
The emergence of drug resistance is an evolutionary 
process that is based on selection for organisms that 
have an enhanced ability to survive and reproduce in 
the presence of a drug1–5. In competitive and commu-
nicative microbial communities in nature, microorgan-
isms invest considerable energy in the production and 
elaboration of antimicrobial agents6–8. Consequently, 
the evolution of drug resistance is ubiquitous in nature, 
and microorganisms explore diverse strategies to out- 
compete their neighbours. Antimicrobial agents are 
widely used for treating infectious disease — for example, 
in animal husbandry and the management of agricul-
tural pests — which has accelerated the evolution of 
drug resistance in many microorganisms9.

Drug resistance not only poses a major threat to 
human health, but also has striking economic conse-
quences. For example, a conservative estimate of the 
annual ‘evolution bill’ in the United States is US$33 
billion9; this figure includes the annual cost of treating 
patients who have drug-resistant infections, the addi-
tional pesticides that are required to manage resistant 
pests and the loss of crops owing to resistant pests. 
Increases in the frequency of drug resistance can be 
attributed to multiple factors, including an increase 
in the frequency of intrinsically resistant species10,11; 
the indiscriminate exchange of mobile resistance 
determinants, particularly among bacteria7,12,13; and 
the de novo accumulation of mutations that confer 

resistance1,14,15. The evolutionary dynamics depend on 
the biology and population size of the microorganism 
in question, the properties of the drug that is deployed 
and other factors that influence the opportunity for 
the genetic exchange of resistance determinants. The 
fact that the emergence of drug resistance outpaces the 
development of new antimicrobial agents underscores 
the crucial importance of understanding the evolu-
tionary mechanisms that lead to the development of 
resistance.

Drug resistance has traditionally been approached 
from a mechanistic perspective, in terms of identify-
ing the cellular determinants that prevent a drug from 
entering a cell, remove a drug from the cell, inactivate a 
drug or prevent a drug from inhibiting its target. From 
an evolutionary perspective, it is clear that none of these 
mechanisms acts alone. The phenotypic effects of muta-
tions that confer resistance depend on the genetic variation 
that has accrued in particular genomes. This is illustrated 
by the fact that the development of resistance is often 
accompanied by a fitness cost or deleterious effect on 
growth in the absence of the drug. In viruses, bacteria 
and fungi, this cost is often mitigated by the accumula-
tion of compensatory mutations that enhance the fitness 
of the resistant genotype in the absence of the drug3,16. In 
a broader context, as with fitness in most environments, 
fitness in the presence of a drug is a complex trait, and 
many loci affect the fitness landscape17,18.
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Abstract | The emergence of drug resistance in pathogenic microorganisms provides an 
excellent example of microbial evolution that has had profound consequences for human 
health. The widespread use of antimicrobial agents in medicine and agriculture exerts strong 
selection for the evolution of drug resistance. Selection acts on the phenotypic 
consequences of resistance mutations, which are influenced by the genetic variation in 
particular genomes. Recent studies have revealed a mechanism by which the molecular 
chaperone heat shock protein 90 (Hsp90) can alter the relationship between genotype 
and phenotype in an environmentally contingent manner, thereby ‘sculpting’ the course 
of evolution. Harnessing Hsp90 holds great promise for treating life-threatening 
infectious diseases.
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Persister cell
A metabolically quiescent cell 
that neither grows nor dies 
when exposed to cidal 
concentrations of antimicrobial 
compounds.

Polyene
A class of antifungal drug that 
intercalates into ergosterol-
containing fungal membranes, 
thereby forming membrane-
spanning channels that lead to 
the leakage of cellular 
components and cell death. 

Azole
A class of antifungal drug that 
inhibits fungal cytochrome 
P45014DM (also known as 
lanosterol 14α-demethylase), 
which is encoded by ERG11 
and catalyses a late step in the 
biosynthesis of ergosterol; 
includes the triazoles (for 
example, fluconazole, 
voriconazole and 
posaconazole) and the 
imidazoles.

Echinocandin
A class of antifungal drug that 
interferes with fungal cell-wall 
biosynthesis by inhibiting  
β-(1,3)-d-glucan synthase; 
includes caspofungin and 
micafungin.

Major facilitator class
A large family of proteins that 
uses the energy that is 
provided by the proton motive 
force of the membrane to 
transport substrates across the 
membrane.

ATP-binding cassette family
A member of a large family of 
proteins that uses the energy 
that is provided by the 
hydrolysis of ATP to transport 
substrates across membranes.

Isochromosome
An abnormal chromosome that 
possesses a median 
centromere and two identical 
arms.

Fungal pathogens pose a particularly interesting 
challenge, because they are eukaryotes and share close 
evolutionary relationships with their human hosts19. 
The number of drug classes that have distinct targets in 
fungi is limited and the usefulness of most antifungal  
drugs is compromised owing to either severe host toxic-
ity or diminished efficacy in killing fungal pathogens20. 
Fungi are renowned for causing life-threatening disease 
in immunocompromised individuals, but can also 
pose a threat to healthy humans21. The frequency of 
fungal infections has increased in recent years — for 
example, in the United States, bloodstream infections 
caused by fungi increased by 207% between 1979 and 
2000 (Refs 22,23) — along with the number of individu-
als who have become immunocompromised owing to 
the treatment of malignancies, organ transplantation 
and autoimmune disorders. Most of the deaths that are 
attributed to fungal pathogens are caused by Candida 
albicans and Aspergillus fumigatus23,24. Fungal infections 
are notoriously difficult to treat owing to high mortality 
rates, and cost the health-care system billions of dollars 
each year in the United States alone25. New strategies 
are therefore required to predict and prevent the evolu-
tion of fungal drug resistance. As eukaryotes, fungi also 
provide tractable model systems to study evolution1,26,27, 
cellular signalling28 and the genetic architecture of  
complex traits29–32.

