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Abstract

Sustainable use of pesticides is one of the objectives of the 6th Environmental
Action Programme of the European Community. The main objective in the The-
matic Strategy is to reduce the impacts on human health and the environment and
more generally to achieve a more sustainable use of pesticides as well as a signifi-
cant overall reduction of risks and of the use of pesticides, while the necessary crop
protection remains assured.

To obtain this reduction our research is based on three topics: 1. Registration of
climatic data, scouting of biotic parameters, infection risks and simulation models.
2. Resistance management for modern fungicides, effective available packet of
plant protection products, risk profile of available fungicides. 3. Alternative
non-chemical control strategies based on biological or physical control and prod-
ucts with mode of action related with induced resistance. The focus in this article is
on apple scab management and biological control of fungal decay during storage.

Key words: apple scab, sanitation, fungicides, anti-resistance, biological control,
post-harvest

Introduction

Venturia inaequalis, the causal agent of apple scab, is a key parasite on pip fruits.
75% of the pesticide use in apple production is related to control of fungal dis-
eases, in which apple scab has a share of 70%. Reduction of pesticide use is only
possible by taking alternative control measures against apple scab. The interrup-
tion of the disease cycle between the saprotrophic and parasitic phase by sanitation
is one of the issues which must be stressed more in practice to reduce the
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inoculum in orchards. Furthermore, in the scab risk assessment, biological factors
such as inoculum, cultivar susceptibility, ascospore release and leaf growth must
be incorporated into Mills infection periods to improve scab warning services. Scab
warning systems are currently based on a curative approach. A preventive warning
system offers practical advantages. The leaf wetness is one crucial factors in V.
inaeqalis infection risk. Models such as Leafwet and Sweb (Magarey et al. 2005) cal-
culate leaf wetness periods on energy balance basis. Such approach gives opportu-
nities to include also weather forecast to predict the infection risk and to optimize
the timings of preventive applications against different diseases in fruit cultures,
important especially in organic fruit growing, where no curative fungicides are
available.

Beside general rules on pesticide applications, anti-resistance strategies are
based on three principles: moderation, rotation or use of mixtures, and saturation.
Rotation and especially the use of mixtures are the most important strategies in re-
sistance management for fungal diseases. To avoid adaptation of fungal pathogens
to specific new fungicide families, a sufficiently broad packet of available fungi-
cides is needed.

Biological control of storage decay of fruits by different microorganisms is a
part of important research projects over the world. Overall, reduction of pesticide
use is one objective, on the other hand the decline of residues on fruit is another is-
sue and here the biocontrol of postharvest diseases can have a significant effect. Bi-
ological control in the postharvest environment has significant advantages over
that under field conditions because the two most important factors effecting
biocontrol, temperature and relative humidity are constant and under strict con-
trol. In addition, the targeted area (fruit) is easily accessible. The control is not to-
tal, but in combination with bioactive additives it is possible to obtain the efficacy
of the chemical standard (Lima et al. 2005, Conway et al. 2005). NEX0101 is an ex-
ample of a promising biopreparation based on Candida oleophila with good activity
against Penicillium and Botrytis storage rot on apple (Jijakli and Lepoivre 2004).

Another alternative control method is given by enhancing natural resistance of
plants towards the pathogen. Compounds which are triggering plant’s own de-
fence mechanisms are termed elicitors. New developments in biotechnological
molecular techniques have given opportunities to understand many of the bio-
chemical interactions which occur between plants and pathogens. Important
elicitors (harpin, chitosan, laminarin) are extracted from naturally occurring or-
ganisms and plants (Brisset et al. 2005).

Improving warning system for apple scab

The climatic factors are just one link in the infection process of the scab fungus.
The weather stations installed in Belgium are developed by Bodata Company (The
Netherlands). About 40 Mety stations are operational in the Belgian fruit growing
areas. All are equipped with sensors for registration of temperature, relative hu-
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midity, rainfall and leaf wetness period, some of them also with sensors for the
measurement of wind speed and radiation.

Apart from the climatic factors also disease epidemiology and susceptibility
characteristics of fruit trees play an important role. Infections which are classified
as light infections according to the Table of Mills, can lead to very heavy scab infec-
tions when these periods are accompanied by strong V. inaequalis ascospore dis-
charges and/or large infectable leaf masses. In the past, only the beginning and the
end of the ascospore release were determined; now also the “Airborne Ascospore
Dose” and the phenological evolution are integrated to determine the infection
risk during a climatic infection period. Variability of ascospore discharge and leaf
growth is an important issue when determining the actual infection risk in or-
chard. Ascospore releases were recorded directly onto glass slide over a 24-h pe-
riod with a Burkard spore trap. Leaf growth was followed by taking digital
photographs with a fisheye lens. The Vegetative Area Index (VAI) was calculated
with Winphot (Jaeken et al. 2004).

