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ABSTRACT

Wong, F. P, and Wilcox, W. F. 2002. Sensitivity to azoxystrobin among isolates of Uncinula
necator: Baseline distribution and relationship to myclobutanil sensitivity. Plant Dis. 86:394-
404.

Two hundred fifty-six single-conidial chain isolates of Uncinula necator were assayed for their
sensitivity to azoxystrobin and myclobutanil. These isolates were collected from two sites in
New York in 1999: an “organic” vineyard where no synthetic fungicides have been used (base-
line population) and a commercial vineyard having a history of compromised powdery mildew
control with myclobutanil (demethylation inhibitor [DMI]-resistant population). Mean coeffi-
cients of variance for a leaf disk assay used to test fungicide sensitivities were 31% for azox-
ystrobin and 41% for myclobutanil. Baseline EDs, values ranged from 0.0037 to 0.028 pg/ml
(mean 0.0097 pg/ml) for azoxystrobin and from 0.0049 to 0.69 pg/ml (mean 0.075 ug/ml) for
myclobutanil. A shift in the mean EDs, value for azoxystrobin to 0.018 pg/ml was observed in
the DMI-resistant population; with the strongest shift observed for isolates collected from vines
treated exclusively with myclobutanil (0.024 pg/ml). For the 256 tested isolates, there was a
moderate, but statistically significant, correlation between azoxystrobin and myclobutanil sensi-
tivities (R? = 0.36, P < 0.001). Tests with three other strobilurin fungicides (kresoxim-methyl,
pyraclostrobin, and trifloxystrobin) indicate clear differences in the intrinsic activity of these
compounds against U. necator, and the applicability of the methods developed with azox-
ystrobin for assays with pyraclostrobin and trifloxystrobin. Isolates from the high and low ends
of the azoxystrobin sensitivity distribution (15x difference in mean EDs, values) were equally
controlled in planta by protectant or postinfection treatment with azoxystrobin at 250 pg a.i./ml,
but postinfection application at lower rates (2.5 and 25 pg a.i./ml) resulted in a 41 and 44%
decrease, respectively, in the control of the low-sensitivity isolates versus high-sensitivity iso-
lates. The results of this study document the baseline sensitivity distribution of U. necator to
azoxystrobin, provide evidence of partial cross-sensitivity between azoxystrobin and myclobu-
tanil, and illustrate the potential selection for individuals with reduced sensitivity (quantitative
range) to azoxystrobin by postinfection application and reduced rates of this fungicide.

Grapevine powdery mildew, caused by
the obligate biotrophic ascomycete Un-
cinula necator (Schwein.) Burrill, is a
major fungal disease of grapevine world-
wide (31). Without the implementation of
control measures, primarily the regular
application of fungicides, this disease can
cause severe losses in yield and fruit qual-
ity. The strobilurin fungicides are part of
the Q,I class of fungicides, which inhibit
mitochondrial respiration by blocking elec-
tron flow through the electron transport
chain by binding to the Q, site of the cyto-
chrome bc; complex (17). Several stro-
bilurin fungicides have been registered
recently or are currently under develop-
ment for the control of U. necator. These
materials are unique in the sense that they
are the first site-specific crop protection
compounds that are effective against As-
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comycetes, Basidiomycetes, and Oomycetes
(1-3,15,18,27,28,39).

A number of species of plant-pathogenic
fungi and oomycetes developed practical
resistance to the strobilurin fungicides soon
(one to three seasons) after their use be-
came widespread, including Blumeria
graminis, Mycosphaerella fijiensis, Plas-
mopara viticola, Pseudoperonospora cuben-
sis, Sphaerotheca fuliginea, and Venturia
inaequalis (11,12,17). At least two poten-
tial mechanisms of resistance to stro-
bilurins have been demonstrated for fungi
in vitro, target site mutations in cyto-
chrome bc; (5,8,25,41) and the induction
of alternative respiration (41,42). However,
the exact mechanism has not been con-
firmed for all of the aforementioned cases
of practical resistance.

One of the first commercial strobilurin
fungicides, azoxystrobin, was labeled for
use on grapevine in the United States in
1997 and has been shown to be highly
effective for the control of U. necator and
other fungal pathogens of this crop, includ-
ing the oomycete P. viticola (37,38). In
order to minimize the risk of resistance
development, product labels for azox-
ystrobin and other strobilurin fungicides

specify that these materials be used a lim-
ited number of times during a growing
season, mandating their rotation with fun-
gicides that have different modes of action.
For U. necator, the sterol demethylation
inhibitors (DMIs) represent one such rota-
tional partner. The DMIs have been a cor-
nerstone of grapevine powdery mildew
management since the early 1980s, and
although shifts toward insensitivity and
practical resistance have occurred in some
vineyards (10,16,40), they still provide
adequate control of the disease in many
others. In New York, azoxystrobin and
DMI fungicides are often used together in
rotational programs to manage both grape-
vine powdery mildew and the development
of resistance to each group of compounds.
Recent developments in fungicide resis-
tance research have suggested the need for
a closer examination of the relationship
between DMI and strobilurin sensitivities.
First, studies with V. inaequalis in New
York (W. Koller and W. E. Wilcox, unpub-
lished) have indicated that strobilurin and
DMI sensitivities are not completely inde-
pendent traits for this pathogen. Second,
related work on the interaction of fenari-
mol and dodine also indicated that there is
an unexpectedly positive relationship be-
tween sensitivities to these two unrelated
fungicides in V. inaequalis (21,24). There
is also recent evidence in V. inaequalis that
there is a potential predisposition of fungi-
cide resistance to develop more rapidly to
multiple classes of chemistries (22). Third,
recent investigations of multidrug resis-
tance in fungi have indicated that cross-
resistance can develop to unrelated com-
pounds (6,7). Finally, there have been an-
ecdotal observations that strobilurin resis-
tance developed first in pathogens that had
been heavily exposed to DMI fungicides. If
there is a sufficient lack of independence
for DMI and strobilurin sensitivities, then
resistance-management practices could be
compromised, and current fungicide-use
strategies would have to be reconsidered.
Therefore, the broad objective of this
study was to examine the relationship be-
tween sensitivities to strobilurin and DMI
fungicides within U. necator populations,
using azoxystrobin and myclobutanil, re-
spectively, as representative compounds,
and to relate these findings to practical
resistance-management programs. Specific
sub-objectives were to (i) develop a
method for assaying the sensitivity of U.
necator isolates to azoxystrobin, (ii) use
the method to determine the baseline sensi-



tivity distribution for this pathogen-
fungicide combination, and (iii) explore
the utility of this method with respect to
examining the sensitivity of U. necator to
other strobilurin fungicides.