This Review focuses on the mechanisms that poten-
tiate the evolution of fungal drug resistance, with an 
emphasis on the central role of the molecular chaper-
one heat shock protein 90 (Hsp90) in remodelling the 
relationship between genotype and phenotype. A brief 
survey of the key classes of antifungal drugs and canoni-
cal resistance mechanisms will be provided, before a 
discussion on the salient principles of Hsp90-mediated 
phenotypic diversity and how these principles apply 
to the evolution of fungal drug resistance. Additional 
mechanisms by which alterations in cellular states can 
influence the emergence of drug resistance, including 
the effects of prions, biofilms and persister cells, will then 
be highlighted. Finally, the possibility of harnessing evo-
lution for therapeutic benefits through combinatorial 
cellular perturbations will be explored.

Mode of action of antifungal drugs
Investigating how fungi evolve drug resistance requires 
an appreciation of how drugs exert their toxic effects. 
The current arsenal of antifungal drugs targets a 
limited number of cellular processes (FIG. 1). Most of 
the antifungal drugs that are in clinical use target the 
biosynthesis of ergosterol, which is the major sterol in 
fungal cell membranes and is analogous to cholesterol 
in the mammalian cell. Ergosterol is the target of the 
polyenes, which include amphotericin B, a drug that 
has been clinically exploited for over 50 years. The 
usefulness of amphotericin B has been compromised, 
however, by its toxicity to the host, probably owing to 
effects on cholesterol‑containing host-cell membranes. 
Other steps in the ergosterol biosynthesis pathway are 
targeted by the allylamines, thiocarbamates, morpho-
lines and azoles11,20,33. The azoles are well tolerated, have 

activity against diverse fungi and have been one of the 
most widely used classes of antifungal drugs for dec-
ades; they target lanosterol 14a-demethylase (encoded 
by ERG11), and therefore block the production of 
ergosterol and cause the accumulation of a toxic sterol 
intermediate33.

The only new class of antifungal drug to have reached 
the clinic in recent decades is the echinocandins. The 
echinocandins block cell-wall synthesis by inhibiting 
β‑(1,3)‑d-glucan synthase and have favourable safety 
profiles and a broad spectrum of activity34.

Canonical resistance mechanisms
A basic understanding of the key mechanisms of antifun-
gal drug resistance is a prerequisite to further discussion 
of more complex modulations of genotype to phenotype. 
Although fungal responses to antifungal drugs are 
complex, and not easily categorized as resistant versus 
sensitive1,4,35, several molecular alterations enable fungi 
to survive exposure to antifungal drugs. Rather than a 
comprehensive review of the mechanisms of fungal drug 
resistance, which can be found elsewhere11,33,36,37, here, 
the focus is on salient themes and recent developments 
as they apply to two of the most widely used classes of 
antifungal drugs, the azoles and echinocandins (FIG. 2).

Increased efflux of a drug from a cell is a ubiquitous 
resistance mechanism in a wide range of cells, from bac-
teria to cancer cells, and is also important in fungi (FIG. 2). 
Constitutive upregulation of a multidrug transporter of 
the major facilitator class has been shown to confer resist-
ance to the azole fluconazole in species of Candida and 
Aspergillus38–42. Similarly, constitutive upregulation of 
multidrug transporters of the ATP-binding cassette (ABC) 
family confers resistance to multiple azoles, as well as other 
drugs37,43. Recent progress has been made in deciphering 
the regulatory circuitry that governs the expression of 
both classes of transporters44–50. Upregulation of these 
efflux pumps can result from either the accumulation of 
hyperactivating mutations or amplification of relevant 
transcription factors. In C. albicans, an intriguing mecha-
nism of gene amplification that confers azole resistance 
was recently identified51. This mechanism involves the 
formation of an isochromosome, in which a chromosome 
arm that harbours both a transcription factor that regu-
lates ABC transporters and the target of the azoles, Erg11, 
is duplicated. In contrast to the central role of multidrug 

Figure 1 | Antifungal drugs and their targets. The main 
classes of antifungal drugs that are in clinical use and 
how they exert their effects on the fungal cell. a | Azoles, 
such as fluconazole, voriconazole and posaconazole, 
inhibit Erg11, block the production of ergosterol and 
cause the accumulation of a toxic sterol intermediate, 
which results in cell membrane stress. Sterol synthesis 
occurs in the endoplasmic reticulum. b | Polyenes, such as 
amphotericin B, bind to ergosterol, thereby forming 
pores in cell membranes. c | 5-flucytosine inhibits DNA 
and RNA synthesis. d | Echinocandins, such as 
caspofungin and micafungin, inhibit β‑(1,3)‑d-glucan 
synthase (the catalytic subunit is encoded by FKS1 and 
FKS2 in Saccharomyces cerevisiae), and thus disrupt  
cell-wall integrity.
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transporters in resistance to azoles, echinocandin resist-
ance does not seem to be tightly coupled to the expression 
of efflux pumps52.

