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�
Resistance to antimicrobial agents is big news.
MRSA (methicillin-resistant Staphylococcus
aureus) has become a topic for discussion 

by politicians, and many recent articles have appeared 
on the threats posed to public health by the increased
prevalence of ‘superbugs’ resistant to most known 
antibiotics. By contrast, with the vociferous pressures 
for new drugs and better hospital hygiene to combat 
the ‘nightmare epidemic’ of bacteria resistant to anti-
microbial agents, discussion of antifungal resistance has
been relatively sober. The agents used to treat fungal
infections work differently from antibacterial agents and
belong to different chemical classes. The problems of
antifungal resistance are different in many ways from
those of antibacterial resistance. This article focuses on
the polymorphic yeast Candida albicans, which is the
major opportunist fungal pathogen causing potentially
fatal disease in immunosuppressed human hosts, and
aspects of the evolution of resistance to antifungals in a
eukaryote bounded by a rigid cell wall.

� Clinical importance and mechanisms of
antifungal resistance
Fungi differ from bacteria in one very important respect:
they have, so far as we know, no plasmids or other natural
mechanism capable of transferring genetic material
between strains. This means that a strain of C. albicans

that has become resistant to an antifungal agent cannot
pass on the gene(s) encoding the resistant phenotype to
other strains. The potential for rapid emergence of
resistance that has been seen with many types of bacteria
is therefore much smaller in C. albicans. We have already
seen how antifungal resistance emerges in clinical
practice. Before effective therapy to combat AIDS was
available, around 20 % of patients infected with HIV
who were repeatedly treated with the agent fluconazole
for Candida infections of their mouths ended up with
infecting strains that were many-fold less susceptible to
fluconazole than the strains that caused the first bouts of
infection. Yet it was rare to find any replacement of an
individual’s infecting strain with another that clearly
differed in molecular typing tests: resistance almost
always emerged by a process of ‘micro-evolution’ within
each patient’s own isolate responding locally to the
selective pressure of fluconazole exposure.

In the best known example of this process, a set of 17
consecutive oral isolates of C. albicans was obtained over a
2-year period from one patient as his CD4+ cell count
deteriorated. The fluconazole susceptibility of each new
isolate was as low as, or lower than its predecessor. Yet the
isolates were indistinguishable by a variety of DNA
typing tests. The mechanisms of resistance expressed in
each of the isolates were determined. In isolate number 3,
the gene MDR1, a fluconazole efflux pump, was over-
expressed. In isolate number 13, mutations were
detected in the gene ERG11, which encodes the enzyme
that is the target for fluconazole; the mutation was found
in both alleles of the gene (C. albicans is diploid).
Moreover, the mutated ERG11 was also over-expressed.
Isolates numbers 16 and 17 added over-expression of
another gene encoding an efflux pump, CDR1, to the
other mechanisms of resistance. So these last isolates had
evolved to express at least four different mechanisms of
fluconazole resistance in each cell. However, there is no
evidence that these multiple-resistant strains were
transferred to other AIDS patients. Of course, patient to
patient transfer of resistant strains can occur, but this
means of spread is far less efficient than would be the case
if the fungi could transfer DNA from strain to strain.

� Loss of fitness as a penalty for antifungal
resistance
Evolution to an antifungal resistant genotype is not a
cost-free experience for the fungus. Fitness, typically
defined as reproductive output over a specific time
interval, may be reduced in a strain that has evolved to
antifungal resistance as compared with its susceptible
predecessor. Trade-offs of fitness in exchange for
acquisition of survival-enhancing characters in a specific
environment form an inevitable part of evolutionary
processes. With C. albicans, Dr James Anderson and his
colleagues in Canada have experimentally investigated
the evolution of fitness and susceptibility in initially
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clonal populations of a flu-
conazole-sensitive isolate
that was sequentially sub-
cultured in a medium with
and without additions of
fluconazole. They found
that fluconazole exposure
led to different levels of
resistance development in
different subpopulations,
that resistant populations
initially paid a penalty in
fitness for the mutation to
resistance, but that fitness
returned to normal with
further exposure to the
fluconazole-containing environment. Microarray experi-
ments with the sensitive and resistant strains showed
that expression of no fewer than 301 genes altered
significantly as the populations adapted to fluconazole
resistance! The expression changes could be assigned to
three fairly general patterns, which were associated with
different stages of resistance development.

� Are there over-arching mechanisms
determining antifungal resistance?
Although C. albicans has a diploid genome, recent
research has shown that the fungus contains genes
homologous to the mating-type genes of Saccharomyces
cerevisiae, and several groups of investigators have now
succeeded in inducing isolates that are homozygous a or
α type at the mating-type-like (MTL) locus to undergo a
mating process, though not yet with the completion of
meiosis. Intriguingly, clinical isolates of C. albicans that
are fluconazole-resistant are far more likely than others to
be homozygous at the MTL. Recent data from my own
lab show that MTL homozygosity is also significantly
associated with C. albicans resistance to flucytosine, an
antifungal with a totally different mode of action from
fluconazole (Fig. 1). As DNA-level strain typing
methods for C. albicans have progressed, ever more
reliable population structure analyses of the species show
that the majority of isolates of the yeast can be assigned to
one of four major, closely related clades. Dr David Soll
and his group in Iowa have shown that almost all isolates
of C. albicans expressing resistance to flucytosine belong
to a single clade. Moreover, all flucytosine-resistant
isolates from that clade owe their resistance to a single
point mutation in a target gene. Perhaps resistance
mechanisms to other agents will ultimately prove to be
restricted to particular clades.

� Antifungal resistance: more questions
than answers?
Studies of the evolution of antifungal resistance in 
C. albicans have reached a particularly exciting point. We

know that mutation to one or more triazole resistance
mechanisms occurs readily in response to fluconazole
exposure, and that the changes involved can require
collateral alterations in levels of expression in as much as
5 % of the C. albicans genome. We know that flucona-
zole- and flucytosine-resistant isolates are significantly
more often (though not always!) homozygous at the MTL
locus, suggesting that mutation to resistance is possibly
linked to recombination events involving a mating
process. And we know that a common mechanism of
mutation to flucytosine resistance pertains to isolates in
one of the four major clades of the global C. albicans
population. What we do not know is how these processes
are triggered and regulated; why strains need to mutate
to constitutively over-express efflux pumps (why don’t
they just over-express when the drug is present and turn
down the gene expression when it is not?); why just one
clade of related strains should have a near monopoly on
mutation to flucytosine resistance?

Research on C. albicans has been well supported and
has itself evolved rapidly over the past 20 years. We may
soon have answers to some of the intriguing questions
posed by the evolution of antifungal resistance in
Candida species; meanwhile we can take comfort in
recent surveillance data which show unequivocally that
antifungal resistance among clinical isolates of Candida
species is growing slowly, if at all. We appear to have time
to understand the mechanisms well before any clinical
resistance problem arises.
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