it is possible to assume from the hypo-
thesis that there was a border effect that could account
for the missing assimilation, as BAASTIANS (1991)
showed for other patho-systems. Moreover, when the
percentage of the diseased portion increased to 40-
70 p. cent of the cuvette surface area (depending on
which method of estimation was used), the total assi-
milation was close to zero. This could be the result,
considering that the oilspot had a large impact on the
total photosynthetic rate, probably due to the nega-
tive values of assimilation in the lesions as shown ear-
lier. The large variability showed by the slope of the
regression functions was probably due to the level of
subjectivity of the disease estimation methods. This
level could be the highest in the visual method, lower
using the leaf area meter (due to the manual cutting of
oilspot area), and it was the lowest in the image ana-
lysis (related to the choose of grey level thresholds).
However, considering that the final output of the func-
tions led to similar qualitative conclusions, the visual
method carried on by skilled technicians confirmed its
usefulness mainly due to the simplicity and rapidity of
application.

The perimeter of the oilspot was similarly well rela-
ted to the reduction in assimilation (figure 2), but the
intercept (table II) was much closer to the assimilation
rate measured on healthy leaves (value of about
100 p. cent). This could point out that the perimeter
allowed a better estimation of the combined effect of
visual (oilspot) and virtual (border) lesions.

Stomatal conductance was also linearly related to
the area of oilspot included into the cuvette (figure 3).

TABLE 11
Linear regression functions, R squared and F ratio (p <. 001) of assimilation rate versus the area
or the perimeter of oilspot included into the cuvette.

Tableau II — Fonctions de régression linéaires, R carré et F rapport (p <.001) du taux d’assimilation
en rapport avec la surface ou le périmeétre de la tache d’huile comprise dans la cuvette.

Type of disease estimation Linear function R squared F

Visual y=-1.13x+77.6 0.78 63.77
Leaf area meter y=-145x+73.3 0.71 44.75
Image analysis of area y=-1.83x+75.3 0.63 31.16
Image analysis of perimeter y=-1.73x+ 104.5 0.62 29.85
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Fig. 2 - Linear regression of reduction
of assimilation rate vs. perimeter of oilspot estimated
by software for image analysis.
Fig. 2 - Régression linéaire de la réduction du taux

d’assimilation en rapport avec le périmetre de la tache
d’huile estimée avec le logiciel pour ’analyse de 'image.
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Fig. 3 - Linear regression of reduction of stomatal
conductance vs. area of the cuvette occupied by oilspot
tissue estimated by software for image analysis.

Fig. 3 - Régression linéaire de la réduction de la conductivité
des stomates en rapport avec la surface de la cuvette occupée
par le tissu de la tache d’huile estimée avec le logiciel
pour ’analyse de I’image.

The function fitted to the data showed that already a
50 p. cent of infected area (estimated by using the image
analysis method) reduced stomatal conductance to a
very low level. Nevertheless data collected directly on
the oilspot had a low, but still measurable, level of sto-
matal conductance (about 18 mmol m2 s!) with a high
rate of respiration (data not shown).

When gas exchange measurements were conduc-
ted in open air on the green portion of healthy and disea-
sed leaves, the typical diurnal trend of was observed
(DURING, 1991). The 14th of August was used as
example to show the trends observed during all the
measurements days (figure 4). The data collected sho-
wed that all the considered physiological parameter
(assimilation, stomatal conductance, transpiration) were
quite constantly higher on the healthy leaves than on
the diseased ones, particularly during the afternoon. It
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can be hypothesised that diseased leaves were more
susceptible to environmental stress (high tempera-
ture and water deficit) that induced a higher stomatal
closure in the afternoon. However they were never
significantly different (p < 0.05) confirming the results
obtained under controlled condition (table I).

CONCLUSIONS

Downy mildew determined a negative net rate of
photosynthesis in the oilspot, as well as had a strong
impact on the border area of lesions. These results
are in agreement with others obtained for the different
patho-systems ; however, the measurements neither
clarify the mechanisms nor the exact location of this
effect. Several hypotheses can be proposed, such as the
production of toxic compounds, alteration of water and
assimilate transport. To increase the knowledge of these
effects, this preliminary investigation should be inte-
grated with other analyses to draw a complete des-
cription of plant disease inter-relationships during
infection periods. In such a perspective the measure-
ments of other physiological parameters (fluorescence,
leaf water potential, etc.), the assessment of growth and
development of diseased plant, the histological ana-
lyses of infected and healthy tissues seem to represent
useful tools.

The direct consequences of these results can be a
different evaluation of infection intensity, because of
the impact of disease involves a leaf area higher than
that showing the typical lesion. On these basis the
assessment of economical threshold of fungicide appli-
cation can be carried out with higher accuracy, as well
as the estimation of the infection impact on the deve-
lopment, growth and final yield. In such a perspective,
simulation model can be calibrated taking into account
the modified physiological parameters, the reduction
of leaf area due to presence of lesion including oilspot
and border effect, and the presence of a specific thre-
sholds of infection intensity to which the leaf may
change its role, from a source to a sink organ. The esti-
mation of this level (about 60 p. cent of disease attack
from the previously reported data) represents an impor-
tant goal for the improvement of crop protection, as
well as for modelling activity, to simulate both biomass
accumulation and coefficients of partitioning in disea-
sed plants.
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Fig. 4 - Rate of assimilation (A), transpiration (B) and
stomatal conductance (C) measured
throughout the 14t of August on the green portion
of healthy and diseased leaves.

Standard errors are indicated.

Fig. 4 - Taux d’assimilation (A), transpiration (B)
et conductivité des stomates (C) mesuré toute la journée
du 14 aoiit sur la portion verte des feuilles saines
et malades.
Les erreurs standard sont indiquées.
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