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ABSTRACT

The sensitivity of whe.t powdery mildew (Erysiphe graminis
DC. f.gp. tritici E. Marchal) populations to triadimefon for
single spore-derived isolates collected from triadimefon-
treated and -untreated wheat (cvs. Absolvent and Borden)
fields in the Annapolis Valley (AV) and Colchester County (CC)
of Nova Scotia, Canada, was studied in wvitro. Results
indicated that the populations of the fungus from the AV,
where the fungicide has been used intensively, had higher mean
ECy values and higher frequencies of isolates resistant to
triadimefon than those from CC. The wheat cv. Absolvent was
more favourable for the development of resistant isolates of
the fungus than the cv. Becrden. For both cultivars, the mean
EC,, values and frequencies of resistant isoclates were higher
for populations collected from triadimefon-treated fields
compared to those from untreated fields. In the study of
build-up of resistance, sensitivity tests were performed on
powdery mildew isolates collected in 1992 from the AV and CC
fields of the wheat cv. Absolvent before, and two and s=ix
weeks after triadimefon application. Results revealed that
exposing powdery mildew populations to the selection pressure
of triadimefon resulted in an increase in the ECy values of
populations and in the frequency of resistant isolates within
gach population. In 1991, the competitive abilities of
randomly selected triadimefon-sensitive (S) and -resistant (R)
isolates of powdery mildew from treated and untreated fields
of the AV in mixed isolate inoculations (75:25, 50:50, 25:75)
were tested in the absence of triadimefon on the wheat cv.
Absolvent. In 1992, the 50:50 ratio was used in studying the
competition between R and S isolates that were collected from
treated fields in the AV. Results indicated that, in the
absence of triadimefon, the mean ECy, values of mixtures of
various R:S ratios decreased significantly after five
generation cycles. Resistant isolates were less fit (less
competitive) than sensitive ones in the absence of

triadimefon.
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GENERAL INTRODUCTION

Wheat varieties grown in the Maritime region lack stable
high-level resistance to powdery mildew (Gray, 1991).
Therefore, effective chemical control of the disease has
become an urgent necessity in the Maritimes in order to obtain
optimal yield of high quality grain.

Kolbe (1976) reported that one single spray application of
triadimefon (1- (4-chlorophenoxy) -3,3-dimethyl-1-(1H-1,2,4-
triazol-1-yl)-2-butanone) at the onset of infection gave a
yield increase of 28% on a mildew-susceptible cultivar of
winter wheat, whereas the follow-up application at heading
resulted in an additional increment of only 2%. In 1989,
however, even a third triadimefon application in some fields
in the Annapolis Valley of Nova Scotia failed to control the
disease (Gray, 1991). The fear was that the population of the
fungus had become resistant to the fungicide.

Most scientists agree on the fact that fungicide-resistant
forms may be present in the population of a pathogen even
before the fungicide is used. Their frequency, however, will
be low at that time since the populationsg have not yet been
subjected to the selection pressure of the fungicides. After
a short period of exposing such population to a single-gite
fungicide, the frequency of resistant strains increases and
these strains soon cdominate the population.

Fitness of a pathogen strain is its ability to develop,
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reproduce, and survive as compared to other strains under the
same conditions (Wade, 1982; Skylakakis, 1987). With some
fungicides, it has been found that, in the absence ot the
fungicide, resistant strains are less fit than the sensitive
ones (Hollomon, 1975; Dekker, 1976; Gullino and Garilaldi,
1981; Buchenauer, et al., 198«; Buchenauer and Hellwald, 1985;
Moorman and Lease, 1992). This may have consequences for
practice, as it may slow down the build-up of a resistant
pathogen population in the field by favouring its decline in
the absence of the fungicide.

Measuring fitness in the open field is a difficult task
because of the migration of spores within the field and from
outside sources. For this reason, a test tube method way
adopted and used to test for the occurrence and build-up of
resistance, and to test the competitive ability of resistant
strains of Erysiphe graminis f.sp. tritici on winter wheat..

The objectives of this research project were as follows:
1. To give an account of the variation in the sensitivity of

wheat powdery mildew fungus (Erysiphe graminis DC. f.sp.

tritici E. Marchal) populations to triadimefon (Bayleton™)
for samples collected from fungicide-treated and -untraatcd
wheat (cvs. BAbsolvent and Borden) fields in the Annapolis

Valley and Colchester County.

2. To study the build-up of resistance of Erysiphe graminig
f.sp. tritici in Absolvent wheat fields for isolates

collected before and after triadimefon application, in



both the Annapolis Valley and Colchester County, and to
relate the results to disease progress curves for the two
populations.

To study the competitive ability of triadimefon-resistant
(R) and triadimefon-sensitive (S) isolates in mixed-

isolate inoculation of the fungus.



Chapter 1.

GENERAL LITERATURE REVIEW

1.1 POWDERY MILDEW OF WHEAT

Powdery mildew, caused by Erysiphe graminis DC. f.sp.
tritici E. Marchal, is one of several foliar diseases which
occur throughout western Europe (Large and Doling, 1962; Wolie
and Barrett, 1977), North America (Cherewick, 1944; Jergensen,
1988; McFadden, 1989) and other areas of the world (Moscman,
1973; Smith and Smith, 1974) where wheat (Triticum aestivum
L.) is grown. It causes yield losses of up to 30% (Kasper and
Kolbe, 1971) if infection occurs early in the crop cycle and
conditions remain favourable for disease development (Prescolt
et al., 1986).

Powdery mildew occurs in every province of Canada, being
more prevalent in British Columbia and the five eastern
provinces. In 1941, a general epidemic of powdery mildew
occurred on wheat and barley in Manitoba (Cherewick, 1944).
The fungus is an obligate parasite and often present on winter
wheat in the fall (Christ and Frank, 1989). It overwintors on
stubble and fall sown wheat crops. The presence of a local
supply of inoculum in the spring, therefore, appears to b one
of the determining factors in the establishment of an
epiphytotic of powdery mildew in any part of Canada. The

pathogen sporulates abundantly and is disseminated over
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conciderable distance by wind (Schnathorst, 1965; Spencer,
1978) . The disease may occur at all stages of plant growth and
the fungus may cover the leavesg, shoots, and ears to give them
a characteristic floury appearance. Infected plants become
yellow and their photosynthesis is severely affected (Kolbe,
1976) . Royse et al. (1980) found that infection of lowexr
leaves reduces yield and leads to increased infection of the

upper leaves.

1.2 TRIADIMEFON (BAYLETON®)

Triadimefon(1l- (4-chlorophenoxy) -3,3-dimethyl-1-(1H-1,2,4-
triazol-1-yl) -2-butanone) (Fig. 1.1) is a triazole fungicide
which is reputed to be a very good protectant and eradicant
fungicide against powdery mildew and rust fungi, and is
claimed to move systemically in the apoplast after application
to leaves of cereals. Its activity is probably enhanced as a
result of considerable redistribution in the wvapour phase
(Clark et al., 1978).

Triazoles are members of the demethylation inhibitor (DMI)
group of compounds, which inhibit the C-14 demethylation step
in the synthesis of ergosterol (Dekker, 1985a).

Agricultural practice of powdery mildew control in wheat in
Nova Scotia may include one or two foliar spray applications
of fungicides which inhibit ergosterol biosynthesis.
Ergosterol biosynthesis irhibitors, or EBIs, have been used

extensively to control powdery mildew of wheat



Fig. 1.1 Structural formula of triadimefon (Buchenauer,

1976) .
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and barley throughout the world (Butters et al., 1984; De
Waard et al., 1986; Lasseron-De Falandre et al., 1991).

When triadimefon was first introduced it was active against
the cereal powdery mildew fungus (Erysiphe graminis} at
extremely small concentrations (Rawlinson et al., 1982).
Subgequently, fewer less sensitive strains have arisen and are
now widely distributed in the Netherlands (Wolfe 1981 & 1985),
Hungary (Enisz, 1988), northern England (Fletcher and Griffin,
1981) and Germany (Buchenauer and Hellwald, 1985).

Farmers wno saw that a fungicide was becoming less
effective often increased the concentration, thus increasing
the selection pressure and aggravating the problem (Dekker,

1986) .

1.3 FUNGICIDE RESISTANCE

Resistance is defined as a decreased regponse of a plant
pathogen to a fungicide or other disease control agent as a
regsult of its application (Ogawa et al., 1977). It describes
the ability of pathogens to tolerate higher concentrations of
chemicals (Ogawa et al., 1976).

It has been argued that the registance is less likely to
occur to fungicides having more than one site of action than
to those acting at a single site (Dekker, 1977; Georgopoulos,
1977) . The key argument in support is that the introduction of
site-specific systemic fungicides was soon followed by the

appearance of resistance in the field.



1.3.1 8Single-site wvs. Multisite Inhibitors

Failure in disease control caused by fungicide resistance
often occurs after the introduction of single site (i.o.
specific-site) fungicides, since they act on only one
metabolic site {(Lasseron-De Falandre et al., 1991). Apparent ly
only one fungal gene is sufficient to induce a change at the
target site leading to a decreased binding affinity of the
inhibitor (Corbett, 1979; Delp, 1980; Dekker, 1985b; Ko&Lllet
and Scheinpflug, 1987). DMIs clearly belong to this group of
fungicides, which is in general more prone to registance {han
conventional multisite inhibitors (Dekker, 1985a).

Resistance to multisite inhibitors never can be achicved in
this way, as there are too many sites of action which must be

changed (Dekker, 1985a).

1.3.2 Resistance-risk Groups of Fungicides

The type of fungicide used is probably the most important

factor which determines the 1likelihood of failure of
fungicides due to resistance by the target organism. It has
been suggested that the available agricultural fungicides can

be classified into three main resistance-risk groaps (Dekker,

1982; Georgopoulos, 1984):

1. Low-risk fungicidesg: In this group are mostL of the
protectants which have remained effective despite long
exposure of fungal populations to their activity.

2. Moderate-risk fungicides: Some systemics and a fow



protectante form this group of fungicides.
3. High-risk fungicides: This group includes those losing

effectiveness fairly quickly, including several systemics.

Fungicide resistance in target pathogen populations is a
continuing problem associated with the use of gystemic
fungicides. The broad-spectrum systemnic fungicides presently
in use include benzimidazoles, dicarboximides, and EBIs
(Sanders et al., 1985).

The problem of resistance against EBIs was extensive'y
studiLed in facultative parasites by Fuchs and Drandarevski
(1976) and Fuchs et al. (1977) and De Waard and Van Nistelrooy

(1979) .

1.3.3 Case Studies on Fungicide Resistance

The frequency of fungicide resistance reports has
accelerated since the mid-1960's, paralleling the iitroduction
of new compounds that attack specific biochemical targets in
the pathogen. Many of these are systemic fungicides, but the
systemic property is not a requirement for resistance
development, since several protectant fungicides such as
dodine, fentin, and iprodione have shared the problem (Eckert,
1988) .

One vyear after its introduction, a zreduced effect of
benomyl against cucumber powdery mildew was reported (Schoeder

and Provvidenti, 1969). Disease control failures caused by
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benzimidazole resistance began shortly after intensive use of
these fungicides, and by 1976, Dekker (1976) listed 37 reports
of benzimidazole resistance in various crops. In addition to
benzimidazoles, high levels of resistance to acylalanine and
carboximides (Georgopouplos and Ziogas, 1977), to polyoxin
(Nishimura et al., 1976), to kasugamycin (Taga et al., 1979)
and to members of the aromatic hydrocarbon group (Beever and
Bryde, 1982) were also reported for different diseases.

Resistance of Botrytis strains to dicarboximide fungicides
(L&écher, 1988), and to two sterol biosynthesis-inhibiting
fungicides, namely fenetrazol and fenethanil (Elad, 1992), has
been reported in many countries in crops such as strawberries,
grapes, lettuce and tomatoes.

Development of resistance to dodine in Venturia inaequalis,
the cause of apple scab, was only observed after 10 years of
intensive and exclusive use of the compound in certain areas
of the U.S.A. (Szkolnik and Gilpatrick, 1969). Dodine-
resistant strains were later detected in Nova Scotia (Ross and
Newbery, 1977) and Ontario (McKay and MacNeill, 1979).

The prolonged and widespread use of DMIs to control cercal
mildews has selected increased resgsiscance (Butters et al.,
1984; Heany et al., 1984 & 1986; Wolfe, 1984; De Waard et al.,
1986; Andrivon and De Vallavieille-Pope, 1987; Fletcher et
al., 1987; Limpert, 1987; Enisz, 1988).

In European countries, resistance to triazole fungicides

was first observed over a decade ago, only a few years after
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their introduction (De Waard et al., 1986). Fletcher and Wolfe
(1981) reported an increased frequency of powdery mildew
strains with a decreased sensitivity to triadimefon and
triadimenol but could not show reduced performance. They
expressed this as a shift towards insensitivity. In Nova
Scotia, Al-Mughrabi and Gray (1993) also reported the
development of resistance of powdery mildew of wheat to the
fungicide triadimefon.

Isolates of Erysiphe graminis f.sp. tritici and hordei with
decreased sensitivity to triadimefon showed cross-resistance
to other inhibitors of sterol C-14 demethylation, such as
triadimenol, propiconazol, diclobutrazol, prochloraz and

nuarimol (Buchenauer and Hellwald, 1985).

1.4 BUILD-UP OF RESISTANCE

In a fungal population that is originally sensitive to a
particular fungicide, resistant forms may arise, or be present
at low frequency (Wolfe, 1975; Dekker, 1976; Georgopoulos,
1977; Dekker, 1985a). Growth and reproduction of these
resistant forms is favoured by selection pressure of the
fungicide, so that finally the entire pathogen population may
become resilistant (Wolfe, 1975; Dekker, 1985a).

In cereal powdery mildew, shifts in sensitivity to DMIs
have been recorded, though cn these crops correlation between
poor control and reduced sensitivity has not been established

(Fletcher and Wolfe, 1981). Wolfe (1971) stated that although
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resistant isolates of barley powdery mildew can be obtained
from ethirimol-treated crops, and although surveys (Shephard
et al.; 1975) have indicated a slight decrease in sensitivity
in these crops, the pyrimidine fungicide ethirimol continued
to be effective and has given yield increase for a number of
years.

Due to the frequent and almost exclusive use ot the
antibiotic kasugamycin for controlling rice blast (Pyricularia
oryzae) 1in certain areas, kasugamycin has become loegs
effective since 1971 (Miura et al., 1975). After the use of
kasugamycin was stopped during 1973, the percentage ot
resistant individuals rapidly decreased (Misato, 1975},
suggesting that kasugamycin-resigtant strains are less
competitive than sensitive ones.

Horsten (1979} studied in vitro the influence of
carbendazim, a benzimidazole fungicide applied to winter
barley once per season, on the percentage of carbendazim-
resistant isolates of Pseudocercosporella herpotrichoides, the:
cause of eye spot disease. His results revealed that the
proportion of isolates with resistant spoves increased {rom
17% in 1975 to 67% in 1977.

Resistance to carboxin has been detected in Ustilago hordel
(Ben-Yephet et al., 1975), but the fungicide continues to give
effective control of this disease. In laboratory experiments,
triforine-resistant strains of Cladosporium cucumerinum

developed after several years of the use of triforinc but
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appeared to be less virulent. Resistance to fungicides that
inhibit sterol biosgynthesgsis might always be accompanied by

decreased fitness (Fuchs and Drandarevski, 1976).

1.5 FITNESS OF RESISTANT STRAINS

Fitness of resistant strains of a pathogen is a term used
to denote its virulence or competitive ability as compared to
the other strains in the population under the same environment
(Wade, 1982; Skylakakis, 1987). It can be estimated by growing
mixtures of isolates or populations for many generations while
monitoring the change in sensitivity (Jergensen, 1988; Ulrich
and Taehle-Csech, 1988).

Resistance to DMIs is often accompanied by poor germination
and reduced growth which contribute to a lack of fitness and
poor viability of the fungus (Fuchs and Prandarevski, 1976).

Many competition experiments, which test the zrelative
ability of resistant strains to infect plants in the absence
of fungicide, have been conducted on several pathogens
(Gullino and Garibaldi, 1981; Buchenauer et al., 1984;
Schepers, 1985; Kadish and Cohen, 1988; Al-Mughrabi and Gray,
1993). Such experiments help determine whether resistant
strains will become less fit and then disappear as a result of
competition with the sensitive strains in the absence of the
fungicide (Wade, 1982). The rate of increase of the resistant
sub-population is reduced if it has to compete with the

sensitive one for the occupation of a limited number of
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available susceptible host sites (Skylakakis, 1980; Wolte,
1982) .

Sherpers (1985) found that EBI-resistant strains ot
Sphaerotheca fuliginea (powdery mildew of cucurbits) were more
fit, and competed better than the sensgitive ones and concluded
that resistance is more likely to develop in practice. 'The
competitive ability of mixtures of benomyl-resistant. and
sensitive strains of S. fuliginea (90:10, 50:50, 10:90) was
tested in the absence of the fungicide. After five
generations, the resistance had disappeared almost from the
90:10 mixture, and completely from the other mixtures (Dekker,
1976) .

