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Abstract

The resistance to strobilurin-related fungicides and its molecular basis in laboratory mutant isolates of
Cercospora beticola was investigated. After ultraviolet mutagenesis, mutants with high, moderate or low
resistance levels to pyraclostrobin were isolated from a wild-type strain of C. beticola. Fungitoxicity tests on
the response of resistant isolates on medium containing pyraclostrobin and salicylhydroxamate (SHAM), a
specific inhibitor of cyanide-resistant (alternative) respiration, indicated that the biochemical mechanism of
alternative oxidase was not responsible for the reduced sensitivity to pyraclostrobin for half of the mutants.
Cross-resistance studies with other inhibitors of the cytochrome bc; complex of the mitochondrial respi-
ratory chain showed that the mutation(s) for resistance to pyraclostrobin also reduced the sensitivity of
mutant strains to other Qo inhibitors such as azoxystrobin and fenamidone, but not to the Qi inhibitor
cyazofamid. No effect of pyraclostrobin-resistant mutation(s) on fungitoxicity of the carboxamide boscalid,
the triazoles epoxiconazole and flutriafol and to the benzimidazole benomyl, which affect other cellular
pathways or other steps of the respiratory chain, was observed. Study of fitness parameters showed that
most mutants had a significant reduction in sporulation and pathogenicity compared to the wild-type
parental isolate. However, experiments on the stability of the resistant phenotype did not show a significant
reduction of the resistance for half of the mutants when grown for at least four generations on pyrac-
lostrobin-free medium. Molecular analysis of cytochrome b ¢cDNA, isolated from the wild-type and the
pyraclostrobin-resistant mutant isolates, revealed two novel amino acid replacements at positions involved
in Qo resistance in other species. The glycine (GGT) to serine (AGT) replacement at position 143 (G143S)
was found in the isolate with the highly resistant phenotype. The second amino acid change was the
replacement of phenylalanine (TTC) by valine (GTC) at position 129 (F129V), which was found in a
mutant strain with the moderately resistant phenotype. Four additional mutations located in conserved
regions of the mitochondrial cytochrome b gene (I154L, N250D, E256G and V261D) were detected in some
mutant isolates of C. beticola but their possible role in Qo-resistance needs further investigation. This is the
first study reporting C. beticola strains resistant to Qo inhibitor fungicides due to the biochemical mech-
anism of target-site modification, resulting from amino acid changes in the mitochondrial cytochrome
b gene.
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Introduction

Cercospora leaf spot caused by Cercospora beti-
cola is one of the most serious diseases of sugar
beets with world-wide economic importance.
Control of the fungus in Greece and other areas
with a warm climate and irrigation is based mainly
on frequent fungicide applications. However,
serious problems have resulted from the extensive
appearance of resistant isolates to the intensively
used benzimidazoles, organotin fungicides and
sterol biosynthesis inhibiting triazoles (Karaog-
lanidis et al., 2003). Isolates resistant to the benz-
imidazoles appeared in the early of 1970s resulting
in complete failure of disease control (Georgopo-
ulos and Dovas, 1973; Weiland and Halloin,
2001). The replacement of benzimidazoles with the
triazole fungicides was only a temporary solution
to the problem because in the last 10 years triaz-
ole-resistant isolates were also reported (Karaog-
lanidis et al., 2000). The organotin fungicide
fentin-acetate, which was used in the anti-resis-
tance strategies was withdrawn and the use of
the dithiocarbamate maneb may eventually be
restricted. Such restrictions intensified the need for
new fungicides with novel site-specific mechanisms
of action.

During the last decade fungicide research has
produced a diverse range of anti-fungal agents
with novel modes of action, which are expected
to have a significant impact on the control of
C. beticola. The Qo inhibitors (Qol) of the cyto-
chrome bc¢; complex of the respiratory chain, is the
most important new chemical group of fungicides
with a broad spectrum of activity used against
fungal species among the four major classes of
Ascomycetes, Basidiomycetes, Deuteromycetes
and Oomycetes (Ammermann et al., 2000). How-
ever, Qol fungicides are also threatened by resis-
tance development as indicated by recent reports.
In the last few years field populations of certain
pathogens, such as Blumeria (Erysiphe) graminis,
Plasmopara viticola, Venturia inaequalis, Pyricu-
laria (Magnaporthe) grisea and Mycosphaerella
fijiensis, resistant to Qol have been detected in
Europe and elsewhere (Heaney et al., 2000; Sier-
otzki et al., 2000a, b; Chin et al., 2001a; Ishii et al.,
2001). Biochemical and molecular studies have
shown that resistance to Qol fungicides would
appear either by a target site modification through
point mutations in the Qo site of cytochrome 5 (Di

Rago and Colson, 1989; Zheng and Kéller, 1997,
Zheng et al., 2000) or by increased electron
transfer through alternative oxidase, a bypass of
the complexes III and IV of the cytochrome
pathway (Ziogas et al., 1997; Tamura et al., 1999).

Strobilurin fungicides such as trifloxystrobin
and pyraclostrobin have recently been registered in
Greece for the control of Cercospora leaf spot and
a serious concern is the duration of their effec-
tiveness. Cercospora beticola is a ‘high risk’ path-
ogen in terms of resistance and these fungicides
face the possibility of control failure due to the
appearance of field-resistant strains. To our
knowledge no information is available concerning
the risk for resistance development to Qol in
C. beticola. Defining the resistance risk is not easy
and important considerations for this are the
genetic potential and the possible mechanism by
which resistance is achieved in the pathogen pop-
ulation. Thus the specific objectives of the present
study were: (a) to explore the genetic potential of
C. beticola to develop resistance to Qol; (b) to
identify the biochemical mechanism and the
molecular basis for resistance to Qol and (c) to
assess the impact of mutations for resistance to
Qol on the ecological fitness characteristics of
C. beticola.

Materials and methods
Fungal strains and culture conditions

The wild-type strain 222S of C. beticola isolated
from sugar beet plants (Beta vulgaris var.
sacharifera cv. Adrienne) in Greece was used to
obtain pyraclostrobin-resistant mutants (C/PYR).
All isolates were grown and maintained on
Aspergillus Complete Medium (ACM) containing
1% glucose, 1% yeast extract and 2% agar, in a
controlled climate cabinet at 27 °C with
14 h day™' light and 70% relative humidity. For
long-term storage the isolates were maintained in
glass tubes on ACM medium at 10 °C in the dark
and single-tip transfers were made once a month.

