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The full life cycle of Leptosphaeria maculans completed on inoculated oilseed rape incubated under
controlled conditions

L. Bousset, M. Ermel, L. Lebreton
INRA, UMR1349 IGEPP, Le Rheu F-35653, France

Abstract

Because epidemics of successive cropping seasons are not independent, epidemiological studies need to
encompass the processes occurring during the transmission of epidemics from one season to the next. With
Leptosphaeria maculans, infected stubble allows carry-over of the fungus. Generation experiments using
recurrent selection on field plots are a useful means of comparing the effects of selection pressures. However,
the full life cycle of the fungus, from plant infection to the next generation of ascospores, has not yet been
achieved under controlled conditions. Studies were undertaken to achieve an experimental set-up with sexual
reproduction under controlled conditions. Cankered oilseed rape stems were produced under controlled
conditions, after inoculation with a mixture of 12 isolates across both mating types. Stems were cut
longitudinally and attached to styropore plates. Stem halves were incubated outside or in climate chambers
regularly soaked in tap water to ensure maturation. Incubation was stopped when mature pseudothecia were
observed. In all three independent experiments, more stem halves had pseudothecia when incubated under
controlled conditions (30-100%) than incubated outside (0—80%). To the authors’ knowledge, this is the first
study achieving the full life cycle of the fungus under controlled conditions, from infection of the plant to
mature pseudothecia. This opens up the prospect of running experiments year-round to better understand
inoculum production, to compare fungal fitness, or to run generation experiments with exotic pathogen
populations.
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Introduction

In agro-ecosystems, human actions result in alternate continuities and discontinuities over time and space, for
example for the presence versus absence of host crops, and this induces cyclic epidemics (Bousset & Chévre,
2013). Thus, the adaptation of pathogen populations to host resistances has to be studied at the scale of a
network of fields on which the selection pressures are not homogeneous, over a succession of cropping seasons
(Bousset & Chévre, 2013). Because epidemics of successive cropping seasons are not independent,
epidemiological studies need to encompass the processes occurring during the transmission of epidemics from
one season to the next. Phoma stem canker of oilseed rape is one of the few pathosystems for which such data
are becoming available.

Leptosphaeria maculans is one of the causes of stem canker (Shoemaker & Brun, 2001). In Europe,
phoma stem canker is considered a monocyclic disease (West et al., 2001). Epidemics are initiated in autumn,
leaf spots are observed from autumn to early spring and stem cankers develop from spring to summer, up to
the time of harvest. Unlike the situation in Canada and Australia (Barbetti, 1976; Hall et al., 1996), secondary
cycles of infection by means of conidia produced on leaf spots have not been documented in Europe. Cankers
develop due to the systemic growth of fungal hyphae from leaf spots to the leaf petiole through xylem vessels,
and subsequently to the stem base (Hammond et al., 1985; Travadon et al., 2009). The fungus can survive as
hyphae in crop stubble, forming two kinds of fruiting bodies: pycnidia and pseudothecia. Pseudothecia can
only be formed by sexual reproduction if isolates of opposite mating types co-occur in the same oilseed rape
stem. Spores produced in asexual pycnidia and pseudothecia are, respectively, conidia (pycnidiospores)
passively rain splashed short distances, and ascospores actively ejected and wind dispersed (Marcroft et al.,
2004; Savage et al., 2013; Bousset et al., 2015). The dispersal kernel of L. maculans ascospores from stubble
left after harvest in the summer prior to newly sown oilseed rape fields was estimated using phoma stem
canker autumn disease severity (Bousset et al., 2015). Infected stubble ensures the carry-over of the fungus
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from one season to the next (Marcroft et al., 2004; L6-Pelzer et al., 2009; L. Bousset unpublished results),
and serves as the main source of inoculum.

