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Theorems

1. The mechanism of resistance inPénicillium italicum to fungicides which inhibit
sterol 14a-demethylation isrelated to factors which prevent the fungicides from
reaching their target site.
This thesis.

2. The cell-free bioassay of ergosterol biosynthesis in cell-free extracts of
Pénicillium italicum is suitable toevaluate fungicides for theirpotency toinhibit
sterol 14a-demethylationand otherenzymesinvolved inergosterolbiosynthesis.
This thesis.

3. Application of fungicides is part of a complex crop protection system that
involves more than merely spraying a chemical on a crop.
H. Colejr. 1986. Fungicide Chemistry (M. B. Green &D.
A. Spilker (Eds.), p. 128-134.

4. Pesticide use is justified on grounds that the benefits outweigh the risks.
However, those benefits can change over time with weather, crop prices, shifts
in pest populations, changes in crops and cropping practices, and resistance.
M. Dover &B. Croft, 1984. Getting Tough -Public policy
andthemanagementofpesticideresistance.World resources
Institute, p. 38.

5. Becausethepossibilityalwaysexiststhatdisease-causing fungi willbreakthrough
non-chemical crop protection measures, the use of fungicides will remain
essential.
N. N. Ragsdale. 1991.Health and environmental factors
associated with agricultural use of fungicides. National
Agricultural Pesticide Impact Assessment Program, p. xi.

Banning the use of a fungicide causing avery small risk may expose the public
tofungal foodcontaminationpresentingmuchgreaterrisksduetomycotoxinsand
fungal induced phytoalexins.
N. N. Ragsdale. 1991.Health and environmental factors
associated with agricultural use of fungicides. National
Agricultural Pesticide Impact Assessment Program, p. 18.

7. In the popular media crop protection chemicals are often called "agricultural
poisons". As this term wrongly frightens the consumer that his food has been
treated with poisons, it is important to provide the public with realistic
information about the risks of crop protection chemicals.
J. Dekker. 1990. British CropProtection Council Reviews,
p. 1.

8. Development of resistance to pesticides is the consequence of mutation and
selection. In fact, it is a speeding-up of evolution, and therefore it can be
considered as a natural process.

9. The contribution from ordinary food tooccurrence ofcancer isabout asgreat as
that from smoking.
P. H. Abelson. 1992. Science 255:141.

10. If Christopher Columbus returned today, and looked at the social and
environmental damage which the "age of discovery" has led to, he might well
decide that he should have stayed at home.
D. Dickson. 1992. New Scientist 1808:2.

Theorems with the thesis "Mechanism of Resistance in Pénicillium italicum to
Fungicides which Inhibit Sterol 14a-demethylation".
Wageningen, 25 March 1992.
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CHAPTER 1

General introduction
Fungicides
Plant diseases have probably influenced human welfare before recorded
history. Several plant diseases such asblights, blasts and mildews were already
mentioned in the Bible. Serious human sufferings from plant diseases have also
occurred in more recent history. In the 1840s, potato late blight caused by
Phytophthora infestons was directly responsible for the Irish potato famine
(Large, 1940). About a century later another plant disease, brown spot of rice
caused byHelminthosporium oryzaeseverely reduced riceyield inBengal andin
consequence, abouttwo millionpeople died of starvation (Padmanabhan, 1973).
Discovery of Bordeaux mixture in 1885 opened an era of chemical control
ofplantdiseases. Sincethen, chemicalcontrol hasexperienced three generations
of fungicides. In thefirstgeneration, sulphur, copper and mercury were used as
disease controlling agents. Introduction and use of organic fungicides, like
dithiocarbamates (ferbam andziram),ethylenebisdithiocarbamates(zineb,maneb
andmancozeb),quinones (dichloneandchlorothalonil) andphthalimides(captan,
captafol and folpet) represents the second generation. The third generation of
fungicides is highlighted by the discovery of systemic fungicides. The first and
second generation of fungicides are in general non-systemics and react with
various cellular sites or components of the pathogen, resulting in inhibition of
many metabolic functions. These fungicides have a broad spectrum of activity
and are used for control of diseases as protectants. The third generation of
fungicides represents the modern fungicides. Most of these fungicides have
systemicactivity andgenerallyreactspecifically atonesiteresulting ininhibition
of a single metabolic function (Lyr, 1977).Among systemic fungicides, a future
groupofcompoundsisdeveloping, which mayrepresentthefourth generationof
fungicides. Thesecompoundsarenonfungitoxic. Theyprovidediseasecontrolby
interference with theinfection process ofthe pathogen or stimulate host defence
mechanisms.Therefore, theyhaveseveraladvantagesoverconventional systemic
fungicides: less environmental hazard, active at extremely low level and less
likely to encounter fungal resistance (Sisler and Ragsdale, 1987).

Mode of action of systemic fungicides
The mode of action of systemic fungicides is ascribed to their primary site
of inhibition in fungal metabolism. Any secondary effects occurring are either
due to additional activity of the compounds at a concentration higher than
necessary toinhibit fungal growth orduetochangesinmetabolism ofthe fungus
asaconsequenceoftheprimaryeffect ofthefungicide (KaarsSijpesteijn, 1977).
Based on their mode of action, the commercial systemic fungicides can be
divided into four major groups: inhibitors of a) respiration, b) membrane
permeability, c) mitosis and cell division and d) biosynthetic processes.
Inhibitorsofrespiration.Any interference with fungal respiration results in
inhibitionofmanymetabolicprocessesandfinally leadstodeathwhentheenergy
supplyisunderthelevelfor maintenanceofessentialcellperformance. Themode
of action of carboxamide fungicides such as carboxin, oxycarboxin, benodanil
and mebenil is inhibition of succinate dehydrogenase activity in the citric acid
cycle(ScheweandLyr, 1987).Thesecompoundsactselectively againstrustsand
smuts.
Inhibitorswhichinfluencemembranepermeability. Manycationicagentshave
fungicidal activity although onlyfew ofthemhavebeendeveloped ascommercial
fungicides. Dodine is a well known example although it has only a limited
systemic activity. It accumulates in membranes and causes disruption of
membranepermeability. Thisresults inleakage ofvital cell components and cell
death (Corbett etal., 1984).
Inhibitors of mitosis. Representatives of this group of fungicides are
benzimidazoles(benomyl)andbenzimidazole-generatingcompounds(thiophanatemethyl). These fungicides belong to the most important groups of systemic
fungicides. Theyhaveabroad spectrum ofactionagainstAscomycetesandFungi
Imperfecti. Thesefungicides bindtoß-tubulin,asub-unitofthemicrotubulesand
therefore, interfere with microtubule assembly. As a consequence, mitosis, cell
divisionandothermicrotube-dependentprocessesareinhibited(Davidse, 1987a).
Inhibitorsofbiosyntheticprocesses.Manybiosyntheticprocessesinfungican
be inhibited by systemic fungicides. Well known targets are RNA polymerase,
adenosine deaminase and sterol biosynthesis enzymes. Phenylamide fungicides,
likefuralaxyl and metalaxyl, inhibit RNApolymerase I, which isresponsible for

the synthesis of ribosomal RNA (Davidse et al., 1983). These compounds are
usedfor controloffungi belongingtoPeronosporales (e.g. potatolateblightand
downymildews).Themodeofactionoftheaminopyrimidinefungicides ethirimol
anddimethirimolisinhibitionoftheenzymeadenosinedeaminasewhichcatalyses
deamination of adenosine to inosine (Hollomon and Chamberlain, 1981). These
fungicides are mainly used for control of powdery mildews. Fungicides which
inhibit sterol biosynthesis (SBIs) have been introduced since the early 1970's.
This group of fungicides includes a large number of structurally unrelated
compounds. They have a wide antifungal spectrum including Ascomycetes,
Basidiomycetes and Fungi Imperfecti and are at present among the most
important groups of fungicides and antimycotics (Scheinpflug and Kuck, 1987;
Vanden Bossche, 1985).
Ergosterol biosynthesis in fungi and its inhibition
Fungal sterols. Most species of Ascomycetes, Basidiomycetes and Fungi
Imperfecti contain ergosterol as a major sterol (Nes, 1984; Weete, 1989).
However, in rust fungi (Uredinales) (Weete, 1989) and powdery mildews
(Loeffler et al., 1984) ergosterol is not the major sterol. These fungi contain
other related C14-desmethyl sterols. Oomycetes are unable to synthesize any
sterolsandaretherefore insensitivetofungicides whichinhibitsterolbiosynthesis
(Nes, 1987).
Sterols are known toplay at least tworoles in cells: a)The bulk membrane
function for which large quantities of sterols are needed, but structural
requirements are in this case less specific and b) the regulatory or sparking
function forwhichtheamountnecessaryismuchless,butstructural requirements
arehighlyspecific (Nes, 1987;Burdenetal., 1989).Ergosterol appearsto satisfy
both functions.
Ergosterolbiosynthesis.Ergosterol biosynthesis in fungi was reviewed by
Weete (1989) and Mercer (1984). The biosynthetic pathways found in fungi is
presented in Fig. 1. All sterols are synthesised from acetic acid via mevalonic
acidandsqualeneaskeyintermediates.Lanosterolisthefirst cyclizationproduct.
The conversion of lanosterol to ergosterol occurs through two alternative
pathways in yeasts andfilamentousfungi. In filamentous fungi, a methyl group
is first introduced at the C-24 position of lanosterol to produce 24methylenedihydrolanosterol (eburicol) (A). The next step is to remove a methyl
group at the C-14position (B). This reaction is cytochrome P450-dependent.
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Fig. 1 . Ergosterol biosynthesis pathway in fungi and its inhibition steps by
various compounds. 1, Lanosterol; 2, 24-MethyIenedihydrolanosterol; 3, 4,4Dimethyl-ergosta-8,14,24(28)-trienol; 4, 4,4-Dimethyl-ergosta-8,24(28)dienol; 5, 4,4-Dimethyl-cholesta-8,14,24-trienol; 6, 4,4-Dimethyl-cholesta8,24-dienol; 7, Cholesta-8,24-dienol (zymosterol); 8, Ergosta-8,24(28)-dienol
(fecosterol); 9, Episterol; 10, Ergosta-5,7,24(28)-trienol; 1 1 , Ergosta5,7,22,24(28)-tetraenol; 12, Ergosterol (Kato, 1986).

The enzyme involved is cytochrome P450-dependent sterol 14a-demethylase
(cytochromeP45014DM)(Aoyamaetal., 1984).Thedemethylationproductis4,4dimethyl-ergosta-8,14,24(28)-trienol.Then,the14,15-doublebondisreduced(C)
and two methyl groups at the C-4 position are removed (D). This results in
formation of ergosta-8,24(28)-dienol (fecosterol). In yeast, introduction of the
methyl group at the C-24 position (H) appears only after removal of the methyl
group at the C-14 position (E), reduction of the 14,15-double bound (F) and
removal of two methyl groups at the C-4 position (G). The 8,9-doublebond of
fecosterol isisomerizedtoa7,8-doublebond(I).Ergosterolisfinally synthesised
by further introduction of a 5,6-double bond (J), a 22,23-double bond (K) and
reduction of the 24,28-double bond (L).
Inhibitionofergosterolbiosynthesis. Ergosterolbiosynthesismaybeinhibited
at different steps (Scheinpflug and Kuck, 1987; Burden et al., 1989; Kelley et
al., 1990). Representative inhibitors are summarized as follows:
a) Squalene epoxidase inhibitors: allylamines, terbinafine and naftifine.
b) 2,3-oxidosqualene cyclase inhibitors: 2-aza-2,3-dihydrosqualene and
2,3-iminosqualene.
c) C-24 sterol methyltransferase inhibitors (Step A and H):25azacholesterol and 24-epiiminolanosterol.
d) 14a-demethylase inhibitors (Step Band E): imidazole and triazole
derivatives.
e) A14reductase inhibitors (Step C and F): morpholine derivatives.
f) A8-A7isomerase inhibitors (Step I): morpholine derivatives,
h) A22desaturase inhibitor (Step K): triarimol.
i) A24(28) reductase inhibitor (Step L): 23-azacholesterol.
Amongthevariousstepsinergosterolbiosynthesis, sterol 14a-demethylation
has proved to be the most fruitful target, for which many currently important
sterol 14a-demethylase inhibitors (DMIs) are being developed. Most DMIs are
imidazole and triazole derivatives, such as the agricultural fungicides imazalil,
fenarimol, triadimenol, penconazole, propiconazole and the antimycotics
clotrimazole, itraconazole, ketoconazole and miconazole. A limited number of
DMIs are derivatives of piperazine, pyridine and pyrimidine (Scheinpflug and
Kuck, 1987). A common feature of DMIs is the heterocyclic ring that contains
at least one nitrogen with a free electron pair. The inhibitory effect of DMIs on
sterol 14a-demethylase (cytochrome P450,4DM) activity is based on interaction

between the free electron pair of this nitrogen atom and the heme iron of the
cytochrome P45014DM, and on interaction between the M-substituent of the
fungicide and the apoprotein of the enzyme (Vanden Bossche, 1987; Vanden
Bossche etal, 1986; Yoshida and Aoyama, 1987; Yoshida, 1988).
Inhibition of sterol biosynthesis by DMIs results in direct depletion of
ergosterol and accumulation of abnormal sterol intermediates (Sisler and
Ragsdale, 1984). Lack of ergosterol alters membrane fluidity which results in
interference withmembrane-bound enzymes, suchaschitinase(VandenBossche,
1990). Abnormal sterols which accumulateuponinhibition of sterol biosynthesis
by DMIs may be incorporated into the plasma membrane and cause membrane
disturbance(Weeteetal., 1985).Therefore, itisgenerallybelievedthatthemode
of fungitoxic action of DMIs is mainly based on the primary inhibition of
ergosterol biosynthesis resulting in depletion of intracellular ergosterol and
accumulation of abnormal sterols (Vanden Bossche, 1985; 1990; Koller and
Scheinpflug, 1987). DMIs are also found to interfere with processes other than
sterolbiosynthesis (Vanden Bossche, 1985). Examples are: a)interference with
fatty acid metabolism resulting in accumulation of free fatty acids and increased
fatty acid desaturation, b) inhibition of activity of microsomal ATPases (Mg2"1",
Na + , K + ), mitochondrialcytochromecoxidaseandcytochromecperoxidase,and
c) direct membrane damage of Saccharomyces cerevisiaeand Botrytiscinerea.
However, these effects were only observed at concentrations in excess of those
required for inhibition of growth.
Development of resistance to DMIs
Development of resistance in fungi to DMIs has been reported in both
laboratory and field after their introduction since the 1970's (Hollomon et al.,
1990;KollerandScheinpflug, 1987).Laboratory isolateswithresistancetoDMIs
often haveadecreased fitness withrespecttosporegermination, mycelialgrowth
and pathogenicity. These fitness parameters are negatively correlated with the
degree of resistance (Fuchs and De Waard, 1982;De Waard and Fuchs, 1982).
Inthefield,development of resistance toDMIs wasreported first for cereal and
cucurbit powdery mildews (Brent and Hollomon, 1988). Inadequate disease
control has been observed (Hollomon et al., 1990). Resistant isolates of
cucumber powdery mildew (Sphaerotheca fuliginea) were found to exhibit a
normal fitness compared with that of the wild-type isolate (Schepers, 1985).
Development of field resistance to DMIs was also reported for the plant
pathogens Venturiainaequalis (Hildebrand etal., 1988)andPénicilliumdigitatum

(Eckert, 1987).
Variousstudiesindicated thatalthoughDMIsaresitespecific fungicides, the
risk of development of resistance may be low (Dekker, 1982). This may relate
to the fact that resistance is often polygenic (VanTuyl, 1977;Hollomon et al.,
1984; Butters etal., 1986;Kalamarakis etal., 1991). A single mutation results
in only a low level of resistance (Stanis and Jones, 1985). A high level of
resistance can be obtained by interaction of polygenes (De Waard and Van
Nistelrooy, 1990; Kalamarakis et al., 1991). These characteristics are in clear
contrastwithbenzimidazoleandphenylamidefungicides whichencountered often
a rapid development of resistance through a single gene mutation (Davidse,
1987a, 1987b).
A common mechanism of resistance to site specific fungicides in fungi
appears to be based on a change in their target sites (Dekker, 1985). Such a
mechanism ofresistance toDMIs seems toberestricted to yeast-like fungi. For
instance, themechanism ofresistanceinmutantsof Ustilago maydis(Walshand
Sisler, 1982), Candida albicans(Bard etal., 1987) and S. cerevisiae(Aoyama
et al., 1983) is based on a lack of the target enzyme or the presence of a
nonfunctional one while in some mutants of C. albicansa decreased affinity of
thetargetenzymeisconsidered toberesponsible for resistance (VandenBossche
et al., 1990). Such changes in the target site have not yet been reported for
filamentous fungi. In this type of fungi, a well documented mechanism of
resistance is an increased energy-dependent efflux of the compounds. This
mechanism has been observed with Aspergillusnidulans (De Waard and Van
Nistelrooy, 1979), Pénicillium italicum(De Waard and Van Nistelrooy, 1984;
1988), Monilinia fructicola (Ney, 1988) and Nectria haematococca var.
Cucurbitae (Kalamarakis et al., 1991). Increased energy-dependent efflux of
DMIs results in alower accumulation of thetoxicant inmycelium, by which the
target enzyme in sterol biosynthesis becomes less readily inhibited. Other
potential mechanisms of resistance, such as tolerance to toxic sterols,
detoxification of toxic sterols, failure to activate fungicides, deposition of
fungicides in lipid droplets, changes in pH leading toprotonation of fungicides
(Hollomon etal., 1990) and aninduced resistant response related to a transient
accumulation of sterol precursors (Smith & Koller, 1990) only seem to have
limited relevance.
Aims and outlines of the present study
Studies on mechanisms of resistance to fungicides in fungi are valuable to

design anti-resistance strategies and will also contribute to a better fundamental
understanding of fungal physiology and biochemistry. Such knowledge may in
turn provide useful information to developing new fungicides. In most fungal
pathogenswithresistancetoDMIsthemechanism ofresistanceisstillunknown,
except for the few cases mentioned above. The present study was aimed at
elucidating mechanisms ofresistance toDMIsin the fungus P. italicum.Special
attention was paid to the DMI fungicide imazalil. P. italicumwas used as the
target fungus sinceit is animportant plant pathogen and easy to culture invitro
and invivo. In addition, laboratory-isolates of this fungus with various degrees
of resistance to DMIs were available (De Waard and Van Nistelrooy, 1990).
Studies with this fungus may function as a model to investigate the mechanism
of resistance in filamentous plant pathogens which are more difficult to handle.
Variousaspectswhichmayrelatetopotential mechanisms ofresistance have
beenstudied.Inthefirstplace,sterolcompositionofwild-typeandDMI-resistant
isolates was studied in order to find out whether a mutation of the target site
wouldbeinvolved whichwould affect sterol synthesis (Chapter 2).Amajor part
of the study was used to develop methods to obtain cell-free preparations of P.
italicum inwhichactivity ofthetargetenzymeofDMIs, sterol 14a-demethylase,
could be demonstrated (Chapter 3). This technique was never described for a
filamentous plantpathogen.Thesuccessoftheseexperiments madeitpossibleto
compare the inhibitory effect of DMIs on activity of sterol 14a-demethylase of
different isolates. Inthisway, thehypothesis thatdecreased affinity ofthetarget
enzyme to DMIs would be involved as a mechanism of resistance was tested
(Chapter 4). In addition, another approach to study the sensitivity of the target
enzymetoDMIswasdevelopedbydemonstrating cytochrome P450isozymesin
fungal microsomes (Chapter 5). In consequence, the affinity of P450 isozymes
in microsomes of different isolates tovarious DMIs was compared (Chapter 6).
In order to study whether metabolism of imazalil would be involved as a
mechanism of resistance, the capability of the fungal isolates to metabolize
imazalil was compared (Chapter 7). Finally, accumulation of imazalil and
fenarimol in mycelia of these isolates was studied in order to establish whether
differential accumulation ofthesefungicides betweenDMI-resistant isolateswith
various degrees of resistance plays a role (Chapter 8). Chapter 9 gives a final
discussion of the results obtained.
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Abstract
Imazalil differentially inhibited dry weight increaseof 10-hour-old germlingsof wild-type and
DMI-resistant isolates of Pénicilliumitalicum in liquid malt cultures. EC 50values ranged from
0.005 to0.27n% ml- ' . In all isolates ergpsterol constituted the major sterol (over 95% of total
sterols) in the absence of the fungicide. Therefore, DMI-resistance cannot be associated to a
deficiency of the C-14demethylation enzyme in the ergosterol biosynthetic pathway. Imazalil
treatment at concentrations around EC 50 values for inhibition of mycelial growth resulted in
a decrease in ergosterol content and a simultaneous increase in 24-methylene-24,25-dihydrolanosterol content in all isolates. A correlation existed between the imazalil concentration
necessary to induce such changes in sterol composition and the EC 50 values for inhibition of
mycelial growth of the different isolates. The reason for the differential effects of imazalil on
sterol composition in the variousP.italicum isolates may bedue to decreased accumulation of
the fungicide in the mycelium and to other yet non-identified mechanisms of resistance.
Additional keywords: imazalil, Pénicillium italicum, fungicide resistance, sterols.
Introduction
Imazalil (l-[2-(2,4-dichIorophenyl)-2-(2-propenyloxy)ethyl]-lH-imidazole) is a systemic fungicide with a broad antifungal spectrum. Its fungitoxic property against fruit
decay caused by Pénicillium spp. was first reported by Laville (1973). Later on, control
of various other plant pathogens has been reported as well. The fungicide interferes
with ergosterol biosynthesis by inhibition of C-14 demethylation of lanosterol or
24-methylene-24,25-dihydrolanosterol, resulting in accumulation of C-14 methyl
sterol precursors (Buchenauer, 1977;Siegel and Ragsdale, 1978;Vanden Bossche et al.,
1984; Kerkenaar et al., 1984 and 1986). The fungitoxicity of demethylation inhibitors
(DMIs) has been attributed to depletion of ergosterol and to accumulation of sterol
precursors in fungal membranes. This abnormal sterol content causes membrane
hyperfluidity, leading to changes in membrane permeability and activity of
membrane-bound enzymes (Kato, 1986).The latter effect is, for instance, responsible
for abnormal chitin deposition in DMI-treated mycelial tips and explains the abnormal swelling and branching of the tips (Kerkenaar and Barug, 1984; Kerkenaar et al.,
1984). Studies with imazalil indicate that its toxicity is pH-dependent. It exhibits a
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highertoxicityatpHvaluesabovethepKavalue(6.53)ofthefungicide, duetoahigher
uptake of the fungicide initsundissociated form than in its protonated form at lower
pH values (Siegel et al., 1977).
Development of resistance to fungicide with a site-specific action is a potential
threat for chemical disease control. With DMIs, so far, it has only been detected in
a limited number of pathogens after prolonged periods of selection pressure. Examplesof DMI-resistanceinpracticehavebeen noticed withErysiphe graminis (FletcherandWolfe, 1981),Sphaerothecafuliginea (Schepers, 1985),Pénicillium digitatum
(Eckert, 1987), Venturiainaequalis(Stanis and Jones, 1985)and Pseudocercosporella
herpotrichoides (Lerouxetal., 1988).Under laboratory conditions, however,development of resistance occurs more readily as has been demonstrated for various other
fungi (cf. DeWaard and Fuchs, 1982).Laboratory isolates areoften used tostudy the
mechanism of resistance to DMIs, which can be of various nature. A well-described
mechanism hasbeenobserved inmutants of budding fungi with resistance to polyene
antibiotics and cross-resistance to DMIs (cf. Kato, 1986).Such mutants are defective
inC-14demethylation sincethecytochrome P-450,4DM of the enzyme lost its catalytic
activity (Aoyamaet al., 1987).These mutants may utilize sterol intermediates instead
of ergosterol, so that they can survive in the presence of the toxicants (Walsh and
Sisler, 1982).The altered sterol composition usually reduces growth and other fitness
parameters of the mutants as compared to the wild-type. A second mechanism of
resistance to DMIs detected in laboratory isolates of Aspergillus nidulans and
Pénicillium italicum is based on an increased energy-dependent efflux of the
fungicides from mycelium into medium. It is assumed that in these cases the target
enzymeinsterol biosynthesis probably becomes lessreadily saturated (DeWaard and
Van Nistelrooy, 1979 and 1984).
In the present work the following aspects have been studied, a) The level of
resistance under various culture conditions; b) A possible deficiency of the target enzymefor imazalilinsterolbiosynthesis andc)Theeffect of imazalilonsterolcomposition in the various isolates.
Materials and methods
Fungalisolates.The following isolates of P. italicum have been used. Isolate W5with
wild-type sensitivity to DMIs (De Waard et al., 1982), isolate E300.3 with low
resistance to imazalil (De Waard et al., 1982),isolate H17, I33and J4, all obtained via
selection of conidia of isolate E300-3 on imazalil amended PDA (De Waard, 1988).
Isolate J4 was used in only part of the experiments. The isolates were maintained on
PDA.
Media. (1)Synthetic agar medium (Bartz and Eckert, 1972)was buffered to pH 5.53,
6.53 and 7.53 with potassium phosphate (KH 2 P0 4 /K 2 HP0 4 0.05 M). (2) Malt
medium, containing 2% malt extract (Difco) and 1% mycological peptone (Oxoid),
was buffered with 2-morpholino-ethanesulphonic acid (MES; 0.05 M) and dipotassium hydrogen phosphate (0.05 M). Malt media were adjusted to pH 7.0 with
NaOH. In case of solid media 1.2% agar was included.
Chemicals. Imazalil sulphate was a gift from Janssen Pharmaceutica (Beerse,
Neth. J. PI. Path. 95 (1989) Suppl. 1
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Belgium). Stock solutions weremade inmethanol. The final methanol concentration
in amended medium never exceeded 0.1%. Sodium [l4C] acetate (sp. act. 57 mCi
mmole -1 , Amersham)wasdiluted to an activity of 50pC\ ml-' with 50% methanol.
Sodium acetate (Merck) was dissolved in 50% methanol (25 mM).
Fungitoxicity tests. Spore germination. The effect of imazalil on spore germination
was tested in synthetic agar medium buffered at pH 5.53, 6.53 and 7.53 and in malt
agar buffered at pH 7.0. Spores were collected from 7to 10-day-old cultures. Three
drops of a spore suspension (106spores ml-') were spread over the agar surface of a
Petri dish amended with imazalil at different concentrations. The Petri dishes were
incubated at24°C.Sporegermination on thesynthetic agar medium at pH 5.53, 6.53
and 7.53 was counted after 14,22 and 36 h of incubation, respectively, and on malt
agar pH 7.0 after 13h. In each treatment 100spores were counted. The experiment
was carried out in triplicate.
Mycelialgrowth on agar.Theeffect of imazalil on mycelialgrowth wastested in the
samemedia.Theinoculum wasprepared byspreading 3 dropsof thespore suspension
(106 spores ml-') over the agar surface of a Petri dish. The Petri dishes were
incubated at 24 °C overnight. Agar discs (5 mm) with a thin mycelial mat were
transferred upside down to test agar platesamended with imazalil. After five daysof
incubation at 24 °C the size of colonies was determined.
Mycelial growth in liquid media. Liquid cultures were prepared by inoculation of
liquid malt medium (100ml)in flasks (300ml)with 1 mlspore suspension (109spores
ml-'). The flasks wereincubated on a rotary shaker at 24 °C and at 200rpm for 10
h. These cultures, homogeneous suspensions of germlings, werediluted 6 :imes with
the same fresh medium. This suspension of germlings is described as the standard
mycelial suspension and was used to determine the effect of imazalil on dry weight
increase. Portions (10 ml) of this suspension were transferred into flasks (50 ml).
Imazalil wasadded from stock solution to final concentrations ranging from 0.005 to
2.5 ^g ml - 1 . Incubation of these flasks was continued on the rotary shaker and
mycelial dry weights were determined after 0, 4, 8and 12h of incubation.
Lipid extraction. Standard mycelial suspension (100 ml) in flasks (300 ml) were incubated with imazalil at final concentrations of 0.001, 0.01 and 0.1 pg ml-' for 8h
under the same conditions as described for the toxicity experiments. Mycelium was
harvested on a Büchner funnel and freeze-dried. Lipids were extracted by
homogenization of 0.1 g dry mycelium in a Potter-type homogenizer with 20 ml
chloroform/methanol (2:1, v/v) for about 5min. The homogeneous mycelial suspension was' shaken on a rotary shaker for 1 h at room temperature. The
chloroform/methanol extract wascollected by filtration on a Büchner funnel. Water
wasadded to theextract to a final concentration of 20% for phase separation (Folch
et al., 1957).The upper phase was removed. The lower chloroform phase was taken
todrynessbyevaporation under reducedpressureat40°C.Theresiduewasresuspended inabout 5mlof chloroform. Water content inthechloroform wasabsorbed byadding0.5gNa 2 S0 4 . Thechloroform wasfiltered and dried under astream of nitrogen.
Dry weights of the residues, constituting total lipids, were determined. Lipids were
kept under nitrogen in the dark at - 2 0 °C until further analysis.
Neth. J. PI.Path. 95 (1989) Suppl. 1
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Ultraviolet absorption. Total lipids were dissolved in 1ml of chloroform and were
analysed for the presence of ergosterol by UV-spectroscopy with a Beekman spectrophotometer (Model25).Theergosterol content wascalculated on basisof itsmolar
extinction coefficient at 282 nm (Em = 11,900).
GLCandMS analysis.Totallipids(from 0.1gdry wt mycelium)weresaponified with
10%KOHin80%methanol under nitrogen inclosedvialsat90°Cfor2h.Freesterols
were extracted three times with equal volumes of hexane. The combined hexane extracts were washed with 2N KOH and water, respectively, and dried under a stream
of nitrogen and kept at -20°C in the dark. The free sterol fractions were subjected
to gas liquid chromatography (GLC) and analysed by mass spectrometry (GC-MS)
(Kerkenaar et al., 1984).
Incorporation of [l4C] acetate into lipids. Standard mycelial suspensions (100ml) in
flasks (300ml)wereincubated with 2.5nC\ of sodium [l4C]acetate (act. 50/iCi ml-')
and 25^/molesodium acetate in the presence or absence of imazalil (0.1/jg ml - 1 ) at
24 °C on a rotary shaker for 8 h. Mycelium was harvested and total lipids were extracted as described above. The total lipid fractions were separated by thin layer
chromatography (TLC)usingprecoated silicagel plates(F254,0.25mmthick, Merck).
From each chloroform extract (1ml),200//lwasspotted ontheTLCplates. Authentic
ergosterol, lanosterol, cholesterol acetate and palmitic acid wereused as references in
a comparable TLC experiment with non-labeled lipids. The TLC plates were
developed in a solvent system of heptane/isopropylether/acetic acid (60:40:4, v/v/v).
Lipids on the plate were visualized by spraying with H 2 S0 4 /methanol (1:1, v/v) and
heating at 150 °C for about 5min. The radioactive areas in the plate were detected
withathin layerscanner (Berthold).Radioactive areaswerescraped off and measured
quantitatively for radioactivity with aliquid scintillation system (Beekman LS5800).
Results
Growth and fungitoxicity. Growth of P. italicum isolates in various media and
fungitoxicity ofimazalilweretestedtofind amediumwhichwouldsupport fast fungal
growthand inwhich imazalilwould display ahigh fungitoxicity and adifferential toxicitytothevarious isolates.Such amedium isnecessary tostudy theeffect of imazalil
on sterol biosynthesis.
Growth on a liquid minimal glucose mineral salt medium (Kerkenaar et al., 1984)
was too slow (results not shown). Growth of all isolates on synthetic agar according
to Bartz and Eckert (1972) was optimal at pH 5.53. In that case, spore germination
of all'isolates (W5, E300_3, H17 and I33) after 14 h of incubation was about 98%.
Sporegermination of the isolates at pH 6.53 after 22hof incubation and at pH 7.53
after 36hof incubation varied between 52-57% and 26-44%, respectively. Germination on malt agar at pH 7.0 after 13 h of incubation was 82-88%. In all cases no
obvious differences between the isolates wereobserved. On the basis of these results
toxicity of imazalil to spore germination and radial growth of all isolates was tested
using synthetic agar pH 5.53, 6.53 and 7.53 and malt agar pH 7.0. Results (Table 1)
showthat imazalil isinhibitory to both spore germination and mycelial radial growth
inboth typesof media.Toxicityof imazalil tomycelialgrowth washighest inmalt agar
Neth. J. PI. Path. 95(19S9) Suppl. I
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Table 1. Effect of imazalil on spore germination and radial growth of Pénicillium ilalicum
isolates.
Isolate ECS0 of imazalil (jjgml"1)

w5
tjOO-J

H„
I33

J.