MATERIALS AND METHODS

Fungicides. Technical grade azox-
ystrobin (98% active, Syngenta Crop Pro-
tection, Greensboro, NC), kresoxim-
methyl (93% active, BASF Corporation,
Research Triangle Park, NC), myclobutanil
(93% active, Dow AgroSciences, Indian-
apolis, IN), pyraclostrobin (93% active,
BASF Corporation) and trifloxystrobin
(96% active, Bayer Corporation, Kansas
City, KS) were used for this study unless
otherwise noted. The fungicides were dis-
solved in acetone to provide stock solu-
tions containing 10 mg/ml of each fungi-
cide. All stock solutions were stored at
—20°C in 2-ml cryovials (Fisher, Pitts-
burgh, PA) sealed with Parafilm.

For field and greenhouse studies, the
fungicides were applied as formulated
product: Nova 40W (40% active, Dow
AgroSciences) and Abound 2.08F (23%
active, Syngenta Crop Protection).

U. necator populations. Two sites were
chosen for this study, and U. necator popu-
lations from both had been characterized in
1995 for myclobutanil sensitivity (10). The
first site was an “organic” vineyard in an
isolated location in Burdett, NY, where
neither DMI nor strobilurin fungicides
have been used. U. necator isolates from
this site were considered representative for
baseline populations with respect to both
fungicides, and for the purpose of this
study, this vineyard was considered the
“baseline site.” The second site was a
commercial vineyard with a long history of
DMI use and high frequency of DMI-
resistant U. necator isolates (10). For the
purpose of this study, this was referred to
as a “DMl-resistant site.” Since 1996, a
number of experimental fungicide spray
programs had been imposed there to assess
their effects on further shifts toward fungi-
cide insensitivity within the U. necator
population (35). For this study, samples
were collected from three such experimen-
tally imposed treatments: (i) no fungicides
throughout the growing season, (ii) six
applications of myclobutanil (112 g
a.i./ha); and (iii) four applications of azox-
ystrobin (200 g a.i./ha) alternated with two
of myclobutanil (112 g a.i./ha) (Table 1).
Fungicide applications were initiated at
approximately 2 weeks prebloom and con-
tinued at 2-week intervals until veraison.
Commercial fungicide formulations were
applied with a hooded-boom sprayer at 207
kPa in a volume of 467 liters/ha for the
two prebloom sprays and 936 liters/ha
thereafter. Each treatment was replicated
three times in randomized complete
blocks, with each individual plot consisting
of five rows of 15 vines. Disease was as-
sessed 1 to 2 weeks before harvest (Sep-

tember) based upon disease severity as
measured by the percentage area infected
of 25 grape clusters from the center of each
replicated plot. Severity ratings were made
using the Barrett-Horsfall scale before
conversion to percentage cluster area in-
fected.

Collection and maintenance of iso-
lates. In late-August of 1999, approxi-
mately 150 infected leaves were sampled
arbitrarily from a block of approximately
1,000 Vitis X labruscana cv. Concord vines
at the baseline site. Sixty-eight single-
chain isolates were obtained from this site,
as described below.

In September of 1999, approximately 50
infected leaves were sampled from each
replicate plot of the three experimentally
imposed fungicide treatments located at the
DMI-resistant site, 2 weeks after the last
fungicide application. To minimize inter-
plot interference, samples were taken from
the young, terminal leaves of the nine cen-
ter vines within the three middle rows of
each plot, then approximately 60 single-
chain isolates were obtained for each of the
treatments (Table 1) and maintained subse-
quently, as described below.

During the sampling procedure, young,
infected terminal leaves were placed indi-
vidually into small plastic bags, trans-
ported to the lab, and incubated for 1 day
in humid chambers to promote additional
sporulation. Sporulating colonies were
excised from the leaves and placed into 60-
mm petri dishes containing approximately
15 ml of 1.5% water agar (Difco, Detroit,
MI). Approximately 3 days later, single-
conidial chain isolates were obtained by
transferring a single chain of conidia to 12-
mm-diameter, surface-disinfested Vitis
vinifera cv. Chardonnay leaf disks with the
adaxial surface exposed, using a single
camel hair attached to a 15-mm disposable
glass Pasteur pipette with paraffin wax.
Transfer tools were disinfested by placing
them in 70% ethanol for 10 min, then 95%
ethanol for 30 s, and were thoroughly air-
dried before use. Transfers were made with
the aid of a dissecting microscope. Leaf
disks (12 mm diameter) were prepared as
described previously (10,37), with the
exception of surface disinfesting leaves for
30 s in a solution of calcium hypochlorite
(0.86 g/liter) instead of ethanol (10), or
sodium hypochlorite and Tween 20 (37).
Vines were grown in a greenhouse that was
maintained at 37°C to reduce contamina-
tion by U. necator (9,40). Only the highly

susceptible, expanding, translucent leaves
from leaf positions 2 and 3 distal to the
shoot tip were used, as U. necator infection
and growth on these are more uniform than
on older leaves (9,10). Inoculated leaf
disks were incubated at ambient room
temperature (20 to 24°C) with alternating
12-h periods of darkness and fluorescent
light.

Approximately 7 to 10 days later, a sin-
gle-conidial chain from a newly sporulat-
ing colony was transferred to a new set of
leaf disks (prepared as described above) to
obtain a single-chain isolate. For each
isolate, the procedure was conducted three
times in succession over three generations
of the fungus to ensure the purity of the
single-chain isolates. A total of 256 single-
chain isolates was obtained in this way
(Table 1), and the isolates were maintained
by biweekly transfers of several chains of
conidia to freshly prepared leaf disks,
which were maintained as described previ-
ously.

Fungicide sensitivity assays. Assays
were based upon the technique described in
detail by Erickson and Wilcox (10).
Briefly, Chardonnay leaf disks were pre-
pared as described above, taking care to
excise them from areas of the leaves with-
out major veins (=1 mm wide), to mini-
mize any radial distortion of the expanding
U. necator colonies. Excised disks were
randomized and placed into glass beakers
containing azoxystrobin or myclobutanil
solutions ranging from 0.00049 to 8.0
pg/ml at fourfold dilutions, in type I H,O
(HPLC-grade nanofiltered sterile water), or
type I H,O only (check treatment). Solu-
tions were derived from technical grade
fungicides dissolved in acetone, and ace-
tone concentrations (1 x 107 to 0.8 mg/ml)
were not normalized, as acetone concentra-
tions of <5 mg/ml were shown previously
(10) not to affect the growth of U. necator
under these conditions.