Phenylamide-resistant strains of Phytophthora nicotianae,
on the other hand, were equally or even wmore fit than
sensitive strains (Vigo et al., 1986). Kadish and Cohen (1988)
in Israel studied the competitive ability of metalaxyl-
gsensitive (MS) and -resistant (MR) isolates of Phytophthora
infestans in the absence of metalaxyl. When mnixtures of MR and
MS (1:99, 10:90, 50:50) isolates were inoculated onto intact
plants, all MR isolates exhibited a strong competitive
ability: their proportion increased from 10 to 100% after
eight to ten sporangial cycles. On the other hand, Dowely
(1987) in Ireland found that MS isolates competed better, and
were more fit than MR isolates of P. infestans. He coneludoed
that this must account for the decrease in MR isolates from

75% of all isolates in 1981 to 6% in 1983.


http://compet.it

15

Inoculating mixed cultures of strains of Botrytis sensitive
and resistant (50:50, 10:90) to the dicarboximide fungicide
vinclozolin on a fungicide-free medium for four generation
cycles showed a disappearance of the resistant strain (Gullino
and Garibaldi, 1981). Similar results were reported in
Pennsylvania by Moorman and Lease (1992).

Repeated subculturing of a benomyl-resistant isolate of
Colletotrichum musae on fungicide-free agar for 6 months in
Britain did not change the degree of resistance (Griffee,
1973) . In the case of kasugamycin resistance in P. oryzae, the
rate of resistant strains decreased from 90% to 20% or less
during three +years after use of the antibiotic was
discontinued (Miura and Takahashi, 1975). On the other hand,
the rate of resistance of strains of Cercospora beticola to
benzimidazole fungicides (Yamaguchi et al., 1976) did not
decrease after the application of the fungicides was
discontinued.

Different roports indicated that the competitive ability of
DMI-resistant Erysiphe graminis £.sp. tritici and hordei
isolates was inferior to that of the sensitive ones
(Ruchenauer et al., 1984; Buchenauer and Hellwald, 1985).
Isolates of E. graminis. f.sp. tritici and hordei with
decreased sensitivity to triadimefon showed cross-resistance
to other inhibitors of sterol C-14 demethylation, such as
triadimenol, propiconazol, diclobutrazol, prochlorazol and

nuarimol. The competitive abilities of resistant hordei and
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tritici were inferior to those of the sensitive ones
(Buchenauer and Hellwald, 1985). The degree of resistance in
the mixture of sensitive and resistant isolates (50:50 ratio)
to the triazole fungicides decreased from 50% to 32% after
five transfers.

Buchenauer et al. (1984) found that the triadimeton
resistant isolates of barley powdery mildew fungi were more
sensitive to ethirimol than the sensitive cnes. The results of
their competition experiments of a mixture of triadimei{on-
resistant and -sensitive isolates (50:50) of E. graminis f.sp.
hordei showed that in the absence of triadimefon the portion
of the resistant isolates in the population decreased after
five passages. Ethirimol- and tridemorph-resistant isolates of
barley powdery mildew (Hollomon, 1975; Wamsley-Woodward et
al., 1979) also showed reduced competitive abilities comparcd
to the gensitive pathogens in the absence of the fungicidesg.

If resistant strains are almost as fit as, or more fit than
the sensitive ones in the absence of fungicide, then thisgs
favours the establishment of a resistant sub-population and
the breakdown of disease control. In this case the fungicide
has to be withdrawn from use (Ulrish and Staehle-Cgech, 1988).
On the other hand, if resistant strains are less fit than the
sensitive ones, then, if the product ever had to be withdrawn
because of resistance, there is a posgsibility that it could e
used again later. In the latter case, strategies should b

managed and implemented for coping with fungicide resistancr
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(Dekker, 1981; Wade, 1982; Gindrat and Forrer, 1985).

1.6 METHODS OF ASSESSMENT OF FUNGICIDE RESISTANCE IN POWDERY
MILDEW

Most studies on fungicide resistance are based on the
degree of inhibition of growth of isolates of the fungus on
agar media containing known concentrations of fungicide
(Brent, 1981). Toxicity assays are then done by determining
the radial growth o. the facultative parasite (Buchenauer,
1979; De Waard and Van Nistelrooy, 1990). The minimal
inhibiting concentration (MIC) value, that 1s the lowest
concentration producing total inhibition (Buchenauer, 1979;
Barug and Kerkenccar, 1984; De Waard and Van Nistelrooy, 1990)
or the EC;, value, that is the effective concentration for 50%
fungal growth inhibition, is then determined.

However, powdery mildew fungi are obligate parasites, and
hence other techniques, which are more difficult, have to be
used (Brent, 1981). Assegsment of the germination of cucumber
powdery mildew (Bent, 1971) and barley powdery mildew spores
(Buchenauer, 1979) was determined using cellulose-acetate
membranes impregnated with the fungicide and placed in Petri
dishes. Young conidia of both powdery mildew fungi were dusted
onto the membranes. After a period of incubation the
germination rate was determined and either Ec¢g, or MIC, or
both, was then calculated.

The amount of visible growth of powdery mildew fungi on



18
detached leaves or on leaf pieces inoculated with spores and
treated with fungicide at various concentrations is the common
basis of the assessment methods of several workers. Schroede:
and Provvidenti (1969) used detached cucumber leaves, some ot
which were taken from plants grown in soil drenched with a
standard amount of benomyl solution. Bent et al. (1971) uued
a similar method, in which cucumber-leaf discs were floated on
dimethirimol solutions at six concentrations (0.052 - 4.0 uy
mL!) in Petri dishes, inoculated with conidia and incubated
for 7-10 days. Visible mildew on each disc was assessed on a
simple 0-4 scale according to the proportion of itsg area
covered by mildew.

Floating leaf pieces also can be used to examine isolatoes
of barley powdery mildew fungi, although growth of this mildew
ig even less and harder to assess than that of cucumber
mildew. There is more variation in infection from piece to
piece, and curling and senescence of the leaf pieces can cause
difficulties (Brent, 1981). To avoild curling and senescence of
cereal leaves, Schulz et al. (1986) placed detached whrat
leaves in agar containing 10 mg L! of benzimidazolre as an
antisenescence compound. The leaves were sgsprayed with
solutions containing various concentrations of triadimefon,
then inoculated with conidia of the powdery mildew funqgus, and
the EC,, values determined after one week of incubation. A
similar method was followed by Brown et al. (1991).

Another approach used by several workers is to tLreat. wholee
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plants with fungicides at various concentrations, and to apply
conidia of a particular isolate to replicates of treated
plants (Rouse et al., 1980; Fletcher and Wolfe, 1981; Schein
et al., 1984; Buchenauer and Hellwald, 1985; De Waard et al.,
1986; Brown and Wolfe, 1991).

A bait plant method (mobile nurseries), in which test
plants seed treated with different concentrations of a
fungicide are placed in the field for one or two days and
incubated in the greenhouse, was used to determine fungicide
registance (Fletcher and Wolfe, 1981; Scheinpflug, 1988). In
another method, wind-impelled spore traps (WIST mobile
nurseries) were used (Fletcher and Wolfe, 1981; Wolfe, 1985;
Scheinpflug, 1988). In this latter method, seed-treated plants
or detached leaves in Petri dishes are placed within a spore
trap mounted on a car. When the car is driven, the sporesg are
sucked into the trap and distributed onto the leaves. The
plants or detached leaves are then incubated in a greenhouse
and a growth chamber, respectively.

Staub et al. in 1988 (unpublished research) suggested a
tube-test method for the assessment of propiconazole
sensitivity in cereal powdery mildew isolates. Test plants
were grown from seeds in glass test tubes containing perlite
and Hewitt solution. The seedlings (7-day old) were then
gprayed with fungicide and after 24 h one or two pieces, 5-10
cm each, infected with powdery mildew were added to each tube

of host plants. The tubes were plugged, slightly shaken to
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disseminate the available conidia and then incubated. Atter 14
days, percentage of infected leaf surface on the tirst leaf
was estimated and the ECy values calculated. A similar method
was reported by Smith and Bolton (1987), and Scheinptlag
(1988) .

In all cases, the percentage of leaf tissue infected with
powdery mildew was evaluated according to James (1971), and
the data then converted to ECy and ECy, values (Finney, 1971;
Buchenauer, 1979; Schulz and Scheinpfiug, 1986; Urich and
Ursula, 1988; Kadish and Cohen, 1989). The difterence in
sensitivity can be defined by the resistance factor, cxpressed
as the ratio of ECy of resistant strain to EC,, of sensitive
strain (Kéller and Scheinpflug, 1987; Lassero-De Falandre et

al., 1991).

1.7 STRATEGIES TO AVOID AND MANAGE FUNGICIDE RESISTANCE
Horsfall in 1956 warned that "the development of registance
by fungi to more and more specialized fungicides ig almost
sure to come and plague the practical man. It would seem
worthwhile for someone to undertake to investigate this aspooct
of the matter in some detail. It seems unwise to await the
arrival of resistant strains in the field. There 115 ample
warning they may come." The best method to avoid the
development of fungicide resistance is to prevent reosiotant
strains from emerging. To achieve this goal, strategicg have

been suggested by many scientists (Dekker, 1976; BEent, 1979;
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Dekker, 1981; Gangawane and Saler, 1981; Useugil, 1983; Gindrat
and Forrer, 1985; Wade, 1988). These spr=y regime strategies

may include:

1.7.1 Mixtures

A single-site fungicide may be used with a multisite
conventional fungicide oxr other single-site compound without
a potential for cross-resistance with its partner. Even in
mixtures, a systemic fungicide should not be used when it is
not aimed at least at a pathogen which is present to a
significant level in the crop. For example, the mixture of
carbendazim and triadimefon should not be used against eyespot
without the presence of critical levels of powdery mildew or

rust.

1.7.2 Alternations

A single-gite fungicide should be used alternately with one
or more multisite fungicides, or with single-site fungicides
without cross-resistance potential, even in mixtures.
Resistant strains that may emerge for one product will be
eliminated or reduced by the other before resistance can build
up. The likelihood of resistance emerging to two or more

products simultaneously is very low.

1.7.3 Combination of Mixtures and Alternations.

To ensure that the "at-risk" fungicide is protected, a



combination of mixtures of fungicides and alternating spray

regimes may be needed.

1.7.4 Limiting the Number of Sprays per Season
Control can be obtained at low selection pressure (one oi
two sprays/season) allowing the sensitive form ot the pat hagen
to compete with the resistant one. The selection pressure by
a fungicide can be reduced by:
a. Restricting the application of resistance-prone fungicides
to one or two critical periods in season.
b. Reducing the amount applied, and the frequency oi
application to the minimum necessary for economic contirol.

c. Limiting the area treated with any one fungicide.

1.7.5 Timing of Application and Suitability of Products
Treatment with "at-risk" fungicides after diseasge hag
become established is to be avoided since putting a product
under excessive disease pressure may result in resistance
occurrences because there will be a greater pathogen

population from which to select.

1.7.6 Withdrawal of the Product
In cases where resistance to a class of products i torn
severe, it may be best to withdraw them from uose in tlhoat

particular situation.
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1.7.7 Reentry of the Product
1f the resistant strains are not fit in the absence of the
fungicide, reentry of the product might be possible. This
strategy  must  be  implemented  with  caution, following
monitoring studies to indicate when this may be worthwhile.
The risk of reentry should be minimized by the use of mixtures

and careful timing.



Chapter 2.

RESISTANCE OF ISOLATES OF ERYSIPHE GRAMINIS F.SP. TRITICI
COLLECTED FROM THE ANNAPOLIS VALLEY AND COLCHESTER

COUNTY OF NOVA SCOTIA TO TRIADIMEFON

2.1 INTRODUCTION

Agricultural practice of powdery mildew control in winte:
wheat in Nova Scotia usually includes one or two foliar spray
applications of fungicides  which inhibit erqost erol
biosynthesis. The triazole fungicide triadimefon (Bayleton™)
has been available on a temporary registration to the Marit ime
wheat growers for several years (Anonymous, 1991). Triazoles
are members of the demethylation inhibitor (DMI) group of
compounds, which inhibit the C-14 demethylation step in the
synthesis of ergosterol (Dekker, 1985Db).

Triadimefon is a systemic fungicide which is reputed to he
a very good protectant and eradicant fungicide against powdery
mildew and rust fungi (Clark et al., 1978).

When triadimefon was first introduced it was active aqgainst
the cereal powdery mildew fungus (Erysiphe graminis) at
extremely small concentrations (Rawlinson et al., 1982).
Subsequently, less sensitive strains have arisen and ar¢ now
widely distributed in the Netherlands (Wolfe 1981 & 198%),
Hungary (Enisz, 1988), northern England (Fletcher and Griftin,

1981) and Germany (Buchenauer and Hellwald, 1985%).

24
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In Nova Scotia, most wheat production is concentrated in
the Annapolis Valley (AV) where the fungicide triadimefon has
been used intensively compared to Colchester County (CC). This
has led us to suggest that the populations of Erysiphe
graminis f.sp. tritici from the Annapolis Valley are wore
registant to triadimefon than are those from Colchester
County. This study was undertaken to investigate this

hypothesis.

2.2 MATERIALS AND METHODS
2.2.1 Collection and Transport of Samples

Plants and leaves with freshly sporulating pustules of E.
graminis f.sp. tritici were collected in plastic bags from
wheat fields (cvs. Borden and Absolvent) with and without a
history of fungicide treatment, in both the Annapolis Valley
(AV) and Colchester County (CC) areas (Fig. 2.1). Samples were
brought to the laboratory and either transferred immediately
to host plants growing in test tubes or kept at 4°C until the

next day.

2.2.2 Host Plants

Test plants of two winter wheat cultivars (cvs. Borden and
Absolvent) were grown in 25 x 250 mm glags test tubes with 25-
mm size plastic closures. Each test tube was filled with 20 mL
of perlite and 10 mL of Hoagland’s solution (Dhingra and

Sinclair, 1985). Fungicide-free wheat seeds were surface
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Fig. 2.1 Description of sources of Erysiphe graminis t.ap.

tritici isolates from winter wheat that were tested in the
1991 study.

Statistical Design: 2x2x2 Factorial Arrangement
in a Complete-Randomized Design

Sources of isolates

Annapolis Valley (AV) Colchester County ()
(Same as for
Annapolis Valley)

cv. Borden cv. Absolvent
Never Triadimefon- Never Triadimefon
treated treated treated treated
field field field field

| ! ! l

30 30 30 0

1 Thirty individual isolates.
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disinfested by submerging them in 0.6% NaClO for 10 minutes
then rinsing them in sterile dastilled water for 10 minutes.
After 12 h pregermination in sterile distilled water, the
seeds were transferred to the tubes by placing five
pregerminated seeds on the surface of the perlite in each
tube. The tubes were then incubated in a growth chamber at
18°C and 12 h day light at 293-390 microensteis/m?/sec. During
the night, the temperature was lowered to 15°C. Tubes were
kept in holders. Plants were ready for inoculation as goon as

the first leaf was fully expanded (about 7 days).

2.2.3 Preparation of Inoculum

Powdery mildew isolates from a field of wheat (cv.
Absolvent or Borden) were maintained on seedlings of the same
cultivar. For each population of the fungus, the inoculum was
prepared by inoculating 30 host plants in test tubes. Small
sections of leaf, each bearing a single pustule, and selected
at random, were cut from the seedlings and added to each tube.
The tubes were plugged and shaken on a rotary shaker to
disseminate the available conidia. Test tubes were then
incubated as degcribed in section 2.2.2.

The inoculum was ready to be used in a sensitivity test as
soon as sporulating pustules occurred on the seedlings
(approximately 14 days after inoculation). 0ld spores were
dislodged from the leaves by shaking the tubes one day before

inoculating the sensitivity test. Fresh sporulation was
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normally produced within 24 h (Schein et al., 1984).

2.2.4 Maintenance of the Isolates

Powdery mildew isolates were maintained on digcase free
wheat seedlings (cv. Borden or Absolvent) in tubes as
described in the previous section. Subculturing ot isolates
onto disease-free seedlings was carried out every 2 3 weeks.
In order to increase the amount of inoculum produced by single
pustules, each isolate was subcultured onto host plants in two

test tubes.

2.2.5 Fungicide Preparation

Foliar spray tests were carried out with the formulated
product Bayleton® 50% WP (a.i. triadimefon). Bayleton
suspensions (1 mg a.i. wmL') were freshly prepared in
Hoagland’s solution and diluted with a suspension of blank
formulation of Bayleton so that each concentration (incluading
the control) contained the same amount o©of the Llank
formulation. The concentration range adopted for
concentration-response tests was 0, 0.1, 1.0, 10.0, and 100 ug
a.i. mL'. Resistant isolates were expected to tolerateo
concentrations of fungicide 10 to 100-fold greater than those

tolerated by sensitive ones (Georgopoulos and Dovas, 1973).

