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Abstract

In addition to being one of the most acute problems impeding chemical control of fungal diseases,
the evolution of fungicide resistance is an emblematic case of local adaptation to spatially
heterogeneous and temporally variable selection pressures. Here we dissected the adaptation of
Botrytis cinerea (the causal agent of grey mould) populations on grapes to several fungicides. We
carried out a two-year survey (four collection dates) on three treated/untreated pairs of plots from
vineyards in Champagne (France), and monitored the frequency of four resistant phenotypes that
are unambiguously associated to four distinct genotypes. For two loci under selection by currently-
used fungicides (MDR1 and MDR?2), the frequencies of resistant mutations at vintage were greater in
treated plots compared to untreated plots, showing that the effect of selection is detectable even at
the plot scale. This effect was not detectable for two other loci under selection by previously-used
fungicides (BenR1 and ImiR1). We also found that treatment with currently-used fungicides reduced
B. cinerea effective population size, leading to a significant decrease in genic diversity and allelic
richness in treated versus untreated plots. We further highlight that even under ample drift and
migration, fungal populations can present an efficient response to selection. Finally, for the four
studied loci, the costs of fungicide resistance were estimated by modelling the decrease in the
frequency of resistant mutations in the absence of treatment. We discuss the importance of these
estimates for defining strategies for limiting or counteracting the local adaptation of pests to

fungicides.
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Introduction

Since the ‘green revolution’, agriculture has much suffered from omitting the important
evolutionary potential of plant pathogens. Plant pathogens have proved their capacity to adapt to
homogeneous selection pressures even in species that do not necessarily combine the traits usually
associated with high evolutionary potential (e.g. mixed mating system and high potential for gene
flow; McDonald & Linde 2002 and within examples of pathogens exhibiting high risk of adaptation to
plant resistance genes). The introduction of spatio-temporal heterogeneity in agricultural systems is
considered a key avenue for sustainable management of plant pathogens (Mundt 2014; Rex
Consortium 2016). But the precise design of such strategies requires a fine understanding of the
mechanisms underlying the local adaptation of plant pathogens. Local adaptation results from the
tension between selection on the one hand and migration and drift on the other. Estimating the
intensity of these evolutionary forces is therefore an important step towards proposing
evolutionary-proof management strategies (Lenormand et al. 1999; Milgroom 1989; McDonald &

Linde 2002). It has however very seldom been achieved in the context pf plant pathogens.

Pesticides were introduced decades ago, to protect crops against pests and to guarantee yields.
Pesticides are still widely applied, despite pressure from society to decrease their use in modern
agricultural ecosystems. Pesticides constitute a major selective force on pathogen and pest
populations (Stukenbrock & McDonald 2008) and create spatially heterogeneous and temporally
variable local environments. Fungicide applications can alter the genetic composition of fungal
populations by favouring resistant genotypes over susceptible ones. Fungicides can greatly decrease
the size of fungal pathogen populations and shape population diversity. Adapted fungal strains are
easy to describe and quantify in populations since they develop resistance to fungicides (Ishii &
Hollomon 2015). About 300 cases of resistance to fungicides with 30 different modes of action have
been reported in 250 species of phytopathogenic fungi (Fungicide Resistance Action Committee

database; http//www.frac.info). Resistant genotypes present changes relative to the wild type in one
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or several genes (point mutations, deletions or rearrangements). These changes cause a decrease in
susceptibility to the pesticide and are transmitted to the pathogen progeny. In the absence of the
pesticide (i.e. in untreated areas), pleiotropic effects associated with the resistant allele may result in
a fitness penalty penalising the genotypes carrying this allele (Fisher 1930; e.g. Laleve et al., 2014).
Therefore, fungicides constitute a good model to study rapid and strong local adaptation in

organisms with short generation times and high population sizes.

Resistance to pesticides is a major issue for agronomy and food production, because of the
associated crop yield or quality losses. Moreover, the generalisation of resistance in pest populations
often leads to greater pesticide consumption, which is costly for farmers and detrimental to the
environment and human health. Last, but not least, the number of modes of action available is
limited. For all these reasons, developing sustainable strategies of fungicide use is a crucial issue for
modern agriculture. Anti-resistance strategies (namely mosaic, alternation, mixture and dose
modulation) rely on different mechanisms. Among them, only mosaic and alternation may allow the
expression of resistance costs between generations. Determining the respective magnitudes of the
evolutionary forces at work in a given system subject to spatially heterogeneous selection is of major
importance, as this is the first step towards defining strategies for limiting, disrupting or
counteracting the local adaptation of pests (Lenormand & Raymond 1998; REX Consortium 2013).
Several evolutionary forces may operate in heterogeneous landscapes where treated and untreated
areas are embedded. In treated areas, the positive selection exerted by pesticides promotes
resistant genotypes (Barton et al. 2007). Decreases in population size due to pesticide treatment
also amplify genetic drift, leading to a decrease in genetic diversity and the loss or fixation of rare
alleles. In untreated areas (whether never treated or treated in the past), fitness penalty of resistant
genotypes (i.e. resistance cost) leads to negative selection on these genotypes, thus to a decrease in
resistance frequency. Opposing these effects, migration between treated and untreated populations
homogenises allele frequencies. The mode of reproduction may also affect resistance frequency:

asexual reproduction causes linkage along the genome, and especially between alleles at neutral and
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selected loci, whereas sexual reproduction shuffles allelic associations, depending on time and
recombination rate. The balance between all these evolutionary forces and the constraints imposed
by the mode of reproduction and the genetic architecture of resistance determines the outcome of
population evolution, and depends on pest biology on the one hand, and the nature and intensity of

environmental and anthropogenic constraints on the other.