A second common mechanism by which cells acquire 
resistance is the alteration or amplification of the drug 
target, which minimizes the impact of the drug on the 
cell (FIG. 2). Mutation or overexpression of Erg11 has 
been associated with azole resistance in Candida and 
Aspergillus species37,43. Mutation of the target of the echi-
nocandins, Fks1, is a common mechanism of resistance 
to echinocandins in fungi53.

A third category of resistance mechanism involves 
cellular alterations that minimize the toxicity of the drug. 
Most examples involve alterations in the ergosterol bio-
synthetic pathway that are associated with azole resist-
ance (FIG. 2). For example, upregulation of ergosterol 
biosynthetic genes confers azole resistance54,55 , which 
is expected, given that a reduction in the target or path-
ways that are affected by a drug often confers hyper-
sensitivity to the drug, a principle that has been widely 
exploited in drug-target identification56–58. One specific 
alteration in ergosterol biosynthesis that confers azole 
resistance is loss of function of Erg3, which blocks the 
accumulation of the toxic sterol that would otherwise 
occur if Erg11 was inhibited33.

Fitness effects of resistance mutations
The dissemination of resistant organisms is crucially 
dependent on the fitness of resistant mutants. In a clini-
cal context, drug resistance often emerges through the 
accumulation of multiple mechanisms of resistance42,59. 
There are three possible phenotypic effects of combin-
ing resistance mutations: they might not interact (the 
fitness effect of the combined mutations is the product 
of their individual fitness effects); they might inter-
act synergistically (the fitness effects are greater than 
expected), which is termed positive epistasis; or they 
might interact antagonistically (the fitness effects are 
less than expected), which is termed negative epistasis1. 
In one study, combining azole resistance mechanisms 
that evolved under different selection regimens revealed 

strong antagonism60. The phenotypic effects of resist-
ance mutations depend not only on other resistance 
mutations but also on additional genetic variation. 
For example, the initial acquisition of a mutation that 
confers drug resistance often also confers a fitness dis-
advantage in the absence of that drug, which then drives 
selection for compensatory mutations that ameliorate 
the deleterious effects of the resistance mutations1,3,16. 
Several experimental populations of C. albicans that 
evolved fluconazole resistance and overexpressed a 
multidrug transporter, as well as numerous other genes, 
initially showed a fitness cost of resistance61,62. This fit-
ness cost was ameliorated through further evolution as 
many genes returned to basal levels of expression63.

Sculpting fitness landscapes
Because natural selection acts on the phenotypic conse-
quences of genetic variation, it stands to reason that mech-
anisms that modulate the relationship between genotype 
and phenotype would have a profound impact on the 
evolution of drug resistance. Recent studies have revealed 
that an evolutionarily conserved mechanism of protein 
folding can modulate the phenotypic consequences of 
mutations that confer antifungal drug resistance64,65. The 
central player is Hsp90, an essential molecular chaperone 
that regulates the form and function of diverse signal 
transducers66–69. Alterations in the relationship between 
genotype and phenotype can be mediated by inhibiting 
the function of Hsp90 in distinct ways (BOX 1), including 
genetic alterations70,71, pharmacological inhibitors72,73 and 
environmental stress74.

Hsp90-mediated genetic capacitance. Hsp90 was first 
implicated in modulation of the relationship between 
genotype and phenotype in evolutionarily distant spe-
cies, including flies and plants. An emergent property of 
the role of Hsp90 in stabilizing key regulators of cellular 
signalling is its function as a capacitor for the storage 
and release of genetic variation75,76. Hsp90 can allow 
variation to accumulate in a silent state that is revealed 
only when the function of Hsp90 is compromised, for 

Figure 2 | Azole and echinocandin resistance mechanisms. a | Resistance to azoles can result from the upregulation of 
two classes of efflux pump that remove the drug from the cell, through the mutation or overexpression of Erg11, which 
minimizes the impact of the drug on the target, or alterations in ergosterol biosynthesis, such as the loss-of-function 
mutation of Erg3, which blocks the accumulation of a toxic sterol intermediate that is produced when Erg11 is inhibited by 
azoles. b | Resistance to echinocandins can result from mutations in Fks1 that minimize the impact of the drug on the target.
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Epigenetic variation
Variation that is caused by 
heritable changes that are not 
a result of a change in the DNA 
sequence.

example, during stress (FIG. 3). Hsp90 also buffers epi-
genetic variation, which results in heritable chromatin 
alterations77; this is consistent with recent data that 
established a connection between Hsp90 and the DNA 
helicases that are involved in chromatin remodelling78. 
Conceivably, Hsp90 could modulate the phenotypic 
consequences of variation in Hsp90-dependent client 
proteins, in proteins that acquire destabilizing muta-
tions that render them dependent on Hsp90 or in other 
components of Hsp90-dependent pathways74,79,80. Traits 
that are initially dependent on Hsp90 can evolve Hsp90 
independence (FIG. 3), thereby providing an environ-
mentally contingent mechanism that couples the 
emergence and fixation of new traits76. In the context 
of cancer, Hsp90 also has a role in enabling somatic 

evolution, probably through multiple mechanisms, 
for example, buffering the effects of the genetic altera-
tions that are associated with malignant transforma-
tion (BOX 2). Functionally compromising many genes 
in complex genetic networks can expose phenotypic 
variation81,82, which thus provides a broad framework 
in which alterations in cellular circuitry can promote 
the emergence of new traits83.

