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Introduction

Temperature is a critical parameter continually monitored by

microorganisms. The dynamic environments inhabited by micro-

organisms evoke constant and effective environmental response

strategies that have been elaborated over evolutionary time. For

example, a significant rise or fall in ambient temperature initiates a

stress response in the organism, commonly known as heat-shock or

cold-shock responses, respectively. The phenomenon of temper-

ature sensing has long been studied in microorganisms such as

bacteria [1], but these mechanisms are only recently being

translated to pathogenic fungi.

Fungal pathogens inhabit a remarkable diversity of environ-

ments and exhibit a dazzling repertoire of life cycles and

environmentally contingent cellular processes. Take for example

Cryptococcus neoformans, Histoplasma capsulatum, and Aspergillus fumiga-

tus. These fungi are found in diverse environments such as pigeon

excreta and soil, but retain a common denominator: the ability to

grow at 37uC. Loss of genes necessary for high-temperature

growth in these pathogens results in attenuated virulence and at

times even death [2–4]. Therefore, high-temperature growth is

essential for pathogenesis. A classic example is that Saccharomyces

cerevisiae clinical isolates are able to grow at higher temperatures

(41uC) than laboratory strains, a characteristic important for their

survival in mice [5]. Besides governing virulence, temperature

regulates many distinct processes. Morphological transitions and

growth temperature are linked in the dimorphic fungi, such as H.

capsulatum, which grow as filamentous molds at ambient temper-

ature and switch to a yeast form at elevated host temperature [6].

Temperature also controls morphological transitions in the leading

fungal pathogen of humans, Candida albicans; though for this

organism ambient temperature favors the yeast form, while

elevated temperature induces filamentous growth [7]. C. albicans

can also switch from a white to opaque cellular state in host niches

with lower temperatures, such as skin, facilitating mating [8].

Many genes are simply induced in response to elevated

temperatures and do not serve to sense the external stimuli.

Generally the consequences of a thermal upshift, as opposed to the

temperature itself, provide a signal the cell will react to. This

article focuses on how fungi sense and adapt to changing

environmental temperature, using S. cerevisiae as a model.

The Unfolded-Protein Response

The heat-shock response has been universally conserved from

bacteria to humans. Underpinning this phenomenon is that an

increase in temperature contributes to protein denaturation in

vivo. All living organisms respond by inducing a set of proteins

important for high-temperature growth called heat-shock proteins,

which, in eukaryotes, are dependent on the heat-shock transcrip-

tion factor (Hsf1) (Figure 1) [9–11]. However, 25 years after the

discovery of Hsf1 in S. cerevisiae, the specific trigger responsible for

its activation has yet to be determined. Two recent studies on the

unfolded-protein response in S. cerevisiae suggest that it is the

location of unfolded proteins that determines activation of the

heat-shock response. Using five transcriptional markers, Metzger

and colleagues demonstrate that three different cellular compart-

ments elicit distinct transcriptional responses upon protein

denaturation [12]. Unfolded proteins within the endoplasmic

reticulum (ER) of cells induce expression of KAR2 as well as HAC1

splicing, both early hallmarks of ER stress. In contrast, unfolded

proteins within the cytosol lead to rapid upregulation of SSA4, the

main Hsp70 chaperone in the cytosol, as well as STI1, a cytosolic

cochaperone. This response is equivalent to that induced by heat

shock [12]. The third response occurs when membrane proteins

unfold. This does not lead to upregulation of any of the genes

mentioned above, but instead induces a distinct class of genes.

Following this study, Geiler-Samerotte and colleagues examined

the proteomic response during chronic low-level expression of a

misfolded YFP protein in S. cerevisiae [13]. They discovered that the

majority of significantly induced proteins were cytosolic chaper-

ones and cochaperones, including members of the Hsp70 family as

well as Sti1. Indeed, 20 differentially regulated proteins identified

in this study upon expression of a misfolded YFP are bound by

Hsf1 [13]. Unfolded proteins are thus able to activate the classic

heat-shock response, but only when found in the cytosol. This

suggests that the cell may use multiple distinct mechanisms to

sense temperature.

Membrane Fluidity Dynamics

An alternative theory to unfolded proteins being the primary

sensor of heat is changes in membrane structure and function. An

abrupt increase in temperature triggers a rapid decrease in the

molecular order of cellular membranes (i.e., fluidity increases).

Studies on the fungal pathogen H. capsulatum found that exposure

to saturated fatty acids alongside a rise in temperature leads to an
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increase in heat-shock gene transcription; conversely, addition of

unsaturated fatty acids reduced heat-shock gene transcription

during a temperature upshift [14]. These authors also comple-

mented a S. cerevisiae ole1/ole1 mutant that lacks a fatty acid

desaturase using constructs with the native promoter or two H.

capsulatum promoters, which express OLE1 at different levels [15].