spore germination'

radial growth2

SA pH 5.33

Malt pH 7.0

SA pH 5.33

SA pH 6.53

SA pH 7.53

Malt pH 7.0

0.028
0.14 (5)J
0.95 (34)
1.09 (39)
-

0.011
0.019 (2)
0.12 (11)
0.16 (15)

0.06
0.21 (3.5)
3.4 (57)
6.5 (108)

0.006
0.046 (8)
0.42 (70)
0.70 (117)

0.005
0.023 (4.6)
0.23 (46)
0.55 (HO)

-

—

-

—

0.005
0.03
0.25
0.35
0.38

(6)
(50)
(70)
(76)

1
Spore germination on synthetic agar (SA) and malt agar determined after 14and 13 hours
of incubation, respectively. EC50valuesof imazalil on sporegermination on syntheticagar pH
6.53and 7.53werenot calculated becauseofextremely lowgermination percentages incontrols
(see text).
2
RadialgrowthonsyntheticagarpH 5.33,6.53and7.53andmalt agarpH 7.0wasdetermined
after 5days of incubation; diameter of colonies in control treatments were 17, 13, 11and 19
mm (W5); 19, 15, 13and 19mm (E300-3);20, 15, 10and 17mm (H„); 21, 16, 10and 20 mm
(I33), respectively. Radial growth of isolate J4 in control treatment on malt agar pH 7.0 was
19mm after 5 days of incubation.
3
Data between brackets: degree of resistance.

pH 7.0 and synthetic agar pH 7.53. Since malt agar pH 7.0 supported radial growth
much better than synthetic agar pH 7.53, the malt medium was chosen in future
studies.
In liquid malt medium (pH 7.0) imazalil showed a concentration-dependent inhibition of dry weight increase in time (Fig. 1). EC 5 0 values of imazalil for inhibition of
growth measured after 12 h of incubation for isolates W 5 , E 30O _ 3 , H | 7 and I 33 are
0.005, 0.016 (3.2), 0.10 (20) and 0.27 (54) pg m l - ' , respectively. Between brackets,
degrees of resistance (EC 50 resistant isolate: EC 5 0 wild-type) are given. The results
show that the increased degree of resistance in isolates E30o-3> H ) 7 and I 33 is also expressed during growth in a rich liquid malt medium. The EC 5 0 values found are even
slightly lower than the corresponding values established for radial growth on malt
agar. On the basis of these results 10-hour-old germlings in liquid malt medium were
used to determine the effect of imazalil on sterol biosynthesis.
Total lipids. In control treatments, the total lipid content of wild-type isolate W 5 and
DMI-resistant isolates E 3 0 0 -3, H , 7 , 1 3 3 and J 4 was 67.7±15, 75.7+24, 63.3+ 3, 63.0+1
and 61.1 + 12 mg g - ' dry mycelium, respectively. The figures were not significantly
different. Treatment with imazalil (0.001,0.01 and 0.1pg m l - 1 ) did not effect the total
lipid content.
UVspectroscopy. Ultraviolet absorption spectra of total lipid extracts from all isolates
in all treatments were identical to the one of a reference ergosterol as given by
Neth. J. PI.Path. 95(1989) Suppl. I
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Fig. 1. Toxicityof imazaliltogrowthof 10-hour-oldgermlingsofPénicillium italicum isolates
inliquid malt medium pH7.0.Thefigures represent imazalil concentrations C"g ml -1 ) inthe
medium.
Kerkenaar etal.(1981).Themaximum absorption at 282nmwasused tocalculate the
ergosterol content inmycelium (Table2).The ergosterol content of standard 10-hourold mycelium was almost similar in all isolates (1.25-1.39 mgg-1dry mycelium). This
content increased to 1.87-1.99 mg g-' dry mycelium during an additional 8-hourgrowing period. Treatment with imazalil reduced ergosterol levels in both wild-type
and resistant isolates.Thelevelsofergosteroldecreased withincreasing concentrations
of imazalil. The decrease wasinversely proportional to the degree of resistance of the
various isolates.Concentrations of imazalil which inhibited theincreaseof ergosterol
content during the 8-hour-growing period in W5, E300_3, H, 7 , I33and J4 for 50% are
0.004, 0.019, 0.05, 0.18 and 0.42 /ug ml 1 , respectively.
GLC and GC-MS. Analysis of free sterols extracted from saponified total lipids of
control-treated myceliaofallisolatesrevealedonemajor peak with arelative retention
time (RR,) of 1.17 compared with that of cholesterol. The peak was identified by its
mass spectrum and fragmentation pattern (Kerkenaar et al., 1984)asergosterol (data
not shown). One minor peak had a RR, of 1.70. This one was identified by its mass
spectrum and fragmentation pattern (Kerkenaar et al., 1984) as 24-methylene-24,25dihydrolanosterol (data not shown) and it constituted in all isolates less than 5% of
thetotalquantityof sterols.Inallisolates nodifferences incomposition of sterolsbetween 10-hour-old and 18-hour-old myceliawereobserved (Table3).Imazalil treatment
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Table 3. Effect ofimazalilonsterolcomposition ofPénicillium italiaim isolatesduring8 h of
incubation in liquid malt medium pH7.0.
Imazalil

;xp. Sterol composition (°7oof total sterols)

(/ig ml"1)

w5
_ l

02

I
1

0.001
0.01
0.1

I
1
1
1
11

H„

Ejoo-3

J4

I33

Erg. 3 Mian. Erg.

Mian. Erg.

Mian. Erg. Mian. Erg.

97.2
98.2
96.5
98.9
91.2
96.5
38.0
41.0
22.7
25.8

1.7
3.7
2.6
1.1
4.5
4.1
23.5
25.2
70.8
71.9

2.5
3.6
3.3
2.7
12.7

2.8
1.8
3.4
1.1
8.8
3.5
62.0
59.0
67.3
74.2

98.3
96.3
97.4
98.9
95.5
95.9
76.5
74.8
29.2
28.1

97.5
96.4
96.7
97.3
87.3

98.0
95.6
93.7
98.1
94.7

2.0
4.4
2.3
1.9
5.3

-

-

-

-

80.8
72.3
50.5
42.7

19.2
27.7
49.5
57.3

86.8 13.2
89.6 10.4
65.8 34.2
80.0 20.0

Mian.

95.6

4.4

-

-

96.3
95.4
91.7
98.0
86.4
90.8
69.1
80.3

3.7
4.6
8.3
2.0
13.6
9.2
30.9
19.7

Sterolcomposition of 10-hour-old standard mycelium before incubation with imazalil.
Sterol composition of control treatment after incubation of standard mycelium for 8h.
3
Erg. = ergosterol. Mian. = 24-methylene-24,25-dihyrolanosterol.

2

of mycelium resulted in reduction of the proportion of ergosterol and accumulation
of 24-methylene-24,25-dihydrolanosterol. Thisshift insterol composition occurred in
both wild-typeand DMI-resistant isolates. Intheresistant isolatesrelatively high concentrations of imazalil were required to produce the same shift, indicating that the
effect ofimazalilonsterolcomposition iscorrelated tothedegreeof resistanceinthese
isolates.Other minorsterols,whichaccumulateafter inhibition ofC-14demethylation
inP. italicum (Kerkenaar et al., 1984and 1986)werenot detected in two independent
experiments.
[I4C]acetateincorporation. Total lipids wereseparated into various fractions by thin
layer chromatography. The various fractions were identified in separate experiments
by comparing their Rf values with those of references after charring and with
literature data (Buchenauer, 1977;Vanden Bossche etal., 1978).Scansof the radioactivity,in the TLC plates indicated that imazalil treatment (0.1ng ml"1) of isolate W5
and E3oo.3resulted in a decrease in incorporation of [14C]-label into C-4 desmethyl
sterols and an increase in incorporation of [l4C]-label into C-4,4 dimethyl sterols.
Such a shift was much less with highly resistant isolates I33 and J 4 . With isolate H n
anintermediateeffect wasobserved (Fig.2).Quantitativedatawereobtained bycounting [14C]-labeledlipids separated byTLC in a liquid scintillation system. The results
(Table4)support theaboveobservations.Thedataalsoshowthat thestrong inhibition
of incorporation of [14C]-labelinto C-4 desmethyl sterols inwild-type isolate W5 and
low resistant isolate E300.3 was coupled with an increase in incorporation of [l4C]label into C-4 methyl sterols. Besides sterols, imazalil treatment also resulted in an
increase in incorporation of [14C]-label into free fatty acids, triglycerides and
Neth. J.PI. Path. 95 (1989) Suppl. 1
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Fig.2. Thin layerscansof [l4C]-labeledlipid fractions of Pénicillium italicum isolatesincorporated with [14C] acetate in presence and absence of imazalil (0.1^g ml -1 ). 1.Polar lipids.
2. C-4 desmethyl sterols. 3. C-4 methyl sterols 4. C-4,4 dimethyl sterols. 5. Unknown compounds. 6. Free fatty acids. 7. Triglycerides. 8. Steryl esters. Left: controls. Right: imazalil
treatments.
unknown compounds and a decrease in incorporation of [14C]-labelinto polar lipids
and sterol esters.These effects, again, weremore pronounced in wild-type isolate W5
and low resistant isolate E300_3and werealmost absent in highly resistant isolates I33
and J 4 . With isolate H )7 these effects were intermediate.
Discussion
The liquid malt medium (pH 7.0) supported fungal growth well and toxicity of imazalil in this medium was as high as in synthetic medium. Therefore this medium
Neth.J.PI. Path. 95 (1989) Suppl. !
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proved to be most suitable tostudy effects of imazalil on growth and sterol composition of P. italicum.
The age of the standard mycelial suspension (10-hour-old) appeared to be critical
for high toxityof imazalil.Sensitivityof 16-hour-old myceliumtoimazalilisrelatively
low(DeWaard, unpublished results).Thisdiscrepancy isprobably caused bythe high
proportion of growing biomass (hyphal tips) in the total biomass in 10-hour-old
cultures of germlings, compared to 16-hour-old cultures when mycelial pellets are
formed. In thelatter case non-growing mycelial cellsare abundantly present and it is
likely that imazalil may accumulate into lipid fractions of these cells, and as a consequence of which the actual concentration is lowered. Another explanation might be
the relatively lowcontent of ergosterol in 10-hour-old germlings (Table2), leading to
a fast depletion of this sterol in the presence of imazalil.
Wild-typeaswellasDMI-resistantisolatesof/? italicum containedergosterol asthe
major sterol (Table 3).This rules out the possibility that resistance in P.italicum to
imazalil isassociated to C-14 demethylation deficiency in sterol biosynthesis. Such a
mechanism of resistancehasbeenreported for polyene-resistant budding fungi (Walsh
and Sisler, 1982; Aoyama et al., 1983), which are cross-resistant to DMIs. These
mutants may possess an ability to utilize sterol intermediates instead of ergosterol so
that they can survive in the presence of the fungicides. In these mutants the C-14
demethylation deficiency is often coupled with a highly reduced fitness (Walsh and
Sisler, 1982). The normal spore germination and mycelial growth rate of the DMIresistant isolates of P.italicum under the various cultural conditions tested (Table 1)
indicatesnoobviouslossinsaprophytic fitness.Thisisinagreement withthe assertion
mentioned abovethat the resistance mechanism inP. italicum isolates isnot based on
C-14 demethylation deficiency. DMI-resistant isolates with a normal sterol composition and fitness were also described for Candida albicans (Hitchcock et al., 1986),
Ustilagoavenae (Hippe and Koller, 1986)and U.maydis (Leroux and Gredt, 1984).
Imazalil had a profound effect on ergosterol biosynthesis of the wild-type isolate
W5. Imazalil at about the EC50 value for inhibition of mycelial dry weight increase
(0.005 ßg ml-') caused a significant reduction of the ergosterol content and a
simultaneous accumulation of 24-methylene-24,25-dihydrolanosterol (Tables 2 and
3). These results once more indicate that inhibition of C-14 demethylation is the
primary siteof action of imazalil. Similar effects on major sterol composition of the
other isolates were observed, but only at relatively higher concentrations. In fact, a
closecorrelation was present between the imazalil concentration necessary to induce
similar changes insterol composition and the EC50values of the fungicide for inhibition of mycelial growth of the various isolates. These results indicate that the target
enzyme for DMIs, cytochrome P-450MDM, is present in all isolates but it is only inhibited at different extracellular concentrations of imazalil.
The [l4C] acetate incorporation experiments (Table 5) support the above conclusions. Inhibition of the incorporation of [l4C]-label into C-4 desmethyl sterols and
accumulation of [l4C]-label in C-4,4 dimethyl sterols by imazalil (0.1fxgml-') was
most obvious inthewild-typeisolateW5.This inhibitory effect waslower in resistant
isolates in the order of E30o-3, H n , I33 and J 4 . Both groups of [i4C]-Iabeled sterols
werenot further analysed. Itissuggested that [14C]-labeledC-4desmethyl sterols and
[14C]-labeled dimethyl sterols consist mainly of ergosterol and 24-methylene-24,25dihydrolanosterol, respectively (Table 4). Imazalil treatment of the wild-type isolate
Nelh. J. PI. Path. 95 (1989) Suppl. 1
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W5 and low-resistant isolate E30o-3also resulted in incorporation of [l4C]-label into
C-4 methyl sterols. This is probably obtusifoliol. However, obtusifoliol was not
detected in the GC-MS experiments. This discrepancy is ascribed to the fact that in
thelatter teststotal sterolswereanalysed, of which C-4 methyl sterols may constitute
an undetectable amount. In [14C] acetate incorporation experiments de novo synthesized sterols were analysed.
At pH valuesabovethepKavalueof imazaliltreatment of P. italicum with imazalil
resulted in formation of C-14methyl sterols with C-3 keto groups (Kerkenaar et al.,
1984and 1986).Thesesteroids werenot detected in the present GC-MS experiments.
Thisdifference mayberelatedwiththeuseof acomplexmedium insteadof a synthetic
one and use of germlings instead of two-day-old mycelium.
Imazalil did not strongly affect total lipid content inall isolates.This isalso found
ina comparable study by Hitchcock et al. (1986).However, imazalil did affect incorporation of [l4C]-labelnot only into sterols as described above but also into various
other lipids,likepolar lipids, free fatty acids,triglycerides and unknown compounds.
Again these effects were most obvious with wild-type isolate W5 and low-resistant
isolate £300.3 and werealmost absent with isolate I33and J 4 .The effect on isolate H )7
was again intermediate. It is supposed that the relatively weak effect of imazalil on
incorporation of [14C]-labelintothevariouslipid fractions of highly-resistant isolates
is a consequence of reduced inhibition of C-14 demethylation of 24-methylene24,25-dihydrolanosterol in these isolates.
The mechanism responsible for reduced inhibition of C-14 demethylation in the
low-resistant isolate E300.3may be based on an increased energy-dependent efflux of
imazalil from myceliumashasbeendemonstrated for variousother DMIs(De Waard
and Van Nistelrooy, 1984 and 1988). In view of the supposed polygenic nature of
resistance to DMIs, in general (Van Tuyl, 1977),and, in particular, in P.italicum (De
Waard, 1988), additional mechanisms of resistance may operate in isolates with a
higher degree of resistance. The nature of these mechanisms is not known, but may
be related to additional permeability barriers for the fungicide, increased detoxification, decreased affinity of cytochrome P450, 4DM , or changes in total lipid composition different from sterols. The validity of these potential mechanisms of resistance
will be the subject of further studies.
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Samenvatting
Effecten van imazalil op de sterolsamenstelling van gevoelige en DMI-resistente
isolaten van Pénicillium italicum
Imazalil remt differentieel de toename in drooggewicht van 10-uur-oude gekiemde
sporen vanwild-typeenDMI-resistenteisolaten van Pénicillium italicum in vloeistofcultures van moutextract. De EC50 waarden voor groei van de verschillende isolaten
lopen uiteen van 0,005 tot 0,27 /vg ml->. In afwezigheid van het fungicide is in alle
isolaten ergosterol het belangrijkste sterol (meer dan 95% van het totaal). DMINeth. J. PI.Path. 95 (1989) Suppl. 1
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resistentie kan daarom niet in verband staan met deficiëntie van het C-14 demethyleringsenzym in de ergosterol biosynthese. Imazalilbehandeling van mycelium bij concentraties rond de EC 5 0 waarde voor groeiremming, resulteerde bij alle isolaten in een
afname van het ergosterolgehalte en een gelijktijdige toename van het gehalte aan
24-methyleen-24,25-dihydrolanosterol. Er bestaat dus een nauwe correlatie tussen de
imazalilconcentratie die noodzakelijk is om vergelijkbare veranderingen in
sterolsamenstelling te induceren en de EC 5 0 waarde voor remming van myceliumgroei
van de verschillende isolaten. De differentiële effecten van imazalil op de
sterolsamenstelling van de verschillende P. italicum isolaten kunnen worden veroorzaakt door verminderde accumulatie van het fungicide in het mycelium en door
andere, nog niet geïdentificeerde resistentiemechanismen.
References
Aoyama,Y.,Yoshida, Y.,Hâta,S.,Nishino,T.,Katsuki, H., Maitra, U.S.,Mohan, V.P.&Sprinson, D.B., 1983.Altered cytochrome P-450in a yeast mutant blocked in demethylating C-32
of lanosterol. The Journal of Biological Chemistry 258: 9040-9042.
Aoyama, Y.,Yoshida, Y.,Nishino,T., Katsuki, H., Maitra, U.S.,Mohan, V.P.&Sprinson, D.B.,
1987. Isolation and characterization of an altered cytochrome P-450 from a yeast mutant
defective in lanosterol 14or-demethylation. The Journal of Biological Chemistry 262:
14260-14264.
Bartz, J.S. & Eckert, J.W., 1972. Studies on the mechanism of action of 2-aminobutane.
Phytopathology 62: 239-246.
Buchenauer, H., 1977. Mechanism of action of the fungicide imazalil in Ustilago avenae.
Zeitschrift für Pflanzenkrankheiten und Pflanzenschutz 84:440-450.
Eckert, J.W., 1987. Pénicillium digitatum biotypes with reduced sensitivity to imazalil.
Phytopathology 77: 1728.
Fletcher, J.T.&Wolfe, M.S., 1981.Resistance toErysiphe graminis f. sp.hordeito triadimefon,
triadimenol and other fungicides. Proceedings of British Crop Protection Conference 2:
633-640.
Folch,J., Lees,M.&Sloanestanley,G.H., 1957. Asimplemethod for theisolation and purification of total lipids from animal tissue. The Journal of Biochemistry 226:497-509.
Hippe, S. and Koller, W., 1986.Ultrastructure and sterol composition of laboratory strains of
Ustilagoavenae resistant to triazole fungicides. Pesticide Biochemistry and Physiology 26:
209-219.
Hitchcock, CA., Barrett-Bee, K.J. & Russell, N.J., 1986. The lipid composition of azoleresistant strains of Candida albicans. Journal of General Microbiology 132: 2421-2431.
Kato, T., 1986.Sterol biosynthesis in fungi, a target for broad spectrum fungicides. In: Haug,
G. &Hoffmann, H. (Eds), Chemistry of Plant Protection, Vol. 1. Springer-Verlag, Berlin,
p. 1-24.
Kerkenaar, A. and Barug, D., 1984. Fluorescence microscope studies of Ustilagomaydis and
Pénicillium italicum after treatment with imazalil or fenpropimorph. Pesticide Science 15:
199-205.
Kerkenaar, A., Janssen, G.G.& Costet, M-F., 1986.Special effects of imazalil on sterol biosynthesis of Pénicillium italicum . In: Sixth International Congress of Pesticide Chemistry
IUPAC, Ottawa, Canada, Abstract 3C-02.
Kerkenaar, A., Rossum, J.M. van, Versluis, G.G. & Marsman, J.W., 1984. Effect of fenpropimorph and imazalil on sterol biosynthesis inPénicilliumitalicum. PesticideScience 15:
177-187.
Kerkenaar, A., Uchiyama, M. &Versluis, G.G., 1981.Specific effects of tridemorph on sterol
biosynthesis in Ustilago maydis. Pesticide Biochemistry and Physiology 16:97-104.
Neth. J. PI. Path. 95 (1989) Suppl. 1

27

Laville, E., 1973.Etudes des activités du R23979et de sessels sur lespourritures à Pénicillium
(P.digitalum, P.italicum) des oranges. Fruits 28:545-547.
Leroux, P.&Gredt, M., 1984.Resistance to fungicides which inhibit ergosterol biosynthesis in
laboratory strains of Botrytis cinereaand Ustilago maydis. Pesticide Science 15:85-89.
Leroux, P.,Gredt, M.&Boeda, P., 1988.Resistance to inhibitors of sterol biosynthesis in field
isolates and laboratory strains of the eye spot pathogen Pseudocercosporella herpotrichoides. Pesticide Science 23: 119-129.
Schepers, H.T.A.M., 1985. Changes during a three-year period in the sensitivity to ergosterol
biosynthesis inhibitors of Sphaerothecafuliginea in the Netherlands. Netherlands Journal
of Plant Pathology 91: 105-118.
Siegel, M.R., Kerkenaar, A. & Kaars Sijpesteijn, A., 1977. Antifungal activity of systemic
fungicide imazalil. Netherlands Journal of Plant Pathology 83 (suppl. 11):121-133.
Siegel, M.R. & Ragsdale, N.N., 1978. Antifungal mode of action of imazalil. Pesticide
Biochemistry and Physiology 9:48-56.
Stanis, V.F. & Jones, A.C., 1985. Reduced sensitivity to sterol inhibiting fungicides in field
isolates of Venturiainaequalis. Phytopathology 75: 1098-1110.
Tuyl,J.M. van, 1977. Geneticsof fungal resistance tosystemic fungicides. Mededelingen Landbouwhogeschool, Wageningen, the Netherlands 77-2. p. 1-136.
Vanden Bossche, H., Lauwers, W., Willemsens, G., Marichal, P., Cornelissen, F.&Cools, W.,
1984. Molecular basis for the antimycotic and antibacterial activity of N-substituted imidazoles and triazoles: the inhibition of isoprenoid biosynthesis. Pesticide Science 15:
188-198.
Vanden Bossche, H., Willemsens, G., Cools, W., Lauwers, W.F.J. & Le Jeune, L., 1978.
Biochemical effects of miconazole on fungi. II. Inhibition of ergosterol biosynthesis in Candida albicans. Chemico-Biological Interactions 21: 59-78.
Waard, M.A. de, 1988.Interactions of fungicide combinations. In: Delp,C.J. (Eds), Fungicide
Resistance in North America. APS press.American Phytopathological Society, p. 180-200.
Waard, M.A. de&Fuchs,A., 1982.Resistance to ergosterol biosynthesis inhibitors. II. Genetic
and physiologicalaspects. In:Dekker,J.and Georgopoulos, S.G.(Eds),Fungicide Resistance
in Plant Protection. Pudoc, Wageningen, p. 87-100.
Waard, M.A. de, Groeneweg, H. & Nistelrooy, J.G.M, van, 1982. Laboratory resistance to
fungicides whichinhibitergosterol biosynthesisinPénicilliumitalicum. Netherlands Journal
of Plant Pathology 88:99-112.
Waard, M.A. de & Nistelrooy, J.G.M. van, 1979. Mechanism of resistance to fenarimol in
Aspergillus nidulans. Pesticide Biochemistry and Physiology 10:219-229.
Waard, M.A. de &Nistelrooy, J.G.M. van, 1984. Differential accumulation of fenarimol by a
wild-type isolate and fenarimol resistant isolates of Pénicillium italicum. Netherlands Journal of Plant Pathology 90: 143-153.
Waard, M.A. de&Nistelrooy, J.G.M. van, 1988.Accumulation of SBI fungicides in wild-type
and fenarimol resistant isolates of Pénicillium italicum. Pesticide Science 22:371-382.
Walsh,' R.L. and Sisler, H.D., 1982. A mutant of Ustilago maydis deficient in sterol C-14
demethylation, characteristics and sensitivity to inhibitors of ergosterol biosynthesis
Pesticide Biochemistry and Physiology 18: 123-131.

Neth. J. PI. Path. 95 (1989) Suppl. I

28

CHAPTER 3
Ergosterolbiosynthesisinacell-free preparation ofPénicillium
italicum and its sensitivity to DMI fungicides
J. Guan1, C. Stehmann1, S. W. Ellis1, A. Kerkenaar2-3and M. A. de Waard1
•Department of Phytopathology, Wageningen Agricultural University,
P.O. Box 8025, 6700 EE Wageningen, The Netherlands.
Netherlands Organization of Applied Scientific Research,
TNO Institute of Applied Chemistry, P.O. Box 108,
3700 AC Zeist, The Netherlands.
3

Present address: Denka International B.V.,
Hanzeweg 1, 3771 NG Barneveld, The Netherlands.
(Accepted by Pesticide Biochemistry and Physiology)

Abstract
A method has been developed to study ergosterol biosynthesis in cell-free
extracts of the filamentous plant pathogen Pénicillium italicum. The method
is based on amild mechanical disruption of conidial germlings ina Bead-Beater
apparatus. The cell-free extract was effective in synthesizing C4-desmethyl
sterols from [2- 14 C]mevalonate. Ergosterol was the only C4-desmethyl sterol
synthesized and amounted to 2 5 . 6 % of total non-saponifiable lipids. Other
sterols identified in the non-saponifiable lipid fraction were lanosterol and a
trace amount of 24-methylenedihydrolanosterol. Inhibition of ergosterol
synthesis by fungicides which inhibit sterol 14o-demethylation (DMIs) led to
accumulation of 24-methylenedihydrolanosterol indicating inhibition of
cytochrome P450-dependent sterol 14or-demethylase activity. IC 60 values
(concentrations which inhibit incorporation of [2- 14 C]mevalonate into
ergosterol for 50%) of the highly toxic DMI fungicides imazalil, itraconazole,
ketoconazole, penconazole and propiconazole ranged from 6.5 ± 0.5 x10" 9
to 1.7 ± 0.7 x10" 8 M. This indicates that DMI fungicides are very potent
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inhibitorsofsterol 14a-demethylaseactivity incell-freeextractsofthefungus.
Less-toxic DMI-analoguesR14821 and R42243 hadmuch higher ICS0values,
suggestingthat thesecompounds haveasignificantly lower potencyto inhibit
sterol 14o-demethylase activity.