Leaf disks were submerged in the solu-
tions for 1 h, with regular agitation, then
they were blotted dry between clean paper
towels. Four disks per fungicide treatment
were placed, with the adaxial surface ex-
posed, into 60-mm petri dishes containing
approximately 15 ml of 1.5% water agar.
After incubation overnight at ambient
room temperature, each disk in a petri dish
was inoculated at a single point with two to
three conidial chains (approximately 15 to
30 conidia) from an individual U. necator
isolate. Inoculated leaf disks were incu-

Table 1. Origin and size of samples of Uncinula necator isolates

Population Group Treatment Timing* No. of isolates
Baseline BI None 68
DMI-resistant Em Myclobutanil (112 g a.i./ha) 1-6 69
Ea Myclobutanil (112 g a.i./ha) 1,4 58
Azoxystrobin (200 g a.i./ha) 2,3,5,6
Ec None 61

z Fungicide applications were initiated approximately 2 weeks before bloom in mid-June, and ap-

plied thereafter at 2-week intervals.
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bated at ambient room temperature (20 to
25°C) with alternating 12-h periods of
fluorescent light and darkness.

Seven days after inoculation, mycelial
expansion from the point of inoculation on
each leaf disk was determined using a 32x
ocular micrometer and a stereomicroscope.
Three measurements of radial expansion
were made for each of the roughly circular
colonies, and the mean values for the four
replicate leaf disks per treatment were used
to calculate the relative growth (RG val-
ues, average radial expansion of the check
treatment) for each isolate X concentration
combination. Dose response curves for
individual isolates were generated by plot-
ting the RG values against the log;, of the
fungicide concentration used (Microsoft
Excel 7.0, Seattle, WA), and the log;, ef-
fective doses for 50% growth inhibition of
mycelial growth (log,o EDs, values) were
calculated from the regression equation
generated through the linear portion of the
sigmoidal curve.

Assay reproducibility. To determine the
reproducibility of the test, azoxystrobin
and myclobutanil sensitivities were as-
sayed five times for each of six isolates.
Three isolates were chosen from both the
baseline and DMlI-resistant sites, to best
represent the range of fungicide sensitivi-
ties among the sample population. For each
repeat of the test, in which all six isolates
were assayed, a new stock solution of ei-
ther azoxystrobin or myclobutanil was
prepared. The mean of the EDs, values,
variance, coefficient of variance, and 95%
confidence intervals were calculated for
each isolate based upon the five replicated
tests. Since EDs, values are typically log-
normally distributed, the appropriate for-
mulas (4,13) were used to calculate these
values using the natural log of the EDs,
values (Table 2). A mean coefficient of
variance was calculated for both the azox-
ystrobin and myclobutanil assays, based
upon the results from these six isolates.
The least significant difference (o0 = 0.05)
was calculated based upon the mean logq
EDs, values for the six isolates using sin-
gle-factor analysis of variance and Fisher’s

LSD (Minitab, v. 12.10, State College,
PA).

Distributions of U. necator sensitivities
to azoxystrobin and myclobutanil. After the
assay reproducibility was known, the test
was conducted once for each of the 256
isolates of U. necator. For each run of the
experiment, approximately 10 isolates
were assayed, employing solutions ranging
from 0.0020 to 8.0 ug/ml for myclobutanil,
and from 0.00049 to 2.0 pg/ml for azox-
ystrobin. New fungicide stock solutions
were prepared after two runs of the test.
Histograms were constructed for logy,
EDs, values based upon the least signifi-
cant difference among the fungicide sensi-
tivities of the six isolates tested for assay
reproducibility (approximately 0.20 logj,
units), as described above. Fungicide sensi-
tivities between the baseline population
and the unsprayed checks from the DMI-
resistant site (Bl versus Ec) were compared
using Student’s ¢ test (Minitab v. 12.10),
using the unsprayed check population as a
second baseline population for the com-
parison of fungicide sensitivities of isolates
recovered from vines where no selection
pressure for shifts in sensitivity was ap-
plied. Differences among the three popula-
tions from the DMl-resistant site were
analyzed by ANOVA and Fisher’s LSD
(Minitab v. 12.10). Statistics were per-
formed on the normally distributed log;o-
transformed EDs, values. Log;q EDs, val-
ues for azoxystrobin and myclobutanil of
each individual isolate were correlated to
determine if a relationship existed between
azoxystrobin and myclobutanil sensitivi-
ties, examining all populations collectively
and each individual population separately
(Minitab v. 12.10). To determine if a single
discriminatory dose could be used to accu-
rately evaluate fungicide sensitivities, as
has been suggested for evaluating V. in-
aequalis sensitivities to DMI fungicides
(32), logyy EDsy values were regressed
against the RG values obtained for each
isolate at 0.0078, 0.031, and 0.13 pg of
azoxystrobin per ml (MS Excel 7.0).
Likewise, for myclobutanil, log;, EDs,
values were regressed against the RG val-

Table 2. Formulas used for calculations of assay reproducibility

Term Formula?* Reference
Mean o2 Casella and Berger (4)
Hr—
e 2
Variance 62(/,1+¢72) _ ez,u+o2 Casella and Berger (4)
Coefficient of variance Au+o®) _ 2u+0? Casella and Berger (4)

e

Pl
e 2
Confidence interval upper limit P
e 2 Wn-l
Confidence interval lower limit o’ oy
HA—+
2 WJn-l

Gilbert (13)

Gilbert (13)

z u and 62 are the mean and variance, respectively, of the natural log of the EDs, values of individual
isolates determined from the leaf disk assays. H,_, and H, are the Land’s coefficients used for cal-
culating the upper and lower confidence intervals for a specified level of a.
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ues obtained at 0.50 pg/ml, a discrimina-
tory dose used but not validated by a pre-
vious study (35).

