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ABSTRACT: Solar radiation plays an important role in the development of some fungal diseases due
to its direct action on the microorganisms and also its indirect effect on the production of specific
plant compounds. This experiment examined the effect of two light environments (100% and 35% of
full strength) on the polyphenolic content of grapevine leaves and quantified their relation to resistance
to downy mildew (Plasmopara viticola). Leaf epidermal polyphenolic contents were non-destructively
measured during the growing season 2006 using the Dualex chlorophyll fluorescence-based portable
leaf-clip. The experimental design consisted of six parcels of 30 vines and measurements were performed
on the 12 central vines. The leaves were inoculated with a sporangia suspension containing 50,000
sporangia of P. viticola per mL and the disease severity was assessed after the appearance of symptoms.
Leaves maintained at 100% sun had high polyphenolic content and significantly lower disease severity
compared to leaves under shading nets. These results indicate an inverse relationship between produced
polyphenolics and downy mildew severity.
Key words: Ultra-violet radiation, photosynthetic active radiation, polyphenolics, downy mildew,
resistance

RADIAÇÃO SOLAR E SUSCEPTIBILIDADE DA VIDEIRA
À Plasmopara Viticola

RESUMO: A radiação solar exerce papel importante no desenvolvimento de algumas doenças fúngicas,
devido à sua ação direta sobre os microorganismos e também devido ao seu efeito indireto sobre a
produção de compostos específicos nas plantas. Este experimento examinou o efeito de dois ambientes
de luz (100% e 35% da intensidade máxima) sobre o conteúdo de polifenóis nas folhas da videira e
quantificou sua relação com a resistência ao míldio (Plasmopara viticola). As concentrações de
polifenóis na epiderme das folhas foram quantificadas de forma não destrutiva, durante a estação de
crescimento de 2006, usando o equipamento portátil Dualex, baseado na fluorescência da clorofila. O
delineamento experimental consistiu de seis parcelas de 30 videiras e as medidas foram feitas nas 12
plantas centrais. As folhas foram inoculadas com uma suspensão de esporângios com 50.000 esporos
de P. viticola por mL e a intensidade da doença foi avaliada depois do aparecimento dos primeiros
sintomas. As folhas das plantas mantidas à plena luz solar apresentaram alta concentração de polifenóis
e severidade da doença significativamente menor do que as folhas das plantas mantidas sob a tela de
sombreamento. Estes resultados indicam uma relação inversa entre os polifenóis produzidos pelas
folhas da videira e a severidade do míldio.
Palavras-chave: Radiação ultra-violeta, radiação fotossinteticamente ativa, polifenóis, míldio, resistência

INTRODUCTION

Solar radiation plays an important role on me-
teorological elements, including air temperature, rela-
tive humidity and leaf wetness. In turn, these elements

can all have a direct effect on microorganisms, thus
influencing their disease cycle and infection intensity
(Matta, 1996; Agrios, 1998; Orlandini, 1998). More-
over solar radiation, and in particular its ultraviolet (UV)
component, can increase the probability of infections
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by inducing sporulation during the day (Ensminger,
1993). Conversely, UV can kill fungal spores with an
insufficient supply of protective antioxidant pigments.
At the same time, the quantity and quality of solar ra-
diation reaching the plant canopies can also have a
complex set of indirect effects on the susceptibility of
plants to some diseases.

The intensity and spectral composition of leaf
irradiance greatly affect the accumulation of phenolic
compounds in leaves, which is of primary importance
in response to a pathogen attack (Dai et al., 1995a;
Dixon & Paiva, 1995; Rozema et al., 1997). In fact,
the relation between the presence of phenolic phytoal-
exins, anthocyanins and other phenolic compounds and
the resistance to some important pathogens, such as
Plasmopara viticola and Botrytis cinerea is well docu-
mented (Dai et al., 1995b; Jersch et al., 1989; Petez &
Pont, 1992; Kortekamp, 2006; Bonomelli et al., 2004).