Fungicides
The fungicides used in in vitro tests were pure

technical grade. Pyraclostrobin, epoxiconazole
and boscalid were kindly supplied by BASF AG



(Limburgerhof, Germany), azoxystrobin by Syn-
genta Crop Protection AG (Basle, Switzerland),
fenamidone by Bayer CropScience AG (Leverku-
sen, Germany), flutriafol by Zeneca Agrochemi-
cals (Farnham, UK) and benomyl by Du Pont de
Nemours and Co. (Wilmington, DE, USA). Cya-
zofamid, antimycin A and salicylhydroxamate
(SHAM) were purchased from Fluka, Sigma and
Aldrich, respectively. Stock solutions of fungicides
were made in acetone, with the exception of
SHAM and antimycin A, which were dissolved in
methanol and ethanol, respectively.

Mutation induction

Pyraclostrobin-resistant isolates were obtained via
UV mutagenesis. Conidial suspensions (approxi-
mately 107 conidia mI™") of the wild-type strain of
C. beticola in water were obtained from 8 to
10 day-old cultures and were exposed with con-
tinuous agitation to ultraviolet irradiation (TUV
Philips, 15W, 254 nm) for 5 min. After irradiation
the conidia were kept for 30 min in the dark to
minimize photorepair of radiation damage, then
plated on ACM medium containing 5 pg ml™'
pyraclostrobin and incubated at 27 °C for 15 days,
to enable resistant colonies to appear. The selected
resistant isolates C/PYR were maintained on
ACM agar slants containing 2 pg ml~' pyraclost-
robin, the concentration causing 90% reduction
(ECyg) of growth of the wild-type parent strain of
C. beticola.

In vitro fungitoxicity tests

Fungitoxicity tests were made with six mutant
strains using several concentrations of each fun-
gicide to determine the ECsy and the ECy, values.
The fungicide sensitivity of the wild-type and
mutant strains was assessed by inoculating ACM
medium plates with mycelial inoculum consisting
of 2 mm plugs cut from the growing edge of 5 day-
old cultures maintained on the same medium. The
mycelial agar plugs were placed with the surface
mycelium in direct contact with the medium. The
fungicides were added aseptically to sterilized
growth medium from stock solutions, prior to
inoculation. In all cases, the final amount of
solvent never exceeded 1% (v:v) in treated and
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control samples. At least six concentrations with
three replicates for each fungicide were used to
obtain the respective fungitoxicity curves. Control
plates without fungicide received an equivalent
amount of solvent. The effect of the fungicide on
growth was determined by measuring the diameter
of mycelial colonies after incubation for 10 days at
27 °C in the dark. The ECsq or ECyq values were
determined from dose-response curves after probit
analysis.

Determination of ecological fitness parameters

Mutants of C. beticola were tested for mycelial
growth rate, sporulation, stability and pathoge-
nicity compared with the wild-type parent strain.
Growth rates in fungicide-free ACM medium were
calculated as previously described. To determine
conidial production in the absence of fungicides,
ACM plates were inoculated with a conidial sus-
pension (10° conidia per plate) and were incubated
for 10 days at 27 °C with 14 h day™' light. The
total mycelial mass produced was scraped from
each dish and transferred to a 250 ml Erlenmeyer
flask with 20 ml deionized water. The flasks were
hand-agitated vigorously and conidia were filter-
separated through cheesecloth. The concentration
of the resulting spore suspension was determined
with a Neubauer haemocytometer and expressed
as number of conidia cm™? of the ACM culture.

The stability of resistant phenotypes was
assessed by successive transfers of selected mutants
in fungicide-free growth medium, for at least four
generations. The sensitivity to pyraclostrobin was
measured after every subculture of mutant isolates
at the ECy for the wild-type strain.

Pathogenicity of the wild-type and mutant iso-
lates of C. beticola was determined by examining
symptom severity caused by each strain on sugar
beet plants. Sugar beet seedlings grown in plastic
pots for four weeks (three seedlings per 17 cm pot,
two pots per treatment) were used at the 3—4 leaf
stage. A suspension of 10* conidia ml™' was
sprayed to run-off. The inoculated plants were
incubated in a moist chamber for 15 days at 27 °C
with 14 h day™' light, and the infection was re-
corded according to the 0-9 disease index rating
scale of Kleinwanzlebener Saatzucht (Shane and
Teng, 1992).



158

Isolation of genomic DNA and total RN A
and synthesis of cDNA in C. beticola

Fungal cultures were grown on a 9 cm disc of
sterile cellophane on ACM at 27 °C for 10 days.
Mycelium was peeled off and ground in liquid
nitrogen using a mortar and pestle. Genomic DNA
and total RNA were isolated using TRI reagent
(Sigma) according to manufacturer’s instructions.
The RNA was treated with DNase RQI1 (Pro-
mega) and first-strand cDNA was synthesized
using SuperScript II RNase H™ reverse transcrip-
tase (Invitrogen) and an oligo(dt) adaptor primer
[5-GACTCGAGTCGACATCGA (-dT);7-3'].

Cloning and sequence analysis of a partial fragment
of C. beticola cytochrome b gene

The degenerate oligonucleotide primers, cytblF
(designed from conserved regions of the cyt b
protein) and cytbascolR (adapted from Sierotzki
et al., 2000a, b) (Table 1), were used to amplify a
partial fragment (~705 bp) of the cyt b gene from
gDNA and cDNA of the wild-type 222S C. beti-
cola strain. The primers cytblF and cytbascolR
(Table 1), at a concentration of 0.5 uM were used
in PCR reaction containing 3 mM MgCl,, | mM
dNTPs, and 2.5 units of HotStar Tag DNA
polymerase (Qiagen) in the manufacturer’s PCR
buffer. The PCR conditions were 95 °C for 15 min
and then 35 cycles of 94 °C for 30 s, 48.5 °C for
I min and 72 °C for 2 min with a final 10 min
extension at 72 °C. Products of the expected size
were ligated to pGEM-T easy vector (Promega),
and several independent clones were sequenced in
both directions. Sequence data were analyzed
using Lasergene software (DNAstar, Madison,
USA). The 3’ end of the cyt » cDNA was obtained
by PCR with a specific forward primer,
cytb3RACE (Table 1) and the adaptor primer

Table 1. Primers used for the amplification of the cytochrome
b gene fragment

Primer Sequence (5-3%)

cytblF ga(ag)ca(ct)at(agt)atg(ac)g(agt)ga(ct)gt

cytbascolR aaca(at)(aget)g(ct)(agt)at(age)ac(at)ccta
cytb3RACE cttcatgecgaacgttttagg

cytbSF acagcttcagcatttttcttett

cytbSR tctatgaatggtgattcaacgtg

[5-GACTCGAGTCGACATCGA-3"]. The PCR
reaction mixture was as above except it contained
2 mM MgCl,, 1 mM dNTPs, 0.4 uM of each pri-
mer and 1.75 units of HotStar Taq polymerase.
The PCR reaction was carried out at 95 °C for
15 min followed by 35 cycles of 94 °C for 30 s,
48 °C for 30 s, 72 °C for 40 s with a final 10 min
extension at 72 °C. Products of the expected size
(~480 bp) were sub-cloned, sequenced and ana-
lyzed as above.