Introduction
Sterol demethylation inhibitors (DMIs) are the largest group of sterol
biosynthesis inhibiting fungicides. DMIs affect ergosterol biosynthesis by
inhibition of sterol 14a-demethylation of lanosterol or 24-methylenedihydrolanosterol (1, 2). Although DMIs have a broad antifungal spectrum,
remarkable differences exist in the sensitivity of various fungi to DMIs (1).
Insensitivity of fungi to DMIs may relate to a low affinity of the target enzyme
(sterol 14a-demethylase). Low affinity of this target enzyme may also be a
mechanism of acquired resistance in fungi (3, 4). In order to test these
hypotheses, an enzyme assay in which the intrinsic inhibitory activity of DMIs
to sterol 14a-demethylation can be tested, is essential. The assay can also be
helpful inoptimising toxicity ofcandidateDMIstospecific fungal pathogens (5).
Studies of sterol 14a-demethylase assays have been largely confined to
Saccharomyces cerevisiae (5-7)andtheyeastform ofCandidaalbicans(2,8-10).
The development of a sterol 14a-demethylase assay for filamentous fungi has
onlyrecentlybeenreported forAspergillusfiimigatus(11).Lack ofsuchenzyme
assays may be due to instability of the membrane-bound enzyme in filamentous
fungi (12) or to a relatively low enzyme concentration. A complication is also
thatsterol 14a-demethylationinfilamentousfungi occursafter methylationatC24
oflanosterol(13).Thesidechainalkylationoflanosterol takesplaceinmitochondria (14).Thisimpliesthatsynthesis ofC4-desmethyl sterolsincell-free extracts
offilamentousfungi mayrequireconditionsdifferent from thosedescribed for5.
cerevisiaeand the yeast form of C. albicans.
In this paper a method to obtain cell-free extracts of thefilamentousplant
pathogenPénicillium italicum effective insynthesisofergosterolisdescribed.To
evaluatetheassay, theinhibitory effects ofvariousDMI-fungicides andtwolesstoxic DMI-analogues on ergosterol biosynthesis were tested.
Materials and methods
Chemicals. Imazalil sulphate (imazalil), imazalil analogues l-[2(2,4dichlorophenyl)-2-(hydroxy)ethyl-lN-imidazole (R14821), l-[2(2,4-dichlorophenyl)-2-(2,3-dihydroxypropyloxy)ethyl]-lN-imidazole(R42243),ketoconazole
30

and itraconazole were gifts from Janssen Pharmaceutica (Beerse, Belgium);
penconazole and propiconazole from Ciba Geigy A. G. (Basle, Switzerland).
Imazalil and the other compounds wereused in lOOOx concentrated solutionsin
water anddimethyl sulfoxide (DMSO), respectively. Mevalonic acidDBED salt
(RS-[mevalonic-2-I4C] in ethanol, sp. act. 1.9 GBqmmol') waspurchased from
Amersham (UK). NAD+, NADP+, NADPH, ATP, glucose 6-phosphate and
reduced glutathione werepurchased from Sigma (St. Louis, Mo.). The preparation of cofactor solution was according to Ballard et al. (11) in 100 mM
potassium phosphate buffer pH 7.5 (1 ml) and contained 20 fxmol NAD + , 20
y.mo\NADP+, 20jtmolNADPH, 100/*molATP, 60/xmolglucose 6-phosphate
and 60 jumolreduced glutathione. The pH of the cofactor solution was adjusted
to7.3 withKOH(10M).Divalent cationsolutionsofMgCl2(0.5M)andMnCl2
(0.4 M) were prepared in distilled water and adjusted with K2HP04 3H20(5 M)
to pH 7.0 and 6.7, respectively.
Fungus and culture conditions. Wild-type isolate W5 of P. italicum was
maintained onmaltextractagarmedium.Preparation offungal cultures (11hours
old) and mycelial suspensions were carried out according to methods described
previously (15).
Preparation of cell-freeextracts.Mycelium was collected by filtration ona
Büchner funnel and washed twice with 100 mM ice cold potassium phosphate
buffer pH 7.5 (250 ml). Subsequent steps were carried out at 0-4°C. Mycelium
was resuspended in buffer in aratio of 80 mg wet wt ml"1(30 mgdry wtml"1).
A vessel (32 ml) of a Bead-Beater (Biospec Products, Bartlesville, Ok.)
containingglassbeads(15g,diameter 1 mm)wascompletely filled withmycelial
suspension. Remaining airin thevessel wasremoved byevacuation for 5minat
-1bar. Thevessel wasagain fullyfilledwith mycelial suspension.The mycelium
was disrupted 4 times for 30 sec with 30 sec intervals while the outer jacket
around the vessel was filled with ice-water. The homogenate was filtered over
twolayers ofcheese cloth (pre-soaked in thebuffer). Glycerol (88%purity) was
gently mixed with the filtrate toafinalconcentration of 20% (v/v).The mixture
was centrifuged twice at 3,000g for 10 min. The top part of the resulting
supernatant (cell-free extract) was immediately used in the sterol 14ademethylation assay. In order to check whether intact cells were present in this
cell-free extract, a few drops were added to malt extract agar medium in aPetri
dish, incubated overnight at 25°C and assessed for fungal growth. The protein
contentofcell-free extractswasdetermined withBio-Rad ProteinAssay (Bio-Rad
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Laboratories, Veenendaal, the Netherlands) using bovine 7-globulin as a
standard.
Sterol biosynthesis assay. Sterol biosynthesis assays were carried out
according to the method of Ballard et al.(11). The reaction mixture (10 ml)
consisting of cell-free extract (9.3 ml), cofactor solution (0.5 ml) and divalent
cation solutions ofMgCl2 (0.1 ml) and MnCl2 (0.05 ml) was adjusted topH 7.3
with I^HPCv, 3H20 (5 M). The volume of K^HPC^ solution added never
exceeded 1%of the total volume. The mixture was divided into0.995 mlportionsin 10ml screw-capped test tubes. Test compounds (1jtl)wereadded to the
mixture.Incontrols,thecorresponding amountsofwaterorDMSOwereadded.
The reaction was started by adding [2-14C]mevalonate (5 /il). The tubes were
incubated in a reciprocal water bath shaker (80 strokes per min) at 25°C for 3
hin thedark. The caps oftubeswere opened every hour. ThepH oftheincubation mixtures was measured again after incubation. Effects of pH on sterol
biosynthesis wasstudied inasimilar mannerafter adjusting thepHof incubation
mixtures from 7.0 to 7.5 with KH2P04 (3 M) or K2HP04 3H20 (5 M).
Experiments were carried out at least in 3-fold with different cell-free extracts.
Saponification andsterolextraction. Saponification oftotallipidswascarried
out by adding 1 ml of freshly prepared 20% KOH (w/v) in ethanol (90%) to
incubation mixtures. The tubes were tightly closed and heated in awaterbath at
80°C for 1hour. Non-saponifiable lipids were extracted from cooled saponification mixtures by Vortex mixing three times with 7 ml petroleum ether (b. p.
40-60°C).Thecombined organicextractswereevaporated todrynessonarotary
evaporator at40°C undervacuum. Theresidueswere redissolved in 2-4 mlof
petroleum ether. Residual water in the organic solvent was removed by adding
anhydrous sodium sulphate (0.5 g). The solvent was reduced to dryness under
nitrogen. Residues containing non-saponifiable lipidswere stored under nitrogen
at -20°C.
Thin-layer chromatography (TLC). Non-saponifiable lipid extracts from
incubationmixtures(1ml)weredissolvedinpetroleumether(300jd)andapplied
to TLC plates (Silica gel plate F254, Merck, Darmstadt, Germany). The plates
weredeveloped in cyclohexane :ethylacetate / 4 : 1(v/v) inthedark. Authentic
ergosterol andlanosterol wereused asstandards. Radioactive areas ontheplates
werelocatedbyautoradiographybyexposingtheTLCplatestoaKodakdiagnostic film (X-Omat™,EastmanKodakCompany, Rochester, NY.) for threedays.
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Identification ofnon-saponifiablelipidfractions wascarriedoutbycomparingthe
Rfvaluesofdifferent fractions withthoseoftheauthenticcompoundsasobserved
under UV light and with literature data. Sterol and other non-saponifiable lipid
fractions separated onTLCplateswerescraped off andcounted for radioactivity
inaliquid scintillation counter (BeekmanLS5800). Theradioactivity recovered
from TLCplateswas considered asradioactivity incorporated into non-saponifiablelipids.Theamountofradioactivityincorporated intodifferent sterol fractions
was expressed as apercentage of radioactivity in total non-saponifiable lipids.
Radio-HPLCof sterols. Non-saponifiablè lipids extracted from incubation
mixtures (1 ml) were dissolved in 95% methanol (300 /xl)containing ergosterol
and lanosterol (0.3 mg ml"1)as internal standards. Analyses of non-saponifiable
lipidswerecarriedoutwithaRadio-HPLCequipmentconsisting ofaWaters510
HPLC pump, two UVdetectors (Waters 484and 481, Millipore, Milford, Ma.)
set at 210 and 280 nm, respectively and an on-line radioactivity monitor
(Canberra Radiomatic, A-200,RadiomaticInstruments and ChemicalCo.,Inc.,
Tampa, Fl.) using Pico-Aqua™ (Packard Instrument Company, Inc., Downers
Grove, 111.) as scintillant at a flow rate of 3 ml min'. Samples (100 fA)were
eluted with 95% methanol (HPLC grade, J. T. Baker B.V., Deventer, the
Netherlands) on a Zorbax Cg column (4.6x250 mm, Chrompack, Middelburg,
the Netherlands) at a flow rate of 1 ml min"1 at 30°C. Identification of sterol
fractions was carried out by comparing retention times of peaks with those of
internal standards and literature data. Sterol compositions of individual bands
from TLC plates were also analyzed. Radioactivity on TLC plates was located
after only 6 h of exposure of the film in order to avoid oxidation of sterols.
Bandswithradioactivitywerescrapedoff andradioactivecompoundswereeluted
withchloroform. Theelutesweretakentodrynessunder nitrogen.Residueswere
dissolved in 95% methanol (100 /xl) and analyzed with the Radio-HPLC as
described above.
Results
TLCanalysis. Underoptimalcondition(pH7.3)incorporationofradioactivity
into non-saponifiable lipids was on average (n = 13)23 ± 2.4% of total radioactivity added. Separation ofthenon-saponifiable lipidsbyTLCrevealed several
distinctbands(Fig. 1,controltreatment).Band2,3and4weretentativelyidentifiedas C4-desmethyl sterols, C4-monomethyl sterols and C4,4-dimethyl sterols
by comparing their Rf values with authentic ergosterol and lanosterol. The
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identity of band 6 was probably squalene (11). The identities of bands 1and 5
(including several zones) were unknown. Incorporation ofradioactivity intoC4desmethyl sterolswasfound tobelinearwithtimeupto3h (results notshown).
Percentages of radioactivity incorporated into C4-desmethyl sterols, C4monomethyl sterols and C4,4-dimethylsterols after 3h of incubation were 25.6
± 3.5, 11.5 ± 4.2and 31.7 ± 7.3% of non-saponifiable lipids, respectively
(n = 13). Water and DMSO added in controls did not have any obvious effect
on synthesis of sterols.
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Fig. 1 . Autoradiogram of a TLC separation of non-saponifiable lipids
synthesized from l2- 14 C]mevalonate in cell-free bioassays of Pénicillium
italicum W 5 in the absence and the presence of imazalil at pH 7.3. Band 2, 3
and 4 contained C4-desmethyl sterols, C4-monomethyl sterols and C4,4dimethyl sterols, respectively. Band 6 contained squalene. The identities of
bands 1 and 5 are unknown.

Maltagarplatesinoculated withafew dropsofcell-free extract did notshow
any mycelial growth confirming that formation of radiolabelled sterols was due
to cell-free synthesis and not to synthesis in contaminating mycelial fragments.
Theaverageproteincontentofthecell-free extracts was 1.1 ± 0.25 mgml'1
(n = 13). The average protein content of cell-free extracts in assays with individualcompounds(n > 3)didnotdiffer from theaveragevaluementionedabove.
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Fig. 2. Effect of pH on incorporation of [2-14C]mevalonate into nonsaponifiable lipids (+),C4,4-dimethyl sterols (A), C4-monomethyl sterols (o)
and C4-desmethyl sterols (v) inacell-free extract of Pénicilliumitalicum W5.
Left ordinate: radioactivity in non-saponifiable lipids as percentage of total
radioactivity added. Right ordinate: radioactivity in sterols as percentage of
radioactivity in non-saponifiable lipids.

Essentialfactorsfor C4-desmethylsterolsynthesis..Agentledisruptionofthe
mycelium was critical. Microscopical examination showed that the majority of
the mycelia remained intact after disruption. More severe disruption of mycelia
obtained byincreasing thespeed ofthedisruptor orbyusing smallerglassbeads
(diameter 0.5 mm) yielded cell-free extracts with a relatively higher protein
content. However, although incorporation of radioactivity into C4,4-dimethyl
sterols did occur, synthesis of C4-desmethyl sterols in these extracts was poor
(results not shown). Similarresults wereobserved when the air inthe disruption
vesselwasnotremoved. Anessential condition wasalsotheadditionofglycerol
to cell-free extracts immediately after filtration of disrupted mycelial
homogenates. The activity of the cell-free extract was also affected by the pH.
InthepHrange from 7.0to7.5 thehighest amount ofradioactivity incorporated
into total non-saponifiable lipids was found at pH 7.3 (Fig. 2). After 3 h of
incubation the pH of the incubation mixtures dropped to pH 7.1. Radioactivity
incorporated into C4-desmethyl sterols, C4-monomethyl sterols and C4,4dimethylsterols,expressedasapercentageofnon-saponifiable lipids,variedonly
slightly in this pH range (Fig. 2). At pH values lower than 7.0 and higher than
35

7.5, incorporation of radioactivity into C4-desmethyl sterols decreased sharply
(results not shown). Therefore, studies on the inhibitory effect of the test
compounds on sterol 14a-demethylationwere carried out atpH 7.3. In order to
avoidexperimentalvariationcausedbydifferences inqualityofcell-free extracts,
datawereonlycollected from assaysinwhichincorporation ofradioactivity into
C4-desmethyl sterols was 25.6 ± 3.5% of total non-saponifiable lipids
synthesized (control treatments).Thiswasthecasefor 90%of allassays carried
out.
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Fig. 3. Inhibition of incorporation of [2-1*C]mevalonate into C4-desmethyl
sterols in cell-free bioassays of Pénicilliumitalicum W6 at pH 7.3 by imazalil
{+), itraconazole (v), ketoconazole (o), penconazole (o), propiconazole(A)
and imazalil analogues R14821 (•) and R42243 (O). Abscis: concentration
of test compounds. Ordinate: radioactivity in C4-desmethyl sterols as
percentages of control treatment.

Inhibition studies.Fig. 1shows an autoradiogram of aTLC plate on which
total non-saponifiable lipids extracted from control and imazalil-treated samples
were separated. Imazalil inhibited the incorporation of radioactivity into C4desmethyl sterols (band 2). Effects of imazalil on incorporation of radioactivity
into C4-monomethyl (band 3) and C4,4-dimethyl sterols (band 4) in autoradiograms could not be observed. Resolution of unknown lipids in band 5 was not
always clear. This was probably caused by traces of water present in such
samples. However, resultsindicate that incorporation of radioactivity into lipids
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ofthisbandwasonlyslightlyaffected byimazalil(Fig. 1).OtherDMI fungicides
itraconazole, ketoconazole,penconazole,propiconazoleandtwoless-toxicDMIanalogues R14821 and R42243showed a similareffect. Dosageresponse curves
for inhibition of incorporation of radioactivity into C4-desmethyl sterols by the
testcompoundsarepresented inFig. 3.IC» values(concentrationswhichinhibitedincorporation ofradioactivity intoC4-desmethylsterolsfor50%)oftheDMIfungicides ranged from 6.5xlO' 9 (ketoconazole) to 1.7XlO"8 M (penconazole)
indicating a strong inhibitory effect. The less-toxic DMI-analoguesR14821 and
R42243alsoshowed aninhibitory effect but only atmuch higher concentrations
(Fig. 3, Table 1).

Table 1. IC50 values of DMIs and imazalil analogues on incorporation of
[2-14C]mevalonateintoC4-desmethylsterols incell-freeextractsofPénicillium
italicum W6 at pH 7.3.

Compound

IC» ± SEM (M)1

Imazalil
Itraconazole
Ketoconazole
Penconazole
Propiconazole
R14821
R42243

1.6 ± 0 . 4 x l O 8
1.0 ± 0.3x10*
6.5 ± 0.5xlO"9
1.7 ± 0.7xlO"8
1.0 ± 0.2xlO 8
6.0 ± 0.7x10 s
4.0 ± 0.3x10s

n

i

10
3
3
4
3
3
4

1

Concentration which inhibits incorporation of [2-14C]mevalonate into C4desmethyl sterols for 50%.
2
Number of replications with different cell-free extracts.

Identification ofradiolabelledsterols.Non-saponifiable lipidswereanalyzed
with radio-HPLC. In control samples, 5 major peaks were observed with
retention times of 4.9 (peak 1), 9.6 (peak 2), 16.2 (peak 3), 22.4 (peak 4) and
24.8 min (peak 5), respectively (Fig. 4A). Peak 3 and 4 had retention times
identical tothose of authenticergosterol and lanosterol, respectively (results not
shown).Inimazaliltreated samples (10"7M), only4major peakswere observed.
Compared with the control samples, peak 3 disappeared and peak 5 increased
significantly (Fig. 4B). Peaks 1and 2 did not change after imazalil treatment.
Radiolabelled lipids recovered from individual bands on TLC plates of control
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and imazalil-treated (10'7 M) samples were also analyzed with radio-HPLC. A
comparisonoftheresultsobtained from TLCandradio-HPLC (Table2)suggests
thatthe identities ofpeak 3, 4 and5 are mostly likely ergosterol, lanosterol and
24-methylenedihydrolanosterol,respectively.Theidentity ofotherlipidswasnot
studied any further.
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Fig.4.Radio-HPLCseparationofradiolabellednon-saponifiablelipidsextracted
from control (A) and imazalil-treated (10 7 M) (B) cell-free bioassays of
Pénicillium italicum W5 at pH 7.3. The identities of peak 3, 4 and 5 are
ergosterol, lanosterol and 24-methylenedihydrolanosterol, respectively.
Table 2. Comparison of analyses byTLC and radio-HPLC of non-saponifiable
lipidsformed duringincorporationof [2-14C]mevalonateincell-freeextracts of
Pénicillium italicum W5.

TLC'

Radio-HPLC2

Band Identity

Peak

1
2
3
4

Unknown
C4-desmethyl sterols
C4-monomethyl sterols
C4,4-dimethyl sterols

5
6

Unknown
Squalene

1
Unknown
3
Ergosterol
2
Unknown
4
Lanosterol
5
24-methylenedihydrolanosterol
Not recovered
Not recovered

1
2

See Fig.1.
See Fig. 4A.
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Identity

Discussion
Cell-free extracts of P. italicum W5were activein incorporation of [2-14C]mevalonate intovarious non-saponifiable lipids. Radioactivity incorporated into
C4-desmethyl sterols was on average 25.6% ofthat incorporated into total nonsaponifiable lipids (Fig. 2). Radio-HPLC analysis of this C4-desmethyl sterol
fraction revealed only onepeakwith aretentiontimeidentical tothatof standard
ergosterol, anditspresence disappeared upon incubation with imazalil and other
DMIs (Table 2; Fig. 4). These data suggest that ergosterol is the only C4desmethyl sterol synthesized in the cell-free extracts. Other sterols identified in
the non-saponifiable lipids were lanosterol and 24-methylenedihydrolanosterol
(Table2;Fig. 4).Identification oflanosterol wasbased onitsrecovery from the
C4,4-dimethyl sterol band on TLC plates and an identical retention time as
standard lanosterol on radio-HPLC (Table 2 and Fig. 4). The tentative
identification of 24-methylenedihydrolanosterol was based on the following
arguments, a) It is present in the C4,4-dimethyl sterol band of TLC plates, b)
The retention time of the compound in radio-HPLC analysis was similar to that
of 24-methylenedihydrolanosterol (17). c) Mass spectrometry of the compounds
inpeak 5 demonstrated thepresence of 24-methylenedihydrolanosterol (Vanden
Bossche, personal communication). Intact mycelium of P. italicum contains
ergosterol and only a trace amount of 24-methylenedihydrolanosterol (16).
Therefore, synthesis of a large amount of lanosterol and a trace amount of 24methylenedihydrolanosterol in cell-free extracts suggests a rate limiting step in
ergosterol biosynthesis. This is probably the C24 side chain alkylation step of
lanosterol and mayresult from hampered transport oflanosterol to mitochondria
(14). Incubation of cell-free extracts with imazalil led to accumulation of 24methylenedihydrolanosterol (Fig.4B).Thissuggeststhatinhibition ofsterol 14ademethylase activity is responsible for inhibition of ergosterol biosynthesis in
cell-free extracts and that synthesisproceeded according tothe samepathway as
in intact mycelium (16).
Incorporation of[2-14C]mevalonateintoergosterol, expressedasapercentage
of radioactivity in total non-saponifiable lipids wasalmost the samebetween pH
7.0 and 7.5 (Fig. 2). This result is different from that reported for the cell-free
assay ofA. fumigatus, which had an optimal pH sharply confined between 7.2
and 7.4 (11). This may reflect slight differences in sterol 14a-demethylation in
different fungi. In cell-free assays ofP. italicum atpH 7.3, the mean amountof
theradioactivity incorporated intoergosterol was25.6% ofthetotalradioactivity
incorporated into non-saponifiable lipids. This is higher than reported for
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thecell-free assay ofA.fiimigatus(11). Anotherdifference isthatbioassayswith
cell-free extracts of P. italicum led to synthesis of lower amounts of 24methylenedihydrolanosterol thanwithcell-free extractsofA.fiimigatus(11).This
is probably not due to a significant difference in the physiological age of the
germlings used. The disruption methods used to make cell-free extracts of both
fungi arealsocomparable.Inbothcasesdisruption resultedinhardlyanydamage
ofthegermlings.Still, disruption ofP. italicum mayhavebeen moregentlethan
that of A. fiimigatus in view of the relatively lower protein content of cell-free
extracts of P. italicum. The main reason for the difference in ergosterol
biosynthesis activity may be the addition of glycerol to cell-free extract of P.
italicum to stabilize activity of microsomal enzymes involved in sterol
biosynthesis.
All DMI-fungicides tested gave extremely low IC» values for inhibition of
sterol 14a-demethylation (6.5 X 10"9M to 1.7 X 10"8M). Values for the lesstoxic DMI-analogues (R14821 and R42243) were much higher ( 6 x l 0 6 M to
4xl0" 5 M) (Table 1).These results are in general in agreement with the results
obtained in CO displacement studies in which the DMI fungicides showed a
relativelyhigherbindingaffinity tocytochromeP450isozymesthantheless-toxic
DMI-analogues(15).Thissuggestsarelationbetweenfungitoxicity andinhibition
of sterol 14a-demethylase activity. However, the IC50 values of the DMI
fungicides tested did notcorrelate with their fungitoxicity. For instance, imazalil
which was the most toxic DMI fungicide tested (15) had a significantly higher
IC»value than ketoconazole (Table 1). It is notpossible that deviations in ICJO
values areduetovariations inquality ofcell-free extracts withrespect toprotein
content and incorporation efficiency of mevalonate into ergosterol. Apparently,
other factors such as accumulation in mycelium also play a role in toxicity of
DMIs.
Inconclusion, thepresentassay systemfor thesynthesis ofergosterol incellfree extracts of P. italicum is suitable to evaluate DMI fungicides for their
potency toinhibit sterol 14a-demethylation.Thisimpliesthatthebioassay canbe
used to optimize the activity of DMI fungicides and is useful to compare the
sensitivity of sterol 14a-demethylase in cell-free extracts of DMI-sensitive and
resistant isolates. Thebioassay isprobably also useful to study other target sites
in ergosterol biosynthesis.
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CHAPTER 4

Inhibition of sterol 14a-demethylase activity in Pénicillium
italicumdoes not correlate with resistance to the DMI
fungicide imazalil
J. GuanandM. A. deWaard
Department of Phytopathology, Wageningen Agricultural University,
P.O. Box 8025, 6700EE Wageningen, The Netherlands.
(Submitted to Pesticide Biochemistry and Physiology)

Abstract
Sensitivity of sterol 14a-demethylase activity in cell-free extracts of
Pénicillium italicum isolates E300.3, H 17 and l 33 with increasing degrees of
resistance to imazalil was studied and compared with that of the wild-type
isolate W 5 . Incorporation of [2- 14 C]mevalonate into C4-desmethyl sterols in
cell-free extracts of medium- and high-resistant isolates H 17and l 3 3was about
3 3 % of non-saponifiable lipids. This was slightly higher than in those of wildtype isolate W 5 (26%) and low-resistant isolate E300.3 (24%). The difference
may be due to a relatively higher protein content of cell-free extracts of
isolates H 17 and l 3 3 . Ergosterol appeared to be the only C4-desmethyl sterol
synthesized in cell-free extracts of all isolates. Imazalil inhibited incorporation
of [2- 14 C]mevalonate into ergosterol incell-free extracts of all isolates tested,
resulting in accumulation of radioactivity in 24-methylenedihydrolanosterol.
These results indicate that the sterol biosynthetic pathway and the target site
for imazalil incell-free extracts of both wild-type and DMI-resistant isolates are
the same. IC 50 values of imazalil (concentrations which inhibit incorporation
of [2- 14 C]mevalonate into ergosterol by 50%) for isolates E300.3, H 17 and l 33
ranged from 1.6 ± 0.4 x 1 0 ' 8 t o 2 . 1 ± 0 . 4 x 10' 8 M. These values were not
significantly different from that of the wild-type isolate (1.6 ± 0.4 x 10"8 M).
It is concluded that the affinity of sterol 14a-demethylase to imazalil in both
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wild-type and DMI-resistant isolates is similar and that decreased affinity of
the target enzyme to imazalil does not play a major role as a mechanism of
resistance in P. italicum.

Introduction
The mechanism of resistance in Pénicillium italicum to demethylation
inhibitors (DMIs) has previously been studied (1-3). An increased energydependent efflux of the fungicides seems to be responsible for a low level of
resistancetothesefungicides. Themechanism ofresistanceinmedium-andhighresistant isolates H17 and I33remained unclear. Because of the specific mode of
action of DMIs on sterol 14a-demethylation in ergosterol biosynthesis (4, 5),
resistance mightbebased ondecreased affinity ofthetargetenzyme: sterol 14ademethylase. Sofar, thismechanism hasonlybeenproposed for certain mutants
oftheyeast-like form ofthefungus Candidaalbicans (6,7).Comparable studies
with filamentous fungi have been hampered due to difficulties in demonstrating
enzyme activity invitro. Recently, a method to study sterol 14a-demethylation
in cell-free extracts of the filamentous plant pathogen P. italicum has been
developed (8).This method paves the way to study the sensitivity of sterol 14ademethylase activity toDMIsinDMI-resistant isolates ofthefungus. This paper
describestheintrinsic sensitivity oftheenzymeinthevariousisolates totheDMI
fungicide imazalil.
Materials and methods
Fungus and culture conditions. Wild-type isolate W5 and DMI-resistant
isolate E ^ ^ (low degree of resistance), H17 (medium degree of resistance) and
I33(highdegreeofresistance) ofPénicillium italicum (9, 10)were maintained on
malt extract agar medium. Mycelium suspensions (11 h old) were obtained
according to methods described previously (11).
Chemicals.Imazalil sulphate (imazalil) was a gift from Janssen Pharmaceutica (Beerse, Belgium). Imazalil was used in 1000 X concentrated solutions
in water. Mevalonic acid DBED salt (RS-[mevalonic-2-14C] in ethanol, sp. act.
1.9 GBq mmol"1) was purchased from Amersham, (UK). A cofactor solution
(NAD+, NADP+, NADPH, ATP,glucose 6-phosphate and reduced glutathione)
and divalent cation solutions (MgCl2 and MnCl2) were prepared as described
previously (8).
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Sterolbiosynthesisassay. Preparationofcell-freeextractsfromDMI-resistant
isolates Ejo^, H17 and I33 was carried out according to a standard method
described for the wild-type isolate W3 (8). The protein content in the cell-free
extracts was determined by Bio-Rad Protein Assay (Bio-Rad Laboratories,
Veenendaal, the Netherlands) using bovine 7-globulin as standard. Sterol
biosynthesisassay,extractionandanalysisofnon-saponifiable lipidsbythinlayer
chromatography (TLC) and radio-HPLC were conducted according to methods
described previously (8).
Results
TLC. Fig. 1 (control) shows an autoradiogram of a TLC plate of nonsaponifiable lipids extracted from cell-free extracts of resistant isolate I33 after
incubation with [2-14C]mevalonate. By comparing the Rf values of authentic
ergosterol and lanosterol, compounds in bands 2, 3 and 4 were tentatively
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Fig. 1 . Autoradiogram of a TLC separation of non-saponifiable lipids
synthesized from [2- 1 *C]mevalonate in cell-free bioassays of a DMI-resistant
isolate l 33 of Pénicillium italicum in the absence and presence of imazalil
( 1 0 7 M) at pH 7.3. Band 2, 3 and 4 contained C4-desmethyl sterols, C4monomethyl sterols andC4,4-dimethyl sterols, respectively. Band 6 contained
squalene. The identities of bands 1 and 5 are unknown.
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assigned as C4-desmethyl sterols, C4-monomethyl sterols and C4,4-dimethyl
sterols, respectively. Identity of band 6 is probably squalene. Non-saponifiable
lipids in bands 1and 5 (including several zones) were not studied any further.
The same results were observed for non-saponifiable lipids extracted from cellfree extracts of isolates E j ^ and H17 (results not shown). The data are also
similar to those of the wild-type isolate (8). Radioactivity of non-saponifiable
lipids in all bands was counted (Table 1). The data indicate that in cell-free
extracts of isolate E ^ j a similar amount of radioactivity was incorporated into
C4-desmethyl sterols asin that ofisolate W5. Incorporation of radioactivity into
C4-desmethyl sterolsincell-free extracts ofisolatesH17andI33were29and26%
higherthaninthatofisolateW5,respectively. Incorporation ofradioactivity into
C4-monomethyl sterols in cell-free extracts of isolates H17 and I33was relatively
low. The protein content of cell-free extracts of isolates H17 and I33 was higher
than those of isolates W3and E j , ^ (Table 1).
Imazalil inhibited incorporation ofradioactivity into C4-desmethyl sterolsin
cell-free extracts of isolate I33(Fig. 1). Asimilar inhibitory effect was observed
with resistant isolates £309.3 and H17 (Fig. 2) and with wild-type isolate W5 (8).
Mean IC» values of imazalil (concentration which inhibits incorporation of
[2-14C]mevalonate into C4-desmethyl sterols by 50%) for wild-type and DMIresistantisolatesareshowninTable2.Statisticalanalysisdemonstrated thatthese
figures do not differ significantly from each other. Imazalil (10"7 M) did not
affect synthesis of C4-monomethyl sterols, but significantly increased
accumulation of C4,4-dimethyl sterols in all isolates (results not shown). The
effect onincorporation of radioactivity into other non-saponifiable lipid was not
clear, since in various samples separation of lipids in bands 5 and 6 was
hampered. Thismaybeduetotraceamountsofwaterinthesamples.Theselipid
fractions were not studied any further.
Radio-HPLC. Total non-saponifiable lipids were analyzed with a radioHPLC.Radio-HPLCchromatogramsofnon-saponifiable lipidsextractedfrom the
control treatment of cell-free extracts of isolate I33revealed 5 major peaks with
retention timesof4.9 (peak 1),9.6 (peak2), 16.2(peak3),22.4 (peak) and 24.8
(peak5) (Fig. 3A).Peaks3and4hadretention timesidentical tothat ofergosterol and lanosterol (results not shown). Radio-HPLC analysis of radiolabelled
lipids recovered from individual bands in the TLC plates showed that C4desmethyl sterol bands gave a single peak with a retention time identical to that
ofpeak 3; C4-monomethyl sterol bands alsogave a single peak with aretention
time identical to that of peak 2; C4,4-dimethyl sterol bands gave a major and a
minor peakwith retention timesidentical tothose ofpeak4and 5, respectively.
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Table 1. Sterols formed during incorporation of [2-14C]mevalonate incell-free
extracts of the wild-type isolate W5 and DMI-resist nt isolates E^;,, H17and
l 33 of Pénicillium italicum.

