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ABSTRACT

Potato late blight remains the most significant disease threat of potato
cultivation globally, often requiring expensive, time-consuming, and
environmentally unfriendly approaches to disease management. The goal
of this research was to evaluate whether an estimation of potato late
blight risk based on environmental factors can be reliably used to adjust
the standard potato late blight management practices and the role of
cultivar resistance under growing conditions and contemporary
Phytophthora infestans populations in the Republic of Ireland. The
modified Irish Rules model made it possible to reduce fungicide usage
by 58.7% on average, compared with current standard practices used by
growers and without adversely compromising disease control and yield,
with similar results achieved by the half-dose program. Host resistance
levels were found to be correlated with a delay in the initiation of the
epidemics, final foliar disease levels, and reduction of fungicide usage.

Disease levels on the highly resistant cultivars remained low, and a clear
selection pattern toward the P. infestans genotypes EU_13_A2 and
EU_6_A1 was observed. An increase in the frequency of strains
belonging to genotypes EU_13_A2 and EU_6_A1 was also observed to
occur in the latter part of the trial growing seasons. Because of the
increasingly dynamic nature of the population structure, associated with
the continued evolution of the P. infestans population and the arrival of
EU_36_A2 in the Republic of Ireland, routine population monitoring is
necessary to ensure that potato late blight control strategies remain
effective.

Keywords: cultivar resistance, disease control, integrated pest
management, pest management, Phytophthora infestans, plant disease
forecasting, potato late blight, reproducibility

Potato late blight (PLB) caused by the oomycete Phytophthora
infestans is one of the world’s most devastating diseases of potato
and tomato crops (Fry 2008). Historically, failure of the potato crop
caused by PLB contributed to food shortages that resulted in dra-
matic changes in the demographics of Ireland in the mid-1800s
(Austin Bourke 1964; Savary et al. 2017). Globally, the cost of con-
trol and associated yield losses are estimated to exceed e1 billion
annually (Haverkort et al. 2008). In Ireland, the annual yield loss
from the disease has been estimated at 8% (Copeland et al. 1993),
with potential yield loss of 10.1 t/ha without fungicide protection
(Dowley et al. 2008).

Cool and moist weather, typical in the northwestern part of
Europe, provides optimum conditions for proliferation of PLB epi-
demics (Austin Bourke 1955; Cooke et al. 2011; Harrison 1995).
The combination of shifts in the pathogen population since the
1980s, reliance on susceptible cultivars, and intensification of pro-
duction makes this disease a high risk to potato production. There-
fore, disease control is supported by prophylactic fungicide
applications throughout the growing season, with treatment intervals

as low as 5 days in high-pressure seasons (Cooke et al. 2011; Kirk
et al. 2001). In addition to fungicide applications, management of
the disease includes the use of healthy seed, appropriate removal of
inoculum such as discarded tubers, frequent scouting of the crops,
and the use of support tools to aid decisions related to the imple-
mentation of these measures.

P. infestans is a heterothallic species generally requiring the pres-
ence of both A1 and A2 mating types for sexual reproduction and
recombination (Fry 2008; Goodwin et al. 1994). Before the late
1970s, global P. infestans populations were dominated by strains
belonging to the A1 mating type, limiting the diversity that existed
in populations. Since then reports of the A2 mating type have
increased (Goodwin and Drenth 1997), facilitating the rise and
spread of new lineages, some of which demonstrate higher fitness
levels (Fry 2016). Currently, simple sequence repeats (SSRs) are
the markers of choice for discrimination between P. infestans clonal
lineages that share the same multilocus genotype (MLG) (a unique
combination of alleles across two or more loci) (Fry 2016). Moni-
toring of P. infestans populations to capture their genotypic varia-
tion is routinely implemented by the USAblight group in the
United States (www.usablight.org) and EuroBlight group (www.
euroblight.net) in Europe and more recently in parts of Asia and
Africa. Despite the low genetic diversity often found in Western
European P. infestans populations, they regularly undergo fre-
quent changes, such as an increase in the combined frequency of
EU_13_A2 (13A2) and EU_6_A1 (6A1) MLG (Cooke et al.
2011) and, more recently, EU_36_A2 (36A2), EU_37_A2, and
EU_41_ A2 MLG (Cooke et al. 2019). Although the Irish popula-
tion is dominated by EU_8_A1 (8A1), 13A2 and 6A1 have been
reported in higher frequencies in recent years, although propor-
tions vary from year to year (Cooke et al. 2014; Kildea et al.
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2010; Stellingwerf et al. 2018). The arrival and establishment of
13A2 and 6A1 MLGs in Ireland was somewhat delayed compared
with the rest of the northwestern Europe, probably because of its
location as an island on the western fringe of Europe. However,
their arrival here has coincided with the foliar resistance ratings of
several cultivars being downgraded from resistant to moderately
resistant or even susceptible (Lees et al. 2012). These lineages
also exhibit higher aggressiveness on susceptible cultivars that
dominate Western European production systems (Mariette et al.
2016), including that of Ireland, where potato production is domi-
nated by susceptible cultivars: Rooster (51.9%), Kerrs’ Pink
(15.1%), British Queen (8.6%), and Golden Wonder (4.0%)
(Anonymous 2011), two of which, Rooster and British Queen, are
included in this study.

Fry (1978) previously reported that combining cultivar resistance
and regular applications of protective fungicides had an additive
effect on controlling foliar PLB infections. For moderately resistant
potato cultivars, reducing fungicide inputs for control of PLB has
also been shown to be an effective control strategy (Bain et al.
2014; Fry 1975; Nærstad et al. 2007; Spits et al. 2007). More
recently, Bain et al. (2014) demonstrated that even in the presence
of aggressive P. infestans populations, reduced rates of protectant
fungicides slowed the progress of epidemics, and cultivars with
moderate levels of resistance performed similarly to resistant culti-
vars. However, P. infestans populations can adapt to locally domi-
nant cultivars, irrespective of their resistance levels, and may render
polygenic, partial resistance nondurable if not properly managed
(Andrivon et al. 2007). Even among the highly clonal P. infestans
population currently present in Ireland, Stellingwerf et al. (2018)
reported that 13A2 was found more often on cultivars with some
level of resistance, indicating the potential for the selection of
strains with higher virulence in local populations through cultivar
deployment. Numerous examples from early PLB breeding efforts
have shown that the deployment of major resistance genes
(R-genes), which previously offered a high level of resistance,
became rapidly ineffective through an increase in the frequency of
the virulent isolates (Fry 2008). For example, in Scotland cultivar
Pentland Dell contained the genes R1, R2, and R3 and was resistant
to the common P. infestans race (Race 4), which led it to become
the third most popular potato cultivar within 3 years of its introduc-
tion. This popularity led to selection of the resistance-breaking bio-
type in the local pathogen population and rapid degradation of
cultivar resistance (Malcolmson 1969). Currently, attention is shift-
ing toward stacking R-genes by conventional resistance breeding or
genetic engineering techniques (Leesutthiphonchai et al. 2018).