Sensitivity of U. necator isolates to
pyraclostrobin, kresoxim-methyl, and tri-
floxystrobin. To determine if our U. neca-
tor assay was applicable to strobilurin
fungicides other than azoxystrobin, and to
compare the relative intrinsic activities of
these against U. necator, the technique was
used to test 26 isolates spanning the range
of sensitivities to azoxystrobin for their
sensitivities to kresoxim-methyl, pyraclos-
trobin, and trifloxystrobin. Fungicide solu-
tions ranged in concentration from 0.00012
to 8.0 ug/ml for kresoxim-methyl and from
0.00012 to 0.50 pg/ml for pyraclostrobin
and trifloxystrobin. Histograms based upon
the log;y EDsy values were constructed,
and differences in the sensitivities of these
isolates to azoxystrobin, kresoxim-methyl,
pyraclostrobin, and trifloxystrobin were
analyzed by ANOVA and Fisher’s LSD
(Minitab v. 12.10). Regression analysis
was used to compare the log;y EDs, values
of individual isolates for each of the fungi-
cides (Minitab v. 12.10).

Influence of azoxystrobin sensitivity
differences on disease control. To deter-
mine if the differences in sensitivity to
azoxystrobin detected among U. necator
isolates have practical implications with
respect to disease control, a seedling assay
was utilized to test the effect of different
azoxystrobin dosages against a composite
of five isolates of high sensitivity (BI-5,
38, 65, 84, 85; mean EDsy = 0.0040 pg/ml)
versus a composite of five isolates of low
sensitivity (Em-17, 45, 47, 48, 63; mean
EDsy = 0.061 pg/ml). The seedling bioas-
say was based upon previous work investi-
gating the physical mode of action of
azoxystrobin against P. viticola (38). Bio-
assays with U. necator were performed
using azoxystrobin in both protectant and
postinfection modes. For each run of the
protectant assays, sets of six replicate 6-
week-old V. vinifera cv. Riesling seedlings,
each having four to five true leaves, were
sprayed until runoff 1 day before inocula-
tion with commercially formulated azox-
ystrobin (Abound 2.08F) at concentrations
of 0, 0.25, 2.5, 25, and 250 pg a.i./ml, us-
ing a modified paint sprayer at a pressure
of 207 kPa. To facilitate their subsequent
identification, the first three leaves larger
than 2.5 cm in diameter were marked with
small strips of tape around the petioles;
then fungicide solutions were applied until
runoff.

To prepare the inoculum, five surface-
disinfested leaf sections (approximately 30
x 60 mm) kept on 1.5% water agar in 60-
mm petri dishes were inoculated with sev-
eral chains of conidia from individual U.
necator isolates, one set of five leaves for
each individual isolate. Leaf sections were
incubated at room temperature as described
above. Two weeks later, three infected leaf
sections (those with the most abundant



sporulation) for each isolate from either the
high or the low sensitivity group were
placed into a 50-ml screw-top centrifuge
tube containing 25 ml of 0.0005% Tween
20 in type I H,O, and vortexed for 30 s
(total of 15 leaf sections per treatment).
The conidial suspension was adjusted to a
final concentration of 5 x 10° conidia per
ml with additional 0.0005% Tween 20 in
type I H,O. Seedlings were inoculated
immediately thereafter by spraying the
conidial suspension from a height of 1 m in
a fine mist using a modified paint gun (at
207 kPa). Tests using the two different
sensitivity groups were performed on dif-
ferent dates to minimize the effect of cross-
interference between groups. Each seedling
received a 5-s misting, in which approxi-
mately 2.5 x 10° conidia were sprayed onto
the plant. The mist droplets dried quickly,
usually within 5 to 10 min. Thirty minutes
after inoculation, seedlings were moved to
a greenhouse and transferred into custom-
ized 1 x 1 x 1.5 m (W x L x H) Plexiglas
containment chambers, each with its own
source of HEPA-filtered air to minimize
the probability of contamination from other
U. necator sources. Seedlings were incu-
bated at 25°C for 14 days with ambient
lighting; then disease severity on the three
marked leaves was determined by overlay-
ing a 100-mm plastic petri plate, marked
with a 1 X 1 cm grid above (but not contact-
ing) the leaves, and determining both the
diseased and total surface area of the leaf.

To test the postinfection activity of
azoxystrobin against the two sensitivity
groups, the same procedures were used,
except that untreated seedlings were inocu-
lated and placed into the containment
chambers after a 30-min drying period.
Five days after inoculation, when colonies
on the leaves could be visually detected,
seedlings were removed from the cham-
bers, sprayed with the same concentration
range of azoxystrobin, then allowed to air-
dry for 2 h before being returned to the
containment chambers. Disease was as-
sessed 14 days after inoculation, as de-
scribed above. Each experiment was con-
ducted three times, using six replicate
seedlings per treatment. Disease severity
data were normalized using the arcsine
\/; transformation, and the means of each
replicate set of six seedlings were analyzed

by multivariate ANOVA using the general
linear model procedure of SAS (SAS 6.0,
SAS Institute, Cary, NC). The sum of
squares was partitioned using orthogonal
contrasts to determine the levels of signifi-
cance and main sources of variation for the
treatment interactions. Additional Student’s
t tests were performed to compare disease
severity data between the low- and high-
sensitivity groups for each concentration of
azoxystrobin used (Minitab v. 12.10) for
both protectant and postinfection assays.

RESULTS

Fungicide sensitivity assays. Assay re-
producibility. For the six isolates examined
in five repeated runs of the assay, the coef-
ficients of variance for each isolate ranged
from 10 to 29% with respect to azox-
ystrobin assays and from 11 to 126% with
respect to myclobutanil assays. The mean
coefficients of variance for these assays
were 31 and 41%, respectively (Table 3).
The 95% confidence intervals ranged from
62 to 268% and from 47 to 1099% of the
mean EDs, values for individual isolates
subjected to the azoxystrobin and
myclobutanil assays, respectively (Table
3). On average, the 95% confidence
intervals ranged from 76 to 293% and 79 to
154% of the mean values, respectively, for
azoxystrobin and myclobutanil assays. The
least significant difference (o= 0.05)
separating mean EDs, values beyond that
attributable to experimental error was 0.17
and 0.23 logyy units, respectively, for the
azoxystrobin and myclobutanil assays.

Baseline distribution of U. necator sensi-
tivities to azoxystrobin and myclobutanil.
Among the isolates from the baseline
population (B1), individual EDs, values for
azoxystrobin ranged from 0.0037 to 0.028
pg/ml (separated by a factor of 7.5), with a
mean value of 0.0097 ug/ml (Fig. 1A). In
comparison, there was an approximate
twofold difference in the mean azox-
ystrobin EDs, value of isolates recovered
from the unsprayed checks from the DMI-
resistant population (Ec), with individual
values for the 61 isolates ranging from
0.0034 to 0.048 ug/ml (separated by a fac-
tor of 14), with a mean of 0.018 ug/ml
(Fig. 1A). The mean log;y EDs, values of
these two sensitivity distributions were
significantly different according to Stu-

dent’s t test (P < 0.001). Furthermore, the
difference in the mean log;y EDs, values
for these populations (0.27) exceeded the
least significant difference value of 0.17
log)o units of the assay, indicating that the
observed differences were not merely due
to any imprecision in repeated assays.