Disease control relies on the use of resistance genes in varieties. However, when resistance genes have
been deployed in oilseed rape varieties, phoma stem canker populations have repeatedly become adapted over
a few years. Documented examples are adaptation to the genes RIm1 in Europe and Australia (Rouxel et al.,
2001; Van de Wouw et al., 2017), RIm1 and LepR1 in Australia (Van de Wouw et al., 2017), RIm7 in Europe
(Winter & Koopmann, 2016) and RIm3 in Canada (Zhang et al., 2016). Modelling studies aim to understand
adaptation of fungal populations depending on the deployment of host varieties (L6-Pelzer et al., 2010). The
yearly occurrence of sexual reproduction contributes to the adaptive potential of the fungus (McDonald &
Linde, 2002). Indeed, at each sexual generation, repeat-induced point (RIP) mutations promote the appearance
of new alleles with the loss of avirulence genes (Rouxel et al., 2011). Thus, further studies including sexual
reproduction are required to understand adaptation dynamics, for example to identify how the fungus can
combine avirulence genes under contrasting selection pressures.

Generation experiments using recurrent selection on field plots are a useful means of comparing the
effects of selection pressures on phoma stem canker populations (Brun et al., 2010; Delourme et al., 2014).
Over a succession of cropping seasons, when harvested stubble is matured outside over summer and then used
to inoculate field plots, fungal population dynamics during the adaptation to host resistance with contrasting
selection pressures can be studied. This protocol has recently been extended to the combination of stubble
sources and variation in the amount of inoculum used (Bousset et al., 2018). However, the use of field plots
for generation experiments is restricted to local populations. Because phoma stem canker populations are
diversified worldwide, with contrasting histories regarding the use of plant resistance genes and subsequent
adaptation of pathogen populations, achieving the capacity to run generation experiments under controlled
conditions would greatly expand the ability to study and understand adaptation dynamics. Specifically, when
resistance genes are still locally efficient but exotic populations already adapted exist elsewhere, one cannot
perform field experiments, but could work in confined environments.

The aim of this study was to create an experimental set-up for achieving a full life cycle of L. maculans
under controlled conditions. Generation experiments under controlled conditions (Fisher & Lang, 2016) are
common for fungi with asexual generations, e.g. for cereal rusts (Kolmer, 1993) or powdery mildews (Bousset
& Pons-Kihnemann, 2003). However, because of the major impact of sexual reproduction on the appearance
of new alleles, generation experiments with phoma stem canker should include sexual reproduction.
Leptosphaeria maculans has been successfully crossed on artificial media for species identification
(Shoemaker & Brun, 2001), genetics of the interaction and production of ascospores (Huang et al., 2003). On
stubble collected from fields, the incubation process started outside has been completed under controlled
conditions, enabling studies on the effect of climate on maturation (Huang et al., 2003; Toscano-Underwood
et al., 2003; Naseri et al., 2009). In addition, infection, the systemic pathway and cankers can be obtained
under controlled conditions (Huang et al., 2009; Travadon et al., 2009). However, achieving the full life cycle
of the fungus, from plant infection to sexual reproduction of the next generation of ascospores, has not yet
been achieved under climate-controlled conditions.

Materials and methods

Fungus

Twelve isolates of L. maculans from the study of Gout et al. (2006) were used. These were single-pycnidia
isolates obtained from leaf lesions collected from three oilseed rape fields in France as soon as the first leaf
lesions were observed in Le Rheu (western France), Oucques (central France), and Grignon (near Paris) in
autumn 2000 (Table 1). Although the current study does not take advantage of it, the main criterion for
choosing the isolates was to have distinct minisatellite alleles at two loci, making it possible to identify the
presence of each of them even when co-occurring in the same stem (authors’ unpublished data). The second
criterion was to allow for sexual crosses between the isolates, thus having the two mating types represented.
As the choice was limited by the minisatellite alleles, a 50:50 ratio could not be achieved, and of the 12, three
had the MAT1-2 and nine had the MAT1-1 mating type alleles (Cozijnsen & Howlett, 2003). Inoculum,
consisting of suspensions of 107 pycnidiospores per mL, was obtained as described by De March et al. (1986)
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for each isolate. The 12 inocula were then combined in equal amounts, for a final concentration of 8.33 x 10°
pycnidiospores of each isolate per mL.