2.2.6 Application of the Fungicide

After the first leaf was fully expanded in the test tubes
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(7 days), the fungicide was sprayed with an atomizer operated
by compressed air. The plants were then left for 24 h in order
to dry before inoculation with the fungus.

To ensure coverage of a large surface area of wheat leaves
with the fungicide, a fluorescent dye was added to the
Hoagland’s solution before spraying the seedlings in test
tubes using the same atomizer. After 24 h, seedlings were
pulled out of tubes and checked in darkness under UV light.
This experiment was conducted only once prior to the use of

the sprayer in the experiments.

2.2.7 Sengitivity Tests

Infected wheat seedlings were cut into leaf sections of 3-5
cm. Two leaf sections, each with 3-5 similar-sized mildew
pustules, were added to each tube of the host seedlings grown
as described previously. For one test series with the
concentrations 0, 0.1, 1.0, 10.0, and 100 ug a.i. mL?' (5 tubes
x 5 seedling x 2 replicates), two test tubes of single
pustule-derived inoculum were needed for inoculation. After
inoculation, tubes were capped, shaken and incubated at the

conditions described previously.

2.2.8 Data Collection and Statistical Analysis
For each isolate, mean percent of surface area covered
with powdery mildew on the primary leaf of five seedlings per

test tube (2 tubes/isolate) treated with various



30
concentrations of triadimefon was estimated using standard
area diagrams (James, 1971). Values estimated tor treatments
were expressed as percentages of the control. Averadge
percentages of two replicates for each isolate were
transformed to probits, and EC;, values were calculated by
linear regression (i.e. probit analysis) from t he
concentration-response curves (Finney, 1971). Analyses were
made with the Statistical Analysis System (SAS Institute,
Inc., 1983).

The differences in sensitivity of powdery mildew
populations from two locations (the Annapolis Valley and
Colchester Ccunty), two treatments (treated and untreated
fields) and two cultivars (Absolvent and Borden), were then
compared based on the EC; values. A 2x2x2 factorial
arrangement in a complete-randomized design analysis was
performed using the Analysis of Variance (ANOVA) Procedure. A
log-transformation step was applied to all EC, values (SAS
Institute, Inc., 1983).

Frequencies of resistant isolates of E. graminis 1.sp.
tritici to triadimefon (expressed as a percentage of the
number of isolates tested) were compared using Fishor'’s oxact
test (SAS Institute, Inc., 1983) for each location, treratwment,

and cultivar.
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2.3. RESULTS

Using an atomizer operated by compressed air to spray wheat
seedlings in test tubes with a fluorescent dye solution gave
almost a complete coverage of leaves with the spray solution.
This experiment was conducted in order to test the efficacy of
the sprayer in distributing the spray solution to cover a
large area of leaf surface. This procedure was conducted only
once prior to using the sprayer in the experiments.

The EC,, value of each of the thirty individual isolates in
each population was calculated using the Probit Analysis
procedure. Isolates within each population were ranked as
either resistant (R) or sensitive (8) to the fungicide
triadimefon based on the ECy value of the isolate. Isolates
with ECy, value < 10 pug triadimefon mL' were considered
sensitive (8), while those with EC; value = 10 pg triadimefon
mL! were considered resistant (R).

2.3.1 Reaction of E. graminis f.sp. tritici Isolates to the

Fungicide Triadimefon.

2.3.1.1 Isolates collected from the AV wheat fields.

The ECy, values of the 30 isolates collected from treated
fields of the wheat cv. Absolvent ranged from 0.5 to 175.2 ug
triadimefon mL' (Table 2.1), with a mean ECy, value of 44.6 %
5.7 ug triadimefon mL!. Twenty (66.7%) of these 30 isolates

were resistant to the fungicide triadimefon (Table 2.1).
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Table 2.1. Effective concentration of triadimefon to prevent
growth of 50% (ECy) of each of 30 Erysiphe graminis f.sp.
tritici isolates collected in 1991 from treated fields of the
wheat cultivar Absolvent in the Annapolis Valley.

Isolate ECs5y Value Reaction
No. (ug mL)
01 47.3 R
02 113.2 R
03 1.1 5
04 39.83 R
05 51.0 R
06 71.3 R
07 10.9 R
08 1.4 S
09 2.2 3
10 10.4 R
11 70.0 R
12 64.8 R
13 0.5 5
14 10.0 R
15 32.8 R
16 31.5 R
17 1.6 5
18 151.6 R
19 71.5 R
20 175.2 R
21 133.2 R
22 3.0 5
23 0.9 5
24 119.0 R
25 33.0 R
26 0.6 ]
27 3.2 5
28 69.8 R
29 1.0 5
30 15.1 R

Mean ECsy + SE: 44.6 + 5.7

Frequency of Resistant Isclates (%): 66T

*'8 = sensitive (ECs, < 10 ug mL'); and R = resistant (E(, ~ 10

pg mLt) .
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On the other hand, the ECy, values of the 30 isolates collected
from untreated fields of the same cultivar ranged from 0.5 to
270.7 pug triadimefon mL! (Table 2.2), with a mean ECs, value of
34.7 + 5.7 ug triadimefon mL'!. Seventeen (56.7%) of these 30
igolates were resistant to triadimefon (Table 2.2).

Table 2.3 presents the EC;, values of the 30 isolates
collected from treated fields of the wheat cv. Borden. The ECi,
values ranged from 0.1 to 100 ug triadimefon mL', with a mean
ECq value of 19.2 + 5.7 ug triadimefon mL'. Fourteen (46.7%)
of these 30 isolates were resistant to triadimefon (Table
2.3). Meanwhile, the EC;, values of the 30 isolates collected
from the untreated fields of the same cultivar ranged from 0.2
to 70.5 pg triadimefon mL! (Table 2.4), with a mean ECs value
of 13.0 + 5.701 ug triadimefon mL'. Eight (26.7%) of the 30

isolates were resistant to triadimefon (Table 2.4).

2.3.1.2 Igolates collected from CC wheat fields.

Table 2.5 presents the ECy, values of the 30 individual
isolates collected from treated fields of the wheat cv.
Absolvent. The ECy, values ranged from 0.1 to 95 ug triadimefon
mL!, with a mean ECy, value of 18.7 + 5.7 ug triadimefon mLl.
Sixteen (53.3%) of these 30 isolates were resistant to
triadimefon (Table 2.5). For untreated fields of the same
cultivar, the EC, values ranged from 0.4 to 31.5 ug
triadimefon mL' (Table 2.6), with a mean ECy, value of 6.2 =+

5.7 pg triadimefon mLl. Only four (13.3%) of these 30 isolates
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Table 2.2. Effective concentration of triadimefon to prevent
growth of 50% (ECy) of each of 30 Erysiphe graminis f.sp.
tritici isolates collected in 1991 from untreated ticlds of
the wheat cultivar Absolvent in the Annapolis Valley.

Isolate ECy, Value Reaction”
No. (ug mL 1Y)
01 16.0 R
02 3.2 S
03 6.8 S
04 12.6 R
05 16.8 R
06 31.5 R
07 117.2 R
08 69.3 R
09 13.0 R
10 2.4 S
il 21.6 R
12 27.3 R
13 4.6 )
14 11.7 R
15 65.4 R
16 2.1 S
17 1.0 5
18 6.4 S
19 180.8 R
20 5.0 S
21 56.4 R
22 6.2 8
23 9.8 S
24 11.1 R
25 270.7 R
26 3.2 S
27 2.1 s
28 19.2 R
29 0.5 [
30 47.0 R

Mean Ec;() + SE : 34.7 + 5.7

Frequency of Resistant Isolates (%): b6 LT

* 5 = sensitive (ECsy < 10 pg mL!); and R = ragistant. (, - 10
png mLl) .
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Table 2.3. Effective concentration of triadimefon to prevent
growth of 50% (EC,) of each of 30 Erysiphe graminis f.sp.
tritici isolates collected in 1991 from treated fields of the
wheat cultivar Borden in the Annapolis Valley.

Isolate ECy, Value Reaction”
No. (pg mL™)

01 9.8 S
02 31.5 R
03 11.0 R
04 0.4 S
05 13.2 R
Q6 6l.7 R
7 4.6 S
08 31.6 R
09 10.2 R
10 65.6 R
11 2.4 S
12 1.8 S
13 1.6 S
14 100.0 R
15 32.9 R
16 10.9 R
17 61.2 R
18 3.7 S
19 0.1 S
20 68.5 R
21 10.3 R
22 2.9 S
23 3.8 S
24 0.3 S
25 18.6 R
26 0.6 S
27 7.6 S
28 0.7 S
29 2.0 S
30 5.1 S

Mean ECy, + SE: 19.2 + 5.7

Frequency of Resistant Isolates (%): 46.7

“ 5 - sensitive (ECq < 10 pg mL''); and R = resistant (ECy = 10

pug mLh) .
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Table 2.4. Effective concentration of triadimeton to prevent
growth of 50% (ECy) of each of 30 Erysiphe graminis t.sp.
tritici isolates collected in 1991 from untreated tields ot

the wheat cultivar Borden in the Annapolis Valliey.

Isolate EC, Value React fon'
No. (pg mL Y

01 6
02 8
03 0.
6
6
2
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e wa

.

04
05
06
07 70.
08 18.
09 59,
10 31.
11 8.
12 7.
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
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Mean ECj, + SE: 13.0 # 5.7

Frequency of Resistant Isolates (%): 2007

* S = sensitive (ECq < 10 pug mL'); and R = resistant. (JCy, .
ug mLl) .

16
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Table 2.5. Effective concern ration of triadimefon to prevent
growth of 50% (FZg) of ea. . of 30 Erysiphe graminis f.sp.
tritici isolates collected in 1991 from treated fields of the
whe:at cultivar Absolvent in the Colchester County.

Isolate ECy, Value Reaction”
No. (ug mL?)
01 6.7 S
02 2.0 S
03 G.5 S
04 3.8 S
05 10.8 R
06 51.2 R
07 34.6 R
08 3.8 S
09 2.9 S
10 9.8 S
11 1.0 S
12 4.1 S
13 31.5 R
14 31.5 R
15 95.0 R
16 13.0 R
17 8.8 S
18 70.3 R
19 10.2 R
20 7.3 S
21 0.1 S
22 15.1 R
23 13.1 R
24 4.1 S
25 31.5 R
26 0.9 S
27 31.5 R
28 10.4 R
29 31.5 R
30 12.4 R
Mean ECy + SE: 18.6 + 5.7
Frequency of Registant Isolates (%) : 53.3

£

8 = sensitive (ECy < 10 ug mL'); and R = resistant (ECsy = 10
pg mb') .
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Table 2.6. Effective concentration of triadimefon to prevent
growth of 50% (ECy) of each of 30 Erysiphe graminis t.sp.
tritici isolates collected in 1991 from untreated tieclds of
the wheat cultivar Absolvent in the Colchester County.

Isolate ECy, Value React fon”
No. (pg mL')
01 6.6 S
02 7.1 S
03 7.3 8
04 1.7 =
05 13.2 R
06 1.0 =3
07 0.9 8
08 3.4 S
09 4.4 S
10 31.5 R
11 1.9 S
12 0.5 S
13 2.0 S
14 7.2 8
15 0.4 ]
16 7.8 S
17 1.6 S
18 1.1 S
19 1.4 S
20 6.7 S
21 2.5 S
22 1.1 5
23 8.7 S
24 2.3 S
25 3.9 S
26 31.5 R
27 1.8 S
28 8.5 3
2% 10.2 I
30 8.5 5
Mean ECs + SE: 6.2 + 5.7
Frequency of Resistant Isolates (%): 13.4
*'5 = sensitive (ECs < 10 pug mL!'); and R - resistant (Kl o 10

pg mit) .
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were resistani to triadimefon (Table 2.6). For the 30 isolates
collected from treated wheat fields of the wheat cv. Borden,
the EC, values ranged from 0.1 to 31.7 ug triadimefon mL!
(Table 2.7) with a mean of 11.1 x 5.7 pg triadimefon mL’t.
Thirteen (40%) of these 30 isoclates were resistant to
triadimefon (Table 2.7). On the other hand, the ECy values of
the 30 isolates collected from untreated fields of the same
wheat cultivar ranged from 0.1 to 31.5 ug triadimefon mL’!
(Table 2.8), with a mean ECy, value of 4.6 + 5.7 pug triadimefon
mL!'. Only three (10%) of these 30 isolates were resistant to

triadimefon (Table 2.8).

2.3.2. Comparison Between Locations, Treatments, Cultivars,
and their Interactions with Regards to Log(ECg) Values

of Isolates of E. graminig f.sp. tritici.

Results of the ANOVA performed on log(ECy) wvalues are
presented in Table 2.9. There was a significant difference
among cultivars (P=3x107%) in their effect on the log(ECs)
values of powdery mildew fungal populations (Table 2.9). The
mean value of log(ECs) for isolates collected from fields of
the wheat cultivar Absolvent was higher (2.14 + 0.16 ug
triadimefon mL') than that of those collected from fields of
the wheat cultivar Borden (1.21 # 0.16 pug triadimefon mL1!)

{Table 2.10). Results of the ANOVA (Table 2.9) demonstrated
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Table 2.7. Effective concentration of triadimeton to prevent
growth of 50% (EC;) of each of 30 Erysiphe graminis f.sp.
tritici isolates collected in 1991 from treated fields ot the
wheat cultivar Borden in the Colchester County.

Isolate ECs, Value Reaction”
No. (pg mL)
01 31.5 R
02 2.1 S
03 0.4 8
04 0.3 S
05 10.2 R
06 2.8 S
07 6.6 s
08 0.1 5
09 31.5 R
10 3.1 S
11 1.0 S
12 31.5 R
13 2.5 5
14 0.1 s
15 1.5 S
16 3.2 5
17 31.5 R
18 0.4 S
¢ 31.5 R
U 11.8 R
21 8.9 5
22 29.5 R
23 15.0 R
24 15.2 R
25 5.9 S
26 0.4 S
27 2.4 5
28 10.1 R
29 31.7 R
30 11.0 KR
Mean ECS() + SE: 11.1 + 5.7
Frequency of Resistant Isolates (%): 40,1

*'S = gensitive (ECsq < 10 pug mL'); and R = resistant (ECy » 10
pg mLt) .
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Table 2.8. Effective concentration of triadimefon to prevent
growth of 50% (ECy) of each of 30 Erysiphe graminis f.sp.
tritici isolates collected in 1991 from untreated fields of
the wheat cultivar Borden in the Colchester County.

Isnlate ECy, Value Reaction®
No. (pg mL?)

01
02
03 3
04
05
06
07
08
09
10
11 3
12
13
14
15
16
17
18
19
20
21
22
23
24 3
25
26
27
28
29
30

FOONOHOROOOWROMNORPOORUITWOROOORH WW
PWJWoWwWwulkdrdPr WNORNOURPRRRERFUVTWOVONORREREOINND
NMNnLnLNnIONnNRNLOLLNLLNNLHNDNDOTNNDNNDNNDNnHH" NN

Mean EC;, + SE: 4.6 £ 5.7

Frequency of Resistant Isolates (%): 10.0

S = sensitive (ECgy < 10 pug mL'); and R = resistant (ECgq = 10
ug mL') .
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Table 2.9. Analysis of Variance (ANOVA) for log(ECg) values ot

Erysiphe graminis f£.sp.

tritici isolates collected in 1uu]

from two locations, two treatments, and two wheat cult ivars.

Source of Variation DF Mean Sqguare Py - M
Location 1 70.031 2 % 10°
Treatment i 22.824 0.0054
Cultivar 1 52.201 3 x 10°
Location x Treatment 1 19.903 0.0093
Location x Cultivar 1 1.947 0.4128
Treatment x Cultivar 1 0.604 0.6480
Location x Treatment x
Cultivar 1 2.963 0.3124%
ERROR 232 2.892
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Table 2.10. Mean log(ECy) values and their standard error for
E. graminis f.sp. tritici populations of isolates collected in
1991 from two wheat cultivars.

Variable" log(ECw)**
Mean
CULTIVAR
Absolvent 2.14
Borden 1.21

Standard Error = 0.16

* Refer to the ANOVA table (Table 2.10).

* Mean value of log (ECs) of 120 individual isoclates of E.
graminis f.sp. tritici per component per variable.
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that there was a significant interaction (P=0.0094) between
locations and treatments in their effect on the Tog(kdy)
values of populations of E. graminis f.sp. tritici. Results ot
the LSD test (Table 2.11) showed that the mean value of
log (ECs) for isolates collected from the AV-treated fields was
significantly higher (2.23 + 0.22 pg triadimefon mL!) than
that of those collected from the CC-treated fields (1.73 4
0.22 ug triadimefon mL!). A similar trend was found in the
cage of isolates collected from untreated fields ot both
locations. For the AV’'s fungal populations, the mean value ol
log(ECs,) was significantly higher (2.19 + 0.22 pg triadimefon
mL!) than that of those from CC (0.54 + 0.22 ug triadimeion wl,
). The mean value of log(ECy) for isolates from treated
fields in CC was significantly higher (1.73 + 0.22 ug
triadimefon mL!) than that of those from untreated fields
(0.54 + 0.22 ug triadimefon mL!). No significant difference in
the mean values of log(EC;) was found between powdery mildew
populations from treated and untreated fields of the AV.