A promising environmentally friendly strategy to prevent the
resistance breakdown of potato cultivars under conditions of rapidly
evolving pathogen population is to use disease risk prediction
approaches, combined with pathogen monitoring, to guide more
appropriate and tailored chemical protection and ensuring minimal
chemical usage during periods of high disease pressure (Kessel
et al. 2018). The use of decision support systems (DSSs) to help
guide and reduce the use of fungicides for the control of PLB has
shown promise around the world (Austin Bourke 1959; Fry et al.
1983; Gr€unwald et al. 2002; Hermansen and Amundsen 2003;
Small et al. 2015) and in Ireland (Austin Bourke 1953; Dowley and
Burke 2004). However, because of technical and perceptual con-
straints, the adoption of these systems in routine disease manage-
ment has been perceived as slow (Gent et al. 2010; Raatjes et al.
2004; Shtienberg 2013). In the case of a high-risk disease, such as
PLB, routine prophylactic applications of fungicide appear to be
economically justified in the absence of an accurate disease risk
model (Pethybridge et al. 2009).

Recently, Cucak et al. (2019) undertook an extensive evaluation
of the PLB model used in Ireland, the Irish Rules (IR), with a view
to integrating it into a DSS for growers. The IR (Austin Bourke
1953) is a semiempirical PLB risk prediction model developed in
the 1950s to accommodate the PLB pathosystem, management

practices, and suitability of the operational meteorological network
in Ireland. Despite changes in the PLB pathosystem, limited evalua-
tion of the model (Dowley and Burke 2004), and questions about
its performance (Dowley and Burke 2004; Hansen et al. 2017), the
IR is still used in its original form to support the PLB warning ser-
vice by issuing spray advice, operationally led by the national mete-
orological service, Met �Eireann (Dowley and Burke 2004). A
previous evaluation by Dowley and Burke (2004) reported that
although a significant reduction in fungicide usage was achieved
with the model, the disease control was not satisfactory. More
recently, a theoretical comparison of the currently used PLB risk
prediction models in Europe, implemented within the IPMBlight
2.0 project (Hansen et al. 2017), showed that the IR model pro-
duced the lowest risk accumulations (quantity of estimated risk per
a period of time) of all models evaluated, because of its conserva-
tive set of parameters. Consequently, Cucak et al. (2019) recali-
brated the model and the decision strategy. The following changes
were recommended: reducing the thresholds for relative humidity
and an initial period duration from 90% and 12 h to 88% and 10 h,
respectively; keeping the temperature threshold at 10�C; and adopt-
ing a leaf wetness indicator that incorporates both precipitation
(0.1 mm) and relative humidity (90%). Based on the revised
model, Cucak et al. (2019) demonstrated that although the disease
outbreak can occur after three effective blight hours (EBH; a unit
of risk as estimated by the IR model), the minimum accumulation
can go up to 11 EBH. Although the reduction of the model variable
thresholds inevitably results in an increase in risk estimation, the re-
sults of the simulation analysis showed that, theoretically, the repar-
ameterized model still provides for reductions in fungicide usage
while achieving good predictive ability.

Given the potential production risks associated with failing to
control PLB under Irish growing conditions, a field evaluation of
the revised model and decision strategy was subsequently imple-
mented in order to further evaluate the previous theoretical analysis.
Our aim was to show how subtle adjustments of the standard
grower’s practice, using a reliable, publicly available decision sup-
port tool, are possible under Irish conditions. Our specific goals
were to assess the performance of fixed and environmentally guided
adjustments of the standard grower’s PLB fungicide program in
terms of foliar disease control, the effect on yield, the role of varie-
tal resistance, and possible implications for these changes in prac-
tice on the local P. infestans population. Importantly, we provided
all of the code used in the methods and the analysis of this study as
open source to facilitate and encourage further evaluation and
development of integrated pest management strategies, according to
the principles set in our previous study.

MATERIALS AND METHODS

Frequently used abbreviations are presented in Table 1.
Trial design and agricultural practices. Field trials were con-

ducted at the Teagasc Crops Research Centre at Oak Park, Carlow,
Ireland (latitude: 52.85�, longitude: –6.91�) during the growing sea-
sons 2016 to 2019. Fertilization and nonexperimental pesticide ap-
plications, preemergence herbicide, and insecticides were applied
according to local potato growing practices (Supplementary Table
S1). In each season the preceding crop was spring barley (Hordeum
vulgare), with the potato crop representing the noncereal break crop
in a 5-year rotation. The soil at the Oak Park site is described as
fine loamy drift with limestones, which falls into a typical subgroup
of luvisols (Environmental Protection Agency 2014). The planting
dates were approximately 1 month later than the standard grower’s
practice (late March to early May) (Supplementary Table S1) to
avoid plant senescence toward the end of the season, and PLB was
allowed to develop naturally. Because of an extended dry period
that lasted from mid-May to mid-July 2018, the trial was irrigated
on two occasions (14 June and 28 June) to prevent abiotic impacts
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of drought. The irrigation had no impact on disease development
because the first disease occurrence was not recorded until 20
August of that growing season. The entire trial was desiccated in
late September, and harvesting took place in October of each grow-
ing season. Drills in each plot were mechanically lifted and tubers
were hand-picked from the soil surface. Potatoes were stored in
open storage for ³2 weeks to allow tuber blight symptoms to
develop. Dates of the agronomic operations are presented in Sup-
plementary Table S1.