The primers cytbSF and cytbSR (Table 1) were
used to amplify a 800 bp fragment encoding cyt b
gene from the wild-type (222S) and the pyraclost-
robin-resistant mutants C/PYR-C4, C/PYR-U2
and C/PYR-N7. The PCR reaction was as above
except it contained 0.2 uM from each primer,
1.5 mM MgCl,, 0.5 mM dNTPs, and 1.25 units of
HotStar Tag DNA polymerase. The PCR reaction
was carried out at 95 °C for 15 min followed by 35
cycles of 94 °C for 30 s, 52 °C for 30 s, 72 °C for
40 s with a final 7 min extension at 72 °C. The
fragments were ligated to pGEM-T easy vector. At
least 10 independent clones from each strain were
sequenced in both directions and analyzed as
previously described.

Statistical analysis

Data analysis was carried out with the Statistical
Analysis System (JMP, SAS Institute, Inc., Cary,
NC, USA). The growth rate and the ECsy or ECy
value for each isolate and fungicide were calcu-
lated from the data subjected to probit analysis.
Duncan’s multiple range test was used to assess the
differences between mycelial growth rates, sporu-
lation and pathogenicity ratings of isolates.

Results

Isolation and characterization of pyraclostrobin-
resistant mutants of C. beticola

Mutant strains of C. beticola resistant to pyrac-
lostrobin were isolated after UV mutagenesis and
selection on medium containing pyraclostrobin,
indicating the existence of a genetic and bio-
chemical potential for development of resistance
towards this particular fungicide. Approximately
4.5 x 10° mutated conidia of the wild-type strain,
which survived the mutagenic treatment (98%
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Figure 1. Sensitivity of the wild-type and mutant isolates (C/PYR) of C. beticola to pyraclostrobin on ACM medium. Measure-
ments were made after 10 days incubation at 27 °C. Results are means of four replicates with bars showing the standard errors.

lethality), were plated on ACM containing
5pug ml™' pyraclostrobin. From this selection
medium, six resistant colonies were obtained dur-
ing the first 10 days of incubation, indicating a
mutation frequency of 1.3 x 107>, A dose-depen-
dent growth inhibition of the wild-type strain was
observed and the ECs, and ECqy, values were
found at concentrations of 0.35 and 2 pg ml™'
pyraclostrobin (Figure 1). Fungitoxicity tests on
the response of C/PYR isolates to the presence of
pyraclostrobin in growth medium resulted in the
identification of three pyraclostrobin-resistant
phenotypes regarding the level of resistance observed.
The resistance factors (Rf), based on ECsq values,
were more than 200, 50-80 and 3-5 for the highly
resistant (HR: C/PYR-U2), moderately resistant
(MR: C/PYR-N2, C/PYR-C4 and C/PYR-C9)
and low resistant (LR: C/PYR-NI11 and C/PYR-
N7) phenotype, respectively (Figure 1).

The sensitivity of the wild-type 222S and C/
PYR-U2, C/PYR-C9 and C/PYR-N7 mutant
strains to pyraclostrobin was not affected by the
presence of SHAM in the growth medium (Fig-
ure 2). Fungitoxicity tests of pyraclostrobin in the
presence of SHAM showed an increase of sensi-
tivity in the case of C/PYR-N2 and C/PYR-NI11
mutants indicating that alternative respiration is,
at least partially, responsible for their resistance to
pyraclostrobin. An interesting decreased fungi-
toxic effect of pyraclostrobin was observed in the

case of C/PYR-C4 strain when SHAM was added
in growth medium (Figure 2).

The cross-resistance patterns of pyraclostrobin
with other inhibitors of b¢; complex and fungicides
affecting other cellular pathways or other sites of
the cytochrome pathway are shown in Table 2.
The mutation(s) for resistance to pyraclostrobin
reduced the sensitivity of mutant strains to other
Qo inhibiting fungicides such as azoxystrobin and
fenamidone. No resistance relation between pyr-
aclostrobin and the Qi inhibitor cyazofamid was
observed. An interesting fungitoxicity profile was
observed in the case of the mutant strains C/PYR-
N2 and C/PYR-NI11, which were more resistant
than the wild-type to antimycin A in the absence of
SHAM (Table 2). Resistance to antimycin A was
also observed in the case of the C/PYR-C4
regardless of the presence of SHAM. A resistance
correlation was not found for the benzimidazole
benomyl, triazoles epoxiconazole and flutriafol
and the carboximide boscalid, which affect
other cellular processes or other steps of electron
transport.

Stability of resistance and ecological fitness
parameters

Growth of mutant isolates in fungicide-free
medium showed, with the exception of C/PYR-U2
and C/PYR-N7, a reduction in pyraclostrobin
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Figure 2. Sensitivity of the wild-type and mutant isolates (C/PYR, grouped by phenotype) of C. beticola to pyraclostrobin in
absence or presence of SHAM (0.5 mM) on ACM medium. Measurements were made after 10 days incubation at 27 °C. Results

are means four replicates.

resistance (Figure 3). However, a recovery of the
level of resistance was observed when the mutants
were sub-cultured (up to four transfers) on med-
ium containing 2 pg ml™' pyraclostrobin (Fig-
ure 3).

Study of fitness-determining characteristics in
the wild-type and mutant strains showed that the
mutation(s) leading to resistance to Qol fungicides
affect the ecological fitness of most mutant
isolates. The mycelial growth varied; the C/PYR-
C9, C/PYR-NI11, C/PYR-C4, C/PYR-N2 and

C/PYR-N7 isolates grew approximately as the
wild-type parent strain, while the growth rate of
C/PYR-U2 was 30% lower compared to the wild-
type strain. Comparisons of conidial production
between resistant mutants and the wild-type par-
ent strain of C. beticola showed a reduction in
sporulation for half (C/PYR-N2, C/PYR-NI11
and C/PYR-C4) of the mutant isolates tested
(Table 3).