Isolate

Protein
content1 1
(mgml' )

W54

1.1 ± 0.3
1.6 ± 0.1
2.4 ± 0.25
2.1 ± 0.35

E300.3

Hl7
I33

Sterolcomposition2,3

I
31.7 ± 7.3
39.8 ± 2.8
36.3 ± 5.2
33.4 ± 8.6

n

m

11,5 ± 4.2
10.7 ± 0.6
6.2 ± 0.93
8.0 ± 2.9

25.6 ± 3.1
23.9 ± 1.9
33.0 ±2.1s
32.2 ± 6.25

1

Cell-free extracts.
Radioactivity incorporated into sterol fractions as a percentage of
radioactivity incorporated into non-saponifiable lipids. I, C4,4-dimethyl
sterols; II,C4-monomethyl sterols; III,C4-desmethyl sterols.
3
Mean and standard deviation.Ws (n = 13), E300.3(n = 3), H17(n = 5) and
l 33 (n = 7).
* Data from Guan et al. (8).
5
Significantly different from WB (P = 0.05).

2

100

0.1
Imazalil (/xM)

Fig. 2. Inhibition of incorporation of [2-14C]mevalonate into C4-desmethyl
sterols in cell-free bioassays of wild-type isolate W5 (+) and DMI-resistant
isolates E300.3 (A), H17 (O) and l 33 (n) of Pénicilliumitalicum by imazalil at pH
7.3. Abscis:concentration of imazalil.Ordinate:radioactivity in C4-desmethyl
sterols. Figures are mean values of 13 (W5) and 4 (E300.3, H17 and l33)
experiments.
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Table 2. IC50valuesof imazalilonincorporationof [2-14C]mevalonateinto C4desmethyl sterols in cell-free extracts of wild-type W5 and DMI-resistant
isolates Ea,^, H17and J 4 of Pénicilliumitalicum.
Isolate

IC» ± SEM (M) 12

W53

1.6 ±
1.7 ±
2.0 ±
2.1 ±

E300-3

H„

0.4
0.5
0.5
0.4

x
x
x
x

10"8
10"8
10"8
lO"8

1

Concentrations of imazalil which inhibitincorporation of radioactivity
into C4-desmethylsterols by 50%.
2
Mean and standard deviation.W5 (n = 13); E300.3,H17and l 33 (n = 4).
3
Data from Guan et al. (8).
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Fig.3.Radio-HPLCseparationofradiolabellednon-saponifiablelipidsextracted
from control (A) and imazalil-treated (10"7 M) (B) cell-free bioassays of DMIresistant isolate l 33of Pénicilliumitalicum at pH7.3. The identities of peak 3,
4, and 5 are ergosterol, lanosterol, and 24-methylenedihydrolanosterol,
respectively.

Radio-HPLC analysis of non-saponifiable lipids extracted from imazalil-treated
(10"7 M) samples of isolate I33 revealed only 4 major peaks. Compared with the
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control treatment, peak 3 disappeared and peak 5 increased in sized (Fig. 3B).
Similar sterol patterns and inhibitory effects of imazalil on C4-desmethyl sterol
biosynthesis were observed in non-saponifiable lipids extracted after incubation
with [2-14C]mevalonate from cell-free extracts of isolates E ^ ^ and H,7 (results
notshown).Alltheseresultswerequalitatively identicaltothoseobtained for the
wild-type isolate W5(8).
Discussion
Cell-free extracts of DMI-resistant isolates E ^ j , H17 and I33of P. italicum
were active in synthesizing C4-desmethyl sterols from [2-14C]mevalonate
(Fig. 1).Theradio-HPLCchromatograms ofnon-saponifiable lipidsoftheDMIresistant isolateI33(Fig. 3A) were similar ascompared to those ofthewild-type
isolate (8). The identities of peaks 3, 4 and 5 of non-saponifiable lipids of this
isolate were established as ergosterol, lanosterol and 24-methylenedihydrolanosterol, respectively (8). On basis of the similarity in retention times it is
assumed that theidentities of thelipidsin allresistant isolates ofP. italicumare
the same. This is in agreement with the experiments carried out with intact
mycelium which showed that ergosterol was the major sterol in these isolates
(12). Cell-free extracts of medium- and high-resistant isolates H17 and I33
synthesized notonly relatively higheramount ofergosterol thanthoseofisolates
W5 and E30Q.3 but also less amounts of C4-monomethyl sterols (Table 1). These
results may, at least in part, be due to the relatively high protein content of the
cell-free extracts of isolates H17and I33(Table 1), suggesting that these extracts
also contain a higher concentration of sterol 14a-demethylase. The relatively
highersterolbiosynthesisactivity incell-free extractsofresistant isolatesH17and
I33may alsobeaconsequence ofabetter quality of theenzymepreparations due
toslightvariation inphysiological ageofthemycelium atthetimeofharvestand
a better disruption of the mycelium. The specific content of sterol 14ademethylase in isolates H17 and I33 is probably not higher than in the wild-type
isolate W3, since previous studies suggest that isolates H17 and I33 have a
relatively low cytochrome P450isozyme content (13). Therelatively high sterol
synthesis activity of cell-free extracts from resistant isolates can also be due to
an increased specific activity of sterol 14a-demethylase. The relevance of this
hypothesis seems to be low but can, as yet, not bejudged.
Ergosterol biosynthesis in cell-free extracts of resistant isolates could be
inhibitedbyimazalil.Despiteofthefact thatcell-free extracts ofdifferent isolates
slightly differed inquality, IC^ values ofimazalil for inhibition of incorporation
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of[2-14C]mevalonateintoergosterolforlow-,medium-andhigh-resistantisolates
E]«,.],H17and I33were similaranddid notsignificantly different from that of the
wild-type isolates Wj(Table 2). Onbasisof theseresults one may concludethat
the sensitivity of sterol 14ot-demethylase in cell-free extracts of sensitive and
DMI-resistantisolatesis similar.Therefore, amechanism ofresistancebased on
decreased affinity ofthetargetenzymetoDMIsisnotprobable. This conclusion
is not in line with results obtained in carbon monoxide (CO) displacement tests
inwhichimazalil,itraconazole andketoconazole weremorereadilydisplacedby
CO from cytochrome P450 isozymes of isolates H17 and I33 than from those of
the wild-type isolate (13). These results suggested that the affinity of P450
isozymes in isolates H,7 and I33 to DMIs was relatively low. However, the
reliabilityoftheconclusionfrom thesespectrophotometricanalysesischallenged
byanumberoffactors whichhamperaproperinterpretation oftheresults.These
factors include thenecessary modification ofthe standard isolationprocedure of
P450 isozymes from resistant isolates, the possible difference in quality of the
isozymesinwild-typeandresistantisolatesand apossibleunderestimation ofthe
concentration of the isozymes in microsomal fractions of the resistant isolates.
Furthermore, data obtained in spectrophotometric tests are only of a semiquantitativenature.Hence,resultsderivedfrom thespectrophotometricassaysare
not sufficiently reliable to compare affinity of cytochrome P45014DM to DMIs in
different isolates and therefore, do not provide sound evidence to reject the
conclusion that affinity of sterol 14a-demethylase from resistant isolates to
imazalil is similar to that of the wild-type.
In isolate 11300.3of P. italicum, the low level of resistance to imazalil is
related toamechanismofincreasedenergy-dependent efflux ofthefungicide (3).
This is in agreement with the present results (Table 1). The possibility that the
mechanism of resistance in medium- and high-resistant isolates H17 and I33 is
based onmetabolismofthefungicide hasbeenexcluded (14).The mechanismof
resistance in isolates H17and I33must, therefore, relate to factors which prevent
the fungicide to reach its target site. A possibility is that increased energydependent efflux in these isolates may still be relevant but can not be noticed
becauseofarelativelyhighbackgroundadsorptionofthefungicides tomycelium.
A second argument is that resistance toDMIsin isolates H17and I33is probably
polygenic (15). It is known that various polygenes inAspergillusnidulans(16)
andNectriahaematococca var. Cucurbitae (17) canbe responsible for increased
energy-dependent efflux and that thesegenes mayhave anadditive effect in this
respect (17). Therefore, it can not be excluded that further decreased
accumulation of imazalil in isolates H17and I33may still be responsible for their
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relatively high degree of resistance toDMIs.
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Abstract
A procedure has been developed for the isolation of microsomal
cytochrome P450 isozymes from the filamentous fungus Pénicillium italicum.
The content of cytochrome P450 isozymes in the microsomal fraction was
95 ± 1 8 pmol per mg protein. Maximum absorbance of the reduced carbon
monoxide (CO) difference spectrum was at 449 nm. Absorbance at 4 2 0 nm
was absent. The fungitoxic sterol 14o-demethylationinhibitors (DMIs) imazalil,
itraconazole,ketoconazole,penconazoleandpropiconazole,andt w o less-toxic
imazalil analogues R14821 and R42243 interacted with oxidized cytochrome
P450 isozymes resulting in type II binding difference spectra. Equimolar
concentration (10"7 M) of cytochrome P450 isozymes and DMIs induced about
8 0 % of the maximum absorbance difference, indicating aclose stoichiometric
interaction. The concentration of DMIs which induced 5 0 % of the maximum
absorbance difference in the type II spectra (IC50) ranged from 3 . 7 x 1 0 s to
5 . 0 x 1 0 8 M and did not correlate with fungitoxicity of the DMIs. Imazalil
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analoguesdidnotinteract stoichiometricailywith cytochrome P450 isozymes
and gave relatively higher IC50 values. The binding of the DMIs and imazalil
analogues to cytochrome P450 isozymes was studied by CO displacement
tests.Theeaseof displacementof thetest compoundsdecreasedinthe order
of R42243, R14821, penconazole,propiconazoleandimazalil.This correlated
with the fungitoxicity of these compounds. However, DMIs with a relatively
large/V-1substituent, like itraconazole and ketoconazole, did not show such
acorrelation,indicatingthat factors inadditionto bindingaffinity to the heme
iron and apoprotein of cytochrome P450 isozymes also influence toxicity.

Introduction
Sterol demethylation inhibitors (DMIs) are a large and structurally diverse
groupoffungicides usedtocontrolfungal diseasesinplantsand mammals(1,2).
The most important groups ofDMIsare derivatives of imidazoles and triazoles.
Their target site is the cytochrome P450-dependent sterol 14or-demethylase
(cytochrome P45014DM)which catalyses theremoval of the C14 methyl groupof
lanosterol or 24-methylenedihydrolanosterol in ergosterol biosynthesis (2, 3).
StudieswithcytochromeP450isozymesfrom Candida albicans(2,4,5)and
purified cytochrome P45014DMfrom Saccharomyces cerevisiae (6-9)indicatethat
DMIs bind to at least two sites in the enzyme. Firstly, the free electron pair of
the N-3 atom in the imidazole ring or of the N-4 atom of the triazole ring
interactswiththe6thcoordinationplace ofthehemeiron; and secondly, the N-l
substituent oftheazoleringbindstotheapoprotein ofcytochromeP45014DM.The
second site ofbindingisconsidered tobe moreimportant for enzyme inhibition,
since not all derivatives of azoles arepotent DMIs although they bind to the 6th
coordination place of the iron moiety. Studies by Vanden Bossche et al. (10)
have provided direct evidence for this conclusion. They found that substitution
of the triazole ring of itraconazole with an imidazole ring did not change the
bindingaffinity ofthecompoundtocytochromeP450isozymesfrom C. albicans.
Thesamewastruefor ketoconazole whenitsimidazoleringwassubstituted with
a triazole ring. Therefore, studies on the interaction between DMIs and the
apoprotein of cytochrome P450t4DM will probably provide the most relevant
information on the intrinsic fungitoxicity of candidate DMI fungicides (6).
However, such studies have been largely confined to C. albicans and S.
cerevisiae (2, 8, 11).Thelack ofreports ofcomparable studieswith filamentous
fungi probably reflects the unstable nature of the membrane-bound enzyme in
these organisms rather than a lack of interest and effort (12). Recent reports of
theisolation ofcytochromeP450isozymes fromAspergillusfumigatus, ahuman
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pathogen (13, 14),hasopened upthepossibility ofconducting such studieswith
other filamentous fungi.
The present study describes a novel method for isolating a microsomal
fraction from thefilamentousphytopathogenicfungus Pénicilliumitalicumwhich
contains cytochrome P450 isozymes. The study also compares the toxicity of a
number of DMIs and two less-toxic imazalil analogues to P. italicumand the
binding of thesecompounds to microsomal cytochrome P450 isozymes (TypeII
binding) and their ease of displacement from the isozymes upon CO treatment.
Materials and methods
Chemicals. Imazalil sulphate (imazalil), imazalil analogues R14821 and
R42243, ketoconazole and itraconazole were gifts from Janssen Pharmaceutica
(Beerse, Belgium) andpenconazole andpropiconazole from Ciba Geigy (Basel,
Switzerland). NovoZym™234waspurchased from NovoBioLabs (NovoAllé,
Bagsvaerd,Denmark);ethylenediaminetetraaceticacid(EDTA),mercaptoethanol
(MCE), sodium dithionite and dithiothreitol (DTT) from Sigma (Deisenhofen,
Germany); toluenesulfonyl fluoride (TSF) from Janssen Chimica (Beerse,
Belgium). TSF was used as a solution in acetone (2M).
Buffers. Composition of buffers is based on data of Marichal et al. (13).
Buffer A was a 100raMpotassium phosphate buffer pH 5.8 containing 0.5 M
ammonium sulphate; buffer B a 10 mM potassium phosphate buffer pH 7.4
containing 2M sorbitol; buffer Ca 10mMpotassium phosphate buffer pH 7.4
containing 0.5 M sorbitol, 0.1 mMDTT and 0.1 mM EDTA; buffer D a 100
mM potassium phosphate buffer pH 7.4, containing 0.1 mM DTT, 10 mM
EDTAand20%glycerol(v/v);andbuffer Ea 100mMphosphatebufferpH7.4,
containing 17% glycerol (v/v).
Fungus, growth conditions and toxicity tests. Wild-type isolate W5 of
P.italicum was maintained on malt extract agar plates. Spores were collected
from 7to 10daysoldagarplates.Liquidcultures ofmycelium werepreparedby
inoculation of liquid malt medium (100 ml) in flasks (300 ml) with 1ml spore
suspension (109 spores ml'1)- The flasks were incubated at 25°C on a rotary
shaker (200rpm) for 11h. Theeffect ofthetest compounds onradial growth of
the fungus was tested on malt agar pH 7 according to the method described
previously (15).
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Isolation of microsomalfractions. Mycelium was harvested on a sieve
(0.21 mm) and collected on a second sieve (0.038 mm) by washing intensively
with tap water. The mycelium was washed with buffer A and the suspension
centrifuged at 5,000g for 10 minutes. The pellet was resuspended in buffer A
containing 0.1%MCE. After centrifugation at5,000gfor 10min, thepellet
(10g wet wt) was resuspended inbuffer A (250 ml) in a ratio of 40 mg wet wt
ml"1(15 mgdry wt ml"1). NovoZym and TSF were added tothe suspension ina
flask (300 ml) tofinal concentrations of 1mgml"1and 1mM, respectively. The
suspensionwasincubated inareciprocal waterbath shakerat40strokespermin
at 25°C for 30 min. All subsequent steps were carried out at 0 - 4°C. The
NovoZym-treated mycelium was centrifuged at 5,000g for 5 min and the pellet
washed once with buffer A (100 ml). After centrifugation at 5,000g for 5 min,
the pellet was carefully resuspended in buffer B (30 ml) using a loose fitting
teflon pestle tominimize serious damagetothe mycelium. Further buffer Bwas
added to avolume of 150 ml. This suspension was allowed to stand for 10min
to permit osmotic equilibration of mycelium and then centrifuged at 5,000g for
10 min. The resulting pellet was transferred to a Potter-type homogenizer
(B.Braun,MelsungenAG,Germany),whichwasfilled withbuffer Ctoavolume
of70 mland MCE (90/il) and TSF (45pX) added. Disruption of mycelium was
carried outby slowlymovingtheteflon pestleupanddownwhilethepestle was
rotatingat 100rpmtherebyavoidinganygeneration ofvacuum. After 10strokes
of the pestle, 7 ml of glycerol (88% purity) was added. The pestle was moved
up and down for another 10strokes and further 13ml of glycerol (88% purity)
was added. Hence this final suspension (90 ml) contained 20% glycerol (v/v),
0.1% MCE and ImM TSF. The disruption of mycelium was completed with a
further 10strokes. When thehomogeneous suspension wasexamined microscopically it appeared that most of the hyphae were disrupted. The homogeneous
suspension wassuccessively centrifuged at7,000gfor 10minand at25,000g for
20 min. The resultant milky-like supernatant was filtered through glass wool to
remove a floating lipid layer. The filtrate was ultracentrifuged at 125,000g for
90 min. After ultracentrifugation two layers of pellets could be observed, a
microsomal solid pellet and a microsomal loose pellet "floating" just above the
solid pellet. The supernatant was removed by aspiration and the loose pellet
collected with a Pasteur pipette without disturbing the solid pellet. The loose
pellet was diluted with buffer D containing 0.1% MCE to a volume of 15 ml
and ultracentrifuged again at 125,000g for 60 minutes. The loose pellet formed
after this step was diluted with buffer E (about 5-10 ml), divided into 1 ml
samples in Eppendorf centrifuge tubes (1.5 ml), frozen in liquid nitrogen and
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stored at-75°C until use.The solidpellet wasdiscarded. The protein content of
microsomal samples was determined by the Bio-Rad Protein Assay (Bio-Rad
Laboratories B.V., Veenendaal, The Netherlands) with bovine 7-globuline as
standard.
Estimation of cytochromeP450 content. The cytochrome P450 isozyme
content of the isolated microsomal fraction was determined according to the
method of Omura and Sato (16). Frozen microsomal fractions were allowed to
thaw on ice. Fractions (1 ml) were reduced with sodium dithionite (10 mg) for
30 sec. The sample was centrifuged at 10,000g for 1min and divided between
sampleandreference cuvetteswhichwereimmediately covered withtightrubber
plugs and sealed withparafilm. A stablebaseline was adjusted and recorded on
anAmincospectrophotometer (DWTM/2a, UV/VIS).The samplewassaturated
with about 100 bubbles of CO over a 30 sec period. Reduced CO difference
spectra were recorded at 20°C at time intervals from 2 min up to 30 min after
CObubbling. Thecontent ofcytochromeP450isozymes wasestimated from the
absorbancedifference between449and490nmafter 5minofCObubblingusing
a molarextinction coefficient ofEM=91,000. The suspension wasdiluted to 100
pmol per ml with buffer E and used immediately.
Stability ofcytochrome P450atdifferentpH values.Stability oftheisolated
isozymes with time was tested at pH 7.1, 6.7 and 6.2. The different pH values
were obtained by reducing cytochrome P450 samples with different amounts of
sodium dithionite, either addedin asolid form ordissolved inbuffer E (adjusted
topH 7.3 with 10M KOH). Samples at pH 7.1 were obtained by reduction of
0.9 ml of a microsomal suspension containing 100pmol cytochrome P450 with
0.1 ml 10% sodium dithionite in buffer E. Samples at pH 6.7 and 6.2 were
obtained by reduction of 1.0 ml of microsomal suspension containing 100pmol
cytochrome P450 with 10mg and 30 mg solid sodium dithionite, respectively.
COdifference spectra were recorded as described above.
TypeII bindingspectra. Microsomal samples (1 ml), containing 100 pmol
cytochrome P450 were centrifuged at 10,000g for 1 min and divided between
sample and reference cuvettes. A baseline was adjusted and recorded. The
content of samplecuvette wastitrated with 1000 x concentrated solutions ofthe
testcompounds(imazalilinwaterandtheothercompoundsindimethyl sulfoxide)
and the resultant type II difference spectra recorded. Since water and dimethyl
sulfoxide did not change the baseline, no corresponding amounts of solvents
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were added to the reference cuvette. The final volume of titrated compounds
never exceeded 1%of the total volume.
CO displacement. Standard tests were carried out at pH 7.1 and 6.2.
Microsomal samples (1 ml or 0.9 ml) containing 100 pmol cytochrome P450
wereincubated with testcompounds (10"* M)at20°C for 1min. Thereafter, the
0.9 mlsampleswere reduced for 30 secwith 0.1 ml of 10% sodium dithionite
in buffer E (pH 7.3) or the 1.0 ml samples with 30 mg of solid sodium
dithionite.Then,sampleswerecentrifuged at10,000gfor 1 min,dividedbetween
sample andreference cuvettes and abaseline was recorded asdescribed before.
The content of the sample cuvette was saturated with CO (100 bubbles over 30
sec). The pH values of both cuvettes after measurement were 7.1 and 6.2,
respectively. The CO difference spectra were recorded as described above.

O1

n—N
i
CH2-CH-0H
.Cl

i
CH2-CH-0-CH2-CH=CH2
.Cl
Cl

Cl

Imazalü

li—N
-N^

N

0

X

CH2-CH-0-CH2-CHOH-CH2OH
.Cl

R U821

R 42243

n—N
Cl

0

SK
W

c.

^-o-o<yci

«?"'

y-N-CH-CH2-CH3

Itraconazole

Cl

ei
cr^-o'
I L CH2- •0-^-K

N-C-CH3

Ketoconazole

n—N

N JJ

S.J»

-KT

CH2-ÇH-CH2-CH2-CH3
.Cl

CH2 J

Cl

Vet

0^0
I L CH2-CH2-CH3

Cl
Penconazole

Propiconazole

Fig. 1 . Chemical structures of DMIs and imazalil analogues R14821 and
R42243.

58

Results
Toxicity studies. The effect ofthe test compounds (Fig. 1)on radial growth,
as determined by EC» values is shown in Table 1. Themost toxic azolewas
imazalil (1.4x10'* M). The imazalil analogues R14821 and R42243 were much
less toxic than allother compounds tested.

Table 1. Toxicity of DMIs and imazalil analogues to radial growth of
Pénicilliumitalicum W5 on malt extract agar medium pH 7.0.

1

Compound

ECjo±SEM (M) 1

Imazalil
Itraconazole
Ketoconazole
Penconazole
Propiconazole
R14821
R42243

1.4 ± 0.2 x 10"8
6.0 ± 0.2 x 10"8
5.0 ± 0.4 x 10"8
4.0 ± 0.2 x 10"8
2.2 ± 0.3 x 10'8
6.6 ± 0.4 x 10"6
9.7 ± 0.4 x 10"3

Concentrations which inhibit growth by 50%.

Isolation of cytochrome P450. Microsomes isolated bythestandard method
showed a reduced COdifference spectrum with a maximum absorbance at 449
nm (pH 7.1). Anabsorbance peak at420 nmregion was absent (Fig. 2A).The
average yield of cytochrome P450 isozymes was365 ± 33 pmol per g dry
weight ofmycelium and the maximum yield was 415 pmol. This isequivalent to
95 + 18pmol permg microsomal protein.
Various factors were important forsuccessful isolation, a)A mycelial ageof
11hwas optimal. At this age the average length ofthe germ tubes was about 250
fim. Isolations from younger and older mycelia contained relatively high amounts
of denatured form of cytochrome P450. b) The incubation temperature during
NovoZym treatment of mycelium was also important. Theoptimal temperature
was 25°C. A higher temperature of 28°C which is optimal for NovoZym cell
wall lytic activity enhanced thedenaturation of cytochrome P450 isozymes, c)
Different batches of NovoZym haddifferent lytic activity. Hence, the optimal
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enzyme concentration varied from 1.0 to 1.3 mg of NovoZym per ml standard
mycelial suspension. Best cytochrome P450 preparations were obtained when
NovoZym treatment resulted in slight lysis ofmycelium. Atthis stage, only few
protoplasts were formed, d) A high glycerol content of 20% (v/v) in the
disruption buffer was necessary for the formation of the loose pellet which
contained the cytochrome P450 isozymes. The detection of cytochrome P450
isozymes in thesolidpelletwasdifficult sincetheyweremasked by an abundant
amount of cytochrome P420.

449nm

449nm

OD:0.002

OD:0.002

400

450
Wavelength(nm)

500

400

450

500

Wavelength(nm)

Fig. 2. Effect of pH on the reduced carbon monoxide difference spectra of
microsomal cytochrome P450 preparations (10' 7 M) of Pénicillium italicum\N5.
A. pH 7 . 1 ,spectrum recorded 2 min after carbon monoxide treatment. B. pH
7 . 1 , 6.7 and 6.2, spectra recorded 30 min after carbon monoxide treatment.

Stability of cytochromeP450 at different pH. Reduction with sodium
dithionite decreased thepHof the microsomal samples and affected the stability
oftheisozymes.Forinstance, atpH6.7 and 6.2 thespectrarecorded 2 min after
COsaturation of microsomal samples showed asimilar maximum absorbance of
449nmasthatobserved atpH7.1buttheabsorbancepeakat421nmwas higher
(results not shown). Further, after 30min incubation at 20 °C the sample at
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pH 7.1 showed a small increase in absorbance around 421 nm while samples at
pH 6.7 and 6.2 showed a much larger increase at this wavelength (Fig. 2B).
Increaseinabsorbance at421nmcorrelated with aslightdecreasein absorbance
at449 nm. When the microsomal loosepellet was resuspended inbuffer pH 6.4
(100 mM potassium phosphate containing 17% glycerol, v/v) and reduced with
10mgofsodium dithionitethepHofthesamplesdropped to5.9. Inthiscasethe
reduced CO difference spectrum recorded showed absorbance peaks at421and
449 nm of the same heights (result notshown).
TypeII spectra. All test compounds, including the two imazalil analogues,
interacted with microsomal cytochrome P450 isozymes at pH 7.4 by showing
type IIdifference spectra. Results of atypical titration experiment with imazalil
aregiveninFig. 3.The maximum absorbance oftypeIIdifference spectra ofall
test compounds was at 430 nm. However, the wavelength for the minimum
absorbance varied from one test compound to another (Table 2). Upon titration
the absorbance difference between the maximum and minimum ofthetypeII

370

400

£30
Wavelength (nm)

Fig. 3. Type II difference spectra obtained after stepwise addition of imazalil
to amicrosomal cytochrome P450 isozymepreparation (10 7 M)ofPénicillium
italicum W5 at pH 7.4. 1, baseline; 2, 10 8 M; 3, 4 x 10 8 M; 4, 6 x 10 s M;
5, 10- 7 M; 6, 2 x 1 0 8 M.
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Fig. 4. Effect of concentrations of test compounds on the magnitude of the
type II difference spectra of microsomal cytochrome P450 isozymes (10' 7 M)
of Pénicillium italicum W s at pH 7.4. A. Titration curves of itraconazole (+ ),
ketoconazole ( A ) , penconazole (o) and propiconazole (v); B. Titration curves
of imazalil (+ ), R14821 ( A ) and R42243 (o). Absorbance difference (AA)
between maximum and minimum of type II difference spectra plotted against
concentration of DMIs and related compounds.

Table 2. Characteristics of type II difference spectra of microsomal
cytochrome P450 isozymes (10"7 M) of Pénicillium italicum W 5 / titrated with
DMIs and related compounds at pH 7.4

Compound

Imazalil
Itraconazole
Ketoconaole
Penconazole
Propiconazole
R14821
R42243
1

Type II spectra (nm)
minimum

maximum

400
390
393
385
385
390
390

430
430
430
430
430
430
430

IC» ± SEM(M)1
4.0 + 1.2 x 10"8
3.7 ± 1.0 x 10"8
5.0 ± 1.1 x 10"8
4.2 ± 1.3 x 10-8
4.1 ± 1.1 x 108
7.0 ± 0.8 x 10"8
1.2 ± 0.9 x 10-7

Concentrations of the compounds which induced half saturation response
in type II difference spectrum.
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spectra can be plotted against compound concentration (Fig. 4) and ICJQvalues
ofthecompounds (induced halfsaturation responseintypeIIspectra) calculated
(Table 2). The IC*,values for most of the compounds ranged from 3.7x10"8to
7x10"8M, but was relatively lower for R42243 (1.2x10"7M).

