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Abstract Ascospores of Venturia inaequalis constitute the principal source of primary
inoculum for epidemics of apple black spot (scab). Mathematical models that describe
ascospore release have been developed in USA, New Zealand and Italy. These models
are based upon degree-day accumulation. In this work, the seasonal pattern of released
ascospores of V. inaequalis in Vacaria, Brazil, was evaluated. During four apple growth
seasons (2009 to 2012) the natural release of ascospores from five orchards was recorded.
The cumulative percentage of ascospore release was predicted using three different degree-
day models. The released ascospore data showed the best fit to the model developed in Italy,
with a start date of 22 August rather than the phenological stage of apple bud break. It is
concluded that in regions with warm winter temperatures, models that use bud break to
initiate ascospore maturation will tend to underestimate availability of ascospores at the

beginning of the apple growth season.
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INTRODUCTION

The causal agent of black spot (scab), Venturia
inaequalis, overwinters as immature pseudothecia
in the fallen leaves of apple. In spring, pseudothecia
mature and release ascospores following wetting
by rain (MacHardy 1996). The disease is generally
controlled by the repeated application of
fungicides directed against ascospore infection.
When the ascospore supply is depleted in early
summer, the interval between fungicide sprays
increases and, in some cases, further spraying
against black spot may not be necessary.

The maturation of a pseudothecial population
has three phases, lag, accelerated and final, and the
accumulated percentage of available ascospores
shows a sigmoid curve (MacHardy 1996). The

maximum rate of ascospore release occurs when
50% of pseudothecia have matured and often
coincides with the pre-bloom expansion of newly
emerging leaves and flowers, both of which are
highly susceptible to infection.

Mathematical models that describe the
progress of pseudothecial maturation over
time have been developed in USA (Gadoury &
MacHardy 1982), New Zealand (Beresford 1999)
and Italy (Rossi et al. 2000). These models have
been developed either using direct observations
of pseudothecial maturity or counts of released
ascospores, which averaged over a season reflect
pseudothecial maturation if rainfall is reasonably
continuous.
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Because pseudothecial maturation occurs faster
at warmer temperatures, these models use
degree-day accumulation above 0°C as the
driving variable. The date for the start of degree-
day accumulation (biofix) is very important
(Gadoury & MacHardy 1982; Eikemo et al.
2011) and the three models use different ways of
defining the biofix. The addition of a restriction
on the accumulation of degree-days proved
useful when the model developed in the USA was
tested in a region in Norway with protracted dry
periods (MacHardy 1996; Stensvand et al. 2005).
In this regard, the model developed in Italy is
the most restrictive because it accumulates only
when the leaves are wet. Furthermore this model
differs from the other two models because the
estimates are based on hourly data, whereas the
USA and New Zealand models use daily data.

Weather in spring and early summer in the
northeast of Rio Grande do Sul State, Brazil,
varies greatly from year to year. The average
rainfall (1961-1990) in September, October
and November in Vacaria is 165, 163 and 121
mm, respectively (IPAGRO 1989). Black spot
control is easily achieved in some years, but it
is difficult in others, as determined by the way
that rainfall events, ascospore availability and
spray timing interact. Models that use weather
parameters to predict availability of ascospores
are important tools for enabling more efficient
use of fungicides for disease control. In this
work, seasonal counts of released V. inaequalis
ascospores were used to evaluate three models
for predicting ascospore release.

MATERIALS AND METHODS

Ascospore release, tree phenology and weather
monitoring

The natural release of ascospores from five
orchards located near Embrapa, Vacaria, and
within a 25 km radius of each other, was
recorded over four consecutive seasons (2009
to 2012). Ascospore release was monitored by
counting ascospores naturally discharged onto
glass microscope slides (Manktelow & Beresford
1995). Scabbed apple leaves (cv. ‘Gala’) were
collected from five unsprayed orchards in May of
each year at leaf fall. Twenty leaves were placed
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between two layers of galvanised wire mesh
(an 18 x 18 cm sheet of a 1.5 X 1.5 cm grid),
taking care to ensure that the leaf surfaces in
the mesh were orientated as collected from the
orchard floor. One wire mesh was prepared for
each orchard. The meshes overwintered outside
and were protected from fungicide sprays, at
Embrapa Grape and Wine, Vacaria, Brazil.

From August each year, three glass microscope
slides (76 x 26 mm) were placed on the meshes.
Slides were removed and examined after each
rain event (rain > 0.2 mm) and replaced with
clean slides in exactly the same position over the
litter. Counts continued until the last week of
December.