No significant interaction was found between location x
cultivar, cultivar x treatment, or location x cultivar «

treatment {(Table 2.9).
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Table 2.11. Mean log(ECy) values and their standard error for
location x treatment interaction.

Interaction log(ECm)*

Variable Mean

Annapolis Valley x -
Treated Fields 2.23a

Annapolis Valley x
Untreated Fields 2.19%a

Colchester County x
Treated Fields 1.73b

Colchester County x
Untreated Fields 0.54c

Standard Error = 0.22

* Mean value of log (ECs) of 60 individual isolates of E.
graminis <.sp. tritici per interaction variable.

* Means followed by the same letter are not significantly
different from each other at P= 0.05 according to LSD
test.
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2.3.3. Comparison Between Locations, Treatments, and
Cultivars Based on the Frequencies of Resistant

Isclates of E. graminis f.sp. tritici

Fisher’s exact test was performed to test if there is a
significant difference in the frequency of resistant isolates
of E. graminis f.sp. tritici from the two locations, the AV
and CC. There was a highly significant difference (P-0.0023)
in the frequency of resistant isolates collected from the AV
and CC (Table 2.12). The frequency of resistant isolates
collected from the AV was higher (49.2%) than that of those
collected from CC (29.2%).

Results of the same test performed on the frequency ol
regsistant isolates of E. graminis f.sp. tritici from treated
and untreated wheat fields (Table 2.12) indicated that there
was a highly significant difference (P=0.0001) in the
frequency of resistant isolates collected from treated and
untreated fields. Treated fields had a higher {requency
(51.7%) of resistant isolates compared to untreated fields
(26.7%) (Table 2.12). Similarly, Fisher’s exact test wags also
performed to test if the frequency of resistant isolatnrs
collected from fields of the wheat cultivar Absolvenl was
significantly different from that of those collected from
fields of cultivar Borden. Results (Table 2.12) reveaaled that
there was a significant difference (P=0.012) in the frequency

of resistant isolates collected from fields of the whaat
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Table 2.12. Comparisons between the frequencies of resistant
isolates of E. graminis f.sp. tritici for two locations, two
treatments, and two wheat cultivars using Fisher’s exact test.

Source of No. of No. of Frequency of p
Isolates Isclates Registant Resgistant Value
Tested Isolates Isolates (%)

Annapolis Valley 120 59 49.2

vs. 0.0023
Colchester County 120 35 29.2
Treated Fields 120 62 51.7

vs. 0.0001
Untreated Fields 120 32 26.7
Cultivar Abgolvent 120 57 47.5

vs. 0.0120

Cultivar Borden 120 37 30.8




cultivars Absolvent and Borden. A significantly higher

frequency of E. graminis f.sp. tritici isolates that tested
resistant to triadimefon came from fields ot cultivar
Absolvent (47.5%). Only 30.8% of the isolates collected f1om
fields of cultivar Borden were resistant to triadimefon (Table

2.12).

2.4, DISCUSSION

Results (Tables 2.1 - 2.8) showed that isolates within each
population fell within a wide range of EC, values. Some of
these single spore-derived isolates had ECy values <« 1 puqg
triadimefon mL'. A few others had EC, values > 100 puqg
triadimefon wmL”'; the rest were in between. These results
suggest that isolatesg within each of the 8 populations (Tableg
2.1 - 2.8) varied from each other in terms of their response
to the fungicide triadimefon. The distribution of sensitive
and resistant isolates was not uniform among populations.
Isolates were ranked as either sensitive (8) or resistant. (R)
to triadimefon based on their EC;, values. When responscs of
all single spore-derived isolates of E. graminis f.sp. tritici
were tested over a range of concentrations (0, 0.1, 1, 10, and
100 pug triadimefon mL'), the difference in response of
isolates to the fungicide was best shown at 10 pg triadimefon
mL!. Therefore, for this reason, and based on the EC, vialuag
of all isolates in all fungal populations, isolates with I,

values < 10 ug triadimefon mL! were considered sensitive (£},
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and those with ECy, wvalues = 10 ug triadimefon mL' were
considered resistant (R).

A log-transformation step was applied to all EC, values
prior to performing the statistical analysis in order to
ensure a better normality of distribution of isolates within
populations.

The significant interaction between location and treatment
in the mean values of log(EC;,) for E. graminis f.sp. tritici
isolates (Tables 2.9 & 2.11) indicated that fungal populations
from the CC-treated fields were more resistant to the
fungicide triadimefon than those from untreated fields. On the
other hand, no significant difference in the mean values of
log (EC,) was found between powdery mildew fungal populationsg
from the AV-treated fields and those from untreated fields
(Tables 2.9 & 2.11). These results met our speculations about
the differences in the gensitivity of powdery mildew
populations from wheat fields in both locations.

Normally, one single application of the fungicide
triadimefon at the onset of infection is sufficient to stop
disease progress (Kolbe, 1976). In 1989, however, even a third
triadimefon application in some fields in the AV failed to
control the disease (Gray, 1991). Results of this study
explain the poorer performance of triadimefon towards
controlling powdery mildew disease in some wheat fields in the

AV,
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The significantly higher mean value of log(EC), and higher
frequency of resistant isolates associated with powdery mildew
populations from the AV is most likely to have been a response
to the continuing widespread use of triadimefon fungicide by
the AV wheat growers, and due to the greater area of wheat
fields, compared to CC. In CC wheat cultivation is limitod,
and thus the fungicide use is also limited. Similar results
were reported in different crops and locations throughout the
world (Butters et al., 1984; Heany et al., 1984 & 1986; Wolte,
1984; De Waard et al., 1986; Wolfe and De Waard, 1986;
Andrivon and De Vallavieille-pope, 1987; Fletcher et al.,
1987; Limpert, 1987; Enisz, 1988). All these reports indicated
that a continued selection pressure of fungicides in space and
time selected for significantly higher degrees of resistance,
In Nova Scotia, the triazole fungicides triadimefon and
propiconazole have been available to the wheat growers for
several years (Anonymous, 1991). These fungicides are gingle
site inhibitors, and therefore resistance was more likely to
have occurred toward them soon after their introduction and
use in a wide scale and over a greater area of whaeat ficlds
such as in the AV. Only one fun,al gene is suificient to
induce a change at the target site leading to a decroaccd
binding affinity of the fungicide. This results in the
emergence of isolates less sensitive to the {fungicide
(Corbett, 1979; Delp, 1980; Dekker, 1985kL; K&ller and

Scheinpflug, 1987).
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Erysiphe graminis f.sp. tritici populations collected from
treated wheat fields in the AV and CC had a significantly
higher frequency of resistant isolates (Table 2.12) than those
collected from untreated wheat fields. Exposing powdery mildew
populations to 2 continued selection pressure of triadimefon
may have readily selected for significantly higher degrees of
resistance in terms of the mean value of log(ECy) and
frequency of resistant isolates.

Resistant strains of E. graminis f£.sp. tritici might have
existed 1in wheat fields in low frequencies before the

stroduction of triadimefon to the area. After a short period
wi intensive and repeated use of the fungicide, the frequency
of resistant strains is expected to have increased in treated
fields. When the mutants of the pathogen arose that were
little affected by the fungicide, farmers complained that
triadimefon was no longer effective. Wheat growers who saw
that triadimefon was becoming less effective often increased
the concentration, thus increasing the selection pressure and
aggravating the problem.

Our results are in agreement with those of Shephard et al.
(1975) . They reported that in each survey, samples of barley
powdery mildew from ethirimol treated fields were generally
more resistant than samples from nearby untreated fields.
Similar results were reported by Fletcher and Wolfe (1981) who

studied the fungicide triadimefon in barley fields.
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Elad (1992) reported that the frequencies of isolates of
Botrytis cinerea insensitive to the fungicides fenetrazole and
fenthanil (SBIs) were 3.4 and 1.8 times higher, respectively,
at the site where control failed, compared with another site
where SBI fungicides had never been applied to control gray
mould. On the other hand, Kendall et al. (1993) in England
found that isoclates of Rhynchosporium secalis from DMI treated
and untreated barley were not significantly different in their
sensitivity.

The significant difference in the mean values of log(ECy)
(Tables 2.9 & 2.10) and in the frequency of resistant isolates
(Table 2.11) for E. graminis f.sp. tritici populations
assoclated with the two wheat cultivars indicated that the
wheat cv. Absolvent was more favourable for the development of
resistant populations of the fungus. Absolvent is known to be
susceptible to powdery mildew, while Borden is moderately
resistant to this fungus (Anonymous, 1991).

It is possible that the higher resistance of the fungal
populationg and the higher frequency of resistant isolateg
associated with Absolvent are a response to the intensive
usage of triadimefon to control the disease. Meanwhile, the
moderately resistant Borden requires fewer applicatinng of
triadimefon in order to control powdery mildew and obtain an
economic yield. It is recommended to use the cv. Borden sincee
it is more resistant to resistant populations of the fungus.

These results agree with those of Fletcher and Wnlfe (1981)
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whe reported that the frequency of insensitive isolates of
powdery mildew of barley was higher on the highly susceptible
v, Golden Promise, and lower on the highly resistant cvs.
Triumph and Atem.

However, there may also be more specific interactions
between a particular pathogen population and fungicide
resistance. Such effects could be of considerable wvalue in
strategies for cultivar and fungicide use aimed at preserving
the effectiveness of both. Therefore, possible relationships
between cultivars and fungicide resistance deserve further
study.

Significant interaction between locations and treatments
(Takbles 2.9 & 2.11) indicated that powdery mildew populations
from both treated and untreated wheat fields in the AV had a
gimilar regsponse to triadimefon. These results suggest that
the resistant isolates have spread primarily within the
treated fields. It is, however, possible that the resistant
spores have moved over wide areas in extended periods and
spread chroughout the AV. On the other hand, fungal
populations from treated and untreated fields in CC were
significantly different in their response to the fungicide
(Table 2.11). The abs:nce of the selection pressure of the
tungicide in the untreated fields in CC resulted in fewer
resistant individuals. Due to limited wheat cultivation in CC,

the resistant spores of the fungus from the treated fields
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were unable to survive over extended periods, which in turn,
prevented their spread.

The AV 1is about 100 km apart from CC. Theretore, the
possibility that triadimefon-resistant spores from the AV
would move to CC is unlikely. Powdery mildew spores are very
sensitive to UV light and adverse environmental conditions.
Such unfavourable conditions are able tc destroy these spores
before they reach their host.

Fungal populations from treated fields in the AV were motre
resistant (Table 2.11) than those from treated fields in CC.
Similar results were found for populations from untieated
fields in both locations. This is due to the widesptead use of
triadimefon over a greater area in the AV compared to (.

Studies using wheat differentialg are needed to determine
what physiological races are present in the resistant and

sensitive subpopulations.



Chapter 3.

BUILD-UP OF RESISTANT ISOLATES OF ERYSIPHE GRAMINIS

F.SP.TRITICI TO TRIADIMEFON

3.1 INTRODUCTION

In a fungal population that is originally sensitive to a
particular fungicide, resistant forms may arise, or be present
at low frequency (Wolfe, 1975; Dekker, 1976 & 1985;
Georgopoulos, 1977). Growth and reproduction of these
resistant forms will be favoured by the selection pressure of
the fungicide, so that finally the entire pathogen population
may become resistant (Wolfe, 1975; Dekker, 1985).

In cereal powdery mildew, shifts in sensitivity to DMIs
have been recorded, although on these crops correlation
between poor contrcl and reduced sensitivity has not been
egtablished (Fletcher and Wolfe, 1981).

In this study, we expect that the resistant isolates might
be present at low frequency in the field during winter. In
early spring, the resistant isolates are expected to dominate
the sensitive ones a certain time after fungicide application,
a process known ag resistance build-up (Wolfe, 1985). We also
expect that there i1s a relationship between the severity of
powdery mildew disease and the build-up of resistant isolates.
This study was undertaken in order to investigate these

hypotheses.
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3.2 MATERIALS AND METHODS
3.2.1 Build-up of Resistance

Based on the results of the year 1991, the wheat cultivar
Absolvent is more favourable for the development of registant
isolates of E. graminis f.sp. tritici, in the sense that
higher mean 1log(ECy) values, and higher frequencies ol
resistant isolates to the fungicide triadimefon, were found
for samples collected from Absgolvent fields in both of the AV
and CC compared to the cultivar Borden. Therefore, the
cultivar Absolvent was selected to be the emphasig of thig
study.

Samples were collected from Absolvent wheat fields in both
the AV and CC. Thivrty individual isolates were collectad thiae
times from each location: before triadimefon application, two
weeks after triadimefon application, and six weeks after
treatment. Materials and methods used to determine the Ky,
values and frequency of resistant isolates in this experimant

were the same as those described in chapter 2.

3.2.1.1 Statistical analysis

The experiment was 2 x 3 factorial arrangement in a
complete-randomised design (2 locations x 3 sampling dates) .
Analysis was performed using the analysis of variance (ANOVA)
procedure on SAS (SAS Institute, Inc., 1983). A log
transformation step was applied to all EC;, values prior to

statistical analysis. Least significant difference tast (LSD)
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was applied to separate experimental means (Chew, 1976;
Petersen, 1977). Fisher’s exact test was applied to compare

frequencies of resistant isolates in fungal populations.

3.2.2 Digease Progress Curves of Powdery Mildew of Wheat

To test if there is a relationship between the build-up of
regsistant isolates of powdery mildew and disease severity,
disease progress curves were established for both the AV and

Ccc.

3.2.2.1 Annapolis Valley

Disease in wheat fields was rated several times before and
after triadimefon application. Disease in two fields of total
area of 21 ha was rated six times, once every two weeks,
during the season; the first three ratings were done before
triadimefon application. The top four leaves of 10 tillers
were rated in 10 random locations for each field. Standard
area diagrams (James, 1971) were used to determine the
percentage of leaf area infected with powdery mildew. The
average percentage of leaf area infection of 800 leaves was
then calculated in each of the six dates and used to draw the

disease progress curve.

3.2.2.2 Colchester County
Disease severity was assessed eight times, once per week,

for both treated and untreated wheat plots. The average
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percentage of disease severity of 160 leaves wast then
calculated in each of the eight dates and for both treated and
untreated plots. Disease rating was done as described in

section 3.2.2.2.

3.2.2.2.1 Statistical analysis

A logit-transformation step was applied to percentages of
leaf area infected prior to statistical analysis using the SAS
package. Logit disease severity was calculated according to

the following equation (Cox and Snell, 1989):

Logit disease severity= log (severity/ (severity 100))

Since the disease severity in the first two ratings was 0%,
we set the logit severity to start at time 3. Data of lougit
transformation of mean disease severity were analyzed in a 2
x 6 factorial arrangement in a complete -randomised design (2
treatments x 6 times). Analysis was performed using the

analysis of variance (ANOVA) procedure on SAS (SAS Institute,

Inc., 1983).
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3.3 RESULTS
3.3,1 Build-up of Resistance
3.3.1.1. Reaction of E. graminis f.sp. tritici isolates
to triadimefon
3.3.1.1.1. Annapolis Valley (AV)

The ECy, values for the 30 single spore-derived isolates
collected from the AV before triadimefon application ranged
from 0.2 to 62.8 pg triadimefon mL!, with a mean ECy value of
6.2 + 3.9 ug triadimefon mL! (Table 3.1). Five (16.7%) of
these 30 isolates were considered resistant to the fungicide
(Table 3.1) . The ECy values for isolates collected 3 wks after
triadimefon application ranged from 0.3 to 98 pug triadimefon
mL! (Table 3.2) with a mean EC; value of 17.6 + 3.9 ug
triadimefon mL!. Eleven (36.7%) of these isolates were
resistant to triadimefon (Table 3.2). Table 3.3 shows the ECg
values for the 30 isolates collected 6 wks after fungicide
application. The ECy, values ranged from 0.2 to 100 ug
triadimefon mL', with a mean #£Cy, value of 23.8 + 3.9 ug
triadimefon mL' (Table 3.3). Fourteen (46.7%) of these 30

isolates tested resistant to triadimefon (Table 3.3).

3.3.1.1.2 Colchester County (CC)

Table 3.4 shows that the EC, values for the 30 single
spore-derived 1solates collected from the AV Dbefore
triadimefon application ranged from 0.2 to 31.6 ug triadimefon

mL!, with a mean EC; value of 4.2 + 3.9 ug triadimefon wL’!
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Table 3.1l. Effective concentration of triadimeion tuo nrevent
growth of 50% (ECs) of each of 30 Erysiphe graminis t.sp.
tritici isolates collected in 1992 before treatment from
fields of the wheat cultivar BAbsolvent in the Annapolis
Valley.

