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2.3   Versioni

Per una maggiore versatilità è disponibile anche la versione verticale di sigillo e logotipo da utilizzare nel 
caso non sia possibile l’uso della versione orizzontale. Anche in questo caso la singola parte (A) viene 
usata per determinare la distanza tra sigillo e logotipo.

È possibile utilizzare il solo logotipo nella versione orizzontale qualora la dimensione del sigillo dovesse 
risultare più piccola delle dimensioni minime consigliate (vedi 2.5.1) o, nel contesto, la riproduzione del 
sigillo potesse risultare pleonastica e ridondante.

A

2.3.1 Sigillo e logotipo verticale 

2.3.2 Logotipo orizzontale
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1. Summary 
 

This deliverable reports on two different kinds of models developed within the 

Organic-PLUS project to understand and to control potato diseases.  

The first is a mechanistic model, calibrated from precise measurements under 

controlled conditions of the growth and sporulation of several Phytophthora infestans 

isolates on susceptible and partially resistant cultivars, and aiming at describing the 

kinetics of symptom expansion and spore production in a generic way. This model is 

applicable to almost any pathogen with expanding lesions. It shows that, in the case 

of P. infestans, the dynamics of spore production differs between cultivars: while 

almost all spores are produced simultaneously and just after the end of the latent 

period on cultivar (cv) ‘Bintje’, they are generated over a much longer period of time 

on the more resistant cultivars (cvs) ‘Desiree’ and ‘Möwe’. This finding has strong 

implications for epidemic development, as the length of the infectious period will be 

markedly different in these contrasted situations.  

The second is the development of a decision support system (DSS) for both 

early and late blights (EB and LB). This model, currently in a development stage and 

to be turned later into a fully operational Decision Support System, was tested in 

Denmark in the 2019 season – a difficult season with very high infection pressure. It 

includes epidemiological modules and risk assessments from already existing DSSs 

(TOMCAST, Critical days), of which the parameters can be changed directly. It was 

used to test some alternatives to copper under field conditions, which all proved to 

have low efficacy under this severe epidemic. The development of this DSS will 

continue with the testing of scenarios described in Deliverable 3.5 of the Organic-PLUS 

project.  

 

 

2. Introduction 
 

To quote George E.P. Box, ‘all models are wrong, but some are useful’. This 

clever aphorism applies to all kinds of models, whatever their purpose. In plant 

pathology, and more specifically in plant disease epidemiology and control, models 

serve two distinct kinds of uses: 1) to represent and understand biological processes, 

such as critical stages in the infectious cycle; and 2) to predict risk occurrence of some 
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of these processes – a prediction upon which decision making can be offered. The use 

of mechanistic models for analysing empirical data is insightful for understanding of 

epidemics (Gilligan 2002). For instance, it enables one to test and select models, and 

the underlying hypotheses, and to quantify the main processes from observations 

(Kranz & Hau, 1980).  

Potato late blight (LB), caused by Phytophthora infestans, and potato early 

blight (EB), caused by Alternaria spp., have both been the topic for a number of 

models, mainly with the aim of producing infection risk predictions useful to time 

pesticide applications. As the trend is now away from the purely preventative active 

ingredients of the past to more diverse modes of action on the epidemic cycle, it is now 

important to develop further models that will allow to use best the biocontrol 

preparations and plant defence stimulators which are currently starting to be marketed.  

It is also important to develop the tools needed to manage simultaneously both 

diseases, which were controlled in the past by wide-spectrum active ingredients which 

are nowadays in conventional potato production being replaced by products with a 

much narrower range of target organisms, while in organic potato production they are 

already not available. 

We thus developed two different kinds of modelling activities, reported here: 

Ø a mechanistic model describing lesion (i.e. symptoms) expansion and 

sporulation dynamics in a generic way. As we have previously shown that 

lesion growth is an essential component of the performance of induced plant 

defence against late blight (Thomas et al., 2019; see also D3.4), this model will 

help time and adjust plant defence stimulator (PDS) applications for maximal 

performance according to cultivars and strains. 

