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Recently, various systemic fungicides, viz. triarimol and triforine (Sisler and co-
workers, see Ref.), S-1358 (Kato et al., 1975) and triadimefon (Buchenauer, 1975),
have been shown to interfere with ergosterol biosynthesis. Of these, triforine in
particular has been studied; it acts against several powdery mildew and rust diseases,
and a number of foliar diseases caused by non-obligate pathogens (cf. Fuchs and
Drandarevski, 1973).

In some triforine-sensitive non-obligate plant pathogens transient resistance to
triforine was readily obtained by successive transfer in the presence of increasing
concentrations of the fungicide. However, tolerance was lost again upon subcul-
turing in the absence of triforine (Fuchs and Viets-Verweij, 1975).

Triarimol-resistant mutants of several fungi were either isolated from colonies
which developed in the presence of high concentrations of triarimol (Cladosporium
cucumerinum, Sherald et al., 1973; Aspergillus fumigatus, Sherald and Sisler, 1975)
or were produced by UV irradiation and selection in the presence of either triarimol
(Ustilago maydis, Sherald et al., 1973, C. cucumerinum, Verticillium albo-atrum,
Fuchs and Viets-Verweij, 1975; Aspergillus nidulans, De Waard and Sisler, 1976) or
triforine (C. cucumerinum, Fuchs and Viets-Verweij, 1975). In all instances this form
of resistance persisted through numerous transfers in the absence of the toxicants,
and was, therefore, called permanent resistance (Fuchs and Viets-Verweij, 1975). All
mutants of C. cucumerinum tested showed cross-resistance to triforine and S-1358
(Sherald et al., 1973; Sherald and Sisler, 1975), although the levels of resistance did
not parallel each other in all strains (cf. Fuchs and Viets-Verweij, 1975). Mutants of
A. fumigatus and A. nidulans were also resistant to triforine and fenarimol, respectively,
the latter being a newly developed fungicide related to triarimol (see De Waard and
Sisler, 1976).

As has been shown by Sherald and Sisler (1975) triarimol markedly inhibited
sporulation in both wild type and triarimol/triforine-resistant strains of A. fumigatus,
at concentrations which were not inhibitory to mycelial growth; similar observations
were made for A. nidulans by De Waard and Sisler (1976). Triforine, however, did
not inhibit sporulation in these strains. According to Sherald and Sisler (1975) the
ergosterol content of a triarimol/triforine-resistant mutant of 4. fumigarus was not
severely affected by triarimol, while that of the wild type was distinctly reduced.
Therefore, at first glance lack of sporulation does not seem to be correlated with
abnormal or decreased ergosterol biosynthesis; unfortunately, effects on sterol
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synthesis were studied at a concentration (5 ug/ml), at which growth and sporulation
of both wild type and mutant strains were affected in the same way.

Some mutant strains of A. nidulans, isolated by De Waard and Sisler (1976), are
characterized by a highly reduced ability to produce spores. On routine subculturing
of various mutant C. cucumerinum strains we observed, that, despite profuse sporu-
lation, new growth of many of them was either moderate or severely retarded; of the
ca 125 strains isolated in this way 9 even succumbed entirely. Since in each case nume-
rous spores must have been transferred, many or even all of them were apparently
inviable. In many fungi, ergosterol appears to play a very important role in the sporu-
lation process (cf. Weete, 1974). Therefore, reduced ability of mutants to produce
spores, or at least viable spores, might indicate that ergosterol biosynthesis is ad-
versely affected. If in the fungal species mentioned ergosterol is necessary for the
production of viable spores, mutations affecting the ergosterol biosynthetic pathway
would hamper formation of viable spores or at least retard spore maturation. The
observation that ergosterol entirely annulled this retardation in a UV-irradiated
triarimol/triforine-resistant strain of C. cucumerinum (OWTa 4; cf. Fuchs and Viets-
Verweij, 1975) seems to confirm this assumption.

The results of the above-mentioned in vitro experiments are confirmed by several
observations we made in in vivo experiments. Spore formation was considerably
reduced after treatment of scab mycelium on apple leaves with triforine; moreover,
inhibition of sporulation involved loss of germination capacity of the few conidia
formed. After treatment of apple powdery mildew sporulation was also inhibited
(Drandarevski and Schicke, 1975). Attempts to obtain triforine-tolerant bean rust
by successive transfers of uredospores to bean plants treated with sublethal concen-
trations of triforine did not yield a positive result: invariably, there was a decline in
infection and spore production rate and after a few passages no more uredospores
were produced. Apparently, triforine seriously affected sporulation. From patho-
genicity tests at identical spore densities it was concluded, that C. cucumerinum strains
with a high level of triarimol/triforine resistance were usually less virulent than the
parent strain (Fuchs and Viets-Verweij, 1975). It should be realized, however, that not
only diminished virulence as such but also a low percentage of viable spores could
have been responsible for the observed low degree of infection.

Spore germination is rather often considered to be insensitive to both triarimol and
triforine, although contrary results have frequently been obtained (cf. Fuchs et al.,
1971). In many sensitive fungi, mycelial growth is effectively inhibited. The above
observations suggest that also interference with spore formation, maturation and
viability might play an important role in the activity of systemic fungicides which
inhibit ergosterol biosynthesis. If ergosterol is really vital for fungal reproduction,
any interference with its synthesis should seriously affect the fungus’ chances of
survival by reducing its inoculum. Resistance to a systemic fungicide which inhibits
ergosterol synthesis might have the same epidemiological effect: it might greatly re-
duce the fungus’ possibility to survive.

In conclusion, the available evidence seems to make development of resistance to
fungicides which inhibit ergosterol synthesis under practical conditions rather un-
likely. In fact, unlike many other systemic fungicides (cf. Dekker, 1976), the practical
application of, for instance, triforine has not so far led to any confirmed case of
resistance.
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Note added in proof

After our manuscript had been submitted for publication, an article by J. M. T.
Hamilton-Miller, entitled ‘Fungal sterols and the mode of action of the polyene
antibiotics’ (Adv. appl. Microbiol. 17 (1974): 109-134), came to our attention. It
stated that ‘from a clinical point of view, the problem of polyene resistance (in yeasts
and fungi) is nonexistent’.

Samenvatting

De waarschijnlijkheid van resistentie-ontwikkeling tegen ergosterol-biosynthese-
remmende systemische fungiciden

Op grond van literatuurgegevens en nog niet gepubliceerde eigen experimentele re-
sultaten wordt de veronderstelling geuit, dat resistentie-ontwikkeling tegen ergosterol-
biosyntheseremmers in schimmels onder praktijkomstandigheden onwaarschijnlijk
is.
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