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ABSTRACT

Orth, A. B., Sfarra, A., Pell, E. J., and Tien, M. 1994, Characterization
and genetic analysis of laboratory mutants of Ustilago maydis resistant
to dicarboximide and aromatic hydrocarbon fungicides. Phytopathology
84:1210-1214.

Mutants of Ustilago maydis resistant to dicarboximide (DCOF) and
aromatic hydrocarbon fungicides (AHF) were isolated after chemical
mutagenesis or by selection of spontaneous mutants on fungicide-amended
agar medium. A wide range of mutants, with low to high levels of
resistance, were isolated. The resistance factor compared to the wild type
was greater than 150 for three mutants isolated on tolclophos-methyl
and greater than 50 for three mutants isolated on vinclozolin, Growth

rates for these six most tolerant isolates were similar to that of the wild
type. The phenomenon of cross-resistance between these two groups was
confirmed. None of the mutants were resistant to the ergosterol biosynthe-
sis inhibitor propiconazole. Two mutants, VR43 and VR44, demonstrated
the same osmotic sensitivity when grown in the presence of NaCl (1-8%)
as the wild type under these conditions. One mutant, TR02, showed a
small but significant difference in osmotic sensitivity. Genetic analysis
revealed that a single chromosomal gene codes for resistance in four
of these isolates. Further analysis demonstrated the presence of at least
three resistance genes (adr-1, adr-2, and adr-3). These studies have laid
the groundwork for further research to elucidate the mechanism of
resistance to AHF and DCOF and possibly the mode of action as well.

Resistance of plant pathogenic fungi to selective fungicides has
become increasingly important as a higher incidence of resistance
appears in the field (3,6,28). The dicarboximide fungicides (DCOF)
are a very important group, with activity against Botryotinia
Suckeliana (de Bary) Whetzel (anamorph: Botrytis cinerea
Pers.:Fr.), the causal agent of gray mold of grapes, but resistance
to these antimycotics is widespread among field isolates (21,26,29).
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Because resistance to benzimidazoles also has become a problem
in recent years, the choices for control of this and other important
diseases could become severely limited. Detailed biochemical and
genetic study of laboratory isolates resistant to these compounds
will aid in the development of antiresistance strategies that could
avoid further resistance problems and extend the usefulness of
these fungicides.

Laboratory and field resistance of a number of fungi to these
compounds has been characterized. Resistance to DCOF has been
investigated in field isolates of Monilinia laxa (18) and Sclerotinia
homoeocarpa (7). In B. fuckeliana, the genetics of resistance to



DCOF also has been studied in some detail (10). The phenotype
of high levels of resistance co-segregates with higher osmotic
sensitivity in meiotic crosses of B. fuckeliana. Field isolates of
B. fuckeliana generally display a lower level of resistance than
the laboratory mutants. The most complete studies have been
done on Neurospora crassa, in which mutation of any of seven
major genes confers resistance and is often associated with
increased osmotic sensitivity (15). That these two phenotypes are
controlled by the same gene in some mutants is of great interest,
because this may shed light on the nature of resistance to these
compounds.

In this study, Ustilago maydis (DC.) Corda was used as a model
to help further our understanding of the nature and genetic basis
for resistance to the DCOF. Because previous studies have sug-
gested that the aromatic hydrocarbon fungicides (AHF) may have
a mode of action similar to the DCOF, as indicated by cross-
resistance between the two groups (20,22), we have included repre-
sentative compounds from each. U. maydis is an ideal organism
for this investigation because it is quite sensitive to these com-
pounds (24), it grows in culture in a yeastlike form that allows
convenient biochemical study, it can easily be genetically charac-
terized by established techniques, and techniques of molecular
manipulation in this organism are becoming fairly straightfor-
ward. Once resistant isolates are well understood, they then can
be used to clone the genes for resistance, which will be a powerful
tool to increase our understanding of the mode of action and
the mechanisms of resistance. This work describes the isolation,
characterization, and genetic analysis of laboratory mutants of
U. maydis resistant to these fungicides.