Study of the effect of resistance mutation(s) on
the pathogenicity showed that none of the resistant

Table 2. Fungicide sensitivity of wild-type and pyraclostrobin-resistant isolates of Cercospora beticola

Fungicide Myecelial relative growth® (mean + SEP)
2228 (wt) C/PYR-N7° C/PYR-N11° C/PYR-N2¢ C/PYR-C4? C/PYR-C9® C/PYR-U2®
Pyraclostrobin (5 pg ml™")  4.67 +£0.35 272+0.28 31.19+ 1.75 52.95+0.90 584+ 125 6538 +025 84.47 +0.31

Azoxystrobin (5 pg ml™") 0
Fenamidone (10 pg ml™")  12.5 + 0.05
Cyazofamid (10 pg ml™")
Antimycin A (5 pg ml™)
Boscalid (5 pg ml™")

Flutriafol (5 pg ml™")

Benomyl (0.25 pg ml™) 1.00 + 0.05 ntf nt

5520 £1.90 4692 +£0.85 5842+ 130 66.36+0.05 68.11 +1.25 74.68 + 0.40
64.90 £0.18 60.22 £0.55 6520=*035 7191+ 1.15 7432+ 0.20 75.25 + 0.68
79.81 +£0.20 78.68 £ 0.45 78.25+ 1.55 80.10 £ 0.19 80.90 + 1.20 78.90 &+ 0.15 78.22 + 0.90
54.69 + 1.05 52.63 £0.05 88.25+0.85 8377025 91.18 £0.95 52.70 = 1.15 59.62 + 0.82
74.50 &£ 1.00 71.70 = 1.86 7325+ 0.35 77.78 £0.49 69.66 + 1.51 78.57 £1.00 72.28 + 1.96
Epoxiconazole (10 pg ml™")  12.40 + 0.57 11.35+£0.07 12.76 £ 0.75 1132+ 0.97 9.96 + 0.96
21.03 £ 1.42 21.59 +£1.43 20.51 £542 nt

9.45+1.08 nt
22.78 £ 1.78 26.12 £ 1.75 19.40 £ 1.53

1.25+0.10 1.254+0.20 2.05+0.50 1.00 £ 0.05

“Mycelial growth as percent of fungicide-free control at certain fungicide concentrations after 10 days of incubation at 27 °C (n = 4).

®Pooled standard error of the means (n = 4).

“Low resistant strains, “moderately resistant strains, highly resistant strain.

fat: not tested.
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Figure 3. Growth of pyraclostrobin-resistant isolates of C. beticola at 2 ng ml™" pyraclostrobin, after sub-culturing on ACM med-
ium in presence or absence of pyraclostrobin. Measurements were made after 10 days incubation at 27 °C.

strains lost their ability to cause infection on sugar
beet seedlings. However, all mutant strains were
less aggressive than the wild-type parental strain
(Table 3).

¢DNA and deduced amino acid sequence of cyt b
gene of C. beticola

The resistance in the presence of SHAM in most
isolates indicated an altered target site resistance
mechanism. In order to verify this hypothesis, a
region of cyt b gene from the wild type strain
(222S) was sequenced. A 963 bp fragment of

C. beticola cyt b cDNA was obtained by using
degenerate primers for fungal cyt b, as well as
utilizing 3’RACE techniques. Comparison of the
predicted cyt b amino acid sequence with amino
acid sequences from other fungi is shown in Fig-
ure 4. The cyt b amino acid sequence showed
highest similarity (93.1%) with the corresponding
region of the cyt b gene from M. graminicola. All
major amino acid components, such as the con-
served PEWY and the NKL motives of the cyt b
gene and the predicted transmembrane helices are
present in the C. beticola cyt b gene (Figure 4). The
PEWY loop, which is shown in bold at the

Table 3. Ecological fitness of C. beticola isolates resistant to pyraclostrobin compared to their parental wild-type strain

Strains Resistance factor® (based on EC50P) Radial growth® Sporulation® Pathogenicity®
2228 (wt) 1 34.50 abf 5.06 a 100 a
C/PYR-U2 >200 25.13d 4.37 ab 46.15 ¢
C/PYR-C9 80 3537a 5.18 a 69.65 be
C/PYR-C4 70 33.06 ab 3.62 be 64.10 be
C/PYR-N2 50 31.87 be 293¢ 76.92 b
C/PYR-N7 5 31.34 be 5.52a 82.05b
C/PYR-NI1 3 33.50 ab 3.02 be 79.43 b

“The ratio of ECsy of mutant : ECs, of the wild-type.
PEffective concentration causing 50% reduction in growth rate.

“Mean colony diam. (mm) measurements after 10 days incubation (n = 4).

9Mean number (x 10%) of conidia cm™ of colony after 10 days incubation (n = 4).

“Pathogenicity as % of wild type. The sum of indices of six sugar beet plants for the wild-type isolate was 39.

