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Effects of acibenzolar-s-methyl and ethirimol on the composition of a laboratory population of barley
powdery mildew.
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@ Biometrie und Populationsgenetik, IFZ, Justus Liebig Universitat, 35 392 Giessen, Germany.
b INRA, UMR Bio3P, BP35327, F-35327 Le Rheu cedex

Abstract

To assemble a laboratory population of Blumeria graminis f. sp. hordei for a competition experiment,
controlled crosses were performed among 30 parent isolates, which were characterized by their pathotype (i.e.,
the phenotype observed on a differential set containing lines including host resistance alleles) and their
response to the fungicides ethirimol and triadimenol. Variability in the response to the chemical inducer of
host-resistance acibenzolar-S-methyl (BTH: benzo[1,2,3]thiadiazole-7carbothioic acid-S-methyl ester) was
introduced by using isolates collected in fields repeatedly treated with this chemical. Based on their pathotype
and response to ethirimol, 137 isolates recovered from the crosses were chosen to assemble a laboratory
population. This protocol produced variability in the laboratory population for traits chosen only in the parents
(triadimenol) or both in the parents and the progenies (ethirimol). It was therefore postulated that the
variability in the response to BTH, if present in the parents, was also present in the laboratory population. No
association between these traits was observed. The effect of BTH on the evolution of the laboratory population
was compared with the effect of the fungicide ethirimol. The laboratory population was exposed to selection
pressures and its evolution was followed over 10 generations. Ethirimol treatments always induced a decrease
in sensitivity, whereas no consistent trend was observed for sensitivity to triadimenol (not selected). This result
indicates that the application of ethirimol induced a selection pressure. For BTH, (toxicological) sensitivity
tests have not detected any consistent evolution, but pathotype diversity indicated that in cases when BTH
was applied with ethirimol, BTH induced a further selection pressure in addition to that of ethirimol.

Keywords: benzothiadiazole, chemical induced resistance, durability, Erysiphe graminis, relative fitness.

Introduction

The biotrophic fungus Blumeria graminis (syn. Erysiphe graminis) f. sp. hordei, which causes powdery
mildew on barley (Hordeum vulgare), is common throughout the year in many areas of Europe where barley
is grown. The fungus is haploid, biotrophic and asexually reproduced, producing wind-dispersed conidia on
green leaves of the growing host. It may also complete one annual cycle of sexual reproduction in which
cleistothecia are produced on senescent host plants and wind-dispersed ascospores are released in autumn
(36). This sexual stage can also be obtained under controlled conditions (5), allowing controlled crosses to be
performed.

Disease control measures against barley powdery mildew include the use of resistant cultivars and
fungicides. More than 20 resistance alleles have been identified, matched by virulence alleles in the fungus
following a gene-for-gene relationship (13). Populations of barley powdery mildew have adapted to all but
the mlo (19) resistance alleles used in barley cultivars (11). Large-scale use of a specific resistance gene in an
area leads to an increase in frequency of the corresponding virulence in the pathogen population, which results
in the resistance gene becoming largely ineffective for powdery mildew control in that area (11). Resistance
to some fungicides is also controlled by major genes (1,5), and the process of adaptation of the pathogen
populations to several groups of fungicides was the same as for host resistance genes (4). To face such a
potential for adaptation, it is desirable to identify new means of disease control that do not give rise to strong
selection pressure and to evaluate the risk of breakdown prior to their use. Because the ultimate test of
durability is large-scale use in growing conditions (12), the risk of breakdown might not be intrinsically
predictable, but understanding the dynamics of adaptation to disease control measures could suggest strategies
to delay that adaptation.

Because they act on the plant and not directly on the pathogen (29), chemicals inducing resistance in
the host plant were postulated to be at less risk of a rapid breakdown. For example, Ruess et al. (29) stated
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that in the case of barley powdery mildew, the inducer BTH seems—due to its particular mode of action—
very unlikely to develop resistance in pathogens. This hypothesis should be tested experimentally.
Competition experiments under controlled conditions (25) offer the advantage of precise control of the
selection pressure exerted and the composition of the population in the initial generation. However, the
composition of the initial (laboratory) population for these experiments, apart from a few studies (2,15), has
rarely received much attention. Our objectives were (i) to introduce and randomize the variation in a barley
powdery mildew laboratory population, which was done by the use of controlled crosses between selected
isolates; (ii) to apply the chemical to be evaluated, which was done by exposing the laboratory population to
generations of recurrent selection and comparing the regime to be tested (resistance inducer) to a negative
control (no treatment) and a positive control (treatment with the fungicide ethirimol, known to exert a selective
pressure); and (iii) to measure the selection pressure, which was done both by following over several
generations the sensitivity to the fungicides and the response to BTH (acibenzolar-S-methyl)-induced
resistance, as well as by an indicator independent of the test used to assess levels of sensitivity of the isolates,
i.e., the pathotype diversity in the population.

Materials and methods

Source of isolates and performance of crosses.

Thirty single conidial isolates were chosen as parents for crosses based on their number of virulences,
sensitivity to the fungicides ethirimol and triadimenol, response to BTH-induced resistance (9), and mating
type when tested (Table 1). Isolates CC52 and DH14 are standard isolates for mating type and reaction to
ethirimol (5). Isolates All, Tr2, Ge3, and JEH11, sensitive to DMI fungicides, were provided by E. Limpert
(ETH, Zurich, Switzerland). Isolates gl1 and gl4, sampled from barley cv. Plaisant growing in untreated
farmers’ fields in northern France in 1995, had mating type alleles similar to CC52 and DH14, respectively.
The remaining 22 isolates were sampled in Giessen, Germany, in four fields of an experiment, including Milgo
E at 25% of the recommended dose (280 g of ethirimol liter?, 0.25 liter ha™) or Bion at the recommended
dose (30 g of BTH ha) (14). BTH-resistant isolates were not available in collections, and it was uncertain
whether the test of sensitivity to BTH was reliable. However, it has been observed that when a chemical
treatment induces a selection pressure, repeated treatments increase the frequency of insensitive isolates
(6,26,35). According to this hypothesis, the source of variation for the sensitivity to BTH was the collection
of isolates from field plots treated on four occasions with this chemical during the asexual epidemics.
However, the limit of this protocol is that if no evolution is observed during the generations of selection, it is
impossible to rule out the hypothesis that the initial population had insufficient variation for the population to
evolve. Crosses were carried out in the greenhouse at 10 to 20°C according to the method of Brown et al. (5)
for several combinations of the 30 isolates (Table 1). Spores were mixed and inoculated on leaves of barley
cv. Proctor.