Isolate ECs, Value React ion”
No. (ug mL!')

0L
02
03
04
05
06
07
08
095
10
11
12 1
13

14

15

16

17

18

19

20

21 1
22
23
24
25
26
27
28
29
30

[
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Mean ECs, + SE: 6.2 + 3.9

Frequency of Resistant Isolates (%): 16.°7

*'g = sensitive (ECs, < 10 pg mL'); and R = resistant (K, » 10
pg mLl') .
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Table 3.2. Effective concentration of triadimefon to prevent
growth of 50% (ECy) of each of 30 Erysiphe graminis f.sp.
tritici isolates collected in 1992 2 wks after treatment from
fie:lds of the wheat cultivar Absolvent in the Annapolis
Valley.

Isolate ECy, Value Reaction”
No. (ug mL™t)
01 7.9 S
02 1.9 S
03 4.2 S
04 11.2 R
05 1.5 S
06 5.3 S
07 1.6 S
08 31.6 R
09 12.2 R
10 1.4 S
11 10.8 R
12 0.6 S
13 8.5 S
14 7.5 S
15 C.6 S
16 6.2 S
17 62.6 R
18 0.3 S
19 3.2 S
20 46.6 R
21 31l.6 R
22 69.7 R
23 20.6 R
24 3.2 S
25 60.9 R
26 4.0 S
27 9.7 S
28 88.0 R
29 0.5 S
30 3.2 S

Mean EC5() + SE: 17.6 + 3.9

Frequency of Resistant Isolates (%): 36.7

* 5 = sensitive (ECs < 10 pg mL'); and R = resistant (ECsy = 10

pg mL'Y) .
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Table 3.3. Effective concentration ot triadimefon to prevent
of each of 30 Erysiphe graminis f.sp.
tritici isolates collected in 1992 6 wks after treatment trom
fields of the wheat cultivar Absolvent in the Annapolis

growth of 50% (ECs,)

Valley.

Isolate EC;, Value React ion’
No. (pg mL')
01 80.6 R
02 100.0 R
03 2.5 S
04 0.6 s
05 13.3 R
06 18.9 R
07 5.6 3
08 10.5 R
09 39.7 R
10 91.2 R
11 3.9 S
12 4.6 8
13 26.9 R
14 6.4 b
15 2.8 S
16 10.6 R
17 1.5 5
18 0.4 G
19 87.5 Je
20 60.3 R
21 0.2 5
22 98.5 R
23 0.6 S
24 15.1 R
25 4.0 5
26 17.8 K
27 5.0 o
28 1.0 0
29 4.6 o
30 0.7 S

Mean EC; + SE: 23.8 £+ 3.9

Frequency of Resistant Isolates (%): a6 .7l

*

pg mLty .

S = sensitive (ECy < 10 ug mL'); and R = resistant. (ki » 10
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Table 3.4. Effective concentration cf triadimefon to prevent
of each of 30 Erysiphe graminis f.sp.
tritici 1isolates collected in 1992 before treatment £from
firlds of the wheat cultivar Absolvent in Colchester County.

(J’rr)wth ()f 50% (ECS())

Isolate
No.

ECg, Value
(ug mL™)

. *
Reaction

01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

SO
FWLWORORPOPRPNOWNRRPRPOWWJIJUVOWOURUINDUIORNMWO

ONHOAONONONMNWIOWHLPWEN PR WONDNUTWOWLWORELENDND

NnhIo"hnhLDnNnLLuLNRLNNNNHNNRNnNNNNGN

Mean ECy, + SE:

Frequency of Resistant Isolates

4.

2

H

3.

9

(%) :

7.14

*' 5 = sensitive (ECs < 10 pug mL!'); and R

pg mLt) .

resistant

(ECS() = 10
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Two (6.7%) of these 30 isclates were considered resistant to
the fungicide (Table 3.4). The EC, values for isolatoes
collected 3 wks after triadimefon application ranged from 0.1
to 73.4 ug triadimefon mL! (Table 3.5) with a mean Bl value
of 5.7 + 3.9 ug triadimefon mL'. Three (10%) of these isolates
were resistant to triadimefon (Table 3.5). Table 3.6 shows the
ECy, values for the 30 isoclates collected 6 wke after funaicide
application. The EC,; values ranged from 1.2 to 90 puqg
triadimefon mL”*, with a mean EC,, value of 20.2 + 1.9 puqg
triadimefon mL! (Table 3.6). Twelve (40%) of these 30 isolat.s

tested resistant to triadimefon (Table 3.6).

3.3.1.2 Comparison between sampling dates, locations, and
their interaction based on the log(ECy) values of

isolates of E. graminisg f.sp. tritici.

Results of the analysis of variance (Table $.°7)
demonstrated that there was a highly significant differences
(P=0.0001) among sampling dates in their effect on the
log (ECy) values of powdery mildew populations aollected from
both the AC and CC.

Table 3.7 shows that there was a 'highly significant
interaction (P=0.0019) between sampling dates and locat.ions in
their effect on the log(ECy) values of mildew populations.
Results (Table 3.8) demonstrated that, for fungal populat iong

of isolates collected from the AV, the mean value of log{ECy)
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Table 3.5. Effective concentration of triadimefon to prevent
growth of 50% (E’,) of each of 30 Erysiphe graminis f.sp.
tritici isolates collected in 1992 2 wks after treatment from
fields of the wheat cultivar Absolvent in Colchester County.

Isolate ECy, Value Reaction”
No. (ng mLt)

01
02
03
04
05
06 1
07
08
09
10
11
L2
13
14
15
16
17
18 3
19
29
21
22 7
23
24
25
26
27
28
29
30

ORPWOOOHRFRWONNIHRWONODORFROWOOMROORI= O\W
MONTBRRUIOBRNUINANUOWUHON®OUGIH R0
OROEORORORORGRORRORGRORRORORORGROBUEGRORORGERGE- SRR RORORG]

Mean EC; + SE: 5.7 £+ 3.9

Frequency of Resistant Isolates (%): 10.0

* 5 = sensitive (ECq < 10 pug mL!); and R = resistant (ECs = 10

ug mLh),
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Table 3.6. Effective concentration of triadimefon to prevent
growth of 50% (ECy) of each of 30 Erysiphe graminis f.sp.
tritici isolates collected in 1992 6 wks after treatment fiom
fields of the wheat cultivar Absolvent in Colchester County.

Isolate ECq Value React ion"
No. (pg mL')
01 5.8 8
02 31.6 R
03 3.3 5
04 22.1 R
05 73.8 R
06 2.0 S
07 31.6 R
08 31.6 R
09 1.2 5
10 3.2 S
11 8.2 s
12 90.0 R
13 90.0 R
14 6.7 |
15 2.6 S
16 31.6 R
17 9.2 R
18 4.5 5
19 31.6 R
20 9.1 S
21 2.4 S
22 4.5 3
23 9.0 g
24 5.7 S
25 8.4 S
26 7.6 S
27 14.7 R
28 18.7 R
29 9.2 5
30 31.6 I

Mean EC; + SE: 20.2 £ 3.9

Frequency of Resistant Isolates (%): 40.0

* ' . : \Val
S = sensitive (ECy < 10 pg mL'); and R = resistant (K ~ 10
pg mil) .
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Table 3.7. Analysis of Variance (ANOVA) for log(EC,) values of
Erysiphe graminis f.sp. tritici isolates collected in 1992
from two locations (the Annapolis Valley & Colchester County)
on three sampling dates (before, 2 wks after and 6 wks after
triadimefon application).

Source of Variation DF Mean Square Pr > F
Location 1 4.013 0.1782
Sampling date 2 33.461 0.0001
Location x Sampling date 2 14.233 0.0019

ERROR 174 2.196
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increased from 0.69 + 0.27 pug triadimefon mL' 3 wks before
triadimefon application to 1.84 + 0.27 and 1.97 + 0.27 uy
triadimefon mL', respectively, two and six weeks after
triadimefon applicaticn. Results of the LSD test (Table 3.8)
indicated that there was a significant difference in the mean
value of log(ECy) for the mildew populations collected from
the AV before fungicide application and 2 wks after
application. No gignificant difference in the mean wvalue of
log (ECs) was found between isolates collected 2 wks after
triadimefon application and those collected 6 wks after
application (Table 3.8).

on the other hand, results of the LSD test (Table 3.8)
indicated that there was no significant difference in the mean
value of log(EC;,) for populations of isolates collected from
CC before and 2 wks after triadimefon application. Meanwhile,
a highly significant difference in the mean value of log(EC)
was found between isolates collected before (0.78 + 0.27 pug
triadimefon mL') and 2 wkes after (0.44 & 0.27 pug triadimefon
mL!) triadimefon application, and those collected 6 wks (2.40
+ 0.27 ug triadimefon mL') after triadimefon application
{Table 3.8). No significant difference was found batwaen
locations (Table 3.7) in their effect on the mean valuns of

log (ECs) .
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Table 3.8. Mean log(ECw)* values and their standard error for
location x sampling date interaction.

Location Sampling date™™
BT WK+2 WK+6
. skokeske
Annapolis Valley 0.69a 1.84b 1.97bc
Colchester County Nn.78a 0.44a 2.405b

Standard Error = 0.27

Mean value of log(ECy) of 30 individual isolates of E.
graminis f.sp. tritici per sampling date per location. Each
individual isolate was replicated twice.

** BT= before treatment; WK+2 and WK+6= two and six weeks

after triadimefon application, respectively.

sk ' .
Means followed by the same letter within a row are not

gignificantly different from each other at p = 0.05 according
to LSD test.
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3.3.1.3 Comparisons among sampling dates in both the AV and
CC, based on the frequencies of resistant isolates of

E. graminisg f.sp. tritici.

Fisher's exact test was performed on data of frequencies of
registant mildew isolates for populations from the AV and CC.
Table 3.9 indicated that there was a highly significant
difference (P=0.0004) among the frequencies of resistant
isolates collected before triadimefon application, 2 wks and
6 wks after application. The frequency of resistant lsolates
increased from 11.7% before triadimefon was applied (Table
3.9) to 23.3 and 43.3%, 2 wks and 6 wks, respectively, after:
triadimefon application. For isolates collected from wheat
fields of the AV, results of the Fisher’s exact test also
demonstrated that there was a significant difference (P=0.039)
in the frequency of resistant isolates for populations
collected on three sampling dates (Fig. 3.1). The frequency of
resistant isolates increased from 16.7% before triadimefon
application, to 36.7% and 46.7%, 2 wks and 6 wks,
respectively, after treatment (Fig. 3.1). A highly significant
difference (P=0.0029) was found in the frequency of resistant
isolates for populations collected from wheat fields of CC
over time (Fig. 3.1). The frequency of registant isoclatas
increased very slightly from 7.14% to 10%, respectively,

before, and 2 wks after triadimefon application (Fig. 3.1).
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Table 3.9. Comparisons among the frequencies of resistant
isolates of E. graminis f.sp. tritici for populations from the
Annapolis Valley and Colchester County using Fisher’s exact
tegt.

Source of No. of No. of Frequency of

Isolates Igsolates Resistant Resistant
Tested Isolates Isolates (%)

Before treatment 60 7 11.7

2 wks after treatment 60 14 23.3

6 wks after treatment 60 26 43.3

P-value = 0.0004




Frequency (%)

Fig.
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P=0.0029

Annapolis Valley Colchester County
Time

KRBT NWK+2 LJWK +6

Frequencies of isolates of Erysiphe graminis

f.sp. tritici tested resistant to triadimefon for
populations of isolates collected in 1992 from the
Annapolis Valley and Colchester County before
treatment (BT), and two (WK+2) and six weeks (WK+6),

respectively, after triadimefon application.
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Six weeks after treatment, the freguency of resistant isolates

increased to 40%.

3.3.2. Disease Progress Curves of Powdery Mildew of Wheat
3.3.2.1. Annapolis Valley

Results of the mean percentages of disease severity (Fig.
3.2) of powdery mildew rated over six times showed that the
disease severity increased from 24.1% two days before
triadimefon application, to 30.4%, 2 wks after triadimefon was
applied. The severity of powdery mildew increased at a slow
rate during that period and reached 49.1% 6 wks after

triadimefon application (Fig. 3.2).

3.3.2.2 Colchester County

Results of the untransformed data (Fig. 3.3) indicated that
treatment with triadimefon decreased disease severity but did
not stop disease development.

Results of the ANOVA (Table 3.10) demonstrated that there
was significant difference among rating dates (P=0.0001) in
terms of disease severity. Table 3.10 also indicated that
there was a significant difference Dbetween treatments
(P=0.0001) in their effect on disease severity. The mean logit
severity was higher in untreated fields (-2.26 + 0.18%)
compared to treated fields (-3.45 1+ 0.18%). No significant
interaction was found between rating date and treatment in

their effect on disease severity.



74

55

°0 VTriadimefon application date

45
40
35
30
25

SE=2.65%
20

Disease Severity (%)

May 19 May 25 Jun 09 Jun 25 Jul 12 Jul 24
Date

Fig. 3.2 Disease progress curve of powdery mildew of wheat

(cv. Absolvent) in the Annapolis Valley in 1992.
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Table 3.10 . Analysis of Variance (ANOVA) for logit discase
severity values of Erysiphe graminis f.sp. tritici rated in
1992 over 6 time periods (rating dates) in treated and
untreated fields of the wheat cv. Absolvent in Colchester
County.

Source of Variation DF Mean Square Pr » F
Rating date 5 41.331 0.0001
Treatment 1 16.591 0.0001
Rating date x Treatment 5 0.809 0.40060

ERROR 36 0.773
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3.4 DISCUSSION
3.4.1 Build-up of Resistance

Results (Tables 3.1 - 3.6) demonstrated that, within each
population of mildew isolates collected before and after
triadimefon application, isolates fell into a wide range of
ECy, values. Those with EC;, value < 10 ug triadimefon mL! were
considered sensitive (8), and those with EC; values = 10 ug
triadimefon mL' were considered resistant (R) to triadimefon.

A log-transformation step was applied to all ECy values
prior to performing the statistical analysis in orxder to
ensure a better normality of distribution of isolates within
populations of powdery mildew.

The highly significant difference among sampling dates in
terms of the mean values of log(ECy) (Table 3.7) and the
frequencies of resistant isolates (Table 3.9) suggested that,
triadimefon application for controlling the mildew populations
has resulted in an increase in the resistance of populations
when it was assessed 2 wks and 6 wks after treatment. Thege
results also showed that the resistant isolates were present
in the field in low frequencies (Table 3.9 & Figs. 3.1 & 3.2)
before triadimefon application. Exposing the fungal
populations to the selection pressure of triadimefon wmight
have eliminated a proportion of the sensitive isolatesg
allowing the resistant isclates to increase and dominate the
fungal populations. Our results are in agreement with those of

Fletcher et al. (1987) who found that two triadimefon sprays
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resulted in a large decrease in the sensitivity ot the K,
graminis f.sp. tritici population when it was assessed shortly
after the second spray. The mean ECy, values of the whole
population increased from 22.5 pg triadimefon mL!' to 3.7 ug
triadimefon mL!' after the second spray, and to 408.3 puqg
triadimefon mL' at the fourth spray.

The highly significant interaction among sampl ing dates and
locations in their effect on the log(EC,,) values (Table 3.8)
suggested that, in the AV populations, the fungus built up a
resistance to triadimefon 2 wks after it was applied.
Meanwhile, 6 wks after treatment, a very slow, but not
gignificant, increase in resistance in terms of a mean value
of log(ECs) was observed. On the other hand, although there
was no significant increase in the mean value of log(RC,)
between populations collected 2 wks and 6 wks after
triadimefon application, results indicated that there was a
significant increase in the frequency of resistant isolategs
for populations collected in both times (Table 3.9). This
suggests that there was a change in the distribution of
isolates of powdery mildew fungus within the range of Ky,
values. Some isolates acquired more resistance to  the
fungicide (ECsy, = 10 ug triadimefon mL') and others became more
sensitive and had lower EC;, values (Tables 3.1 3.6 .
However, it was clear that the fungicide application hago
caused the resistant isolates to dominate the sensitive ones,

and since the powdery mildew fungus has a short life rcycle,
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resistant isolates are expected to propagate and produce new
generations of resistant spores in the same growing scason.
This process might bave contributed to the increase in the
frequency of resistant isolates after the tunagicide
application.

In the case of populations of the fungus from the CC, both
of the mean values of log(EC,) and the frequencies ot
regsistant 1isolates collected Dbefore and 2 wks after
triadimefon application didn’t differ significantly (Table 3.8
& Fig. 3.1). However, these values and percentages were
gignificantly different from those for isolates collected b
wks after treatment. These results suggest that in CC, since
the fungus is not well established compared to the AV, and
gsince the favourable environmental conditions do net exist
until later in the season, the build-up of resistance was very
slow until 6 wks after treatment. Dekker (1986) indicatod that
environmental conditions that increase the severity of the
disease may also speed the development of resistance,

In order to determine if there is a relationship betweon
the build-up of resistance and the disease severity, digsease
progress cirves were established for populations of B

graminig f£.sp. tritici from the AV and CC.