The pattern of V. inaequalis ascospore release can differ very strongly from year
to year. The highest peaks usually occur in the preflowering period, but there are
years when these peaks were moved to the period after flowering (Fig. 1). In 2005
the highest number of released ascospores trapped in one day was 12 025. For this
determination, experiments are carried out to let the determinations take place au-
tomatically via an image analysis system (Zeiss Kontron 300). The slides of the
Burkard spore traps are scanned automatically by a computer operated microscope
and after image analysis the ascospores are selected on the basis of morphological
and density characteristics (Creemers and van Laer 2005).

Simulation of ascospore maturation in the models as RIMpro and Schorf-
prognose are based on the day-degree model of Gadoury, adapted recently by
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Fig. 1. Pattern of ascospore releases trapped with a Burkard in 2004 and 2005 in Gorsem



Stensvand et al. (2005). Each year, the biofix, the starting date for the ascospore
maturity, is decided arbitrarily and is a topic of discussion between advisers. We
have chosen to take the first release of ascospores in the field as starting date. Re-
finements of the models are related with a better estimation of the biofix by mea-
surements of temperature and wetness of the leaf litter. A specific leaf litter
wetness sensor combined with a temperature sensor is now under evaluation in a
number of European countries to see if this can improve the simulation of V.
inaequalis pseudothecial maturation in spring (Stensvand et al. in press).

Leaf growth determines strongly the secondary effect of a previous treatment
and estimation of the infectable leaf mass. The most susceptible leaves are exactly
those, which have just unfolded.

A new method of measuring leaf growth was introduced in 2004 by determin-
ing the Vegetative Area Index (Fig. 2), based on hemispheric photographs (Fig. 3).
A critical period in strong increase of leaf mass comes just after flowering. In 2004,
this period coincided with high V. inaequalis ascospore releases and resulted in a
strong scab attack in practice, if no appropriate sprays were done at that moment.

The warning system now has a curative approach. This strategy has different
disadvantages such as constant need of curative fungicides and sometimes less fa-
vourable weather conditions for spraying, which are the most important ones.

Two models, Leafwet and Sweb, are under evaluation to calculate leaf wetness
duration or better surface wetness duration (SWD) in the canopy of the tree based
on energy balance, in which besides temperature, relative humidity, rainfall, wind
speed also such parameters as radiation and cloud cover are included
(Kajfez-Bogataj 2004, Magarey et al. 2005).
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This gives us opportunity to improve estimation of infection risk in some spe-
cific cases as e.g. at bud burst, when leaf wetness sensors are less appropriate as a
consequence of the cup-shaped buds, which may stay wet much longer than it is
indicated by leaf wetness sensors.

The calculation of leaf wetness is also interesting in combination with weather
forecast data. In this way it will be possible to calculate also predicted leaf wetness
periods, and this approach has several practical advantages for fruit grower in man-
agement of apple scab. We work together with our Royal Meteorological Institute
of Belgium to validate the numerical model ALADIN (Aire-Limitée Adaptation
Dynamique développement International), designed for weather forecast up to 48
h on a limited area with the size of the order of tenths of kilometres.

The different approaches as reduction of inoculum, estimation of infection risk
by including biotic parameters and partly switch to preventive warning system
must lead to better scab control during the primary season. In consequence none
or a limited number of applications are needed in the secondary infection season,
the period which determines presence of residues on fruit.
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Anti-resistance strategies for uni-site fungicides

Scab is the most important fungal disease of apple, but it’s control must be seen
within the holistic management of pests, which can appear in the orchard. More-
over, the choice is determined by side effects of some fungicides on other diseases
(powdery mildew, canker, fruit rot), beneficial organisms (predatory mites) or the
fruit tree (growth, fruit russeting, colouring and storability).

The fungicide schedule against scab can be divided into four periods in which
biological properties and side effects of available fungicide families are positioned
best. By alternation and combination of different fungicides, an anti-resistance
strategy is built into a scheme.