Hsp90 and fungal drug resistance
The model yeast Saccharomyces cerevisiae provides the 
ideal ‘experimental palate’ to explore the effects of Hsp90 
on the relationship between genotype and phenotype, 
and investigate the specific molecular mechanisms 
that are involved65. In S. cerevisiae strains in which 

Box 1 | Inhibiting Hsp90 function

Heat shock protein 90 (Hsp90) cooperates with a plethora of co-chaperones and cycles dynamically through 
complexes with client proteins to enable the maturation of these key signal transducers. It resides primarily in the 
cytoplasm as a homodimer (see the figure, part a) and, in many organisms, is produced in vast excess of the amount 
that is required for normal growth. Under basal conditions, it is 
one of the most abundant proteins and is strongly induced in 
response to environmental stress143.

Hsp90 function can be inhibited in three complementary ways. 
First, its function can be compromised genetically, either by 
drastically reducing expression levels70 or by destabilizing 
mutations that cause a temperature-dependent loss of function71. 
Second, structurally diverse small molecules that bind with high 
affinity to the unusual ATP-binding pocket in Hsp90 (see the 
figure, parts b and c) can inhibit Hsp90 function. Because Hsp90 
inhibitors, such as geldanamycin and radicicol, bind with 
higher affinity than natural nucleotides, they block the 
ATPase-dependent conformational changes that are 
required for chaperone activity72,73. Drug-bound Hsp90 
recruits E3 ubiquitin ligases to client proteins, which 
results in their proteasome-mediated degradation144. 
Third, the most relevant mechanism to compromise 
Hsp90 function in nature is environmental stress, such as 
increased temperature. Although Hsp90 is induced in 
response to stress, the global problems in protein folding 
that ensue can increase the number of cellular targets for 
Hsp90 and titrate Hsp90 away from key client proteins, 
thereby compromising Hsp90 function74.

Part a of the figure shows the crystal structure of full-
length Saccharomyces cerevisiae Hsp90 in complex with a 
non-hydrolysable ATP analogue (AMPPNP) and the co-
chaperone p23/Sba (not shown)145. Part b of the figure shows the 
ribbon structure of the amino-terminal 
domain of S. cerevisiae Hsp90 and the 
binding site for ATP and 
ADP. Part c of the figure 
compares the co-crystal 
structures of the S. cerevisiae 
Hsp90 amino domain and 
bound ADP with 
complexes of 
geldanamycin and radicicol. 
Structure a is courtesy of 
L. Pearl and C. Prodromou, 
Institute of Cancer 
Research, Chester Beatty 
Laboratories, London, UK . Panels b 
and c reproduced, with permission, 
from Ref. 66  2006 Annual Reviews.
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Hsp90 levels could be regulated either before or after 
drug selection, it was shown that Hsp90 potentiated 
the rapid emergence of azole resistance. Hsp90 is not 
only required to survive the stress that is associated 
with acute exposure to a high drug concentration, but 
is also intimately involved in the mechanism of resist-
ance that is selected under these conditions — reducing 
Hsp90 levels in resistant mutants abrogates resistance. 
The Hsp90-dependent mechanism of resistance that is 
favoured by this selection regimen is loss of function of 
Erg3. Notably, Hsp90 is required both for Erg3-mediated 
resistance and the resistance that is acquired through 
diverse mutations in the genome65.

The trivial explanation that a reduction in Hsp90 
levels simply compromises growth, and therefore 
impairs the ability to adapt to new conditions, has 

been ruled out by the finding that strains that have 
low levels of Hsp90 can evolve azole resistance under a 
selection regimen that favours an Hsp90-independent 
mechanism of resistance65. The resistance mechanism 
that is favoured under this selection regimen is hyper-
activating mutations in a transcription factor that causes 
the upregulation of multidrug transporters. Resistance 
that is acquired by this mechanism is stable even when 
Hsp90 function is compromised. Notably, in yeast and 
many other organisms, Hsp90 is expressed in vast excess 
of the level that is required for growth, which renders it 
ideally positioned to buffer genetic variation and regulate 
the function of key signal transducers.

Hsp90 has a key role in the evolution of azole resist-
ance; it enables the specific cellular signalling circuits 
that are required for cells to survive the membrane 
stress that is exerted by the antifungal drug (FIG. 4). The 
phenotypic effect of specific resistance mutations is con-
tingent on these Hsp90-dependent cellular responses65.  
For example, the survival of Erg3 loss-of-function 
mutants is increased in the presence of azoles owing 
to a block in the ergosterol biosynthesis pathway that 
prevents the accumulation of the toxic sterol which is 
produced by the inhibition of Erg11. These mutants 
have an altered membrane sterol composition and can 
grow in the presence of azoles, although this is depend-
ent on Hsp90-mediated cellular responses. However, if 
a resistance mechanism averts a toxic effect of the drug 
on the cell, such as overexpression of the multidrug 
transporters that remove the drug or mutations in the 
target enzyme that block drug activity, then it could be 
predicted that the phenotypic effects of the resistance 
mutations would be independent of Hsp90. The role of 
Hsp90 in the evolution of azole resistance is conserved 
in the pathogenic yeast C. albicans65. Inhibiting Hsp90 
function blocks the emergence of azole resistance under 
a rapid selection regimen.