3.4.2 Disease progress curves of powdery mildew of wheat
The disease progress curve for powdery mildew in the AV

(Fig. 3.2) suggested that the application of tLriadimefon
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didn’t stop the development of the disease. Disease severity
in untreated fields was not assessed in the AV, since all
Absolvent fields were treated with triadimefon. However,
unpublished data from the Maritime Provinces Production/
Management Cereal Trials in 1992 indicated that triadimefon
provided some control of powdery mildew disease in the
management trials in the AV. The disease progress curve for
powdery mildew in the AV and the build-up of resistant
isolates (Fig. 3.4) suggest that the reduction in sensitivity
of field populations tends to be associated with the survival
of the less sensitive elements of a mixed population after a
period of disease control, rather than with the failure of
control.

Brent (1981) reported that there was no correlation between
the ethirimol sensitivity of powdery mildew isolates and the
levels of mildew in their fields of origin at the time of
sampling. When all data from the 1975 survey were amalgamated,
there was a low significance, positive correlation coefficient
(P=0.10) between sensitivity and the amount of field mildew.
On the other hand, Eniz (1988) reported that a reduced
sensitivity in some isolates of wheat powdery mildew was
correlated with poor control by prochloraz and triadimefon.
Similar results were reported by Elad (1992) who found that a
reduced sensitivity of Botrytis cinerea to two SBI fungicides,
fenetrazole and fenethanil, was associated with poor disease

control,
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In the case of CC, the highly significant difference
hetween treatments (Table 3.10) revealed that triadimefon
application in wheat fields reduced the disease severity of
powd=ary mildew. However, triadimefon didn’t stop the dise¢se
development (Fig. 3.3). A relationship between the increase in
the frequency of resistant 1isolates after triadimefon
application and the increase in disease severity can be drawn

(Fig. 3.5).
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Chapter 4.

COMPETITION BETWEEN TRIADIMEFON-SENSITIVE AND TRIADIMEFON-

RESISTANT ISOLATES OF ERYSIPHE GRAMINIS F.SP. TRITICI

4.1 INTRODUCTION

Resistance to DMIs is often accompanied by poor germination
and reduced growth which contribute to a lack of fitness and
poor viability of the fungus (Fuchs and Drandarevski, 1976).
Fitness of resistant isolates of a pathogen is a term used to
denote its virulence or competitive ability as compared to the
other strains in the population in the same environment (Wade,
1982; Skylakakis, 1987).

Many competition experiments, which test the ability of
resistant strains to infect plants in the absence of
fungicide, have been conducted cn different pathogens (Gullino
and Garibaldi, 1981; Buchenauer et al., 1984; Schepers, 1985;
Kadish and Cohen, 1988). Such experiments help determine
whether resistant strains will become less frequent and then
disappear as a result of competition with the sensitive
strains in the absence of the fungicide (Wade, 1982).

Fitness can be estimated by growing mixtures of isolates or
populations for many generations while monitoring the
frequency of each isolate (Jeorgensen, 1988; Ulrich and Taehle-

Csech, 1988).

84
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Different reports indicated that the competitive ability ot
DMI-resistant E. graminis f.sp. tritici and hordel isolates
was inferior to that of the gensitive ones (Buchenauer ot al.,
1984; Buchenauer and Hellwald, 1985).

This investigation was undertaken to study the competit ive

ability of triadimefon-resistant (R) and triadimefon-sensitive

(S} isolates in mixed-isolate inoculations of the fungus.

4.2 MATERIALS AND METHODS
4.2.1 1991 Experiment

Thirty individual isolates of E. graminis f.sp. tritici
were collected during the fall of 1991 from each ot treated
and untreated fields of the wheat cultivar Absolvent in the
Annapolis Valley. Materials and Methods described in Chaptet
2 were used in this experiment to test the resistance of these
isolates to the fung.cide triadimefon.

Based on the responses of these isolates to wvarious
concentrations (0, 0.1, 1.0, 10, and 100 pg a.i. mL') of
triadimefon, isolates that showed growth at 10 pg triadimefon
mL' were considered resistant (R), and those that did not grow
were considered sensitive (S). For isolates from each of the
treated and untreated fields, two R and two 8 isolatris wiye
randomly selected and used in this study. For isclates from
treated fields, each isolate-mixture was made by randomly
selecting and mixing one R and one S isolate. The same

procedure was followed for isolates from untreated fields.
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Mixtures were made by randomly mixing one resistant and one
sensitive isolate from each treatment in different ratios of
R dand S isolates (Table 4.1).

Disease-free wheat seedlings were inoculated with various
mixtures of pustules of 8 and R isolates (Table 4.1) to
produce ratios of 0, 25, 50, 75, and 100% of resistant isolate
‘two tubes,/ ratio) . After sporulation, the mixed cultures were
used to inoculate untreated disease-free seedlings. After 14
days, the resulting conidia were used to inoculate fresh
untreated disease-free seedlings (two replicates per S:R
mixture). This procedure was repeated four times (i.e. five
generation cycles), and the competitive ability of the
resistant and sensitive isolates (expressed as ECy value) was
tested for generation 1, 3, and 5 on triadimefon-treated (0,
0.1, 1.0, 10, and 100 pug triadimefon mL’') wheat seedlings.
Fungicide preparation and application, and inoculation of
treatments with the various S:R mixtures was done as described
in Chapter 2.

The change in sensitivity of S:R isolates grown in the
abgsence of the fungicide was tested after 1, 3, and 5
generation cycles (two replicates per S:R mixture) in the
absence of triadimefon. The two replicates were not averaged
for each mixture. The results were evaluated as described in
section 2.2.8.
4.2.1.1 Statistical analysis

The experiment was split-split-plot design, with the whole
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Table 4.1. Percentages of resistant isolates and numboers ot
pustules of E. graminis f.sp. tritici involved in preparing
mixtures of resistant and sensitive isolates that were used in
the 1991 experiment.

Mixture" % of resistant fNo. of pustules ot
no. isolate S:R
1 0 4:0
2 25 3:1
3 50 2:2
4 75 1:3
5 100 0:4

Five mixtures per isolate per treatment; two isolates pet
treatment.
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plot in a complete-randomized design arrangement. Treatments
(treated and untreated fields) were considered as the main
plot factor. Isolates were nested within treatments and were
tested as an error term for the main plot factor. ¥ixtures (5
mixtures) were considered as the gplit-plot factor. The
isolates x mixture interaction was nested within treatment and
was tested as an errxor term for the split plot factor
(mixture) and for the treatment x mixture interaction.
Generaticns (3 generation c¢ycles) were considered as the
split-gplit-plot factor. The overall error was tested as an
error term for the spilt-split factor and its interactions.
All factors and their interactions were considered fixed
effects, while error terms were considered random effects.
Analyses were done using the General Linear Model (GLM)
procedure on SAS (SAS Institute, Inc., 1983). All EC; values
(two replicates/ mixture) were transformed to log(ECsy) values
prior to analysis. Least significant difference (LSD) test was
applied to separate experimental means (Chew, 1976; Petersen,

1977; .

4.2.2 1992 Experiment

Based on the results of the competition experiment of 1991,
no significant difference was £found between treated and
untreated fields in terms of fitness of isolates collected
from each of these fields (Table 4.2). Therefore, igolates in

this study were collected from treated fields.
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Thirty individual isolates of E. graminis f.sp. tritici
were collected during the summer of 1992 from treated fields
of the wheat cultivar Absolvent in the Annapolis Valley.
Materials and Methods described in Chapter 2 were used in this
experiment to test the response of these 1solates to the
fungicide triadimefon. Based on the response of these isolates
to various concentrations (0, 0.1, 1.0, 10, and 100 ug a.i.
mL!) of triadimefon, isolates that showed growth at 10 puqg
triadimefon mL'! were consider resistant (R), and thosc that
didn’t grow were considered sensitive (S).

Based on the results of the competition of 1991, no
difference (Table 4.2) was found among the mixtures of ratios
of R:8 isolates (25:75, 50:50, 75:25) with regards to the
fitness of the R isolate in each mixture. Therefore, the 50:%0
ratio was chosen to be used in studying the competition
between the R and S isolates in this experiment.

Five R and five S isolates were randomly selected and used
in this study. Five isolate-mixtures were made by mixing five
different R and S isolates (50:50 ratio). Each isolate-mixture

received only one R and one S isolate.

4.2.2.1 Statistical analysis

The effect of keeping mixtures of R and 8 (50:50) isalates
in the absence of triadimefon over three generation ayalen
(G1, G3, and G5) on the EC; values was compared in «

randomized ccmplete-block experiment, with generation cyrleags
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congidered as treatments and isoclates (5 isolates x 2
replicates) considered as blocks; the two replicates were
averaged for each isolate. The analysis was done using the
analysis of variance procedure (ANOVA) on SAS (SAS Institute,
Inc., 1983). All EC, values were transformed to log(EC)
values prior to analysis. Least significant difference (LSD)
test was applied to separate experimental means (Chew, 1976;

Petersen, 1977).

4.3 RESULTS
4.3.1 1991 Experiment

Results of the ANOVA (Table 4.2) revealed that there was a
highly significant difference (P=0.0001) among generation
cycles of powdery mildew of wheat in terms of log(ECy) values
of mixtures of resistant and sensitive isolates. Results of
the LSD test (Fig. 4.1) demonstrated that the mean value of
log (ECgs) of all mixtures of resistant and sensitive igolates
for isolate-mixtures tested on the first generation cycle of
the fungus was 0.02 + 0.09 ug triadimefon mL'. This mean value
of log(ECy) then significantly decreased to -1.26 + 0.09 and -
2.46 + 0.09 ug triadimefon mL! after keeping the mixtures of
resistant and sensitive isolates for three and five generation
cycles, respectively, in the absence of triadimefon (Fig.4.1).

Results (Table 4.2) also indicated that there was a
significant interaction (P=0.0276) among treatments and

generations in their effect on the log(ECs) values of
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Table 4.2. Analysis of Variance (ANOVA) for log(EC,) values ot
mixtures of ratios of triadimefon-resistant and triadimeton

sensitive strains of two isolate- mixtuves of FErysiphe
graminis f£.sp. tritici selected from populationes collected in
1991 from treated and untreated fields of the wheat ov.
Absolvent in the Annapolis Valley and tested in 3 genatrat ion
cycles in the absence of triadimefon.

Source of Variation DF Mean Square Pr - F
Treatment 1 26.481 0.1434
Isolate (Treatment) 2 4.806 0.0%30
Mixture 4 1.495 0.3322
Treatment x Mixture 4 0.406 0 8263
Isolate x Mixture (Treatment) 8 1.108 0.0059
Generation 2 61.337 0.0001
Treatment x Generation 2 1.404 0.0276
Mixture x Generation 8 0.934 0.0178
Treatment x Mixture x Generation 8 0.644 0.1058

ERROR 80 0.374
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resistant and sensitive isolates. Results of the L&D (Fig.
4.2) indicated that for mixtures of resistant and sensitive
isolates from populations collected from wheat fields trveated
and untreated with triadimefon, the mean values of log(EC,)
decreased significantly after keeping the mixtures in the
absence of the fungicide for five generation cycles. In the
case of those from treated fields, the log(EC,) valuc
decreased from 0.70 + 0.14 ug triadimefon mL'!' in the first
generation cycle, to -0.94 + 0.14 and -2.04 + 0.14 puy
triadimefon mL! after three and five generations,
respectively, 1in the absence of triadimefon (Fig. 4.2). A
similar trend was observed in case of mixtures of registant
and sensitive isolates from mildew populations collected from
untreated wheat fields (Fig. 4.2).

Fig. 4.2 shows that for isolates from untreated fields, the
mean value of log(EC,,) oif mixtures of resistant and sensitive
isolates decreased from -0.66 + 0.14 ug triadimefon mL! in the
first generation cycle, to -1.57  0.14 and -2.87 + 0.14 ug
triadimefon mL! in the third and fifth generation cycles,
respectively. The mean values of log(ECy) were generally lower
in mixtures of resistant and sensitive isolates for
populations from untreated fields as compared to those for
populations from treated fields (Fig. 4.2).

Results (Table 4.2) also revealed that there was o
significant interaction (P=0.0178) between mixtures of

regsistant and sensitive isolates and generation cycles of the
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fungus in their effect on the mean values of log(EC,) . Table
4.3 shows the slopes of the mean values of log(ECy) and the
standard errors of the mean for mixtures of five R:8 ratios.
The slope was calculated as follows: slope of mean value ot
log (EC4q) = [(mean log(ECs) at G5) - (mean log(ECq)at G1)].

Results (Table 4.3) demonstrated that for each mixture of
R:S ratios, the slope of the mean values of log(ECy) was
negative, indicating that the mean values of log(EC)
decreased after keeping these mixtures for five generation

cycles in the absence of the fungicide.

4.3.2 1992 Experiment

Results of the ANOVA (Table 4.4) revealed that there was a
highly significant difference (P=0.0001) between generation
cycles in their effect on the log(ECy) values of all isolates
tested. Results of the LSD test (Fig. 4.3) indicated that the
mean value of the log(ECy) of all isolate-mixtures decreased
from 2.39 + 0.22 ug triadimefon mL' in the first generation
cycle, to 0.80 + 0.22 and -0.38+ 0.22 pg triadimefon mL' aiter
keeping the mixtures of R and S isolates for three and five
generation cycles, respectively. Table 4.4 also shows that
there was a significant difference (P=0.0014) between isolategy
(blocks). This indicates that blocking isolates added to the
precision of the ANOVA with <regards to treatments

(generations) .
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Table 4.3. Mean values of log(ECs) and their slopes* for
mixtures of ratios of triadimefon-resistant and triadimefon-
sensitive strains of E. graminis f.sp. tritici tested in 1991
for tow treatments, two isolate mixtures at three generation
cycles in the absence of triadimefon.

Mean log (ECs)

sk

Mixture Ratio Gl G3 G5 Slope
(R:S)
1 0:100 -0.1382 -1.314 -1.844 -1.662
2 25:75 0.168 -1.047 -2.248 ~-2.416
3 50:50 -0.094 -1.312 -2.746 ~-2.652
4 75:25 -0.447 -1.239 -3.100 -2.653
5 100:0 0.649 -1.369 -2.349 ~-2.998
Standard Errors= 0.31

* Slope of mean value of log(ECy)= [(mean value of log(ECs) at
generation 5) - (mean value of log(ECy) at generation 1)].

ok .
G= generation cycle.
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Table 4.4. Analysis of Variance (ANOVA) for log(EC,) values of
mixtures (50:50) of triadimefon-resistant and triadimeton

sensitive strains of five isolate wmixtures of Erysiphe
graminis f£.sp. tritici selected from population collected in
1992 2 wks after triadimefon application from fields of the
wheat cv. Absolvent in the Annapolis Valley and tested at 3
generation cycles in the absence of triadimefon.

Source of Variation DF Mean Square Pr > K
Generation 2 19.274 0.0001
Isolate 4 6.225 0.0014

ERROR 5 0.477
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mixtures of resistant and sensitive isolates for

isolate-mixtures of powdery mildew from the

Annapolis Valley tested in 1992 on the first,

third, and f£ifth generation cycles, respectively,

in the absence of triadimefon.
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4.4 DISCUSSION
4.4.1. 1991 Experiment

The highly significant difference between generation cycles
of powdery mildew in terms of the mean values of log(EC)
(Tables 4.2 & 4.3) suggested that the resistant strains of K.
graminis f.sp. tritici are less fit than the sensitive ones in
the absence of the selection pressure of triadimefon.
Regardless of the ratio of R:S in all mixtures, there was a
significant increase in sensitivity of the fungus due to
competition between R and S isolates over five generation
cycles in the absence of the fungicide (Table 4.3). The
significant interaction among generation cycles of powdery
mildew and treatments (Table 4.2 & Fig. 4.2) also suggested
that, for mixtures of R and S isolates from both treated and
untreated wheat fields, there was a decline in resistance in
terms of the mean values of 1log(ECs) after keeping the
mixtures for five generation cycles 1in the absence of
triadimefon. Significant interaction was also found among
mixtures of R and S isolates and generation cycles of the
fungus (Tables 4.2 & 4.3). Negative slopes of the mean valuecsg
of log(ECs) for all the mixtures of R and S isclates over five
generations indicated the decrease in resistance of the fungus
in the absence of the fungicide. Table 4.3 also indicatead that
although the resistant isolates increased in the mixture from
0% R in mixture 1 to 100% R in mixture 5, their registance

decreased after five generation cycles in the absence of
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triadimefon (Table 4.3). This suggests that even without the
effect of competition process (100% R or 100% S), keeping
fungal isolates of E. graminis f.sp. tritici for £ive
generations in the absence of triadimefon caused them to
become more sensitive to the fungicide.