The trial was designed as a split plot with two factors: a fungi-
cide program randomized to the whole plots and potato cultivars to
subplots, with four replications. The subplot consisted of 20 tubers
of each cultivar per replicate. Factors are described below. The tri-
als were planted into preformed 81-cm-wide ridges, with 31 cm of
planting distance between tubers. Each main plot was made up of
six drills 11.3 m long, with subplots consisting of two drills each
with 10 plants. To facilitate harvesting, 1 m was left unplanted at
the end of each subplot. In addition, the middle two drills of each
plot were planted with PLB-susceptible potato cultivar King
Edward to allow a uniform development of the disease. A 3-m
divider strip was left between the replicates to facilitate fungicide
application and avoid interplot interference. Spraying was carried
out with a conventional sprayer mounted on a utility vehicle with
an independent power source. The spray volume was 200 liters/ha,
and the spray pressure was 3 bars to give a medium/fine spray qual-
ity with antidrift spray nozzle number 4110-20.

Cultivars. Six potato cultivars (Table 2) were included in the
trials and were selected because they represent either those most
widely cultivated in Ireland or those that lie at opposite ends of the
resistance and susceptibility spectrum of cultivars currently avail-
able. The clone T821/11 from the Teagasc potato breeding program
was also included to represent current breeding material with resis-
tance. Certified seed tubers were acquired from commercial sour-
ces, with the exception of T5821/11, which was propagated as part
of the Teagasc potato breeding program.

Disease control. We followed the approach outlined by Madden
and Ellis (1988), that an appropriate validation of a warning system
should include a comparison of a DSS-generated program with a
standard spray program and a no-fungicide control. In this study,
all infections were natural. The application of fungicides com-
menced when the plants were beginning to meet within the drills.
Six PLB control programs based on 7-day intervals were used in
the trials: 1, untreated control; 2 to 3, full and half-label dose of
fungicide program considered a standard grower’s practice (further
referred to as the full and half dose), respectively; and 4 to 6, stan-
dard grower’s fungicide program adjusted based on the highest dis-
ease risk prediction for the 7-day period after a fungicide
application, determined as follows:

� Irish Rules program (IRp): full dose applied if the IR model output
reached the threshold of 12 EBH as per Austin Bourke (1953); other-
wise, treatment was not applied.

� Blight Management program (BMp; included in 2017 to 2019):
adjusted dose applied based on a limited version of Blight Manage-
ment including only model A (for susceptible cultivars) as per Nielsen
et al. (2018) (Supplementary Table S2) without altering our fungicide
program (curative treatments recommended by Blight Management
were not implemented).

� Modified IR program (MIRp included in 2017 to 2019): adjusted dose
applied based on risk predicted by the MIR model as per Cucak et al.
(2019), with doses applied (five categories: no treatment, quarter, half,
three quarters, and the full dose) reflective of respective risk accumu-
lations of EBH: 0 to 3, 4 to 6, 7 to 9, 10 to 12, and >12.

The fungicide programs included in the study were typical of locally
applied Irish programs including the following fungicides applied in
rotation (the active substance, concentration, and the label dosage are
indicated in brackets): Ranman (cyazofamid 400 g/liter, 0.5 liter/ha),
Shirlan (fluazinam 500 g/liter, 0.4 liter/ha), Infinito (fluopicolide 625
g/liter + propamocarb 62.5 g/liter, 1.6 liter/ha), and Revus (mandipro-
pamid 250 g/liter, 0.6 liter/ha). In all cases, the recommended label
dosage was considered the full dosage. See Supplementary Table S3
for further details on dates of application and dosages applied for each
treatment.

An automated service to run the risk prediction models was
implemented in the R programming language (R Core Team 2018).
For each PLB control strategy, the risk was calculated based on
observed and forecasted hourly weather data relevant for the trial
location. The files with observed weather data contain hourly values
for the following variables: mean air temperature (�C) and relative
humidity (%) at 2 m and total hourly precipitation (mm) measured
at the Oak Park synoptic weather station, operated by Met �Eireann.
All trials were within a radius of 500 m from the meteorological
station. The weather forecast data were extracted from the nearest
grid point of the high-resolution forecast atmospheric model, oper-
ationally run by the European Centre for Medium-Range Weather
Forecasts. The high-resolution forecast grid resolution is approxi-
mately 9 km. The weather forecast data consisted of three files
with intervals from 0 to 90, 120, and 240 h lead time with the
corresponding 1-, 3-, and 6-h temporal resolutions, respectively.
Files were merged for the entire 240-h period. Temperature and
relative humidity were temporally scaled to hourly resolution by
spline interpolation via the Forsythe, Malcolm, and Moler method
(Forsythe et al. 1977), and the rain totals were divided by 3 for
3-hourly and 6 for 6-hourly files. Data files were obtained from
Met �Eireann daily at 09:30 UTC; the observed files are then
concatenated with the 240-h weather forecast, starting from the
midnight of the current day. The automated service ingests the
weather data and generates the dosage calculation for the respec-
tive fungicide application on the current day and graphic outputs
of the model calculations for the next 7 days (Supplementary
Fig. S1).

Disease and yield assessments. Disease severity, assessed as
the proportion (%) of diseased crop tissue in each subplot, was esti-
mated visually in accordance with the Agricultural Development
and Advisory Service of the United Kingdom PLB foliage assess-
ment key (Anonymous 1976) every 3 to 7 days. The assessments
were initiated after the disease was first observed in the trial site
and continued until the untreated control plots were completely
necrotic or plants were naturally senescing.

Each subplot was mechanically harvested, with tubers subse-
quently picked by hand. After harvesting, the tubers were stored at
ambient temperature for 3 to 6 weeks. Tubers were then graded; all
tubers between 45 and 85 mm were considered marketable yield.
The weight of harvested tubers per plot (m2) was rescaled to actual
yield, expressed as tonnes per hectare, without adjustment for the
effect of small plot size.