For orchards with scab problems in the previous year and with a long growing
period in the season we recommend a copper treatment as an emergency measure
at “bud swelling” phenological stage. The first treatments are carried out with
dodine when the first infectable organs are presented on tree (bud burst). The
anilino-pyrimidines (APs) are applied before full bloom. During this period the
temperature at which the anilino-pyrimidines have given an excellent curative scab
performance is quite low. As an anti-resistance strategy we recommend adding a
classic protectant. In general, powdery mildew is not that important during this
period and if necessary we recommend to add sulphur or under high infection pres-
sure – a specific DMI against powdery mildew (triadimenol). When the tempera-
ture is higher (average above 12°C) the DMI difenoconazole can be used as
curative fungicide instead of an anilino-pyrimidine. In general, susceptibility of
scab population to DMIs is reduced, and the only DMI which still has a good per-
formance is difenoconazole (trade name: Geyser). The APs and Geyser are always
applied in combination with a classic protectant, on one hand as anti-resistance
strategy and on the other hand to improve scab control on the fruits.

Strobilurins (Quinone Outside Inhibitors, QoIs) are used after bloom, when
also powdery mildew becomes more important. Because of the emergence of the
G143A mutation in the V. inaequalis population in some regions in Europe, QoIs
are also used in combination with a classic contact fungicide in Belgium since
2004. With the introduction of Bellis (a combination of pyraclostrobin with
boscalid) in 2005, the standard block treatment of QoIs in the past is now split in
two times a QoI (kresoxim-methyl, trifloxystrobin) in combination with a classic
protectant and two times Bellis at the end of the growing season. Between both,
specific DMIs against powdery mildew (penconazole, myclobutanil) are applied.
Both components in Bellis have a good performance against powdery mildew. Be-
sides, Bellis also gives a good control of storage diseases, especially lenticels rot
caused by Pezicula spp. (Gloeosporium spp.), which can infect fruits several weeks
before harvest.

The maximum number of treatments with the resistance-risk fungicide fami-
lies dodine, anilino-pyrimidines, QoIs and DMIs is limited up to three, maximum
four, per season each (Fig. 4). Only one or a few generations come in contact with
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the same product. Also the fungicides at the end of the growing season differ from
those used at the beginning of the next season (asexual-sexual phase).

Biological control of storage rot with yeasts

Control of postharvest diseases is based mainly on fungicides; however, in-
creased official and public concern about the presence of fungicide residues on
fruits, and the development by pathogens of resistance to fungicides, are the main
reasons for enhanced interest in non-chemical alternatives for postharvest disease
suppression. The use of Biological Control Agents (BCAs) offers possibilities in
this domain, especially as the environmental conditions in storage room are de-
fined and stable.

In 2003 and 2004 different trials were set up to evaluate the efficacy of Candida
oleophila yeast (NEX0101) against storage rot fungi on apple. The mode of action is
related with fast colonization of infection sites of storage rot pathogens, competi-
tion for living space and nutrients and use of specific additives to enhance the effi-
cacy. The objectives were evaluation of the control level which can be obtained
against important fruit rot fungi as Botrytis cinerea and Penicillium expansum, deter-
mining optimum concentration (cfu/ml) for the efficacy and finding out if there is
a lasting effect in storage after the treatment.

The trials were executed on apple cultivar ‘Golden Delicious’. Artificial infec-
tion sites were created by puncturing apples at four places, distributed equally over
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the fruit, with a sterile nail, mounted in a cork plug, creating a 1-mm wide by 2-mm
deep cylindrical wound.

The treatment with NEX0101 (Candida oleophila, Bionext, spinoff of the Univer-
sity of Gembloux, Belgium) was carried out within two days after picking. Four
replicates were made of 50 fruits per test object and per fungus. Two check objects
were included: one check remained dry and another was dipped in water for 2 min,
just as it was done with the biocontrol agent treated objects. The chemical refer-
ence product thiabendazole was included in the trials, providing comparison with
registered products. Afterwards the fruits were placed in small wooden boxes and
incubated for 24 h at 20°C and 100% relative humidity. Later on the fruits were in-
oculated with two storage pathogens: B. cinerea and P. expansum (106 spores per 1 ml
for B. cinerea and 105 spores per 1 ml for P. expansum).

After inoculation, the fruits were placed back into the wooden boxes, which
were wrapped in plastic foil, leaving holes to ensure a high level of humidity, and
transferred back to the climate chamber for two days, prior to the transfer to stor-
age room. The apples stayed two weeks (short storage) or three months (long stor-
age) in a classical storage room at 1°C. Afterwards they were transferred to the
100% humidified climate chamber at 20°C to accelerate the development of the
diseases till evaluation of the decay degree of fruits. The number of infected
wounds was counted and the diameter of the lesions was measured. The infection
index was calculated as total diameter of 50 fruits per replicate.

