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Abstract

Eyespot pathogens,Tapesia yallundaeandTapesia acuformis, were isolated from two trial sites in the UK over
several years. Both sites were treated with 2 applications per year of cyprodinil (a new anilinopyrimidine fungicide),
prochloraz and a mixture of cyprodinil with prochloraz. One trial site was exposed to cyprodinil for 3 years, and the
second for a total of 11 years, including 5 years before the trial was initiated. Control of eyespot and sensitivity to
cyprodinil were monitored. During the first 3 years of the trial, disease control with all fungicide treatments ranged
from 43% to 82%. At the site, where the trial was extended for a further 3 years, control then began to decline
but no practical resistance was detected. The decline in control by both fungicides suggests that factors other than
reduced sensitivity might be involved. Field isolates of bothT. yallundaeandT. acuformiswith reduced sensitivity
to cyprodinil were found predominantly in plots treated with cyprodinil. A reduction in sensitivity to cyprodinil
was identified in the population from cyprodinil-treated plots in two years out of six, and in the population from
mixture plots in the final year. No obvious trends could be identified andin-vivo studies showed control of most
isolates with reduced sensitivity could be regained by increasing the dose to one tenth of the recommended field rate.
Analysis of progeny from sexual crosses involving a sensitive isolate and a field isolate with an ED50 value higher
than the baseline sensitivity range indicated that a single gene controlled the reduction in sensitivity to cyprodinil
in oneT. yallundaeisolate. There is clearly a resistance risk in eyespot to cyprodinil. The reduction in sensitivity is
monogenic in inheritance and at a significant level in some isolates, but any shift in sensitivity in field populations
has so far been gradual.

Introduction

Eyespot, caused by the fungusPseudocercosporella
herpotrichoides, is one of a group of diseases that
attack the stem base of cereal crops. The disease
is widespread within the temperate wheat growing
regions of the world. Eyespot causes damage to the
crop that can reduce yields in two ways. Firstly, through
the direct effects of lesions interfering with move-
ment of nutrient and water through the stem base
and subsequent disturbance to the host physiology

and secondly, as an indirect effect of lodging caused
by weakening of the stem base (Scott and Hollins,
1974).

There are two predominant pathotypes, W and R,
distinguished according to their morphological, molec-
ular and pathogenicity characteristics. Recently, based
upon the failure of fertile isolates from the two patho-
types to cross, it has been proposed that they are dis-
tinct biological species, which should be referred to
asTapesia yallundae(W-types) andTapesia acuformis
(R-types) (Dyer et al., 1996).
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Control of eyespot with fungicides became
widespread in the 1970s with the introduction of the
cheap and effective benzimidazole fungicides. Along
with an increased use of fungicides came changes
to cultural practices, such as earlier sowing date and
continuous cropping of autumn-sown cereal crops.
Where crop breaks were used, these were com-
monly of 1 year which is ineffective in controlling
eyespot (Maenhout, 1975). The fungus survives on
straw residues for several years (Macer, 1961) and in
cool, wet conditions produces spores which are then
splash-dispersed to inoculate the new crop (Fitt et al.,
1988). These asexually produced spores are considered
to be the primary source of inoculum. The source of
inoculum is not only influenced by crop succession, but
also by tillage such that ploughing will bring back to
the surface crop debris not from the previous crop but
from the crop preceding this. If this was a host, with
it will come a source of inoculum for the new crop
(Colbach and Meynard, 1995).

For many years, eyespot was successfully controlled
using benzimidazole fungicides until widespread
resistance, first detected in the UK in 1981 (King and
Griffin, 1985), led to control failures. A rapid increase
in the proportion of MBC-resistant isolates, from less
than 3% to more than 90%, occurred in just two sea-
sons when repeated applications of MBC fungicides
were used (Bateman et al., 1986).