TABLE 1. List of frequently used abbreviations and their full forms

Abbreviation Full form

GLMM Generalized linear mixed model
IPM Integrated pest management
PLB Potato late blight
AUDPC Area under the disease progress curve
rAUDPC Relative area under the disease progress curve
BQ British Queen
KE King Edward
RO Rooster
SE Setanta
CL Clone from Teagasc breeding program
SM Sarpo Mira
IR Irish Rules model
MIR Modified Irish Rules model
IRp Irish Rules program
MIRp Modified Irish Rules program
BMp Blight management program
EBH Effective blight hours
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Pathogen sampling and molecular characterization. Collec-
tion and isolation. We collected pathogens by sampling infected
potato leaflets from each plot, with visible disease symptoms, at the
end of the epidemic in 2016 and at different stages of the epidemic
development during the growing seasons from 2017 to 2019 (see
Supplementary Table S4 for sampling dates and Supplementary
Table S5 for the number of isolates per cultivar and factor per
year). The number of samplings varied per plot and growing season
and was dictated by the stage of epidemics and its rate, as well as
suitability of weather conditions for sampling. The number of
lesions collected per plot was reciprocal to the disease progress,
with a maximum number of four lesions per plot. However, in the
case of a single lesion present in a plot, only a half of that lesion
(and leaflet) was collected to avoid disturbing the progress of epi-
demics. Single P. infestans lesions were identified and pressed onto
Whatmann FTA cards (GE Healthcare), with the exception of
2017, when live cultures were also isolated as follows: Cuttings of
the sporulating lesions were placed on the bottom of Petri dishes,
underneath a lifted pea agar media (160 g of peas per liter and
1.5% wt/vol agar) amended with rifampicin (37.5 mg/liter), ampi-
cillin (10 mg/liter), and nystatin (37.5 mg/liter). Petri dishes were
closed with Parafilm and incubated at 18�C in darkness. When clear
aerial mycelial growth was visible, approximately 5 to 7 days after
isolation, a piece of mycelium was transferred to a fresh pea agar
medium with a sterile scalpel blade and incubated at 18�C. Axenic
isolates of P. infestans were transferred to pea agar for subsequent
DNA extraction and transferred onto the rye agar slopes (Caten and
Jinks 1968) for long-term maintenance at 4�C.
DNA extraction. A single 2-mm disc was punched from the FTA

cards and transferred into 1.5-ml 96-well PCR plates. The disc was
washed three times with 400 ml of the FTA purification reagent
(Whatman Inc., Piscataway, NJ) followed by two rinses with 400 ml
of Tris-EDTA buffer (10 mM Tris and 0.1 mM EDTA). The disks
were dried for 2 h in a laminar flow, after which they were kept at
4�C. PCR amplification was implemented within 4 days.

For the P. infestans isolates, pieces of lyophilized mycelium
were placed in a 2-ml polypropylene vial with glass beads and
homogenized. The tissue was disrupted with a mixer mill (MM400
Retsch). DNA extracted with the MagMAX Plant DNA Kit
(A32580, ThermoFisher, Waltham, MA) on a King-Fisher 96DW
instrument (Thermo Scientific, Waltham, MA) and stored at –20�C.
DNA concentration was measured with a NanoDrop 2000 Spectro-
photometer (Thermo Scientific) and adjusted to 10 ng/ml.
Microsatellite genotyping. The standardized set of 12 microsat-

ellite markers (Pi02, Pi4B, G11, Pi04, Pi63, Pi70, D13, SSR2,
SSR4, SSR6, SSR8, and SSR11) (Knapova et al. 2002; Lees et al.
2006; Li et al. 2010) was used to amplify the SSR regions of P. in-
festans isolates. Amplification of the SSR markers was carried out
as previously described (Li et al. 2013). PCRs were performed with
Qiagen Type-it Microsatellite PCR kit (Qiagen, Hilden, Germany)
in accordance with the manufacturer’s instructions. Primers labeled
with a fluorescent dye (G5 dye set: 6-FAM, NED, VIC; Applied

Biosystems, Bedford, MA) were used. Samples from 2016 were ana-
lyzed with an ABI 3130xl and those from 2017 to 2019 were ana-
lyzed with an ABI 3500XL capillary DNA sequencer according to
the manufacturer’s instructions (Applied Biosystems). SSR allele size
was determined relative to GeneScan 500 LIZ standard, and scoring
was undertaken in GeneMapper version 3.7 (Applied Biosystems).
MLGs were assigned as per allele sizes from Stellingwerf
et al. (2018).

Data analysis. The entire analysis was implemented in R (R
Core Team 2018). The research compendium, containing the entire
data analysis, is archived at https://mladencucak.github.io/
PLBFieldTrial/index.html.
Disease control and yield analysis. The disease observations

were used to calculate the area under the disease progress curve
(AUDPC) (Campbell and Madden 1990), which was then normal-
ized by dividing the AUDPC by the total area of the graph to calcu-
late the relative area under the disease progress curve (rAUDPC)
(Fry 1978) to enable comparison between treatments with different
assessment periods. The rAUDPC was calculated with the R
“agricolae” package (Mendiburu 2014). The values of the response
variable, rAUDPC, are unitless proportions ranging from 0 to 1,
and beta generalized linear mixed models (GLMMs) with a logit
link were fitted in the package “glmmTMB” (Brooks et al. 2017).
GLMMs could be used for data analysis with greater heterogeneity
of disease incidence than would be expected from the random pat-
tern (Madden et al. 2002). Models were fitted to the first year, and
remaining years separately, because of the lack of two levels of
experimental factors (variety and fungicide program) in 2016. The
effects of block and plot were included as a random variable in the
linear model. The fixed-effect components were fungicide program,
cultivar, and the interaction between fungicide program and cultivar
for the first growing season (2016), and for the remaining seasons
(2017 to 2019), the three-way interaction between program, culti-
var, and year was also included. Under the same procedure, a linear
mixed effect model was fitted to the yield data in the package
“lme4” (Bates et al. 2015). The higher-order interactions of models
fitted to disease and yield were significant between fungicide pro-
gram and cultivar in 2016 (Wald x2 [42, n 5 64] 5 60.1, P <
0.001 and Wald x2 [16, n 5 64] 5 23.8, P 5 0.004, for the foliage
disease and yield, respectively) and between year, fungicide pro-
gram, and cultivar in the remaining years (Wald x2 [432, n 5 72] 5
85.7, P 5 0.0014 and Wald x2 [432, n 5 72] 5 160.9, P < 0.001,
for the foliage disease and yield, respectively), and hence all terms
were kept in models for both disease and yield.