To allow ascospore release patterns to be
referenced to tree phenology, the development of
‘Gala’ shoots was recorded by visually assessing
the reproductive growth stage of shoots at about
weekly intervals, using a method similar to that
described by Beresford & Manktelow (1995).
An automatic weather station (model MAWS301,
Vaisala, Finland) at Embrapa Grape and Wine,
Vacaria (28°30°48”S, 50052’58”W), provided
hourly records of temperature, relative humidity
and rainfall.

Comparison between observed and modelled
ascospore release
The cumulative percentage of observed ascospore
release was plotted against thermal time (Celsius
degree-day accumulation above base 0°C). The
observed ascospore release was compared with
the cumulative percentage of matured ascospores
(y) predicted using three different degree-day
models:
y = {1/2*[14erf(0.01*DD-2.51)]}*100, Gadoury
& MacHardy (1982)
y = 100/1+exp-0.01*(DD-534), Beresford (1999)
y = 1/[1+exp(6.89-0.035*DD)], Rossi et al.
(2000)
where DD is the degree-day accumulation. The
three models tested all produce a symmetrical
sigmoid response. The USA model is probit-
based and the New Zealand and Italy models are
logistic-based. The degree-day accumulation to
reach 50% (DD, ) for each model is 251,534 and
197 for USA, New Zealand and Italy, respectively,
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but for the Italian model, degree-days are only
accumulated when there is leaf wetness.

For each year, two criteria were tested as the
biofix for degree-day accumulations: (1) the date
at which at least 50% of fruit buds of apple cv.
‘Gala’ had reached the green tip stage (Gadoury
& MacHardy 1982) and (2) 22 August (Beresford
1999).

Performance of the models was evaluated
by linear regression of observed ascospore
discharge against ascospore maturity predicted
by each model. The slope and intercept of the
regression line were tested for equality to 1 and
0, respectively, by Student’s t test. If the t tests
for slope (b) or intercept (a) were not significant
(P>0.05), the model was considered an accurate
estimator of the data.

RESULTS

The date that observed cumulative ascospore
release reached 50% of each season’s total
release was relatively early in 2011 (2 days before
green tip) and 2012 (the same date as green
tip). The early ascospore release in those two
years coincided with early green tip and a very
protected period between green tip and full
bloom (Figure 1). In 2009 and 2010, green tip
occurred later and also the period between green
tip and full bloom was much shorter. In 2009
50% release occurred 4 days after green tip and
in 2010 it occurred 22 days after green tip. The
date of 50% ascospore release in relation to full
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Figure 1 Dates for 50% observed ascospore
release (asterisks) in each of 4 years near Vacaria,
Brazil, and the period between green tip and full
bloom (lines) for ‘Gala’ apple.

bloom was also very variable, being 2 days before
in 2009, 12 days after in 2010, 28 days before in
2011 and 20 days before in 2012.

The linear regression analyses comparing the
predicted cumulative ascospore release with the
observed cumulative ascospore release for the
22 August biofix (Table 1) and for the green tip
biofix (Table 2) demonstrated that, over all 4 years,
the Italian model with a biofix to start degree-
day accumulation from 22 August produced the
highest coefficient of determination (R?) of 0.79
(Table 1 and Figure 2).

Among the regressions for each year, for which
the intercept and slope were 1 and 0, respectively,
the highest coefficients of determination were
calculated in 2012 (0.85, 0.79 and 0.80 for USA,

Table 1 Linear regression equations of observed release of Venturia inaequalis ascospores from ‘Gala’
apple leaves versus predicted number of mature pseudothecia estimated by three models developed in
USA, New Zealand or Italy. The start date criterion was 22 August.

Year USA New Zealand Italy

2009 y=0.80x+38.82 (0.71)" y=1.07x-12.99 (0.89) y=1.26x-5.51 (0.84)
2010 y=0.24x+80.55 (0.14) y=0.74x+33.28 (0.71) y=0.93x+11.89 (0.90)
2011 y=1.18x-12.21 (0.90) y=1.00x-24.39 (0.73) y=1.18x-20.61 (0.91)
2012 y=1.04x+1.22 (0.85) y=1.02x-21.05 (0.79) y=1.13x-25.37 (0.80)
All years y=0.67x+38.53 (0.45) y=0.82x+1.35 (0.61) y=1.02x-2.89 (0.79)

'Results from linear regressions of observed (x) versus predicted (y), shown as coefficient of
determination (R?). Slope and intercept of the regression line were tested for equality to 1 and 0,
respectively, by Student’s ¢ test. Fitted lines where slope and intercept are equal to 1 and 0, respectively,

are marked in bold.
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Table 2 Linear regression equations of observed release of Venturia inaequalis ascospores from ‘Gala’
apple leaves versus predicted number of mature pseudothecia estimated by three models developed in
USA, New Zealand or Italy. The start date criterion was the date at which 50% of fruit buds had reached
the green tip stage.

