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Abstract

Stem canker (SC), caused by Diaporthe helianthi, is the most serious sunflower disease in Uruguay. Yield losses have been
estimated up to 75%. Chemical control is one of the strategies used to manage this disease, but fungicide application should be
done before symptoms are visible. Ascospores are the primary source of inoculum, they are produced in perithecia which develop
in infected stubble and are dispersed by wind to infect plants. As in other monocyclic diseases, quantifying primary inoculum is
essential to predict an epidemic. In this study, ascospores were trapped on microscope slides with solid petroleum jelly which
were placed on top of flat open cages filled with natural infected stubble. Cages were placed outdoors, slides where replaced twice
a week and stained ascospores were counted under the microscope. Our objective was to develop weather-based models to
predict ascospore release levels of D. helianthi from infected stubble. Explanatory weather variables were calculated during the
seven-day periods prior to each field weekly ascospore count using daily weather station data from La Estanzuela, Uruguay.
Then, logistic models were fit to estimate probabilities of having severe or moderate to light levels of ascospore counts. The best
models included variables associated to the precipitation and dew-induced wetness frequency, combinated with the simultaneous
occurrence of high relative humidity or low thermal amplitude records. Estimating the evolution of ascospore release through the

weather-based models might help to guide preventive fungicide applications to control stem canker in Uruguay.
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Introduction

Stem canker (SC) is a sunflower (Helianthus annuus L.) dis-
ease caused by multiple Diaporthe/Phomopsis species.
Diaporthe helianthi Munt.-Cvetk was first reported in former
Yugoslavia in 1980 (Muntafiola-Cvetkovic et al. 1981), and it
soon became the most serious disease in European sunflower
producing countries, where yield losses were estimated up to
50% and losses in oil content exceeded 10% (Laville 1986;
Masirevic and Gulya 1992). Until recently, D. helianthi
was considered the only species causing the disease.
However, three different species, D. gulyae, D. kongii
and D. kochmanii, were discovered causing disease outbreaks

P< R. C. Moschini
moschini.ricardo @inta.gob.ar

' TInstituto de Clima y Agua, CIRN INTA, Castelar, Nicolas Repetto y
de los Reseros s/n, Buenos Aires, Argentina

Seccion Proteccion Vegetal, INIA, La Estanzuela, Ruta 50 km 11,
Colonia, Uruguay

in Australia in 2009 (Thompson et al. 2011), additionally
since 2010, D. masirevicii and D. novem have been added to
list in Australia and Europe (Harveson et al. 2016).
Conversely, in United States SC was also reported in Ohio
in 1980, but the identity of the Diaporthe species was not
defined precisely (Herr et al. 1983), until D. gulyae, D.
helianthi and D. stewartii were reported (Mathew et al.
2015; Olson et al. 2017). In South America, it was first report-
ed in Argentina in 1992 (Falico de Alcaraz et al. 1994), later in
Uruguay in the growing season 2002-2003 but the species
involved were not studied. In Uruguay, SC was assumed to
be caused by D. helianthi as it was considered, at that time, to
be the only species causing the disease globally.

The first disease epiphyte was determined in a localized
sunflower sowing region in Uruguay called Mercedes (depart-
ment of Soriano), nevertheless by the next growing season it
was widespread across the country. Maximum yield losses in
the country have been estimated in 75% for grain, 21% for oil
content and 26% for thousand kernel weights (Stewart and
Rodriguez 2018).

The fungus survives on stubble where perithecia are devel-
oped (Herr et al. 1983) and produce ascospores, which
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function as primary source of inoculum (Delos et al. 1995).
SC is known to be a monocyclic disease, the absence of sec-
ondary cycles during the growing season and the fact that
there is no spread from plant to plant, determine that the
amount of primary inoculum is essential for epidemics to oc-
cur (Delos et al. 1995). Madden et al. (2007) stated that mono-
cyclic diseases are controlled by reducing the amount of pri-
mary inoculum or the efficacy of inoculum. Thus, determi-
nants for SC development would be, among others, amount
of stubble lying on the soil surface, number of perithecia per
gram of stubble, successive ascospore releases, and favorable
weather conditions.