Goodness of fit of the models was evaluated for plots of resid-
uals. In addition to plots of residuals, half-normal plots with simula-
tion envelopes were used to assess the goodness of fit of the
models fitted to the yield data, in the package “hnp” (Moral et al.
2017). ANOVA-like tables were calculated via Wald x2 test statis-
tics to test the effects of the fixed factors, via the ANOVA function
from the “car” package (Fox and Weisberg 2018). For multiple
comparisons and post hoc tests, the estimated marginal means,

TABLE 2. Potato cultivars and breeding clones used in the field trials, their foliar and tuber resistance to Phytophthora infestans (scale from 1 to 9, with 9 being
the most resistant), and maturity groups

Cultivar or breeding clone Foliage resistance: fielda Tuber resistance: laboratorya Maturityb

King Edward 3 5 Maincrop
British Queenc 3 4 Second early
Roosterc 3 5 Late
Setanta 6 7 Maincrop
T5821/11 8 8 Late
Sarpo Mira 8 9 Very late
a The foliar and tuber potato late blight (PLB) resistance rating was determined over ³3 years of testing by the Teagasc potato breeding program. Briefly, the
tuber PLB resistance rating was determined by inoculation of healthy tubers with a mixture of P. infestans strains (of different MLGs) shortly after harvest.
Tubers are then incubated at high humidity for 1 day, after which they are allowed to dry, and the disease levels are assessed for 10 days at 15�C. The foliar
resistance levels are determined in close accordance with the European Association for Potato Research guidelines for field evaluation of foliar resistance
(Dowley et al. 2008). Final foliage and tuber resistance ratings were based on a comparison with infection levels in standard cultivars of known resistance.

b Data source: Agriculture and Horticulture Development Board (except for T5821/11, for which the maturity class is estimated by the Teagasc potato breading program).
c Included after 2016.
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standard errors, and confidence intervals were calculated with the
“emmeans” package (Lenth et al. 2019) and compact letter displays
of all pairwise comparisons with the “multcomp” package (Hothorn
et al. 2019). The estimates were combined for both models and pre-
sented on a point chart with error bars.
Analysis of the microsatellite data. The genotyping data and

metadata was collated into a single file and subsequently formatted
as GenAlEx comma-separated files to be imported as a genclone
object. Frequency charts of genotype proportions per cultivar and
fungicide program were created for the two-way contingency tables,
to explore possible selection patterns.
Selection patterns between fungicide program, cultivar, and

year. The Bruvo distance between MLGs was calculated and mini-
mum spanning networks were constructed to visualize the structure
of the population across the studied years in the “Poppr” package
(Kamvar et al. 2014). Clustering of genetically similar individuals
was sought via discriminant analysis of principal components
(DAPC), a multivariate method that uses genetic data to describe the
differences between predefined biological populations (Jombart et al.
2010), in the “Adegenet” package (Jombart et al. 2018). In DAPC,
data are initially transformed via principal component analysis and
subsequently clustered via the k-means clustering algorithm. The
number of clusters (K) was allowed to vary from 5 to 25, and the
optimal K was determined based on the Bayesian informa-
tion criterion.
In-season temporal variation of population structure. To pro-

vide an overview of how the epidemics progressed in relation to the
dynamics of the different P. infestans MLGs, the number and the pro-
portion of samples assigned to specific MLGs for each sampling date
were calculated for the complete collection, from 2017 to 2019 (Sup-
plementary Table S6). Because MLGs relating to 2016 were collected
from a single sampling time point, they were excluded from the analy-
sis. To reduce any potential impact that the more resistant cultivars or
fungicide treatments may have had on the P. infestans population, a
subset of data consisting of samples from plots of susceptible cultivars
(King Edward, British Queen, and Rooster), where the epidemics were
allowed to develop unimpeded (untreated controls and IRp), were also
analyzed. The data are presented via frequency plots.

RESULTS

Climatic conditions and disease progress. Weather condi-
tions conducive to PLB (Fig. 1), and subsequently, disease progress
(Supplementary Fig. S2), varied throughout the years studied. High
disease pressure was present in growing seasons 2016, 2017, and
2019, as evidenced by the high foliar disease levels in plots with
susceptible cultivars (King Edward and British Queen) assigned to
untreated and IRp programs. The weather was not conducive to
PLB in the 2018 growing season, when the highest mean foliar dis-
ease level was 25%. The 2016 and 2017 growing seasons were typ-
ical years in terms of PLB development in Ireland. In 2018, PLB
development was impeded, because of uncharacteristically high
temperatures and a lack of rainfall in June and the first half of July
(Fig. 1). A more severe PLB epidemic prevailed in 2019 because
of blight-conducive weather conditions experienced throughout the
growing season, especially in the latter half of August. The first de-
tections of PLB in the trial site were on 25 July 2016, 3 July 2017,
20 August 2018, and 26 July 2019 (Fig. 1). The onset of epidemics
was in accordance with the 25-year average (Dowley et al. 2008),
with the exception of the extraordinarily dry 2018, when the first
symptoms were observed late in the growing season. In all growing
seasons, the epidemics in the untreated control plots for the highly
resistant potato cultivars, T5821/11 and Sarpo Mira, started late and
developed slowly (Supplementary Fig. S2).

Fungicide applications and dosage reduction. The number
of fungicide applications and the proportion of the total label dos-
age applied varied between DSS-guided fungicide programs, IRp,

BMp, and MIRp (Fig. 2). Over the 4-year period of the experiment,
the average number of fungicide applications was 9.3 for the fixed
7-day programs, with eight applications in 2016, 2018, and 2019 and
12 applications in 2017. The number of applications applied in the
DSS programs ranged from 1 to 9.3. The IRp received an average of
1 application and 9.7% of the total dosage applied in the full-dose pro-
gram. The BMp did not provide any reductions in the number of ap-
plications, and the average total dosage ranged from 43.6% to 87.5%,
with a 3-year average of 79.2%. The MIRp received an average of 8.7
fungicide applications because of a single application reduction in
2017 and 2019 and an average total dosage of 41.3% of the full pro-
gram applied.