Year USA NZ ITALY

2009 y=1.35x-32.00 (0.77)! y=0.47x-12.15 (0.58) y=1.09x-27.72 (0.69)
2010 y=0.92x+19.81 (0.76) y=0.51x-0.71 (0.64) y=0.69x-4.73 (0.56)
2011 y=1.25x-25.72 (0.92) y=0.84x-23.98 (0.60) y=1.13x-32.70 (0.73)
2012 y=1.53x-55.07 (0.90) y=0.82x-40.18 (0.35) y=1.18x-52.28 (0.59)
All years y=1.06x-6.98 (0.74) y=0.60x-12.07 (0.50) y=0.90x-18.43 (0.63)

'Results from linear regressions of observed (x) versus predicted (y), shown as coefficient of
determination (R?). Slope and intercept of the regression line were tested for equality to 1 and 0,
respectively, by Student’s ¢ test. Fitted lines where slope and intercept are equal to 1 and 0, respectively,

are marked in bold.

New Zealand and Italy respectively) with a biofix
of 22 August. The NZ and Italy models had higher
R? values when estimated from the 22 August
biofix. In contrast, the USA model showed higher
R? values when estimated from green tip biofix.

DISCUSSION

Of the three models examined by regression
analyses in this study, the Italian model with a
biofix for starting degree-day accumulation of
22 August was the most accurate for predicting
the 4 years of V. inaequalis ascospore release
from Southern Brazil. The Italian model has
restrictions on accumulated degree-days, which
are accumulated only for hours when there is

100 +

S {2 o
o o o
L L L

Ny
o
L

Cumulative ascospores
released (%)

0 100 200 300 400 500 600
Degree day accumulation (Base = 0 °C)

leaf wetness. The USA model was developed
by Gadoury & MacHardy (1982) to estimate
cumulative  pseudothecial — maturity, not
cumulative ascospore release. However, under
conditions of frequent rainfall, this model can be
used to estimate ascospore release (Gadoury et al.
2004). The New Zealand model was developed
from ascospore data collected in five regions of
New Zealand (Manktelow & Beresford 1995).
The optimum biofix for starting degree-day
accumulation from that study was 22 August.

In Vacaria, Brazil, the winter period does not
always fulfil the bud chilling requirement for
commercial apple cultivars (Cardoso et al. 2012)
and the time that phenological stages, including
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Figure 2 For the Italian ascospore maturation model developed by Rossi et al. (2000), (a) 4 years of
Venturia inaequalis ascospore counts from Vacaria, Brazil, as cumulative percentage ascospore release
versus degree-day accumulation from 22 August (open circles) and ascospore release predicted by
the model (line) and (b) model-predicted cumulative percentage ascospore release versus observed
cumulative ascospore release, with the regression line: y=1.02x-2.89 (R?= 0.79).
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green tip and full bloom, occurs is variable, as
seen in the present study. This study compared
two methods for determining the biofix point
for degree-day accumulation, and for all three
models, estimates starting from 22 August
were better than those starting from green tip.
Ascospore release from the leaf litter does not
depend on apple bud chilling and occurs earlier
in regions with warmer winter temperatures
(Manktelow & Beresford 1995). In the present
study ascospore release had reached 50% by
green tip in two of the four years examined.
The bud break or green tip growth stages have
often been used as a starting point to estimate
ascospore release (Stensvand et al. 2005), but in
warm temperate (low latitude) regions, like Brazil
and northern parts of New Zealand, ascospore
release may be well advanced by green tip. This
also happens in Northern Victoria, Australia, for
Venturia pirina (Eikemo et al. 2011). Therefore,
models that use bud break or green tip to initiate
ascospore maturation will tend to underestimate
availability of ascospores at the beginning of
the apple growth season in regions and seasons
with warm winter temperatures. With increasing
mean temperatures due to global warming this
may also become important in higher latitude
apple growing regions in the future.

This is the first study to compare models to
estimate V. inaequalis ascospore release under
the climatic conditions of Southern Brazil. An
accurate ascospore release model can help apple
growers identify the periods of 50% and 98%
ascospore release for a given season and use this
information to reduce fungicide application
for disease control. The use of these models in
Brazil may help identify seasons when ascospore
maturation is well advanced by the green tip stage.
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