In the late 1980s came the discovery that the eyespot
fungus also had a sexual phase (Wallwork, 1987), first
detected in the UK in 1989 (Hunter, 1989). This discov-
ery came at a time when there was also an increase in
the area of standing straw due to a reduction in burning
of stubble for environmental reasons and the introduc-
tion of the EU set-aside scheme. Apothecia are formed
only on straw, for several months following harvest.
Ascospores are released to provide a long-range source
of air-borne inoculum capable of infecting crops for up
to 9 months following the previous crop (Dyer et al.,
1994). Apothecia were found at almost 50% of sites
surveyed by Dyer and Lucas (1995) indicating that sex-
ual reproduction is an important part of the life-cycle,
especially ofT. yallundae. Sexual reproduction allows
for greater genetic variation within the population and a
greater potential to respond to selection pressures such
as that resulting from the use of fungicides. However,
although apothecia were found at a high proportion of
sites, the frequency at these sites was generally low
and therefore it was considered that ascospores are not
likely to provide a major source of inoculum (Dyer and
Lucas, 1995).

When resistance became widespread, benzimida-
zoles were largely replaced with inhibitors of sterol
biosynthesis, of which prochloraz was the most effec-
tive (Jones, 1994). Prochloraz-resistant field strains
were first identified in France in 1990 accompanied,
in some cases, by a reduction in efficacy of the fungi-
cide (Leroux and Marchegay, 1991); control failures
due to resistance have not yet been reported in the UK.
In vitro crosses have indicated that resistance to
prochloraz has both a mono- and polygenic component
(Dyer et al., 1998).

The anilinopyrimidines are a relatively new class
of broad-spectrum fungicides (Heye et al., 1994) and
include cyprodinil (CGA 219417; N-(4-cyclopropyl-6-
methylpyrimidin-2yl)aniline), which is active against
eyespot. Anilinopyrimidines are thought to have a
novel mode of action which may involve inhibition
of methionine biosynthesis (Masner et al., 1994; Fritz
et al., 1997) and repression of secretion of extracel-
lular enzymes (Milling and Richardson, 1995). After
intensive use of anilinopyrimidines at a trial site in
Switzerland, resistant isolates ofBotrytis cinereawere
detected, resulting in a failure of disease control
(Forster and Staub, 1996; Hilber and Schüepp, 1996).
Resistance was thought to be monogenic, which has
implications for the development of an anti-resistance
strategy (Hilber and Hilber-Bodmer, 1998).

The application of fungicides and other changes
to cereal cultivation practices in Europe have had a
selective influence on the population structure of the
eyespot pathogens. Before the widespread use of benz-
imidazoles the R-type was found only in regions inten-
sively growing rye. By the mid 1980s, there was a
higher proportion of R-types and these were distributed
throughout the cereal growing regions (Hollins et al.,
1985). It was suggested that this was due to a combi-
nation of an increased area of winter barley to which
the R-type has greater pathogenicity and selection for
resistance to benzimidazole fungicides (Hollins et al.,
1985). Through the development of resistance to both
groups of fungicides used for eyespot control in the
past 20 years and with the discovery of a sexual stage
in its life-cycle, eyespot has proved that it has a great
capacity to adapt to selective pressures.

The present work was initiated in 1993, in order to
monitor the sensitivity of eyespot populations exposed
to cyprodinil over a number of seasons and to provide
a basis for a resistance risk assessment of eyespot to
cyprodinil before widespread use of the fungicide in
the UK. The same experimental design was applied at
two trial sites in the UK; disease control was monitored
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and eyespot samples assessed for theirin vitro sensi-
tivity to cyprodinil by measuring germ-tube growth on
a range of fungicide concentrations. Crosses between
cyprodinil sensitive isolates, and field isolates with
reduced sensitivity to cyprodinil, were performed and
the progeny then analysed for theirin vitro sensitivity
to cyprodinil, in order to elucidate the genetic control
underlying reduction in sensitivity to cyprodinil in the
field. This information will be important when propos-
ing an anti-resistance use strategy.

Materials and methods

Chemicals

Technical grade cyprodinil (CGA219417) and a WG75
formulation were supplied by Novartis, Switzerland.
Technical grade prochloraz was supplied by AgrEvo,
Germany.