Botrytis cinerea is a necrotrophic ascomycete fungus that causes grey mould, together with
its cryptic sister species, B. pseudocinerea (Walker et al. 2011), on more than 2000 host plants (Elad
et al. 2016). It can infect dead or living plant material (Martinez et al. 2003), and it decreases crop
yield and quality, especially on perennial hosts, such as grapevine. Botrytis cinerea is known to be
highly variable with substantial genetic diversity and populations experiencing regular
recombination, especially on outdoor crops (Fournier & Giraud 2008; Giraud et al. 1997; Walker
2016). Populations display a geographical structure only at the continental scale (Isenegger et al.
2008). Differentiation due to the host plant and limited geographical subdivision at a country scale
have been documented (Fournier & Giraud 2008; Karchani-Balma et al. 2008; Walker et al. 2015). In
French vineyards, grey mould is controlled principally with fungicide sprays (0 to 3 per year,
depending on the vineyard and epidemics intensity), with six modes of action and fourteen
molecules deployed since the 1970s (Supplementary Information 1). The older modes of action
(inhibitors of B-tubulin assembly -benzimidazoles- and some inhibitors of the osmotic signal
transduction - dicarboximides) are no longer used. The contemporary fungicide selection is mainly
exerted by four modes of action (two categories of respiration inhibitors, inhibitors of cell cycle
progression, and inhibitors of sterol demethylation). Resistance to most modes of action of
fungicides has arisen mainly through specific resistance mechanisms, determined by single or few
mutations in the gene encoding target proteins. Patterns of cross resistance and genomic
determinants, when known, are fully described in Supplementary Information 1. The resistant
phenotypes to the different modes of action, and therefore, the corresponding specific mutations,

can unambiguously be scored through routine monitoring using adapted discriminating doses of
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fungicides (Walker et al. 2013). Moreover, an additional resistance mechanism, distinct from target
site alteration and associated to broad-spectrum resistance, was also selected in vineyards in the
mid-1990s, possibly after the concurrent use of the modern modes of action cited above. This
multidrug resistance (MDR) is mediated by an increase in drug efflux outside of the fungal cell. Three
phenotypes (MDR) can be distinguished according to their high resistance to tolnaftate (a squalene
epoxidase inhibitor used as a drug and in field monitoring to discriminate these strains) and to their
distinctive patterns of cross-resistance between unrelated modes of action (Leroux & Walker 2013).
The MDR1 phenotype corresponds to numerous point mutations in the transcription factor of the
atrB ABC transporter, and the MDR2 phenotype corresponds to two rearrangements in the
promoter of the mfsM2 MFS transporter (Kretschmer et al. 2009; Mernke et al. 2011). The MDR3
phenotype results from the natural hybridization of the two previous MDR phenotypes and
therefore combines both genomic changes. To our knowledge, the amplitude of the selective
response of B. cinerea populations to fungicide applicationson grapevine, and the putative existence

of associated costs of resistance, have never been studied.

In this study we aimed at understanding the local adaptation of B. cinerea on grape in
response to fungicide application. We specifically addressed the following questions: (1) Are the
frequencies of resistant mutations higher in the treated than in the untreated plots, following the
application of fungicides? (2) Can we detect a reduction in genetic diversity and effective population
size in treated plots compared to untreated ones, following the application of fungicides? (3) Can we
estimate the costs of resistance associated to resistant mutations? We tracked signatures of
selection by studying the spatiotemporal variation of the frequency of resistance at four resistance
loci (ImiR1 and BenR1, under past selection and MDR1 and MDR2, under contemporary selection) in
three pairs of treated and untreated grapevine plots in vineyards in Champagne (North-Eastern
France), over two years. We documented the effect of genetic drift through the investigation of
effective population sizes and other diversity indices at eight microsatellite loci, on the same plots.

We finally provided two independent estimates of resistance costs under field conditions using this
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short-term small-scale dataset and a completely independent dataset consisting of historical

monitoring data, collected fromall Champagne vineyards since the 1980s (Walker et al. 2013).

Materials and methods

Studied sites and isolate sampling

Samples were collected at four dates: September 2005, June 2006, September 2006 and June 2007.
The collections in June corresponded to the start of the cropping season, after presumed sexual
reproduction in winter and before the first fungicide application against grey mould (Fig. 1 and
Walker et al. 2015). September collections took place at the end of the cropping season, just before
vintage, after asexual multiplication on the host and after fungicide applications. Samples were
collected from grapevine (V. vinifera) at three locations (Courteron, Hautvillers and Vandiéres), 20 to
208 km apart, in Champagne, France (Table 1). At each site, surveys were carried out on a
commercial plot split into two parts. One part of each plot had not been treated with fungicide for at
least three years before the start of the experiment, whereas the other part of the plot had been
sprayed with fungicide three times per year. The agronomic management of the two parts of the
plot were otherwise identical (same grape variety, climatic and soil conditions and cropping
practices). The two parts of the plot were separated by at least four rows from which no samples
were collected. Chemical protection against disease in the treated part of the plots included, for the
three plots and the two years of study: fenhexamid, at the end of flowering, fludioxonil, at bunch
closure and pyrimethanil or fluazinam, at veraison. All fungicides were applied at the dose
recommended by the manufacturer. B. cinerea was collected with cotton swabs from sporulating
lesions on berries in September and from asymptomatic flower caps in June. For the June
collections, isolates were obtained after incubation of the plant material in a humid chamber at

room temperature until sporulation was clearly visible.
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Strain isolation and storage

Single-spore cultures were established for all strains. Stocks suspensions of spores in 20% glycerol
were prepared for each strain and stored at -80°C until use. When required, single-spore cultures
were grown on malt-yeast-agar (MYA) medium (20g.I"malt extract, 5 g.I"* yeast extract and 12.5 g.I"*

agar) incubated at 19°C to 21°C, under continuous illumination, to induce sporulation.

Resistance phenotyping

The resistance phenotype of each strain to five modes of action (see below) was established
(Supplementary Information 1) by exposure to discriminating doses of fungicides in synthetic
medium, followed by the recording of spore germination or germ tube elongation at 24h to 48h
after incubation in the dark at 20°C, as previously described (Walker et al. 2013). We searched for
specific resistance to five modes of action: benzimidazoles (e.g. carbendazim), which inhibit
microtubules (phenotype BenR1); hydroxyanilides (e.g. fenhexamid), which inhibit sterol C4-
demethylation (phenotype HydR3); dicarboximides (e.g. iprodione, pyrimethanil), which inhibit
osmotic signal transduction (phenotype ImiR1); anilinopyrimidines (e.g. pyrimethanil, cyprodinil),
which inhibit cell cycle progression (phenotype AniR1) and carboxamides (e.g.boscalid), which inhibit
succinate dehydrogenase (phenotype CarR). We also identified multidrug-resistant strains
(phenotypes MDR1, MDR2, MDR3) displaying a nonspecific increase in drug efflux by using a
discriminating dose of tolnaftate, a drug inhibiting sterol biosynthesis (Kretschmer et al. 2009;
Leroux & Walker 2013). MDR phenotypes are distinguished using specific discriminating doses of
fludioxonil and fenhexamid, as their pattern of cross-resistance may differ according to these
fungicides. Full descriptions of all phenotypes (ECsgs, resistance factors, cross-resistance), as well as
the associated alterations to the target proteins or transporters in field resistant strains are
reviewed in the literature (Leroux et al. 1999; Leroux et al. 2002; Walker et al. 2013) and
summarized in Supplementary Information 1. Therefore, scoring for resistance phenotypes directly

allows the inference of the frequencies of the corresponding resistant mutations.
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Historical data