Ascospore production from perithecia is a continuous phe-
nomenon, successive emissions from the same perithecia are
observed every time favorable conditions are met (Delos et al.
1995). Ascospores discharge is active through specialized api-
cal structure or elastic ring that acts as a pressure release valve
in the ascus (Hawksworth et al. 1995; Kendrick 2000). As the
ascus reaches maturity it begins to take up water and exert
great pressure on its walls, this pressure becomes so great that
it finally causes a rupture at the apical pore. Asci send out
ascospores with a burst of kinetic energy obtained from inter-
nal pressure, releasing ascospores into airflow (Kendrick
2000) which are then dispersed by wind to infect plants.
Infection takes place under favorable conditions and disease
symptoms are seen approximately three to four weeks later
(Delos et al. 1995; Falico et al. 2003). The fungus generally
penetrates the leaf edge, enters via hydathode pores, and pro-
gresses systemically via leaf veins, down main vein, until it
reaches the stem through petiole (Delos et al. 1995; Harveson
et al. 2016). Elongated grey to brown lesions are formed in
stem centered on the axil, as the pathogen progresses the pith
is destroyed, stems soften, plants tip over and generally break.

Higher incidence of SC has been associated to mean min-
imal temperature over 18.8 °C and longer incubations periods
associated to high precipitations (Falico et al. 2003). Climate
effect on fungus dynamic and plant receptivity as a function of
plant growth stage and variety, has been gathered in the model
developed in France called ASPHODEL decision-support
(Delos and Moinard 1996). The model simulates the effect
of climate on fungus biology, maturation of ascospores, pro-
jection and infection. It was developed to improve farmers
spraying decisions, optimizing time of application, and help-
ing farmers decide whether to spray or not, since fungicide
applications to control SC should be done preventive.
Nevertheless, such model can not always be extrapolated to
other regions. In fact, erratic predictions using ASPHODEL
were carried out using local meteorological conditions in other
countries, these were attributed to differences in the patho-
gen’s population (Battilani et al. 2003).

Quantifying primary inoculum is essential to predict devel-
opment of monocyclic diseases such as SC. Ascospore release
could be used to predict epidemics and might help to guide
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preventive fungicide applications to control SC in Uruguay.
Thus, the objective of this study was to develop weather-based
logistic regression models to predict binary levels of asco-
spore releases of Diaporthe helianthi from infected stubble.

Materials and methods

Development of weather-based logistic regression
models

Ascospore counts from infected stubble

During two growing season (2005/06 and 2006/07) an asco-
spore trap, consisting of 12 to 18 pieces of natural infected
stubble from the previous season, was accommodated into a
flat wooden cage (44 cm length x 34 cm wide and 5 cm
height) with mesh (2.5 X 2.5 cm) on both sides. The stubble
was fitted in to cover the entire bottom of the cage. The cage
(LE-trap) was placed outdoors at La Estanzuela Research
Station (coordinates: 34° 20" 23.72” S — 57° 41" 39.48” W)
(Fig. 1). Throughout October to March, microscope slides
with solid petroleum jelly pasted thinly on one side where
placed lying down on the cage, over the mesh with petroleum
jelly downwards. Slides where replaced twice a week, taken
into the laboratory, stained with a drop of cotton blue dilution,
and sealed with 2 x 2 cm cover slide. The whole surface of the
cover slide was examined under the microscope and asco-
spores were counted. Ascospores were recognized by its size
and characteristic peanut-shape, being two-celled and con-
stricted at the septum.

Binary response variable

Ascospore counts (two counts per week) were weekly accu-
mulated (Asc7). These weekly ascospore counts (n = 34) were
binary coded as 1 (Asc7 > 148; S: severe ascospore release
level) or 0 (Asc7 <148; L: moderate to light level). The
threshold (148 ascospores) was defined following a statistical
criterion and corresponded to 70% percentile respect to the 34
weekly (Asc7) values analyzed.