The calcineurin connection
How does Hsp90 modulate the phenotypic effects of 
diverse resistance mutations? In the simplest model, 
Hsp90 enables a common cellular response that is required 
for phenotypic effects. As the Hsp90-dependent resistance 
mutations were loss-of-function mutations, this is incon-
sistent with Hsp90 enabling the activity of these proteins. 
Rather, the effects of compromising Hsp90 function were 
similar to the phenotypic consequences of impairing cal-
cineurin, a protein phosphatase and key regulator of cel-
lular signalling84–86. Compromising calcineurin function 
genetically or pharmacologically enhances the susceptibil-
ity of C. albicans to azoles and A. fumigatus to echinocan-
dins87–89. Calcineurin inhibitors are synergistic with these 
antifungals against wild-type cells. Although the effects of 
calcineurin inhibitors have also been observed with some 
azole-resistant strains, the specific mechanisms by which 
calcineurin enables resistance remain largely unknown.

Calcineurin has been shown to be an Hsp90 client 
protein in diverse species90–92. In S. cerevisiae, Hsp90 
chaperones the unstable catalytic domain, which enables 
calcineurin-dependent stress responses. As expected if 
calcineurin is the key mediator of Hsp90-dependent azole 

Figure 3 | Hsp90-mediated genetic capacitance. 	
a | Heat shock protein 90 (Hsp90) can buffer the expression 
of genetic variation by keeping mutations in a silent state 
until they are revealed during Hsp90 inhibition or stress.  
A hypothetical population is shown that contains one pair 
of homologous chromosomes harbouring genetic 
polymorphisms (represented by blue circles) that do not 
affect phenotype if Hsp90 is fully functional. When Hsp90 is 
compromised, for example, during stress, rare individuals 
that are enriched in predisposing polymorphisms 
(represented by a green oval with a dashed perimeter) 
express a novel phenotype. b | Traits that are initially 
dependent on Hsp90 can evolve Hsp90 independence. 
Several generations of crossing individuals that express 
new traits when Hsp90 function is compromised can enrich 
underlying polymorphisms, such that a threshold is passed 
and the phenotype is expressed even when Hsp90 is fully 
functional (represented by a green oval with a solid 
perimeter). Figure adapted, with permission, from Ref. 74 
 (2004) John Wiley & Sons.
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A family of cis–trans 
peptidylprolyl isomerases that 
was originally studied as a 
cellular receptor for 
immunosuppressive drugs, 
such as cyclosporin A and 
FK506; includes cyclophilins 
and FK506-binding proteins.

resistance, pharmacological inhibition of calcineurin 
phenocopies the inhibition of Hsp90 in S. cerevisiae, 
C. albicans and species of Aspergillus65 (FIG. 5). In 
S. cerevisiae, deleting the immunophilin that the cal-
cineurin inhibitor cyclosporin A (CsA) must bind to in 
order to inhibit calcineurin blocks the effects of CsA on 
resistance; this confirms that the CsA-mediated reduc-
tion of azole resistance is indeed a result of the inhibi-
tion of calcineurin65. The connection between Hsp90 
and calcineurin is conserved in diverse fungi, and these 
proteins seem to mediate responses to divergent stresses 
— cell-membrane stress in S. cerevisiae and C. albicans 
and cell-wall stress in Aspergillus species.

The genetic architecture of Hsp90-dependent azole 
resistance is complex, and has been explored using the 
power of S. cerevisiae genetics and erg3 mutants as a 
model64. There is evidence that multiple effectors down-
stream of calcineurin mediate azole resistance, including 
Crz1, Hph1, Hph2, and others that remain to be deter-
mined. Crz1 mediates calcineurin-dependent transcrip-
tion of a suite of genes that are involved in signalling 
pathways, ion and small-molecule transport, cell-wall 
integrity and vesicular trafficking93–95. Crz1 has a minor 
role in the azole tolerance of wild-type cells and resistant 
mutants64,93,96. Hph1 is not widely distributed in the fun-
gal kingdom, but in S. cerevisiae it plays a major part in 
azole resistance, at least in certain strain backgrounds64. 
Hph1 is a resident protein of the endoplasmic reticulum 
and is dephosphorylated by calcineurin. Hph1 also has 
a redundant role, together with Hph2, in the promotion 
of survival during specific stresses, such as alkaline pH, 
high salt levels and cell-wall stress97. The mechanism by 
which Hph1 mediates azole resistance remains elusive. 

Although Hph1 is not found in C. albicans, Crz1 still 
plays only a partial part in azole resistance, which sug-
gests that additional calcineurin-dependent effectors 
that mediate resistance remain to be identified.