Historical data from a long-term resistance survey carried out in Champagne vineyards since
the early 1980s were available. This regional sampling has been described in Walker et al. (2013); it
included at least 150 to 200 plots representative of the diversity of agronomic situations found in
this area, analyzed each year on the basis of September collections. This dataset includes estimates
of resistance frequency for the four studied phenotypes (BenR1, ImiR1, MDR1, MDR2) for each plot
over 22-32 years. Procedures to collect, phenotype and keep these populations were similar to those
previously described for the specific sampling of this paper. No genotyping was achieved in this

historical dataset.

Molecular genotyping

Total genomic DNA was extracted with Plant DNeasy kit (Qiagen). All strains were genotyped for
eight SSR markers, Bcl, Bc2, Bc3, Bc4, Bc5, Bcb, Bc7 and BclO (Fournier et al. 2002), by multiplex
PCR, as previously described (Leroux et al. 2010). We checked the neutrality of these markers
(Supplementary Information 2). We excluded strains of the cryptic species B. pseudocinerea, which is
morphologically similar to B. cinerea, by molecular and phenotypic techniques (Leroux et al. 2002;

Walker et al. 2011). Only isolates genotyped for all SSR markers were included in the study (Table 1).

Analysis of population diversity

Within-population diversity was assessed for each site x collection date x disease control strategy
(fungicide treated vs. untreated) combination. GENETIX (Belkhir et al. 1996-2004) was used to
estimate gene diversity (Hg, unbiased estimate; Nei 1978). Allelic richness (Ag), defined as the mean
number of alleles over the eight loci, and private allelic richness (P,g), defined as the number of
alleles detected in one population but absent from the other, were estimated with the rarefaction

procedure implemented in ADzE (Szpiech et al. 2008). MuLTILOCUS was used to estimate rp, the
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unbiased index of multilocus linkage disequilibrium (Agapow and Burt 2001). Departure of rp, from O,
corresponding to the null hypothesis of complete panmixia, was tested using 1000 randomizations.
Statistical analysis

We analyzed the effect of fungicide treatment on the genetic diversity of B. cinerea populations
using three-way ANOVAs on Hg, Az and P, indices with treatment, collection site and date as fixed
factors. A second order interaction term was integrated or not according to a stepwise procedure
based on Akaike information criterion (AIC). Adjusted means for treated and untreated plots were
computed and their difference was tested. Similar analyses were conducted on resistance frequency
(phenotypes BenR1, ImiR1, MDR1 and MDR2). All analyses were performed with the statistical

program R version 3.3.1 and the car and Ismeans packages (R Core Team 2016).

Detection of changes in population size

To test whether effective population size was reduced in treated plots as compared to untreated
plots, we used two methods based on temporal samples to estimate contemporary effective
population size. The first method calculates a moment-based point estimate of effective population
size based on the variance in allelic frequencies among the temporally spaced populations (Waples,
1989). The second method estimates jointly the contemporary effective population size and the
relative contribution of sexual vs. asexual reproduction (s) based on clone-mates re-sampling
probability within temporally spaced samples (Ali et al., 2016). Effective population size was
estimated for all the three locations across treated and untreated plots, considering samples at
various time points using the number of generations based on information of the pathogen life cycle
(Beever & Weeds 2004; Walker et al. 2015). Moment based estimation was run using NE-ESTIMATOR
software (Do et al., 2014), while clone-mate re-sampling based estimation was done using CLONCASE
package in R-statistical software (Ali et al., 2016). Multilocus genotypes (MLGs) were detected using
the GENCLONE software (Arnaud-Haond & Belkhir, 2007), to identify clone-mates and prepare the

input files for CLONCASE package.
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Estimation of resistance cost changes in allelic frequencies

With the available data, it was possible, in principle, to infer the evolutionary parameters
determining the dynamics of resistance frequencies in treated and untreated areas (Lenormand &
Raymond 2000), by modelling the change in allelic frequencies at resistance loci over time. We
assumed that different processes governed allelic frequencies between September and June
(hereafter referred to as ‘winter’) on one hand and between June and September (hereafter
referred to as ‘summer’) (Fig. 1) on the other hand. This assumption arose naturally from the
seasonality of temperate crops. In summer, reproduction is clonal. Any change in allele frequencies
at resistance loci during this period therefore results from a combination of direct selection
pressures (positive selection in treated areas and negative selection in untreated areas) and indirect
selection pressures acting on other loci, such as those involved in host infection and exploitation, the
aerodynamic characteristics of spores or their resistance to desiccation. It was, therefore, difficult to
infer resistance parameters from summer data. In winter, sexual reproduction occurs (Beever &
Weeds 2004; Walker et al. 2015), and erodes linkage disequilibria between resistance loci and other
loci, allowing for proper estimates of resistance parameters. We therefore focused on winter data.
Winter is characterised by specific climatic conditions, an abrupt decrease in host availability at the
beginning of the period (vintage), and an absence of treatment, even in fields that are usually
treated. Exchanges between plots are thought to be limited during most of the winter period, but
some exchanges may have occurred just before the samplings in June. We expected the frequency
of resistance to decrease between September and June under the influence of two main factors: the
cost of resistance, resulting in higher mortality rates or lower multiplication rates for resistant strains
than for susceptible strains, and migration from untreated areas in which resistance frequencies are
low. For the sake of simplicity, we assumed that the observed pattern could be attributed entirely to
the cost of resistance (but potential effects of drift and migration were examined in Supplementary
Information 3). Migration from untreated areas was thus ignored. At each site, we considered the

initial frequency of resistance to be p,. In the absence of fungicide application, susceptible strains
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multiply at a rate w and resistant strains multiply at a rate w (1 — ¢), where cis the cost of resistance

over the whole season. In June, the frequency of resistant strains was (Crow & Kimura 1970):

pSeptW(l - C)
pSeptW(l - C) + (1 - pSept )W ’

pjune = (1)

which can also be written:

(1 - C)pSept

(2)
1 - CpSept

June ~

The above equation could be used to infercdirectly by non-linear regression. In addition, the
likelihood of the 12 ‘winter’ transitions (three sites x two patches x two years) could then be
calculated according to the model defined by equation (2). The observed frequencies were

considered to result from a binomial sampling, such that the likelihood of a given transition was:

\\ June ( 1 \ NJ1/71(’7RJun@
V _ CR e c)pSept 1— (-0o)p Sept
p Sept June’ June’ N june L 1 1 )
cp Sept —p Sept

, 3)

where Ny, and R, are the number of strains tested and the number of resistant strains found,
respectively. Assuming that the cost of a given fungicide was the same at different sites and on
different dates (as suggested by the model selection procedure conducted in Supplementary
Information 3), we calculated the likelihood of the whole dataset as the product of the 12 transition
likelihoods. Likelihood was maximised with respect to ¢, with the Maximize function of Mathematica
10.3 (Wolfram Research, Inc.). Support limits were estimated within two units around the maximum

likelihood value.

The fitness cost ¢ accounts for the effect of resistance cost over the whole season. We also
. . . 1 . . .
produced instantaneous cost estimates in days by the same non-linear regression and maximum

likelihood approaches as above, to facilitate comparison with other studies. From the classical
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continuous-time model of resistance evolution in closed populations (Crow & Kimura 1970;
Milgroom et al. 1989), the dynamics of the frequency of resistance alleles p can be modelled as:

dp

— =—r)1-p), (4)

dt

where rs and r are the fitness of susceptible and resistant strains, respectively. Let c;,;; denote the

fitness differential between susceptible and resistant strains: 7, —r, =c, . Solving equation (4)

between September and June leads to:

{1_g_cinsrr)psgm

p]une = T —Cinel. (5)

1—9_65““:?95th
Finally, we assessed the sensitivity of the estimates obtained to the migration of susceptible
strains from untreated patches to treated patches. Assuming a negligible frequency of resistant
strains in untreated patches (this assumption does not hold for all sites, but is conservative), the

model became:

(-m)pr g, (1=c)
(1 - m)(l - cpT,Sept)+ mr ,

p June =

where m is the rate of migration between the treated patch and the untreated compartment and ris
the ratio of the effective population sizes of the treated and untreated populations. New estimates
of ¢ and c;,;; were then obtained, by the non-linear regression approach, with a range of fixed values

formandr.

These estimates were first generated from the results of sampling at three sites for the
BenR1, ImiR1, MDR1 and MDR2 phenotypes. Second, using the historical database (Walker et al.
2013), we extracted resistance frequencies between 2002 and 2011 and between 1999 and 2011 for
the BenR1 and ImiR1 phenotypes, respectively. These periods coincided with a significant decrease
in resistance in the vineyard and very limited use of benzimidazoles and dicarboximides. Such

calculations were not possible for MDR1 and MDR2, because the mean frequencies of these types of
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resistance continued to increase under contemporary selective pressures. As resistance was
measured only once per year, at vintage, the observed decrease in the frequency of resistance may
have resulted from the overall combination of all the evolutionary forces acting over the entire year.
The estimates of ¢ may differ but they are comparable with previous estimates. As these data were

based on resistance frequencies (rather than the number of resistant strains), we calculated only the
. . N . . . . .
linear regression of Ln(p/(l—p)/ against time to infer the instantaneous cost of resistance (here,

the slope of the regression line).

Results
Effects of fungicide application on frequencies of resistant mutations in populations

In this system, resistance phenotypes corresponded unambiguously to known mutations at
resistance loci for the five studied fungicide modes of action (Supplementary Information 1). We
therefore used resistance phenotypes of the 1016 strains collected at four sampling dates to score
the frequencies of resistant mutations in B. cinerea populations, and named the phenotypes
accordingly  (Supplementary Information 1). For hydroxyanilides, carboxamides and
anilinopyrimidines fungicides, molecules of contemporary use, the overall percentages of
corresponding resistant mutations in the populations (scored by the HydR3, CarR and AniR1
phenotypes, respectively; Walker et al. 2013) were below 5%, making it impossible to detect
selection acting on the corresponding loci. By contrast, the overall percentages of resistant
mutations to some previously-used fungicides reached 61.2% for resistance to benzimidazoles
(BenR1 phenotype) and 10.1% for dicarboximides (ImiR1 phenotype). The two mutations causing
multidrug resistance, selected after the contemporary use of most anti-Botrytis fungicides, were
present at 23.8% (MDR1 phenotype) and 11.7% (MDR2 phenotype). Therefore, further analyses will

focus on these four phenotypes, described in Table 2.
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For BenR1, ImiR1l, MDR1 and MDR2 phenotypes, we tested whether the frequency of
resistant mutations was significantly higher in treated than in untreated plots, using three-way
ANOVAs (Fig. 2). For the BenR1 phenotype, the mean resistance frequency, over all locations and
collection dates, was similar between untreated (55.9%) and treated (58.0%) plots, with no
significant effect of the treatment. Similarly, no significant increase in ImiR1 resistance in treated vs
untreated plots was detected, with mean frequency similar between populations in treated (10.9%)
and untreated (7.5%) plots. By contrast, a significant effect (F= 17.52; df=1; P=0.001) of fungicide
application was detected for MDR1, with a higher mean frequency or resistance in treated plots
(29.9%) than in untreated ones (13.3%). The difference between adjusted means of MDR1 frequency
in untreated vs treated plots was always negative and was significantly different from 0 in
September 2005 (A= -20.44 + 7.93; t=-2.58; df=14; P=0.022) and September 2006 (A= -34.74 + 7.93;
t=-4.38; df=14; P=0.001). Finally, the effect of fungicide treatment on MDR2 frequency was not
significant but the P-value associated to this factor was low (P=0.118), with a mean MDR2 frequency
of 9.2% in untreated plots compared to 15.1% in treated ones. In addition, the difference between
adjusted means of MDR2 frequency in untreated vs treated was negative and close to be
significantly different from 0 in September 2005 (A= -14.21 + 7.14; t=-1.99; df=14; P=0.066) and

significantly different from 0 in September 2009 (A= -15.36 + 7.14; t=-2.15; df=14; P=0.049).