Explanatory weather variables

Daily records of maximum temperature (MxT: °C), minimum
temperature (MnT: °C), precipitation (Prec: mm) and relative
humidity (RH: %, average of three observations: 9:00, 15:00
and 21:00 h) were collected from an automatic weather station
(Campbell Sci CR 1000) located at La Estanzuela research
station (INIA) beside the experimental field. Daily thermal
amplitude (Ta:°C) was calculated as the range or difference
between MxT and MnT. From these daily meteorological data,
the following secondary weather variables were calculated at
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successive 7-day intervals including twice a week ascospore
counts (n =34): number of days with MaxT<30 °C and
MinT>15 °C (DT); mean maximum temperature (MMxT);
mean minimum temperature (MMnT); days with
Prec>27 mm (DPrecl); days with Prec>0.2 mm and
Prec<27 mm (DPrec2); total accumulated millimeters of daily
Prec (>0 mm) (TPrec); days with simultaneous occurrence of
Prec>0.2 mm and Prec<27 mm and Ta< 14 °C (DPrecTa);
days without Prec (Prec<0.2 mm) (DryD) and Ta<7 °C
(DryDTa); sum of wet days = DPrecTa+DryDTa (WetDTa);
days with simultaneous occurrence of Prec>0.2 mm and
Prec<27 mm and RH > 76% (DPrecRH); days without Prec
(Prec<0.2 mm) (DryD) and RH >81% (DryDRH); sum of
wet days = DPrecRH+DryDRH (WetDRH); days with RH
>85% (DRH).

Both, temperature/moisture thresholds of the above weath-
er variables and the length of the time interval (in which
weather variables were calculated), were finally defined by
iteratively maximizing their correlations with ascospore re-
lease levels. A computer program using the language available
from SAS (Statistical Analysis Systems, version 8.0; SAS
Institute, Inc., Cary, NC, USA) was written to calculate the
weather variables and to perform the iterative process (partial
results of this iterative preliminary analysis are not provided).
The Freq procedure in SAS was used to calculate Kendall
Tau-b nonparametric correlation coefficients (r) between

I | I I |
S57T°W 56°W 55°W 54°W 53°W

binary levels of weekly ascospore counts (Asc7 > 148: severe
ascospore counts (S) and Asc7 < 148: moderate to light (L),
coded as 1 and 0 respectively) and explanatory weather vari-
ables. Using the SAS Logistic procedure, weather-based lo-
gistic regression models were fit (maximum likelihood meth-
od) to estimate the probabilities of occurrence of the binary
weekly ascospore release levels. Each logistic model fits one
equation for estimating In[PrS/(1-PrS)] = o+ 3:X, where
PrS is the probability of observing a severe (S) weekly
ascosopore release level, 3¢ and (3; are the parameter esti-
mates and X is a weather predictor. The logit function
[In(PrS/(1-PrS)], where In is the natural logarithm, joins the
stochastic component with the weather variables. Solving
Exp {In[PrS/(1-PrS)]}/{1 + Exp{In[PrS/(1-PrS)]} }, the proba-
bility PrS is obtained. The probability of having a moderate-
light ascospore release level (PrL) results from subtracting PrS
to 1.

Stepwise logistic regression was used as one of the
methods to select the most appropriate weather-based model
(significance level of 0.01 was used as entry (SLE) and reten-
tion (SLS) criteria for the variables). The predictive ability of
the models was also calculated based on the number of pairs
of observations (t) with different outcome ascospore release
level (240 pairs = 10S * 24 L). A pair of input observations
with different responses is said to be concordant (or discor-
dant) if the larger ordered value of the response has a higher
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(or lower) predicted event probability than the smaller
response. If the pair is neither concordant nor discor-
dant, it is a tie. Somers’D and Gamma correlation indi-
ces were calculated from the number of concordant (nc)
and discordant (nd) pairs of observations. The values of
both indices range from —1.0 (all pairs disagree, no
association) to 1.0 (all pairs agree, perfect association).
Finally, prediction accuracy of each of the analyzed
models was also calculated as the percentage of cases
analyzed in which there was agreement between the
observed weekly ascospore release level and that predicted
by the logistic models.