Recently, a low susceptibility to powdery mil-
dew (Erysiphe necator) in grapevines was related to
high constitutive leaf phenolic compounds, mainly fla-
vonol glycosides (Keller et al. 2003). New indications
of the role of flavonoid metabolism are emerging in
resistance to downy mildew in other pathosystems,
such as the monocot Pennisetum glaucum against
Sclerospora graminicola (Geetha et al., 2005; Niranjan
Raj et al., 2006). There was an increase in infection
caused by different pathogens with several species
under shade environments (Pennypacker, 2000; Rob-
erts & Paul, 2006). Interestingly, there was also evi-
dence of an inverse correlation between infection se-
verity and the intensity of pre-inoculation light treat-
ments (Shafia et al., 2001). The relation between so-
lar radiation and plant susceptibility to pathogen attacks
is particularly important for plants, such as grapevines
(Vitis vinifera) where different management tech-
niques may affect the quality and quantity of light pen-
etrating the canopy. These practices, included prun-
ing, trellis systems, leaf or shoot removal, reduced use
of nitrogen fertilizers, reduced spacing between plants
and rows, are all factors that affect the canopy archi-
tecture and, in turn, its interaction with solar radiation.

In this study an experimental vineyard was
maintained under two solar radiation regimes in order
to induce the production of different polyphenolic
compounds in leaves, particularly EPidermal
polyPhenols (EPhen) which are representative of total
leaf phenols (Kolb & Pfündel, 2005; Barthod et al.,
2007), and to analyse their response to downy mildew
inoculations. In addition, the advent of non-destruc-
tive means of following leaf flavonoids in vivo has al-
lowed for overcoming the inherent variability of leaf-
to-leaf flavonoid content and of following the same
leaf throughout the season. Due to the novelty of the

grapevine technique, destructive flavonoid analysis by
HPLC was performed to verify the specificity and ro-
bustness of the non-destructive method.

MATERIAL AND METHODS

The experiment was carried out (May-August
2006) on the experimental Mondeggi Lappeggi farm
located in the Chianti region of Tuscany (Central Italy)
(43°47' N, 11°35' E). The site elevation was 180 m
above sea level and the slope about 16%. In the ex-
perimental vineyard (Paretaio) grapevines of
Sangiovese cultivar were cordon trained and spur
pruned (4-5 spurs with two buds per vine), rows
were north-south oriented and the spacing was 1 m
along the rows and 3 m between the rows. The canopy
was trained in a single curtain between 90 and 210 cm
above ground level.

The vineyard was divided into six 18 × 5-m
plots, three of which were covered with plastic shad-
ing nets mounted 3 m above the ground on a metallic
tunnel structure in order to ensure sufficient canopy
ventilation. The remaining three plots were left in full
sun conditions as a control. Each parcel included about
30 vines and measurements were taken on the 12 cen-
tral vines. The shading nets were mounted on May 12
when EPhen started accumulating in the leaves, then
after the second half of June they moved to the other
parts of the plant, probably the berries.

The fraction of incident radiation that passes
through the shading nets (transmittance) was measured
using a double monochromator spectroradiometer
(model SR9910-PC, Macam Photometric Ltd,
Livingstone, Scotland). From May 12 until August 1
the air and leaf temperature, relative humidity, and so-
lar radiation were monitored outside and under the tun-
nels in order to control the potential effects of the shad-
ing nets on the microclimate. Air temperature and rela-
tive humidity were measured at ten-minute intervals by
Hobo thermo-hygrometric microstations (Onset Com-
puter Corporation; thermistor resolution of 0.02°C and
precision of 0.1°C). Leaf temperature was measured
hourly using a handheld infrared thermometer (Everest
Interscience Inc., model 100.3ZL) on both sides of the
rows. UV-A (400-315 nm), UV-B (315-280 nm), PAR
and global radiation were measured by the double
monochromator spectroradiometer (100 mm focal
length, 200-800 nm spectral range, 0.5 nm wavelength
accuracy) equipped with a diffuser connected to the
input slit of the monochromator by a 1.8-m long opti-
cal fibre. The diffused error associated with the co-
sine response was less than 3% for a zenith angle up
to 70°. All the measurements were taken in both sun-
exposed and shaded sites.
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Epidermal polyphenols (EPhen) were optically
estimated in situ using the portable leaf-clip device
Dualex (Force-A, Orsay, France) that determines the
epidermal absorbance in the UV-A, mainly due to fla-
vonoids, by comparing the chlorophyll fluorescence
(ChlF) signals at two different excitation wavelengths
(375 and 650 nm) (Goulas et al., 2004; Cartelat et al.,
2005). The EPhen content was expressed in absor-
bance units as indicated by the Dualex. To limit EPhen
variability due to leaf age, only two fully expanded
leaves positioned under their relative bunches (the fifth
and the sixth leaf from the base of the vine shoot) were
selected for the measurements. Adaxial (AD) and
abaxial (AB) leaves were measured separately because
they proved to be vastly different from each other. In
particular, two AD and two AB measurements were
recorded in sequence from the middle part of the leaf,
avoiding the main veins. EPhen content of single leaves
was defined as the sum of the AD and AB values, and
these were the mean of the two measurements taken
from each side. For the calibration, thirty leaves
(shaded and sun-exposed) with total Dualex units in
the 1.1-3.3 range were collected on June 29, 2006,
measured again (AD and AB) in the lab and then 4 disks
(12 mm in diameter) per measured area were punched
off and frozen in liquid N, for successive extraction
and HPLC analysis (Agati et al., 2008).