Moreover, resistance frequency varied over time in treated and untreated plots, with lower
frequencies usually observed in spring, before the first fungicides treatments were applied (Fig. 2).
The magnitude of these differences between treated and untreated plots differed according to
phenotype (mean values of 5.9%, 10.5%, 10.8% and 19.9% for ImiR1, MDR2, BenR1 and MDR1,
respectively). The effect of the collection date was significant for BenR1 (F= 8.00; df=3; P=0.002) and
MDR1 (F=4.71; df=2; P=0.018). The effect of the collection site was significant only for BenR1 (F=

7.23; df=2; P=0.005) and ImiR1 (F= 5.21; df=2; P=0.023).
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Effects of fungicide application on neutral diversity and effective population size

Multilocus linkage disequilibria were calculated for all plots an all sampling dates (except for
Hautvilliers in June 2007 in treated plot due to too small sample size). Fifteen out of 23 rj values,
estimating multilocus linkage disequilibrium, were significantly different from 0, and ranged
between 0 and 0.18 (mean = 0.064). This confirmed that the studied B. cinerea populations were
recombining and that clonality could be neglected. The contribution of sexual reproduction was
high, as evidenced from relatively small rp in all populations (see above), as well as from high relative
contribution of of sexual vs. asexual reproduction (0.468-0.849) in at least three situations and high

genotypic diversities (Supplementary Information 5).

We tested whether fungicide applications reduced population size in treated plots across
locations and in the overall population (Table 3, Supplementary Information 5). The effective
population size estimated over one complete life cycle (September 2005 to September 2006, i.e.
three time points) was higher in untreated than in treated plots for all three sites and across all
populations (except in Courteron with the clonal re-sampling based method; Table 3). The effective
population size estimated with moment based method ranged from 1527 (Vandiéres in treated
plots) to more than 10000 (for untreated plots in both Vandiéres and Courteron). The estimation
based on clonal re-sampling ranged from 1261 (for untreated plots in Courteron) to 25258 (for
untreated plots in Vandiéres). Higher effective population size in untreated compared to treated
plots was also observed when it was estimated based on each interval i.e., September 2005-June
2006, June 2006-September 2006, September 2006-June 2007 (Supplementary Information 5). We
tested whether genetic diversity decreased in treated plots as compared to untreated plots, at
various collection dates (Fig. 3). The mean values of multilocus gene diversity H: were 0.478 in
treated plots and 0.530 in untreated plots. The effect of fungicide treatment on H;, tested using a 3-
way ANOVA, was significant (F=6.008; df=1; P=0.029). The difference between adjusted means of H;

in untreated vs treated plots was positive and significantly different from zero (A= 0.039 + 0.018;
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t=2.14; df=15; P=0.049). Similarly, the mean values of allelic richness Az were 4.60 alleles/locus in
untreated plots and 4.24 alleles/locus in treated plots. The effect of fungicide treatment on Az was
significant (F=11.482; df=1; P=0.011) and the difference between adjusted means of Az in untreated
vs treated plots was positive in Courteron and Hautvillers and significantly different from 0 only in
Hautvillers. Finally,the mean values of private allelic richness P,z were 1.39 alleles/locus in untreated
plots and 0.77 alleles/locus in treated ones, the effect of fungicide treatment being significant
(F=16.830; df=1; P=0.001). The difference between adjusted means of P, in untreated vs treated
plots was positive and significantly different from 0 in Courteron and Hautvillers. Overall, these
results showed that population size tended to be reduced in treated plots following fungicide
application, and that genetic diversity was reduced in treated plots at least in Courteron and

Hautvillers.

The effect of the collection date was significant for Hg (F=5.045; df=3; P=0.008), A (F=37.575; df=3;
P=0.0001) and P, (F=4.100; df=3; P=0.030). The effect of the sampling site was significant for H;

(F=3.843; df=2; P=0.045) and Az (F=6.569; df=2; P=0.025).

Estimation of resistance costs

All instantaneous fitness costs were very low (range 0.0022 - 0.0078 day™). The total fitness cost
estimated for the BenR1 locus was of the same order of magnitude at all three sites when calculated
by the nonlinear regression or maximum likelihood method (0.569 - 0.582). For the other loci, the
maximum likelihood method generally gave a smaller estimate (ImiR1: 0.529 - 0.682; MDR1: 0.542 -
0.758; MDR2: 0.327 - 0.548), probably due to the greater variability of resistance frequency in these
datasets, as confirmed by the large confidence intervals (Fig. 4). The sensitivity of these estimates to
the emigration of susceptible genotypes from untreated areas to treated patches during winter was
assessed (Fig. 5). Assuming equal population sizes in treated and untreated areas, estimates were
unaffected by winter migration rates of up to 0.1 per generation. By contrast, assuming a 10-fold

larger population size in untreated areas, estimates of resistance cost were unaffected for winter
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migration rates of up to 0.01 per generation and fell to 0 for migration rates of 0.1 and above.
Finally, under a 1000-fold larger population size in untreated areas, estimates of resistance cost

were null even for very low migration rate (above 0.001).

The fitness costs calculated from all the vineyard data were smaller than those calculated
from data for the three experimental plots, by a factor of 6 to 7 for BenR1 and 9 to 14 for ImiR1 (Fig.

4).

Discussion

We report the role of contemporary fungicide application on selection of resistance mutants of B.
cinerea in relation with the pathogen population structure in terms of population size, genetic
diversity and cost of resistance. Our conclusions are based on the populations from Champagne
vineyards, which suffer from more severe grey mould epidemics than vineyards in other parts of
France, and thus receive two to three fungicide treatments per season (Walker et al. 2013). Local
adaptation, revealed as the spatio-temporal variation in resistant mutants’ frequency, is discussed to
better understand how pathogens evolve in response to fungicide selective pressure and to identify

further implications for sustainable fungicide application strategies.