Cleistothecia appeared 3 to 4 weeks after the crosses. Ascospore progeny isolates were recovered as described
by Brown et al. (5) on leaf segments of barley cv. Pallas. After 7 to 10 days of incubation, conidia from
sporulating colonies were transferred to new leaf segments on water agar (4 g of agar and 40 mg of
benzimidazole liter?).

Isolate characteristics test.

Virulence tests were carried out to determine the pathotypes of isolates with respect to the following set of 14
differentials, i.e., near-isogenic lines of barley cv. Pallas (16) (with corresponding resistance genes in
parentheses) P01 (Mlal), P02 (Mla3), P03 (Mla6), PO5B (Mla7), PO8B (Mla9), P09 (Mlal0), P10 (Mlal2),
P11 (Mlal3), P12 (Mla22), P16 (MIk1), P21 (Mlg), P23 (MlLa), and P24 (Mlh) and cv. Lotta (MIAD) (18).
Each isolate was inoculated with a settling tower on leaf segments of 10-day-old seedlings of barley cv. Pallas
near-isogenic lines maintained on water agar. After 7 days of incubation (18°C, 16 h light, 1 kix), the infection
types (IT) were scored on a 0-to-4 scale (20) and classified as avirulent (IT = 0 to 3) or virulent (IT = 4).

For fungicide sensitivity tests, the plants were prepared by seed treatment. Seeds of barley cv. Pallas
were treated with fungicide by mixing them thoroughly with ethirimol formulated as the liquid Milstem
(51.3% ethirimol) or with triadimenol formulated as the liquid Baytan (75 g of triadimenol, 10 g of imazalil,
and 9 g of fuberidazol liter*). BTH, formulated as Bion (50% acibenzolar-S- methyl), was applied by spraying
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seedling leaves 48 h before inoculation with a hand-held sprayer at a volume rate of 5.56 x 103liter ha . All
tests included one set of plants untreated (Milstem, Baytan) or sprayed with water only (Bion). Milstem was
applied at 12 doses (2.6, 4.6, 8.1, 14.4, 25.5, 45.3, 80.5, 142.9, 233.7, 450.3, 799, and 1,418 mg of ethirimol
kg of seeds). Baytan was applied at 12 doses (29.5, 37.1, 46.8, 59, 74.3,93.7, 118, 148.7, 187.4, 236.2, 297.6,
and 375 mg of triadimenol kg of seeds) and Bion was applied at 12 doses (0.6, 1, 1.7, 3, 5.3, 9.5, 16.8, 30,
53.4, 95, 19.2, and 300 g of BTH ha*in 10 ml of water). The number and spacing of the doses were chosen
such that the parents were resistant to the lowest dose and sensitive to the highest dose, and so the standard
isolates could be reliably distinguished. Recommended doses are 7 ml of Milstem kg of seeds (3,591 mg of
ethirimol kg of seeds), 5 ml of Baytan kg of seeds (375 mg of triadimenol kg of seeds), and 30 ml of
BTH ha in 200 to 400 liters of water.

Tests of fungicide sensitivity and response to BTH-induced resistance were performed on detached
leaf segments. Using a settling tower, each single isolate was inoculated onto leaf segments of 10-day-old
seedlings maintained on water agar. Two replicates of each dose and the untreated control were used to test
each isolate. The number of mildew colonies formed on the leaf segments were assessed 7 days after
inoculation. Isolates were tested over several days along with isolates covering the two levels of response to
ethirimol CC52 (sensitive) and DH14 (resistant) and four levels of response to triadimenol DH14 (sensitive),
CC66 (low), CC107 (moderate), and E1 (high) as standards in each test (1,5). Because the levels of response
to BTH were unknown and no standards were available, isolates DH14, CC66, CC107, and E1 were always
included.

Table 1 Virulence pathotype and response to fungicides of 30 Blumeria graminis f. sp. Hordei single spore
isolates used as parents for the crosses"”

Virulence pathotype* FungicidesY Crosses”
Isolate V; Vi Vi Va1 Vo Vao Var Vazs Vi Vi Y Vi Va, Eth Tdl Bth

CC52 0
DH14
All
Tr2
Ge3
JEHI11
gll
gl4
BH1
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"md = missing data.

¥ 0 indicates avirulence and 1 indicates virulence of the isolate on the corresponding host resistance allele.

Y Response of the isolate to the fungicides ethirimol (Eth) triadimenol (Tdl) and to the chemical inducer of resistance BTH
(acibenzolar-S-methyl). For ethirimol, S indicates sensitivity as the standard isolate CC52 and R indicates resistance as
the standard isolate DH14. For triadimenol, S indicates sensitivity as the standard isolates DH14 and CC66, M indicates
moderate resistance as the standard isolate CC107, and R indicates high resistance as the standard isolate E1. For BTH,
where the genetics of the resistance were not known and no standard isolates were available, the two arbitrary response
categories S and R indicate lower and higher resistance, respectively, than the mean of the four isolates CC52, CC107,
DH14, and E1.

 + indicates that the corresponding isolate was included in the cross, whereas 0 indicates that it was not included.
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Assembling a laboratory population.

One hundred thirty-seven isolates were chosen from a total of two hundred thirty-three progeny issued from
the crosses such that (i) each pathotype was represented only by one isolate and therefore corresponded to a
single genotype, (ii) some variation for the response to ethirimol was present in the population, i.e., isolates
sensitive as CC52 and resistant as DH14 would be present, and (iii) some variation for the response to BTH
was present in the population. The sensitivity to BTH (expected to be variable in the parents of the crosses)
was assessed on the ascospores, but due to the test, the sensitivity could not be reliably used at this step as a
criterion to choose the ascospore progenies. However, it was checked using another trait (sensitivity to
triadimenol) so that when variation was present in the parent of the crosses, some of this variation was present
in the ascospore population, even if the ascospores were not chosen according to their level of response to the
trait.