For myclobutanil sensitivities, individ-
ual EDs, values for isolates from the base-
line population ranged from 0.0049 to 0.69
pg/ml (mean = 0.075 pg/ml), being sepa-
rated by a factor of approximately 140
(Fig. 1B). These results are similar to those
previously reported from the same location
in 1995 (10). Individual EDs, values for
isolates recovered from the unsprayed
vines from the DMl-resistant site ranged
from 0.021 to 3.7 ug/ml (separated by a
factor of approximately 180), with a mean
value of 0.92 pg/ml. This 12-fold differ-
ence in mean EDs, values was significant
(P < 0.001) according to Student’s ¢ test.
Even more pronounced was the difference
in sensitivities between the median catego-
ries for the two populations, whose mid-
point values were separated by a factor of
nearly 30 (Fig. 1B).

Field performance of azoxystrobin and
myclobutanil and sensitivity shifts over a
single season. For the 1999 season, the
myclobutanil and azoxystrobin—myclobuta-
nil spray programs at the Dresden site,
where the DMlI-resistant population was
collected, provided 86 and 91% control of
disease caused by U. necator, respectively,
based upon the severity of cluster infec-
tions during a year of low disease pressure.
In contrast, data from 1998 (when disease
pressure was higher) showed 63 and 93%
control under the same experimental treat-
ments. Differences between these two
treatments were only significant for the
1998 growing season (Duncan-Waller k-
test, oo = 0.05, W. F. Wilcox, unpublished).
In 1996 and 1997, where azoxystrobin was
absent from the spray programs, only 84
and 76% control of disease was obtained,
respectively, when myclobutanil was used
exclusively during the growing season (W.
F. Wilcox, unpublished).

Of the individual isolates from the DMI-
resistant population, those from subpopula-
tion Em (six myclobutanil sprays) had the
lowest sensitivity to azoxystrobin, with a
mean EDsq value of 0.024 pg/ml and a

Table 3. Reproducibility of assay for determining EDs, values for azoxystrobin and myclobutanil against six isolates of Uncinula necator

EDs, (ug/ml) azoxystrobin

EDs, (ug/ml) myclobutanil

Isolate Mean* 95% CI¥ Cv: Mean* 95% CI¥ Cv*
BI-1 0.008 (0.007-0.011) 0.22 0.015 (0.012-0.024) 0.33
BI-3 0.016 (0.013-0.023) 0.29 0.058 (0.027-0.632) 1.26
Bl-6 0.011 (0.009-0.014) 0.22 0.012 (0.009-0.018) 0.35
Em-3 0.013 (0.010-0.020) 0.35 1.304 (1.168-1.477) 0.12
Em-4 0.024 (0.015-0.065) 0.66 1.499 (1.359-1.675) 0.11
Em-5 0.013 (0.012-0.014) 0.10 0.619 (0.497-0.848) 0.27
Mean 0.31 0.41

* Mean EDs, value based upon log,-transformed EDs, values obtained from five repeated assays.
¥ 95% confidence interval based upon log, -transformed EDs, values.
z The coefficient of variance based upon log,-transformed EDs, values.
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range of 0.0047 to 0.075 pg/ml (Fig. 2A).
In contrast, isolates from the azoxystrobin—
myclobutanil spray program (Ea) had a
mean EDs; of 0.015 pg/ml (range = 0.0046
to 0.033 pg/ml). Analysis of variance for
the three subpopulations indicated that
differences among subpopulations were
significant (P < 0.001), and multiple com-
parisons indicated that sensitivities of iso-
lates from the Ea and Ec populations were
similar to each other but significantly dif-
ferent from those from the Em population
(Fisher’s LSD, oo = 0.05).

Within the DMI-exposed subpopula-
tions, isolates recovered from vines sub-
jected to six myclobutanil sprays (Em)

were even less sensitive to myclobutanil
than were isolates from unsprayed vines
(Ec) or those treated with the azox-
ystrobin—myclobutanil rotation (Ea), as
evidenced by an increased value for the
midpoint of the median sensitivity category
and differences in mean EDs, values (1.2,
0.91, and 0.92 pg/ml, respectively) (Fig.
2B). Analysis of variance indicated that the
differences among subpopulations were
significant (P < 0.001), and multiple com-
parisons indicated that the mean sensitivi-
ties of isolates from subpopulations Ea and
Ec were similar but significantly different
from those of subpopulation Em (Fisher’s
LSD, o = 0.05).
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Cross-sensitivity to azoxystrobin and
myclobutanil among isolates of U. necator.
Regression analysis of logj,-transformed
EDjs, values for azoxystrobin and myclobu-
tanil for all 256 isolates indicated a moder-
ate but highly significant linear relation-
ship between sensitivities to these two
fungicides (Fig. 3A). However, when the
baseline population and the individual
subpopulations from the DMI-resistant site
were analyzed separately, it was apparent
that this relationship was most pronounced
among isolates that had been subjected to
intensive selection pressure for tolerance to
myclobutanil (Fig. 3C), and not evident in
other treatments.

Relative aggressiveness of U. necator
isolates with respect to azoxystrobin and
myclobutanil sensitivities. To determine if
sensitivities to either azoxystrobin or my-
clobutanil were related to the aggressive-
ness of individual isolates, logo-
transformed EDs, values for each fungicide
were regressed against the mean radial
expansion on the untreated (check) leaf
disks for all 256 isolates. Regression
analysis indicated no linear relationship
between colony expansion and azox-
ystrobin sensitivity (R* = 0.001, P = 0.690)
and only a very weak negative linear rela-
tionship between colony expansion and
myclobutanil sensitivity (R* = 0.018, P =
0.028).