MATERIALS AND METHODS

Culture methods. U. maydis wild-type strains 518 (a2b2) and
521 (albl) were a gift from S. Leong (University of Wisconsin,
Madison). The wild type and all resistant isolates of this organism
were cultured in a defined liquid nutrient medium that has been
described previously by Coursen and Sisler (4) supplemented with
yeast extract at 2 g/L (medium 63). Cultures were incubated at
30 C with agitation at 230 rpm on a rotary shaker overnight.

Inhibitors. Inhibitors were added to cultures as methanolic
solutions with appropriate solvent controls. The solvent did not
exceed 0.5% of the culture medium in treated or control cultures.
The chemicals used were as follows: tolclophos-methyl (Sumitomo
Chemical Company, Ltd., Takarazuka, Japan), iprodione (Rhone-
Poulenc Agrochimie, Aubervilliers, France), chloroneb (DuPont
Company, Wilmington, DE), vinclozolin (BASF Aktiengesell-
schaft, Limburgerhof, Germany), and propiconazole (Ciba-Geigy
Corp., Greensboro, NC).

Isolation of resistant mutants. Mutants were derived from wild-
type strain 521 (albl) by treatment with N-methyl-N-nitro-n-
nitrosoguanidine (MNNG) at 5 ug/ml (30). Cells were incubated
for 1.5 h in growth medium containing the mutagen, washed
once, and resuspended in a defined liquid medium previously
described by Ragsdale and Sisler (27; medium 72) for 4 h. A
concentrated suspension of treated sporidia was spread over the
surface of agar medium (medium 72 with agar added at 20 g/L;
approximately 250,000 viable cells per plate) containing vinclozolin
at 64 ug/ml or tolclophos-methyl at 6.4 ug/ml. Resistant isolates
were maintained on medium 63 containing tolclophos-methyl at
5 ug/ml or vinclozolin at 20ug/ml.

Toxicity measurements. Growth rates and resistance levels of
six isolates were determined in liquid shaking culture. Inoculum
of each strain grown in liquid culture was standardized to 2.0
X 107 cells per milliliter and diluted 50-fold with defined nutrient
medium 72 (27) containing various concentrations of vinclozolin
or tolclophos-methyl. Cultures were incubated at 30 C with agita-
tion at 230 rpm on a rotary shaker, and absorbance at 450 nm
was measured at 3 and 6 h. Values obtained represent the mean
of triplicate flasks plus or minus standard deviation. Preliminary
determinations of levels of resistance of 88 isolates were made
by the same method based on growth in fungicide-amended
medium 72 after 6 h.

Osmotic sensitivity. The sensitivity of selected isolates to high
osmotic pressure as compared to that of the wild type was deter-
mined as described above for toxicity measurements with liquid
culture medium 72 (27) amended with 0-8% (w/v) NaCl. Growth
in agitated liquid cultures was determined by measuring the change
in absorbance (A4sp,,) after 6 h. Values are means of triplicate
flasks plus or minus standard deviation, expressed as percent
growth of untreated control.

Cross-resistance. Cross-resistance of vinclozolin- and tolclophos-
methyl-resistant isolates of U. maydis to other inhibitors was
determined by plating approximately 100 sporidia per plate on
agar medium 72 (27) amended with various concentrations of
the fungicides. Plates were evaluated 4 days after inoculation for
the ability of the isolate to form colonies.

Genetic techniques. Crosses were carried out on maize cultivar
Golden Bantam by previously described procedures (17). Five-
day-old corn seedlings were injected at the soil line with 500 ul
of fungal cell suspensions with a 1-ml syringe and 26-gauge needle.
Plants were maintained in a greenhouse until formation of mature
galls, whereupon teliospores were germinated and haploid basidio-
spores were plated on medium 72 then replica plated onto medium
72 containing vinclozolin at 50 ug/ml. At least 200 meiotic
products (sporidia) per cross were analyzed.