fWithin columns, values followed by the same letter do not differ significantly according to Duncan’s multiple range test (P = 0.05).
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helix A
M. graminicola MRIWKSHPLFSLVNGYLIDSPQPSNLSYLWNFGSLLGFCLVIQIVTGVTLAMHYNPSVSE 60
C. beticola = —----mm oo
B. graminis = =0 0——o—mmmmmmmmmmm SLLAVSLVIQIITGVTLAMHYNPSVLE
V. inaequalis MRILKSHPLLRLANSYIIDSPQPSNISYLWNFGSLLAFCLVIQIITGVTLAMHYNPSVLE
A. niger MRILKSHPLLKIVNSYMIDSPQPANISYLWNFGSLLALCLGIQIVTGVTLAMHYTPSVLE
M. grisea MRILKSHSLLKLVNSYLIDASQPSNISYLWNEFGSLLAVCLIVQIITGITLAMHYSPSVME
N. crassa MRLLKSHPLLKLVNSYLIDASQPSNISYLWNEFGSLLACCLIIQIVTGVTLAMHYSPNVLE
F. oxysporum MRILKNHPLLKLANGYLIDASQPSNISYLWNEFGSLLLVCLVIQIVTGVTLAMHYNPSVLE
heli B <
M. graminicola AFNSVEHIMRDVNNGWLIRYLHSNTASAFFFLVYLHVGRGLYYGSYKAPRTLTWTIGTII 120
C. beticola  -—=-—- EHMMRDVNNGWLIRYLHSNTASAFFFLVYLHVGRGLYYGSYKAPRTLVWTIGTII
B. graminis AFNSVEHIMRDVNNGWLIRYIHSNTASAFFFLVYLHIGRGLYYGSYRAPRTLVWTIGTVI
V. inaequalis AFNSVEHIMRDVNNGWLIRYLHANTASAFFFIVYLHMGRGLYYGSYRAPRTLVWTLGVII
A. niger AFNSVEHIMRDVNNGWLVRYLHANTASAFFFLVYLHIGRGLYYGSYKSPRTLTWAIGTVI
M. grisea AFNSIEHIMRDVNNGWLVRYLHSNTASAFFFLVYLHIGRGIYYGSYRAPRTLVWAIGTVI
N. crassa AFNSIEHIMRDVNNGWLVRYLHSNTASAFFFLVYLHIGRGMYYGSYRAPRTLVWAIGTVI
F. oxysporum AFNSVEHIMRDVNNGWLVRYLHSNTASAFFFLVYLHIGRGIYYASYRAPRTLTWVIGTII
kk kKkkKAkAkhkAAkKk KKk kK Kkhkhkkkhkkkk Kkhkhkk KAkk *k kK Kk Kk kK Kk * *
helixCcvw o v v -
M. graminicola LVLMMAT GYVLPYGOMSLWEATVITNLLSAIPWVGQDIVEFVWGGEFSVNNATLNREFE 180
C. beticola LVLMMAT. GYVLPYGOMSLWEATVITNLMSAIPWVGQDIVEFLWGGEFSVNNATLNREF
B. graminis FILMIVT GYVLPYGOMSHWEATVITNLMSAIPWIGQDIVEFLWGGFSVNNATLNREFE
V. inaequalis FILMIVT GYVLPYGOMSLWEATVITNLMSAIPWIGQDIVEFLWGGFSVNNATLNREF
A. niger LIVMMAT GYVLPYGOMSLWEATVITNLMSAIPWIGQDIVEFIWGGFSVNNATLNREFE
M. grisea LILMMAT GYVLPYGOMSLWEATVITNLISAIPWIGQDIVEFIWGGFSVNNATLNREFE
N. crassa LILMMAT GYVLPYGOMSLWEATVITNLISAIPWIGQDIVELHLGGFSVNNATLNREF
F. oxysporum LIVMIVT GYVLPYGOMSLWEATVITNLISAVPWIGQDIVEFIWGGFSVNNATLNREE
* KhkKhkKkAkAkKAKkhkAhkk *Nhkkhkkhkkhkhkhkk,k **k **k *kk*kkxk*k AR E R SRS E S S S S
helix D helix E
M. graminicola ALHFVLPFVLAALVLMHLTALHDTAGSGNPLGVSGNYDRLPFAPYFIFKDLITIFLFIIV 240
C. beticola ALHFVLPFVLAALALMHLIALHDSAGSGNPLGVSGNYDRLPFAPYFIFKDLITIFLFIIV
B. graminis ALHFVLPFVLAALALMHLIALHDSAGSGNPLGVSGNYDRLPMAPYFLFKDLITIFLFIII
V. inaequalis ALHFVLPFVLAALALMHLIALHDSAGSGNPLGVSGNFDRLPFAPYFIFKDLITIFLFILG
A. niger ALHFLLPFVLAALALMHLIAMHDTVGSGNPLGISGNYDRLPFAPYFIFKDLVTIFIFFIV
M. grisea ALHFVLPFVLAALVLMHLIALHDTAGSSNPLGVSGNYDRITFAPYFLFKDLITIFIFIEV
N. crassa ALYFVLLFILVVLVLMYLIVLYDIVGLSNPLGALGNYDRIIFAPYYLFKDLITIFIFIYV
F. oxysporum ALHFVLPFILAALVLMHMIALHDTAGSSNPLGVPVYYDRMPMAPYFLFKDLITIFIFIFV
*k ok ok x * * Kk * * * * Kk Kk ok * k * Kk Kk *kkk Kkkkx K
Y vy helix ef
M. graminicola LSIFIFFMPNVLGDSENYVMANPMOTPPAIVPEWYLLPFYAILRSIPNKLLGVIAMEFSATI 300
C. beticola LSVFVFFMPNVLGDSENYVVANPMOTPPAIVPEWYLLPFYAILRSIPNKLLGVIAMFSAT
B. graminis LSMEFVFFMSNVLGDSENYVMANPMQTPAAIVPEWYLLPFYAILRSIPNKLLGVIAMESAL
V. inaequalis LSIFVFFAPNILGDSENYVVANPMOTPPAIVPEWYLLPFYAILRSIPNKLLGVIAMFAAT
A. niger LSIFVFFMPNALGDSENYVMANPMQTPPAIVPEWYLLPFYAILRSIPNKLLGVIAMESATL
M. grisea LSAFVFFMPNVLGDSDNYIMANPMQTPAAIVPEWYLLPFYAILRSIPNKLLGVIAMESAL
N. crassa LSSFVFFMPNVLGDSENYIMANPMQTPPAIVPEWYLLPFDAILRSIPNKLLGVIAMESATL
F. oxysporum LGIFVFFMPNVLGDSDNYIMANPMQTPPAIVPEWYLLPFYAILRSIPNKLLGVIAMLAATL
* *  kx * kkkk kK dhkkkhkhkkkhk hhkhkhkkhkhkhkhkkdkhkk *Ahkkhkrkkhkhkhkhhkrhhxix*k * *
helix F helix G
A Y
M. graminicola LIIMIMPITDLGRSRGLQFRPLSKITFYIFVANFLVLMQLGANHVESPFIEFGQISTVLY 360
C. beticola LIILTMPFTDLGRSRGLQFRPLSKIAFYIFVANFLLLMQLGAKHVESPFIEFGQISTVLY
B. graminis LALLAMPFTDLSRSRGLQFKPLNKAAFYIFIGNFVILMVLGAKHVESPYIELGQFSTLLY
V. inaequalis VILLVMPFTDLGRSRGIQFRPLSKIAYYFFIANFLILMKLGAKHVESPFIEFGQISTVLY
A. niger LALMVMPITDLSKLRGVQFRPLSKVAFYIFVANFLVLMOQIGAKHVETPFIELGQISTVLY
M. grisea LAIMLLPVTDLGRSRGLQFRPFSKIAFWVEFVANFLVLMOQLGAKHVEDPFILLGQLSTVLY
N. crassa LAIMLLPITDLGRSKGLQFRPLSKFAFWAFVVNFLILMKLGACHVESPFIELGQFSTIFY
F. oxysporum LIILLLPKADLGLTKGLQFRPLSKIAFYLFLVNFLMLMQLGAKHVESPFIEIGQLSTALY
* * %k * kkx K * * * * * % *k kkk Kk Kk **k  kk *
helix H
M. graminicola FSHFLIIVPLVSLIENTLVDMHLNNTIT----- 388
C. beticola FSHFLIIVPLVSLLENSLIELHLNKK-—-—-—-—-—-—
B. graminis FSHFLLIVPLVNFLENTLIVLSCRSS———-—-—-—-—
V. inaequalis FSHFVIIVPLVSLIENTLVDLHLHNTLSLKNVF
A. niger LAHFLVIVPVVSLIENSLVELATKK-—-——————
M. grisea FSYFVAILPLASYLDNSLTDLSNKSELFLNKN-
N, crassa LSYFIFIVPVLSLIENTLVDLNYLK--—---—-—
F'. oxysporum FSHFLFILPAVSILENTLVDLELQNNAKNI---
* *  x *  x