Table 1. Origin and mating type allele of the 12 Leptosphaeria maculans isolates used in this study

Isolate Qrigin Mating type
1 Grignon MAT1-1
2 Grignon MAT1-1
3 Grignon MAT1-1
4 Grignon MAT1-2
5 Le Rheu MAT1-2
6 Le Rheu MAT1-1
7 QOucques MAT1-1
8 Qucques MAT1-1
9 QOucques MAT1-1
10 Qucques MAT1-1
11 QOucques MAT1-1
12 Qucques MAT1-2

Isolates were sampled in autumn 2000 in Grignon (near Paris), Le Rheu (western France) and Oucques (central France) in
a study by Gout et al. (2006).

Plants, inoculation and disease assessment

Three replicate experiments were carried out, with inoculated plants prepared just before the start of the
incubation in summer, autumn and winter 2014 for Experiments 1-3, respectively (Table 2). After
pregermination on wet filter paper, seeds of the susceptible oilseed rape cultivar Bristol were transplanted in
9 x 9 cm pots with a 1:1:1 mix of sand, peat and compost and grown under a 16 h photoperiod for 20-23 days.
Growth chamber temperatures were 18 °C night/20 °C day for Experiments 1 and 2, and 15 °C night/18 °C
day for Experiment 3.

Table 2. Timetables for the three independent experiments performed, and results for the nine sets of stem
halves

Experiment Exp. 1 Exp. 2 Exp. 3
Timetable
Sowing 2014-03-18 2014-09-23 2014-11-24
Inoculation 2014-04-10 2014-10-13 2014-12-15
Canker assessment 2014-05-27 2014-11-24 2015-01-27
End of incubation 2014-10-16 2015-04-03 2015-07-27
Fruiting bodies on each set of stems  Out SCa SCh Out SC CC QOut SC CC
Inoculated stem halves
Number 24 48 48 10 43 43 10 49 49
Mean canker length (SE) 31.2(35) 24.1(1.9) 24.1(1.9) 194 (46) 285(1.6) 284(1.7) 26.8(37) 236(20) 24.2(20)
No. with pseudothecia 9 48 45 0 18 25 8 40 46
Proportion with pseudothecia 0.39 1.00 0.96 0.00 0.42 0.58 0.80 0.82 0.94
Mock-inoculated stem halves
No. stem halves 4 6 6 4 5 5 4 5 5
Mean canker length 0 0 0 0 0 0 0 0 0
No. with pseudothecia 0 0 0 0 0 0 0 0 0

Incubations were performed outside (Out) or inside with temperature semicontrolled (SC, SCa, SChb) or fully regulated
(CC). Number of stem halves (Number), mean canker length (in mm) at the start of incubation with standard errors of the
means (SE), numbers and proportions of stem halves with pseudothecia at final inspection are indicated for each set. SCa
and SCb are two sets of stems in the same room.

The petiole of the second leaf was cut off 0.5 cm from the stem and a 10 pL drop of a pycnidiospore suspension
(107 pycnidiospores per mL) was deposited on the wound of 60, 48 and 54 plants in Experiments 1-3,
respectively. Plants treated with distilled water instead of spore suspension served as controls, with 8, 7 and 7
plants in Experiments 1-3, respectively. A plastic cover was placed over the inoculated plants to create a
100% relative humidity (RH) atmosphere for 48 h, in the dark for the first 24 h. Forty-two days after
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inoculation, stems were cut longitudinally. Disease severity was assessed as the length of internal canker on
each half of the stem (Fig. 1).