To ensure that all isolates were present in approximately equal frequencies in the laboratory population
in the initial generation (GO0), which was a prerequisite to allow comparison between treatments, spores from
a single colony were blown individually for each of the 137 isolates into each generation box (25 x 50 x 25
cm [width x length x height] transparent box, covered by a glass plate).

Successive generations under selection pressure.

Generation boxes were sown with 30 g (approximately 700 seeds) of barley cv. Pallas seeds 7 days before
inoculation and placed in a growing chamber (18°C, 16 h light, 2.5 kiIx). After inoculation, a generation box
was incubated in another chamber (18°C, 16 h light, 2 kix) for 6 days at which point 20 leaves chosen to bear
50 to 100 powdery mildew colonies each were cut, placed on water agar, and further incubated for 24 h to
allow spore accumulation. The spores from the 20 leaves collected from one generation box were blown into
a new generation box with 7-day-old seedlings. This was repeated for 10 generations.

Five selection regimes were applied (two replications each) for a total of 10 generation boxes. The
BTH inducer was applied in two regimes, either alone (B) or as BTH in combination with ethirimol (EB). One
negative control regime received no treatment (C). Two positive control regimes were applied with ethirimol
(E) and ethirimol with a selection pressure attenuated by allowing 10% of the population to escape from the
treatment (ES). The negative control was included to check the absence of evolution of the traits when no
selection pressure was applied, and the positive controls were included to check that the protocol used allowed
the detection of changes in the composition of the population specifically induced by a selection pressure.
ethirimol, formulated as liquid Milstem (51.3%, wt/wt ethirimol), was applied by seed treatment at a dose of
14.4 mg of ethirimol kg™ of seeds. BTH formulated as Bion (50% acibenzolar-S-methyl) was applied by
spraying 48 h before inoculation at the recommended dose of 30 g ha™ in 20 ml of water. The regime
simulating escape (ES) from the fungicide treatment was applied by sowing 90% of ethirimol-treated seeds
and 10% of untreated seeds (two 8- x 8-cm pots, each with 1.5 g of seeds); one leaf was cut from each of the
two pots for the next generation.

Sampling was performed at the end of GO and every other generation. Leaf segments bearing colonies
at low density were cut 6 days after inoculation, placed on water agar, and incubated for 24 h. Spores from
individual colonies were transferred onto new leaf segments with a toothpick. These isolates were tested for
virulence as described previously to identify the actual pathotype frequencies for a given generation. The 137
pathotypes, each represented by a single genotype, were initially mixed in approximately equal frequencies.

Analysis of the toxicological tests.

In order to quantify the response to the fungicides and to BTH for each isolate, the logarithm of the median
effective dose (ED50), i.e., the dose reducing the number of colonies by about 50% compared with the
untreated control, was estimated for each of the three chemicals. This was done by Probit analysis on the
responses on the different doses, i.e., the mean number of mildew colonies formed on the two leaf segments,
out of the total number of colonies, i.e., the mean of colony numbers on the untreated leaf segments. However,
as described by Brown and Wolfe (6), this method of fitting a regression model to the data to calculate the
individual log ED50 requires assumptions about the underlying distribution of effective doses and the
distribution of fungicide in treated host plants. These assumptions may be violated for many pathogens,
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including barley powdery mildew, and for chemicals which only become toxic after modification by the plant.
In some cases, model-fitting produces results which clearly do not represent the true response of the pathogen
to the chemical. It can be difficult to estimate effective doses for isolates with very high or low resistance and
to compare isolates in different batches of tests (6).

To remedy this potential problem, the variation in the data was displayed by principal component
analysis (PCA) (3,6). The first aim of PCA is to find a small number of variables that account for as much as
possible of the total variation in the data, thus allowing the complete data to be described by just a few Z-
variables (3,6). From the p original variables X1, X2, ..., Xp, which may be correlated with each other, an
equal number of new uncorrelated variables Z1, Z2,...,Zp is produced. The new variables are ordered so that
Z1 is the single variable that accounts for the largest part of the variation in the data, Z2 is the next most
informative variable, and so on. The second aim of PCA is to describe the relationship of individuals to one
another, which is simplified by using a small number of variables in order togroup the isolates according to
levels of response similar to the response of well-characterized standard isolates (3,6). For each test batch and
each of the three chemicals, the mean colony number on the different doses divided by mean colony number
on untreated leaves were regarded as variables, and each isolate was regarded as an observation. PCA was
carried out on the correlation matrix of Z-transformed variables, excluding the data from untreated leaves. In
order to display the variation of the isolates in relation to the extracted principal components, observations
(isolates) were projected onto the first two principal components (Z1, Z2). Within each test batch, the isolates
were allocated to categories of fungicide sensitivity by comparison of their score on the first principal
component (Z1) with the score of the reference isolates used in the same test.

To assess the correlation between the two methods, for each of the chemicals, the Pearson correlation
coefficient was calculated between the first principal component (Z1) of the PCA and the effective doses.
From GO and every other generation thereafter, pathotypes were assessed using a sample of isolates from each
generation box. As each pathotype was represented by a single genotype in the laboratory population,
virulence tests were used to identify pathotypes (=genotypes), whose response to ethirimol, triadimenol and
BTH had been characterized before the start of the experiment. To assess changes in the population
composition under different selection regimes in successive generations, the number of isolates in the two
(ethirimol, BTH) or three categories (triadimenol) were determined every second generation. From these data,
relative fitness (2,17) was estimated based on the changes of absolute frequencies in successive samples by
means of a generalized linear model assuming a multinomial distribution (24) followed by a likelihood ratio
test (or G-test).

