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Abstract - -Two arnphotericin B resistant mutants of Ustilago maydis were isolated following direct selection from 
a wild-type population. Each mutant was demonstrated to be cross-resistant to nystatin yet remained sensitive to 
azoles. Sterol analysis indicated a sterol profile similar to the parent strain, precluding the involvement of an 
alteration in ergosterol biosynthesis as the cause of polyene resistance. 

INTRODUCTION 

Publisbed reports on the mechanisms of polyene resist- 
ante in fungi predominantly implicate the involvement 
of lesions in ergosterol biosynthesis [1-4] as the cause 
of such resistance. Polyenes bind to ergosterol mole- 
cules within the phospholipid bilayer, disrupting the 
membrane resulting in a fungicidal effect [5]. Lesions 
in enzymes involved in sterol biosynthesis which result 
in the formation of functional sterols other than ergo- 
sterol, and which give rise to polyene resistance, 
include defects in A s ~ AT-isomerase [1, 2] and A 5¢6)- 
desaturase [2, 3]. Such strains exhibiting these 
phenotypes accumulate AS-sterols (ergosta-8-en-3~-ol, 
ergosta-8,22-dien-3~-ol) and AT-sterols (ergosta-7-en- 
3/3-ol and ergosta-7,22-dien-3~-ol), respectively. A 
lesion in the latter also provides cross-resistance to 
azole antifungals [6]. Lesions in the P450 14a-de- 
methylase in Saccharomyces cerevisiae, if coupled to a 
second suppressor mutation in the AS~)-desaturase 
accumulate 14a-methylfecosterol and have also been 
demonstrated to be polyene and azole cross-resistant [4] 
with the latter due to the mutation in A~<6)-desamrase 
[7]. 

Amphotericin B binds to ergosterol in the mem- 
branes of ceils and this has been demonstrated to be a 
prerequisite for its fungicidal effect [5]. However, the 
actual mechanism responsible for cell death remains 
unclear. Studies conducted by Sokol-Anderson et al. [8] 
indicated that amphotericin B auto-oxidizes, which may 
involve oxidative damage in the process of cell death 
following treatment. Studies conducted with Candida 
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albicans have shown that resistance to the lethal and 
lytic effects of amphotericin B may result from growth 
on media which induce high levels of endogenous 
catalase [8]. 

In this paper we report the isolation of two am- 
photericin B and nystatin cross-resistant mutants of U. 
maydis, which retain a sterol profile similar to the 
parent strain, ATCC 14826. These mutants were dem- 
onstrated to be azole sensitive. 

RESULTS 

Screening of a wild-type population of U. maydis 
strain ATCC 14826 at the MIC (minimum inhibitory 
concentration) for amphotericin B (1.1/~M) yielded 
two isolates, termed N1 and N7. They exhibited 
resistance to amphotericin B to levels of five- and 
seven-fold in respect to the parent strain and were 
demonstrated to be cross-resistant to nystatin (approxi- 
rnately three-fold for each isolate) yet retained parental 
levels of sensitivity to the azole triadimenol (Table 1). 

The sterol profiles were determined in untreated 
cultures for ATCC 14826, NI and N7 (Table 2). ATCC 

Table 1. Minimum inhibitory concentrations for the polyene 
antibiotics, amphotericin B and nystatin, and for the azole 

antiftmgal, triadimenol 

Strain 

Polyene antibiotic Azole 

Amphotericin Nystatin triadimenol 
B(/xM) (U 1 -t) (/zM) 

ATCC 14826 1.1 12 1.0 
N1 5.5 30 1.0 
N7 7.8 35 1.0 
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Table 2. Sterol profiles for the parent strain ATCC 14826, and the polyene-resistant isolates, 
N1 and N7 

Relative sterol content (%) 

Sterol ATCC 14826 N1 N7 

Ergosta-tetraenol 2.3 13.1 7.4 
Ergosta-5,8,22-trien-3/3-ol - - Trace 
Ergosterol 55.6 30.9 41.8 
Ergosta-7,22-dien-3/3-ol 4.2 4.2 1.5 
14ot-methylfecosterol - 6.0 4.3 
Ergosta-5,7-dien-3fl-ol 28.2 11.0 17.8 
Ergosta-7-en-3fl-ol 2.3 9.8 8.0 
4-Methylfecosterol - 9.6 8.8 
Eburicol 1.9 1.9 1.0 
4-Methylergosta-7-en-3fl-ol - 4.5 5.0 
4,14a-Methylepisterol - 5.6 5.0 
14a-methylergosta-8-en-3,6-diol - 0.8 Trace 
Unidentified sterols 5.5 2.6 0.0 

14826 displayed a profile consistent with that published 
elsewhere (for example see ref. [3]) with the pre- 
dominant sterol being ergosterol (55.6% of total sterols) 
and high concentrations of the intermediate ergosta-5, 
7-dien-3fl-ol  (28.2% of total sterol). The predominant 
sterol of isolates N1 and N7 was ergosterol, which 
accumulated to 30.9% and 41.8% of total sterols, 
respectively, while the levels of ergosta-5,7-dien-3fl- 
ol were 11.0% and 17.8% of total sterol, respectively. 
Both isolates accumulated slightly elevated levels of 
other intermediates compared with their parent strain. 

DISCUSSION 

Polyene antifungal resistance has previously been 
attributed to lesions in the ergosterol biosynthetic 
pathway, such as in the accumulation of AS-desmethyl 
sterols [1] or AT-desmethyl sterols [2, 3], or in the 
accumulation of 14a-methylfecosterol [4]. Resistance 
has also been demonstrated to be conferred through the 
induction of endogenous catalase in C. albicans [8]. 
The amphotericin B resistant isolates described in this 
study were shown to be cross-resistant to nystatin but 
sensitive to the triazole, triadimenol. These mutants 
readily accumulated ergosterol and other AS-sterols, 
such as ergosta-5,7-dien-3fl-ol while levels of A 8-, A 7- 
and 14or-methyl sterols were low and were consistent 
with a 'parental-like' sterol biosynthesis. 