Role of Hsp90 in signalling beyond calcineurin
Although calcineurin might be the central regulator 
of cellular signalling through which Hsp90 potentiates 
the evolution of azole resistance, it is only one of the 
many regulators that are Hsp90 client proteins. Hsp90 
is one of the most highly connected hubs in cellular 
networks. A recent high-throughput physical, genetic 
and chemical–genetic study of S. cerevisiae suggested 
that approximately 10% of the yeast proteome inter-
acts with Hsp90 (Ref. 78). A chemical–genetic screen 
of heterozygous S. cerevisiae deletion mutants revealed 
distinct connectivities for Hsp90 at 30 and 37°C98. The 
relationship between connectivity in genetic networks 
and effects on fitness and phenotypic variation remains 
complex99. However, the impact of Hsp90 on many dif-
ferent signalling pathways suggests that it might enable 
adaptation to diverse stresses through distinct cellular 
regulators. The global effects of Hsp90 on cellular sig-
nalling position this chaperone uniquely at the interface 
of the environment, genotype and phenotype.

Importance of Hsp90-dependent drug resistance
The evolution of drug resistance is a more complex 
process in a human host than in the laboratory, owing 
to pharmacokinetic variables, interactions with other 
microorganisms, the effects of immune cells and quies-
cent pathogen reservoirs. In a clinical context, increases 
in fungal drug resistance are often caused by multiple 

Box 2 | Hsp90 and somatic evolution

Cancer provides a particularly revealing example of how somatic evolution can be enabled by the chaperone machinery. 
By stabilizing key regulators of cellular signalling that are prone to misfolding, heat shock protein 90 (Hsp90) plays a 
central part in enabling malignant transformation. Together with other chaperones, Hsp90 is overexpressed in many 
tumours, which maintains protein homeostasis and enhances cell survival during external stress, such as exposure to 
hypoxia and acidosis146,147. In addition to mediating crucial stress responses, Hsp90 also enables malignant transformation 
by allowing cells to tolerate the genetic alterations that are characteristic of cancer cells, such as aberrant signalling and 
mutations that would otherwise be lethal148,149. Many key oncogenic regulators acquire mutations that make them prone 
to misfolding but activate their oncogenic potential. For example, most oncogenic mutations of the normal cellular Src 
tyrosine kinase (c-Src; see the figure, part a) involve truncations that result in loss of the regulatory domain, thus 
rendering the mutant protein (v-Src; see the figure, part b) constitutively active but exquisitely dependent on Hsp90 for 
function150–152. Compromising Hsp90 can reverse the oncogenic phenotype that arises from this and many other 
underlying genetic alterations. On an even more global scale, the master regulator of the heat shock response in 
eukaryotes, heat shock factor 1, enables malignant transformation by orchestrating adaptation to the complex network of 
cellular functions that support proliferation, survival, protein synthesis and metabolism153.
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mechanisms that operate in the same cell42,59. Strikingly, 
inhibiting Hsp90 has profound effects on the resistance 
that evolves in this context (FIG. 5). One study examined 
a series of clinical isolates that were recovered over a 
2-year period from an HIV-1-infected patient who was 
treated with fluconazole. It was found that early in the 
course of treatment the basal fluconazole resistance 
phenotypes were exquisitely dependent on Hsp90, but 
this dependence gradually evolved towards Hsp90 inde-
pendence65. These findings recall the early seminal stud-
ies of Waddington100,101, who suggested that selection 
on traits that are initially expressed only in response 
to stress can lead to genetic assimilation, with loss of 
environmental sensitivity and a trait becoming fixed. 
Intriguingly, these steps towards Hsp90 independence 
correspond with the upregulation of expression of 
multidrug transporters. In C. albicans, Hsp90 inhibitors 
can enhance the efficacy of azoles even against drug-
sensitive clinical isolates, which often show tolerance 
to the azoles, as Hsp90 inhibitors can render the fun-
gistatic azoles into a fungicidal combination. In patho-
genic Aspergillus spp., Hsp90 seems to have a key role in 
mediating cellular responses to the cell-wall stress that 
is exerted by the echinocandins.

The natural environmental stress of febrile tempera-
tures that are reached in an infected human phenocop-
ies the effects of Hsp90 inhibition, and therefore reduces 
fungal drug resistance65. This suggests a specific mecha-
nism for a therapeutic benefit of fever, which sensitizes 
the pathogen to drug-induced changes in cellular sig-
nalling. Notably, fever could provide optimal selective 
conditions for the evolution of fungal drug resistance 
from Hsp90-dependence to Hsp90-independence, as 

was observed in the series of clinical isolates discussed 
above. Although fevers have been shown to be benefi-
cial in clearing infectious disease for many decades, they 
are rarely allowed to persist owing to the difficulty of 
establishing the benefits versus the potential costs102.