Figure 1 Illustrations of the inoculation process. (a) Plant with external canker before scoring. (b) Stems cut
longitudinally for canker length assessment, then pinned to styropore plates along their entire length for
controlled conditions (top) or only at the edges for outside incubation (bottom). (c) Styropore plates floating
on water during soaking. (d) Stem halves after incubation under controlled conditions. (e) Stem halves after
incubation outside on soil. (f, g, h) Close-ups of pseudothecia after incubation. Pictures were taken in colour
and then converted to black and white, with sharpness brightness and contrast increased by 20%.

Stem fragment incubation

The three experiments were performed at three different times of year to obtain different incubation conditions
on the cankered stems, and under three incubation set-ups: outside (Out), in a semicontrolled room (SC), or
in a fully controlled growth chamber (CC; Table 2). Within each of the three experiments, the two halves of a
given stem were always attributed to different incubation sets within the experiment. This made an overall
total of nine sets of half-stems, with always one outside (Out) and two inside for a total of 120 (16), 96 (14)
and 108 (14) inoculated (control) half-stems in Experiments 1, 2 and 3, respectively (Table 2). Experiment 1
had two sets in semicontrolled conditions (SCa and SCb), whereas Experiments 2 and 3 had one set in
semicontrolled conditions (SC) and one set in controlled conditions (CC).

Outside incubation was located at INRA Le Rheu (48.1° N, 1.5° W), in Brittany, France. Stem halves
were placed in trays on a 1:1:1 mix of sand, peat and compost, with the outer side of the stem touching the
soil. Moisture and temperature depended on the local climate and natural rain only. In this area, winter oilseed
rape is generally sown in late August—September and harvested the following July. Experiment 2 therefore
corresponded to the period when stubble in farmers’ fields is maturating.
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Inside incubation was performed either under controlled (CC) or semicontrolled (SC) conditions. Controlled
conditions were in a fully regulated growth chamber with a 16 h photoperiod and temperatures of 18 °C
night/20 °C day. Semicontrolled conditions were in a room where the temperature was set at 20 °C day, but
varied depending on the outside temperature, with heating ensured by the 16 h photoperiod neon light. In both
cases, neon tubes were OSRAM L36W/865 Lumilux Cool Daylight. Stem halves were attached to styropore
plates using pins, the outer side of the half-stem touching the plate (Fig. 1b). From then on, the half-stems
always remained within their given CC or SC environment, undergoing alternate wet (soaking) and dry
periods. Plates were laid in trays with stems facing up (therefore receiving light) most of the time. Twice per
week, tap water (i.e. drinking water including chloride; values published by the local water agency were
0.7 mg L' Clz in a sample of 17 November 2014) was poured in the tray and plates were flipped, floating on
the water with stems immersed (Fig. 1b). Soaking duration was recorded and cumulative wetting time was
computed over the experiment (Fig. 2). At the end of the soaking period, water was poured out and the
styropore plates were flipped again, with stems facing upwards, and slowly dried out over the following days.

Figure 2 Temperatures (a, b) and rain (c) or soaking (d) duration for the incubation either outside (a, c) or
under controlled conditions (b, d) for the three independent experiments. Inside, temperature was either
semicontrolled (SC) or fully regulated (CC). Daily mean temperatures (°C), daily rainfall outside (hours) or
daily soaking time under controlled conditions (hours) were cumulated over the duration of the experiments.

(a) Temperatures outside (b) Temperatures inside
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Assessment of fruiting bodies