Field trial

Two separate field trials with identical layouts and treat-
ments were carried out, one at Long Ashton, Bristol,
from 1993 to 1995, the other at Elmdon, Essex, from
1993 to 1998. Both sites had previously grown winter
wheat (cvs Hereward and Slejpner) susceptible to eye-
spot and had not been treated with prochloraz. Prior to
the experiment starting in 1993, the site at Elmdon had
been intensively treated with cyprodinil over a period
of five years, during the early development of the com-
pound. Four treatments were applied at both sites: (1)
cyprodinil: experimental formulation applied at 750 g
active ingredient per hectare (g ai ha−1), (2) prochlo-
raz: Sportak 45 applied at 405 g ai ha−1, (3) cyprodinil
plus prochloraz: tank mix of formulated cyprodinil
(375 g ai ha−1) plus Sportak 45 (300 g ai ha−1), (4) con-
trol: no treatment. At both sites, the treatments were
laid out as a randomised complete block design with
four replicates for the first three years, after which, at
Elmdon, one of the four cyprodinil treated plots and
one of the four mixture treated plots were left untreated.
Each plot was 12×20 m. Wheat cv. Hereward was
used at Long Ashton and cv. Slejpner at Elmdon. Two
sprays per season were applied at GS 31-32 and GS
45 (Zadoks et al., 1974). Although normal commercial
practice for eyespot control is one application per sea-
son, two applications of all products were used in this
study to increase the possibility of selection for shifts in

sensitivity. No other fungicides, except Calixin (tride-
morph) for control ofErysiphe graminisf.sp. tritici ,
were applied to the experimental plots. All other treat-
ments, such as herbicides and fertilisers, were accord-
ing to standard farm practice. Thirty plants from each
plot were sampled before each of the two fungicide
applications and at GS 75. Eyespot disease levels were
assessed visually and a disease index calculated (Scott
and Hollins, 1974). The disease indices for control plots
(GS 75) were averaged for each year and the percent-
age disease control at GS 75 (unless otherwise stated)
was calculated for each treatment relative to this.

In vitro sensitivity tests

Eyespot strains were isolated from individual lesions
on the plants sampled from each plot using an adapta-
tion of the method described by Bateman et al. (1985).
Both T. acuformisandT. yallundaewere isolated and
induced to sporulate by growing on tap water agar
(TWA; 12 gl−1 Technical agar, Oxoid, UK) for at least
14 days at 17◦C under black light. Spores were inoc-
ulated onto plates containing a 10-fold dilution series
of cyprodinil from 0.5 to 0.0005µg ml−1 in TWA and a
control (no fungicide), all of which had a final ethanol
concentration of 1% (v/v). Ten to twenty germ-tube
lengths per dose were measured, using a light micro-
scope after 48–72 h under black light at 17◦C. The
number of germ-tube lengths was variable because as
the trial progressed it became clear that a lower amount
of data was sufficient to generate reliable ED50 values
(see statistical methods section for details).

In vivo pathogenicity tests

Some of the eyespot isolates from the field trials,
including some of those that showed reduced sensi-
tivity in vitro, were used to inoculate wheat plants
under controlled environment conditions. Untreated,
eyespot-susceptible, winter wheat (cv. Avalon) was
grown in M3 compost (Levington Horticulture Ltd.,
Ipswich, UK) in 9 cm diameter pots for 10 days at 16◦C
with a 12 h photoperiod. Five plants per pot were inoc-
ulated by either fixing plugs of agar cut from the margin
of a growing eyespot culture to the base of the stems
with the mycelium in contact with the plant, or, mac-
erating an actively growing colony into fresh molten
PDA (39 g l−1 Oxoid, UK), cutting a collar from the
solidified medium and placing this around the base of
each stem. A layer of moist sterile sand was placed
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over the compost to hold the inoculum in place. Plants
were maintained at 12◦C, 12 h photoperiod and a rel-
ative humidity of 95%. After 7 days, pots were treated
by root drenching with 50 ml of cyprodinil suspension
or water. Treatments were based on a 10-fold dilution
series of the field application rate of 750 g ha−1, with at
least two replicates per treatment. Disease levels were
visually assessed after 10–12 weeks and a disease index
calculated (Scott and Hollins, 1974). Disease indices
for control pots were averaged and percentage disease
control calculated for each treatment relative to this.