RESULTS

Toxicity measurements. An important indication that potential
for field resistance exists with a particular fungicide is the
frequency of mutation resulting in fungicide-resistant isolates in
the laboratory (19). Vinclozolin- and tolclophos-methyl-resistant
isolates of U. maydis were readily obtained by treatment with
MNNG or merely by selection of spontaneous mutants on high
concentrations of fungicide. A wide range of resistance levels were
apparent when isolates were screened in fungicide-containing
liquid medium (Table 1). Isolates showed from 3-62% inhibition
by tolclophos-methyl at 6.4 pg/ml and 3-439 inhibition by
vinclozolin at 32 pg/ml after 6 h of growth. These concentrations
inhibited growth of the wild-type isolate by 100%, indicating a
range of resistance from low to high levels for these mutants.
From this initial screening, the most highly resistant isolates were
further characterized. Three vinclozolin-resistant isolates (VR43,
VR44, and VR02) and three tolclophos-methyl-resistant isolates
(TRO2, TRO4, and TRO8) were resistant to the limits of solubility
of vinclozolin (64 ug/ml) or tolclophos-methyl (50 ug/ml) after
growth in liquid shaking culture for 6 h (Table 2).

TABLE 1. Levels of resistance of Ustilago maydis laboratory isolates
selected on tolclophos-methyl (TM)- or vinclozolin (VN)-amended media®

Inhibition at Inhibition at
6.4 ug/ml TM® 32 pg/ml VN®

Isolates on TM (%) Isolates on VN (%)
TRO2 3 VR43 3

TROB 5 VR44 3

TRO4 6 VRO02 5

TROS 6 VR33 8
TR30 6 VR28 13

TRI16 7 VRO6 14
TR21 9 VR20 15
TR28 10 VRO8 16
TR27 12 VR21 18
TR33 18 VR23 18
TR37 27 VR29 21

TR40 31 VR09 22
TR38 32 VR22 22
TR35 34 VR24 22
TR41 40 VRO03 23
TRI8 43 VROI 24
TR34 43 VR04 25
TR32 62 VRO05 43

*Levels of resistance were determined by spectrophotometrically evalu-
ating growth of resistant isolates in liquid shaking cultures after 6 h.

"This fungicide concentration inhibits growth of the wild-type isolate by
1009 under these conditions.
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Growth rates of the resistant mutants is one parameter to assess
their fitness relative to the wild type. Figure 1 shows that the
growth rates of the six isolates described above were all similar
to that of the wild type. The wild-type doubling time was approxi-
mately 3 h, whereas two resistant isolates had faster doubling
times of 2.6 h (VR43) and 2.2 h (VR02). Two other isolates,
TRO8 and VR44, showed doubling times nearly identical to that
of the wild type (3.1 h), whereas the remaining two grew slightly
slower. The high level of resistance found with these mutants
does not appear to be associated with a reduced growth rate
by the cells.

Cross-resistance. It was determined previously that the AHF
and DCOF exhibit cross-resistance (20,22). We tested this using
our resistant isolates of U. maydis (Table 3). Mutants isolated
with tolclophos-methyl for selection showed at least a fourfold
greater tolerance to the AHF chloroneb and a two- to eightfold
greater tolerance to the DCOF vinclozolin and iprodione than
did the wild-type isolate. Similar results were obtained with
mutants isolated on vinclozolin-amended medium. Mutants
isolated with vinclozolin for selection showed a greater than eight-
to 64-fold increase in tolerance to chloroneb and tolclophos-
methyl. None of the isolates showed cross-resistance to the
ergosterol biosynthesis inhibitor (EBI) propiconazole.

Osmotic sensitivity. In B. fuckeliana and N. crassa, resistance
to these fungicides is often associated with an increase in osmotic
sensitivity (5,14). We tested three of the U. maydis mutants for
this phenotype by growing them for 6 h with varying concentra-
tions of NaCl (Fig. 2). VR43 and VR44 both had the same sensi-
tivity to NaCl (1-8%) as the wild type. TR02 showed a small
but significant difference in sensitivity to all concentrations of
NaCl, with approximately a 10-129% greater inhibition of growth
than the wild type.