Altered cellular states
Although Hsp90 provides one of the most explicit 
examples of a mechanism that can alter the relationship 
between genotype and phenotype, and potentiate evolu-
tion, there are several other ways in which alterations 
in the cellular state can affect resistance phenotypes.  
One extremely different mechanism by which changes 
in protein folding can reveal cryptic variation in a 
genome is provided by fungal prions, proteins that can 
adopt an altered conformation that is self-perpetuating 
and that are transmitted as a protein-based element of 
inheritance. A fungal prion that uses a particularly fas-
cinating mechanism to modulate phenotypic diversity 
is [PSI+]103,104, a prion that is an epigenetic modifier of 
the fidelity of translation termination. In some genetic 
backgrounds, conversion to the [PSI+] prion state confers 
increased resistance to antibiotics such as bleomycin, 
anisomycin and benomyl, whereas for others it confers 
increased sensitivity104. These traits are mediated largely 
by the read-through of nonsense codons, which reveals 
cryptic variation in a genome103. Importantly, [PSI+]-
dependent traits are complex, and genetic re-assortment 
can cause them to become stable in the absence of [PSI+], 
thereby providing a mechanism for the acquisition and 
assimilation of new traits.

Biofilms provide another intriguing example of how a 
single genotype can give rise to a spectrum of resistance 
phenotypes that are based on altered cellular states. 
Biofilms represent complex architectures of different 
cell types that form when free-moving (planktonic) cells 
interact with particular surfaces, such as plastics and 
catheters. The mechanisms by which these interactions 
initiate remodelling of the cellular state, alteration of 
the transcriptional programme, induction of morpho-
logical changes, production of an extracellular matrix 
and alteration of cell-to-cell communication have 
generated considerable interest, largely owing to the 
extraordinary resistance of biofilms to many antifungal 
agents105–108. Candida spp. biofilms are resistant to most 
antifungal drugs, including the azoles and amphoter-
icin B, but are susceptible to the echinocandins. To 
date, the evidence suggests that many different factors 
contribute to biofilm drug resistance, including the 
upregulation of multidrug transporters, reduced drug 
diffusion and growth rate, and alterations of the plasma 
membrane and cell wall109,110. Cells that are recovered 
from biofilms often maintain elevated drug resistance 
when placed in planktonic conditions; consistent with 
transient epigenetic reprogramming, this resistance is 
not maintained during subsequent propagation under 
planktonic conditions111,112. Notably, both genetic and 
epigenetic regulation can impact on the heterogeneity 
of expression of cell-surface proteins that contribute 
to phenotypic variation in cell–cell and cell–surface 
interactions113.

Figure 4 | The role of Hsp90 in fungal drug resistance. a | Under normal 
physiological conditions, fungal cells contain ergosterol in their cell membranes and 
calcineurin-dependent stress responses are not required for most species, including 
Saccharomyces cerevisiae and Candida albicans. b | Azole antifungals (for example, 
fluconazole) inhibit Erg11 and block the synthesis of ergosterol, which results in the 
accumulation of a toxic sterol intermediate that disrupts membrane integrity. Heat 
shock protein 90 (Hsp90) chaperones calcineurin, thereby enabling the signal 
transduction networks that are required for the emergence and maintenance of drug 
resistance. c | Hsp90 inhibitors (for example, geldanamycin) or calcineurin inhibitors 
(for example, FK506) block these signalling networks and, therefore, prevent the 
evolution of resistance and abrogate resistance once it has evolved. 
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A biofilm that is composed of a single genotype 
consists of cells that have distinct phenotypes, including 
variants that have enhanced resistance and are  known as 
persister cells. For example, fractionation of a C. albicans 

biofilm revealed biphasic killing by amphotericin B, in 
which most of the cells were killed, but a small fraction 
survived114. Persister cells are not mutants, but are phe-
notypic variants that give rise to a new biofilm that has a 
comparable biphasic killing pattern. In bacterial biofilms, 
persister cells are often dormant cells that are produced 
in a culture during specific phases of growth115,116. In  
C. albicans, persister cells are only produced in biofilms 
and it is unknown whether dormancy is involved114. 
Although the role of these altered cellular states in the 
evolution of heritable resistance phenotypes has yet to 
be explored, it is clear that phenotypic heterogeneity can 
enhance survival during stress117.

Combinatorial cellular perturbations
Because microorganisms use many mechanisms to 
evade killing by antimicrobial drugs, it might be pos-
sible to use strategic drug combinations to enhance 
killing and impede the evolution of drug resistance. 
Interacting combinations of molecules are numerous 
in nature, probably because of the benefits to the pro-
ducing organism in competitive and communicative 
microbial communities8,118. These molecules can have 
many effects on species interactions. For example, a 
rhizosphere fungus can enhance Arabidopsis thaliana 
thermotolerance by the production of an Hsp90 inhibi-
tor119. Like their genetic counterparts, two drugs can 
have no interaction or they can interact synergistically 
or antagonistically29,120,121.

Combination therapy has been an important strat-
egy for treating diverse pathogens and diseases122–125. 
Combinatorial strategies for cancer therapy have been 
mainly empirical to date, and the key principle has  
been the non-overlapping toxicities of the individual 
agents; such strategies are often based on non-crossreactive 
mechanisms of action126. From the pathogen’s perspective, 
using two drugs can have additive or synergistic effects on 
pathogen killing in the short term. This strategy also has 
the potential to impede the evolution of drug resistance, 
both owing to a reduction in pathogen-population size, 
and thus the probability of acquiring resistance muta-
tions, and the reduced probability of acquiring multiple 
resistance mutations simultaneously. Drugs can also be 
used together with conventional antimicrobials to block 
the emergence of resistance by inhibiting mutation or 
the genetic exchange of resistance determinants127. An 
intriguing benefit can even arise from combining two 
drugs that normally have strongly antagonistic effects 
such that the combination has less effect than that of 
either drug alone (also called suppression). In this case, 
resistance to one of the drugs can remove the suppres-
sion, thereby rendering the combination more effective 
against the resistant mutant than the wild type128.