Validity of single discriminatory doses
for determining U. necator sensitivities to
azoxystrobin and myclobutanil. There was
a strong linear relationship between RG
values obtained at the tested discriminatory
dose concentrations of 0.031 pg/ml for
azoxystrobin and 0.50 pg/ml for myclobu-
tanil and the log;q EDs, values with respect
to individual U. necator isolates (Fig. 4).
For the three discriminatory doses of azox-
ystrobin analyzed, the RG values obtained
at 0.031 pg/ml appeared to be more appro-
priate for estimating useful log;, EDsy
values. For RG values determined for
azoxystrobin at 0.031 pg/ml, the regression
line was described by the equation: log
EDSO(aZ(yXyslmbin) = 123(RG) - 2.19 (Rz =
0.64, P < 0.001). The range of EDs, values
that could be calculated based upon this
equation would be 0.0064 to 0.11 pg/ml.
Likewise, for calculating EDs, values
based upon the RG values for myclobutanil
at 0.50 pg/ml, the relationship was de-
scribed  by:  logiy  EDsowmyclobutanily =
2.17(RG) - 1.62 (R* = 0.81, P < 0.001).
The range of EDs, values that could be
calculated based upon the RG values at this
dose of myclobutanil would be 0.024 to 3.5
pg/ml.

Sensitivity of selected U. necator isolates
to pyraclostrobin, kresoxim-methyl, and
trifloxystrobin. Similar leaf disk assays of
P. viticola sensitivities to strobilurin fungi-
cides indicated that this technique was
better suited for tests with azoxystrobin
than for tests with kresoxim-methyl and
trifloxystrobin (37). Within its limitations,



the technique indicated substantial differ-
ences among the intrinsic activities of the
three strobilurins against this pathogen.
The leaf disk assay was applicable to
all strobilurin fungicides tested except
kresoxim-methyl. EDsy, values for
kresoxim-methyl could not be calculated
for all of the isolates tested due to a com-
bination of the phytotoxicity of the com-
pound to leaf disks at concentrations >4.0
pg/ml and its relatively low intrinsic activ-
ity against U. necator (Fig. 5). As seen in
previous work (37), trifloxystrobin caused
similar phytotoxicity on leaf disks at con-
centrations =0.5 pg/ml, but its intrinsic

activity against U. necator was sufficient
to allow the determination of EDs, values
when used in the assays at lower, nonphy-
totoxic concentrations.

Pyraclostrobin had the highest intrinsic
activity of the four strobilurin fungicides
tested, with individual EDs, values for the
26 isolates tested ranging from 0.0016 to
0.010 pg/ml, with a mean value of 0.0044
pg/ml (Fig. 5). For trifloxystrobin, individ-
ual EDs, values ranged from 0.0058 to
0.052 pg/ml, with a mean value of 0.015
pg/ml (Fig. 5). Azoxystrobin sensitivities
ranged from 0.0042 to 0.055 pg/ml, with a
mean value of 0.013 pg/ml (Fig. 5). Analy-
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Fig. 2. Distribution of sensitivities to azoxystrobin and myclobutanil among isolates of Uncinula

necator exposed to different experimental treatments from a demethylation inhibitor (DMI)-resistant

site. Distribution of sensitivities for the DMI-resistant subpopulations, Ea (azoxystrobin and myclo-
butanil in rotation, n = 58), Ec (unsprayed, n = 61), and Em (six myclobutanil applications, n = 69)
for A, azoxystrobin and B, myclobutanil. Discreet categories of EDs, values for individual isolates

are organized based upon the least significant difference of 0.20 logy units (o0 = 0.05). Indicated

values represent the midpoint for each sensitivity category.

sis of variance and multiple comparisons
indicated that mean EDs, values for azox-
ystrobin and trifloxystrobin were not statis-
tically different from each other, but both
were statistically different compared with
pyraclostrobin (Fisher’s LSD, o = 0.05).

There was a strong correlation between
azoxystrobin and trifloxystrobin log;y EDsq
values (R*> = 0.75, P < 0.001) (Fig. 6A).
However, log;, EDs, values for pyraclos-
trobin did not correlate as well with those
of azoxystrobin (R* = 0.21, P = 0.018) or
trifloxystrobin (R* = 0.24, P = 0.010) (Fig.
6B and C).

Influence of azoxystrobin sensitivity
on disease control. Within the relatively
narrow range of azoxystrobin sensitivities
that we detected in our field samples of U.
necator, differences affected disease con-
trol only when the fungicide was used at
fractions of the recommended rate, and
effects on disease control were more pro-
nounced when it was used in a postinfec-
tion rather than a protective mode. Protec-
tant applications provided 100% control of
the composite populations of both high and
low sensitivity at the recommended rate of
250 pg a.i./ml and also at 10% of this rate
(Fig. 7A). When seedlings were treated
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Fig. 3. Relationship between sensitivities to
azoxystrobin and myclobutanil among indi-
vidual isolates of Uncinula necator. The coeffi-
cients of determination and significance levels
are shown for the equations derived from re-
gressing the log;y EDs, values for azoxystrobin
on log;o EDs, values for myclobutanil for A, all
tested isolates (n = 256), B, all isolates from
the baseline population (n = 68), and C, all
isolates from subpopulation Em (six myclobu-
tanil applications, n = 69).
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with 2.5 pg a.i./ml azoxystrobin, control of
the low-sensitivity isolates was 73%, as
opposed to 91% for the high-sensitivity
group. At a rate of 0.25 ug a.i./ml, control
of the low- and high-sensitivity groups was
26 and 39%, respectively. Analysis of vari-
ance indicated a significant difference
between the response of the low- and high-
sensitivity isolates against the four rates of
azoxystrobin (Fig. 7A, Table 4). However,
pairwise comparisons of disease develop-
ment between groups indicated no signifi-
cant differences for the control of either
group at any given rate (Student’s ¢ test, O
= 0.05) (Fig. 7A). Analysis of variance
indicated no significant difference between

the runs of the experiments (P = 0.90),
indicating that the analysis of the means of
the treatments in three replicated experi-
ments was statistically appropriate.

In contrast, although postinfection appli-
cations of azoxystrobin provided virtually
complete control of both U. necator popu-
lations at the 250 pg a.i./ml rate, such ap-
plications at lower rates were pronounc-
edly less effective against isolates of low
versus high sensitivity to the fungicide. For
example, whereas a rate of 25 ug a.i./ml
provided 98% control of the high-
sensitivity group, it provided only 54%
control for the low-sensitivity groups.
Similarly, there was a 41% difference be-
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Fig. 4. Relationship between the relative growth (compared with the check treatment) of individual
isolates of Uncinula necator on grape leaf disks treated with a single discriminatory dose of azoxy-
strobin at 0.0078 ug/ml or myclobutanil at 0.50 pg/ml and the log;y EDs values determined for the

same isolates for each respective fungicide.

tween these groups with respect to disease
severity following treatment with 2.5 ug
a.i/ml (Fig. 7B). Such differences are also
reflected in the comparative analyses of
variance for the protectant versus postin-
fection (Table 4) assays, e.g., the main
effect of pathogen sensitivity and the inter-
active effect of sensitivity X fungicide
concentration were both far greater under
postinfection conditions. Individual com-
parisons between high- and low-sensitivity
groups at each concentration of azox-
ystrobin used, using Student’s ¢ tests, indi-
cated no significant differences between
the two sensitivity groups except for the
0.25 and 25 pg a.i./ml treatments in the
postinfection assay (P = 0.015 and 0.012,
respectively) (Fig. 7B). Similar to the re-
sults for the protectant assays, differences
between repeated runs of the experiment
were not significant (P = 0.25), and analy-
sis of the means of the treatments across
the three experiments was statistically
appropriate.