Rapid visual inspection was made every fortnight outside, and after each soaking event inside, surveying the
presence of small fruiting bodies (pycnidia) and later on, of larger fruiting bodies (pseudothecia). When large
fruiting bodies were detected, some of the stem halves were observed under the magnifying binocular lenses
to confirm the presence of the typical ostiole. If confirmed, the contents of some of the largest fruiting bodies
were observed under the microscope. Incubation was stopped simultaneously for all stem halves of the
experiment when fruiting bodies containing typical L. maculans asci with differentiated ascospores were
observed (Table 2). Styropores plates were dried and stored at room temperature until the final inspection.
The final inspection of pseudothecia incidence was made on 24 July 2015, after incubation was completed for
the three experiments. All the styropore plates were soaked for a few minutes before inspection. The presence
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of fruiting bodies was recorded after inspection under the magnifying binocular lenses. For each of the stem
halves, two to four of the largest fruiting bodies were transferred onto a drop of water and crushed for
observation under the microscope. The stem half was classified in one of two categories, either without or
with pseudothecia. The first category encompassed half-stems with either no fruiting bodies, only pycnidia
(fruiting bodies containing numerous small conidia) or with a content not corresponding to L. maculans (shape
of the asci or shape of the spores). The second category encompassed half-stems bearing either large fruiting
bodies with typical ostioles and differentiated pseudoparaphysoid tissue (immature pseudothecia) or fruiting
bodies with typical differentiated asci, all the way to differentiated ascospores.

Climatic data
The climate in the area is oceanic, and meteorological data were obtained from the INRA CLIMATIK
database, for Le Rheu weather station. For the outside incubation, the amount of rain (mm) on an hourly basis
was used to sum up the number of hours with rain for each day, and then to calculate cumulative hours with
rain over the course of each experiment. For the inside incubation, cumulative hours of soaking over the course
of each experiment were calculated using the recorded starting/ending times of each soaking event.
Cumulative temperatures over the course of each experiment were calculated using mean daily
temperature from the CLIMATIK database for the outside incubation (Out), and daily mean of hourly
temperatures recorded with an OCEASOFT button in the controlled condition (CC) fully regulated growth
chamber. For the semicontrolled (SC) room, hourly temperature records were available for three periods
(2014-06-01 to 2014-08-08; 2015-01-17 to 2015-04-10; 2015-05-22 to 2015-07-31). For the remaining time,
records were lost due to a device defect, and the inside temperature was reconstructed from the available
outside data. Because the room was only semicontrolled, the inside temperature depended on the setting (set
at 20 °C day) but as the room was poorly isolated, the achieved temperature was lower than the setting when
the outside temperature was below this. The higher the outside temperature, the smaller the difference between
inside and outside temperatures. Significance of the correlation was tested assuming a linear model with the
inside temperature dependent on the outside temperature and the normal versus cold periods. Correlation was
highly significant (adjusted R? = 0.97, F = 2014 on 3 and 149 d.f., P < 2.2 e '%). As all outside temperature
data was available and the correlation was highly significant, the estimated parameters of the linear correlation
were used to compute the reconstructed inside temperature data from the available outside data.

Statistical analysis

Statistical analyses were performed using R software (R Core Team, 2013). The length of internal cankers
from the nine sets of stems were compared using a linear model [LM; function Im, package Ime4 (Bates,
2010)]. Pairwise comparisons of least squares means (Ismeans) were performed using the function Ismeans
(package Ismeans; Lenth, 2016) and the false discovery rate correction (FDR) for P-values (Benjamini &
Hochberg, 1995).

At the end of the incubation period, the proportion of stems with versus without pseudothecia were
compared using Fisher's exact test. Due to multiple pairwise comparisons, P-values were converted into false
discovery rate (FDR) values. The following effects were tested: incubation conditions (outside,
semicontrolled, fully controlled); time of experiment (summer, autumn, winter) whatever the incubation
conditions; and time of experiment among stems incubated inside.