The frequency of fungicide resistance varies over time, space and between selected loci

We observed two situations of response to selection, depending on the resistance locus considered.
For MDR1 and MDR2, the frequencies of resistance were higher in the treated than untreated plots,
at all three sites. This was even more accentuated in September collection dates, as the fungicide
selection pressure acted during the summer. MDR phenotypes are selected by fungicides in

contemporary use and display broad-spectrum cross-resistance to these fungicides still widely used
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in French vineyards, particularly on the plots we studied (Leroux & Walker 2013; Walker et al. 2013).
MDR phenotypes may be more easily selected than separate multiple resistances, because a single
event leads to a similar broad-spectrum phenotype without the drawback of accumulating a number
of possibly deleterious mutations. MDR1 and MDR2 resistance frequencies were low, but not zero,
in untreated plots. If we assume that the unintentional spraying of untreated plots is negligible,
which is a reasonable assumption in the high-value vineyards of Champagne in which most vine-
growers are well equipped, then these low frequencies may be due to the migration of resistant
strains from treated to untreated plots. In this respect, our results differ from those reported for M.
fijiensis, for which full susceptibility was observed close to the border between treated and
untreated populations (Rieux 2011). Migration between plots but also from and towards other
reservoirs (e.g. other crops or wild plants) may also explain some significant decrease of resistance
frequency during winter, when associated to resistance cost. Therefore, from these data, we cannot
exclude that some migration occurs in winter and contributes to variation of resistance frequency
over time and space, but it is difficult to quantify from our dataset. Host availability is limited until
new grapevine leaves emerge in April; exchanges may occur between April and June but might be
limited by unfavourable sporulation on leaves and flowers compared to the one on mature berries

(end of summer).

Conversely, frequencies of resistance were similar at the BenR1 and ImiR1 loci, between
treated and untreated plots, regardless of collection date. This result is consistent with little or no
positive selection being exerted on these loci. Benzimidazoles and dicarboximides were widely
deployed in the 1980s but are no more in use in the studied area due to the generalisation of
resistance that largely decreased their efficiency, while alternative chemicals became available with
new modes of action and greater intrinsic activity (Walker et al. 2013). Nevertheless, the frequencies
of these resistances remain detectable despite the negligible levels of use of these fungicides. This
might first be explained by null or very low costs of resistance at these loci. An alternative

explanation is that between-plots migration would homogenise resistance in vineyards, as evidenced
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by the similarity in the frequency of resistance between treated and untreated plots. Finally, the
persistence of BenR1 strains could also be explained by the accumulation of compensatory mutation
over time. Our results are thus the first case to highlight the contrast between the role of

contemporary and past selective pressures on fungicide resistance in fungal pathogens.

Fungicides reduce population size in treated plot and consequently lead to reduced genetic diversity

due to genetic drift.

In this study, we hypothesised that fungicide treatments would affect population diversity for two
main reasons. Fungicide treatments exert strong constraints on treated populations, leading to a
decrease in their population size during the summer. This decrease in population size may also
favour the fixation of rare alleles in treated areas, due to stronger genetic drift (Hoffmann & Willi
2008). Indeed, we observed an overall tendency of a reduction in effective population size in treated
plots across all locations and in overall populations at all time points, except for the estimation made
for the period September 2006-June 2007, when both the treated and untreated populations
reached to infinity. The very low sample size in June 2007 from a population arising from the onset
of sexual reproduction in winter would explain the infinite estimate where genetic drift has no role
in changing population genetic structure, apart from random error (Do et al., 2014). Consequently,
we demonstrated that fungicide applications had a significant effect on gene diversity, allelic
richness and private allelic richness. These results are consistent with low survival rates in treated
populations and/or with stronger genetic drift, as a consequence of reduced size of treated
populations. This phenomenon may differ according to the collection date and the collection site,
with, for example, genetic diversity mostly reduced at vintage, after the occurrence of fungicide
selection, and significant decrease of private allelic richness observed only in Courteron and
Hautvillers. Nevertheless, a clear impact of fungicides on populations at a small spatio-temporal

scale suggests that this positive selection is rather strong.
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Fungicide treatments also cause temporal and spatial heterogeneity in the environment of the
pathogen, potentially limiting the production and dissemination of susceptible propagules, thereby
reducing gene flow between treated and untreated plots. Analyses of population structure
(Supplementary Information 4) showed that fungicide sprays had no impact on population
subdivision suggesting gene flow between treated and untreated plots. This is consistent with
findings for the fungal pathogen of banana Mycosphaerella fijiensis (Rieux et al. 2013). This lack of
structure due to treatment was expected for B. cinerea, given the regular occurrence of sexual
reproduction in this species, its great dispersion ability and the fact that fungicides have been used

for decades: these factors allowed resistance loci to recombine into multiple genomics backgrounds.

Contrasting resistance costs in the vineyard

Measuring fitness is a key issue in evolutionary biology that may confirm hypotheses about the
adaptive significance of phenotypes, such as resistance to drugs (Cowen et al. 2001). There are no
standard measures of fungal fitness, because the measurement of survival and reproduction in
filamentous fungi can be obscured by difficulties in defining what an individual is, and also because
life cycle and genetics seem complicated in comparison to animals and plants (Pringle & Taylor
2002). In B. cinerea, fungicide resistance costs were often estimated after measuring the variation of
some fitness components (e.g. mycelial growth, sporulation, sclerotia number and survival) of
resistant field strains in comparison to those wild-type ones (Kim & Xiao 2011; Veloukas et al. 2013)
or of isogenic strains (Laleve et al. 2014). But since this approach is dependent on the genetic
background of the strains tested, and only gives a partial estimates of fitness, more comprehensive
methods are required. In a heterogeneous environment consisting of treated and untreated areas,
the various forces at work, namely migration and selection, can be estimated with the genetic cline
theory (Endler 1977; Haldane 1948; Nagylaki 1975). Genetic clines are spatial gradients of resistance

frequency between treated and untreated areas. Cline modelling can be used to estimate parameter
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values from the theoretical model best fitting the observed allele frequencies, as for example the
adaptation pattern of the mosquito Culex pipiens to organophosphate insecticides in Southern
France (Lenormand et al. 1998). Here, cline patterns, consistent with selection detection, could be
fitted to our dataset, but the poor fit obtained led to unreliable estimates of associated parameters

(due to inappropriate sampling design; unpublished data).