Validation

For validation purposes, two other ascospore traps were
placed at Rodo, department of Soriano (Rodo-trap) and at
Paysandt, department of Paysandu (Pay-trap) (Fig. 1), at
2005/06 cropping season. Both ascospore traps were manipu-
lated in a similar manner as LE-trap (described previously).
Distance from Pay-trap to Rodo-trap is approximately
148 km, and from Rodo-trap to LE-trap 74 km. In Rod¢, daily
data of maximum and minimum temperature and relative hu-
midity was collected from the conventional weather station of
Mercedes (National Weather Service from Uruguay). Daily
precipitation data was collected from a conventional precipi-
tation gauge located in the experimental field. The distance
between Rodd and Mercedes (Department of Soriano) is
68 km. In Paysandt, daily meteorological data was collected
from an automatic weather station (Campbel Sci CR 1000)
located in the experimental field. Probabilities of weekly

ascospore levels estimated by selected binary logistic regres-
sion models were validated against observed Asc7 values in
Rodo (n=9) and Paysandu (n = 10) traps. Prediction accuracy
was calculated as the number of all correct model predictions
divided by the total weekly ascospore counts evaluated in
each location.

Results

The highest correlations (ry: coefficient of Kendall Tau-b) be-
tween binary levels of weekly ascospore counts and the
weather variables analyzed were found when the latter were
calculated in seven-day intervals prior to each weekly asco-
spore count (Asc7) (Table 1). Simple variables associated with
temperature showed low correlations with Asc7 binary levels,
moreover, correlations presented by variables only related to
the precipitation, such as DPrecl (r, =—0.05), DPrec2 (1=
0.37) and TPrec (5, =0.21), were also low (Table 1). When
weather variables were constructed to estimate both
precipitation-based wet days (DPrecRH) and dew-induced
wet days (DryDRH), requiring simultaneous occurrence of
high relative humidity records, better correlations were obtain-
ed. DPrecRH combines the simultaneous daily occurrence of
precipitation (ranging from 0.2 mm to 27 mm) and high air
relative humidity (RH > 76%), resulting highly correlated (r-
x=0.56) to weekly ascospore counts. In contrast, dew-
induced wet days associated to the days without precipitation
(Prec<0.2 mm) and simultaneous high relative humidity
(RH > 81%), was not as highly correlated as the latter
(DryDRH; r =0.31). Nonetheless by adding up these last

Table 1 Kendall Tau-b
correlation coefficients ()
between binary levels of weekly

Weather variables®

Kendall Tau-b
correlation values

ascospore counts (Asc7 > 148:

severe ascospore counts (S) and Number of days with MaxT<30 °C and MinT>15 °C (DT) 0.25
Asc7 < 148: moderate to light (L), Mean maximum temperature (MMxT) 0.10
coded as 1 and 0 respectively) and Mean minimum temperature (MMnT), 0.19

weather-based variables

Days with Prec>27 mm (DPrecl) —-0.05
Days with Prec>0.2 mm and Prec<27 mm (DPrec2) 0.37
Total accumulated millimeters of daily Prec (>0 mm) (TPrec) 0.21
Days with simultaneous occurrence of Prec>0.2 mm and Prec<27 mm 0.56
and RH > 76% (DPrecRH)
Days without Prec (Prec<0.2 mm) (DryD) and RH > 81% (DryDRH) 0.31
Sum of wetting days = DPrecRH+DryDRH (WetDgy) 0.64
Days with simultaneous occurrence of Prec>0.2 mm and Prec<27 mm 0.37
and Ta< 14 °C (DPrecTa)
Days without Prec (Prec<0.2 mm) (DryD) and Ta< 7 °C (DryDTa) 0.30
Sum of wetting days = DPrecta+DryDTa (WetD,) 0.58
Days with RH >85% (DRH) 0.45