Diversity indices.
In surveys of natural populations (28), field experiments (34) and competition experiments (15,22), selection
pressure has been found to cause a decrease in the diversity of pathogen populations, whereby the magnitude
of the decrease depended on the strength of the selection applied. We therefore used the changes in diversity
over generations as an indirect indicator of the occurrence of a selection event. Because our population was
a mixture of a given number of pathotypes, frequencies of which were assessed over generations, diversity
indices based on pathotype frequencies were selected over indices based on allele frequencies.

The modified Shannon diversity index HwW’, i.e., the normalized version of Shannon’s H (30), obtained
by division through In(N) and less sensitive to sample size (8), was calculated using the observed pathotype
frequencies as follows

|
=T JZI(NJM{N]

where N = sample size, ni= number of isolates of the i pathotype, and m = number of
pathotypes.
The Shannon evenness index EH, i.e., the normalized version of
Shannon’s H, obtained by division through Hmax= In(m), was caculated as follows
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The Simpson diversity index A (32), i.e., the probability of obtaining two distinct pathotypes when
randomly drawing two isolates from the sample, was calculated as follows

m —
/1:1_2 nz'(ni ])

SN -1)

Pseudovalues of the diversity indices and their confidence intervals based on estimates of the standard

error were obtained by the jackknife (resampling) procedure (27,33). Pseudovalues were analyzed using a
general linear model (GLM) with generation and selection regime as factors. For all indices, the factors were
significant (P= 0.05), whereas interactions between factors were not significant. After the overall F test had
shown significance, a post hoc multiple-comparison test was applied. Because the variances were unequal
(according to Levene’s test of equality of error variances), Dunnett’s T3 (pairwise comparison test based on
the studentized maximum modulus) was applied. All statistical analyses were carried out by using the
statistical package SPSS (version 10.0.7; SPSS Inc., Chicago).

Results

Fungicide tests and PCA.

For the response to ethirimol, for each of the test batches, the scores for the first two principal components
(21, Z2) allowed the separation of the response of the control isolates CC52 and DH14, as illustrated for one
test batch (Fig. 1). In all cases, Z1 accounted for a major part of the variation, between 46 and 74% of the total
(Table 2), and the scores for Z1 were related to the resistance to ethirimol. Increasing scores for Z1 reflected
higher levels of resistance of different isolates to ethirimol, indicated by the position of the control isolates on
the graph (Fig. 1) and the high value of the Pearson correlation coefficient (0.97; P= 0.001) between Z1 scores
and log ED50 values. For each test, the tested isolates were grouped in two distinct clouds around the control
isolates, which allowed the tested isolates to be placed in one of the categories of resistance. For each test, the
mean value of the Z1 scores of the two control isolates was used for the classification of the tested isolates
into the two categories (Table 2). All the tested parents and the 137 selected progeny isolates from the crosses
could be placed into one of two distinct classes: either resistant, with a level of response similar to that of the
resistant control DH14, or sensitive, similar to the sensitive control CC52. The relative position of the control
isolates was consistent across the batches of test, and therefore, the results (classification of the tested isolates
as either resistant or sensitive) from the different test batches could be combined.

Fig. 1. Principal component analysis using the response of the isolates to 12 doses of the active compounds
as variables gives a good discrimination of the standard isolates, and allows a classification of the tested
isolates into categories of response similar to the standard isolates. Scores of the isolates on the two principal
components (Z1, Z2) are illustrated for three batches of tests of the response to ethirimol, triadimenol, and
BTH. Sensitive (S), resistant (R), or intermediate (M) standard isolates are indicated for each category of
response.
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Table 2. Principal component analysis and median effective doses (ED50 values) for each batch of test of the
response to ethirimol, to triadimenol, and to acibenzolar-S-methyl (BTH) in the initial population and
standard isolates

Response to ethirimol Response to triadimenol Response to BTH

Eth-1 Eth-2 Eth-3 Eth-4 Eth-5 Tdl-1 Tdl-2 Tdl-3 Tdl-4 Bth-1 Bth-2

71 72 Z1 72 Z1 722 71 72 Z1 72 Z1 72 71 72 71 72 Z1 72 Z1 72 Z1 72

% Variation and cigenvaluc®
Eigenvalue 6.14 214 635 141 550 1.69 699 255 884 316 853 248 699 3.07 100 159 113 048 771 174 720 2.08
% 512 178 529 1.7 458 141 583 213 737 263 71 207 582 256 837 132 944 40 643 145 600 174

Score loadingsY

CC52 -065 -054 -028 088 -096 -054 -031 065 -044 -107 ..

DH14 1.89 202 091 036 L1I0 028 190 -049 1.14 015 -1.50 110 -1.84 152 032 005 -038 059 090 -003 085 033
CC66 W -133  LI8 -1.84 152 -023 049 009 -232 010 003 123 -0.86
ccio7 w09 004 -165 119 033 284 071 410 -1.91 432 -1.24 552
El 0.87 023 002 -066 294 -065 215 113 -054 111 -0.59 -092

Log EDsp values®

CO52(S) 135 (22) 149 @(31)  1L18  (15) 167 @47 160 (40) ..
DHI4(R) 223 (170) 210 (126) 236 (229) 3.06 (1,148) 2.69 (490) 0.94 ©) 089 ®) 116 (15) 1.18 (15) L6l 41) 273 (537)
CC66 ... 089 (8 089 (8 147 (30) 158 (38 215 (141) 261 (407)
CcCl107 164 (44) 113 (14) 181 (65 1.99 “98) 324 (1,738) 282 (661)
El . . ) . 254 (347) 205 (112) 255 (355) 331 (2,042) 246  (288) 3.76 (5,754)

X The amount of variance explained by a principal component is expressed by its eigenvalue. An eigenvalue of >1 indicates
a principal component that explains more of the variance than one of the original variables. Percentage of the variation
(%) is calculated by the eigenvalue of the appropriate principal component divided by the sum of all eigenvalues.

Y The score loadings gives the position of an observation (isolate) projected onto the first two principal components.
2ED50 (median effective dose) is the dose causing 50% inhibition of mildew growth. ED50 are in milligrams per kilogram
of seeds for ethirimol and triadimenol, and in milligrams per hectare for BTH.