On July 20, 72 leaves (36 for each radiation
environment) located in the middle part of the shoots,
between the 15th and 20th node from the base, were in-
oculated (20 July) by spraying their surfaces with a
sporangial suspension of P. viticola obtained in labo-
ratory and then enclosed in polyethylene bags for 12
h overnight. The sporangia concentration, determined
by a Burker counting chamber, was 1.6 × 105 sporan-
gia mL–1.

The severity of P. viticola infections was de-
termined via a visual evaluation of the leaf area of in-
terest for the typical symptoms (oilspots, mosaic and
necrosis) 18 days after inoculation, when the oil spots
reached the largest infected area before sporulation.
The severity was expressed as percentage of infected
area in relation to the total leaf area.

The results of the measurements were sub-
jected to a one-way analysis of variance to compare
the mean values for the two light regimes. Curve fit-
ting of experimental data and calculation of the 95%
confidence limits were also performed.

RESULTS AND DISCUSSION

The differences in air temperature and relative
humidity were calculated between the sites in full sun
and under shading nets. The temperature differences

varied from –1.27°C to 0.80°C, with a mean value of
–0.23°C for the period from May 18 to June 4 (Fig-
ure 1). The variation range of the relative humidity was
between –8.13 % and 8.23 %, with a mean value of
0.55 % (Figure 2). The differences in air temperature
and relative humidity observed between the sun-ex-
posed and shaded sites were not significant (p > 0.5).

The mean difference between the sun and
shade leaf temperatures (July 11) for the eastern and
western sides of the vine rows was 1.21°C, with the
highest differences of 1.65°C and 1.40°C measured
early in the morning (7h00 a.m.) and late in the after-
noon (5h00 p.m.) respectively, with a minimum of
0.88°C at 1h00 p.m. (Figure 3). In relation to other
microclimatic variables, the differences observed were
not significant (p > 0.5).

Figure 1 - Differences in air temperatures (°C) between full sun
and shaded sites.
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Figure 2 - Differences in relative humidity (%) between full sun
and shaded sites.

-9.00

-6.00

-3.00

0.00

3.00

6.00

9.00

Time (day)

18
/5

20
/5

22
/5

24
/5

26
/5

28
/5

30
/5

1/
6

3/
6

R
H

 d
iff

er
en

ce
s 

(%
)

Figure 3 - Leaf temperatures (°C) of vines exposed to sun (dotted
line) and under the tunnels (continuous line). Bars
represent the standard deviation.
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Spectroradiometric measurements (July 11)
showed that the shading nets intercept about 65% of
PAR and UV wavelengths. Since the percentage of ra-
diation filtered under the tunnels was constant during
the day at different solar elevations and azimuth (Fig-
ures 4a, 4b), this percentage was considered to be con-
stant throughout the entire experimental period.

The non-destructive optical measurement of
leaf epidermal polyphenols performed by the Dualex
was calibrated by using the HPLC analysis of extracts
from the same leaf area. The HPLC analysis of leaf
polyphenols revealed the presence of the following
compounds: quercetin-3-O-glucuronide, quercetin-3-
O-glucoside, rutin, kaempferol-3-O-glucuronide,
kaempferol-3-O-glucoside, and the tartaric esters of
caffeic, p-coumaric and ferulic acid (caftaric, coutaric
and fertaric acids) (Agati et al., 2008).