Eyespot crosses

Crosses were performed usingT. yallundae and
ascospore progeny collected according to the methods
described by Dyer et al. (1993). A fertile, cyprodinil-
sensitive strain, 22-432-1 (ED50 0.0057µg ml−1; sup-
plied by Dr P. Dyer, Nottingham University) was
crossed with a field isolate, SWR1 (ED50 0.24µg ml−1).
After 10–12 weeks, apothecia (200–1000µm in diam-
eter) closely resembling previous descriptions (Hunter,
1989) were formed and 200 single ascospores isolated
and cultured on fresh TWA. Conidia from 130 of these
single ascospore derived colonies were then tested for
their in vitro sensitivity to cyprodinil, as described
above. An offspring from this cross, with similar sensi-
tivity to SWR1 (P44) was then back-crossed to the sen-
sitive parent, 22-432-1 and 45 ascospore progeny tested
for their sensitivity to cyprodinilin vitro. The pres-
ence of recombinants was confirmed by RAPD analy-
sis. Template DNA was obtained by boiling mycelium
in TE buffer. Tenµl was used as template with 200µM
dNTPs; 0.3µM primer 18 (The University of British
Columbia, Vancouver); 1 unit of Taq polymerase; 5µl
10x buffer (Appligene, Chester-le Street, UK). The
PCR reactions were done in a temperature cycler with
an annealing temperature of 40◦C. The products were
run on agarose gels and visualised using ethidium bro-
mide staining under UV light.

Statistical methods

All statistical analyses were carried out using Genstat
(Genstat Committee, 1993). To look at the naturally
occurring variation of eyespot index across years the
eyespot index for the control plots (GS 75 unless oth-
erwise stated) was subject to analysis of variance. No
variance stabilising transformation was required. Per-
centage disease control (measured as a percentage of

the average control-plot eyespot index for each year,
GS 75 unless otherwise stated) was also subject to anal-
ysis of variance using all combinations of treatments
and years as treatments. Again, no variance stabilising
transformation was required.

Analysis of mean germ-tube length inin-vitro exper-
iments consisted of fitting a dose response curve
(Streibig, 1980) using least squares, to each isolate. The
equation used was:

L = C

1+ (Dose/eED50)
B ,

whereL is the predicted germ-tube length at the given
Dose, C is the control response, andB is a measure
of the sensitivity of the response to the fungicide. This
estimated the ED50 for each isolate. The ED50’s were
then subjected to analysis of variance in order to detect
treatment differences between years. A log(x) transfor-
mation of the ED50’s was used to stabilise the variance.
Years and treatments were compared using t-tests.

The number of isolates with reduced sensitivity
at each combination of year× treatment× species
was analysed as a 3-way factorial using a gener-
alised linear model with a binomial distribution and a
logit link.

Results

Disease control

Elmdon field trial
Disease control achieved by cyprodinil at GS 75 was
in the range 63–82% in the years 1993–1996. Over
this same period control from prochloraz was in the
range 56–78%. In 1997 and 1998 (evaluated at GS 45
in 1998) control was approximately 36% for cypro-
dinil and 35.9% and 15.4% respectively for prochloraz
(Table 1). At GS 75 in 1998, secondary eyespot infec-
tions made precise assessment of disease problematic.
The lower level of control by both fungicides in the
final two seasons could indicate that some other exter-
nal factor was limiting their effectiveness.

Long Ashton field trial
Disease control achieved at Long Ashton (Table 1) was
similar to that achieved in the same years at Elmdon. At
GS 75 cyprodinil achieved an average of 63% control
of eyespot, in 1995, significantly better than prochloraz
or the mixture.
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Table 1. Summary of disease control and eyespot severity

Yeara Eyespot index Disease control (%)
(control plots) (based on eyespot index)

Cyprodinil Prochloraz Mixture

Elmdon
1993 90.2 81.8 78.4 73.5
1994 57.2 62.6 55.9 52.0
1995 53.0 78.0 71.2 69.1
1996d na na na na
1997 36.5 36.0 35.9 44.5
1998 (GS 45) 27.5 36.4 15.4 33.9

SEDb 19d.f. SEDc 41d.f.