All statistical analyses were performed using the Unistat Statistical Package,
version 5.5 (Unistat Ltd. 1998, London, England). The original or transformed
data were analyzed with the GLM (General Linear Model) procedure with different
output options (Anova, Table of means, Plot of residuals, Multiple comparisons).
Treatment means are separated in a standard way by Duncan’s multiple range test
(5% level).

The results in both years were very promising. In 2003 three concentrations of
NEX0101 were applied to determine the optimal dose: the middle concentration of
107 cfu/ml, 1/10 and double of that concentration. Dose response effect was a sig-
nificant against both fungal rots. The concentration of 106 cfu/ml was significantly
weaker (Fig. 5). The efficacy obtained with the highest concentration of 2 × 107

cfu/ml scored best, but was significantly not different from 107 cfu/ml. The chemi-
cal reference thiabendazole was stronger against Botrytis, as compared to
Penicillium.

In 2004, a longer storage period was included and the concentration of 107

cfu/ml was rather applied as target dose rate. Half of the concentration and double
concentration was included as well. In the short storage trial no significant differ-
ences were occurred between the concentrations of NEX0101 (Fig. 5). In the long
storage trial, the efficacy was in general higher and against Botrytis there was a sig-
nificant difference between half and the target concentration of 107 cfu/ml. The
chemical reference thiabendazole gave none or weak control against Penicillium,
and was stronger against Botrytis, as compared to NEX0101.
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Discussion

The amount of fungicides applied against apple scab has a share of more than
50% in the total pesticide use. Leaf shredding to stimulate leaf decomposition and
to avoid the mating of compatible scab lesions gave a serious reduction of
inoculum in the orchards (Brun et al. 2005). A reduction in the number of treat-
ments during the primary infection period is probably not possible in orchards
where sanitation is carried out. Savings due to this method will be rather made
during the secondary infection period because the primary infections were con-
trolled better. This offers an advantage that it isn’t necessary to spray in a very
short period before harvest and in this way the danger of residue presence on fruits
is being ruled out. This sanitary treatment must be carried out on greater surfaces,
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because ascospores and also infected leaves can be transported by wind from one
orchard to another. Nevertheless, this cultural method fits very well in resistance
management. Indeed, in orchards with scab problems an intensive spray program,
also with uni-site fungicides, is often used to prevent the spread of scab on fruits.
This can lead to a selection within the V. inaequalis population of less sensitive
strains. Leaf shredding can help to avoid the persistency of that subpopulation.
The climatic conditions or also the orchard design are not always suited for this
mechanical application. Spraying with urea or removing leaves by the sweep&vac-
uum technique offers alternatives for some regions. In Belgium applications with
high doses of urea are not recommended. Although no clear evidence exists, there
is a general fear that this late nitrogen gift should lead to a higher susceptibility to
frost and to Nectria canker during leaf fall.

Timings of spraying during the primary infection season are crucial for scab
management. Biotic factors as infectable leaf tissue and ascospore releases have
higher impact on the infection risk than the climatic conditions. The fruit grower
should be advised to change from a routine spray to a more flexible spray schedule
in which fungicide choice, spray interval and spray technique are adapted to the es-
timated infection risk. The switch from a curative or stop-spray warning system to
a preventive one, based on weather forecast and calculated surface wetness dura-
tion is useful in this strategy of flexibility.

Besides low disease pressure, diversity in available fungicide families is needed
to decrease the risk for resistance to modern fungicides and to ensure sustainable
control in the future. The substitution principle in which old products are removed
from the market by new ones which present significantly less risk to health or envi-
ronment should also include, besides these safety grounds, the minimization of re-
sistance building.

The reduction of pesticide use is one issue, while minimizing residues at har-
vest is of equal importance. By focusing control of scab in the primary infection
season, none or restricted use is needed in summer before harvest. The biological
control of storage diseases may have still a bigger impact on residues. The first
products, which appear on the market as Biosave, Aspire and Yieldplus had a re-
stricted use in practice. Enhancing the efficacy by specific additives is needed to
equalize the efficacy with chemical ones (Lima et al. 2005). NEX0101 is such a
promising biopreparation, active against B. cinerea and P. expansum. Combination
with other non-chemical methods can help to broaden the spectrum of activity
(Conway et al. 2005). Particularly on apple, the latent storage disease caused by
Pezicula spp. (anamorph: Gloeosporium spp.) is important. Hot water treatments
(Maxin et al. 2005) have showed a good activity, but there incidence of Penicillium
spp. increased afterwards. A combination of both can give the needed lasting effect
during storage.

A new concept in plant protection are products whose mode of action is related
to induced resistance. Elicitors on natural bases which mimic pathogen infections
may also help in decreasing the dependence of fungicides, especially in periods of
low infection risk.
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