10 15 20 25 30

10 15 20 25 30 35
Time(min)

Fig. 5. Displacement of DMIs and related compounds (10 8 M) from
microsomal cytochrome P450 isozymes (10'7 M) of PénicilliumitalicumW5at
pH 7.1 (A) and pH 6.2 (B) after reduction with sodium dithionite ana
treatment with carbon monoxide. Absorbance difference (AA) between 449
and 490 nm of the reduced carbon monoxide difference spectrum plotted
against time after carbon monoxide treatment. Imazalil (+),itraconazole (A),
ketoconazole (o), penconazole (A), propiconazole (v), R42243 (o) and
R14821 (•).

Displacement tests. CO displacement of the DMIs was concentration
dependent. Atequimolarconcentrations ofDMIsandcytochromeP450isozymes
(Ï0"7M) most of theDMIswerereadily displaced atpH7.1 (resultsnotshown).
Therefore, theexperimentswererepeated ataconcentration of 10'6M(Fig.5A).
Samples pre-incubated with compounds R14821 and R42243 showed rapid
displacement by CO. Penconazole and propiconazole were more gradually
displaced with time.Thesamewastruefor itraconazole andimazalil although to
a much slower extent. Ketoconazole was the most difficult DMI to displace.
After 30 min of incubation, the average displacement efficiencies (+ SEM)for
ketoconazole, imazalil, itraconazole, propiconazole, penconazole, R14821 and
R42243 were 15 ± 2%, 42 ± 8%, 44 ± 6%, 80 ± 6%, 94 ± 8%, 99 ± 3%
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and 101 ± 3 % , respectively (n=5). CO displacement of imazalil, itraconazole
and ketoconazole was alsotested with microsomal samples atpH 6.2 (Fig. 5B).
At this pH these DMIs were more readily displaced than at pH 7.1. However,
atboth pH values ketoconazole remained the most difficult DMI to displace.

Discussion
The cytochrome P450 enzyme involved in sterol 14o>demethylation in
microorganismshasbeenintensivelystudiedonlyinC. albicansand5.cerevisiae
(2, 5, 8, 10). Recently the isolation of cytochrome P450 isozymes from the
filamentous humanpathogen,A.fiimigatus, hasalsobeenreported (13, 14).The
present work represents the first report of the isolation of cytochrome P450
isozymes from thefilamentousplant pathogen P. italicum.
Several factors such as mycelial age, incubation temperature during
NovoZymtreatmentandglycerolcontentofmycelialhomogenatewereimportant
for the isolation of cytochrome P450 from P. italicum.Modification of any of
these parameters resulted in either low yield or poor quality of the P450.
Symmetry of the reduced COdifference spectrum and absence of absorbance at
420 nm indicate the high quality of the isolated cytochrome P450 isozymes
(Fig. 2A). The cytochrome P450 content of the microsomal samples of P.
italicumwas 95 ± 18 pmol mg"1 protein. Marichal et a/.(13) and Ballard et
a/.(14) found in microsomal preparations of A. fitmigatus a cytochrome P450
content of 40-50 and 19pmol mg"1protein, respectively. Hence, the content of
cytochrome P450isozymes of P. italicummicrosomes is relatively high and is,
infact, approaching thecytochromeP450content inyeast microsomes (17).The
high specific content ofcytochromeP450isozymes inP. italicummicrosomes is
probably a consequence of isolating the loose pellet after the ultracentrifugation
step.Aglycerol content of20% (v/v)wasessential toobtain such aloosepellet.
The isolation of the loose pellet can be regarded as apurification step since the
solid pellet with a relatively high protein and cytochrome P420 content was
discarded.
The stability of cytochrome P450 isozymes decreased at lower pH whereas
maximum absorbance of the CO difference spectra remained at the same
wavelength (Fig. 2B).This indicates thatlowpH (6.7 and 6.2) did not affect the
heme environment but increased the denaturation of the isozymes. Therefore,
spectral analysis was mainly carried out atpH7.4 (typeIIbinding) and 7.1 (CO
displacement tests). ThesepH values are in the range of pH values essential for
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synthesis of sterols in cell-free preparations ofA. fumigatus (18).
ThemaximumabsorbanceofthereducedCOdifference spectrumwasat449
nm(Fig.2).Thisisdifferent from the maximum absorbance of451nmand448
nmreported forthemicrosomalcytochromeP450isozymesofA.fiimigatus(13,
14)and C.albicans (17),respectively. Thisprobably reflects adifference inthe
heme environment of theP450s from various fungi.
Equimolar concentrations (10'7M) of cytochrome P450 isozymes and DMI
fungicides gave almost a saturation response in the type II spectra (Fig. 4A),
indicating a close stoichiometric interaction. The less-toxic imazalil analogues
R14821and R42243did notshowsuchan interaction (Fig. 4B).TheIC»values
of the DMIs and imazalil analogues did not correlate with their EC» values for
fungal radial growth (Table 1and 2). This suggests that all compounds tested,
whether or not toxic, interact with the heme iron atom of cytochrome P450
isozymes. In consequence, the formation of the type II spectrum is not a good
criterium for the evaluation of the fungitoxicity of a DMI. The test may only
identify much less toxic compounds as was the case for the imazalil analogue
R42243 (Table 2, Fig. 4B). These results are in agreement with findings of
Yoshida and Aoyama (7) who reported that various azoles interacted stoichiometrically with ferric cytochrome P45014DMpurified from S. cerevisiae although
theirinhibitory effect onsterol 14a-demethylationdiffered from each other. The
non-toxic 1-methylimidazole also reacted with cytochrome P450i4DM but not
stoichiometrically. The most potent isomer of triadimenol also bound almost
stoichiometrically, while theless potent isomers did not (9).
Studi s with purified cytochrome P45014DM from S. cerevisiae (6, 7, 9)and
microsomal cytochrome P450 isozymes from C. albicans(2, 4, 5, 10, 17, 19)
suggest that although theinteraction oftheazolemoiety ofDMIswith theheme
iron of cytochrome P450i4DM is necessary for fungitoxicity, the binding affinity
to the enzyme is largely dependent upon the N-l substituent of the compound.
This can be investigated by studying the displacement of DMIs from reduced
cytochrome P450-DMI complexes by CO. The work of Yoshida and Aoyama
(6, 7) indicates that the difference in inhibitory effect of itraconazole,
ketoconazole and triadimefon on sterol 14a-demethylation correlated with the
ability of CO to displace these DMIs from cytochrome P45014DM. Yoshida and
Aoyama (9) also reported that it was more difficult for CO to displace the most
potent isomer of triadimenol than other less potent isomers. Vanden Bosscheet
al. (4) did the same type of study by using microsomal cytochrome P450
isozymes from C. albicansandfound thatitraconazole, whichwasmore difficult
to displace by CO than ketoconazole, had higher inhibitory effect on sterol
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14a-demethylation than ketoconazole. Therefore, it is suggested that the ability
of CO to displace DMIs from cytochrome P450,4DM is a good parameter to
evaluate candidate DMI fungicides (2, 5, 6, 7).
Results of CO displacement tests indicated that binding affinity of DMIs at
pH7.1 is higher than atpH6.2 (Fig. 5).Therefore, acomparison of therateof
CO displacement of test compounds was mainly carried out at pH 7.1. Results
indicated that theCOdisplacement of thetest compounds with arelatively small
N-l substituent did correlate with their fungitoxicity (Table 1, Fig. 5A),
suggesting that the binding affinity of DMIs to the apoprotein of cytochrome
P450 isozymes was at least partly responsible for the toxicity of these
compounds. The situation for DMIs with a large N-l substituent was different.
Ketoconazole was displaced at a slower rate than imazalil although being less
toxic. Itraconazole, which was also less toxic than imazalil, showed a similar
displacementrateasimazalil.Thiswasobserved atbothpH7.1 and6.2(Fig.5).
Lack of correlation between the ease of DMI displacement by CO and DMI
toxicity has also been observed for itraconazole and ketoconazole, and for
itraconazole and fluconazole with microsomal cytochrome P450 isozymes from
A. fitmigatus, respectively (13, 14). Anexplanation for such discrepancies may
be that microsomes contain different types of P450s varying in affinity to some
oftheDMIstested. Theaffinity ofcytochrome P450)4DMcanbemasked by other
isozymes with high affinity to theDMIs (20). An alternative explanation is that
low level of accumulation, slow transport to the target site or higher rate of
metabolicbreakdown mayaccountfor therelatively lowtoxicity of ketoconazole
and itraconazole.
Displacement ofketoconazolebyCOfrom cytochromeP450isozymes ofP.
italicum was slower than that of itraconazole (Fig. 5). With C. albicansit was
just the opposite (4). This suggests a difference in amino acid sequence of the
binding site of the apoprotein of cytochrome P45014DM in both organisms. Other
explanations in termsof nature and number ofthecytochrome P450isozymes in
both organisms may also be relevant.
A better judgement of the relation between DMI toxicity and affinity to
cytochrome P45014DM canbeobtained by conducting COdisplacement tests with
purified enzyme or by measuring the inhibitory effect of DMIs on sterol 14ademethylation activity. The latter topic is the subject of current woik.
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CHAPTER 6

Interaction ofmicrosomal cytochromeP450isozymes isolated
from wild-type and DMI-resistant isolates ofPénicillium
italicum with DMI fungicides

J. Guan and M. A. de Waard
Department of Phytopathology, Wageningen Agricultural University,
P.O. Box 8025, 6700EE Wageningen, The Netherlands.
(Submitted to Pesticide Biochemistry and Physiology)

Abstract
Microsomal cytochrome P450 isozymes were isolated from isolates of
Pénicillium italicum with various degrees of resistance to fungicides which
inhibit sterol 14or-demethylation (DMIs). The yield of P450 isozymes isolated
from the low-resistant isolate E300.3was similar as that from wild-type isolate
W s (365 pmol g"1 dry weight mycelium) whereas the yield from medium- and
high-resistant isolates H 17 , l 33 and J 4 was significantly lower (285, 301 and
223 pmol g"1 dry weight, respectively). The specific content of P450 isozymes
per mg microsomal protein from isolates H 17 , l 33 and J 4 was also relatively low
(50, 52 and 3 4 pmol mg' 1protein, respectively) compared with that of isolate
W 6 (95 pmol mg"1 protein). This may be an intrinsic characteristic of these
isolates, but can also be aconsequence of slight modifications inthe standard
isolation procedure as described for isolate W 5 . Maximum absorbance of the
reduced carbon monoxide (CO) difference spectrum of P450 isozymes of
isolate E300.3was at 449 nm, which is identical to that of isolate W 5 . Isolates
H 17 and l 3 3 had a maximum absorbance at 450 nm and isolate J 4 at 4 5 2 nm,
respectively. Stability of reduced cytochrome P450 isozymes in isolates H 17 ,
l 33 and J 4 was lower than that in isolates W 5 and E 3003 . The oxidized form of
the P450 isozymes of all DMI-resistant isolates interacted at equimolar
concentration ( 1 0 7 M) with imazalil (type II binding). The affinity of the heme
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iron in isolates H17, l33 and J 4 to imazalil was slightly lower than for isolates
W5 and E300.3but can not account for the mechanism of resistance. In CO
displacement tests imazalil, itraconazole andketoconazolewere more readily
displaced from P450 isozymes of isolates H17,l 33 and J 4 than from isozymes
of isolates W5 and E300.3.These results suggest that one of the cytochrome
P450isozymesfrommedium-andhigh-resistantisolates,possiblycytochrome
P450140M, may have an altered apoprotein, resulting in decreased affinity to
DMIs. However, this conclusion should be regarded with caution because of
possibledifferences inqualityof microsomalP450preparationsofthe isolates
(e.g. protein content, stability, cytochrome P450 composition and
contaminationwith cytochromeoxidase)betweenwild-type andmedium-and
high-resistant isolates.ThesedifferencesmayaffecttheCO-displacementrate
andtherefore hamperapropercomparisonof affinity of cytochrome P45014DM
to DMIs.

Introduction
Sterol demethylation inhibitors (DMIs) are systemic fungicides which
specifically inhibit cytochrome P450-dependent sterol 14a-demethylase
(cytochromeP45014DM)activityinergosterolbiosynthesisinfungi (1,2). Various
mechanisms of resistance toDMIs have been described (3-7). Resistance based
on changes of the site of action of DMIs, cytochrome P45014DM, has only been
studied for some budding fungi (Candida albicans, Ustilago maydis and
Saccharomyces cerevisiae).Various types of changes at the site of action have
been described. First of all resistance may be due to a lack of target enzyme.
This has been reported for mutants of C. albicanswith resistance to polyene
antibiotics. These mutants show cross resistance to DMIs (8). A second
possibility is that the enzyme is present but non-functional. This has been
reported for mutants of S. cerevisiaeresistant to both polyene antibiotics and
DMIs (9). Athird possibility is that mutations which cause resistance toDMIs,
do not or hardly affect the catalytic activity of the enzyme but only reduce
affinity oftheenzymetoDMIfungicides. Thismechanism ofresistancehasbeen
suggested for certain mutantsofC. albicans (10, 11). Thefirsttwo mechanisms
mentioned above do not seem to be relevant for filamentous fungi since DMIresistantisolatesofAspergillusnidulans(12),Botrytiscinerea(13), Cladosporium
cucumerinum (14), Cercosporabeticola (15), Pénicillium italicum (16) and
Rhynchosporium secalis (17) contain ergosterol as the major sterol. The same
statement holds true for DMI-resistant isolates of powdery mildews such as
Erysiphe graminis f. sp. hordei, Sphaerotheca fuliginea and Podosphaera
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leucotrichawhichform anotherrelateddesmethylsterol, ergosta-5,24(28)-dienol
(18).However, thethird mechanism maystillberelevant. Studiesonthe affinity
of cytochrome P450 isozymes to DMIs may elucidate the validity of this
hypothesis. So far, these studies were not carried out due to difficulties in
obtaining microsomal fractions containing proper cytochrome P450 isozymes.
•Recently, a method for the isolation of microsomal cytochrome P450
isozymes from the filamentous plant pathogen Pénicilliumitalicum has been
developed (19).Thepresentpaperdescribes theisolationoftheseisozymes from
DMI-resistantisolatesofthefungus. Spectrophotometric studieswereconducted
to compare type II and reduced CO difference spectra. In addition, the CO
displacement rates of imazalil, itraconazole and ketoconazole from isozymes of
thewild-typeisolateandisolateswithvariousdegreesofresistancetoDMIswere
compared.
Materialsand methods
Fungusandtoxicitytests. P. italicum wild-typeisolateW3andisolates E^;,,
H 17 ,1 33 andJ4withincreasing degreesofresistance toDMIs wereused (20,21).
The isolates were maintained on maltextract agar. Toxicity ofimazalil sulphate
(imazalil), itraconazole and ketoconazole (gifts from Janssen Pharmaceutica,
Beerse, Belgium) tovariousisolates was tested onmaltextract agar mediumpH
7accordingtomethodsdescribed previously (16).Imazalilwasused asalOOOx
concentrated solution in water and itraconazole and ketoconazole in dimethyl
sulfoxide.
Isolation of microsomal fractions. Microsomal fractions of P. italicum
isolateswereobtained accordingtothemethoddescribed previouslyfor thewildtype isolate (19). In order to obtain P450 isozymes from DMI-resistant isolates
withaqualitycomparableasmuchaspossibletothatofthewild-typeisolate,the
following modifications in the method were made, a) The growth period of
isolateJ4was 16hinsteadof 11h;b)TheamountofNovoZym used for thelytic
treatment of mycelia of isolates H17 and I33 was doubled (2 mg ml'1 standard
mycelial suspension); c) During disruption of mycelium of isolates H17, I33 and
J4thenumberofstrokeswiththeteflonpestleofthePotter-typehomogenizerwas
reduced to 15 instead of 30 strokes for wild-type isolate W3 and low-resistant
isolate E300.3. After the first and the second 5 strokes, 7 and 13 ml of glycerol
(88% purity)wereadded,respectively.Thefinalglycerolconcentrationremained
the same as that for wild-type (20%,v/v).
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Spectrophotometricstudies.Spectrophotometricstudiesofcytochrome P450
isozymes were carried out according tothe method described previously for the
wild-type isolate (19).Reduced COdifference spectrawere recorded atpH7.1.
Microsomal fractions (pH7.4), containing 100pmolcytochrome P450isozymes
ml'1 from DMI-resistant isolates were titrated with imazalil. The resulting type
II difference spectra were recorded. CO displacement of imazalil, itraconazole
and ketoconazole from the P450 isozymes were carried out at pH 7.1. Protein
contentof microsomal samplesweredetermined withtheBio-Rad ProteinAssay
(Bio-RadLaboratories, Veenendaal, the Netherlands) with bovine 7-globulin as
standard.
Results
Properties ofcytochrome P450isozymes ofDMI-resistant isolates.Reduced
microsomal fractions of DMI-resistant isolates E ^ j , H17, I33andJ4showed CO
difference spectra (Fig. 1A).The maximum absorbance of the spectrum for low
resistant isolate E ^ ^ was at 449 nm. This is identical to that of the wild-type
isolateW3.The maximum absorbance for isolatesH17andI33was at450nmand
for isolateJ4 at 452 nm. The spectra of isolates E ^ j , H17, I33 and J4 showed a
second absorbance maximum in the 420 nmregion. The size of the absorbance
peak increased in the order ofE300.3, H 17 ,1 33 andJ4. Upon prolonged incubation
at20°C the maximum absorbance at450nmdecreased intimewhile absorbance
at 420 nm increased. Absorbance increase at 420 nm was much larger than
absorbance decrease at450nm (Fig. 2). The changes in absorbance were much
more significant in the spectra of isolates H 17 ,1 33 and J4than in those of isolates
W5 and EJOO.3 and hence seemed inversely correlated with the degree of
resistance.
The yield ofP450isozymes isolated from isolate E j ^ was similar tothatof
isolate W5, while theyield from isolates H17, I33and J4was significantly lower
(Table 1). Similarly, the specific P450 content mg"1protein of the microsomal
fractions of isolate Ey^j was nearly the same as that of isolate W5 and much
lower for isolatesH17, I33andJ4. The specific P450content ofisolateJ4was the
lowest.
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Fig. 1. A. Reduced carbon monoxide difference spectra of microsomal
cytochrome P450 isozymes from wild-type isolate W5 and DMI-resistant
isolates E300.3,H17, l 33 and J 4 of Pénicilliumitalicum at pH 7.1. Spectra were
recorded 2 min after CO treatment. B. Type II difference spectra obtained
upon addition of imazalil CIO'7 M) to microsomal cytochrome P450 isozymes
(10 7 M) from wild-type isolate W5 and DMI-resistant isolates E300_3,H17, l 33
and J«of Pénicillium italicum at pH 7.4.

75

O

5

10

15

20

25

30

Time (min)

Fig. 2. Changes in absorbance of the reduced CO difference spectra of
microsomal cytochrome P450 isozymes from wild-type isolate Ws (+) and
DMI-resistant isolates E300.3 (A), H17(O), l 33 (V), and J 4 (a) of Pénicillium
italicum at pH7.1 during incubation at 20°C intime. AA isthe difference in
absorbance between maximum at 449-452 and 490 nm (—), and between
maximum at 421-423 and minimum at 427-430 nm (—). Compare spectra
in Fig. 1A.

Table 1. Yield of microsomal cytochrome P450 isozymes isolated from wildtypeW5andDMI-resistant isolates E300.3, H17,l33andJ 4of Pénicillium italicum
and cytochrome P450 content inthese microsomal fractions.

Isolate

Yield'

P4502

W5

365 ± 33
350 ± 25
285 ± 203
301 ± 133
223 + 263

95 ± 18
88 ± 12
50 ± 83
52 ± ll 3
34 ± 93

E300-3

H„
I33
J4
1

Pmol P450 per gdry weight of mycelium and standard deviation (n = 5).
Pmol per mg microsomal protein and standard deviation (n = 5).
3
Significantly different from W5 (P = 0.05).
2
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Various modifications ofthestandard isolationprocedure werenecessary for
successful isolation of cytochrome P450 isozymes from DMI-resistant isolates.
Growth of isolateJ4in liquid cultures was much slower. Therefore, the growth
period of isolate J4 was extended to 16h in order to obtain germlings with the
samelength ofgerm tubes asthose ofisolate W5(250/*m).The lyticactivity of
NovoZym (1 mg ml"1 mycelial suspension) was much lower for mycelium of
isolates H17 and I33 than for isolates W5, £300.3and J4. Microsomal fractions of
isolates H17 and I33 obtained after such an ineffective lytic treatment showed a
high absorbance inthe420nmregionintheCOdifference spectrum (resultsnot
shown). Incubation of mycelia of isolates H17 and I33 with NovoZym at a
concentration of 2mgml"1minimized thisproblem. Asimilarproblem occurred
for isolates H 17 ,1 33 andJ4withthestandard disruption procedure. Amoregentle
disruption of mycelium inthePotter-typehomogenizer with atotalof 15strokes
did minimize this problem. After ultracentrifugation of the cell-free extracts of
isolates H17, I33 and J4 the formation of a distinct loose pellet on top of a solid
pellet as observed with isolates W5 and E^;, was not clear. Still, only the top
layerofthepelletwascollected sincethislayercontained arelativelylowprotein
content and showed arelatively low absorbance in the 420nmregion in theCO
difference spectrum compared with that of thebottom layer.
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Fig. 3. Relation between imazalil concentrations and the magnitude of type II
difference spectra of microsomal cytochrome P450 isozymes ( 1 0 7 M) from
wild-type isolate W 5 {+ )and DMI-resistant isolates E300.3 ( A ) , H 17 (O), l 33 (v),
and J 4 (a) of Pénicillium italicum at pH 7.4. The magnitude of type II
difference spectra (AA) is the difference between its maximum (430-433 nm)
and minimum (400-417 nm). Compare spectra in Fig. 1B.
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Type II binding. Oxidized cytochrome P450 isozymes from allDMI-resistant
isolates interacted with imazalil ( 1 0 7 M ) atp H7.4 resulting in type II difference
spectra. Maximum and minimum absorbance of the spectrum for isolate 'EyM.i
were at wavelengths close to that of the wild-type isolate W 5 while those for
isolates H 1 7 , 1 3 3 andJ 4 shifted tohigher wavelengths (Fig. IB). Concentrations of
imazalil necessary for inducing a saturation response intype II difference spectra
for isolates H 1 7 , I 33 and J 4 were slightly higher than for isolates W 5 and E j ^
(Fig. 3). ICJO values of imazalil, inducing a half saturation response in the type
II difference spectra for isolates H 1 7 , 1 3 3 andJ 4 were slightly higher than that of
isolates W 5 and £300.3 (Table 2 ) .

Table 2. IC60values of imazalil which induced half of the saturation response
in type II difference spectra of cytochrome P450 isozymes from wild-type
isolate W5 and DMI-resistant isolates E300.3, H17, l 33 and J 4 of Pénicillium
italicum at pH 7.4. Cytochrome P450 content was 100 pmol ml"1.
Isolate

IC» ± SEM (M)1

Wj
Ejoo.;,
H17
I 33
J4

4.0 ± 1.2 x 10"8
4.2 ± 2.1 x 10-8
5.1 ± 2 . 7 x 1 0 8 2
5.8 ± 2.3 x 10-8 2
8.0 ± 3.2 x 10 8 2

1

Mean concentration of imazalil which induces half saturation response in
type II difference spectrum and standard deviation (n = 5).
2
Significantly different from W5 (P = 0.05).

CO displacement. CO displacement of imazalil, itraconazole and ketoconazole
from cytochrome P450 isozymes of different isolates was carried out at p H 7.1
after incubation ofthe oxidized form ofthe isozymes ( 1 0 7 M )with the fungicides
at a concentration of 1 0 s M and reduction with sodium dithionite. This
concentration was chosen since at a lower concentration (10"7M ) imazalil and
itraconazole were almost instantaneously displaced by C O and no differences in
displacement rate between isolates could be observed (results not shown). C O
displacement of imazalil from isozymes of isolate Ej«,^ wasat a similar rate as
that of thewild-type isolate W 5 . CO displacement of imazalil from isozymes of
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isolates H17, I33andJ4occurred at a significantly higher rate than that of isolate
W5(Fig. 4A).AsimilarincreaseinCOdisplacement ratewas alsoobserved for
itraconazole andketoconazole(Fig.4BandC).Forallisolates ketoconazolewas
less readily displaced by CO than imazalil and itraconazole. The mean
displacement efficiency ofthe compounds from theP450 isozymes of different
isolates 30 min after CO treatment is shown in Table 3. In these experiments it
was noticed that the fungicides could enhance absorbance at around 420 nm as
compared to control treatments (Table 4). The effect was generally only
significant for isolates W3and Ejo^.

<:
<3
10 15 20 25 30

O 5 10 15 20 25 30

O 5 10 15 20 25 30

Time(min)

Fig. 4. Carbon monoxide displacement of imazalil (A), itraconazole (B) and
ketoconazole (C) from microsomal cytochrome P450 isozymes of wild-type
isolate W5 (+)andDMI-resistant isolates E300.3(A), H17(O), l 33 (V) andJ 4 (o)
of Pénicilliumitalicum at pH 7.1. AA isthe difference inabsorbance between
maximum at 449-452 and490 nmof the COdifference spectrum given asa
percentage of controls after COtreatment in time.

Cross resistance.DMI-resistant isolates E^.,, H17, I33 and J4 showed in
generalincreasing levelsofresistance toimazalil, itraconazole and ketoconazole
(Table 5). The resistance level to ketoconazole was highest in all isolates.
Imazalil was the most toxic DMI tested.
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Table3.COdisplacementefficiencyofimazalil,itraconazoleandketoconazole
(10 8 M)fromcytochrome P450 isozymes (10'7M)of wild-type isolateW5and
DMI-resistant isolates E ^ ^ , H17,l33and J 4 of Pénicilliumitalicum 30 min after
COtreatment at pH7.1.

Isolate

CO displacement ± SEM (% of control)1
Imazalil

Itraconazole

H17
I33

43 ± 6
43 ± 9
58 ± o2
60 ± 82

40 ± 5
39 ± 5
55 ± T
59 ± 5 2

J4

64 ± l l 2

w5
E300-3

1
2

63 ± F

Ketoconazole

16 ± 5
17 ± 4
30 ± T
25 ± 4 2
37 ± 62

Mean values and standard deviation (n = 5).
Significantly different from W6 (P = 0.05).

Table 4. Effect of imazalil, itraconazole and ketoconazole on absorbance in
420 nmregionof COdifference spectraof P450 isozymesof wild-type isolate
W s and DMI-resistant isolates E ^ ^ , H17, l 33and J 4 of Pénicilliumitalicum 30
min after incubation with the fungicide.

Fungicide

Absorbancedifference (10"*
"5

0.6 ± 0.5
Control
1.7 ± 0.33
Imazalil
Itraconazole 1.6 ± 0.83
Ketoconazole 1.3 ± 0.33
1

^300.3

0.5 ± 0.1
2.1 ± 0.83
1.8 ± 0.33
1.6 ± 0.33

1.2

H17

I33

J4

2.4 ± 2.0
3.7 ± 2.1
2.5 ± 1.4
3.4 ± 1.5

4.0 ± 0.7
6.0 ± 1.1
4.3 ± 0.4
6.1 ± 4.23

6.8 ± 0.9
7.0 ± 2.0
nd4
5.9 ± 0.4

Difference in absorbance between the maximum at 421-423 nm and
the minimum at 427-430 nm (Fig. 1A).
2
Mean values and standard deviation (n = 3).
3
Significantly different from W5 (P = 0.05).
4
Not determined.
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Table 5. Sensitivity of Pénicillium italicum isolates W s , E300.3, H17, l 33 and J 4 to
imazalil, itraconazole and ketoconazole in radial growth tests on malt agar.

Isolate

EC» (M)1

w3
E300-3

H„
I33

J4
1
2

Imazalil

Itraconazole

Ketoconazole

1.4X10"
4.5xl0" 8 (3) 2
6.3xl0" 7 (45)
8.3xl0" 7 (59)
5.8xl0" 7 (41)

6.0x10»
5.0x107 (8)
1.0xl0"6(17)
1.3xl0-*(22)
2.5x10-« (41)

5.0xlO"8
6.8xl0" 7 (14)
4.2xl0" 6 (84)
4.8xl0" 6 (96)
5.7X10"6 (114)

Concentration of DMIs which inhibits growth for 50%.
Data in brackets: degree of resistance.