Figure 4. Amino acid alignment of putative fungal cyt b proteins. Alignment was performed using Clustal W. Gaps introduced to
maximize sequence identity are shown by a horizontal dash. Identical amino acids are indicated by asterisks. Numbering of amino
acid residues follows translation of M. graminicola cyt b gene (AY247413). The positions of previously reported amino acid substitu-
tion polymorphism (F129L, G143A) which affect fungicide sensitivity are boxed. A solid triangle indicates the positions where the no-
vel mutations were found in this study (F129V, G1438S, 1154K, N250D, E256G, V259D). The predicted transmembrane helices A, B,
C, D, E, ef, F, G and H are shown by arrows. The PEWY and NKL motives are shown in bold. Accession numbers: B. graminis
AAK26621; V. inaequalis AAC03553; A. niger Q33798; M. grisea AA091628; N. crassa AAA31961; F. oxysporum AAW67488.



beginning of the ef helix is involved in inhibitor
binding at the Qo site.

Identification of resistant mutations

Based on the sequence obtained from the wild-type
strain, gene specific primers were designed and a
~800 bp fragment of cyt » DNA was obtained
from the pyraclostrobin-resistant strains. The
deduced cyt b amino acid sequences from mutant
strains were then compared to that of the pyrac-
lostrobin-sensitive strain.

Two amino acid replacements were identified at
codons 129 and 143 (Table 4) in two resistant
strains. In the first case, a TTC-to-GTC resistance
mutation resulted in the replacement of a phenyl-
alanine residue with a valine at codon 129 in the C/
PYR-C4 (MR) strain. The second mutation, a
glycine (GGT)-to-serine (AGT) substitution at
codon 143 was identified in the C/PYR-U2 (HR)
strain. Both mutations were located at positions
previously implicated in Qol-resistance in other
species.

Additional mutations were identified; an iso-
leucine (ATA)-to-lysine (AAA) substitution at
codon 154 in C/PYR-C4 and C/PYR-N7 (LR)
isolates, a glutamic acid (GAG)-to-glycine (GGG)
substitution at codon 256 and a valine (GTT)-to-
asparagine (GAT) substitution at codon 261 in the
C/PYR-C4 isolate and an asparagine (AAC)-to-
aspartic acid (GAC) substitution at codon 250 in
the C/PYR-U2 Qol-resistant isolate.

Discussion

Mutants of C. beticola with high, moderate and
low resistance to pyraclostrobin, an inhibitor of
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mitochondrial electron transport at the Qo-site of
cytochrome bc; complex, were isolated after
ultraviolet mutagenesis and selection on media
containing pyraclostrobin. The existence of three
different resistant phenotypes in C. beticola indi-
cated three different genotypes, each of which may
have different amino acid changes in the target site
of Qol or coding different biochemical resistance
mechanisms.

Study of the sensitivity of mutant strains to
other fungicides showed that the mutation(s) for
resistance to pyraclostrobin also reduced the sen-
sitivity of mutant isolates to the Qol azoxystrobin
and fenamidone, but not to the Qi inhibitor (Qil)
cyazofamid, the carboxamide boscalid, the triaz-
oles epoxiconazole and flutriafol and to the benz-
imidazole benomyl, which affect other cellular
pathways or other target sites of the respiratory
chain. The absence of cross-resistance between Qo
and Qi inhibitors in pyraclostrobin-resistant mu-
tants of C. beticola would suggest changes only in
the configuration at the Qo-site of cytochrome b,
which do not transmit a structural change to the
Qi-site. A positive cross-resistance, with high
resistance factors, among Qol has also been ob-
served in many other phytopathogenic fungi
(Heaney et al., 2000; Sierotzki et al., 2000a, b;
Chin et al., 2001a, b; Ishii et al., 2001; Steinfeld et
al., 2001; Vincelli and Dixon, 2002; Ziogas et al.,
2002; Pasche et al., 2005; Markoglou et al., 2006).

In addition, the absence of any effect of SHAM
on the fungitoxicity of pyraclostrobin in the
mutants C/PYR-U2, C/PYR-N7 and C/PYR-C9
indicated that alternative respiration is not the
biochemical mechanism of resistance to pyraclost-
robin in the above mutant strains. However, the
alternative oxidase may be, at least partially, the
biochemical mechanism of resistance in the case of

Table 4. Mutations in the cyt b gene in pyraclostrobin-resistant strains of C. beticola

Isolate Resistant Amino acid substitution
phenotype®
129° 143 154 250 256 261 (aa)
2228 wt Phe (TTC)* Gly (GGT) Ile (ATA) Asn (AAC) Glu (GAG) Val (GTT)
C/PYR-U2 HR Phe (TTC) Ser (AGT) Ile (ATA) Asp (GAC) Glu (GAG) Val (GTT)
C/PYR-C4 MR Val (GTC) Gly (GGT) Lys (AAA) Asn (AAC) Gly (GGG) Asp (GAT)
C/PYR-N7 LR Phe (TTC) Gly (GGT) Lys (AAA) Asn (AAC) Glu (GAG) Val (GTT)

“HR: Highly resistant strain, MR: Moderately resistant strain, LR: Low resistant strain.
®Numbering of amino acid residues follows the translation of M. graminicola cyt b gene (AY247413).

“The coding nucleotide sequence is given in parenthesis.