The involvement of amphotericin B resistance 
through n-alkane induction of catalase [8] was not 
considered to be the mechanism of amphotericin B 
resistance in mutants N1 and N7, as these were 
maintained on liquid YEPD media which contains 
glucose as the carbon source. Other possible mecha- 
nisms giving rise to the observed resistance may 
involve the prevention of antifungal reaching the target 
molecule, but the examination of this was precluded by 
the non-availability of labelled amphotericin B. 

Mutants N1 and N7, while containing significant 
levels of ergosterol, 30.9% and 41.8% of total sterol, 
respectively, were shown to accumulate higher levels of 

intermediates in comparison to ATCC 14826. The 
presence of 4-methyl sterols (4-methyl fecosterol, 4- 
methyl ergosta-7-en-3fl-ol  and 4,14ot-dimethylepis- 
terol (19.7% and 18.8% of total sterols, respectively, 
compared with 0.0% detected in ATCC 14826) may 
indicate a reduced ability to demethylate the 4/3-methyl 
in these mutants. However, the levels of ergosterol 
within these strains was considered sufficient for nor- 
mal cellular growth and development, as both the 
growth rate and morphology was similar to the parent 
strain (unpublished observations). 

Overall, the isolation of these mutants represents the 
first biochemical examination of polyene resistance in a 
phytopathogen which appears unrelated to an alteration 
in sterol biosynthesis. The mutation frequency of 10 -8 
implies a single mutation giving rise to the observed 
resistance, although further work is required to char- 
acterize the mechanism. The observed levels of am- 
photericin B and nystatin resistance, of five- and three- 
fold, respectively, for N1 and seven- and three-fold, 
respectively, for N7 are comparable and may indicate a 
similar mechanism in both strains affording the ob- 
served resistance. 

The mechanisms of action for polyene antifungals 
still remains unclear. This study indicates that further 
examination, involving molecular studies on the basis 
of resistance, may reveal the mode complete of action 
of polyene antifungals. 

EXPERIMENTAL 

Culture conditions. Ustilago maydis strain ATCC 
14826 and isolates N1 and N7 were grown on 2% 
glucose, 2% Difco peptone, 1% Difco yeast extract as 
liquid medium (YEPD medium) at 25 °. Cultures were 
shaken at 150rpm. MIC were determined for cells 
harvested in the late log phase by centrifugation at 
4000 rpm and inoculation into 2 ml of YEPD liquid 
medium to a final concentration of 1 × 10 -5 cells ml - t .  
Polyene antifungals used were amphotericin B (Sigma) 
and nystatin (Sigma). Stock solns of amphotericin B 
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were prepd to 1.08 X 10 -3 M in the DMSO and nysta- 
tin was prepared as a stock 1000 U 1-l in 1 ml DMSO. 
The azole antifungal triadimenol (Bayer) was prepared 
as a stock 1 × 10-2M in DMSO. MICs were de- 
termined from triplicate treatments with amphotericin B 
doses between 1.08 X 10 -s M and 1.08 X 10 -4  M,  nys- 
tatin doses between 0.1U1-1 and 100UI -~ and tri- 
adimenol doses between 5 × 10 -s M and 1 X 10 -4 M. 
Test cultures used were incubated for 72 hr at 25 ° and 
shaken at 150 rpm, with growth assessed by cell counts 
(haemocytometer) and by determining colony-forming 
units per milliliter (cfu ml-1). 

Mutant isolation. A total of 10 6 sporidia were 
inoculated onto 20 ml solid YEPD medium + 2% Difco 
agar containing amphotericin B at a concentration of 5- 
and 10-fold above ATCC 14826 MIC. The plates were 
incubated for 5 days at 25 °. 

Sterol isolation and analyses. Growth of ATCC 
14826, N1 and N7 was achieved through incubation at 
25 ° and 150 rpm for 24 hr. Extraction of nonsaponifi- 
able sterols followed the method outlined in ref. [9] 
with cells saponified at 90 ° for 1 hr with 3 ml MeOH, 
2 ml 60% KOH and 2 ml 0.5% pyrogallol in MeOH. 
Extraction was completed with 3 X 5 ml hexane ex- 
tractions and evapd to dryness under N 2. 

Following silylation of samples with BSTFA (20/zl) 
in toluene (100/zl) for l hr at 60 °, sterols were 
analysed by GC using on-column injection, onto a SGE 
OVI-BP capillary column (25 m X 0.32mm) at 80 °. 
Following sample injection (1/zl), the oven temp. was 
increased from 80 ° to 260 ° at 40 ° rain - j ,  before being 
programmed at 3 ° min- ~ to 290 °. Carder gas was H 2 at 
an inlet pressure of 0.3 kgcm -2. Peaks were deter- 
mined by flame ionization detection (FID), and quart- 
tiffed using a VG Multichrom data system. 

For GC-MS derivatized samples (0.5 izl) were in- 
jected using a split/splitless injector (270 °) onto an 
Alltech SE-52 bonded-phase fused silica capillary 
column (25 m x 0.32 mm). The carder gas was He 
(inlet pressure 0.4 kg c m - 2 ) ,  and the temp. programme 
was 180-280 ° at 5°min - j .  EI mass spectra were 
obtained at 70 eV. 

Peak analysis and identification were realized 
through reference to current literature [10-12] for 
relative retention time (RR,) values and fragmentation 
ion patterns. Representative data from triplicate analy- 
ses are shown. 
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