Ø A prototype DSS for the joint management of early and late blights, based on 

already existing mechanistic models of which parameters can be adjusted. This 

prototype DSS was tested in Denmark in 2019 – a very severe late blight 

season- together with a set of copper alternatives.  
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3. Results 
 

3.1 A lesion growth, mechanistic model of symptom expansion and sporulation 
dynamics 

 

Lesion growth. We assumed of an ellipse-shaped leaflet, a hypothesis that 

was verified before model development by comparing the surface predicted by the 

ellipse equation against the surface obtained through the manual segmentation of 

images performed with the ImageJ software. Despite the presence of some outliers, 

the linear relationship (slope of 1.04, R2 = 0.98) conformed to our assumption. We also 

assumed that the lesion starts from the centre of the leaflet and expands as a circle 

until reaching an edge; afterwards it expands as an ellipse up to completely covering 

the surface of the leaf (figure 1). We considered that the symptomatic lesion appears 

after a fixed delay t0 ≥ 0 which corresponds to the incubation period (i.e. the delay 

between inoculation and disease symptom).  

 

 
Figure 1. Lesion growth model: schematic lesion growth on an ellipse-shaped host leaf with the 
corresponding temporal dynamics.  
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Sporulation dynamics. As illustrated in figure 1, the dynamics of the 

symptomatic lesion on the ellipse-shaped leaflet is characterised by four phases. After 

the incubation period t0 during which no symptom is visible (phase 1), the symptomatic 

lesion increases quadratically until it reaches the minor radius of the host leaflet R1 

(phase 2). Thereafter, the lesion size grows linearly until the major leaf radius (phase 

3) after which it saturates at the leaflet size L = πR1R2 (phase 4). We partitioned the 

host leaflet into small surfaces (or host spatial units), and called σ(a) a continuous-time 

emission (or sporulation) function giving the distribution of spores (sporangia here) 

released by a spatial host unit according to its age since infection a. In the case of a 

growing lesion, to scale-up the sporulation dynamics from small host units to the lesion 

level, one needs to consider the inherent age structure of infected (and infectious) host 

tissues (figure 2a) (Powell et al., 2005). Then, the total number of spores produced at 

time t at the lesion level can be obtained through the following convolution product:  

s(t)=∫t0ℓ'(t−a) σ (a) da, 

where ℓ′(t) describes the development of an infectious lesion over time, either 
symptomatic or asymptomatic. 
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Figure 3. Sporulation model: (a) schematic illustration of the age-structuring of the lesion for 
two successive times corresponding to phase 3 (i) and phase 4 (ii) of the dynamics; (b) 
representation of the lags between the dynamics of asymptomatic (black), symptomatic (red) 
and sporulating (grey) lesions induced by respectively the incubation t0 and the latency t1 
periods; (c) probability density function of the Rayleigh distribution describing spore emission; 
and (d) the corresponding dynamics of the cumulated number of spores produced by the lesion 
s(t) obtained through the convolution model.  
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Fitting the models to experimental data. The lesion growth model (2.1) and 

the sporulation model (2.3) were sequentially fitted to empirical data collected 

previously for six isolate–cultivar pairs (2 isolates * 3 cultivars) according to a 

standardised protocol (Clément et al., 2010). The results highlighted a significant 

isolate–cultivar interaction for the quantitative traits of P. infestans considered in the 

study (Figure 3).  

 

 
Figure 3. Fitted models for the six isolate–cultivar cases considered in the study. (a) The fitted 
growth of the lesion ℓ(t); (b) the fitted dynamics of the cumulated number of emitted spores s(t) 
on an ellipse-shaped host leaflet with minor (R1) and major radii (R2) of 40 and 60 mm, 
respectively; (c) the fitted emission probability density function; and (d) the sporulation function 
σ(t). In (d), the sporulation curves of BP6 on Möwe (blue solid line), and BP3 on Désirée 
(maroon dashed line) overlap.  

The models and results were published as: 

Leclerc M., Clement JAJ, Andrivon D, Hamelin FM (2019).  Assessing the effects of 
quantitative host resistance on the life-history traits of sporulating parasites with 
growing lesions. Proceeding of the Royal Society of London B- Biological Sciences 
286: 20191244; DOI: 10.1098/rspb.2019.1244 
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3.2 DSS development and implementation for simultaneous control of late and 
early blights 

 

AU did start to implement a new integrated late blight and early blight simulation 

model, and compiled weather data sets from DK, Sweden and France for use in 

simulations. The model is a scientific version: parameters can be changed via the user 

interface and scenario settings can be stored. The aim is to provide a single 

management tool for both diseases, allowing growers to time their interventions and 

choose them according to local and regional risk.  