Long Ashton
1993 (GS 45) 20.3 84.9 68.1 80.1
1994 48.6 62.8 58.2 54.9
1995 48.9 63.0 42.5 50.1

SED 3.19, 9d.f. SED 6.36, 27d.f.

aGS 75 unless otherwise stated.
bA: 1993–1995 SED= 4.85, B: 1996–1998 SED= 3.96, A vs B SED= 4.43.
cC: 1993–1995 and all prochloraz SED= 10.53, D: 1996–1998 cyprodinil and
mixture SED= 12.15, C vs D SED= 11.37.
na – data not available for this year as prolonged storage of samples led to
problems with disease assessments.
dDisease control data was collected by Novartis from the same trial (see below).
It cannot be directly included in the table or analysis as it is based on % infected
stems not eyespot index assessments. However, in other years the two sets of
data were in agreement. Disease control (%); cyprodinil 76.7, prochloraz 60.7
and mixture 77.7.

In vitro sensitivity testing

Baseline studies
United Kingdom. In 1997, 34 eyespot isolates from
13 different locations throughout the UK that had
never been treated with cyprodinil were tested for
their in vitro sensitivity to cyprodinil. NineteenT.
yallundae isolates had a back-transformed mean
ED50 of 0.0072µg ml−1, ranging from 0.0011 to
0.0759µg ml−1. Fifteen T. acuformisisolates had a
back-transformed mean of 0.0074µg ml−1, ranging
from 0.0020 to 0.0364µg ml−1. The two species did
not differ in their sensitivity to cyprodinil (SED of
ln(Mean) = 0.322, 32 d.f.). This is in agreement
with results presented by Leroux and Gredt (1997).
There was no significant difference in the numbers of
T. acuformisandT. yallundae, although each location
was dominated by one type.

France. In 1993, 52 isolates were obtained from
seven sites in France and tested for theirin vitro sen-
sitivity to cyprodinil. Again, the two species did not

differ in their sensitivity to cyprodinil. Forty-eightT.
yallundae isolates had a back-transformed mean of
0.0042µg ml−1, ranging from 0.0011 to 0.011µg ml−1.
Four T. acuformis isolates had a back-transformed
mean of 0.0049µg ml−1, ranging from 0.0026 to
0.0069µg ml−1 (SED of ln(Mean)= 0.253, 50 d.f.). In
this sample there were significantly moreT. yallundae
isolates thanT. acuformis(p < 0.001).

Field trials

Long Ashton. The population from control plots
from the first sample of 1993 had a back-transformed
mean ED50 of 0.0047µg ml−1, ranging from 0.0007 to
0.018µg ml−1. The baseline sensitivity to cyprodinil
for this site can therefore be taken as 0.0047µg ml−1.
To monitor the sensitivity to cyprodinil of the popu-
lations when exposed to different treatments, eyespot
isolates were testedin vitro from three samples from
each plot, each year (Table 2). After 3 years treatment
at this site, the back-transformed mean ED50 of the
population from cyprodinil plots at GS 75 in 1995 was
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Table 2. Sensitivity to cyprodinil of eyespot populations at GS 75, exposed
to different treatments between 1993 and 1998

Year Back-transformed mean ED50, µg ml−1 (no. of isolates)

Cyprodinil Control Prochloraz Mixture

Elmdon
1993 0.0048 (15) 0.0051 (18) 0.0055 (11) 0.0049 (16)
1994 0.0070 (22) 0.0052 (22) 0.0055 (12) 0.0068 (9)
1995 0.0065 (23) 0.0064 (24) 0.0054 (11) 0.0054 (15)
1996 0.0099 (36) 0.0073 (79) 0.0065 (51) 0.0065 (24)
1997 0.0063 (18) 0.0040 (66) 0.0037 (18) 0.0047 (22)
1998 0.0093 (40) 0.0041 (71) 0.0041 (50) 0.0069 (30)

Long Ashton
1993 0.0066 (9) 0.0047 (9) 0.0046 (8) 0.0052 (5)
1994 0.0062 (20) 0.0061 (16) 0.0058 (15) 0.0063 (17)
1995 0.0054 (23) 0.0047 (21) 0.0048 (15) 0.0054 (15)

SED’s of ln(Mean):
Elmdon: max.= 0.53, min.= 0.18, max.−min. = 0.39 679d.f.
Long Ashton: max.= 0.08, min= 0.16, max.−min.= 0.13 161d.f.