Another approach to measure resistance costs involves modelling the temporal variation of
allelic frequencies at a selected locus in a subdivided population with island migration (Crow &
Kimura 1970; Dempster 1955; Levene 1953), as proposed by Milgroom et al. (1989) and Ennos &
McConnell (1995) for Crumenulopsis sororia populations. We adapted this last approach to the case
of B. cinerea, making the assumption that negative selection was the main force driving the
evolution of resistance frequencies during the winter, in treated and untreated plots, and led to a
reduction in the number of the progeny of resistant strains in populations. This assumption, based
on the fungus life cycle, was validated by comparing the model with alternative models assuming
that resistance costs could vary between sites, between dates and between treatments
(Supplementary material 3). Model selection showed that in the contemporary dataset, none of the
alternative models tested was better than the model assuming a single resistance cost for all sites,
dates and treatments. This suggests a predominant effect of selection on other evolutionary forces
(drift and migration) which were expected to translate in different dynamics of resistance (and thus
different resistance costs) across sites, dates and treatments. In particular, although the neutral
genetic structure of B. cinerea suggests migration between treated and untreated plots, no effect of
migration (here modelled as site-specific or date-specific resistance costs) could be detected. One
explanation is that migration mainly occurs during summer. During winter — the period over which
decreases in resistance frequencies were monitored and used for estimation — migration is expected
to be low. We showed that estimates of costs of resistance dramatically drop for increasing
migration intensities, all the more so as effective population sizes are higher in untreated than in

treated areas. Here, estimates of population sizes varied depending on the considered method.
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CLONCASE suggests contrasted effective sizes between treated and untreated areas, fairly
incompatible with observed decreases in resistance frequencies. Moment based estimates of Ne
suggested that the effective population sizes of untreated areas could be one order magnitude
greater than those of treated areas at most. Under this assumption, the estimates of costs of
resistance could stay unaffected for migration intensities up to 0.01 and drop to 0 for migration
intensities of 0.1 and above. Further estimates of drift and migration would help to refine estimates
of resistance costs. Such estimates could be obtained through the study of recombination in genome

sequences from our populations or after a specific sampling.

The maximum likelihood method estimated similar costs for the BenR1, ImiR1 and MDR1
loci. By contrast, the non-linear regression method indicated an increase in resistance costs from
BenR1 to ImiR1 and from ImiR1 to MDR1. This finding is consistent with the observations of a long-
term survey carried out in Champagne (Walker et al. 2013). Indeed, cultivation of the BenR1 strains
became generalised in the 1970s, and their frequency had only halved 20 years later, long after the
withdrawal of fungicides with the mode of action targeted by this resistance. The cost of BenR1
resistance calculated for the banana pathogen M. fijiensis, bearing a homologous mutation of the B-
tubulin gene responsible for a similar phenotype, was smaller, by a factor two to three (c=0.020 in
total; Rieux 2011), using a cline modelling approach. This may be due to differences in the biology of
these two fungi (e.g. number of sexual generations per year, continuous host availability), raising
new questions about the effect of life history traits and biological features on resistance costs. The
ImiR1 strains were also widely grown in the late 1970s, but their use rapidly declined when
dicarboximides were no longer used. MDR1 strains were first detected in the late 1990s. Their
frequency has now stabilised to 20 to 30% of the whole population, whereas the total MDR
population is still increasing in size. The MDR2 locus was the least affected by negative selection, for
both estimations. These estimations were also the most variable of the dataset. It was recently
demonstrated that this phenotype colonised vineyards, initially in France and then in Germany, after

one or a small number of mutation events in Champagne (Mernke et al. 2011). On the contrary, the
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MDR1 phenotype is thought to have emerged several times in France, but also in distant countries,
such as Chile. However, field surveys have shown that the observed frequency of MDR2 is greater
than that of MDR1 (+10-15%; Walker et al. 2013). The maintenance of MDR2 at high frequencies in
the field despite its unique origin may be explained by a lower resistance cost associated with MDR2.
It may also be explained by the mechanism underlying resistance: the MDR2 phenotype is caused by
overexpression of the MFS transporter mfsM2, whereas MDR1 depends on the ABC transporter atrB,
which uses ATP to drive efflux, a potentially more costly mechanism (Kretschmer et al. 2009; Mernke

et al. 2011).

To conclude, the approach used here to estimate resistance costs at loci conferring
resistance to fungicides in B. cinerea gathered information in agreement with field observations of
resistance evolution and with established knowledge of the mechanisms associated to the resistance
phenotype we studied. This approach, based on field data rather than on the variation of fitness
components in vitro or in planta, is still rare in the literature and may give rise to more sophisticated
developments in other fungal models with simpler life cycle or using dedicated samplings or for
estimating resistance costs to some other local adaptations of pathogens (e.g. virulence genes).
Compared to other approaches aimed at measuring independent fitness components, this method is
independent from the genetic background in which resistance mutations are selected. It also directly
combines competitive effects occurring between distinct fitness components and integrates the
effect of compensatory mutations selected in the genome of resistant strains. Such approaches
aiming to estimate the magnitude of selection due to fungicides are clearly essential since they help
predicting the rate of resistance decay in populations, and, from a practical point of view, choosing
the appropriate anti-resistance strategy (REX Consortium 2013) and adjusting the interval between
consecutive treatments with fungicides with the same mode of action (alternation). More generally,
the estimation of selection parameters for various fungicides will help improving the management of
fungicide programmes, to increase the durability of the molecules used and provide crop protection

strategies that are more environmental-friendly. Similarly, the estimation of the intensity and timing
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of gene flow between treated plots, untreated plots and other demes may be a promising approach

to improve the timing of fungicide applications and implement efficient prophylactic measures.

To conclude, we studied how local adaptation of B. cinerea populations in response to the strong
selective pressure exerted by fungicide application influence pathogen population structure in terms
of population size, genetic diversity and cost of resistance. In our understanding, disentangling the
various forces underlying local adaptation of pathogens to fungicides should consequently lead to

improve disease control strategies while increasing their substainability.
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Table 1: Number of strains sampled for this study on grapevine, by collection date and site.

The first number indicates the number of strains genotyped for the eight SSR markers (Fournier et al.
2002). The second number indicate the number of strains tested for fungicide resistance.

Table 2: Description of the resistant phenotypes followed in B. cinerea populations from the
Champagne vineyard.

Table 3. Estimates of effective population size for temporally sampled populations in fungicide
treated and untreated plots across three locations of Champagne vineyard.

* The estimation is based on samples from September 2005 to September 2006, with 1 pre-sex
clonal cycle, one sexual cycle and 23 post-sex clonal cycles.

Figure 1: Diagram of the B. cinerea life cycle and forces at work in populations infecting grapevine.