Leaf polyphenols measured during the experi-
mental period had a variation over time (p < 0.0005)
both in sunny and shaded conditions. The influence
of solar radiation was clearly evident in both light re-
gimes as a result of the constant increase of EPhen
content in the first part of the season, which reached
a maximum on June 21 when solar irradiance was
highest (Figure 5). The EPphen then decreased, prob-
ably due to catabolism, polymerisation or translocation
of these compounds from leaves to other plant organs.
However, for vines exposed to full radiation the ten-
dency of the EPhen to increase could also be noticed
at the end of the season (Figure 5).

The effect of solar radiation was also high-
lighted by the difference on leaf EPhen content mea-

sured in full sun and in shaded plots (Figure 5). In ac-
cordance with previous studies on polyphenol synthesis
induced by radiation (Kolb et al., 2001), the difference
between the two conditions increased from the begin-
ning (0.79 Dualex units on May 23) to the end of the
season (1.25 Dualex units on August 1) when EPhen
content in leaves exposed to full sun was about 70%
higher compared to the leaves of shaded vines.

The EPhen content of leaves before inocula-
tion was homogeneous, and it was found to be dif-
ferent (p < 0.0005) in leaves exposed to the sun (2.44
± 0.29) compared to leaves under the shading nets
(1.37 ± 0.21).

The analysis of downy mildew severity
indicated an inverse relation between EPhen content and
the percentage of infection (Figure 6). In fact, the in-
fected leaf area was more than three times higher in
shaded (15.7 ± 8.4) versus sun exposed leaves (5.0 ±
3.6) (p < 0.0005). The relation is also confirmed by av-
eraging EPhen contents of leaves divided into classes
of disease severity which had              an increase of
the level of infected relative leaf area corresponding to
a decrease in polyphenolic content (Figure 7).

Figure 4 - Percentage of horizontal incident radiation filtered
under the shading nets at different solar elevations
(a) and azimuth (b). The components of UV (circles),
UVB (squares), UVA (triangles) and PAR (cross)
radiation are reported.
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Figure 5 - Trend of epidermal polyphenols (Dualex units)
measured during the season in full sun (fine line) and
in shaded (bold line) leaves. Bars represent standard
deviation.
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Figure 6 - Content of epidermal polyphenols (Dualex units) (white
columns) and downy mildew severity (%) (black
columns) measured in full sun and under the tunnels.
Bars represent standard deviation.
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The analysis of agrometeorological variables of
air and leaf temperature and relative humidity showed
that no significant differences in microclimate were
induced by the presence of shading nets, so that the
differences measured under and outside the tunnels
were unable to affect the development of downy mil-
dew. At the same time, the analysis of
spectroradiometric data demonstrated that shading nets
affected the quantity of solar radiation reaching the
plants while its quality remained unchanged, as shown
by the ratio between UV and visible radiation (Figure
8). Therefore, potential effects on disease development
should be attributed to light intensity that affects the
epidermal polyphenolic content of vine leaves. In fact,
defence mechanisms such as the production of
polyphenolic compounds, are known to contribute to-
wards protecting grapevines against downy mildew
(Hammerschmidt, 1999), and could explain the differ-
ent development of the disease in inoculated sun-ex-
posed and shaded leaves.

CONCLUSIONS

Solar radiation plays an important role in the
production of phenolic compounds which affect the
degree of infection by P. viticola. In fact the produc-
tion of polyphenolic compounds, directly linked to the
intensity of solar radiation, have a significant influence
on the process responsible for greater resistance to
downy mildew in sun-exposed versus shaded grape-
vine leaves.

The knowledge of the light regime in the vine-
yard and consequent vineyard management can be con-
sidered a starting point for adopting the best crop pro-
tection strategies. Row orientation, plant spacing, and
canopy architecture (pruning techniques, shoot or
leaves removal etc.) are related to the quantity of so-
lar radiation intercepted by leaves and can be exploited
in order to obtain a natural enhancement of constitu-
tive defences against fungal diseases. Moreover, the
possibility to measure leaf flavonoids by the use of a
non-destructive device can represent a simple method
to predict susceptibility of grapevine to downy mildew,
with the aim to reduce and optimise chemical treat-
ments.
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