Although there is considerable interest in the devel-
opment of effective combination strategies, few studies 
have shown a clear therapeutic benefit of combination 
therapy for the treatment of fungal disease. One notable 
example is the use of 5‑flucytosine, which targets nucleic-
acid synthesis and is deployed only in combination with 
other drugs because of the high incidence of resistance to 
this drug that is observed when it is used alone124,129. An 

Figure 5 | Inhibition of Hsp90 or calcineurin function abrogates drug resistance of 
pathogenic fungi. a | The schematic on the left shows the fluconazole sensitivity of a 
Candida albicans laboratory strain and the resistance of serial clinical isolates that were 
recovered from an HIV-1-infected patient who received treatment with fluconazole over 
a 2-year period (isolates that were recovered at an early stage of treatment are at the top; 
those that were recovered at a late stage in treatment are at the bottom). Growth 
differences in liquid medium with different concentrations of fluconazole are colour 
coded as follows: dark green, maximal growth; light green, intermediate growth; and 
black, no growth. Although the laboratory strain was unable to grow in any concentration 
of fluconazole tested, the clinical isolates that were recovered at an early stage of 
treatment showed intermediate growth at all concentrations and the clinical isolates 
that were recovered at a later stage showed increased resistance and growth at 
increasing concentrations. The schematics on the middle and right show how the 
inhibition of Hsp90 by geldanamycin (5 µM) and calcineurin by cyclosporin A (20 µM) 
reduce the growth of all clinical isolates in the presence of fluconazole and affect isolates 
at the early stages of infection to a greater extent than isolates from the later stages.  
b | Schematic of the resistance of a C. albicans clinical isolate and Aspergillus terreus soil 
isolate to two azoles (fluconazole and voriconazole) and an echinocandin (caspofungin) 
on solid medium; growth differences are colour coded as for a. Antifungal test strips 
(white rectangle) produce a gradient of drug concentration, with the highest appearing 
at the top. Plates contained a control, radicicol (5 µM) or cyclosporin A (20 µM), as 
indicated. Radicicol or cyclosporin A reduced the growth of C. albicans in the presence 
of azoles and reduced the growth of A. terreus in the presence of echinocandins.  
Figure adapted, with permission, from Ref. 65  (2005) American Association for the 
Advancement of Science.
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intriguing strategy for combination therapy involves the 
inhibition of calcineurin. Pharmacological inhibitors of 
calcineurin function are synergistic with azoles or echino-
candins against different fungi, and can impair the growth 
and virulence of pathogenic fungi86,130. The profound 
immunosuppressive effects of calcineurin inhibitors com-
plicate their usefulness in antifungal therapy. Promising 
strategies may involve non-immunosuppresive analogues 
or the targeting of fungal-specific components of the  
calcineurin pathway86.

The role of Hsp90 in the emergence and maintenance 
of fungal drug resistance suggests an exciting new avenue 
for combination therapies. Notably, therapeutic benefit 
of a recombinant antibody against fungal Hsp90 has been 
observed in combination with amphotericin B, although 
the mechanism by which these effects are mediated 
remains unknown131. Perhaps as a consequence of its 
function in chaperoning a panoply of key regulators of 
cell signalling, Hsp90 has emerged as a tantalizing target 
for the treatment of diverse diseases. Hsp90 inhibitors 
were initially advanced into clinical trials for anticancer 
applications132–136. Recent studies suggest that many other 
therapeutic applications remain to be explored, including 
their potential as combination agents with antifungals 
for fungal disease64,65, their potential as antimalarials91 
and their possible use against several neurodegenera-
tive diseases137,138. The complexity of the role of Hsp90 
in maintaining cellular protein-folding homeostasis 
might indeed minimize the probability of the evolution 

of resistance to Hsp90 inhibitors, thereby prolonging 
their therapeutic usefulness139. The future challenge will 
lie in discovering how to selectively modulate Hsp90 in 
the desired context without detrimental effects to the 
host. In cancer cells, this might be achieved by an altered 
conformation of Hsp90 in tumours that has higher 
drug-binding affinity140–142. For fungal applications, 
the ultimate goal would be to identify fungal-selective  
Hsp90 inhibitors.

Conclusions
Deciphering how genotype and the environment 
interact to yield phenotype continues to pose a central 
challenge in biology. Hsp90 has multifaceted roles in 
modulating the translation of genotype to phenotype 
that range from buffering genetic and epigenetic vari-
ation to stabilizing mutant oncogenic regulators and 
enabling the phenotypic effects of mutations through 
unmutated cellular regulators. The standard laboratory 
practice of producing monocultures under controlled 
conditions has led to a profound under-appreciation 
of the central role of stress responses in organism pro-
liferation and adaptation to the harsh and fluctuating 
environments that are found in nature. It is likely that 
many different mechanisms for modulating fitness 
landscapes will continue to be revealed. Ultimately, 
basic insights into signalling, stress responses and 
evolution could shed new light on the treatment of 
many life-threatening diseases.
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