0.0054µg ml−1. No isolates with an ED50 outside of
the normal sensitivity range were identified and, there-
fore, there was no shift towards reduced sensitivity to
cyprodinil.

Elmdon. This trial was conducted for 6 years between
1993 and 1998 (following 5 years of experimental
use of cyprodinil at this site). Eyespot isolates from
between one to three samples per plot were tested
in vitro each year. The overall population mean ED50 in
1993 was 0.0050µg ml−1 and in 1998 the mean ED50 of
the population from plots treated with cyprodinil was
0.0093µg ml−1. When plotted as frequency distribu-
tions, the sensitivity of the population from cyprodinil
treated plots (Figure 1) showed a shift towards a dis-
continuity in sensitivity distribution with time and the
possible existence of a biannual rhythm in inoculum
source.

The sensitivity of the population from cyprodinil
treated plots at GS 75 in 1998 was significantly lower
(p = 0.028) than the sensitivity of the population from
the same plots after just one years treatment in 1993
(Table 2; a log(x) transformation was used to stabilise
the variance; data are presented as back-transformed
means). A similar drop in sensitivity was observed in
1996 in the same plots (p = 0.019) but not in 1997.
Although it was not possible to identify any trends in
sensitivity shifts between 1993 and 1998 using this
method of analysis, we detected in 1998, for the first
time, statistically significant differences between the

sensitivity of populations treated with cyprodinil and
untreated or prochloraz treated populations. The sen-
sitivity of the population from cyprodinil treated plots
was significantly lower (p = 0.0001) than the sensitiv-
ity of populations from control plots and plots treated
with prochloraz (p = 0.0003). The sensitivity of the
population from the plots treated with the mixture of
cyprodinil and prochloraz was also significantly lower
than the sensitivity of the population from the con-
trol plots (p = 0.018) and prochloraz-treated plots
(p = 0.022).

Characterisation of isolates with
reduced sensitivity to cyprodinil

Frequency of isolates with reduced sensitivity to
cyprodinil. Isolates with reduced sensitivity to cypro-
dinil (ED50 > 0.1µg ml−1, resistance factor> 20)
were found throughout the trial at Elmdon (Figure 2).
Again, trends were difficult to identify, because the
frequency of isolates with reduced sensitivity fluctu-
ated. In 1993, oneT. acuformisisolate with an ED50

of 0.25µg ml−1 (resistance factor 50) was identified,
perhaps due to pre-selection during the 5 years prior
to the trial. Attempts to isolate a similarT. acuformis
isolate from the same plot were unsuccessful. Instead,
in 1994 and 1995, one and threeT. yallundaeiso-
lates, respectively, with reduced sensitivity were iden-
tified and, in 1996 and 1998, isolates of both species
were identified with reduced sensitivity to cyprodinil.
There was no evidence of differences between W- and
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R-types, or of interactions between them, and year, or
treatment. Although there were differences between
years, and between treatments, there was also no inter-
action between the two factors. The percentage of iso-
lates with reduced sensitivity for years is presented in
Figure 2. When the data for all the years were pooled
for each treatment there was a higher percentage of
isolates with reduced sensitivity collected from plots
treated with cyprodinil (8.23%, s.e. 1.79), compared
to any other plots. The percentage of reduced sensi-
tive isolates from prochloraz treated plots (1.18%, s.e.
0.67) and mixture treated plots (1.38%, s.e. 0.96) did
not differ from the control plots (2.06%, s.e. 0.72).