#Prec: precipitation, MxT: maximum temperature, MnT: minimum temperature, RH: relative humidity. Ta: daily
thermal amplitude = MxT-MnT. Weather variables were calculated at successive 7-day intervals including twice a

week ascospore counts (n = 34)
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Table 2 Parameter estimates of

the binary logistic regression Model® Variable” Parameter estimate Predictive ability

models for estimating the

probability of occurrence of a Prediction accuracy (%) Somers’D Gamma
severe (PrS) level of weekly as-

cospore counts (Asc7 > 148: se- 1 Intercept S —4.7019 88.2 0.833 0.962
vere ascospore counts (S)' and WetDry 2.8604 (30/34%100)

Asc7< 148: moderateto light (L), Intercept S —6.3575 853 0.763 0.893
coded as 1 and 0 respectively) ;

based on weather variables WetDr, 2.179 (29/34%100)

& Model I: concordant (%) = 85, discordant (%) = 1.7, tied (%) =13.3. Model II: concordant (%) = 80.8, discordant
(%) =4.6, tied (%) =14.6; LogitPrS = In(PrS/1-PrS). Solving the equation Exp(LogitPrS)/(1 + Exp(LogitPrS)),
PrS values are obtained (probability of trapping a severe (S) level of ascospores). In: natural logarithm. PrL = 1-
PrS, being PrL the probability of trapping a moderate to light level of ascospore (L)

® Prec: precipitation, MxT: maximum temperature, MnT: minimum temperature, RH: relative humidity. Ta: daily
thermal amplitude = MxT-MnT. WetDr,: sum of wetting days = DPrecTa+DryDTa, where DPrecTa: days with
simultaneous occurrence of Prec>0.2 mm and Prec<27 mm and Ta< 14 °C and DryDTa: days without Prec
(Prec<0.2 mm) (DryD) and Ta< 7 °C); WetDgyy: sum of wetting days = DPrecRH+DryDRH where DPrecRH:
days with simultaneous occurrence of Prec>0.2 mm and Prec<27 mm and RH > 76% and DryDRH: days without
Prec (Prec<0.2 mm) (DryD) and RH > 81%

two variable, WetDRH was assembled, and yielded the
highest correlation with ascospore release levels (1, = 0.64).
Using daily thermal amplitude records for estimating
precipitation-based wet days (DPrecTa) and dew-induced
(DryDTa) wet days, the variable WetDTa was calculated,
reaching a high correlation (1, = 0.58) with ascospore release
levels.

The binary response logistic regression model (model
I) using the explanatory variable WetDRH correctly

classified 30 out of the 34 weekly ascospore counts,
with a prediction accuracy of 88% (Table 2). The step-
wise logistic regression run with all the analyzed weath-
er variables selected model 1 as the most appropriate.
Other predictive indices, such as Somers’D and Gamma, were
also the highest (Table 2). Clear correspondence resulted be-
tween the probability of occurrence of a high level of
ascospore counts (PrS) estimated by model I, and its
correspondent observed weekly ascospore counts (Asc7) at
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Validation validated against observed Asc7 values in Rodé (n=9) and

Paysandu (n = 10) traps. Both models miss-classified three out
Probabilities of weekly ascospore levels estimated by both  of nine Asc7 counts in Rodé (Fig. 3) and one out of ten in
binary response logistic regression model I and II, were  Paysandu (Fig. 4).
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Discussion

Other studies have used logistic regression techniques in order
to develop weather-based models to predict ordinal and
binary levels of crop diseases (De Wolf et al. 2003;
Moschini et al. 2014), mycotoxin contamination
(Sancho et al. 2018) and weekly binary release of
Guignardia citricarpa ascospores (Dummel et al.
2015). Similarly, the current study developed weather-
based logistic models to predict weekly binary asco-
spore release levels of D. helianthi from infected
stubble.