164

mutants C/PYR-N2 and C/PYR-NI11 as indicated
by the increase of fungitoxicity of pyraclostrobin in
the presence of SHAM. Furthermore, an interest-
ing fungitoxicity profile was observed in the case of
the mutants C/PYR-C4, C/PYR-N2 and C/PYR-
N11 which were as sensitive to cyazofamid as the
wild-type isolate, but were resistant to antimycin A.
The above strains, apparently, escape antimycin A
inhibition by utilizing the alternate respiration
pathway. The only explanation for the absence of
resistance to cyazofamid of the above mutant iso-
lates is that the binding of this fungicide at the
ubiquinone reduction (Qi) centre of complex III
also interferes with the branching point of the
alternative and cytochrome pathways. However,
such an hypothesis can be supported only by a
differential binding of cyazofamid and antimycin A
at the Qi centre of cyt b.

The function of the alternative oxidase as a
resistance mechanism against Qol has been
described in several phytopathogenic fungi (Ziogas
et al., 1997; Yukioka et al., 1997; Joseph-Horne et
al., 1999; Tamura et al., 1999; Olaya and Koéller,
1999a) but does not appear to play a significant
role in field resistance development due to either
insufficient ATP formation needed for host infec-
tion (Ziogas et al., 1997) or plant flavones, which
are released during infection and interfere with the
induction of this pathway (Olaya and Koller,
1999Db).

Certainly, it is well-accepted that the most
important biochemical mechanism of resistance in
fungal pathogens to fungicides in practice, results
from a modification at the target-site of fungicidal
action in the target pathogen (Brent and
Hollomon, 1998). In the case of Qol fungicides,
biochemical and molecular studies with laboratory
and field isolates have shown that resistance to
these fungicides could result from a target site
modification through point mutations at the Qo
site of cytochrome » (Di Rago and Colson, 1989;
Zheng and Koller, 1997; Zheng et al., 2000).

To determine the molecular mechanism of
resistance to Qol in the resistant isolates, a partial
fragment of the mitochondrial cyt b gene was
isolated from a wild-type strain of C. beticola. All
major amino acid components, such as the con-
served PEWY and NKL motives of the cyt b and
the predicted transmembrane helices were found in
the C. beticola cyt b. The nucleotide sequence was
compared between pyraclostrobin-resistant and

the wild-type parental isolate and two novel
mutations at residues previously implicated in Qol
resistance were identified. The G143S substitution
was found in the highly resistant mutant C/PYR-
U2. This mutation has previously been associated
with high Qol resistance in Magnaporthe grisea
(Avila-Adame and Koller, 2003), while an alter-
native substitution at this residue (G143A) is
known to confer Qol resistance in numerous
phytopathogenic fungi (Heaney et al., 2000; Sier-
otzki et al., 2000a, b; Zheng et al., 2000; Chin et
al., 2001a, b; Ishii et al., 2001; Ma et al., 2003).
Although an additional mutation the N250D
(substitution between related small amino acids)
was present in the C/PYR-U2, we speculate that
the mutation G143S is the main cause of Qol
resistance in this isolate, although functional
expression will clarify the exact role of this muta-
tion. The substitution F129V was found in the C/
PYR-C4 resistant strain. This mutation has not
been previously reported; however the substitution
of the aromatic F129 by a closely related aliphatic
amino acid (leucine) has been shown to confer Qol
resistance in model systems (Fisher and Meunier,
2005) and phytopathogenic fungi (Farman, 2001;
Bartlett et al., 2002; Kim et al., 2003; Sierotzki et
al., 2004; Pashe et al., 2005). Our study indicates
that the F129V may have a similar role in cyt b-
mediated resistance in C. beticola.

In the present work, study of fitness-determining
characteristics in the wild-type and the pyraclost-
robin-resistant mutants of C. beticola showed that
the mutation(s) leading to pyraclostrobin resis-
tance appeared to be pleiotropic, having adverse
effects on fitness-determining characteristics in
most mutant strains. Prior to the detection of
resistant B. graminis f.sp. tritici isolates in German
field populations (Heaney et al., 2000), the inher-
ent resistance risk for Qol was estimated to be
medium and any practical resistance was expected
to arise in a step-wise manner (Brent and Hollo-
mon, 1998). Cytochrome b, the target enzyme of
the Qol, is encoded by the mitochondrial DNA
(Di Rago and Colson, 1989; Zheng and Koller,
1997) and the resistance to Qol through a target-
site modification was found to be inherited in a
non-Mendelian way (Ziogas et al., 2002).

The practical failures of strobilurin fungicides in
the control of certain powdery and downy mildews
due to a mutation at position 143 (G143A) in the
target-encoding gene, indicate that the resistance



mutation at the same position found in this study
(G1438), if present in field strains with comparable
fitness characteristics to the wild-type, would cause
a rapid development of high Qol-resistance in
C. beticola.

Certainly, the commercial use of Qol for
Cercospora leaf spot control requires careful
implementation of appropriate anti-resistance
strategies to preserve their effectiveness followed
by monitoring studies to detect any changes in the
sensitivity of the pathogen population.

Acknowledgements

This research project was co-funded by European
Social Fund and the Greek Ministry of Develop-
ment, General Secretariat for Research and
Technology. The Hellenic Sugar Industry, Bayer
CropScience Hellas, BASF Agro Hellas and Syn-
genta Hellas are also gratefully acknowledged.
The authors also thank Dr. G. Karaoglanidis
(Hellenic Sugar Industry, Department of Plant
Protection) for kindly providing the wild-type
strain 2228 of Cercospora beticola.

References

Ammermann E, Lorenz G, Schelberger K, Mueller B, Kirstgen R
and Sauter H (2000) BAS 500 F — the new broad-spectrum
strobilurin fungicide. In: Proceedings of Brighton Crop
Protection Conference, Pests and Diseases, Vol. 2 (pp. 541—
548) British Crop Protection Council, Farnham, Surrey, UK.

Avila-Adame C and Koller W (2003) Characterization of
spontaneous mutants of Magnaporthe grisea expressing
stable resistance to the Qo-inhibiting fungicide azoxystro-
bin. Current Genetics 42: 332-338.

Bartlett DW, Clough JM, Godwin JR, Hall AA, Hamer M and
Parr-Dobrzanski B (2002) The strobilurin fungicides. Pest
Management Science 58: 649—662.

Brent KJ, Hollomon DW (1998) Fungicide Resistance: The
Assessment of Risk. In: FRAC Monograph No 2 (pp. 1-48)
Global Crop Protection Federation, Brussels, Belgium.

Chin KM, Chavaillaz D, Kaesbohrer M, Staub T and Felsen-
stein FG (2001a) Characterizing resistance risk of Erysiphe
graminis f.sp. tritici to strobilurins. Crop Protection 20: 87—
96.

Chin KM, Wirz M and Laird D (2001b) Sensitivity of
Mycosphaerella fijiensis from banana to trifloxystrobin.
Plant Disease 85: 1264-1270.