Genetic analysis of resistance. The resistant isolates showing
the highest levels of resistance and growth rates were evaluated
for the genetics of their resistance. This was accomplished by
crossing the resistant mutants derived from wild-type strain 521
(albl) with the sensitive wild-type strain 518 of the opposite
mating type (a2b2) and evaluating the phenotype of resulting
haploid progeny on fungicide-containing medium by random
spore analysis. With four mutants, a 1:1 ratio of sensitive/ resistant
progeny indicated that a single chromosomal gene was responsible
for resistance (Table 4).

TABLE 2. Fungicide concentration giving 50% inhibition of growth (I5)
in highly resistant isolates of Ustilago maydis*

Tolclophos-methyl Vinclozolin
Isolate Isp (ug/ml) Isolate 150 (ug/ml)
Wild type 0.3 Wild type 1.3
TRO2 >50.0 VR43 >64.0
TRO4 >50.0 VR44 >64.0
TROS8 >=50.0 VRO02 =>64.0

*The Is; was determined by spectrophotometrically evaluating growth
of resistant isolates in liquid shaking cultures during early log phase
growth.

Further crosses were performed to determine the number of
complementation groups. Opposite mating types of each strain
were isolated and crossed. If the gene for resistance was the same
from different isolates, one would expect all the haploid progeny
to be resistant. However, if different genes code for resistance,
independent assortment would dictate that approximately 75%
would be resistant and 25% would be sensitive. The data in Table 5
demonstrate that two isolates, VR33 and VR43, harbored the
same gene for resistance (adr-I), because crossing these two
mutants produced 1009% resistant progeny. However, VR44 had
a resistance gene different from adr-1 (adr-2), giving 689% resistant
progeny when crossed with VR33 and 679 resistant progeny when
crossed with VR43. TR02 showed an independent assortment
of a third gene (adr-3) from the first two genes, producing 72,
70, and 71% resistant progeny when crossed with VR33, VR43,
or VR44, respectively. Thus, at least three different complementa-
tion groups are possible to confer resistance to these fungicides
in U. maydis.

DISCUSSION

Tolclophos-methyl- and vinclozolin-resistant mutants of U.
maydis were readily obtained by chemical mutagenesis with
MNNG or by selecting for spontaneous mutations. Several highly
resistant mutants exhibited a tolerance level that exceeded the
solubility of the compounds in culture medium. Each of these
isolates also showed normal morphology and a growth rate similar
to that of the wild-type isolates. These growth characteristics are
important indicators as to the ability of these mutants to survive
under natural conditions. In addition, when these strains were

1.4

Time (h)

Fig. 1. Growth rates of sensitive Ustilago maydis sporidia and mutants
highly resistant to tolclophos-methyl (TR08, TR02, TR04) or vinclozolin
(VRO02, VR43, VR44), Growth was determined by measuring the change
in optical density after 3 and 6 h of incubation in agitated liquid cultures.
Mean of triplicate flasks plus or minus standard deviation. Error bars
are smaller than symbols. Initial A4sp,, = 0.18.

TABLE 3. Cross-resistance of tolclophos-methyl- and vinclozolin-resistant isolates of Ustilago maydis to various fungicides

Isolate™®
Wild-type

Fungicide 518 TRO2 TRO4 TRO8 VR43 VRO02 VR44
Tolclophos-methyl 0.5 >32 (>64) >32 (>64) >32 (>64) >32 (>64) >32 (>64) >32 (>64)
Chloroneb 8 >64 (>8) >64 (>8) 32(4) >64 (>8) >64 (>8) >64 (>8)
Vmclqzolin 8 16 (2) >64 (>8) >64 (>8) =64 (>8) >64 (>8) >64 (>8)
Iprodione 8 16 (2) >64 (>8) 16 (2) 16 (2) 16 (2) 16 (2)
Propiconazole <2 <2(1) <2(1) <2(I) <2(1) <2(D) <2(1)

"Evaluated after 4 days on fungicide-containing agar medium based on 100% colony formation. Maximum concentration (micrograms per milliliter)
permitting colony formation was used. Values with a > symbol indicate that colonies were formed at fungicide concentrations at the limits of

solubility in agar medium.