For the response to triadimenol, the four control isolates were separated by their scores on the first two
principal components (Z1, Z2) of the PCA as illustrated for one test batch (Fig. 1). Again, Z1 accounted for a
major part of the variation: between 58 and 94% of the total (Table 2). Increasing Z1 scores reflected higher
levels of resistance to triadimenol, indicated by the position of the control isolates on the graph (Fig. 1) and
the high correlation between Z1 scores and log ED50 values (0.82; P= 0.001). For each test, the tested
isolateswere grouped in distinct clouds around the control isolates, which allowed the tested parents and the
137 selected progeny isolates to be placed in one of the categories of resistance, using the mean value of the
Z1 scores for the control isolates (Table 2). Among the four expected levels of response, similar to DH14
(sensitive), CC66 (low), CC107 (moderate), or E1 (high), our results did not allow reliable discrimination
between the sensitive and low categories for all test batches (Table 2); the isolates were thus pooled into the
sensitive category for the analysis. Because the relative position of the control isolates was consistent across
the batches of test, the results (classification of the tested isolates as resistant, moderately resistant, or
sensitive) from the different batches could be combined.

Because no information was previously available about the existing variation in natural populations or
the potential categories of response, four isolates were included in both tests for the response to BTH-induced
resistance in order to compare results across tests. These four isolates were separated by their scores on the
first two principal components of the PCA (Fig. 1; Table 2). Isolates DH14 and CC66 had consistently lower
values than isolates CC107 and E1. However, within these groups, the ranking of the isolates was not
consistent between the two tests (Table 2). In contrast to the fungicides ethirimol and triadimenol, it was not
possible to identify distinct categories of isolates based on the first two principal components of the PCA (Fig.
1). Two arbitrary categories (sensitive and resistant) were defined as Z1 values lower or higher than the mean
value of the four isolates, respectively. The correlation between Z1 and log ED50values was lower (0.56; P=
0.001) than for the fungicides.

Assembled laboratory population.

In the laboratory population, each pathotype was represented by a single isolate and the number of virulences
per isolate ranged from 0 to 13 out of the 14 alleles tested. The parents used for the crosses displayed variation
in their response to the two fungicides and to BTH-induced resistance (Fig. 2A) and this variation was kept in
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the laboratory population (Fig. 2B). The protocol of randomization of the variation by sexual crosses followed
by the choice of some progenies allowed keeping variation in the progenies even for some traits not directly
taken into account during the choice of ascospore progenies (Fig. 2B). This verification was obtained using
the resistance to triadimenol as a control. Some variation for the response was present in the parents (7
sensitive isolates, 5 moderately, and 15 highly resistant; Table 1), and the progenies kept while assembling
the laboratory population were not chosen according to this trait. Nevertheless, the results of a posteriori
testing indicated that the variation was present in the laboratory population, with log EDS50 for triadimenol
ranging from 0.89 to 3.93. Of the 100 isolates assessed, 24 were sensitive (23 resembled DH14 and one had
low resistance like CC66), 15 had moderate resistance resembling CC107, and 61 had high resistance like E1.
The distributions of isolates in the three triadimenol sensitivity classes were not significantly different (y“=
2.29; df = 2; P=0.31) among the 84 ethirimol-sensitive and the 53 ethirimol-resistant isolates.

For BTH, log ED50 values ranged from 1.40 to 4.08 for the 95 isolates tested. Even if the confidence
in the toxicological test may be limited, the previous result on triadimenol indicated that the variation in
response to BTH present among the parents of the crosses (isolates sampled on field plots repeatedly sprayed
during the epidemics) is expected to persist in the progenies even if this criterion was not directly used to
assemble the laboratory population. In the laboratory population, there was no correlation between the levels
of response to ethirimol, triadimenol, and BTH (Fig. 2B), which is a prerequisite to avoid bias due to indirect
selection during the generations.

Fig. 2. The variation present in the parents was randomized (using sexual crosses) so that in the initial
population there was no correlation between the response of the isolates to ethirimol, triadimenol, and BTH.
This is illustrated by the response on the first principal component for BTH plotted against the response on
the first component for triadimenol for the two categories of isolates either resistant (R) or sensitive (S) to
ethirimol A, among the parent isolates and B, in the laboratory population.
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Evolution of the sensitivity to fungicides over generations.

The distribution of log ED50 values in the laboratory population, i.e., in the initial generation, reflected the
two categories of response to ethirimol (either sensitive as CC52 or resistant as DH14; Fig. 3), the three
categories of response to triadimenol (either sensitive as DH14 and CC66, moderate resistance as CC107, or
resistant as E1; Fig. 3), and the continuous distribution for BTH-induced resistance for which the categories
sensitive and resistant were not based on previously identified distinct levels of response (Fig. 3). The
frequencies of these categories were summarized over generations for the selection regimes (C, B, EB, E, and
ES) and a regression model was fitted to estimate relative fitness of categories (Fig. 4). The likelihood ratio
for the comparison between observed and expected data was nonsignificant in most cases (Table 3), indicating
that the model fitted the data well.
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Fig. 3. In the laboratory population, i.e., initial generation, the distribution of the response of the isolates to
ethirimol and triadimenol, measured by the median effective doses (log ED50), indicates distinct categories
corresponding to that of the standard isolates, whereas no categories of response could be observed for BTH.
The data of the histograms were obtained from different batches of tests, and for each of the five (Eth-1 to
Eth-5), four (Tdl-1 to Tdl-4), and two (Bth-1, Bth-2) batches, the positions of the corresponding standard
isolates (CC52, DH14, CC66, CC107, and E1) are indicated for ethirimol, triadimenol, and BTH,
respectively. Note that the ranking of the standard isolates is consistent in the different batches of test for
ethirimol and triadimenol. For BTH, isolates DH14 and CC66 had consistently lower values than isolates
CC107 and E1; however, within these groups, the ranking of the isolates was not consistent between the

two tests.
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Fig. 4. Evolution over generations of the resistant (R) and moderately resistant (M) categories compared with
the sensitive (S) category for ethirimol, triadimenol, and BTH depending on the selection regime. The
application of ethirimol induced a specific response of the population, whereas there was no evolution in the
absence of treatment (triadimenol) and no evolution was detected in response to BTH treatment. The control
regime (C) was untreated, whereas ethirimol treatments were applied in regimes E, EB, and ES, and BTH
treatments were applied in regimes B and EB. Note that for the first generation, data are indicated both before
(initial = mixture of isolates that have been inoculated) and after (GO= sampled on the plants at the end of
the generation) the selection event.
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Table 3. Relative fitness (e*) of resistant isolates in the 10 generation boxes"