Discussion
Cytochrome P450isozymes couldbedemonstrated in microsomal fractions ofall
DMI-resistantisolatesofP. italicum. TheisolationprocedureforP450isozymes from
these isolates differed slightly from that described for the wild-type isolate (19).
Therefore, differences in quality of microsomal fractions with respect to protein
content, stability, P450compositionand contamination with cytochrome oxidasemay
be a consequence of the changed isolation procedure. However, the fact that the
standard isolation procedure had tobe modified for resistant isolates H 17 ,1 33 andJ4is
in itself an indication that these resistant isolates may differ in cell wall, membrane
and mitochondrial composition compared tothewild-typeisolate. Theresults cannot
beascribed todifferences in sterol composition oftheseisolates sincethey all contain
similar sterols (16). Several lines of evidence suggest that the quality of the
microsomal fractions containing cytochrome P450 isozymes is inversely correlated
with thedegree ofresistance inthese isolates. This regards the specific P450 content
of the microsomal fractions (Table 1) and the stability of the isozymes. Resistant
isolates showed ahigher conversion ofP450intoP420isozymes (Fig. 1and 2). This
conversionisgenerally regarded asadenaturationprocess (22).Itisofinteresttonote
thatthefungicides tested, significantly enhanced theformation ofP420in microsomal
fractions of isolates W5 and E ^ ^ while such an effect for isolates H17 and J4 was
generally notobvious(Table4). Asimilareffect ofDMIfungicides wasobserved with
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cytochromeP45ÛSG!purified fromdemethylationdefective mutantof5. cerevisiae(9).
The reason for this effect is not known.
The maximum absorbance of COdifference spectra of P450isozymes of isolates
H 17 ,1 33andJ4showed ashift tohigherwavelengths (Fig. 1A).Thisshift isnotrelated
toadeficiency insterol 14ot-demethylationsincetheseisolatesdosynthesizeergosterol
(16). In addition, mutations leading to deficiency in sterol 14a-demethylation often
caused a shift in the maximum absorbance of the CO difference spectrum to lower
wavelengths (9, 22). Cytochrome P450 isozymes of DMI-resistant mutants of C.
albicanswhich retained the capacity to synthesize ergosterol, showed a shift in the
maximum absorbance of the CO difference spectrum to a higher wavelength. The
mutants were suggested to have an altered apoprotein of one of the major isozymes
(probably cytochromeP45014DM)which resulted inreduced affinity toDMIs(10, 11).
Since similar spectral changes were observed for P450 isozymes of isolates H17, I33
and J4 of P. italicum, the same explanation may also be applicable. An alternative
explanationfor theshift ofthe maximuminCOdifference spectrum ofP450isozymes
may be the presence of cytochrome oxidase which often interferes with spectral
analysis (23). Cytochrome oxidase of P. italicumhas an absorbance maximum and
minimum at 430 and 446 nm, respectively (result not shown). It is clear that the
presence ofahighamount ofcytochromeoxidaseinthemicrosomal fractions willnot
only shift the maximum absorbance of the COdifference spectrum to ahigher wavelength but will also result in an asymmetric absorbance peak. However, the CO
spectra obtained (Fig. 1A) were all symmetric and therefore a major contamination
ofthe microsomal fractions withcytochrome oxidasewasprobably notthecase.Still,
a low amount of cytochrome oxidase may havebeen present in microsomal fractions
of isolates H17, I33and J4. This is because in type II binding studies, the absorbance
difference atsaturationconcentrationsofimazalilforisolatesH 17 ,1 33andJ4washigher
than for isolates W5and Ejoo^ (Fig. 3). ICM values of imazalil in type II spectra for
resistant isolates H17, I33and J4 were also higher than for wild-type isolate W5. The
difference waslessthantwo-fold (Table2).Therefore, thedifference inaffinity of the
heme iron to imazalil canprobably not account for the high level of resistance tothe
test compounds (Table 5). Maximum and minimum in the type II dif-ference spectra
of P450 isozymes of resistant isolates H17, I33 and J4 shifted to slightly higher
wavelengths (Fig. IB). This mayberelated toanalteration intheconfiguration ofthe
heme environment (9, 14), and account for the slightly higher IC^ values.
Since binding of the heterocyclic nitrogen of DMIs to the heme iron of
cytochrome P450 isozymes does notplay a major role in differential toxicity
(Table 2), theaffinity of theM-substituent of the fungicides to the apoprotein of the
isozymes may be more relevant. Therefore, CO displacement tests may give more
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valid information in this respect (2, 25, 26). The results of the tests showed no
difference inCOdisplacement rate for wild-type isolate W5andlow-resistant isolate
E30Q.3 (Fig.4). Therefore, it maybe concluded that the mechanism of resistance in
isolate E * ^ is not dueto decreased affinity of the apoprotein of any of the P450
isozymes. This is in agreement with the hypothesis that resistance in this isolate is
caused byanincreased energy-dependent efflux ofDMIs(4,27).Therelatively high
CO displacement rate of the test fungicides from cytochrome P450 isozymes of
isolates H17, I33andJ4suggest that themechanism ofresistance inthese isolatesmay
beduetodecreased affinity ofoneofthemajor P450isozymes (probably cytochrome
P45014DM). Theseresults may beinlinewith thechangesinspectral characteristicsof
the COand type II difference spectra (Fig. 1).However, this conclusion should be
regarded with caution for thefollowing reasons. First of all, oneshould realize that
the displacement tests reflect the additive affinity of allthe isozymes present inthe
microsomalfractions tothetestfungicides andthetargetenzymecytochromeP45014DM
is only oneof them. Therefore, theaffinity ofP45014DM toDMIs canbe maskedby
other P450 isozymes with different affinity toDMIs (28). Secondly, P450 isozymes
of isolates H,7, I33 andJ4 were less stable than that of isolate W3 (Fig.2). It isnot
known which typesofP450isozymesdiddenature during theCO-displacementtests.
Thirdly, theP450 contentofisolates H 17 ,1 33 andJ4maybeunderestimated duetothe
presence of a trace amount of cytochrome oxidase in the microsomal fractions. In
consequence, theratio between P450 isozymes andthefungicides mayberelatively
high and result in a faster CO displacement rate. Furthermore, the relatively high
protein content of microsomal fractions of isolates H17, I33 and J4 (Table 1)may
increase aspecific partition oftheDMIsintothemicrosomal phase. Thiscanresultin
less DMIs available for binding to P450 isozymes (29) and cause a higher CO
displacementrate.Allthesefactors complicateadirectcomparisonoftheresults from
CO displacement studies. Therefore, adefinite conclusion in this respect should be
drawn from COdisplacement tests with purified cytochrome P45014DM or from tests
in which theinvitrosensitivity of sterol 14o>demethylasetoDMIs is determined.
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Abstract
Metabolismofimazalil (1-[2-(2,4-dichlorophenyl)-2-(2-propenyloxy)ethyl]1/V-imidazole) inPénicilliumitalicum isolates with awild-type sensitivityand
with various degrees of resistance to sterol demethylation inhibitors was
studied inliquid cultures. A putative metabolite, 1-[2(2,4-dichlorophenyl)-2(2,3-dihydroxypropyloxy)ethyl]-1W-imidazole (R42243), wasdetected inthe
culture filtrate after prolonged incubation. The metabolism occurred inthe
propenylside chainof imazalil probably through epoxidation and hydratation.
This isthefirst report ofsuchaconversion of imazalil infungi. R42243was
much lesstoxic toP. italicum than imazalil.Therefore,themetabolism can be
regarded as a detoxification step. Both wild-type and resistant isolates
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metabolized imazalil, but metabolism by resistant isolates was faster than by
the wild-type isolate. This is probably caused by a relatively strong inhibition
of growth of the wild-type isolate by the fungicide. Results indicate that the
detoxification of imazalil does not operate as a mechanism of resistance. This
conclusion was confirmed by the fact that resistant isolates showed crossresistance to miconazole and R42243, which had a similar structure as
imazalil except for the propenyl side chain.
Additional keywords: DMIs, detoxification, mechanism of resistance,
metabolism, miconazole

Introduction
Differential metabolism can either be responsible for selective fungitoxic
actionbetween targetand non-target fungi or for acquired resistanceina specific
target organism (Lyr, 1987; Dekker, 1987). This statement also holds true for
fungicides which inhibit sterol 14or-demethylation (DMIs) in ergosterol
biosynthesis. For instance, detoxification of triforine was supposed to be
responsible for insensitivity ofAspergillus niger, Colletotrichum atramentarium
and Stemphyliumradicinum(Gasztonyi and Josepvits, 1975). Insensitivity to
triadimefon ofStemphylium radicinum andSaccharomyces cerevisiae (Gasztonyi
andJosepovits, 1984),A. niger(DeasandClifford, 1981)and someothers fungi
(Fuchs, 1988) can be due to a reduced rate of activation into triadimenol of
which certain stereoisomers have a relatively higher fungitoxicity. So far,
resistance based on metabolism of DMIs has only been observed in resistant
strains of Cladosporium cucumerinum (Fuchs and De Vries, 1984) andNectria
haematococca (Kalamarakis et al., 1986). The resistant strains of the fungi
showed a slower rate of transformation of triadimefon to more toxic isomers of
triademenol than the sensitive strains.
The aim ofthepresent work wastoinvestigate whetherPénicillium italicum
isolates with a wild-type sensitivity and with resistance to DMIs metabolize
imazalilandifso,whetherthemetabolism operatesasamechanism ofresistance.
Materials and methods
Fungalisolates,culturemethods andtoxicity tests. Wild-typeisolateW5and
DMI-resistant isolates E300.3, H17, I33 and J4 of P. italicum were used in the
experiments (DeWaard etal., 1982;DeWaard andVanNistelrooy, 1990).The

fungus was maintained on malt extract agar medium. Toxicity ofimazalil,
1-[2(2,4-dichlorophenyl)-2-(2,3-dihydroxypropyloxy)ethyl]-1^-imidazole
(R42243) and miconazole (gifts from Janssen Pharmaceutica, Beerse, Belgium)
tovarious isolates was tested on malt extract agar medium pH 7.0 according to
the method described previously (Guan etal. 1989).
Metabolism of imazalil. Metabolism of [14C]imazalil (gift from Janssen
Pharmaceutica, Beerse,Belgium)wasstudiedinliquid malt mediumpH7(Guan
etal., 1989).Liquid cultureswereprepared byinoculating themedium (100ml)
in flasks (300 ml) with 1ml spore suspension (108conidia ml"1)collected from
7 to 10 days old agar plates. The flasks were incubated at 26°C in an orbital
shaker at 200 rpm for 10h. [l4C]imazalil(sp. act. 0.56 and 0.028 GBq mmol'
in methanol) was added to the mycelial suspension to final concentrations of
0.005 and 0.1 /tg ml"1, respectively. The mycelial suspensions were further
incubated in duplicate for 16and 24 Irrespectively.
Extractionofimazalil and metabolite.For each experiment, mycelium was
harvested from liquid cultures (100 ml) byfiltrationon a Büchner funnel under
vacuum. Mycelium was extracted twice with methanol (100 ml) by shaking on
a reciprocal shaker for 10 and 5 h, respectively. The methanol extracts were
combined and water in the extracts was removed by adding 2 g of anhydrous
sodium sulphate. The methanol extracts wereevaporated undervacuum at 40°C
and the residues dissolved in chloroform (2 ml). Culture filtrates (100 ml) were
adjusted to pH 11with 10M sodium hydroxide and extracted three times with
equal volumes of chloroform. Water in the combined chloroform extracts was
removed by adding 5 gram of anhydrous sodium sulphate and theextracts were
evaporated under vacuum at 40°C. The residues were dissolved in chloroform
(2 ml). Samples of 20/xl(duplicate) from mycelial extracts and culture filtrates
weretakenfordeterminingradioactivityinaliquidscintillationcounter(Beekman
LS2800).Thechloroform wasdried down undernitrogen and theresidues were
stored at -20°C.
Thin layer chromatography (TLC). Residues of extracts of mycelium and
culturefiltratesweredissolved inchloroform (100^1)and spotted onTLCplates
(Silicagel F254, 0.25 mm thick, Merck, Germany). The plates were developed
in a solvent system ofdiethylether/chloroform/methanol/ammonium hydroxide
(100:85:15:1,v/v/v/v).Twoauthenticmetabolitesofimazalil detectedinanimals,
l-[2(2,4-dichlorohenyl)-2-(2,3-dihydroxypropyloxy)ethyl]-l/f-imidazole (R42243)
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and l-[2(2,4-dichlorophenyl)-2-(hydroxy)ethyl]-l/7-imidazole (R14821) (gifts
fromJanssen Pharmaceutica, Beerse, Belgium) were used asreferences. Radioactive areas on the plates were located with a thin layer scanner (Berthold,
Wildbad, Germany). The identification of imazalil and a metabolite was
tentatively madeby comparison ofRfvalueswith those ofreference compounds
which could be detected under UV light. Silicagel containing radioactivity was
scraped off and counted in a liquid scintillation system.
Radio-HPLC. The radio-HPLC equipment consisted of two Waters 6000A
pumps, aWaters680gradient controller, aWaters WISP710automatic injector
andaRheodyne2mlloopinjector for manualinjections. Astainlesssteelcolumn
(30 X 0.46 cm), packed with Hypersil C-18 (5 /xm, Shandon) by a balanced
density slurry procedure using aHaskelDSTV 122-Cpump at7 X 107Pa, was
used for separation. Residues of extracts of mycelium dissolved in dimethyl
sulfoxide (500yX) andculturefiltrates (without further processing) wereused for
radio-HPLC analysis. The amount of radioactivity injected ranged from 834 to
11,000dpm. Thecolumn waseluted with alinear gradient from 70% solventA
(0.1 M ammonium acetate pH 8 and 30% solvent B (1.0 M ammonium acetate
pH8/methanol/acetonitrile, 10/45/45,v/v/v) to 15%solventAand 85%solvent
Bovera40minperiod.Thelattersolventcompositionwasheld for 5min before
ashortgradient to 100% solventBwas applied for 1min. Solvent flow rate was
1 ml min"1. UV detection was carried out at 230 nm by a Varian Varichrom
spectrophotometric detector. On-lineradioactivity detection wascarried outwith
a Berthold Radioactivity Monitor LB504, equipped with a 800 fd flow-through
cell.TheelutesweremixedwithPico-Fluor30(Packard)asscintillationcocktail,
delivered by a FMI LB5031pump at a flow rate of 4 ml min"1. Imazalil and a
metabolite were identified by comparing their retention times with those of
reference data by means of the UV detector.

Results
Incubation withf'CJimazalil andextraction ofradioactivity. Metabolism of
imazalil in P. italicum was studied at 0.005 and 0.1 ng imazalil ml"1,
respectively. The lowest concentration inhibited growth of the wild-type isolate
W5for about25%.The highest concentration severely inhibited growth of
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isolates W5and low-resistant isolate E * ^ but still allowed growth of mediumand high-resistant isolates H I7 ,1 33 andJ4(Table 1).Radioactivity recovered after
24h ofincubation with 0.005 and0.1 /xgimazalil ml"1was in the order of76to
97% oftotalradioactivityadded.Radioactivity recovered after 16hofincubation
was in the same order of magnitude (results not shown).

Table 1. Metabolism of [14C]imazalilby wild-type and DMI-resistant isolates
of Pénicillium italicum in a liquid malt extract medium pH 7 during 24 h of
incubation.

Isolate

Imazalil Growth1 Recovery of radioactivity2
G*g ml"1)
Total

w3
^300-3

H,7
I33
J4

w3
^300-3

H,7
I33
J4
1
2

Mycelium

Culture filtrate

Imazalil Metabolite

Imazalil Metabolite

0.005
0.005
0.005
0.005
0.005

75
100
100
100
100

89.1
93.5
79.4
97.3
90.4

42.7
45.0
37.7
35.7
30.2

0
0
0
0
0

28.2
31.2
10.8
28.0
29.2

18.2
17.3
30.9
33.6
31.0

0.1
0.1
0.1
0.1
0.1

0
25
100
100
100

91.4
76.3
97.6
91.0
94.1

40.3
39.5
37.4
33.1
35.2

0
0
0
0
0

51.1
46.8
36.5
34.6
30.5

0
0
24.0
30.3
28.4

Percentage of control.
Percentage of total radioactivity added.

TLC.Scans ofradioactivity inTLC plates with extracts from mycelium and
culture filtrates of all isolates obtained after 16 h of incubation with 0.005 ttg
imazalil ml"1 revealed only one peakof which theRf valuewas identical to
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R42243

Imazalil

Fig. 1.TLCradioscansof extractsofculturefiltrates ofPénicilliumitalicum W 5
incubated for 24 h with [14C]imazalil (0.005 fjg ml"1). TLC solvent,
diethylether/chloroform/methanol/ammonium hydroxide (100:85:15:1,
v/v/v/v).
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I
CH 2 -CH-0-CH 2 -CH=CH 2
Imazalil
CI
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CH 2 - ÇH-0-CH 2 -CHOH-CH 2OH

Cl

CI
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R42243

'ir c '

Miconazole
CI

Fig. 2 Chemical structures of imazalil, 1-[2(2,4-dichlorophenyl)-2-(2,3dihydroxypropyloxy)ethyl]-1W-imidazole(R42243) and miconazole.

imazalil (results not shown).The sameresult was found for mycelial extracts
ofallisolates incubated with 0.005 /igimazalil ml"1for 24h (Table 1). Scansof
radioactivity in TLC plates with extracts of culture filtrates of wild-type isolate
W3incubated with 0.005 /*gimazalil ml"1for 24 h showed two peaks. One had
a Rf value identical to imazalil and the other one had the same Rf value as the
authenticmetaboliteR42243(Fig. 1).Similarresultswereobserved withresistant
isolates. However, the amount of metabolite detected in extracts of culture filtrates of isolatesH17, I33andJ4washigher than in those of isolates W3and E ^ j
(Table 1). When the mycelia were incubated with 0.1 fig imazalil ml"1 the
92

metabolitewasonlydetectedintheculturefiltrates ofmedium-and high-resistant
isolates HI7, I33 and J4, respectively (Table 1). Incubation of 24-h-old culture
filtrates of all isolates with 0.005 ng [14C]imazalilml"1for another 24 h did not
result in production of any metabolites (results not shown).
Radio-HPLC.Mycelialsuspensionswereincubatedwith0.1pg[14C]imazalil
ml"1for 24h. Analysisofthemycelialextracts ofisolates W$ andJ4showed only
a singlepeak with a retention time of44.3 min, which isidentical tothe oneof
imazalil. Analysis of the culture filtrate of isolate W3 gave the same result.
Analysisoftheculturefiltrate ofisolateJ4showedtwopeakswithretentiontimes
of44.3and 26.8 min, respectively. The retention timeofthelatter compound is
identical to the one of R42243. The relative peak size area of both compounds
was 54.3 and 45.7%, respectively.
Crossresistance.In order to study whether metabolism of imazalil in the
propenyl side chain was important for resistance, toxicity of miconazole and
R42243 (Fig. 2) to various isolates was tested. Results indicate that the DMIresistant isolates of P. italicum were also cross-resistant to miconazole and
R42243 although the toxicity of the latter compound was relatively low
(Table 2).

Table 2. Inhibition of imazalil, R42243 and miconazole on radial growth of
wild-type and DMI-resistant isolates of Pénicillium italicum on malt extract
medium at pH 7.

Isolate

w5
E300-3

HI7
I33

J4
1
2

EC» values 0*g ml1)1
Imazalil

R42243

Miconazole

0.005
0.015 (3)2
0.21 (45)
0.27 (59)
0.19 (41)

32
130(4)
330 (10)
600 (19)
590 (18)

0.05
0.27 (6)
0.70 (15)
1.20 (26)
1.70 (37)

Concentration which inhibits radial growth by 50%
Between brackets: degree of resistance (EC50 resistant isolate : EC60 wildtype isolate).
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Discussion
After prolonged incubation ofP. italicum with imazalil onemetabolite could
bedetected (Fig. 1).The putative identity of the metabolite was suggested tobe
R42243byTLC andradio-HPLC. Ithasbeenreported thatR42243isoneofthe
first metabolites ofimazalil formed inanimals.Thiswasascribed asepoxidation
andhydratation processesinthepropenyl sidechain(Heykants, 1978).Thesame
metabolic mechanism may be involved in P. italicum.The present paper is the
first report thatafungus has such acapacity. The low toxicity ofR42243(Table
2)indicatesthatthemetabolismisadetoxification step.Thefact thatR42243was
only detected in the incubation medium and the culture filtrate did not have the
potency to metabolize imazalil suggest that imazalil was metabolized
intercellularly and that the metabolite was secreted into the culture medium.
Metabolism of imazalil has also been studied in plants, such as in apple (Cano
etal., 1987) and cucumber (Vonk and Dekhuijzen, 1979). In cucumber leaves,
imazalil was metabolized to non-identified polar products. However, the
metabolicprocess occurred atamuch slower ratepossibly through hydrolysis of
the ether bond in the molecule (Vonk and Dekhuijzen, 1979).
Atleast threearguments supportthe statementthatdetoxification of imazalil
does not operate as mechanism of resistance. Firstly, the metabolite could only
bedetected after prolonged incubation (24h)whileresistance toimazalil already
became apparent within 8 h (Guan et al., 1989). Secondly, if resistance was
based on metabolism of the propenyl side chain of imazalil, no cross resistance
should be observed to the related DMI-fungicide miconazole and to metabolite
R42243 which have identical structures as imazalil except for the propenyl side
chain (Fig. 2). This was however, not the case (Table 2). In addition, cross
resistance is also present to structurally non-related DMIs (De Waard et al.,
1982; De Waard and Van Nistelrooy, 1990). Thirdly, the rate of metabolism of
imazalil in various isolates was concentration-dependent and differed with
isolates. The slightly lower detoxification rate by isolatesW5(wild-type) and
E300-3 (low resistant) is probably the consequence of less biomass caused by
growth inhibition during the incubation period (Table 1).

Acknowledgements. The authors thank Prof. Dr. J. Dekker and Dr. A.
Kerkenaar for reading the manuscript, and Janssen Pharmaceutica for financial
support.

94

References
Deas, A. H. B., 1986. Triadimefon: relationship between metabolism and
fungitoxicity. Pesticide Science 17: 69-90.
Deas, A. H. B. & Clifford, D. Ft., 1981. Metabolism of the 1,2,4triazolymethane fungicides, triadimefon, triadimenol and diclobutrazol by
Aspergillus niger (vanTiegh). Pesticide Science 17: 120-133.
Dekker, J., 1987. Development of resistance to modern fungicides and
strategiesfor itsavoidance.InLyr,H.(ed.),ModernSelective Fungicides,VEB
Gustav Fischer Verlag,Jena, FRG,p. 39-52
Fuchs,A., 1988. Implicationsof stereoisomerism inagriculturalfungicides.In
Ariëns, E. J., Van Rensen, J. J. S. and Welling, W. (Eds.), Stereoselectivity
of Pesticides, Biological and Chemical Problems, Elsevier, Amsterdam, The
Netherlands, p. 203-262.
Fuchs, A. & De Vries, F. W., 1984. Diastereomer-selective resistance in
Cladosporiumcucumerinumtotriazole-typefungicides. Pesticide Science 15:
90-96.
Gasztonyi, M. & Josepovits, G., 1975. Biochemical and Chemical factors of
selective antifungal effect of triforine, I. The causes of selectivity of the
contact fungicidal action. Acta Phytopathogica Academiae Scientiarum
Hungaricae 10: 437-446.
Gasztonyi, M. & Josepovits, G., 1979. The activation of triadimefon and its
role in the selectivity of fungicide action. Pesticide Science 10: 57-69.
Gasztonyi, M. & Josepovits, G., 1984. Metabolism of some sterol inhibitors
in fungi and higher plants, with special reference to the selectivity of
fungicidal action. Pesticide Science 15: 48-55.
Heykants, J., 1978. Onthe metabolism of imazalil and related compounds in
animals and man. A review. Preclinical Research Report, Janssen
Pharmaceutica, Beerse, Belgium, No. R23979/13.
Kalamarakis,A. E.,Ziogas,B. N.& Georgopoulos,S.G., 1986. Resistance to
ergosterol biosynthesis inhibitors in Nectria haematococca, in: Abstracts of
6th International Congress on Pesticide Chemistry, IUPAC, Ottawa, Canada,

95

3E-06.
Lyr, H., 1987. Selectivity in modernfungicides and its basis, In Lyr, H. (ed.):
Modern Selective Fungicides, VEB Gustav Fischer Verlag, Jena, FRG, p.3 1 38.
Waard, M. A. de, Groeneweg, H. & Nistelrooy, J. G. M. van, 1982.
Laboratory resistance to fungicides which inhibit ergosterol biosynthesis in
Pénicilliumitalicum, Netherlands Journal of Plant Pathology 88: 99-112.
Waard, M. A. de & Nistelrooy, J. G.M. van, 1990. Stepwise development of
laboratory resistance to DMI fungicides in Pénicillium ita/icum, Netherlands
Journal of Plant Pathology 96: 321-329.

96

CHAPTER 8
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Abstract
Differential accumulation of imazalil andfenarimol bywild-type W5and
DMI-resistant isolates of Pénicillium italicum of different mycelial age was
studied at various pHvalues. At pH7 and8 thelow resistant isolate E300.3
accumulated 22% and 35% less imazalil than the wild-type isolate W5,
respectively. No further differential accumulation of imazalil between low
(E300.3), medium (H17) and high resistant isolates (l33) was observed.The
reduced accumulation in isolate E300.3 may account for its relatively low
level of resistance. Differential accumulation of fenarimol between wildtype W5 andresistant isolate E300.3was observed as described before (De
Waard and Van Nistelrooy, 1984). No difference in accumulation of
fenarimol by isolates E300.3, H17 andl 33 was noticed. These results suggest
that reduced accumulation of DMIs is responsible only for resistance in

97

isolate E300.3 and that additional mechanism of resistance may operate in
isolates with a medium and high degree of resistance. Accumulation of
fenarimol by all isolates was energy-dependent. This was less obvious for
imazalil, which may relate to the cationic nature of the fungicide.
The plasma membrane potential of resistant isolates may be
significantly lower than that of the wild-type isolate. Various test
compounds among which ATPase inhibitors, ionophoric antibiotics,
calmodulin antagonists and KCl affected the membrane potential and
reduced or enhanced the accumulation of imazalil and fenarimol. However,
no obvious correlation between the accumulation level of these fungicides
and the magnitude of the membrane potential of these isolates could be
observed. Therefore, it was concluded that the membrane potential does
not mediate the efflux of DMI fungicides.
Additional keywords: ATPase inhibitors, calmodulin antagonists, ionophoric
antibiotics, sterol 14o-demethylation inhibitors, plasma membrane potential

Introduction
Sterol biosynthesis inhibitors (SBIs) are systemic fungicides used in
agriculture to control plant diseases. The primary mode of action of most SBIs
(e.g. derivatives of imidazoles, triazoles and pyrimidines) is based on
inhibition of cytochrome P450-dependent sterol 14a-demethylation (Kato,
1986). Therefore, these SBIs are referred to as demethylation inhibitors
(DMIs).
Resistance to DMIs has been reported for a number of fungi in both
laboratory and field (Koller and Scheinpflug, 1987; Brent and Hollomon,
1988). Studies with various fungi suggested that a large number of potential
mechanisms of resistance can be involved (Deas, 1986; Hitchcock et Û/.,1986
Portillo and Gancedo, 1985; Smith and Koller, 1990; Taylor et al, 1983
Vanden Bossche et al, 1990; Walsh and Sisler, 1982; Watson et al, 1988
Weete, 1986). A well documented mechanism is energy-dependent efflux of
DMI fungicides from mycelium. Increased efflux from fenarimol-resistant
mutants leads to secretion of DMIs into the external medium and hence
prevents intracellular accumulation. As a consequence the target enzyme
becomes less readily inhibited and the mutants less sensitive (De Waard and
Van Nistelrooy, 1979; 1984; 1987; 1988). The ATPase inhibitor N,Wdicyclohexylcarbodiimide (DCCD) and the plasma membrane ATPase inhibitor
sodium orthovanadate inhibited efflux and caused increased accumulation of all
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DMIs tested. This might be a consequence of dissipation of the
electrochemical proton gradient (ApH+) maintained by plasma membrane
ATPase across plasma membranes (De Waard and Van Nistelrooy, 1987). The
ApH+ is composed of aproton gadient (AH+) and a plasma membrane potential
(Ai/0 and is known to drive transport processes of various xenobiotics such as
benzoic and sorbic acid (Warth, 1977) and aminoglycoside antibiotics
(Eisenberg et al., 1984), respectively . Accumulation of the aminoglycoside
antibiotic gentamycin by Staphylococcus aureus was also found to be
enhanced by DCCD (Gilman and Saunders, 1986). DMI-resistant isolates of
Aspergillus nidulans showed cross-resistance to the aminoglycoside antibiotic
neomycin (Van Tuyl, 1977). These results suggest that a similar mechanism
may mediate the accumulation of DMIs and aminoglycosides. In addition,
resistance to aminoglycoside antibiotics in Saccharomyces cerevisiae and
Escherichia coli was found to correlate with decreased intracellular
accumulation and was ascribed to a defect plasma membrane potential (Perlin
etal., 1988;Damper and Epstein,1981).
Accumulation of fenarimol and other DMIs (De Waard and van
Nistelrooy, 1987) and of imazalil (De Waard and Van Nistelrooy, 1988) by
wild-type and fenarimol-resistant isolates of P. italicum which were lowresistant to imazalil, differed in various aspects. The main difference was that
the differential accumulation by low-resistant isolates was obvious for
fenarimol but absent for imazalil. Therefore, fenarimol and imazalil were
selected as test compounds in the present study. The study describes the
accumulation of these fungicides not only in a low-resistant isolate of P.
italicum but also in isolates with a medium and high degree of resistance
under various conditions. In order to investigate the impact of membrane
potentials on DMI accumulation, membrane potentials were determined for all
isolates, and the effect of compounds with known membrane-interfering
properties on membrane potentials was compared with their effect on the
accumulation of fenarimol and imazalil.