Disease control and impact on the yield. Although the higher-
order interactions were present between year, fungicide program,
and cultivar, trends were observed in terms of both levels of foliar
disease and yield. These are as follows: The IRp performed similarly
to the untreated control, with very little difference between other pro-
grams (half-dose, MIRp, BMp, and the standard growers’ practice)
and with the gap between these two groups decreasing and disap-
pearing with higher levels of cultivar resistance or reduced condu-
civeness of weather conditions in the different years (Fig. 3). Foliar
disease levels were highest in the untreated and IRp, and half-dose,
MIRp, and BMp were similar to the standard growers’ practice for
the susceptible and moderately resistant cultivars. The yield levels
followed a similar pattern, except in the low-disease year of 2018,
which was warm and dry, when there was no difference between the
programs. In the other growing seasons, the differences were signifi-
cant only for the susceptible cultivars. No significant differences in
the performance of fungicide programs were identified between the
resistant cultivars T5821/11 and Sarpo Mira in terms of either foliar
disease levels or yield irrespective of fungicide program or year.

Given the impact of year on disease levels, the results were further
examined for each growing season specifically for the susceptible and
moderately resistant varieties. In 2016 a single fungicide application
was recommended by the IRp at the beginning of the epidemics and
provided a significant reduction in foliar disease levels compared with
the untreated control on the susceptible ‘King Edward’ but was insuf-
ficient to increase yield over that of the untreated control. The full-
dose and half-dose programs provided the best foliar disease control
and yield increase on ‘King Edward’. Low levels of foliar blight were
found on moderately resistant ‘Setanta’, but only the full-dose pro-
gram led to an increase in yield. The prolonged epidemic experienced
in 2017 led to higher disease levels than in 2016 (Fig. 3). The IRp
was not significantly different from the untreated control in terms of
either foliar disease control or yield on any cultivar, although two
applications were recommended. All other fungicide programs signifi-
cantly suppressed foliar disease levels and increased yield on the sus-
ceptible and moderately resistant cultivars. Because of late disease
onset and slow development of the epidemic in 2018, the season fin-
ished with low disease levels. The levels of foliar disease observed in
the IRp and untreated control plots did not affect yields, which were
no different from those of the other fungicide programs. Environmen-
tal conditions were favorable for PLB development in 2019 (Fig. 1),
resulting in the highest rAUDPC values, compared with all other
growing seasons (Fig. 3). Foliar disease levels after the IRp were not
significantly different from the untreated control for ‘British Queen’
and ‘King Edward’, but it did perform significantly better on
‘Rooster’ and ‘Setanta’. The IRp did not increase yield above that of
the unsprayed control for any cultivar. All other fungicide programs
suppressed foliar disease and increased yields equivalently on the sus-
ceptible and moderately resistant cultivars.

Population structure and selection patterns between
fungicide program, cultivar, and year. A total of 1,287 single
lesions were successfully genotyped and used to characterize the
response of the local population to proposed fungicide programs
and potato cultivars during the period 2016 to 2019. The population
at Oak Park remained simple, and all samples were associated with
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previously identified MLGs 8A1, 6A1, and 13A2, with the excep-
tion of a single sample from 2019, associated with 36A2 MLG
(Supplementary Fig. S3). Because of the low frequency of 36A2,
this isolate was not included in further analysis.

With the exception of the resistant cultivar Sarpo Mira, collec-
tions of 70 to 750 P. infestans samples were isolated from the dif-
ferent cultivars over the course of the study (Fig. 4). Low disease
levels on ‘Sarpo Mira’ and difficulties isolating often atypical

lesions led to small collections of 25 samples. 13A2 was found at
greater frequencies on cultivars with high foliar resistance levels.
Conversely, 8A1 was found more frequently on the susceptible cul-
tivars and in similar frequencies, 67.3, 64.9, and 66.2%, on ‘King
Edward’, ‘British Queen’, and ‘Rooster’, respectively.

The corresponding DAPC analysis of the data confirmed the dif-
ferentiation indicated by the frequency distributions of the MLGs
per cultivar. Clear overlaps between clusters of MLG from the

Fig. 1. Daily weather conditions (average temperature and relative humidity, total rain, 10-day rolling mean minimum temperature), disease outbreak and the
last assessment periods, and conducive days for the disease outbreak (“+” in the figure), over the course of the study, 2016 through 2019. Days were consid-
ered conducive if a minimum of conditions for blight development were recorded (minimum daily temperature ³10�C, average daily relative humidity ³80%,
and total daily precipitation ³0.2 mm/day).
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different cultivars were identified, and there was a greater separa-
tion between those with moderate to high levels of resistance than
those of the susceptible cultivars, which were indistinguishable
from one another (Fig. 4). Both the frequency charts and the corre-
sponding DAPC analyses for fungicide treatments suggest limited
if any impacts of the different fungicide programs on the population
structure. Frequencies of the MLGs varied over the years of the
study, with the most obvious difference observed during the dry
and warm 2018, when 90.3% of samples belonged to the 8A1
genotype. DAPC indicated slight differences between the structure
of annual populations in 2016 to 2018, after which the population
from 2019 remained in the same cluster as the one from 2018.

In-season temporal variation of P. infestans population
structure. There were a total of 13 sampling dates overall: seven
in 2017, four in 2018, and two in 2019. An apparent temporal shift
of P. infestans population was observed in each of the three sea-
sons, with the frequencies of the older MLG 8A1 being reduced in
favor of strains belonging to the 6A1 and 13A2 MLG as the epi-
demics progressed (Fig. 5). In the final sampling in 2017 and 2019,
87.2 and 80% of all samples and 92.3 and 64% of the subset col-
lection belonged to 6A1 and 13A2 MLGs, respectively. This shift
in pathogen population was less expressed in 2018, when frequen-
cies of 6A1 and 13A2 remained low, 11.5 and 17.2% for full and
subset collections, respectively. However, the population structure
in 2017 and 2019 was similar to the population structure in 2018,
when disease levels were at a comparable level (approximately
25% in control plots with susceptible cultivars) (Fig. 5).