Model fit Regression slope*
BoxY 2 P X eX SE 7t =95% CI <95% CI
Ethirimol
EB a 10.96 0.05 0.71 2.04 0.12 5.88% 0.48 0.95
b 5.93 0.31 0.28 1.32 0.07 3.75% 0.13 042
E a 17.87 0.00 0.26 1.30 0.07 3.68% 0.12 0.40
b 8.62 0.13 0.45 1.57 0.10 4.59% 0.26 0.65
B a 5.46 036 -0.01 0.99 0.07 -0.08 -0.15 0.13
b 1.59 0.90 0.01 1.01 0.09 0.06 -0.17 0.18
C a 0.88 0.97 -0.02 0.98 0.07 -0.32 -0.16 0.11
b 3.19 0.67 0.15 1.16 0.08 2.00% 0.00 0.30
ES a 9.43 0.09 0.22 1.24 0.07 2.96% 0.07 0.36
b 23.60 0.00 0.44 1.55 0.09 5.06* 0.27 0.61
Triadimenol
EB a-M 17.50 0.06 0.41 1.50 0.11 3.80* 0.20 0.61
a-R 0.02 1.02 0.10 0.20 -0.18 0.23
b-M 13.23 0.21 0.12 1.13 0.13 0.92 —0.14 0.38
b-R 0.20 1.22 0.10 1.98* 0.00 0.39
E a-M 23.17 0.01 0.07 1.08 0.10 0.74 —0.12 0.27
a-R 0.10 111 0.08 1.29 -0.05 0.26
b-M 17.43 0.07 0.10 111 0.13 0.82 -0.14 0.35
b-R 0.17 1.18 0.11 1.58 —0.04 0.37
B a-M 29.86 0.00 -0.20 0.82 0.22 -0.90 -0.63 0.24
a-R 0.16 1.17 0.09 1.69 -0.03 0.34
b-M 9.19 0.51 0.07 1.08 0.14 0.53 -0.20 0.35
b-R 0.11 1.12 0.11 1.02 -0.10 0.32
C a-M 19.08 0.04 0.19 1.21 0.15 1.27 -0.10 0.48
a-R 0.18 1.19 0.09 2.02% 0.01 0.35
b-M 10.17 043 0.13 1.14 0.16 0.80 -0.19 0.45
b-R 0.25 1.29 0.11 2.37% 0.04 0.46
ES a-M 10.24 0.42 0.09 1.09 0.11 0.78 -0.13 0.30
a-R 0.06 1.06 0.09 0.64 -0.12 0.23
b-M 18.06 0.05 -0.08 0.93 0.11 -0.73 -0.29 0.13
b-R 0.02 1.02 0.07 0.22 —0.12 0.16
BTH
EB a 4.76 0.45 -0.27 0.77 0.07 -3.63*% -0.41 -0.12
b 10.85 0.05 0.00 1.00 0.07 0.03 -0.13 0.14
E a 4.58 0.47 -0.03 0.98 0.07 -0.39 -0.15 0.10
b 12.99 0.02 0.37 1.44 0.12 3.03% 0.13 0.60
B a 2.75 0.74 0.03 1.04 0.07 0.49 -0.10 0.17
b 3.45 0.63 0.07 1.07 0.09 0.81 -0.10 0.25
C a 4.18 052 0.00 1.00 0.07 -0.01 -0.13 0.13
b 1.05 0.22 0.04 1.04 0.08 0.45 -0.12 0.19
ES a 11.60 0.04 0.16 1.18 0.08 1.97# 0.00 0.32
b 4.04 0.54 0.03 1.03 0.06 0.45 -0.10 0.15

" First, a regression model was fitted to absolute frequencies of isolates in the different categories over generations, and
values of the coefficient X, the calculated slope value eX, standard error of the X value (SE), and goodness of fit of the
model to the data (chi-square and associated probability P) are indicated.

X At test was performed against the null hypothesis that the coefficient Xwas not significantly different from that of the
sensitive category, whose frequency was set to 1 at each generation. Z value and confidence interval limits at the 0.95 level
are indicated.

Y Each selection regime had two replicates (box a and b). For triadimenol, the two categories of resistance (M [moderate]
and R [high]) were tested against the sensitive (S). The control regime (C) was untreated, whereas ethirimol treatments
were applied in regimes E, EB, and ES, and BTH treatments were applied in

regimes B and EB.

z Significant evolution (*), i.e., Z different from 0 at the 5% level.

For ethirimol (Fig. 4), the relative fitness of the resistant category was significantly different

(confidence interval at the 95% level not including zero) from the sensitive category (used as a standard within
generation) for the six generation boxes treated with ethirimol (regimes EB, E, and ES). In the two boxes
treated with BTH (B), the frequency changes were not significant (Table 3). In the control regime, the overall
change was not significant despite a slight increase of the resistant category in one of the boxes, but not in the
other. These results indicate that the use of the fungicide ethirimol specifically induces an increase in
frequency over time, leading to a significantly higher relative fitness of the resistant isolates.

For triadimenol, the frequencies of the categories of moderate (M) and high resistance (H),

respectively, were compared with the sensitive (S) category (used as a standard within generation). Significant
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changes were detected in some of the regimes (Fig. 4), but these changes were never significant for both
generation boxes of these selection regimes (Table 3). These results indicate the absence of significant
frequency changes (due, for example, to drift) in the absence of treatment, i.e., when no evolution is expected.