Results

Homogeneity of disease severity among the nine sets of stem halves

In all three experiments, no cankers were observed on the 22 mock-inoculated control stems. Cankers of
variable length were obtained on individual inoculated stems (Fig. 1; Table 2) with mean canker length from
21.6 to 31.2 mm. However, overall mean canker length was not significantly different among the nine sets
(F =1.69; d.f. =8; P =0.10). None of the pairwise Ismeans comparisons were significant, indicating that the
nine sets of half stems were homogeneous for disease severity.
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Incubation temperatures and rain or soaking duration
Experiments 1, 2 and 3 were run for 143, 131 and 182 days, respectively (Table 2; Fig. 2). Over these periods,
mean temperature was highest in the controlled conditions growth chamber (20.8 °C), intermediate in the
semicontrolled one (20.7, 12.7, 17.5 °C) and lowest outside (17.2, 7.0 and 12.3 °C) over the three experiments,
respectively. Nevertheless, cumulative temperatures remained of the same order of magnitude inside in the
controlled (N/A, 2843, 3714 degree-days) and semicontrolled (2834, 1734 and 3133 degree-days) chambers
and outside (2356, 961 and 2203 degree-days).

Cumulative rainfall outside was 289, 274 and 314 mm over a duration of 211, 279 and 270 h for the
three experiments, which is of the same order of magnitude as the cumulative soaking time inside (177, 167,
205 h).

Proportion of half stems bearing fruiting bodies at final inspection

No pseudothecia were observed on any of the 44 mock-inoculated stem halves, so the analyses were focused
on the inoculated stems. Fewer stem halves with pseudothecia were observed when incubated outside,
compared to climate chambers (Fisher's exact test; P = 2.8 e °; Table 2). In contrast, 42—100% of stem halves
incubated in controlled conditions had pseudothecia. Proportions were lower in Experiment 2 than in
Experiments 1 and 3 (Fisher's exact test; P = 1.4 e '¥). There was no difference between SC and CC (Fisher's
exact test; P =0.43). Inside, fewer stem halves had pseudothecia in Experiment 2 than in Experiment 1
(Fisher's exact test; P = 9.8 e !°) or in Experiment 3 (Fisher's exact test; P = 2.2 ¢7%).

Discussion

Ascospores produced by sexual reproduction are the main source of inoculum for L. maculans epidemics
(West etal., 2001). Fruiting body formation, maturation and spore release depend on temperature and
humidity (West et al., 2001; Naseri et al., 2009). A number of previous studies have focused on understanding
and forecasting the timing of fruiting body maturation and ascospore release (Savage et al., 2013; Brachaczek
et al., 2016). Release of ascospores from stubble under controlled conditions was achieved when stubble
maturation was started outside (Huang et al., 2003; Naseri et al., 2009; McCredden et al., 2018). But to the
authors’ knowledge, this study is the first achieving the full life cycle of the fungus on plant tissues produced
and inoculated inside, from plant infection to sexual reproduction of the next generation of ascospores under
climate controlled conditions.

Stems bearing mature pseudothecia were obtained following incubation inside, with either controlled
or semicontrolled temperatures. Critically, pseudothecia were obtained in all three experiments, whatever the
season, whereas outside incubation failed in autumn 2014 when cumulative temperature was lower.
Maturation of the fungus thus can be achieved on tissues younger than those observed in the field; however,
follow-up studies are required to optimize the incubation conditions. Specifically, incubation took longer
inside in Experiment 2 than Experiments 1 and 3. There was no difference between SC and CC, thus climate
could not be the explanation. Also, even if plants were inoculated at different times, there was no difference
in canker length. The only difference between experiments was the lower temperature during the production
of infected plants in Experiment 2 and the fact that they were assessed slightly earlier. In Poland, the maturing,
but still moist and living stems influences the earlier and more abundant formation of pseudothecia with
ascospores of Leptosphaeria species (Dawidziuk et al., 2012). The present study opens up the prospect of
running experiments year-round, but the influence of plant age and conditions of inoculation deserve further
study.