DISCUSSION

Potato production is completely reliant on the prophylactic use of
fungicides because of the high potential risks of crop loss associated
with PLB outbreaks. However, potato producers are faced with
increased regulations specifically around reducing these fungicide
inputs used to control the disease. These regulations were largely

through legislative demands, namely European Community Direc-
tive 128/2009 on the Sustainable Use of Pesticides (European Com-
mission 2009), but they are also driven by market demand. The
goal of this study was to evaluate whether subtle modifications to
standard grower’s PLB management practices with environmental
risk estimations can lead to reduced usage of chemicals, in terms of
both total dosage and number of applications, while providing equal
levels of PLB control under Irish conditions. Field performance of
the recently modified IR model (Cucak et al. 2019), the currently
used IR model (Austin Bourke 1953), and the limited version of
Blight Management (Nielsen et al. 2018) was evaluated on cultivars
with different levels of PLB resistance, and the response in the
structure of P. infestans population was monitored.

Although all three forecasting schemes provided a significant reduc-
tion in fungicide usage compared with the full-label standard grower’s
program, only the BMp and the MIRp did so without sacrificing dis-
ease control. Overall, the two best-performing programs were MIRp
and half-dose, with MIRp requiring slightly lower inputs than the half-
dose program. Most importantly for Irish potato cultivation, the IRp
was demonstrated to provide unacceptable levels of disease control on
cultivars with low and medium levels of blight resistance. Such culti-
vars constitute the majority of the Irish potato production. However,
levels of foliar disease control achieved by both the BMp and the
MIRp were not different from those of the half-dose or full-dose fungi-
cide programs. The higher mean fungicide usage required by the BMp
of 79.2%, compared with the other DSS-based programs, may in part
be caused by a limited implementation of the Blight Management
DSS. The limitations were as follows: Only model A (for susceptible
cultivars) was used because of our experimental design constraints,
later planting dates caused dosage correction to be based mostly on
the high infection pressure tiers of the model dosage correction, and
the predefined fungicide program was not altered to accommodate the
curative treatments recommended by the system.

No differences in disease control or yield were achieved across
fungicide programs among the resistant cultivars included in our

Fig. 2. Proportion of the total label dosage and the number of fungicide applications per year by the fixed and varying dose programs. Graphs marked with
the year on top represent summaries for individual years, and the last graph represents the overall averages and variance per program. In the graphs for the
individual years, bar height represents the proportion of the dosage applied per model compared with the total dosage (number of applications × 100%), and
the numbers above the 100% line represent the total number of applications recommended by the model in each year. The overall summary (graph on the far
right) includes years 2017 to 2019 because of the missing fungicide programs (BMp and MIRp) in 2016, where the height of the bar represents the mean dos-
age reduction, the error bars represent the standard deviation, and the number above the bar is the mean number of applications during the year.
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trials, demonstrating the value of cultivar resistance in controlling
PLB. Disease levels remained low across the growing seasons on
the two most resistant cultivars, ‘T5821/11’ and ‘Sarpo Mira’, with
epidemic onset only late in the season. These epidemics were prob-
ably initiated because of maturity-induced reduction of polygenetic
resistance (Fry and Apple 1986), high disease pressure, and inflow

of the strains belonging to more aggressive MLGs. All three forecast-
ing schemes indicated such periods of high disease pressure in
August 2019 and recommended a full-dose fungicide application,
reducing chances of the disease outbreak on resistant cultivars and
depletion of cultivar resistance. Although the half-dose program pro-
vided similar disease control to the full-dose and DSS adjusted-dose

Fig. 3. Estimated marginal means and 95% confidence intervals of the three-way interactions between year, cultivar, and fungicide program for models fitted
to A, the disease and B, the yield data. Observed values are presented as dots. The color coding is according to the fungicide program. For both the disease
and yield data, separate models were fitted, one to the 2016 dataset, because of the lack of two fungicide programs and cultivars, and the second one to 2017
to 2019 dataset. Cultivars are presented as discrete values on the x-axis with increasing levels of resistance from (left to right): ‘King Edward’ (KE), ‘British
Queen’ (BQ), ‘Rooster’ (RO), ‘Setanta’ (SE), the clone from Teagasc breeding program T5821/11 (CL), and ‘Sarpo Mira’ (SM).
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programs, with the exception of IRp, we advise that the fungicide
dosage should be adjusted according to the estimated disease risk for
two reasons. First, although the MIRp had only slightly lower appli-
cation frequencies and doses applied when compared with the half-
rate program, it is feasible that in extremely dry seasons further

reductions can be achieved in the confidence that it will not adversely
increase the risk of the loss of control. Second, as Carolan et al.
(2017) demonstrated, the use of fungicides for late blight control is a
key tool in reducing the rate of epidemic growth and ultimately pro-
tection of cultivar resistance from the highly adaptive potential of P.

Fig. 4. Relative frequencies (bar charts on the left) and discriminant analysis of principal components (DAPC) (right) of Phytophthora infestans populations
sampled at the field trial at Oak Park, 2016 to 2019. Samples were pooled per cultivar (top row), fungicide program (middle row), and year (bottom row), dis-
regarding the sampling date. Cultivars are presented as discrete values on the x-axis with increasing levels of resistance from (left to right) (upper left chart)
and labels (upper right DAPC scatterplot): ‘King Edward’ (KE), ‘British Queen’ (BQ), ‘Rooster’ (RO), ‘Setanta’ (SE), the clone from Teagasc breeding pro-
gram T5821/11 (CL), and ‘Sarpo Mira’ (SM). Programs are presented as discrete values on the x-axis: Untreated control (0), half dose (50), full dose (100),
Irish Rules (IR), Blight Management (BM), and Modified Irish Rules (MIR).
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infestans. However, fungicides themselves are equally at risk from
resistance development in P. infestans populations, and to delay the
selection for fungicide resistance, they should be used only when
necessary and at dosages reflective of the protection needed (van den
Bosch et al. 2011). The flexibility in dosage and application fre-
quency provided through accurate forecasting ensures that the rate of
epidemic growth is kept to a minimum, but equally the dosages
applied reflect the protection needed. This was evident in the pre-
sented trials, with the overall total dosage and frequency of fungi-
cides applied in the MIRp (41.3% of full dose and a mean
application frequency of 8.7) slightly lower than those of the half-
dose program (50% of full dose and mean application frequency of
9.3), but with instances where the full dosage was needed in specific
applications because risk was deemed extremely high.