For the BTH regime, the frequency of the resistant (R) category was compared with the sensitive (S)
category (used as a standard within generations). Significant changes were detected in some of the regimes
(Fig. 4), but these changes were never significant for both generation boxes of these selection regimes (Table
3). In this case, the absence of detection could be due either to the absence of evolution or the failure of the
toxicological test to detect such evolution. To test the latter hypothesis, we used the evolution over
generations of pathotype diversity in the population as an indirect indicator of the occurrence of a selection
pressure.

Fig. 5 Over the 10 generations of recurrent selection, the decrease in pathotype diversity in the population
due to random drift (C) was reinforced by the effect of selection pressures when ethirimol (E, EB, and ES)
and BTH (EB) were applied. The pathotype diversity was measured by the modified Shannon (Hw ), Shannon
evenness (EH), and Simpson (1) indices. Pseudo-values of the diversity indices and their confidence intervals
based on estimates of the standard error were obtained by the jackknife (resampling) procedure. The results
of multiple comparison tests are presented in Table 4.
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Evolution of pathotype diversity over generations.

In a first analysis, diversity indices were calculated for each box at each generation. However, high and
inconsistent variation from one generation to the next made the results difficult to interpret (data not shown).
We proposed that part of this variation was due to the high sensitivity of the diversity indices to sample size.
To test this hypothesis, we pooled the isolates from two successive generations and calculated the diversity
indices for the following samples: Initial (i.e., laboratory population), Go+2, Ga+s, and Gg+10 with sample sizes
from 33 to 76 isolates per box in GO to G10. The results were then consistent over the generations, with a
decrease over time for all of the following diversity indices: modified Shannon Hw’ from 0.99 toward 0.6 to
0.8, Shannon evenness EH from 1 toward 0.81 to 0.94, and Simpson index (1) from 1 to 0.86 to 0.96. There
was a consistent effect over the two boxes of each regime on the decrease of diversity indices (data not shown).
The diversity was highest in the control (C) and BTH (B) regimes, where only drift was influencing the
evolution of the population, and lowest for the regime combining the use of ethirimol with the use of BTH
(EB). This effect of the selection regime was confirmed by a final analysis made when the samples from the
two boxes of each selection regime were pooled (with sample sizes from 80 to 150 isolates in GO to G10) and
indices were then calculated with the corresponding confidence interval estimated by the jackknife procedure
(Fig. 5; Table 4). For each diversity index, the GLM analysis indicated that the two factors generation and
selection regime had a significant effect (P= 0.05) on the pathotype diversity, whereas interactions between
factors were not significant. The diversity in the BTH-only (B) regime was not significantly different from
that in the control (C) regime indicated by the multiple comparisons (Table 4; Fig. 5). This result supports the
toxicological test, and the use of BTH alone does not exert a selection pressure stronger than the random drift.
The diversity values were lower in the regimes treated with ethirimol (E, EB, and ES) than in the control (C)
and BTH-only (B) regimes (Fig. 5). This result indicates that the occurrence of a selective pressure can cause
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a larger reduction of the pathotype diversity than drift alone can (Table 4). The diversity values were lower in
the regime treated with ethirimol in combination with BTH (EB) than in the ethirimol-only (E) regime (Fig.
5), and this comparison was significant for two of the diversity indices (Shannon evenness EH, Simpson index
A) but not for the last one (Shannon index Hw’) (Table 4). This result contradicts the toxicological tests, and
the use of BTH in addition to ethirimol exerts a stronger selection pressure than ethirimol alone.

Discussion

Variation in the initial population.

The two approaches commonly described to introduce variation corresponding to the selection pressure to be
exerted in the laboratory populations are the use of (i) pairs (21) or a low number (25) of well-characterized
isolates or (i) a large number of isolates collected from natural populations, of which only a sample was
characterized (22). But the experiment reported here was intended to address the question before the loss of
efficacy of the plant protection measure was observed in the field, i.e., when a toxicological test was not
reliable and resistant isolates were not yet available in collections. We collected isolates from field plots
repeatedly treated with BTH during the epidemics, following the hypothesis that if the inducer does exert a
selection pressure, repeated treatments would induce an increase in frequency of less sensitive isolates, as
reported following ethirimol (26) or triadimenol (6,35) treatments. Consequently, the limit of our protocol is
that only the detection of an evolution could lead to a conclusion, because the absence of evolution could also
be due to insufficient variation in the initial population.

Once the source of variation was chosen, we randomized the background of the isolates with respect
to the selected traits. Controlled crosses among the parent isolates and the choice of some of the progeny
isolates allowed us to obtain a population in which the desired traits, i.e., response to ethirimol, triadimenol,
and BTH, were independent from one another in the population. Our results are in agreement with the two
previous studies in which controlled crosses were used in wheat leaf rust (15) and wheat mildew (2), indicating
that sexual reproduction increases diversity and reduces the linkage between traits (15). This allows a
reduction in the total size of a laboratory population and hence in the effort required for the corresponding
pathotype characterization. Using the resistance to triadimenol as a reporter trait, we have verified that the
diversity present in the parents remained in the population of progenies, even if these were not directly chosen
for this trait. This allowed us to assume that the variation present in the parents of the crosses for response to
the inducer BTH was not lost during the randomization procedure. These results indicate that the use of
generation experiments can be extended to cases where the baseline sensitivity of the population is not yet
known, and that the use of crosses might then be an efficient way to randomize the variability, even for traits
that cannot be reliably tested for.

Response to the selection pressures: evaluation of the protocol used.
The response to ethirimol was used as a positive control to ensure that an evolution specifically induced by a
selection regime would be detected. As with previous experiments (25), the use of ethirimol at a dose not
lethal for the sensitive isolates (Table 2) clearly led to a strong selection pressure and specifically induced an
increase in frequency of isolates resistant to ethirimol over time in the ethirimol-treated boxes in contrast to
the control boxes. The most significant changes occurred from the initial to the second generation (G2), which
was much faster than the changes observed by O’Hara et al. (22) for fenpropimorph. These authors suggested
the variability in the applied dose as a possible explanation for the slow increase. Predictions drawn from a
simulation model (31) also suggested that increasing the dose variability would lead to a reduced selection
pressure and therefore slow down the increase in average resistance. In the ethirimol-treated selection regime
in which escape was allowed (ES), we simulated increased variability in the dose by allowing 10% of each
generation to escape from the treatment on untreated plants and contribute spores to the next generation.
However, no significant differences in the increase were detected between the ethirimol-treated boxes (EB
and E) and the escape boxes (ES). This was interpreted as an indication that the percentage of escape was
not sufficient compared with the strength of the selective pressure needed to give rise to differences in
evolution that could be detected by our protocol.