Materials and methods
Fungal isolates. P. italicum wild-type isolate W5 and DMI-resistant
isolates E j ^ , H17 and I33 with a low, medium and high degree of resistance,
respectively, were used. The isolates have been described previously
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(De Waard et al., 1982; De Waard and Van Nistelrooy, 1990). The fungus
was maintained on malt extract agar medium.
Culturemethods andpreparationof mycelialsuspensions.Mycelium was
grown in liquid malt extract medium (De Waard and Van Nistelrooy, 1984).
Flasks (300 ml) with medium (100 ml) were inoculated with 1 ml of spore
suspension (109 conidia ml"1) collected from 7 to 10 days old agar plates. The
flasks were incubated at 26°C on an orbital shaker at 200 rpm for 11 h
(fungicide accumulation experiments) or 16 h (plasma membrane potential
experiments). Mycelium was harvested on a sieve (0.21 mm pores) and
collected on a second sieve (0.02 mm pores) by intensive washing with tap
water. Mycelium was washed once with 25 mM potassium phosphate buffer
pH 7.0, containing 0.1 mM calcium chloride and 1% (w/v) glucose. Standard
mycelial suspensions with an average dry weight of about 2 mg ml"1 were
made by resuspending 1 g wet weight of mycelium in 50 ml of the same
buffer.
Fungicides and chemicals. [14C]imazalil and imazalil sulphate (imazalil)
were gifts from Janssen Pharmaceutica (Beerse, Belgium); [14C]fenarimol from
Lilly Research Center Ltd (Erl Wood Manor, England).[14C]tetraphenylphosphonium bromide ([14C]TPP+, sp. act. 17.3 MBq mmol"1) was
purchased from Amersham, (UK), TPP+ from ICN Pharmaceuticals Inc.
(New York, USA); carbonyl cyanide 3-chlorophenylhydrazone (CCCP),
calmidazolium, chloropromazine, diethylstilbestrol (DES), gramicidin-S,
nigericin and trifluorperazine (TFP) from Sigma (Deisenhofen, Germany).
Valinomycin and sodium orthovanadate (vanadate) from Janssen Chimica
(Beerse, Belgium). Fungicides and chemicals were prepared as 100-fold
concentrated solution in methanol.
Accumulation of f4C]imazalil and ^CJfenarimol. Experiments were
carried out according to the method previously described (De Waard and Van
Nistelrooy, 1984). Standard mycelial suspensions were shaken on a reciprocal
shaker at 26°C for 30 min. Concentrations of [14C]imazalil(sp. act. 11.1 MBq
mmol"1) and [14C]fenarimol (sp. act. 5.6 MBq mmol"1) in the mycelial
suspensions were 10 and 90 /xM, respectively. The final methanol
concentration in the mycelial suspension was below 1%.
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Determination of plasma membrane potential. Standard mycelial
susensions (70 ml) in flasks (300 ml) were incubated on a reciprocal shaker at
26°C for 30 min. [14C]TPP+ was added to a final concentration of 10 fM. At
time intervals, samples (5 ml) were taken and filtered on a Whatman GF/A
glass filter using a Millipore sampling manifold apparatus. Mycelial pellets
were washed 5 times with 5 ml of water in 30 sec. Mycelium-associated
radioactivity was extracted with scintillation liquid (Aqua lumaplus) overnight
and counted in a liquid scintillation spectrometer (Beekman 2800 LS). The
magnitude of A\j/was estimated with the Nernst equation (Rottenberg, 1979).
The intercellular volume of P. italicum was taken to be 2.3 /A per mg dry
mycelium (De Waard and Van Nistelrooy, 1988). Effects of various chemicals
on accumulation of [14C]imazalil, [14C]fenarimol and [14C]TPP+ were
determined by addition of these agents from 500-fold concentrated stock
solutions in methanol before and after the addition of the labeled fungicides.
The correspondent amount of methanol was added to the controls.
Results
Accumulation of ^CJimazalil and ["CJfenarimol. Accumulation of
[14C]imazalil by 11-h-old mycelium of wild-type isolate W5 and low-resistant
isolate EJOO^ of P. italicumwas pH-dependent and gradually reached its steady
level in about 50 min (Fig. 1). Accumulation of the fungicide increased at
higher pH, except at pH 8. Accumulation at pH 5 was the same for both
isolates, but at pH 7 and 8 accumulation by isolate E ^ j was 22 and 35% less
compared to the wild-type isolate (Fig. 1). Accumulation of [14C]fenarimol by
isolates W5 and E ^ j was not significantly affected by changes of extracellular
pH (results not shown). For all following experiments pH 7 was selected as a
standard pH. Results in Fig. 2 show that accumulation of [14C]imazalilby the
wild-type isolate W3 was higher than by the resistant isolates. No differential
accumulation of [14C]imazalil among isolates E300.3, H17 and I33 was noticed.
Differential accumulation of [14C]imazalil between wild-type isolate W3 and
resistant isolate E ^ j was not observed when 16-h-old mycelium was used for
the experiments (result not shown).
Accumulation pattern of [14C]fenarimolby 11-h-old mycelium of wild-type
isolate W5 at pH 7 was similar to the typical transient accumulation curve of
[14C]fenarimol demonstrated previously by De Waard and Van Nistelrooy
(1984), who used 16-h-old mycelium. A minor difference was that in the
present experiments equilibrium in accumulation was obtained less readily. No
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differential accumulation of [14C]fenarimol among isolates E ^ ^ , H n and I33
was noticed (Fig. 3).
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Fig. 1. Effect of external pH on accumulation level of [14C]imazalil
(10//M) by wild-type isolate W5{—) and DMI-resistant isolate E300.3 (—) of
Pénicillium italicum in 23.4 mM potassium phosphate, containing 0.1 mM
calcium chloride and 1 %(w/v) glucose at pH 5 (+), 6 (A), 7 (o) and 8 (v).
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Fig. 2. Accumulation of [14C]imazalil (10 /JM) by wild-type isolate W5 (+)
and DMI-resistant isolates E300.3 (A), H17 (O) and l 33 (v) of Pénicillium
italicum in 23.4 mM potassium phosphate buffer pH 7, containing 0.1 mM
calcium chloride and 1% (w/v) glucose.
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Fig.3. Accumulation of [ 14 C]fenarimol (90 ^ M ) by wild-type isolate W 5 (+)
and DMI-resistant isolates E300.3 ( A ) , H 17 (O) and l 3 3 (v) of Pénicillium
italicum in 23.4 mM potassium phosphate buffer pH 7, containing 0.1 m M
calcium chloride and 1 % (w/v) glucose.

Plasmamembranepotential.The accumulation level of [14C]TPP+in 11-hold mycelium was similar for all isolates (0.55 to 0.58 nmol mg 1 dry weight
of mycelium). With 16-h-old mycelium accumulation by all resistant isolates
was about 20% less than by the wild-type isolate W5 (Fig. 4). The magnitude
of the plasma membrane potential (A^) under equilibrium conditions (60 min
after addition of [14C]TPP+) for isolates W3, E ^ , H17 and I33 was calculated
to be 96.3 ± 4.5, 86.6 ± 4.2 , 85.0 ± 4.1 and 86.2+ 3.0 mV, respectively (n = 5). The background absorption of [14C]TPP+ to mycelium was
measured after various treatments such as boiling of mycelium, or incubation
with cetylpyrimidine bromide. The results were highly dependent on the
method used (results not shown). Therefore, the Ai£values were not corrected
for background absorption and hence should be regarded as apparent
membrane potentials.
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Fig. 4. Accumulation of [ 14 C]TPP + (10 //M) by wild-type isolate W s (+ ) and
DMI-resistant isolates E300.3 ( A ) , H 17 (O) and l 33 (v) of Pénicillium italicum in
23.4 mM potassium phosphate buffer pH 7, containing 0.1 mM calcium
chloride and 1% (w/v) glucose.

Table 1 . Effect of KCl (0.2 M) on accumulation of [ 1 *C]imazalil (10 //M),
[ 14 C]fenarimol (90 //M) and [ 14 C]TPP + (10 //M) in Pénicillium
italicum
isolates W , and E,™, 1 .

Isolate

Accumulation level
in controls2
(nmol mg"1dry weight)

Relative effect of KCL
on accumulation level3

W5

0.59+0.05 1.05+0.06 0.51+0.04

1.0

Fenarimol TPP +
2.3
0.46

E300-3

0.47+0.05 0.42±0.04 0.39+0.04

1.0

1.0

Imazalil

Fenarimol TPP+

Imazalil

1

Mycelial age in experiments on accumulation of fungicides and of TPP +

2

Average of 3 values measured after 60 min of incubation.

3

Ratio between accumulation level in presence of KCl : accumulation level

was 11 and 16 h, respectively.

in controls.
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0.58

Effect of various compounds on accumulation of [14C]imazalil,
f'Ctfenarimol and ["CJTPP*. Differential accumulation of [14C]imazalil,
[14C]fenarimol and [14C]TPP+ was observed between wild-type W5 and lowresistant isolate E^^. Therefore, only these two isolates were selected for

Table 2. Effect of various test compounds on accumulation of [ 14 C]imazalil
(10 f/M), [ 14 C]fenarimol (90 //M) and [ 14 C]TPP + (10 f/M) by mycelium of
Pénicillium italic um W 5 at pH 7.0.

Fungal
isolate

w3

5

Compound1

Concentration
(MM)

Calmidazolium

10
25
50
50
CCCP
100
»)
Chloropromazine 10
50
100
DES
10
50
100
>»
TFP
10
50
»>
100
>5
>9

J»
ÏS

9»

5)

w56

Gramicidin-S
Nigericin
Valinomycin
Vanadate

100
100
100
30000

Relative effect of chemicals
on accumulation2,3
Imazalil
0.752
0.80
-4
1.84
1.17
0.50
0.72
0.62
0.92
1.31
1.39
0.72
0.76

Fenarimol TPP +
2.73
0.90
3.21
0.97
1.42
0.85
4.51
0.95
5.23
0.59
1.42
0.92
0.86
3.90
2.94
0.90
2.23
1.05
4.71
1.12
3.04
1.64
1.82
5.02
1.10
2.90
1.36
1.30
2.71
2.03
2.03

0.64
1.08
0.85
0.85

Abbreviations used: DES (diethylstilbestrol), CCCP (carbonyl cyanide 3chlorophenylhydrazone), TFP (trifluorperazine), TPP + (tetraphenylphosphonium bromide).
Average accumulation levels of [ 14 C]imazalil, [ 14 C]fenarimol and
[ 14 C]TPP + in untreated mycelium 40 min after adding the radiolabeled
compounds were 0 . 5 8 ± 0 . 0 5 , 1 . 1 0 ± 0 . 0 7 and 0 . 5 0 ± 0 . 0 4 ng mg' 1 dry
weight mycelium respectively.
Ratio between accumulation level in treatments and controls.
Not tested.
Experiments carried out with 11-h-old mycelium.
Experiments carried out with 16-h-old mycelium.
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most of the following experiments. Pre-incubation of mycelium with KCl (0.2
M) for 1h inhibited accumulation of [,4C]TPP+ by both isolates indicating a
decrease in Af (Table 1). KCl did not affect accumulation of [14C]imazalilin

Table 3. Effect of various test compounds onaccumulation of [14C]imazalil
(10 (JM), [14C]fenarimol (90 IJM) and [14C]TPP+ (10 fjM) by mycelium of
Pénicilliumitalicum isolate £300.3atpH7.0.
Fungal
isolate

E300-3

E300-3

1

Compound1

Concentration
G*M)

Relative effect of chemicals
onaccumulation2,3

10
25
50
50
CCCP
100
Chloropromazine 10
50
100
10
DES
50
100
10
TFP
50
100

Imazalil
0.84
0.80
0.85
1.66
1.45
0.66
0.85
0.54
1.02
1.23
1.32
0.72
0.55

3.02
7.84
1.13
1.14
7.74
7.12
4.81
12.72
9.24

TPP +
0.95
0.88
0.97
0.94
0.82
0.91
0.85
0.98
0.98
1.16
1.58
1.10
1.50

Gramicidin-S
Nigericin
Valinomycin
Vanadate

_
-

3.81
14.62
5.73
1.62

0.97
1.29
0.96
0.75

Calmidazolium

100
100
100
30000

Fenarimo
4.62
6.51
4.11
7.92
.4

Abbreviations used: DES (diethylstilbestrol), CCCP (carbonyl cyanide3chlorophenylhydrazone),TFP (trifluorperazine), TPP+ (tetraphenylphosphonium bromide).
2
Average accumulation levels of [14C]imazalil, [14C]fenarimol and
[14C]TPP+ inuntreated mycelium 40min after adding the radiolabeled
compounds were 0.40±0.05, 0.42±0.04 and 0.4±0.03 ngmg"1dry
weight mycelium, respectively.
3
Ratio between accumulation level intreatments andcontrols.
4
Nottested.
5
Experiments carried outwith 11-h-old mycelium.
6
Experiments carried outwith 16-h-old mycelium.
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both isolates but caused an obvious increase in accumulation of [14C]fenarimol
by isolate W3only.
Other chemicals tested were selected because of their known effects on
respiration or membrane processes. After 10 min of incubation DES, TFP
and nigericin caused no or only a slight increase in accumulation of [14C]TPP+
in both isolates, depending on the concentration used (Table 2 and 3). All
other chemicals tested slightly decreased [14C]TPP+ accumulation. GramicidinS and CCCP had a relatively stronger effect on [14C]TPP+ accumulation by
isolate W5 than by isolate E J ^ J . Accumulation of [14C]fenarimol strongly
increased upon incubation with all compounds tested. The relative effect of
most test compounds on accumulation of [14C]fenarimol by isolate 'E3O0_3 was
higher than by isolate W5 (Table 2 and 3). The effect of these compounds on
accumulation of [14C]imazalil was not comparable with that of [14C]fenarimol.
Only CCCP and DES caused a slight increase in accumulation of[14C]imazalil
while all other compounds tested even led to a slightly lower accumulation
level. It was also noticed that in isolates H17 I33 and J4, CCCP, DES and TFP
had similar effects on accumulation of [14C]imazalil, [I4C]fenarimol and
[14C]TPP+ as in isolate E ^ j (results not shown).
Discussion
Energy-dependent efflux of a number of DMIs from DMI-resistant isolates
of A. nidulans and P. italicum has been well documented (De Waard and Van
Nistelrooy, 1979; 1984; 1987; 1988). The efflux of DMIs in resistant isolate
E30Q.3, which was high-resistant to fenarimol and low-resistant to imazalil, is
probably responsible for a lower accumulation by which the DMIs do not
readily saturate the target enzyme in sterol biosynthesis. Imazalil was the only
exception within DMIs tested since no differential accumulation between
sensitive and resistant isolates was observed (De Waard and Van Nistelrooy,
1988). However, the present study indicates that an obvious difference in
accumulation could be observed if relatively young mycelium was used (11 h
old) and the pH of the external medium was 7.0 or higher (Fig. 1). Older
mycelium probably accumulates more aspecifically-bound imazalil than
younger mycelium and may, therefore, mask small differences. Imazalil has a
pK, value of 6.5. Hence, in a medium with pH 7.0 it is mainly in a neutral
form and therefore the accumulation process of imazalil may not be affected
by the presence of its protonated form as compared with pH 6.0 used in
previous studies (De Waard and Van Nistelrooy, 1988). It may be possible
that the difference in accumulation of imazalil by wild-type isolate W5 and
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low-resistant isolate Ejo^ as observed with young mycelium at pH 7.0, is
responsible for the relatively low level of resistance to this fungicide. A
similar result was also found for resistance to imazalil in Aspergillus nidulans
(Siegel and Solel, 1981).
Isolates E30Q.3, H17 and I33 with a low, medium and high degree of
resistance to DMIs, respectively, did not show differential accumulation of
fenarimol and imazalil (Fig. 2 and 3). Hence, the mechanism of resistance in
isolates with medium and high degrees of resistance remains unexplained. It
might be that a relatively large amount of aspecifically bound fungicides masks
any further decrease in accumulation in medium and high-resistant isolates. An
alternative explanation is that the resistance mechanism in these isolates is
based on other mechanisms.
Increase in accumulation of imazalil by respiration inhibitors, like CCCP
(uncoupler) and DES (plasma membrane ATPase inhibitor) (Table 2 and 3),
suggests that imazalil uptake might also be mediated by a mechanism of
energy-dependent efflux as described for other DMIs (De Waard and Van
Nistelrooy, 1987; 1988). However, all other compounds tested decreased
accumulation. There is no easy explanation for this. In contrast, fenarimol
accumulation strongly increased upon incubation with an uncoupler (CCCP),
membrane ATPase inhibitors (DES and vanadate), calmodulin antagonists
(calmidazolium, chloropromazine and TFP) and ionophoric antibiotics
(gramicidin-S, nigericin and valinomycin). This suggests that the mechanism
involved in efflux of fenarimol differs from that of imazalil. However, no
explanation for this difference can be given. It is also not clear why the timecourse accumulation pattern of fenarimol (and other DMIs) and imazalil are
different (Fig. 2 and 3). The differences might be related to the cationic nature
of imazalil.
Calculation of the plasma membrane potential (A^) by measuring the
overall TPP+ uptake in whole cells has been studied in various fungi
(Boxmann et al. 1982; Höfer and Kenemund, 1984; Prasad and Höfer, 1986)
and proved to reflect the true value of the A^ of cells as measured by
microelectrodes (Lichtenberg et al., 1986). In the present study we also used
the overall TPP+ uptake in mycelium of P. italicumto calculate the A^ of the
various isolates. All DMI-resistant isolates had a lower A\j/than the wild-type
isolate (Fig. 4). However, the lower A$ may not be causally related with the
lower accumulation of imazalil and fenarimol in these isolates. Various
arguments are in favour of this supposition. Firstly, depolarization of the Af
of mycelium by KCl was not accompanied by a decrease in accumulation of
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either imazalil or fenarimol (Table 1). Secondly, manipulation of the A^ with
test compounds did not result in a correlation between the magnitude of A\p
and the accumulation of either fenarimol or imazalil (Table 2 and 3). In
particular, accumulation of fenarimol can be enhanced by test compounds
which hardly influenced A^ (Table 2 and 3). Hence, the hypothesis that DMI
accumulation is mediated in one way or another by the Ai£does not seem to
be valid. An alternative explanation for the relatively low membrane potential
in resistant isolates may be the reduced competitive fitness of these isolates.
This results in slower spore germination (De Waard et al., 1982; De Waard
and Van Nistelrooy, 1990). Hence, mycelium harvested after 11 h of
incubation may be of a different physiological age and this may reflect the
difference in Ai/*. In this context it should also be mentioned that an overall
TPP+ uptake may not be a good parameter for quantitatively measuring A\(/
since accumulation of TPP+ in yeast cells was suggested to be a complex
process which depends on multiple factors and not solely on plasma membrane
potential (Eraso etal., 1984). This should be of concern in following studies.
Energy-dependent efflux of DMI fungicides in fungi resembles in several
aspects multi-drug resistance (MDR) in mammalian cancer cells (Bradley et
al., 1988). Firstly, these MDR cells are resistant to structurally non-related
drugs. In fungi, cross-resistance not only to DMIs but also to unrelated
fungitoxicants has been reported (Van Tuyl, 1977; Kramer et al., 1987).
Secondly, in both type of organisms the resistance is based on reduced
accumulation of compounds mediated by energy-dependent efflux. Thirdly, the
accumulation of both anticancer drugs and DMI fungicides can be reversed by
calmodulin antagonists, like TFP, chloropromazine and calmidazolium (Table
2 and 3; Endicott and Ling, 1989). In addition, cycloheximide which reversed
drug accumulation in MDR cells (Gottesman and Pastan, 1988) also increased
accumulation of fenarimol in A. nidulans(unpublished results). These lines of
similarity suggest that DMI-resistance in fungi may be based on a similar
mechanism as present in MDR mammalian cancer cells. This topic will be the
subject of future studies.

Acknowledgement. The authors thank Prof. Dr. J. Dekker for reading the
manuscript.

109

References
Boxmann. A. W., Barts, P. W. J . A. & Borst-Pauwel, G. W. F. H., 1982.
Some characteristics of TPP into Saccharomyces cerevisiae. Biochimica et
Biophysica 686: 13-18.
Bradley, G., Juranka, P. F. & Ling, V., 1988. Mechanism of multidrug
resistance. Biochimica et Biophysica Acta 9 4 8 : 87-128.
Brent, K. J . & Holloman, D. W., 1988. Risk of resistance against sterol
biosynthesis inhibitors in plant protection, pp. 332-346. In: D. Berg & M.
Plempel (Eds.), Sterol Biosynthesis Inhibitors. Pharmaceutical and Agrochemical Aspects. Ellis Horwood Ltd, Chichester, England. 583 pp.
Damper, P. D. & Epstein, W., 1 9 8 1 . Role of the membrane potential in
bacterial resistance to aminoglycoside antibiotics. Antimicrobial Agents and
Chemotherapy 20: 803-808.
Deas, A . H. B., 1986. Triadimefon: relationship between metabolism and
fungitoxicity. Pesticide Science 17: 69-70.
Eisenberg, E. S., Mandel, L. J . , Kaback, H. R. & Miller, M. H., 1984.
Quantitative association between electrical potential across the cytoplasmic
membrane and early gentamycine uptake and killing in
Staphylococcus
aureus. Journal of Bacteriology 157: 863-867.
Endicott, J . A. & Ling, L., 1989. The biochemistry of P-glycoprotein
mediated multi-drug resistance. Annual Review of Biochemistry 5 8 : 137171.
Eraso, ?.. Mazón, M. J . & Gancedo, J . M., 1984. Pitfalls in the
measurement of membrane potential in yeast cells using tetraphenylphosphonium. Biochimica et Biophysica Acta 778: 515-520.
Gilman, S. & Saunders, V. A.,1986. Accumulation of gentamicin by
Stephylococcus aureus: The role of the transmembrane electrical potential.
Journal of Antimicrobial Chemotherapy 17: 37-44.
Gottesman, M. & Pastan, I., 1988. The multidrug transporter, a doubleedged sword. Journal of Biological Chemistry 263: 12163-12166.

110

Hitchcock, C. A., Barrett-Bee, K. J. & Russell, N. J., 1986. The lipid
composition and permeability to azole and polyene resistant mutant of
Candidaalbicans. Journal of medical and Veterinary Mycology 25: 29-37.
Höfer, M. & Kunemund, A., 1984. Tetraphenylphosphonium is a true
indicator of negative plasma membrane potential in yeast Rhodotorula
glutinis. Biochemical Journal 225: 815-879.
Kato, T., 1986. Sterol-biosynthesis in fungi, a target for broad spectrum
fungicides, pp. 1-24. In: G. Haug & H. Hoffmann (Eds.), Chemistry of plant
protection I. Sterol biosynthesis inhibitors and antifeeding compounds.
Springer-Verlag, Berlin, FRG. 151 pp.
Koller, W. & Scheinpflug, H., 1987. Fungal resistance to sterol biosynthesis
inhibitors: a new challenge. Plant Disease 171: 1066-1074.
Krämer, W., Berg, D. & Koller,W., 1987. Chemical synthesis and fungicidal
resistance, pp. 291-305. In M. G. Ford, D. W. Holloman, B. P. S. Khambay,
& R. M. Sawicki (Eds.), Combating Resistance to Xenobiotics - Biological
and Chemical Approches. Ellis Horwood Ltd.,Chichester, England.320 pp.
Lichtenberg, H. C , Giebeler, H. & Höfer, M., 1986. Measurement of
electrical difference across yeast plasma membrane with microelectrodes
are consistant with values from steady distribution of tetraphenylphosphonium in Pichiahumboldtii. Journal of Membrane Biochemistry 103:
255-261.
Perlin, D. S., Brown, G. L. and Hafer, J. E., 1988. Membrane potential
defect in hygromycin B-resistant pmal
mutants of Saccharomyces
cerevisiae. Journal of Biological Chemistry 263: 18118-18122.
Portillo, F. & Gancedo, C , 1985. Mitochondrial resistance to miconazole in
Saccharomycescerevisiae. Molecular and General Genetics 199: 493-499.
Prasad, R. & Höfer, M., 1986. Tetraphenylphosphonium is an indicator of
negative membrane potential of Candidaalbicans. Biochimica et Biophysica
861: 377-380.
Rottenberg, H., 1979. The measurement of membrane potential and ApH in
cells, organells and vesicles. Methods in Enzymology, Vol. LV, Academic
Press, New York, 547-568 pp.

Ill

Siegel, M. A. & Solei, Z., 1981. Effects of imazalil on a wild-type and
fenarimol-resistant strains of Aspergillus nidu/ans. Pesticide Biochemistry
and Physiology 15: 222-233.
Smith, F. D & Koller, W., 1990. The expression of resistance of Ustilago
avenaeto sterol demethylation inhibitor triadimenol is an induced response.
Phytopathology 80: 584-590.
Taylor, F. R., Rodrigues, R. J. & Parks, L. W., 1983. Requirement for a
second sterol biosynthetic mutation for viability of a sterol C-14 demethylation defect mutant in Saccharomycescerevisiae. Journal of Bacteriology
155: 64-68.
Tuyl, J. M. van, 1977. Genetics of fungal resistance to systemic fungicides. Mededelingen Landbouwhogeschool,Wageningen,the Netherlands 772. 136 pp.
Vanden Bossche, H., Marichal,P., Correas, J., Bellens, D., Moereels, H. &
Janssen, P. A. J., 1990. Mutation in cytochrome P-450-dependent C-14
demethylation results in decreased affinity for azole antifungals. Biochemical Society Transactions 18: 56-59.
Waard, M. A. de, Groeneweg, H. & Nistelrooy, J. G. M., 1982 Laboratory
resistance to fungicides which inhibit ergosterol biosynthesis in Pénicillium
ita/icum. Netherlands Journal of Plant Pathology 88: 99-112.
Waard, M. A. de & Nistelrooy, J. G. M. van, 1979. Mechanism of
resistance to fenarimol in Aspergillus nidulans. Pesticide Biochemistry and
Physiology. 10:210-229.
Waard, M. A. de & Nistelrooy, J. G. M. van, 1984. Differential
accumulation of fenarimol by a wild-type isolate and fenarimol-resistant
isolates of Pénicillium ita/icum. Netherlands Journal of Plant Pathology 90:
143-153.
Waard, M. A. de & Nistelrooy, J. G. M. van, 1987. Inhibition of energydependent efflux of the fungicide fenarimol by Aspergillus nidulans.
Experimental Mycology 11: 1-10.

112

Waard, M. A. de & Nistelrooy, J. M. G. van, 1988. Accumulation of SBI
fungicides in wild-type and fenarimol-resistant isolates of Pénicillium
iîalicum. Pesticide Science 22: 371-382.
Waard, M. A. de, & Nistelrooy, J. G. M. van, 1990. Stepwise
developement of laboratory resistance to DMI fungicides in Pénicillium
italicum. Netherlands Journal of Plant Pathology 96: 321-329.
Walsh, R. L. & Sisler, H. D., 1982. A mutant of Ustilago maydis deficient in
sterol C-14 demethylation, characteristics and sensitivity to inhibitors of
ergosterol biosynthesis. Pesticide Biochemistry and Physiology 18: 122131.
Warth, A. D.. 1977. Mechanism of resistance of Saccharomyces baillii to
benzoic, sorbic and other weak acids used as food preservatives. Journal of
Applied Bacteriology 43: 215-230.
Watson, P. F., Rose. M. E. & Kelly, S. L., 1988. Isolation and characterization of ketoconazole resistant mutants of Saccharomyces cerevisiae.
Journal of Medical and Veterinary Mycology 26: 153-162.
Weete, J. D., 1986. Comparison of responses by fungi sensitive and
tolerant to propiconazole in Aspergillus ochraceus and Mucor rouxii.
Abstract of 6th International Congress on Pesticide Chemistry, IUPAC,
Ottawa, Canada, 3C-06.

113

CHAPTER 9

General discussion

Isolates of Pénicillium italicumH17, I33 and J4 with different levels of
resistancetoimazalilandotherDMI-fungicides stepwiseselectedfrom fenarimolresistant isolate E ^ ^ (De Waard and Van Nistelrooy, 1990) were used
throughout the study. Isolates £300.3,H17, I33 and J4 exhibit increasing levels of
resistance to imazalil. The resistance level remained stable in course of the
experimental period for isolates E300-3, H17 and I33 and decreased to a limited
extent for isolateJ4 (Chapters 2 and 6). This may relate to thepolygenic nature
of DMI resistance.
Sterol analyses showed that both wild-type isolate W5 and DMI-resistant
isolates E300.3, H17, I33 and J4 of P. italicumcontained ergosterol as the major
sterol (95.6% to 98.3% of total sterols identified). The DMI fungicide imazalil
inhibited ergosterol biosynthesis and led to accumulation of 24-methylenedihydrolanosterol in all isolates. Effects of imazalil on synthesis of other sterols
was not significant. However, in high-resistant isolates H17, I33 and J4 much
higher concentrations ofimazalil were necessary toperform theinhibitory effect
than in wild-type isolate W5 (Chapter 2). These results indicate that the same
target site for imazalil ispresent in allisolates. Hence, resistance toDMIsin P.
italicumis not due to a lack of the target enzyme, cytochrome P450-dependent
sterol 14o>demethylase (cytochrome P45014DM) or the presence of a nonfunctional one, as observed in mutants of Ustilago maydis and Saccharomyces
cerevisiae (Walsh and Sisler, 1982; Aoyama et al., 1983). These mutants
contained C14-methylsterols instead of ergosterol as the major sterols. The
normal sterol composition of DMI-resistant isolates of P. italicumcorroborates
with the observation that they have an almost normal saprophytic fitness and
virulence as the wild-type isolate (De Waard and Van Nistelrooy, 1990). The
results also suggest that a mechanism of resistance based on tolerance of
abnormalsterolslikeC14-methylsterols(WeeteandWise, 1987)or detoxification
oftheseabnormal sterols(VandenBosscheetal., 1987)isunlikely.The fact that
a relatively high concentration of imazalil was needed to inhibit ergosterol
biosynthesis in the resistant isolates as in the wild-type again suggests that
absence of the target enzyme or the presence of a non-functional one is not
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involved asa mechanism ofresistance. Among other potential mechanismsof
resistance, ample attention waspaidtostudythe hypothesis thatreduced affinity
ofsterol 14a-demethylasetoDMIsinDMI-resistant isolates wouldbeinvolved.
The reasonforthis strategyisthat such amechanism ofresistance isingeneral
the most common oneincasesoffungicide resistance (Dekker, 198S).

Table 1. Relation between toxicity of DMIs to radial growth of wild-type
isolate W 6 of Pénicilliumitalicum, sensitivity of sterol 14o-demethylaseand
affinity of cytochrome P450 isozymes toDMIs.