The overall incubation process took 131 to 182 days, allowing for two to three generations per year,
plus 6070 days from sowing to produce the stems with canker. Both temperature and humidity affect the
incubation time (Naseri et al., 2009). Favourable temperature range is quite broad, restricted only by very cold
temperatures below 2 °C e.g. in Canada, or high temperatures above 22 °C e.g. in Western Australia (Salam
et al., 2003). Maturation requires high humidity as increased delay between simulated rains delays maturation
(Salam et al., 2003), and conversely continuous wetness shortens maturation time (Naseri et al., 2009). The
present study is congruent with these results, with the longest maturation period in Experiment 2 outside, when
the temperature was lowest. There were no differences between semicontrolled and fully controlled climate
conditions, nor between seasons inside, indicating that continuous conditions are as suitable as more flexible
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ones. Follow-up studies could aim to reduce the total length of the experiment. Marginally, because tap water
was used inside and rain water outside, and more stems with pseudothecia were obtained inside, it cannot be
excluded that chlorine affected fungal maturation, as many chemicals do interfere with this process (Wherrett
et al., 2003).

In this experiment, incidence of pseudothecia was recorded, because the aim was to investigate whether
mature pseudothecia could be obtained. Detailed characterization of severity, e.g. numbers or densities of
pseudothecia by counts under the microscope (L6-Pelzer et al., 2009; Naseri et al., 2009) or picture processing
(L. Bousset, unpublished results) could provide a more accurate understanding of the processes in further
studies.

Quantitative resistance reduces disease severity, measured by canker length (Delourme et al., 2006;
Travadon etal., 2009) and mycelial systemic growth (Huang etal., 2009). Competition effects during
systemic growth have been detected (Travadon et al., 2009), as the canker severity in coinfected plants
differed from the severity achieved by the same isolates inoculated alone. So far, fitness of isolates has been
compared among isolates grown on media or as disease symptom size on young plants (Huang et al., 2006).
Because the present study achieved maturation of cankered stems produced inside, it opens up the prospect of
measuring fitness of isolates at both early and later stages in the fungal life cycle, from comparing either the
fitness for sexual reproduction, or the amount of inoculum produced which can be transmitted to the next
generation. Until now, this has been seldom possible for fungi (Tollenaere & Laine, 2013; Suffert et al., 2016).

Understanding inoculum production at the end of the epidemic is critical to the development of disease
control strategies at the landscape scale, for example with the assistance of pluriannual simulators (L6-Pelzer
et al., 2010). Dynamics of inoculum production has been related to climate (Huang et al., 2003; Naseri et al.,
2009; Savage et al., 2013; Brachaczek et al., 2016; McCredden et al., 2018), to canker severity (L6-Pelzer
et al., 2009), to chemical treatments (Wherrett et al., 2003), and to host genotypes (McCredden et al., 2018).
The present set-up opens up the prospect of further studies on the dynamics of inoculum production depending
on e.g. host genotype, nitrogen availability, competition with microbes or chemical treatment.

Improving disease control strategies using the plant resistance in varieties requires a better
understanding of the dynamics of adaptive change in variable L. maculans populations exposed to different
selective pressures (host resistance genes). Previous field studies involved a single pathogen population
exposed to different hosts (Brun et al., 2010; Delourme et al., 2014), to contrasting stubble management
practices (Daverdin et al., 2012), or to a combination of stubble sources, resistance genes in the host and
inoculum loads (Bousset et al., 2018). On the one hand, the outcome of these studies was largely driven by
which resistance gene the pathogen population had been exposed to. Pathogen evolutionary trajectories (i.e.
responses to selection pressure) are at least partly determined by the genetic composition of the initial pathogen
population. However, field studies can only be performed with local pathogen populations. As L. maculans
populations are contrasted worldwide, performing generation experiments under controlled conditions (Fisher
& Lang, 2016) would circumvent this limitation. This study indicates that such generation experiments are
possible. Specifically, follow-up studies with one isolate of each mating type could confirm if the set-up works
with only two isolates. If so, it would become possible to generate and understand the accumulation of
pathogen virulence. Sexual crosses in vitro are already possible (Shoemaker & Brun, 2001; Huang et al.,
2003) but performing specific crosses under the selective pressure of the plant genetic background would
allow insights into adaptation, as well as generating pathogen strains useful for the identification of resistance
genes in plant varieties.
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