"Figures in parentheses are resistance factors (maximum concentration permitting colony formation by mutant/maximum concentration permitting

colony formation by the wild-type isolate).
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crossed and inoculated on corn to complete their life cycle, they
produced galls as with the wild-type 518 X wild-type 521 cross,
indicating no loss of pathogenicity. From our studies, it appears
that the mechanism of fungicide resistance in these mutant fungal
strains does not compromise their growth or pathogenicity,
suggesting that their potential to compete with the wild-type
isolates may not be compromised.

Previous researchers have found results in other organisms that
contrast those presented here with U. maydis. For example, resis-
tant strains of B. fuckeliana were markedly less aggressive in
infection of carrot roots, were relatively slow growing, and had
a markedly lower level of sporulation than did the sensitive wild
type (5). Similar results for B. fuckeliana were obtained by other
workers, who speculated that a decrease in fitness of the resistant
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Fig. 2. Osmotic sensitivity of Ustilago maydis wild-type isolate (@) and
mutant (O) isolates highly resistant to vinclozolin (A, VR43 and B, VR44)
or tolclophos-methyl (C, TR02). Growth in agitated liquid cultures in
the presence of increasing concentrations of NaCl was determined by
measuring the change in absorbance (A4sy.m) after 6 h. Values are means
of triplicate flasks plus or minus standard deviation, expressed as percent
growth of untreated control.

strains could be accounted for by the correlation between resis-
tance and sensitivity to high osmotic pressure (2). Beever (1) found
only a low level of resistance in vitro in strains that were not
osmotically sensitive. Grindle and Temple (16) showed that, in
general, resistant mutants of N. crassa are less fit than DCOF-
sensitive strains, based on growth, sporulation, and osmotic
sensitivity.

A correlation between osmotic sensitivity and DCOF resistance
has been found in many studies of laboratory and field isolates
of B. fuckeliana (1,2,10), Aspergillus nidulans (1), Penicillium
expansum (1), and N. crassa (12,14-16). In B. fuckeliana, the
relationship between osmotic sensitivity and fungicide resistance
is variable both in field and laboratory isolates (26). Although
an increase in osmotic sensitivity was found in field isolates
containing DafLR (low resistance) alleles, it was so small that
it was difficult to interpret among other changes in phenotype
(10). Laboratory isolates with the DafHR (high resistance) alleles
showed a much larger increase in osmotic sensitivity that co-
segregated in meiotic crosses, although one highly resistant excep-
tion that was not osmotically sensitive also was found.

Studies have ruled out the possibility that mutants of N. crassa
lack the ability to synthesize and accumulate polyols during
osmotic adjustment but may differ in their ability to retain these
solutes because of a change in membrane permeability (9). It
has been shown that resistance to these fungicides in N. crassa
can result from mutations in os-/, 0s-2, 0s-4, 0s-5 (14), smco-2,
smco-8, and smco-9 (15), which may be associated with a change
in cell wall composition. One N. crassa isolate that combined
the traits of high fungicide resistance, low osmotic sensitivity and
excellent sporulation, and that was identified as carrying the os-5
gene, also carried a modifier gene, mod (13). This research with
N. crassa supports our observation with U. maydis that mutants

TABLE 4. Random spore analysis of crosses between vinclozolin- or
tolclophos-methyl-resistant mutants and sensitive strains of Ustilago
maydis®

Resistant
Resistance F, progeny®
Parents Mating type® phenotype* (%)
Wild type X VR43  a2b2 X albl SXR 47
Wild type X VR44 a2b2 X albl SXR 48
Wild type X VR33 a2b2 X albl S X R 57
Wild type X TR02 a2b2 X albl SXR 55

*Sporidia were analyzed for colony forming ability on media amended
with tolclophos-methyl at 32 ug/ml or vinclozolin at 64 ug/ml after
4 days.