Compound

EC» (M)1

IC,o(M)2

l5o(M) 3

Imazalil
Itraconazole
Ketoconazole
Penconazole
Propiconazole
R14821
R42243

1.4±0.2xl0*
6.0+0.2x10*
5.0+0.4x10*
4.0±0.2X10*
2.2+0.3x10*
6.6+0.4x10«
9.7+0.4x 10'

1.6±0.4xl0*
1.0±0.3xl0*
6.5±0.5x10'
1.7+0.7x10-*
1.0±0.2xl0*
6.0±0.7xl0"6
4.0±0.3xl0"5

4.0±1.2x10*
3.7+1.0x10*
5.0±l.lxl0»
4.2±1.3x10*
4.1±l.lxl0*
7.0±0.8xl0*
1.2±0.9xl0"7

CO(%)4

42+8
44±6
15±2
94+8
80+6
99+3
101±3

1

Concentration which inhibits radial growth onmalt agar pH7.0 by 50%
(Chapter 5,Table1).
2
Concentration which inhibits incorporation of radioactivity into C4desmethyl sterols incell-free extracts by50% (Chapter 3,Table1).
3
Concentration which induces half saturation responseoftype II difference
spectra (Chapter 5,Table2).
4
Displacement of test compounds (10-6 M) from P450 isozymes as a
percentageofcontrol treatment 30minafter bubbling with CO(Chapter 5,
Fig.5).

An assay to study cell-free ergosterol biosynthesis in P. italicum andits
sensitivity toDMIs wasdeveloped for wild-type isolate W5 (Chapter 3). The
relatively high percentage ofergosterol synthesized incell-free extracts (25.6%
of total non-saponifiable lipids) from [2-14C]mevalonate and its differential
sensitivity to the DMI fungicides imazalil, itraconazole, ketoconazole,
penconazole andpropiconazole, andtheless-toxicDMI compounds R42243 and
R14821 (Table 1)indicated that this method was suitable tostudy thesensitivity
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of sterol 14a-demethylase activity of this fungus toDMIs. This is an important
achievement in the methodology of studying invitroenzymes involved in sterol
biosynthesis of filamentous plant pathogenic fungi. The assay developed is an
improvement of the one described for the mammalian pathogen Aspergillus
fumigatus (Ballard etal., 1990a). Using the sametest method, cell-free extracts
of DMI-resistant isolates E ^ j , H17 and I33 could be prepared. These cell-free
extracts contained a slightly higher protein content as compared with that of the
wild-type isolate. In addition, ergosterol synthesized aspercentage of total nonsaponifiable lipids produced in cell-free extracts of isolates H17 and I33 was
slightly higher than that of the wild-type isolate. Nevertheless, IC» values
(concentrations which inhibit incorporation of radioactivity into ergosterol by
50%) of imazalil for cell-free synthesis of ergosterol indifferent isolates did not
vary significantly (Table 2). Hence, the present data indicate that decreased
affinity of sterol 14a-demethylase to imazalil will not play a major role as a
mechanism of resistance in P. italicum (Chapter 4).

Table 2. Relation between toxicity of imazalil to wild-type isolate W 5 and DMIresistant isolates E300.3, H 17 , l 33 and J 4 of Pénicillium italicum, sensitivity of
sterol 14a-demethylase activity and affinity of cytochrome P450 isozymes of
these isolates to imazalil.

Isolate

EC* (M)1

IC» (M)2

I» (M)3

CO (%)4

w5

1.4±0.2xl0" 8
4.5±0.3xl0 8
6.3±0.2xl0" 7
8.3+0.5XlO7
5.8+0.4X10"7

1.6+0.4X10"8
1.7+0.5X10"8
2.0±0.5xl0- 8
2.1+0.4X10 8
nd5

4.0+1.2 xlO 8
4.2±2.1xl0" 8
5.1+2.7X10 8
5.8+2.3XlO"8
8.0+3.2X10 8

43+6
43+9
58±9
60+8
64+11

E300-3

H17
I33
J4
1

Concentration which inhibits radial growth on malt agar pH 7.0 by 5 0 %
(Chapter 6, Table 5).

2

Concentration of imazalil which inhibits incorporation of radioactivity into
C4-desmethyl sterols in cell-free extracts by 5 0 % (Chapter 4 , Table 2).
3
Concentration of imazalil which induces half saturation response of type II
difference spectra (Chapter 6, Table 2).
4
Displacement of imazalil ( 1 0 8 M) from P450 isozymes as a percentage of
control treatment 30 min after bubbling with CO (Chapter 6, Table 3).
5
Not determined.
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Inaddition,microsomalcytochromeP450isozymeswereisolatedtostudythe
affinity of cytochrome P45014DM by means of difference spectrophotometry.
Studieswith wild-typeisolateW5weredescribed inChapter 5. After mechanical
disruption of protoplasts and differential centrifugation of homogenates,
cytochrome P450isozymes couldbedemonstrated in microsomal fractions. The
yield ofthese microsomal cytochromeP450isozymes washigh (365 ± 33pmol
per g dry mycelium) and the quality of the isozymes with respect to specific
activity andstability wasgood. NexttoA. fiimigatus (Ballard etal., 1990b), this
is a second case of successful isolation of cytochrome P450 isozymes from a
filamentous fungus. Interaction of the P450 isozymes with the DMI fungicides
imazalil,itraconazole,ketoconazole,penconazoleandpropiconazole,andthelesstoxic DMI compounds R42243 and R14821 was demonstrated by formation of
type II spectra upon addition to the oxidized form of the isozymes. Only slight
differences inIg,values (concentrations whichinduce half saturation responsein
the type II difference spectra) of compounds which differed significantly in
toxicitywereobserved (Table 1).Therefore, itwasconcludedthattheinteraction
between the heme iron of the isozymes and the heterocyclic nitrogen of the test
compoundsdoes notplay amajor roleindetermining affinity of theisozymes to
DMIs. Thisisin agreement withproposals ofVanden Bossche etal. (1988) that
affinity of cytochrome P450 isozymes to DMIs is largely dependent on the
interaction between the apoprotein of theisozymes and theM-substituent of the
DMIs.Therefore, theeaseofremoval ofDMIs from P450isozymes willlargely
depend on the interaction between the apoprotein of the isozymes and the M substituent of the DMIs. This can be determined by measuring the ability of
carbon monoxide (CO) to displace DMIs from the isozymes (Vanden Bossche,
1987). Results showed that the ease of CO to displace the DMI fungicides and
theless-toxicDMIanalogues (R14821andR42243) from theP450isozymesdid
correlate to some degree with their fungitoxicity (Table 1). Exceptions were
observed with DMIswith arelatively largeM-substituent, such as ketoconazole
and itraconazole. This may be due to the possibility that a relatively large N\substituent hampers their accumulation in mycelium and transport to the target
siteandhencereducesfungitoxicity. Anotherexplanationisthatmicrosomesmay
contain P450s varying in affinity to the DMIs tested. A way to avoid such
interfering factors may be the use of purified cytochrome P45014DM in similar
tests. However, this research strategy was not pursued due to experimental
difficulties.
Cytochrome P450 isozymes were also isolated from DMI-resistant isolates
E^^

EJO^J, H17 and I33 and J4 (Chapter 6). The isolation procedure for isolate
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was the same as that of the wild-type isolate whereas the procedure for isolates
H,7 and I33 and J4 had tobe modified in order to obtain proper P450 isozymes.
The ease of CO to displace imazalil, itraconazole and ketoconazole from P450
isozymes ofDMI-resistantisolateswasdetermined andcompared with that from
thewild-typeisolateW5.Resultsshowed thattheDMIstested weremorereadily
displaced from the P450 isozymes of resistant isolates H17 and I33 and J4 than
from thoseofwild-typeisolateW5andlow-resistantisolateEja« (Table2).This
suggests that the affinity of theP450isozymes toDMIsislower than that of the
wild-type isolate. This conclusion contradicts with theresults obtained from the
cell-free bioassay in which the sensitivity of sterol 14a-demethylase activity of
all isolates proved to be similar (Chapter 4). However, the reliability of the
conclusion is challenged by a number of factors which hamper a proper
interpretation of the results. These factors include the necessary modification of
the standard isolation procedure ofP450isozymes from resistant isolates H 17 ,1 33
and J4, the possible difference in quality of the isozymes in wild-type and
resistant isolates and a possible underestimation of the concentration of the
isozymes in microsomal preparations of the resistant isolates H17, I33 and J4
(Chapter 6). Furthermore, data obtained are also only of a semi-quantitative
nature. Hence, conclusions derived from the spectrophotometric assays maynot
be reliable to compare affinity of cytochrome P45014DM to DMIs in different
isolates. Consequently, these results do notprovide sound evidence to reject the
conclusion of chapter 4 that sterol 14a-demethylase of wild-type and DMIresistant isolates have a similar sensitivity to DMIs.
Another potential mechanism of resistance studied is metabolism of DMIs.
Fungicidemetabolism maytheoretically eitherbeadetoxification oranactivation
step.Sinceimazalil itself isalready extremely toxic (Chapter 2),activation ofthe
fungicide in the fungus is hardly possible. So far, resistance to DMIs based on
activation has only been observed with resistant strains of Cladosporium
cucumerinum (Fuchs and De Vries, 1984) and Nectria haematococca
(Kalamarakis et al., 1986). In both cases, resistant isolates failed to activate
triadimefon intotriadimenol.InP. italicum,imazalilwas metabolized only after
prolonged incubation (24 h) to a less-toxic compound, which was putatively
identified as the 2,3-dihydroxypropyloxy analogue (R42243). R42243 was
detected in both wild-type isolate W5 and DMI-resistant isolates E300_3, H17, I33
and J4, although in resistant isolates higher amount of R42243 was detected
(Chapter 7). This can be explained by the fact that growth of resistant isolates
was not inhibited. Hence, more biomass was available to perform the
metabolism. DMI-resistant isolatesalsoshowed crossresistance toanotherDMI-
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fungicide miconazole,whichhasasimilarstructure asthatofimazalil except for
the sidechainand hencecan notbe metabolised in a similar way asimazalil. In
addition, the resistant isolates showed cross resistance to structurally unrelated
DMIs(DeWaard etal, 1982;DeWaard andVanNistelrooy, 1990).Thesedata
confirm that metabolism of the side chain of imazalil is not involved as a
mechanism of resistance.
The results of sterol analyses, studies on the sensitivity of the sterol 14ademethylase activity toDMIs andmetabolism ofimazalilin wild-type andDMIresistant isolates suggest that the mechanism of resistance in P. italicumrelates
to factors which prevent the fungicide from reaching the target site. Therefore,
accumulation of imazalil by wild-type and DMI-resistant isolates was studied
(Chapter 8).Fenarimol wasused asareference compound. It was observed that
the low-resistant isolate E ^ ^ accumulated a significantly lower amount of
imazalilthanthewild-typeisolate.High-resistant isolatesH17andI33accumulated
a similar level ofimazalilas the low-resistant isolate E J ^ J . Similar results were
also observed for fenarimol. This may suggest that the reduced accumulation of
imazalil and fenarimol is only responsible for the relatively low level of
resistance in isolate E ^ ^ to the fungicides.
Enhancementofaccumulationoffenarimol upontreatment withATPaseand
respiration inhibitors suggests that accumulation of fenarimol in all isolates is
mediated by a mechanism of energy-dependent efflux. An increased energydependent efflux of fenarimol may also operates in high-resistant isolates as
proposed forthelow-resistantisolateE M ^ (DeWaardandVanNistelrooy, 1984,
1988). However, energy-dependent efflux of imazalil is less obvious. This may
relate tothe cationic nature of the fungicide.
High-resistant isolates H17, I33 and J4 probably contain additional genes for
resistance to DMIs as compared with isolate E j ^ (De Waard and Van
Nistelrooy, 1990). A crucial question is whether these genes still code for the
same mechanism of resistance as present in isolate E ^ ^ . There are reasons to
believe thatthismaybethecase.Arguments tosupport thishypothesis arebased
on the observations that different genes in Aspergillus nidulans which cause
resistance to imazalil and other DMIs (imaA and imaE)both code for decreased
accumulation of fenarimol. Many other DMI-resistant isolates of A. nidulans
werenotgeneticallycharacterized butalsoshowed, withoutexception, decreased
accumulation (DeWaardandVanNistelrooy, 1979).Theseisolatesprobablyalso
contained some of the other genes for DMI resistance identified in this fungus
(Van Tuyl, 1977). Apparently, all genes code for energy-dependent efflux of
DMIs. Various mutants of Monilinia fructicola with different degrees of
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resistance to DMIs also showed a lower accumulation level of various DMIs
tested than the wild-type isolate (Ney, 1988). Also in case of Nectria
haematococcavar. Cucurbitae several genes involved in DMI resistance were
found to control a permeability barrier to DMIs. Isolates containing two genes
forresistanceshowedahigherdegreeofresistanceandaccumulated alowerlevel
ofDMIsthan theones with asinglegene (Kalamarakis etal., 1991).Thesedata
suggest that high-resistant isolates of P. italicum may also contain additional
genes coding in a similar way for energy-dependent efflux of DMIs. However,
the difference in amount of fungicide released from low-, and high-resistant
isolates may be very low in comparison to the background adsorption of the
fungicides tomycelium andtherefore, maynotbedetectablewiththetestmethod
used. Hence, the possibility that a high degree of resistance to DMIs is caused
by an additional energy-dependent efflux should, as yet, not be excluded.
DMIresistanceinP. italicum andother filamentous fungi resemblesinsome
waymultidrug resistanceofmammaliancells(Chapter 8).In such drug-resistant
cancer cells,anumberofmultigene-coded transport proteins mayberesponsible
fortheenergy-dependent efflux ofdifferent drugs.Itmaybepossiblethat similar
drug transportproteins arealsopresent inP. italicum and canberesponsible for
differential accumulation ofvariousDMIs. Further studiesshouldbedesigned to
explore this hypothesis.
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SUMMARY

The fungitoxic action of azole fungicides is based on inhibition of
cytochrome P450-dependent sterol 14a-demethylase (cytochrome P45014DM)
activity. This thesis presents results of studies on various potential mechanisms
of resistance to these sterol 14a-demethylation inhibitors (DMIs) in DMIresistant isolates of the fungal plant pathogen Pénicillium italicum. In chapters
2, 4, 6, 7 and 8 results of studies on four potential mechanisms of resistance
are described. In chapters 3 and 5 two important developments in experimental
procedures which were essential to test one of the potential mechanisms of
resistance, decreased affinity of the target enzyme, are presented.
In chapter 2, sterol composition of wild-type isolate W5 and isolates E,,^
(low resistance), H17 (medium resistance), I33 and J4 (high resistance) is
described. Results showed that in all isolates ergosterol was the major sterol.
Inhibition of ergosterol biosynthesis in W5 was observed at a low
concentration of imazalil (0.01 y.g ml"1), while in the resistant isolates much
higher concentrations were necessary to achieve the inhibitory effect.
Inhibition of ergosterol biosynthesis was accompanied by accumulation of 24methylenedihydrolanosterol. These results proved that the same target site for
imazalil is present in all isolates and that the mechanism of resistance in this
fungus is not related to absence of the target enzyme or the presence of a nonfunctional one.
Chapter 3describes an important achievement in studying in vitroenzymes
involved in sterol biosynthesis in filamentous plant pathogenic fungi. A novel
method to obtain a cell-free extract of P. italicum which was active in
synthesizing ergosterol from [14C]mevalonate is presented and may serve as a
model to study similar processes in other filamentous plant pathogens. The in
vitro synthesis of ergosterol in cell-free extracts of P. italicumaccounted for
about 26% of total non-saponifiable lipids synthesized. The inhibitory effect of
various test compounds (DMI fungicides and less-toxic imazalil analogues) on
in vitro ergosterol biosynthesis was investigated. ICso values (concentrations
which inhibit incorporation of radioactivity into ergosterol by 50%) of the
highly toxic DMI fungicides imazalil, itraconazole, ketoconazole, penconazole
and propiconazole ranged from 6.5 ± 0.5 X 10"9 to 1.7 ± 0.7 X 10"8 M.
This indicates that DMI fungicides are very potent inhibitors of sterol 14ademethylase activity in cell-free extracts of the fungus. Less-toxic imazalil
analogues had much higher IC50 values, suggesting that these compounds have
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a significantly lower potency to inhibit sterol 14a-demethylase activity. The
test method used to study ergosterol biosynthesis in the wild-type isolate W5
could also be applied to DMI-resistant isolates E300-3, H17 and I33. It was noted
that the quality of cell-free extracts of wild-type and resistant isolates differed
slightly. Nevertheless, IC» values of imazalil for inhibition of in vitro
ergosterol biosynthesis were not significantly different in wild-type and all
DMI-resistant isolates (Chapter 4). This indicates that sterol 14ot-demethylase
of sensitive and resistant isolates has a similar sensitivity to imazalil.
Therefore, reduced affinity of the target enzyme to DMIs in resistant isolates
will not play a major role as a mechanism of resistance.
In Chapter 5, a method to isolate cytochrome P450 isozymes from wildtype isolate W5 is described. Interaction between the heterocyclic nitrogen
atom of the test compounds (DMI-fungicides and less-toxic imazalil analogues)
and the oxidized heme iron atom of the isozymes could be demonstrated by
difference spectrophotometry (type II spectra). However, the magnitude of the
type II spectra did not correlate with toxicity of the test compounds. A
difference in the ability of carbon monoxide (CO) to displace the test
compound from reduced cytochrome P450 isozymes was observed. It appeared
that the less-toxic imazalil analogues were immediately displaced while the
displacement of various DMI fungicides gradually occurred in time. This
suggests that the binding affinity of the test compounds to cytochrome P450
isozymes did correlate to some degree with fungitoxicity of the test
compounds. However, inconsistent results were observed for DMI fungicides
with a large M-substituent, like itraconazole and ketoconazole.
Cytochrome P450 isozymes were also isolated from DMI-resistant isolates
E30Q.3,H17, I33 and J4 (Chapter 6). However, the procedure for isolate H17, I33
and J4 had to be slightly modified in order to isolate proper P450 isozymes.
The necessary modification of the isolation procedure suggests that the
resistant isolates H17, I33 and J4 differ in some way, possibly in cell wall
composition, from that of the wild-type isolate. Maximum and minimum
absorbance in type II spectra of P450 isozymes of isolates H17, I33 and J4
shifted to higher wavelengths as compared with those of the wild-type isolate
W5 and low-resistant isolate EJOO-3. Maximum absorbance in CO spectra of
P450 isozymes of isolates H,7, I33 and J4 also shifted to higher wavelengths.
Imazalil, itraconazole and ketoconazole were more readily displaced by CO
from reduced P450 isozymes of isolates H17, I33 and J4 than from those of
wild-type isolate W5 and isolate £300.3(Chapter 6). These results suggest that
P450 isozymes of isolates H17, I33and J4had a relatively lower affinity to DMI
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fungicides. However, due to various factors which hamper a proper
interpretation of the results, conclusions derived from spectrophotometric
assays may not be reliable enough to compare affinity of cytochrome P45014DM
to DMIs in different isolates. Hence, these results do not provide sound
evidence to reject the conclusion that sterol 14a-demethyläse of wild-type and
DMI-resistant isolates have a similar sensitivity to DMIs (Chapter 4).
In Chapter 7, results of experiments on metabolism of imazalil in wildtype and DMI-resistant isolates are presented. It appeared that all isolates
metabolized imazalil to its putative 2,3-dihydroxypropyloxy analogue
(R42243), which was much less fungitoxic. DMI-resistant isolates showed
cross resistance to miconazole which has a similar structure as imazalil except
for the propenyloxy side chain. Therefore, it was concluded that metabolism
of imazalil in P. italicum is not involved as a mechanism of resistance.
Fungicide accumulation studies indicated that the low-resistant isolate E300-3
accumulated a significantly lower level of imazalil and fenarimol than the
wild-type isolate W3 (Chapter 8). The low level of accumulation of the
fungicides may be responsible for the relatively low degree of resistance to
these fungicides in this isolate. Reduced accumulation of fenarimol may be
caused by an increased energy-dependent efflux of the fungicide. However,
this mechanism is less obvious for imazalil. Accumulation of both fungicides
is probably not mediated by the plasma membrane potential. Medium- and
high-resistant isolates H17, I33 and J4 accumulated similar levels of imazalil and
fenarimol as the low-resistant isolate E^^. This suggests that the mechanism
of resistance in medium- and high-resistant isolates is not caused by
differential accumulation of the DMI fungicides as compared to the lowresistant isolate Ej,^. However, it might be that differential accumulation of
the DMIs between low- and high-resistant isolates is present, but masked by a
relatively high background adsorption of the fungicides to mycelium and
therefore, not detected with the test method used.
From the results of the studies summarized above, it is concluded that the
mechanism of resistance in P. italicum to DMIs relates to factors which
prevent the fungicides from reaching the target site. Further studies should
elucidate which mechanism is relevant in this respect.
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SAMENVATTING

De fungitoxische werking van azool-fungiciden is gebaseerd op remming
van cytochroom P450-afhankelijke aktiviteit van sterol 14a-demethylase
(cytochroom P45014DM). Deze dissertatie beschrijft de resultaten van studies
naar verschillende potentiële resistentiemechanismen tegen sterol 14ademethyleringsremmers (DMIs) in DMI-resistente isolaten van de plantpathogene schimmel Pénicilliumitalicum. In de hoofdstukken 2, 4, 6, en 8
worden resultaten van studies naar vier potentiële resistentiemechanismen
beschreven. In de hoofdstukken 3 en 5 worden twee belangrijke ontwikkelingen in experimentele methoden die essentieel zijn voor het testen van één
van de potentiële resistentiemechanismen, verminderde affiniteit van
cytochroom P45014DM, besproken.
In hoofdstuk 2 wordt de sterol samenstelling van het wild-type isolaat W5
en de isolaten E ^ ^ (laag resistent) en H17 (middel resistent), I33 en J4 (hoog
resistent) beschreven. De resultaten toonden aan dat ergosterol in alle isolaten
het belangrijkste sterol is. Remming van de biosynthese van ergosterol in W5
werd reeds bij een lage imazalil concentratie (0,01 /xg ml"1) waargenomen,
terwijl in resistente isolaten veel hogere concentraties nodig waren om het
remmende effect te kunnen bereiken. Remming van de ergosterol biosynthese
ging gepaard met accumulatie van 24-methyleendihydrolanosterol. Deze
resultaten demonstreren dat dezelfde aangrijpingsplaats, cytochroom P450,4DM,
aanwezig is in alle isolaten en dat het resistentiemechanisme dus niet is
gebaseerd op afwezigheid van de aangrijpingsplaats of de aanwezigheid van
een niet-functioneel 14a-demethyleringsenzym.
Hoofdstuk 3 beschrijft een belangrijke vooruitgang bij de in vitro
bestudering van enzymen die bij de sterol biosynthese in filamenteuze, plantpathogene schimmels betrokken zijn. Er wordt een nieuwe methode in
beschreven voor de bereiding van celvrije extracten van P. italicum die in
staat zijn om vanuit [14C]mevalonaat ergosterol te synthetiseren. Dit systeem
kan tevens als model dienen voor de bestudering van dezelfde biosyntheseweg
in andere filamenteuze schimmels. De in vitro synthese van ergosterol in
celvrije extracten van P. italicum bedroeg 26% van de totale hoeveelheid
gesynthetiseerde, niet-verzeepbare lipiden. De remming van de in vitro
ergosterol-biosynthese door verschillende teststoffen (DMI fungiciden en
wéinig-toxische imazalil-analogen) werd onderzocht. ICso waarden
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(concentraties die de incorporatie van radioaktiviteit voor 50% remmen) van
DMI fungiciden met een relatief hoge fungitoxiciteit varieerden van
6.5 ± 0.5 x 10"9 tot 1.7 ± 0.7 x 10'8M. Dit duidt er op dat DMI fungiciden
zeer sterke remmers zijn van sterol 14a-demethylase aktiviteit in celvrije
extracten van de schimmel. De minder toxische imazalil-analogen hadden veel
hogere IC» waarden, hetgeen suggereert dat deze verbindingen sterol 14ademethylase aktiviteit veel minder sterk remmen. De methode die werd
gebruikt om de ergosterol biosynthese in het wild-type isolaat W5 te
bestuderen, kon ook worden toegepast op de DMI-resistente isolaten £300.3,H17
en I33. De kwaliteit van de celvrije extracten van wild-type en resistente
isolaten verschilde wel enigszins. Desalniettemin waren de IC» waarden van
imazalil voor remming van de in vitroergosterol biosynthese in het wild-type
en alle DMI-resistente isolaten niet significant verschillend (Hoofdstuk 4). Dit
duidt er op dat het sterol 14a-demethylase van de verschillende isolaten een
gelijke gevoeligheid heeft voor imazalil. Verminderde affiniteit van
cytochroom P45014DM speelt daarom geen beduidende rol als
resistentiemechanisme tegen DMIs in resistente isolaten.
In hoofdstuk 5 wordt een methode beschreven om cytochroom P450
isozymen te isoleren uit het wild-type W5. De interactie tussen het
heterocyclische stikstof atoom van de teststoffen (DMI fungiciden en weinig
toxische imazalil analogen) en het geoxideerde haem ijzer atoom van de
isozymen kon met behulp van verschilspectrofotometrie (type II spectra)
worden gedemonstreerd. De grootte van de type II spectra correleerde echter
niet met de toxiciteit van de teststoffen. Er werd een verschil waargenomen in
het vermogen van koolmonoxyde (CO) om de teststoffen van de gereduceerde
cytochroom P450 isozymen te vervangen. De weinig toxische imazalilanalogen werden onmiddellijk vervangen, terwijl de vervanging van
verschillende DMI fungiciden geleidelijk verliep in de tijd. Dit suggereert dat
de bindingsaktiviteit van de teststoffen voor cytochroom P450 isozymen
enigszins met hun fungitoxiciteit correleerde. Er werden echter afwijkende
waarden gevonden voor DMI fungiciden met een grote M-substituent zoals
itraconazool en ketoconazool.
Cytochroom P450 isozymen werden ook geïsoleerd uit de DMI-resistente
isolaten £300.3, H17, I33 en J4 (Hoofdstuk 6). De methode moest voor isolaat
Hl7, I33 en J4 echter enigszins worden gewijzigd teneinde uit deze isolaten
P450 isozymen van goede kwaliteit te kunnen isoleren. De noodzakelijke
wijziging in de isolatieprocedure suggereert dat de resistente isolate H17, I33 en
J4 in bepaalde opzichten, zoals in samenstelling van de celwand, zouden

130

kunnen verschillen van het wild-type isolaat. De maximum en minimum
absorptie in de type II spectra van P450 isozymen van isolaten H17, I33 en J4
verschoof naar hogere golflengten in vergelijking met die van het wild-type
isolaat W3 en het laag-resistente isolaat E^^. De maximum absorptie in CO
spectra van P450 isozymen verschoof ook naar hogere golflengten. Imazalil,
itraconazool en ketoconazool werden sneller door CO vervangen bij P450
isozymen van isolaten H17, I33 en J4 dan bij P450 isozymen van het wild-type
isolaat W5en isolaat E j ^ (Hoofdstuk 6). Deze resultaten suggereren dat P450
isozymen van isolaten H17, I33 en J4 een relatief lagere affiniteit voor DMI
fungiciden zouden hebben. Er zijn echter verschillende factoren die een goede
interpretatie van de resultaten bemoeilijken. De conclusies van de
spectrofotometrische testen worden daarom niet voldoende betrouwbaar geacht
om de affiniteit van cytochroom P45014DM voor DMIs in verschillende isolaten
te vergelijken. De resultaten vormen dus geen betrouwbaar bewijs om de
conclusie te verwerpen dat sterol 14a-demethylase van het wild-type en de
DMI-resistente isolaten een gelijke gevoeligheid hebben voor DMIs
(Hoofdstuk 4).
In hoofdstuk 7 worden resultaten van experimenten over metabolisme van
imazalil in het wild-type en in DMI-resistente isolaten beschreven. Het bleek
dat alle isolaten imazalil waarschijnlijk omzetten in de 2,3-dihydroxypropyloxy
analoog (R42243), die veel minder fungitoxisch is. DMI-resistente isolaten
bezaten kruisresistentie tegen miconazool dat een structuur heeft die
vergelijkbaar is met die van imazalil met uitzondering van de propenyloxy
zijketen. Er werd daarom geconcludeerd dat metabolisme van imazalil in P.
italicumniet opereert als een resistentiemechanisme.
Accumulatie proeven met fungiciden toonden aan dat het laag-resistente
isolaat E ^ j een aanzienlijk lagere hoeveelheid imazalil en fenarimol
accumuleerde dan het wild-type isolaat W5(Hoofdstuk 8). De lage accumulatie
kan verantwoordelijk zijn voor de lage graad van resistentie tegen deze
fungiciden in dit isolaat. De verminderde accumulatie van fenarimol kan een
gevolg zijn van een toename in energie-afhankelijke efflux. Dit mechanisme is
echter minder duidelijk voor imazalil. De plasma membraan potentiaal is
waarschijnlijk niet bij de accumulatie van beide fungiciden betrokken. Middelen hoog-resistente isolaten H17, I33 en J4 accumuleerden de fungiciden tot
hetzelfde lage niveau als in het laag-resistente isolaat E ^ ^ . Dit suggereert dat
het resistentiemechanisme in hoog-resistente isolaten niet veroorzaakt wordt
differentiële accumulatie van de DMI fungiciden in vergelijking met het laagresistente isolaat E ^ ^ Het mag echter niet worden uitgesloten dat
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differentiële accumulatie van DMIs tussen laag- en hoog-resistente isolaten
toch aanwezig is, maar gemaskeerd wordt door een relatief hoge achtergrondadsorptie van deze fungiciden aan het mycelium en daardoor met de gebruikte
testmethode niet kan worden waargenomen.
Op grond van de resultaten van hierboven samengevatte studies, wordt
geconcludeerd dat het resistentiemechanisme van P. italicum voor DMIs
verband houdt met factoren die voorkomen dat deze fungiciden hun
aangrijpingsplaats in het mycelium bereiken. Verdere studies moeten inzicht
verschaffen in het mechanisme dat hierbij betrokken is.
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