Grapevine cycle is shown on the green ring, showing host availability. Botrytis cinerea life cycle is
detailed on the blue ring. Between September and June, the fungus reproduces sexually and
disperse sexual spores. Migrationvia asexual spores is limited and the pathogen is present in the
field as dormant sclerotia and/or mycelium. Between June and September, the fungus propagates
asexually and two-way migration between treated and untreated plots occurs via macroconidia,
which gradually increase in number with grape berry maturation, reaching maximal levels at vintage.
Selection by fungicides is shown on the red ring. Between June and September, positive selective
pressure (fungicide sprays represented as white crosses) is exerted three times in treated areas only,
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leading to an increase in resistance frequency. Negative selection due to resistance cost acts on
resistant strains, in treated and untreated plots, possibly during winter, leading to a decrease in
resistance frequency. Density regulation occurs in treated plots after fungicide application (due to
the death of susceptible strains). It also occurs strongly in untreated and treated plots after vintage,
when grapevine loose leaves (loss of receptive plant tissues) and when infected woods are pruned.
Life cycle adapted from (Fillinger et al. 2007).

Figure 2: Change in resistance over time in untreated and treated field populations of Botrytis
cinerea.

The frequencies of four resistant phenotypes are shown for treated (black elements) and untreated
(white elements) grapevine plots from three sites in Champagne (France). The phenotypes are
described in Table 2 and Supplementary Information 1; two are specific resistances (ImiR1 and
BenR1) and the other two are types of multidrug resistance (MDR1 and MDR2). For each phenotype,
a 3-way ANOVA was achieved, to test if resistance frequency was significantly greater in treated
plots in comparison to untreated ones. Values of the statistics and P-valuesare presented in tables
under the figures.P-values in italics bold are significant at the 5% confidence level.

Figure 3: Change over time in diversity in Botrytis cinerea populations from three sites in Champagne
with untreated (white elements) and treated (black elements) plots.

Gene diversity, estimated from the expected heterozygosity (Hg, unbiased estimate calculated as
described by (Nei 1978); allelic richness (Ag), measured as the mean number of alleles over the eight
loci, within a population; private allelic richness (P,g) is the mean number of alleles detected in one
population and not in the other, over the eight loci. For each index, a 3-way ANOVA was achieved, to
test if diversity was significantly lower in treated plots in comparison to untreated ones. Values of
the statistics and P-valuesare presented in tables under the figures.P-values in italics bold are
significant at the 5% confidence level.Situations in which population size was not sufficient to
produce accurate estimates (n< 10) are not presented.

Figure 4: Estimation of resistance cost for four fungicide resistance loci, with two calculation
methods and two datasets.

Resistance costs and support limits calculated with the non-linear regression method (white bars) or
the maximum likelihood method (black bars). For each resistance locus, the cost is calculated
globally (A) for the winter period (182 days) and instantaneously (B) for one day, using resistance
frequency data observed at the three sampling sites. Linear regression was also estimated on the
basis of mean resistance frequencies calculated over the whole vineyard (B, grey bars), as reported
in survey studies (Walker et al. 2013). These estimates are provided only for the BenR1 (time span
2002-2011) and ImiR1 phenotypes (time span 1999-2011), for which benzimidazoles and
dicarboximides were very rarely used over these periods. Lower and upper limits are shown, with a
95% confidence interval.

® For this method, some null data could not be used (three for the ImiR1 estimate and one for the
MDR1 estimate),leading to biased calculations.
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Figure 5: Sensitivity of resistance cost estimates to migration between plots.

For each fungicide, the instantaneous fitness cost of resistance (in days™) was estimated again under
the assumption that the migration of susceptible strains from untreated plots to treated plots could
also contribute to the decrease in the local frequency of resistance during the winter. Migration (m)
was allowed to vary between 0 and 1. From black to light grey, curves represent different values of
the ratio of the population sizes of treated and untreated patches. Black: Equal population sizes,
r=1. Dark grey: r = 10. Mid-grey: r = 100. Light grey: r = 1000.

This article is protected by copyright. All rights reserved.



Table 1: Number of strains sampled for this study on grapevine, by collection date and site.

September June September June Total
2005 2006
2006 2007
Courteron Untreated 26/57 30/37 50/ 49 27 /33 133 /176
Treated 27 /46 20/45 48 /49 3/4 98 /144
Hautvillers Untreated 45/58 23/36 55/56 44 /48 167 /198
Treated 48 /59 36 /45 53/55 3/8 140/ 167
Vandiéres  Untreated 31/53 44 /49 44 / 46 10/ 10 129 /158
Treated 32/49 40/54 41/49 19/21 132/173
Total 209/322 193 /266 291 /304 106 /124 799 /1016

The first number indicates the number of strains genotyped for the eight SSR markers (Fournier et al.
2002). The second number indicate the number of strains tested for fungicide resistance.

This article is protected by copyright. All rights reserved.



Table 2: Description of the resistant phenotypes followed in B. cinerea populations from the

Champagne vineyard.

Phenotype

BenR1

ImiR1

MDR1

MDR2

Resistance Mode of action

mechanism concerned by
resistance

Target site Inhibitors of pB-

alteration tubulin  assembly
(benzimidazoles)
Inhibitors of
osmotic signal
transduction
(dicarboximides)

Increased Most botryticides

efflux

(multidrug

resistance)

Fungicides

Carbendazim

Iprodione
Procymidone

Vinchlozoline

Many,
fludioxonil

Many,
fenhexamid
boscalid

including

including

Selection
period

Past
1990s)

(1970s-

Past
1990s)

(1980s-

Contemporary
(1990s—
present)

Genomic alteration

BenA E198A

bosi

Mostly I1365N/R/S

Several mutations in mrrl,
transcription factor of the
atrB ABC transporter

Unique insertions in the
promoter of the mfsl MFS
transporter
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Table 3. Estimates of effective population size for temporally sampled populations in fungicide treated and untreated plots across three locations of
Champagne vineyard.

Number of generations

Location Estimation method . Treated Untreated
considered

Moment based 25 1527 >10000
Vandieres

Clonal re-sampling based 1+1+23%* 6995 25258

Moment based 25 1801 >10000
Courteron

Clonal re-sampling based 1+1+23* 1439 7425

Moment based 25 1748 2161
Hautvilliers

Clonal re-sampling based 1+1+23* 4036 1261

Moment based 25 2263 3658
Overall population

Clonal re-sampling based 1+1+23* 5797 6575

* The estimation is based on samples from September 2005 to September 2006, with 1 pre-sex clonal cycle, one sexual cycle and 23 post-sex clonal cycles.
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