Stability of isolates with reduced sensitivity to
cyprodinil. It was observed, especially with
T. yallundaeisolated in later years, that the reduction
in sensitivity was not stable when the isolates were
sub-cultured on PDA without cyprodinil. For exam-
ple, all T. yallundaeisolates with reduced sensitivity
from the third sample of 1998 reverted to within the
sensitive range after one or two sub-cultures in the
absence of cyprodinil. The reduction in sensitivity in
T. acuformisappears to be more stable when cultured
in vitro as, in the absence of cyprodinil, reduced
sensitivity was not lost upon sub-culturing.

Cross-resistance. Some isolates with reduced sen-
sitivity to cyprodinil were testedin vitro for their

In vitro sensitivity to cyprodinil (ED
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Figure 3. Control of eyespot isolatesin vivoat two cyprodinil application rates compared with thein vitro sensitivity to cyprodinil.

sensitivity to prochloraz. There was no evidence that
these field isolates had any reduction in sensitivity to
prochloraz andvice versa(data not shown). However,
an isolate with reduced sensitivity to cyprodinil was
found to have reduced sensitivity to other anilinopy-
rimidine fungicides (pers. com. Dr H. Ishii, 1998).

In vivo tests. A number of isolates were testedin
vivo to confirm the reduced sensitivity identifiedin
vitro and to ascertain whether these isolates were still
pathogenic to wheat. All field isolates were pathogenic
on wheat. At 1% of field rate (Figure 3), there was
a positive correlation between reduction in sensitiv-
ity in vitro and poorer disease controlin vivo. In most
isolates, good control was regained by increasing the
cyprodinil application to 10% of field rate, indicat-
ing a shift in sensitivity rather than the occurrence of
resistance.

Genetic analysis

The frequency distribution of sensitivity of the progeny
from the first cross between SWR1 and standard
sensitive isolate 22-432-1 was bimodal (Table 3),
indicative of single gene control. To investigate this fur-
ther, a progeny strain with similar sensitivity to SWR1
(P44) was back-crossed to the sensitive parent strain,
22-432-1. Progeny with an ED50 of > 0.1µg ml−1

(Table 3) were defined as having reduced sensitivity
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Table 3. Sensitivity distribution of progeny from crosses between isolates with reduced sensitivity to cyprodinil and sensitive isolate
22-432-1

Cross No. of progeny

ED50 (µg ml−1) 0–0.0031 0.0031–0.010 0.010–0.031 0.031–0.10 0.1–0.31 0.31–1.0 1.0–3.1 3.1–10

SWR1a× 22-432-1 5 66 5 4 12 26 10 2

P44b × 22-432-1 8 6 2 5 7 3 4 10

aSWR1 – field isolate with reduced sensitivity to cyprodinil.
bP44 – progeny strain from cross SWR1× 22-432-1 with reduced sensitivity to cyprodinil.

and, on this basis, 21 were sensitive to cyprodinil with
24 having reduced sensitivity. Chi-square analysis of
these data resulted in a chi-square value of 0.2. The tab-
ulated chi-square value (1 d.f.) was 3.84 (p = 0.05);
therefore, there was no evidence to support a segrega-
tion different from 1 : 1. This confirmed the sugges-
tion from the first cross that reduction in sensitivity to
cyprodinil in a field strain ofTapesia yallundaewas
monogenic.

Discussion

Over the three-year period of the trial at Long Ashton,
there was no evidence that the treatments resulted in
any change in sensitivity to cyprodinil; good control
was achieved throughout and no isolates were identi-
fied with an ED50 value outside the baseline sensitivity
range. Monitoring of commercial fields in the EU also
has not identified any resistance to cyprodinil in eye-
spot populations (pers. com. Dr K-M. Chin, 2000).

In the first three years, cyprodinil and prochloraz
also achieved good control of eyespot at the Elmdon
site. However, when intensive use of the fungicides was
prolonged for a further three years at Elmdon, the per-
formance of cyprodinil and prochloraz declined. The
decline in performance of both compounds could be
due to many factors including the rapid development
of secondary eyespot infections encouraged by the wet
conditions in 1998 and/or an increasing frequency of
less sensitive individuals. Prochloraz sensitivity was
not monitored extensively in these experiments; but the
mean ED50 of the population from prochloraz treated
plots increased 15-fold between 1993 and 1998.