DISCUSSION

In this study, the baseline sensitivity of
U. necator to azoxystrobin has been de-
scribed, and according to the sample size
of 68, 95% of all isolates will fall into the
described baseline sensitivity range with
95% confidence (26). Based upon the
composite population of baseline and
DMl-resistant isolates, where limited ap-
plications of azoxystrobin have been used,
the sample size of 256 isolates (with azox-
ystrobin EDsq values ranging from 0.0034
to 0.075 pg/ml and a mean of 0.017 pg/ml)
would represent between 98 and 99% of all
isolates with 95% confidence (26). The
narrow distribution of azoxystrobin sensi-
tivities is similar to those previously de-
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scribed for Mpycosphaerella graminicola
(14) and P. viticola (37) to azoxystrobin
and V. inaequalis to Kkresoxim-methyl
(29,30), and are in clear contrast with the
much broader distribution of sensitivities
to DMI fungicides documented in this and
other (10,16,40) studies on U. necator.

For future monitoring of U. necator sen-
sitivities to azoxystrobin, the use of a sin-
gle discriminatory dose of 0.031 ug/ml
would be useful for characterizing isolates
within the range of sensitivities detected
for the 256 isolates of U. necator used in
this study. However, isolate sensitivities
outside of this range, which may include
those that may develop qualitative resis-
tance to azoxystrobin, would not be ade-
quately discriminated, mandating that an
additional higher discriminatory dose be
used. The discriminatory dose of 2.0 ug/ml
could suffice; only 18 of the 256 isolates
tested grew at this concentration, with
growth being 2% or less relative to the
untreated check. Isolates that were not
inhibited by this higher dose of azox-
ystrobin would be likely to have qualitative
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Fig. 6. Relationships among sensitivities to
azoxystrobin, pyraclostrobin, and trifloxy-
strobin among 26 selected isolates of Uncinula
necator. The coefficients of determination and
significance levels are shown for the equations
derived from regressing A, log;y EDs, values
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azoxystrobin, B, log, EDs, values for pyra-
clostrobin on log;, EDs, values for azox-
ystrobin, and C, log;q EDs, values for pyraclo-
strobin on log;o EDs values for trifloxystrobin.

resistance to this fungicide. Since no iso-
lates with this phenotype were detected in
this study, additional work would have to
be performed to confirm the presence of
resistance, but this higher dose would ap-
pear to be a logical choice for a discrimina-
tory dose that would allow for the detec-
tion of highly resistant isolates.

In contrast, the single discriminatory
dose of 0.50 pug/ml appears to be applicable
for future monitoring of U. necator sensi-
tivities to myclobutanil. Relative growth
values at this dose could be used to classify
isolates representing a wide range of sensi-
tivities as either myclobutanil sensitive or
resistant (10).

The results of the comparative study of
U. necator sensitivities to azoxystrobin,
kresoxim-methyl, pyraclostrobin, and tri-

100%

floxystrobin illustrate a number of points.
Kresoxim-methyl appeared to be several
magnitudes lower in intrinsic activity com-
pared with azoxystrobin, pyraclostrobin,
and trifloxystrobin. However, kresoxim-
methyl has been shown to provide very
good control of grapevine powdery mildew
in the field (33,34,36), indicating that the
intrinsic activity of these strobilurin fungi-
cides as determined by the excised leaf
disk assay does not fully reflect the field
performance of the fungicides. These re-
sults, in combination with a previous study
on P viticola and strobilurin fungicides
(38), indicate that other physical properties
of fungicides (vapor activity, redistribu-
tion, absorption, breakdown, etc.), in addi-
tion to intrinsic activity, contribute to the
efficacy of a fungicide under field condi-
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lation. B, Seedlings were treated with fungicide 5 days after inoculation. Significant differences
(Student’s ¢ test, oo < 0.05) between high- and low-sensitivity populations within individual treat-

ments are designated by (¥).
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tions, although the contributions of each of
these components are not fully understood.

Interestingly, U. necator sensitivities to
azoxystrobin, pyraclostrobin, and triflox-
ystrobin did not correlate as strongly or as
uniformly as expected, based upon the
existence of cross-resistance between fun-
gicides of this group for a number of plant
pathogens (18). However, the results were
comparable to those found for cross-
sensitivities published for U. necator to the
DMI fungicides fenarimol, myclobutanil,
and triadimenol (10). Perhaps our results
were due to the narrow range of sensitivi-
ties of the isolates tested to the strobilurins
and the limited sample size used. Never-
theless, it would have been interesting to
have had tested isolates with a wider range
of sensitivities, including those with high
levels of strobilurin insensitivity, to make
these comparisons and document cross-
resistance between strobilurins for U. ne-
cator. However, the present study appears
to be the first published record to docu-
ment the sensitivity distribution of this
pathogen to strobilurin fungicides.

As seen with previous studies using
grape leaf disks and strobilurin fungicides
(37), there was considerable phytotoxicity
caused by kresoxim-methyl at concentra-
tions higher than 4.0 pg/ml, a concentra-
tion that did not inhibit fully the radial
expansion of the isolates of U. necator that
were tested. Alternate methodologies were
not pursued for the purposes of this study,
but further studies indicated that treating the
leaf disks 24 h after excision with a spray
suspension of formulated kresoxim-methyl
(Sovran 50WP) allowed for the application
of fungicide as high as 64 pg/ml without
phytotoxicity. Although not applicable for
this study, this method would allow for the
application of this type of leaf disk assay for
future sensitivity monitoring for U. necator
to kresoxim-methyl.