We used the response to triadimenol as a negative control to ensure that no evolution would be detected
if the traits were not selected for. As expected in the absence of triadimenol treatments, under random drift
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the average resistance of the populations to triadimenol did not show any consistent evolution over generations
and replicated boxes. Because there were sensitive isolates in our laboratory population, we consider the
alternate hypothesis, that the initial variation was not sufficient in the laboratory population to give rise to a
detectable change as previously observed in field experiments including triadimenol treatments (26), an
unlikely one. We interpreted the results of our positive and negative control regimes as an indication that when
standard isolates are available, the protocol used is suitable to detect the effect of selection pressures, because
evolution specifically induced by ethirimol was detected and no evolution was observed for the unselected
trait.

No response to BTH-induced resistance was detected by toxicological tests.

The average response of the populations to BTH application did not show any consistent evolution over
generations and replicated boxes, even when BTH treatments were applied. We rejected the hypothesis that
BTH application had no effect on barley powdery mildew, because in wheat and spring barley (29) BTH-
induced gene expression led to induced resistance against powdery mildew. Furthermore, in a field
experiment, the severity of powdery mildew epidemics was reduced on barley fields treated with BTH
compared with untreated fields (14). We examined the hypothesis that the toxicological test used to assess the
sensitivity of the isolates was not appropriate. We formulated this hypothesis because in our sensitivity tests,
the number of colonies observed on the leaves decreased with increasing doses of BTH, and it was possible
to calculate log ED50 values. However, in contrast to the ethirimol and triadimenol tests, the isolates tested in
both batches did not show a consistent ranking on the two first principal components of the PCA or for log
EDS50 values. This indicates that at least some variability in the response was due to the test. In our results, it
was not possible to identify categories of response among the isolates. One reason for this might be the
influence of the variability due to the test (3), because it was already observed that for the fungicides ethirimol
(5,10), triadimenol (5), and fenpropimorph (22), the detection (or not) of categories depends on the testing.
Because of the lack of standard isolates and the likelihood of errors caused by the testing, our results from the
sensitivity tests do not allow conclusions to be drawn regarding the existence of variability in the response to
BTH among isolates; hence, we used diversity indices as an indirect indication for the existence of a selection
pressure.

Existence of a selection pressure due to BTH-induced resistance detected by changes in pathotype diversity.

The rationale for using the diversity in pathotypes as an indirect indication of the existence of a selection
pressure is that in surveys of natural populations (28), field experiments (34), and competition experiments
(15,22), selection pressure decreases the diversity of pathogen populations, whereby the magnitude of the
decrease depended on the strength of the selection applied. In our experiment, the diversity decreased over
generations in all boxes, including the untreated control; drift might have contributed to this decrease.
However, even though not all comparisons were significant, the diversity was more greatly reduced in the
ethirimol-treated boxes than in the boxes not treated with ethirimol. This is in agreement with the fungicide
sensitivity tests which indicated the occurrence of a selection for increased ethirimol resistance. For two of
the diversity indices used, the diversity was significantly lower in the two boxes treated with ethirimol in
combination with BTH (EB) than in ethirimol boxes (E), and this result can be interpreted as an indication
that the selection pressure was stronger in the former case than in the latter. The hypothesis that the difference
in response to selection could be due to differences in the composition of the population in the initial
generation was discarded because the protocol used ensured that the same pathotypes were present in similar
frequencies in all the boxes. We therefore interpreted the results as an indication that in some cases application
of BTH contributed to a selection pressure. However, the selection pressure from BTH may not be strong
enough to be detected in all the cases, because when BTH-treated boxes (B) were compared with the control
boxes (C), the rates of evolution of diversity were not different. This indicates that if BTH induced a selection
pressure among the ethirimol-resistant isolates, the same effect was not large enough to be detected when
selection was exerted on both ethirimol-resistant and ethirimol-sensitive isolates. An alternate explanation for
these observations could be a synergy between the effects of ethirimol and BTH. The detection of some
selective effects with such a simple protocol (variation introduced from treated fields, precision of the
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detection) indicates that the hypothesis that BTH has no selective effects should be reconsidered until more
data are available.

Consequences for the use of BTH in plant protection.

One important question is to what extent these results obtained under controlled conditions can be extrapolated
to the field. Selective forces will be different because the controlled temperature, regular inoculum density,
and regular transfer to new leaves create very different conditions in the generation boxes to those in the field.
During a yearly epidemic, fluctuating climatic conditions and infection density along with the aging of the
plants all have an influence on the development of powdery mildew (7,21,23). The application of BTH is also
different, as the manufacturer of Bion (Novartis AG/Ciba Geigy AG, Basel, Switzerland) recommends using
this chemical only once a year and switching to usual fungicides if disease control is insufficient. Differences
in the response to BTH were already detected under controlled conditions depending on the presence of the
additional selection pressure exerted by ethirimol. In the field, where selection pressures are not constant,
pathogen populations are larger and may include a wider range of sensitivity; one could reasonably expect
even more variation in the response to BTH. Our results indicate that although resistance inducers do not act
directly on the pathogen, but rather through activation of the plant defense mechanisms, this does not remove
the risk of adaptation of the pathogen population in all cases. This somewhat contradicts a previous statement
about BTH from Ruess et al. (29) who reported that due to BTH’s particular mode of action, the development
of resistance in pathogens seems very unlikely. This study indicates that wide and careless use of this chemical
in the field might also lead to breakdown of its efficacy and should hence be avoided before more information
is available.
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