Following repeated applications of cyprodinil over a
period of 11 years (including 5 years prior to the trial)
at Elmdon it was possible to find isolates with reduced
sensitivity to cyprodinil, especially from cyprodinil
treated plots. The frequency of isolates with reduced
sensitivity fluctuated with year. Fluctuations in the per-
centage of isolates with reduced sensitivity could be

due to cultivation methods. Ploughing in of infected
stubble means that the inoculum for any given year may
not arise from the previous year but from two years
before (Colbach and Meynard, 1995), i.e. inoculum for
1998 came from the stubble from 1996 being brought
back to the surface (Figures 1 and 2). In the case of
T. yallundae, if the instability of reduced sensitivity
observedin vitro was translated into field populations
this could also account for fluctuations in frequency
of these isolates, however this is more likely to be an
effect of culturing the fungusin vitro. Analysis of vari-
ance indicated that the sensitivity of the populations
from cyprodinil treated plots in both 1996 and 1998
was lower than the sensitivity of the population from
the same plots only in 1993. The sensitivity of the pop-
ulation in 1997 was intermediate between these two
extremes. Both soil cultivation techniques and/or insta-
bility of resistance inT. yallundaecould account for
this. Taking this biannual rhythm into account shifts
towards reduced sensitivity become clearer to identify.

Overall, these data suggest that a gradual shift in
sensitivity occurred in the population through con-
tinuous and intensive treatment with cyprodinil that
became statistically detectable in 1996 and 1998, and
after at least eight years exposure to cyprodinil. Gradual
shifts in sensitivity are generally associated with a
quantitative response involving polygenic inheritance
(Georgopoulos, 1995), yet reduction in sensitivity to
cyprodinil in at least oneT. yallundaefield isolate is
associated with a major gene exerting around a 50-fold
decrease in sensitivity. Genetic analysis of cyprodinil
resistance inB. cinereaalso identified major gene resis-
tance (Hilber and Hilber-Bodmer, 1998; Chapeland
et al., 1999), suggesting that change should be rapid
once resistant strains were detected. But, as with eye-
spot, there was instead a gradual shift in sensitivity
in field populations ofB. cinerea, implying polygenic
control of resistance. The possibility that there is
more than one mode of action for anilinopyrimidine
fungicides suggests that more than one mechanism of
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resistance could be selected in field populations.
According to Chapeland et al. (1999), three
anilinopyrimidine-resistant phenotypes have been
identified in field populations ofB. cinerea; they sug-
gested that two of these phenotypes could be attributed
to multidrug resistance mechanisms controlled by
different major genes, and the third a possible target
site mutation. Further genetic analysis of eyespot field
isolates with reduced sensitivity to cyprodinil is cur-
rently in progress, in order to establish if other genes
are involved in resistance to cyprodinil.

In conclusion, there appears to be an inherent resis-
tance risk to anilinopyrimidine fungicides in eyespot,
although this is slow to develop even under quite
strong selection pressure. Product mixtures were effec-
tive in maintaining the sensitivity ofB. cinereato the
anilinopyrimidines (Forster and Staub, 1996) and mix-
ing cyprodinil with prochloraz appears to have some
effect on delaying an increase in frequency of eye-
spot isolates with reduced sensitivity to cyprodinil,
which otherwise might render the treatment ineffec-
tive. It may, therefore, be considered as a possible
anti-resistance strategy. Limiting the recommendation
to one spray per year may be equally as effective
in controlling the build up of resistant isolates in a
population, especially if sprayed at the recommended
time of GS 30–32 before secondary infections occur.
In normal commercial practice, although cyprodinil is
approved in the UK for a total application per season
of up to 1250 g ai/ha with a maximal individual dose of
750 g ai/ha, the product is only applied once per season
(S. West, pers. comm., 2000). Further information on
the genetics of cyprodinil resistance and mechanisms
of resistance in both species will aid in the early detec-
tion and prevention of a resistance problem in field
populations of eyespot.
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