Ascospores are actively released into airflow with a burst of
kinetic energy obtained from internal pressure of the ascus
(Hawksworth et al. 1995; Kendrick 2000). Our results show
that precipitations, dew, relative humidity, thermal amplitude
or more likely a combination of all, are key variables in deter-
mining ascospore release, thus probably affecting the internal
pressure of the ascus. Simple weather variables associated
with temperature and precipitation presented low correlation
with weekly ascospore count (Asc7) levels. Interestingly,
number of days with precipitation equal or higher than
27 mm was correlated negatively to Asc7, and so exces-
sive precipitations could act washing down ascospores
from perithecium apical structure, or even prevent the as-
cus from building up the internal pressure necessary to
send out the ascospores into the airflow above the de-
bris. Excessive precipitations causing washing down of
ascospores and preventing them from reaching the sun-
flower leaves has already been mentioned by Falico
et al. (2003).

Some weather variables identified in this study explained
most of the variability in weekly ascospore counts during
2005-2006 and 2006-2007 cropping season at La
Estanzuela. Variables like WetDTa and WetDRH which sum
up wet days induced by rain plus those originated by dew, can
be understood as long duration of wet period. According to
our results, the fungus requires long precipitation-induced wet
duration for the ascospore discharge, but not all days with
precipitation can lead to that. The correlation showed by the
variable DPrec2 (ry =0.37) increased significantly when the
occurrence of days with precipitation ranging from 0.2 mm to
27 mm was combined with high relative humidity records
(RH>76%), as expressed by DPrecRH (1, =0.56). It is so
those days with precipitation originated by fast passing of
front systems or short-lived convective systems, frequently
accompanied by low daily records of relative humidity, were
discarded (short wetness periods). In concordance, Dummel
et al. (2015) in Montecarlo (Argentina) measured the daily
wetness duration, finding that the variable which only counted
the days with long wetness periods (greater than 10 h) reached
the highest correlation with weekly ascospore releases of
Guignardia citricarpa (citrus field). Moreover, in the current
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study, dew expressed in variables such as DryDTa and
DryDRH had a minor effect on ascospore discharge, but both
contributed to increase correlations in variables WetDTa and
WetDRH. Coincidently, the key environmental component of
the best logistic model for predicting weekly ascospore re-
leases of Guignardia citricarpa (Dummel et al. 2015) was
the variable WetDTa, which counts the days with simulta-
neous occurrence of precipitation (> = 0.2 mm) and daily ther-
mal amplitude <14.2 °C and the days without precipitation
and thermal amplitude <7 °C, in 7-day periods previous to
each observation.

It has been mentioned that successive ascospore discharges
from perithecium can occur, and can last from 10 to 17 days, and
that these are stimulated by strong fluctuation of water content in
debris tissue produced either by rain or by lack of rain (Le page
1994). In the current study, the best fitting variables in the
models were those that consider both the number of days with
precipitations and the number of dry days combined with the
simultaneous occurrence of high values of relative humidity
(WetDRH) or low values of thermal amplitude (WetDTa).

Probabilities of weekly ascospore levels estimated by both
binary response logistic regression models I and II,
misclassified 33% of the observed weekly ascospore counts
(Asc7) in Rodé (n=9) (Fig. 3). Using Pay-trap observations
(n=10) (Fig. 4), both models miss-classified only 10% of the
observed weekly ascospore counts (Asc7). Rodd was the only
location where the weather station was not in situ (except the
precipitation gauge), so weather variables were probably not
as precise as in the other two locations (Paysandu and La
Estanzuela), and this might be the reason why predictions
were not as accurate. Both logistic models run in both
locations (Rod-trap and Pay-trap) had similar perfor-
mance in order to predict weekly ascospore release
levels. In Rodd, it is worth pointing out that model II,
which used thermal amplitude values instead of relative
humidity records, could estimate correctly the high as-
cospore release (757 ascospores) accumulated at 344
julian day (week number: 49). Model I underestimated
this observed ascospore count (Fig. 3).

The weather-based predictive models developed in this
study simulate ascospore release of Diaporthe helianthi.
Agreement between observed and estimated Asc7 confirms
the value of the fitted models. Estimating the evolution of
weekly ascospore release using the selected weather-based
models might help farmers, together with other tools, to gen-
erate risk alarms and create an efficient monitoring system and
sustainable SC chemical control in Uruguay.
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