The development of practical resistance
to strobilurin fungicides by several plant-

pathogenic fungi and oomycetes appears to
be caused by the rapid buildup of highly
resistant phenotypes, resulting in qualita-
tive, disruptive shifts in their sensitivity
distributions with respect to these materials
(11,12,17). However, the risk of quantita-
tive, directional shifts that have conferred
practical resistance to DMI fungicides for
many plant pathogens, including U. neca-
tor (10,40), is unclear for the strobilurins.
Within this context, it is important to note
the pronounced difference in the range of
sensitivities that were detected in the base-
line population with respect to azox-
ystrobin versus myclobutanil (i.e., 7.5-
versus 140-fold, respectively). Typically,
practical resistance to DMI fungicides has
developed when fungicide rates that con-
trolled the vast majority of the pathogen
population fail to provide adequate control
of the least sensitive phenotypes at the
edge of such broad ranges, allowing them
to build up to damaging levels (10,20,23).
In contrast, our results suggest that the
risk and impact of quantitative shifts in
sensitivity to azoxystrobin, although meas-
urable, may be relatively minor with re-
spect to the narrow range of sensitivities
that were detected among isolates of U.
necator. Even for the least-sensitive U.
necator 1isolates that we found, azox-
ystrobin provided complete disease control
in a 1-day protectant assay when used at a
rate as low as 10% of that recommended
for field use, although longer intervals
between fungicide treatment and inocula-
tion were not tested to determine the dura-
tion of this activity. Nevertheless, such
reduced-rate applications made 5 days after
inoculation clearly provided a selective
pressure favoring the least-sensitive indi-
viduals within the pathogen population and
an attendant reduction in disease control.
Thus, maintenance of full recommended
fungicide rates, uniform spray coverage to
protect all susceptible host tissues, and the
avoidance of extended application intervals

(particularly if used in a postinfection
mode, either intentionally or by default,
e.g., on leaf tissues that have emerged
since the last fungicide application) should
minimize this risk. However, these tech-
niques are unlikely to affect the selection
for a qualitative, disruptive shift toward
resistance, since it is primarily dependent
on the number of selective events (fungi-
cide applications) to which the pathogen is
exposed (30).

It is within the context of potential quan-
titative shifts in sensitivities to strobilurins
among populations of U. necator that the
relationship between sensitivities to azox-
ystrobin and myclobutanil must be consid-
ered. Our results show a lack of independ-
ence between sensitivities to these two
unrelated fungicides. In this study, we have
referred to this as “cross-sensitivity” versus
“cross-resistance,” since this relationship is
not equivalent to the case when a genetic
change in an individual confers resistance
to a whole class of related chemistries (18).
This relationship between azoxystrobin and
myclobutanil sensitivities is similar to that
which has been documented for the rela-
tionship between sensitivities to dodine
and DMI fungicides for V. inaequalis (21).
The mechanism underlying this relation-
ship is unknown. An active efflux mecha-
nism has been suggested as a potential
contributor to the expression of pleiotropic
resistance to fungicides (6,7,19), but such
activity in plant-pathogenic fungi is still
poorly understood. Alternatively, it is pos-
sible that the development of fungicide
resistance in individual isolates of a plant-
pathogenic fungus may predispose those
individuals to more rapid development of
resistance to additional classes of unrelated
fungicides (double resistance) (22). Never-
theless, relative to the baseline site with no
exposure to either DMI or strobilurin fun-
gicides, sensitivities to azoxystrobin had
shifted at the DMlI-resistant site, where
prolonged usage of DMI fungicides has led

Table 4. Analysis of variance for disease severity for Vitis vinifera cv. Riesling seedlings treated with protectant or postinfection applications of azoxy-
strobin at 0 to 250 pg a.i./ml and inoculated with isolates of Uncinula necator of either high or low azoxystrobin sensitivity

Disease severity™™*

Protectant? Postinfection*
Source of variation df MS F MS F
Sensitivity 1 0.0341 7.79 * 0.8603 205.81
Concentration 4 09116 208.12 #** 0.4067 97.30
Linear 1 34313 783.39 1.5535 371.65 ***
Quadratic 1 0.1195 27.28 ek 0.0005 0.13
Cubic 1 0.0944 21.55 ek 0.0088 2.10
Quartic 1 0.0011 0.26 0.0640 15.32 s
Sensitivity x concentration 4 0.0114 2.60 0.0664 15.88 #**
Linear 1 0.0040 0.92 0.0352 8.43 **
Quadratic 1 0.0218 497 * 0.1899 45.42 %
Cubic 1 0.0095 2.17 0.0403 9.65
Quartic 1 0.0103 2.34 0.0000 0.00
Error 20 0.0044 0.0042

Y F values are significant at P < 0.05 (*), P <0.01 (**), and P <0.001 (***) as noted.

* Disease severity was analyzed following arcsine square root transformation of the data.
Y Protectant applications were made 1 day before inoculation.

% Postinfection applications were made 5 days after inoculation.
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to the development of practical resistance
to myclobutanil.

Although a shift in azoxystrobin sensi-
tivity was apparent in the population
treated exclusively with myclobutanil, the
extent of this shift was not severe enough
to compromise control by azoxystrobin, as
evidenced by the seedling assays, when
10% to full rates of the fungicide were
used in a protectant manner or when full
rates were applied postinfection. Further-
more, rotational programs incorporating
both azoxystrobin and myclobutanil pro-
vided good control of powdery mildew in
both years where it had been tested, in
addition to halting further shifts toward
myclobutanil insensitivity in 1999, com-
pared with isolates recovered from the
unsprayed and myclobutanil-only treated
vines. The historical performance of my-
clobutanil at the DMI-resistant site clearly
indicated that the performance of this fun-
gicide was compromised, and the control
provided by myclobutanil-only spray pro-
grams would not be acceptable commer-
cially. The spray programs in 1998 and
1999 that included azoxystrobin provided
superior disease control, indicating that
azoxystrobin contributed to the control of
DMl-resistant individuals that would oth-
erwise not have been as well controlled in
a myclobutanil-only spray program. Thus,
based on our results, we suggest that such
programs rotating strobilurin and DMI
fungicides are viable options for limiting
the use of both materials while providing
commercially acceptable disease control.

For practical resistance to the stro-
bilurins by U. necator, the risk and timing
of resistance development is still unclear.
The results presented by this study provide
important information to assist in monitor-
ing shifts in sensitivity over the long term.
Additionally, we provide information on an
unexpected relationship in U. necator be-
tween azoxystrobin and myclobutanil sen-
sitivities, that can serve as a model for
other DMI-strobilurin interactions as well
as provide information for additional stud-
ies on cross sensitivities between otherwise
unrelated fungicides.
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