The 2019 season in Denmark was extremely favourable to potato late blight, 

with many rainy days (Figure 4).  

 

 
Figure 4: Late blight infection pressure (yellow) and rainfall (blue bars) at Slagerse, Denmark 
in 2019. 

 

This was reflected in both the early blight and late blight risks estimated by the various 

DSS modules tested (Figure 5). 
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Figure 5. DSS outputs for early and late blight risks, 2019, Denmark. 
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AU did not have a budget for field test of alternatives, but was able to attract 

money from the industry for test of alternatives and this activity is considered as an 

integrated part of Organic-PLUS. This allowed to test the efficacy of 11 products (Table 

1) for late blight control in Kuras (late maturing and starch potato cultivar). The 

products/treatments were applied weekly or twice in a week depending on the disease 

pressures as predicted by the Danish Infection pressure model.  

Table 1. Alternative products tested, the dosage applied and their known mode of action. 

Product  
Dose per ha 

kg/L Action  
Untreated     

Kumulus S (Sulphur) 6 
Protect against 

ingression 

Armicarb 85 SP (bicarbonate-
baking powder) 5 

Protect against 
ingression 

Serifel  
(Bacillus amyloliquefaciens) 0.5 Antagonism 

Extract of Equisetum arvense 300  
Extract of Urtica spp. 300  

Lechithin 0.8 Induce resistance 
ChiProPlant  
(Chitosan Hydrochloride) 0.3 Induce resistance 

Compost tea 600  
Resistim 0-7-11 (Potassium 
phosphite) 3  
Serenade ASO (Bacillus 
subtilis) 4  

Fytosol (Chitosan) 4 Induce resistance 
 

AU also tested the efficacy of Serenade (Bacilus subtilis) on the control of early 

blight on the potato cultivar Avarna (Late maturing and starch potato). Serenade was 

applied at rate of 4 l/ha on a weekly interval, starting from row closure (eeekly) or at 

1% disease early blight severity, or according to the TOMCAST or Critical days model. 

The applications were all done on the leaves.  

The disease progress curves of late blight and early blight on Kuras treated 

according to the different products are shown in Figures 6 and 7, respectively. The 

most promising product against late blight was Resistim-0-7-11, which has phosphite 

as its active ingredient. Early blight developed regardless of the spraying interval or 

model, which means that Serenade is not an effective product to control early blight.  
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Figure 7: Efficacy of different alternative products on late blight (Phytophthora infestans) on cv. 
Kuras 
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Figure 8. Disease progress of early blight (Alternaria solani) on Avarna (Late maturing and 
starch potato cultivar) treated with Serenade ASO (Bacilus subtilis) applied a rate of 4 l/ha at 
weekly interval or with the TOMCAST model or with the critical day model.  

   

4. Discussion 
Mathematical modelling offers a means to improve plant disease phenotyping 

by allowing a finer quantification of traits. However, generating data for modelling 

purposes can increase an already substantial experimental cost. In this study, the 

experiment was rather designed based on our knowledge on the timescale of pathogen 

development, and our experimental constraints. While this empirical space-filling 

design allowed us to fit the models, it would be interesting to improve our modelling 

framework by defining optimal experimental strategies that enable the proper 

estimation of life-history traits with the minimal number of lesion-scale data (Cook et 

al., 2008).  

By combining a parsimonious model that describes the key monocyclic periods 

of the sporulating pathogen on a host leaf, with phenotypic data, we were able to (i) 

capture the essential patterns of both lesion size and cumulated spore data, (ii) 

deconvolve pathogen spread and spore emission, (iii) provide estimates of key life-

history traits of the pathogen and (iv) identify the effects of quantitative resistance on 

the monocyclic periods of P. infestans. This model can now be used for applied 
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purposes, such as targeting the timing of defence induction to pathogen and host 

phenotypes.  

The combined DSS for EB and LB gave promising results, although the very 

severe weather conditions made the prediction rather easy. These severe conditions 

did not allow any of the tested alternative products to show efficacy against late blight, 

irrespective of the timing of application. We hypothesise that some of the compounds 

might have an effect on more resistant cultivars in low to moderate favourable blight 

seasons. We will therefore test some scenarios in more resistant cultivars in 2020. 

Based on simulation studies a new and more user- friendly version of the DSS will be 

developed until next growing season when the phase-out scenarios are to be tested in 

field experiments.  
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