Di Rago JP and Colson AM (1989) Molecular basis for
resistance to myxothiazol, mucidin (strobilurin A), and

165

stigmatellin. The Journal of Biological Chemistry 264:
14543-145438.

Farman ML (2001) The molecular basis of field resistance to
Qol fungicides in Pyricularia grisea. Phytopathology
(Abstr.) 91: S110.

Fisher N and Meunier B (2005) Re-examination of inhibitor
resistance conferred by Q(0)-site mutations in cytochrome b
using yeast as a model system. Pest Management Science
61(10): 973-978.

Georgopoulos SG and Dovas C (1973) Occurrence of Cercos-
pora beticola strains resistant to benzimidazole fungicides in
northern Greece. Plant Disease Reporter 57: 321-324.

Heaney SP, Hall AA, Davies SA and Olaya G (2000)
Resistance to fungicides in the Qol-STAR cross-resistance
group: current perspectives. In: Proceedings of Brighton
Crop Protection Conference, Pests and Diseases, Vol. 2 (pp
755-762) British Crop Protection Council, Farnham,
Surrey, UK.

Ishii H, Fraaije BA, Sugiyama T, Noguchi K, Nishimura K,
Takeda T, Amano T and Hollomon DW (2001) Occurrence
and molecular characterization of strobilurin resistance in
cucumber powdery mildew and downy mildew. Phytopa-
thology 91: 1166—-1171.

Joseph-Horne T, Wood PM, Heppner C and Hollomon DW
(1999) Involvement of the alternative oxidase in cellular
energy production in the wheat ‘Take-All’ fungus, Gaeu-
mannomyces graminis var. tritici. Pesticide Science 55: 367—
370.

Karaoglanidis GS, Ioannidis PM and Thanassoulopoulos CC
(2000) Reduced sensitivity of Cercospora beticola isolates to
sterol demethylation inhibiting fungicides. Plant Pathology
49: 567-572.

Karaoglanidis GS, Karadimos DA, Ioannidis PM and loanni-
dis PI (2003) Sensitivity of Cercospora beticola populations
to fentin-acetate, benomyl and flutriafol in Greece. Crop
Protection 22: 735-740.

Kim YS, Dixon EW, Vincelli P and Farman ML (2003) Field
resistance to strobilurin (Qol) fungicides in Pyricularia
grisea caused by mutations in the mitochondrial cyto-
chrome b gene. Phytopathology 93: 891-900.

Ma Z, Felts D and Michailides TJ (2003) Resistance to
azoxystrobin in Alternaria isolates from pistachio in
California. Pesticide Biochemistry and Physiology 77:
66-74.

Markoglou AN, Malandrakis AA, Vitoratos AG and Ziogas
BN (2006) Characterization of laboratory mutants of
Botrytis cinerea resistant to Qol fungicides. European
Journal of Plant Pathology 115: 149-162.

Olaya G and Koller W (1999a) Diversity of kresoxim-methyl
sensitivities in baseline populations of Venturia inaequalis.
Pesticide Science 55: 1083-1088.

Olaya G and Koller W (1999b) Baseline sensitivities of Venturia
inaequalis populations to the strobilurin fungicide kresox-
im-methyl. Plant Disease 83: 274-278.

Pasche JS, Piche LM and Gudmestad NC (2005) Effect of the
F129L mutation in Alternaria solani on fungicides affecting
mitochondrial respiration. Plant Disease 89: 269-278.

Shane WW and Teng PS (1992) Impact of Cercospora leaf spot
on root weight, sugar yield and purity of Beta vulgaris.
Plant Disease 76: 812-820.



166

Sierotzki H, Wullschleger J and Gisi U (2000a) Point-mutation
in cytochrome b gene conferring resistance to strobilurin
fungicides in Erysiphe graminis f.sp. tritici field isolates.
Pesticide Biochemistry and Physiology 68: 107-112.

Sierotzki H, Parisi S, Steinfeld U, Tenzer I, Poirey S and Gisi U
(2000b) Mode of resistance to respiration inhibitors at the
cytochrome bc; enzyme complex of Mycosphaerella fijiensis
field isolates. Pest Management Science 56: 833-841.

Sierotzki H, Kraus N, Assemat P, Stanger C, Cleere S, Windass
J and Gisi U (2004) Evolution of resistance to Qol
fungicides in Plasmopara viticola populations in Europe.
In: Dehne H-W, Gisi U, Kuck KH, Russell PE and Lyr H
(eds) Modern Fungicides and Antifungal compounds 1V,
BCDC, Hampshire, UK.

Steinfeld U, Sierotzki H, Parisi S, Poirey S and Gisi U (2001)
Sensitivity of mitochondrial respiration to different inhib-
itors in Venturia inaequalis. Pest Management Science 57:
787-796.

Tamura H, Mizutani A, Yukioka H, Miki N, Ohba K and
Masuko M (1999) Effect of the methoxyiminoacetamide
fungicide, SSF129, on respiratory activity of Botrytis
cinerea. Pesticide Science 55: 681-686.

Vincelli P and Dixon E (2002) Resistance to Qol (strobilurin-
like) fungicides in isolates of Pyricularia grisea from
perennial ryegrass. Plant Disease 86: 235-240.

Weiland JJ and Halloin JM (2001) Benzimidazole resistance in
Cercospora beticola sampled from sugarbeet fields in
Michigan, USA. Canadian Journal of Plant Pathology 23:
78-82.

Yukioka H, Tanaka R, Inagaki S, Katoh K, Miki N, Mizutani
A, Masuko M and Kunoh H (1997) Mutants of the
phytopathogenic fungus Magnaporthe grisea deficient in
alternative, cyanide-resistant respiration. Fungal Genetics
and Biology 22: 221-228.

Zheng D and Koller W (1997) Characterization of the
mitochondrial cytochrome b gene from Venturia inaequalis.
Current Genetics 32: 361-366.

Zheng D, Olaya G and Koller W (2000) Characterization of
laboratory mutants of Venturia inaequalis resistant to the
strobilurin-related fungicide kresoxim-methyl. Current
Genetics 38: 148—155.

Ziogas BN, Baldwin BC and Young JE (1997) Alternative
respiration: A biochemical mechanism of resistance to
azoxystrobin (ICIA 5504) in Septoria tritici. Pesticide
Science 50: 28-34.

Ziogas BN, Markoglou AN and Tzima A (2002) A non-
Mendelian inheritance of resistance to strobilurin fungicides
in Ustilago maydis. Pest Management Science 58: 908-916.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