Our results agree with those reported by Dekker {1976),
Fuchs et al. (1977), and De Waard and Van Nistelrooy (1982).
Dekker (1976} reported that the competitive ability of
mixtures of benomyl-resistant and -sensitive isolates of 8.
fuliginea (90:10, 50:50, 10:90) has been tested in the absence
of benomyl for five generations. He found that the resistance
had declined and almost disappeared even from the mixture with
90% resistant isolate. Our results are not in variance with
these results. Similar results were reported for triforine in
the fungus Cladosporium cucumerinum (Fuchs et al., 1977) and
for fenarimol in Penicillium italicum (De Waard and Van
Nistelrooy, 1982). In other cases, scientists reported that
resistant strains were more fit, and competed better with
sensitive ones in absence of fungicides (Shepers, 1985; Vigo
et al., 1986; Kadish and Cohen, 1988; Georgopoulos, 1977;
Bollen and Van Zaayen, 1975; Bruin, 1988; Staub et al., 1979).
Staub et al. (1979) reported that cultures of Phytophthora
infestans maintained their resistance for at least 2 years
with repeated sub-culturing on media without the fungicide

metalaxyl.



101

4.4.2. 4992 Experiment

The highly significant difference among generation cycles
in terms of the mean values of log(ECy) for mixtures of R and
S isolates (Table 4.4 & Fig. 4.3) indicated that there was a
decline in the proportion of resistant isolates as a result of
competition with sensitive ones for five generations in the
absence of the selective pressure of triadimefon. Resistant
isolates of E. graminis f.sp. tritici were less ftit, and
competed less, than sensitive ones in the absence of the
fungicide. These results are similar to those reported by
Buchenauer et al. (1984), who found that in mixtures oi
triadimefon-resistant and -sensitive isolates of barley
powdery mildew (50:50), the proportion of resistant isolates
decreased after five passages in the absence of triadimefon.
Hollomon (1975) and Wamsley-Woodward et al. (1979) also
indicated reduced competitive abilities of ethirimol- and
tridemorph-resistant isolates of Dbarley powdery mildew
compared to sensitive isolates in the absence of the
fungicides. Similar reports (Gullino and Garibaldi, 1981)
indicated the disappearance of the resistant strain of
Botrytis in wmixtures of R and S isolates (50:50, 10:90)
cultured on vinlozolin-free medium for four generation cycles,
Moorman and Lease (1992) found similar results.

When fungicide resistance 1s accompanied by decraascd
fitness (our results), the risk of development of resistance

problem in practice may be considered as mcderate or low,
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since low fitness counteracts the build-up of resistance. This
is in agreement with Dekker (1985), Dekker and Gielink (1979),

and Beever and Byrde (1982).



Chapter 5

GENERAL DISCUSSION AND CONMCLUSIONS

The test-tube (in vitro) method used throughout thesge
studies for the assessment of triadimefon sensitivity in wheat
powdery mildew isolates proved to be successful. It provided
a high degree of precision to these studies in the sense that
all tests were conducted in a completely controlled
environment, so that mno other sources of the fungus
contributed to the cultures of single spore-derived isolates
£ E. graminis f.sp. tritici. This allowed us to study the
responses of various populations of the fungus through their
single spore-derived isolates.

Effective concentrations of triadimefon to prevent growth
of 50% (ECsy) of powdery mildew on wheat leaves varied within
each population. This might indicate a heterogenous populat.ion
consisting of resistant and sensitive spores. These results
agree with those reported by Bruin (1980). Compared to
Colchester County, the Annapolis Valley mildew populations
were more resistant, and had a higher proportion of individual
isolates resistant to triadimefon (Table 2.10 -~ 2.12). This
may be due to the widespread use of the fungicide triadimefon
in controlling the wheat powdery mildew, and due to the
greater area of land cultivated with wheat. This suggests that

the sgelective pressure of triadimefon in a large area of wheat.

103



104
production has selected more resistant mildew isolates that
spread throughout wheat fields in the Annapolis Valley (Tables
2.9-2.11). This study also indicated that powdery mildew
fungal populations from treated fields in the AV were more
resistant and had a higher proportion of resgsistant isolates
compared to those from CC (Tables 2.9-2.11). However, there
was no significant difference in the response of E. graminis
f.sp. tritici populations from treated and untreated fields in
the AV (Tables 2.9 and 2.12). This may be due to the migration
of resistant spores from nearby treated wheat fields to the
untreated ones. Resistance is known to spread more rapidly in
a population of heavily sporulating fungi such as the powdery
mildew of wheat, than in that of a slowly germinating
pathogen, which does not produce aerial spores (e.g.
Ceratocystis ulmi in elm) (Dekker, 1976). The resistant spores
undoubtedly originated by mutation. The high level of
resistance indicates that a decrease in the binding affinity
of triadimefon at the target gite might be involved when
mutation has occurred (Corbett, 1979; Delp, 1980; Dekker,
1985b; Koller and Scheinpflug, 1987). The wheat cv. Absolvent
was found to be more susceptible to resistant isolates of
powdery mildew than the cv. Borden (Anonymous, 1991). This
means that a higher concentration and more frequent
applications of triadimefon might be needed to control powdery
mildew on Absolvent compared to Borden, where the problem of

powdery mildew disease 1s less severe. This practice might
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have caused the resistant isolates to dominate the sensit ive
ones in Absolvent fields. Similar results were reported on
powdery mildew of barley (Fletcher and Wolf, 1981). Brent
(1981) stated that "given the marked selectivity of action
against one group of fungi or at a particular biochemical
site, and given the well-known ability of powdery mildew to
adapt to resistant varieties of crop plants, it is not
surprising that fungicide resistance should have arigen." The
cv. Borden, therefore, is recommended to be grown in Nova
Scotia as a replacement for the cv. Absolvent, but cven then,
strategies to cope with the fungicide resistance problem have
to be implemented in order to prevent the fungicide resistance
problem from growing worse.

This study indicated that resistant isolates of E. graminis
f.sp. tritici were present in wheat fields in low frequencics
early in the season before triadimefon application (Table 3.9
and Figs. 3.1 and 3.2). The frequencies of resistant isolat o
(Table 3.9) and the mean value of log(ECs) (Fig. 3.1) of
mildew populations increased significantly after spraying
Absolvent wheat fields with triadimefon. This build-up of
resistance to triadimefon was faster (2 wkeg after application)
in the case of the AV populations compared to the 0
populations (Table 3.8 and Fig. 3.2). In the case of the ¢
fungal populations, the resistance towards triadim:fon
increased slowly after triadimefon application, and by the end

of the season, (6 wks after application), both the mean valuae
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1 log(ECy,) and the frequency of resistant isolates increased
significantly (Table 3.8 and Fig. 3.2). This might be due to
t.hee fact that the fungus is not well established in the CC,
and that the favourable environmental conditiong do not exist
until later in the season. Furthermore, since the frequency of
resistant isolates in CC wheat fields was lower than that in
AV wheat fields before triadimefon application, it took longer
for the resistant isolates to reproduce and build-up (Fig.
3.2) . However, in both locations, selection towards reduced
sensitivity was clear after exposure to the fungicide, and was
observed as a shift in the mean ECg of the populations and the
frequency of resistant isolates in each population. Emergence
of resistant isolates may, presumably, occur with all systemic
fungicides, and also with other, non-systemic, specific-site
inhibitors (Dekker, 1985).

The disease progress curves (Figs. 3.3 and 3.4 and Table
3.10) indicated that triadimefon application decreased the
severity of powdery mildew disease, but did not seem to stop
its development. The increase in disease severitv (Figs. 3.3
and 3.4) seems to be associated with the increase in the
frequency of resistant isolates (Figs. 3.5 & 3.6) and in the
mean values of EC,, of powdery mildew populations (Figs. 3.1 &
3.2). This has resulted in poor disease control rather than in
tailure of disease control. These results agreed with those

reportea by Brent (1981), Eniz (1988), and Elad (1992).
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Nevertheless, it is important that the pertormance ot this
fungicide be kept under review.

This study also indicated that resistant isolates of K.
graminis f.sp. tritici in both the AV and CC tungal
populations were less fit than the sensitive ones after
keeping mixtures of R and S isolates for five generation
cycles in the absence of the selection pressure of triadimefon
(Tables 4.2-4.4; Figs. 4.1-4.3). In the 1991 experiment,
results indicated that for mixtures of resistant and sensitive
isolates from treated and untreated wheat fields of the ov,
Absolvent in the AV, there was a decline in resistance to
triadimefon in terms of mean log (BCy) values after five
generation cycles in the absence of triadimefon (¥Fiqg. 4.2).
All ratios of R:S isolates in all mixtures (Table 4.1)
exhibited a clear decline in the mean log(EC,) values aftoa
keeping the fungus mixtures for five generation cycles in t he
absence of triadimefon (Table 4.3). This indicates 1hat
regardless of the proportion of sensitive isolate in a mixed
fungal population, the population becomes more secengsitive to
the fungicide if the use of triadimefon is discontinued {or o
certain period of time. In tlre 1992 experiment, similar
results were found when the competitive abilities of mixtures
(50:50) of resistant and sensitive isolates were tested in the
absence of triadimefon for five generation cycles (Tabie 4.4
and Fig. 4.3). These results suggest that 1if the uase of

triadimefon in Nova Scotia 1is discontinued for a certain
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period of time, and re-introduced thereafter with caution,
this might help to decrease the proportion of resistant
isolates and their frequency, and eventually, to achieve
better disease control. Reentry of triadimefon must be done
with caution, following monitoring studies to indicate when
this might be worthwhile. The risk of reentry should be
minimized by the use of fungicide mixture, careful timing, and
growing resistant varieties of wheat. Therefore, further
studies are needed in the area of implementing strategies to

avold or cope with fungicide resistance.

CLATM OF ORIGINALITY

Original discoveries made in this investigation include:

1. Powdery mildew populations of wheat from the Annapolis
Valley were more resistant to triadimefon than those from
Colchester County.

2. The cultivar Absolvent was more favourable for resistant
isolates of powdery mildew than the cultivar Borden.

3. Mildew populations from triadimefon-treated fields were
more resistant to triadimefon than those from untreated
fields.

4, In the absence of triadimefon, the proportion of
resistant isolates in various mixtures of resistant and
sensitive isloates decreased significantly after five

generation cycles.



BIBLIOGRAPHY

Al-Mughrabi K.I., and A.B. Gray. 1993. Resistance to the
fungicide triadimefon in populations of Erysiphe graminis
f.sp. tritici (Abstr.). 6th International Congress of
Plant Pathology, Montreal (Quebec), Canada, pp.90.

Andrivon, D., and C. Vallavieille-Pope. 1987. Barley powdery
mildew in France. Pages 67-77 in M.S. Wolfe and E.
Limpert, eds. Integrated Control of Cereal Mildews:
Monitoring the Pathogen. Martinug Nijhoff Publishers,
Dordrecht.

Anonymous. 1991. Atlantic provinces field crop guide to
variety and pesticide selection for the year 92.
Publication No.l00A, Atlantic Provinces Agricultural
Services Coordinating Committee, Canada, 12 pp.

Barug, D., and A. Kerkenaar. 1984. Resistance in mutagen
induced mutants of Ustilago maydis to fungicides which
inhibit ergosterol biosynthesis. Pestic. Sci. 15:78 84.

Beever, R.E., and R.J.W. Byrde. 1982. Resistance to the
dicarboximide fungicides. Pages 101-117 in J. Dekker and
S.G. Georgopoulos, eds. Fungicide Resistance in Crop
Protection. PUDOC, Wageningen.

Bent, K.J. 1979. Fungicides in perspective: 1979. Endcavour
3:7-13.

Bent, K.J., A.M. Cole, J.A.W. Turner, and M. Woolner. 1971.

Resistance of cucumber powdery mildew to dimethirimeol.

109



110
Proc. 6th British Insecticide and Fungicide Conference.
British Crop Protection Council, London, p. 274-282.

Ben-Yephet, Y., Y. Henis, and A. Dinocor. 1975. Inheritance of

tolerance to carboxin and benomyl in Ustilago hordei.
Phytopathology 65:563-7.

Bollen, G.J., and A. Van Zaayen. 1975. Registance to
benzimidazole fungicides in pathogenic strains of
Verticillium fungicola. Neth. J. Plant Pathol. 81:157-
167.

Brent,. K.J. 1981. Fungicide resistance in powdery mildew of
barley and cucumber. Pages 219-230 in Internat. Post-
Graduate Course., Wageningen.

Brown, J.K.M., S.E. Slater, and K.A. See. 1991. Sensitivity of
Erysiphe graminis f.sp. hordei to morpholine and
piperidine fungicides. Crop Protection 10:445-454.

Brown, J.K.M., and M.S. Wolfe. 1991. Levels of resistance of
Erysiphe graminis f.sp. hordei to the systemic fungicide
triadimenol. Neth. J. Plant Pathol. 97:252-263.

Bruin, G.C.A. 1980. Resistance in Peronosporales to
acylalanine-type fungicides. Ph.D. Thesis, University of
Guelph, Ontario, Canada, 110 pp.

Buchenauer, H. 1976. Studies on the systemic activity of
“Bayleton (triadimefon) and its effect against certain
fungal diseases of cereals. Pflanzenschutz Nachr. Bayer

29:266-280.



111

Buchenauer, H. 1979. Comparative studies on the antifungal
activity of triadimefon, triadimenol, fenarimol,
nuarimol, imazalil and fluotrimazole in vitro. J. Plant.
Dis. and Protection 86:341-344.

Buchenauer, H., K. Budde, K.-H. Hellwald, E. Taube, and R.
Kirchner. 1984. Decreased sensitivity of barley powdory
mildew isolates to triazole and related fungicides. 1984
British Crop Protection Conference- Pests and Digeasces
2:483-488.

Buchenauer, H., and K.-H. Hellwald. 1985. Resistance of
Erysiphe graminis on barley and wheat to sterol C-14-
demethylation inhibitors. EPPO Bulletin 15:459-466.

Butters, J., J. Clark, D.W. Hollomon. 1984. Resistance to
inhibitors of sterol biosynthesis in barley powdery
mildew. Med. Fac. Landbouww. Rijksuniv. Gent. 49:143 151.

Cherewick, W.J. 1944. Studies on the biology of Erysiphe
graminis DC. Can. J. Res., c, 22:52-86.

Chew, V. 1976. Comparing treatment means: A compendium.
Hortscience 11:348-357.

Christ, B.J., and J.A. Frank. 1989. Influence of foliar
fungicides and seed treatments on powdery mildew,
Septoria, and leaf rust epidemics on winter wheat. Plant
Dis. 73:148-150.

Clark, T., D.R. Clifford, A.H.B. Deas, P. Gendle, and D.A.M.

Watkins. 1976. Photolysis, metabolism and other factors



112

influencing the performance of triadimefon as a powdery
mildew fungicide. Pestic. Sci. 9:497-506.

Corbett, J.R. 1979. Resistance and sensitivity: Biochemical

basis and practical problems. Proc. 1979 British Crop

Protection Conference- Pests and Diseages 3:717-730.

Cox, D.R., and E.J. Snell. 1989. Analysis of Binary Data. 2nd.

edn., Chapman and Hall, London, 236 pp.

Dekker, J. 1976. Acquired resistance to fungicidesg. Annu. Rev.
Phytopathol. 14:405-428.

Dekker, J. 1977. Tolerance and the mode of action of

fungicides. Proc. 1977 British Crop Protection Conference

Pests and Diseages 3:689-697.

Dekker, J. 1981. Strategies for avoiding resistance to

fungicides. Pages 123-133 in J.F. Jenkyn and R.T. Plumb,

eds. Strategies for the Control of Cereal Diseases,

Blackwell Scientific Publication, Oxford, U.K.

Dekker, J. 1982. Countermeasures for avoiding fungicide

res stance. Pages 177-186 in J. Dekker and S.G.

Georgopoulos, eds. Fungicide Resistance in Crop

Protection. PUDOC, Wageningen.

Dekker, J. 1985a. The development of resistance to fungicides.

Progr. Pesticide Biochem. and Toxicol. 4:165-218.

Dekker, J. 1985b. The fungicide resistance problem: Will it

grow worse? EPPO Bulletin 15:337-344.

Dekker, J. 1986. Preventing and managing fungicide resistance.

Pages 347-354 in Pesticide Resistance: Strategies and



113
Tactics for Management. National Academy Press,
Washington, D.C., U.S.A.

De Waard, M.A., E.M.C. Kipp, N.M. Horn, and J.G.M. Van
Nistelrooy. 1986. Variation in sensitivity to fungicides
which inhibit ergosterol biosynthesis in wheat powdery
mildew. Neth. J. Plant Pathol. 92:21-23.

De Waard, M.A., and J.G.M. Van Nistelrooy. 1979. Mechanism ot
resistance to fenarimol in Aspergillus nidulans. Pestic.
Biochem. Physiol. 10:219-229.

De Waard, M.A., and J.G.M. Van Nistelrooy. 1990. Stepwise
development of laboratory resistance to DMI-fungicides in
Penicillium italicum. Neth. J. Plant Pathol. 96:321-329.