*Wild-type strain 518 (a2b2) was crossed with mutants derived from wild-
type strain 521 (a/bl). Mating type was determined by assessing ability
to back-cross with wild-type strain 518 (a2b2) or 521 (albl).

S = sensitive; R = resistant.

“Two hundred meiotic products (sporidia) per cross were analyzed.

TABLE 5. Identification of resistance classes among single-gene resistant
isolates of Ustilago maydis®

Resistant
Resistance F, progeny®
F, progeny cross” Mating type* phenotype’ (%)
VR33-A X VR44-D albl X a2b2 R X R 68
VR33-A X VR43-B albl X a2b2 R X R 100
VR33-A X TR02-B albl X a2b2 R X R 72
VR43-A X VR44-A albl X a2b2 R X R 67
VR43-A X TR02-B albl X a2b2 RXR 70
VR44-A X TR02-A a2b2 X albl R X R 71

"Sporidia were analyzed for colony forming ability on media amended
with vinclozolin at 64 pg/ml after 4 days.
F| generation strains were derived from previous crosses described in
Table 4.

“Mating type was determined by assessing ability to back-cross with wild-
type strain 518 (a2b2) or 521 (albl).

“R = Resistant to vinclozolin.

“Three hundred meiotic products (sporidia) per cross were analyzed.
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may possess high resistance to these compounds while retaining
a high degree of fitness according to the laboratory criteria of
normal growth and sporulation and low osmotic sensitivity.

The results presented here show that resistance to the DCOF
or AHF in four isolates of U. maydis is conferred by a single
chromosomal gene and that at least three complementation groups
are possible, Three isolates carrying different genes for resistance
were tested for osmotic sensitivity, and only one showed a small
difference in growth from the wild-type isolates. It appears that
U. maydis can become resistant without the presence of a modifier
gene to mediate fitness. The types of mutants obtained in this
organism, with their high growth rates, pathogenicity, and lack
of osmotic sensitivity, provide a strong contrast to those found
in other organisms. We speculate that our isolates of U. maydis,
particularly mutants carrying the genes adr-/ and adr-2, likely
contain a mutation in the target site of these compounds. A target
site mutation may not involve changes in other phenotypes, as
is supported by research conducted with terbinafine-resistant
isolates of U. maydis (23).

Previous workers have established that cross-resistance occurs
between resistance to DCOF and AHF (20,22). Our confirmation
of these reports in the present study indicates that the target
site may be the same for these two groups of compounds. It
has been speculated that inhibition of sterol synthesis is the
primary target of DCOF (25). If this is the case, one would expect
at least some level of cross-resistance of DCOF- or AHF-resistant
isolates to some members of the EBI. Although our studies do
indicate that a high level of cross-resistance exists in our isolates
between DCOF and AHF, no increased tolerance was observed
to the EBI propiconazole by any of the five isolates tested. Other
researchers have not found strong cross-resistance among EBI-
resistant isolates of A. nidulans and P. italicum to iprodione,
vinclozolin, or procymidone (6). Only two strains of Cladosporium
cucumerinum showed simultaneous resistance to both EBIs and
DCOF, but here the authors speculated that, lacking genetic
evidence, this could reflect a nonspecific induction of the efflux
mechanism (11).

The mode of action of DCOF and AHF has been under investi-
gation for many years, using biochemical and genetic tools. Evi-
dence for an oxygen-free radical mechanism exists for B. cinerea
(8), but not for U. maydis (24). With the isolation of single-
gene resistant mutants described in this work, we can now begin
the process of cloning and identifying the resistance gene product
by molecular methods. In this way, we may be able to elucidate
the basis for resistance and the mode of action of these compounds.
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