Our results related to the P. infestans population structure are in
agreement with previous reports from the Republic of Ireland
(Kildea et al. 2010; Stellingwerf et al. 2018). SSR analysis of sam-
ples collected in our trials indicated that the genetic composition of
the P. infestans population at Oak Park, and probably its immediate
surroundings, remains simple, with only three major MLGs (13A2,
6A1, and 8A1) dominating in all years. Curiously, although the
older MLG 8A1 has been displaced by strains with higher levels
of aggressiveness throughout northwestern Europe (e.g., 13A2,
6A1 [Cooke et al. 2012; Mariette et al. 2016] and more recently
36A2, EU_37_A2, and EU_41_A2 [Cooke et al. 2019]), 8A1 was
detected at high frequencies in our field trials. Although the most
dominant European MLGs of P. infestans do arrive in Ireland, their
emergence and establishment seem to be delayed. A possible reason
for such delay could be the geographic barrier that restricts the
inflow of viable inoculum from Great Britain or continental Europe.

For example, the arrival of 36A2 MLG in Ireland was first confirmed
in our study, with a single sample identified in the 2019 collection,
although it was present in Europe from 2014 (Cooke et al. 2019).

The observed selection patterns on local P. infestans populations
related to cultivars with higher PLB resistance levels are in agree-
ment with those from Stellingwerf et al. (2018), indicating that
more resistant cultivars are selecting newer genotypes, 13A2 and
6A1. This is especially pronounced in the case of highly resistant
cultivar Sarpo Mira, which contains multiple R genes and one
quantitative trait locus (Rietman et al. 2012). Although Irish potato
production is reliant on susceptible cultivars, hobby and organic
growers rely mostly on resistant cultivars, with ‘Sarpo Mira’ being
one of the popular choices. Because of the low fungicide input
approach among these groups, disease levels are often high, poten-
tially leading to selection of more virulent strains and increase in
their frequency in local populations (Fry 2008). Therefore, the pre-
viously described periods of high risk indicated by models should
be used to guide the limited fungicide protection by these groups.
However, Stellingwerf et al. (2018) did report selection patterns
between the susceptible cultivars Desiree and King Edward. How-
ever, contrary to their findings, we did not observe any such pattern
between the three susceptible cultivars included in our trials: ‘King
Edward’, ‘British Queen’, and Rooster, of which the last two con-
stitute more than two thirds of the conventional Irish potato produc-
tion (Anonymous 2011). No selection pattern was observed
between the samples collected across the different fungicide pro-
grams. Stellingwerf et al. (2018) also found no impacts of fungicide
treatment on local P. infestans composed of similar MLGs,
although their programs were fungicide specific, unlike those
included in present study.

Fig. 5. In-season temporal variation of Phytophthora infestans population structure and the potato late blight disease progress 2017 to 2019 in the field trial at
Oak Park. Bars represent the proportion of samples belonging to specific clonal maximum locus genotypes (MLGs) per sampling. Horizontal rows of facets
represent MLG frequencies in the entire collection (top row) and the subset samples collected from plots with unimpeded disease development (bottom row).
The number of samples per sampling date is presented below each bar. Lines represent the mean disease progress in control plots. KE, ‘King Edward’; BQ,
‘British Queen’; RO, ‘Rooster’; SE, ‘Setanta’; CL, the clone from Teagasc breeding program T5821/11; SM, ‘Sarpo Mira’.
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The natural infections and sequential sampling in our trials
allowed us to gain some insight into P. infestans seasonal popula-
tion dynamics under Irish conditions. Although the epidemics were
initiated by the 8A1 MLG, frequencies of strains belonging to 6A1
and 13A2 MLGs increased during the potato growing season, with
the rate of change depending on the rate of disease progression or
cultivar resistance. However, these results should be interpreted
with caution because of limitations in terms of the number of sam-
ples and sampling dates during the three growing seasons. Such
findings may be explained by trade-offs between pathogenicity
(within-season fitness) and survival (between-season fitness) shap-
ing the invasive potential of lineages (Andrivon et al. 2013). Higher
aggressiveness (e.g., short latency period, high spore production,
high lesion growth rate) could provide a comparative advantage
during epidemics (Montarry et al. 2007) but may reduce asexual
transmission between seasons (Andrivon et al. 2007). Additional
studies in controlled environments investigating phenotypic traits
between the different MGLs identified in current study are needed
to verify the trends observed in the populations in these trials.
Although current DSSs, including MIR, are optimized to a simple
generic model of P. infestans biology (Leesutthiphonchai et al.
2018), further understanding of P. infestans interseason and intra-
season population dynamics and assessment of phenotypic traits of
dominant MLGs could lead to increases in their complexity, accu-
racy, and reliability. However, such improvements would necessi-
tate an increase in the model complexity, which could cause
challenges in operational application, such as reliance on forecasted
weather data. However, our results indicate that the outputs of mod-
els based on weather forecast with high spatiotemporal resolution
can produce a reliable risk prediction for £7 days. This limitation
could be explained by the simplicity of the models used in our
study, which do not require precise predictions beyond the develop-
mental thresholds set within the models used, but it illustrates the
need to develop and test the more complex models.

Decision support tools in crop protection are merely the reflec-
tion of current knowledge of the pathosystem. Models of natural
systems are fluid, like the systems they are interpreting, and in need
of constant validation and revision to capture the changes in these
systems, whether they are related to the host, pathogen, environ-
ment, or agronomic practices. For example, the occurrence of the
new P. infestans MLGs in Ireland might affect the accuracy of the
MIR model in the future; consequently, there is a need for constant
evaluation of models used. Many DSSs have not stood the test of
time because of a lack of sustainable solutions to extend their life-
span beyond the duration of the project they were developed in
(Shtienberg 2013). To enable validation and possible recalibration
of the model in the Republic of Ireland and elsewhere, this analysis
and the model recalibration based on historical data (Cucak et al.
2019) presented here are highly reproducible, implemented via a
single open-access computing platform, the R language. Such re-
sources are lacking in the field of plant pathology (Kamoun et al.
2019) and are important for a new plant pathologist entering the
field, as well as for the experienced ones.
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