Delp, C.J. 1980. Coping with resistance to plant disease.
Plant Dis. 64:652-657.

Delp, C.J. 1988. Fungicide Resistance in North America, APS
Press, St. Paul, Minnesota, U.S.A, 133 pp.

Dhingra, 0.D., and J.B. Sinclair. 1985. Basic Plant Pathology
Methods. CRC Press, Inc., Florida, 355 pp.

Dowley, L.J. 1987. Factors affecting the survival of
metalaxyl-resistant strains of Phytophthora infestans
(Mont.) de Bary in Ireland. Potato Res. 30:473-475,

Eckert, J.W. 1988. Historical development of fungicide
registance in plant pathogens. Pages 1-3 in C.J. De:lp,
ed. Fungicide Resistance in North America, APS Press, St.

Paul, Minnesota, U.S.A.



114

Elad, Y. 1992. Reduced sensitivity of Botrytis cinerea to two
sterol biosynthesis-inhibiting fungicides: fenetrazol and
fenethanil. Plant Pathol. 41:47-54.

Enigz, J. 1988. Variation in sensitivity of Erysiphe graminis
f.sp. tritici to SBI fungicides in western Hungary.
Brighton Crop Protection Conference- Pests and Diseases
1:373-378.

Finney, D.J. 1971. Probit Analysis, 3rd edn., Cambridge
University Press, Cambridge, U.S.A., 124 pp.

Fletcher, J.T., S.T. Cooper, and A.L.H. Prestridge. 1987. An
investigation of the sensitivity of Erysiphe graminis
f.sp. tritici to various ergosterol inhibiting
fungicides. Pages 129-136 in M.S. Wolfe and E. Limpert,
eds. Integrated Control of Cereal Mildews: Monitoring the
Pathogen. Martinus Nijhoff Publishexrs, Dordrecht.

Fletcher, J.T7T., and M.J. Griffin. 1981. The sensitivity of
populations of Erysiphe graminis to triadimefon and
Botrytis cinerea to iprodione. (Abstr.) Neth. J. Plant.
Pathol. 87:239.

Fletcher, J.T., and M.S. Wolfe. 1981. Insensitivity of
Erysiphe graminis f.sp. hordei to triadimefon,
triadimenol and other fungicides. Proc. British Crop
Protection Conference, pp.633-640.

Fuchg, A., S.P. DeRuig, J.M. Van Tuyl, and F.W. DeWries. 1977.
Resistance to triforine: a nonexistent problem?. Neth. J.

Plant Pathol. 83:189-205.



11%

Fuchs, A., and C.A. Drandarevski. 1576. The likelihood of
development of resistance to systemic fungicides which
inhibit sterol biosynthesis. Neth. J. Plant Pathol.
82:85-87.

Gangawane, L.V., and R.S. Saler. 1981. Some physiological
aspects of Aspegillus flavus isolates resistant and
sensitive to fungicides. Intern. Post-Gradu. Course,
Wageningen.

Georgopoulos, S.G. 1977. Development of fungal resistance to
fungicides. Pages 439-495 in M.R. Siegel and H.D. Sisler
eds. Antifungal compounds. Vol.2: Interactions in
Biological and Ecological systems. Marcel Dekker, Inc.,
New York, U.S.A.

Georgopoulos, S.G. 1984. Adaptation of fungi to fungitoxic
compounds. Pages 190-203 in Origins and Development. of
Adaptation, Ciba Foundation Symposium 102. Pitman,
London, U.K.

Georgopoulos, S.G., and C. Dovas. 1973. A serious outbreak of
strains of Cercospora beticola resistant to benzimidazole
fungicides in northern Greece. Plant Dis. Rep. 57:321
324,

Georgopoulos, S.G., and B.N. Ziogas. 1977. A new class of
carboxin resistant mutants of Ustilago maydis. Neth. J.

Plant Pathol. 83:235-242.



116

Gindrat, D., and H.R. Forrer. 1985. Strategies to prevent
build-up of resistance to fungicides in cereal crops in
Switzerland. EPPO Bulletin 15:553-561.

Gray, A.B. 1991. Durable plant disease management- letting
nature play a role. Pages 161-166 in Reducing the Non-
Renewables, Sustainable Agriculture Symp., Truro, N.S.,
Canada.

Griffee, P.J. 1973. Resistance to benomyl and related
fungicides in Colletotrichum musae. Trans. Brit. Mycol.
Soc. 60:433-439.

Gullino, M.L., and A. Garibaldi. 1981. Competition in vitro
and in vivo between strains of Botrytis cinerea Pers.
sensitive and resistant to dicarboximides. (Abstr.) Neth.
J. Plant Pathol. 87:243.

Heaney, S.P., G.J. Humphreys, R. Hutt, P. Montiel, and
P.M.F.E. Jegerings. 1984. Sensitivity of barley powdery
mildew to systemic fungicides in the U.K. Proc. 1984
British Crop Protection Conference- Pests and Diseases
2:459-464.,

Heaney, S.P., R. Hutt, and V.G. Mile. 1986. Sensitivity of
fungicides of barley powdery mildew populations in
England and Scotland:status and implications for
fungicide use. Proc. 1984 British Crop Protection

Conference- Pests and Diseases 2:793-800.



117

Hollomon, D.W. 1975. Behaviour of a barley powdery mildew
strain tolerant to ethirimol. Proc. 8th British
Insecticide and Fungicide Conference 1:51-58.

Horsten, J.A.H.M. 1979. Acquired resistance to systemic
fungicides of Septoria nodorum and Cercosporella
herpotrichoides in cereals. Dissertation, Agricultural
University, Wageningen, 107 pp.

James, C. 1971. A manual of assessment keys for plant
diseases. Canada Dept. of Agriculture, Publication
No.1458, APS Pregs, U.S.A.

Jergensen, J.H. 1988. Erysiphe graminis, powdery mildew of
cereals and grasses. Pages 137-157 in D.S. Ingram and
P.H. Williams,eds. Advances in Plant Pathology, Vol.é6,
Academic Pregs, London, U.K.

Kadish, D., and Y. Cohen. 1988. Competition between metalaxyl
sensitive and metalaxyl-resistant isolates of
Phytophthora infestans in the absence of metalaxyl. Plant
Pathol. 37:558-564.

Kadish, D., and Y. Cohen. 1989. Population dynamics of
metalaxyl-sensitive and metalaxyl resistant isolateg of
Phytophthora infestans in untreated crops of potato,
Plant Pathol. 38:271-276.

Kasper, H., and W. Kolbe. 1971. Biology, economic importance
and control of cereal powdery mildew Erysiphe graminis

DC. Pflanz. Nach. Bayer 24:327-362.



118

Kendall, $.J., D.W. Hollomon, L.R. Cooke, and D.R. Jones.
1993. Changes in sensitivity to DMI fungicides in
Rhynchosporium secalis. Crop Protection 12(5) :357-362.

Kolbe, W. 1976. Studies on the fungicidal activity of
Bayleton® spray applications in cereals and their effect
on yields, with special consideration to mildew control
and crop tolerance. Pflanz. Nach. Bayer 29:310-334.

Kdller, W., and H. Scheinpflug. 1987. Fungal resistance to
sterol biosynthesis inhibitors: A new challenge. Plant
Dis. Rep. 71:1066-1074.

Large, E.C., and D.A. Doling. 1962. The measurement of cereal
mildew and its effect on yield. Plant Pathol. 11:47-57.

Lasseron-De Falandre, A., M.-J. Daboussi, and P. Leroux. 1991.
Inheritance of resistance to fenpropimorph and
terbinafine, two sterol biosynthesis inhibitors, in
Nectria haematococca. Phytopathology. 81:1432-1438.

Limpert, E. 1987. Frequencies of virulence and fungicide
resistance in the European barley mildew population in
1985. J. Phytopathol. 119:298-311.

Locher, F. 1988. Strategies to control dicarboximide-resistant
strains of plant pathogens. Pages 56-57 in C.J. Delp, ed.
Fungicide Resistance in North America, APS Press, St.
Paul, Minnesota, U.S.A.

McFadden, W. 1989. Foliar disease survey of winter wheat in

Saskatchewan: 1988. Can. J. Plant Pathol. 11:279-283,



1w

McKay, M.C.R., and B.H. MacNeill. 1979. Spectrum of
sensitivity to dodine in field populations of Venturia
inaegqualis. Can. J. Plant Pathol. 1:76-78.

Misato, T. 1975. The development of agricultural antibiotics
in Japan. Proceedings of the First Intersectional
Congress of the International Association ot
Microbiological Societies 1-7 Sept. 1974, Tokyo, 3:H,89
97.

Miura, H., H. Ito, and S. Takahashi. 1975. Occulrence of
resistant strains of Pyricularia oryzde to 1ice blast.
Ann. Phytopathol. Soc. Japan 41:415-7.

Moorman, G.W., and R.J. Lease. 1992. Benzimidazole and
dicarboximide-resistant Botrytis cinerea from
Pennsylvania greenhouses. Plant Dis. 76:477 480.

Moseman, J.G. 1973. Genetics of resistance to wheat powdery
mildew. Pages 435-438 in Proc. 4th Int. Wheat Genet .
Symp., Columbia, Mo.

Nishimura, S., K. Khotomo, and H. Udagawa. 1976. Tolerance to
polyoxin in Alternaria kikuchiana Tanaka, causing black
spot disease of Japanese pear. Review of Plant. Protect ion
Research. 9:47-57.

Ogawa, J.M., B.T. Manji, and G.A. Chastagner. 1976. Fiecld
problems due to chemical tolerance of plant. pathogens,

Proc. Am. Phytopathol. Soc. 3:47 53.



12¢C
tegawa, J.M, J.D. Glipatrick, and L. Chiarappa, 1977. Review of
plant pathogens resistant to fungicides and herbicides.

FAO Plant Protection Bulletin 25:97-111.

betersen, R.G. 1977. Use and misuse of multiple comparison
procedures. Agron. J. 69:205-403.

Pregoott, J.M., P.A. Burnett, E.E. Saari, J. Ransom, J.
Bowman, W. de Milano, R.P. Singh, and G. Bekele. 1986.
Wheat diseases and pests: A guide of field
identification. CIMMYT, Mexico, D.F., 135 pp.

Rawlinson, C.J., G. Muthyalu, and G.R. Cayley. 1982. Residual
effects of triadimefon in soil on powdery mildew and
vield of spring barley. Plant Pathol. 31:143-155.

Ross, R.G., and R.G. Newbery. 1977. Tolerance of Venturia
inaegqualis to dodine in Nova Scotia. Can. Plant Dis.
Surv. 57:57-60.

Rouse, D.I., R.R. Nelson, D.R. MacKenzie, and C.R. Armitage.
1980. Components of rate-reducing resistance in seedlings
of four wheat cultivars and parasitic fitness in six
isolates of Erysiphe graminis DC. f.sp. tritici.
Phytopathology 70:1097-1100.

Royse, D.J., L,V. Gregory, J.E. Ayers, and H. Cole,Jr. 1980.
Powdery mildew of wheat: Relation of yield components to
disease severity. Can. J. Plant Pathol. 2:131-136.

sanders, P.L., W.J. Houser ,P.J. Parish, and H. Cole,Jr. 1985.



121
Reduced-rate fungicide mixtures to delay fungicide
resistance and to control selected turfgrass diseasocs.
Plant Dis. 69:939-943,

SAS Institute lnc. 1983. SAS User’s Guide: Statistics. Cary,
NC., 584 pp.

Schnathorst, W.C. 1965. Environmental relationships in the
powdery mildews. Annu. R=2v. Phytopathol. 3.343 3eo0.

Schein, R.D., R.R. Nelson, G.G. Thomas, M.i. Royer, and O.
Borges. 1984. Comparison of the effects of sublethal
doses of triadimefon to those of rate-reducing resistance
to Erysiphe graminis of wheat. Phytopathology 74:45%2 44%6.

Schepers, H.T.A.M. 1985. Fitness of isolates of Sphaecrotheca
fuliginea resistant or sensitive to fungicides which
inhibit ergosterol biosynthesis. Neth. J. Plant . Pathol.
91:65-76.

Skylakakis, G. 1987. Changes in the composition of pat hoyen
pepulations caused by resistance to fungicides. Pages
227-251 in M,S. Wolfe and C.E. Caten, eds. Populatinng of
Plant Pathogens. Blackwell Scientific Publication,
Oxford, U.K.

Schroeder, W.T., and R. Provvidenti. 1969. Resistance to
benomyl in powdery mildew of cucurbits. Plant DLis. Rep.
53:271-275.

Schulz, U., S. Dutzmann, and H. Scheinpflug. 19864. Ubear den

einfluss von “Bayfidan auf die sensitivitdts und



122
virulenzdynamik von Erysiphe graminis DC. f.sp. tritici.
Ptlanzenschutz Nachr. Bayer 39:209-244.

Schulz, U., and H. Sceinpflug. 1981. Investigation on
sensitivity- and virulence-dynamics of Erysiphe graminis
f.sp. tritici with and without triadimenol treatment.
1986 British Crop Protection Conference- Pests and
Diseases. pp. 531-537.

Shephard, M.C., K.J. Bent, M. Woolner, and A.M. Cole. 1975.
Sengitivity to ethirimol of powdery mildew from U.K.
barley crops. Proc. 8th British Insecticide and Fungicide
Conference 1:59-66.

Smith, J.M, and N.J.E. Bolton. 1987. Fungicide strategies to
combat changes in the sensitivity of barley powdery
mildew Erysiphe graminis f.sp. hordei in Great Britain.
Vaxtskyddsrapporter Jordbruk 48:84-90.

Smith, H.C., and M. Smith. 1974. Surveys of powdery mildew in
wheat and an estimate of national yield losses. New
Zealand J. Exp. Agric. 2:441-445.

Spencer, D.M. 1978. The powdery mildews. Academic Press,
London, 565 pp.

Szkolnik, M., and J.F. Gilpatrick. 1969. Apparent resistance
of Venturia inaequalis to dodine in New York apple
orchards. Plant Dis. Rep. 53:861-864.

Taga, M., H. Nakagawa, M. Tsuda, and A. Ueyama. 1979.

Identification of three different loci controlling



kasugamycin resistance in Pyricularia oryzae.
Phytopathology 69:463-466.

Uesugi, Y. 1983. Fungicide resistance: problem with modern
fungicides in Japan. Tropical Agriculture Research
Service. Yatabe, Japan. pp. 105-111.

Ulvich, G., and U. Taehle-Csech. 1988. Resistance rigk
evaluation of new candidates for disease control. DPages
101-106 in C.J. Delp, ed. Fungicide Resistance in Noirth
America, APS Press, St. Paul, Minnesota, U.S.A.

Vigo, M., M.L. Romano, M.L. Gullino. 1986. Biological
characters of phenylamide-resistant isolates of
Phytophthora nicotianae var. parasitica obtained in the
laboratory. Atti Giomate Fitopathologiche 2:347-3%8.

Wade, M. 1982. Resistance to fungicides. Span. Prog. Agric. 24
:8-10.

Wade, M. 1988. Industry’s fungicide resistance action
committee. Pages 115-116 in C.J. Delp, ed. Fungicide
Resistance in North America, APS Press, St. Paul,
Minnesota, U.S.A.

Walmsley-Woodward, D.J., F.A. Laws, and W.J. Whittington.
1979. The characteristics of isolates of Erysiphe
graminisg f.sp. hordei varying in response to triademorph
and ethirimol. Ann. Appl. Biol. 92:211-219.

Wolfe, M.S. 1971. Fungicides and the fungus population
problem. Proc. 6th British Insecticide and Fungicide

Conference 3:724-734,



124

Wolfe, M.S. 1975. Pathogen response to fungicide use. Proc.
8th British Insecticide and Fungicide Conference 3:813-
822.

Wolfe, M.S. 1981. Insensitivity of Erysiphe graminis f.sp.
hordei to triadimefon. (Abstr.) Neth. J. Plant Pathol.
87:239-240.

Wolfe, M.S. 1982. Dynamics of the pathogen population in
relation to fungicide resistance. Pages 139-148 in J.
Dekker and S.G. Georgopoulos, eds. Fungicide Resistance
in Crop Protection. PUDOC, Wageningen.

Wolfe, M.S. 1984. Trying to understand and control powdery
mildew. Plant Pathol. 33:451-466.

Wolfe, M.S. 1985. Dynamics of the response of barley mildew to
the use of sterol synthesis inhibitors. EPPO Bulletin
15:451-457.

Wolfe, M.S., and J.A. Barrett. 1977. Population genetics of
powdery mildew epidemics. Pages 151-163 in P.R. Day, ed.
The Genetic Basis of Epidemics in Agriculture. Ann. New
York Acad. Sci., New York, U.S.A.

Yamaguchi, T., T. Sugimoto, Y. Homma, and K. Ohata. 1976.
Resistance of Cercospora beticola to thiophanate-methyl.

Ann. Phytopathol. Soc. Japan 42:372-373.