Complemented strains modified the saturated versus unsaturated

fatty acids ratio, changing the physical state of cellular membranes

and demonstrating a different threshold temperature of heat-shock

gene expression relative to the mutant [14]. Although no such

work has been done in C. albicans or C. neoformans, transcriptional-

profiling studies of C. neoformans during high-temperature growth

identified the transcriptional activator MGA2 [16]. In S. cerevisiae,

Mga2 and its homologue Spt23 regulate transcription of OLE1

[17], suggesting that C. neoformans may require cell-membrane

remodelling to mitigate responses to temperature change. How-

ever, the time scale over which changes in membrane fluidity

occur may not be rapid enough for this to serve as primary sensor

of temperature.

RNA Thermometers

An increase in temperature to 37uC signals to pathogenic

microorganisms that they have successfully invaded a warm-

blooded mammalian host, leading to expression of virulence genes.

In bacteria, RNA structures are a key element of the heat-shock

response. They can occlude RNA binding sites in mRNAs of key

regulators that melt during heat shock to enable protein synthesis

[18]. These have been termed RNA thermometers. Indeed, the

three major classes of temperature-responsive genes, including

heat-shock genes, cold-shock genes, and genes necessary for

virulence, control temperature-dependent translation initiation by

exploiting RNA thermometers [19]. Until very recently the

number and location of RNA thermometers in eukaryotes

remained unknown. However, a study by Wan and colleagues

identified thousands of putative RNA thermometers by probing S.

cerevisiae RNA structures at different temperatures [20]. In keeping

with transcript-profiling data, genes with low melting temperatures

were enriched for ribosomal proteins, whereas transcripts with

Figure 1. Mechanisms of temperature sensing in fungi. Upon a thermal insult, cells utilize different mechanisms to sense changes in the
surrounding temperature for adaptation and survival. Hsf1 becomes phosphorylated, binding to heat-shock elements (HSEs) in target promoters,
leading to the upregulation of chaperone proteins. These aid in the stabilization and refolding of denatured proteins, and Hsp90 and Hsp70 assist in
the downregulation of Hsf1 [25]. The cellular plasma membrane becomes more fluid in response to thermal insults (right inset box). Moreover,
although little is known about RNA thermometers in fungi, there is evidence suggesting they are involved in RNA decay during heat shock (left inset
box) [20].
doi:10.1371/journal.ppat.1003163.g001
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higher melting temperatures included key unfolded-protein

response activators such as HAC1 [20]. Strikingly, Wan and

colleagues showed that the most structurally stable mRNAs barely

decline during heat shock, whereas mRNAs with low melting

temperatures displayed considerable and prolonged decreases in

transcript levels. They concluded that RNA thermometers in S.

cerevisiae play a role in RNA decay during heat shock [20].

However, whether these mechanisms contribute to temperature

sensing in fungal pathogens remains to be determined. Despite the

central importance of RNA thermometers for temperature-

dependent gene regulation, it is clear that there are other key

mechanisms as it is unlikely that RNA thermometers account for

activation of Hsf1, the transcription factor that commands the

heat-shock response.

Hsf1-Hsp90 Autoregulatory Circuit

The heat-shock response is governed by Hsf1, an essential

protein in yeast, which is activated by phosphorylation upon a

thermal upshift (Figure 1) [10]. In C. albicans, Hsf1 is phosphor-

ylated rapidly (within one minute) of a 30–42uC heat shock. It is a

relatively transient response, downregulated upon cellular adap-

tation [21]. The means of this downregulation have followed a

model whereby two classes of heat-shock proteins have been

implicated in regulation of Hsf1 activity. The first class is Hsp70.

In S. cerevisiae, deletion of the two cytosolic Hsp70 isoforms SSA1

and SSA2 induces Hsf1 transcriptional activity [22]. Hsp70

operates within the Hsp90 chaperone machine, which stabilizes

a wide range of cellular clients [23]. Mutations that interfere with

Hsp90 function in S. cerevisiae cause increased levels of Hsf1 activity

[24]. However, it is frequently argued that interfering with major

cytosolic chaperone proteins generates an unfolded-protein

response, which could be responsible for de-repressing Hsf1

transcriptional activity. Until recently no physical interaction

between Hsf1 and either Hsp90 or Hsp70 had been observed in

yeast. Leach and colleagues utilized the fungal pathogen C. albicans

to determine genetically and biochemically that Hsf1 interacts

with Hsp90 under steady-state conditions, and that upon thermal

insults, this interaction is strengthened [25]. This stands in contrast

to the model that Hsf1 activation requires release from Hsp90, but

is consistent with a recent perspective on the impact of

temperature on the Hsp90 interactome [26]. Leach and colleagues

also detected an interaction between Hsp90, Hsf1, and Hsp70

when cells were exposed to a 60- or 120-minute heat shock at

42uC, and that Hsp90 localised to the nucleus during elevated

temperatures. Together, this provides the strongest evidence to

date for the existence of the Hsf1-Hsp90 autoregulatory circuit.

However, as Hsf1 did not dissociate from Hsp90 upon heat shock,

it is unlikely that Hsp90 directly controls the rapid activation of

Hsf1. Indeed, it is feasible that the kinase responsible for activating

Hsf1 serves as the immediate sensor of temperature, yet the

identity of this kinase has remained elusive since the discovery that

Hsf1 is activated by phosphorylation.

Beyond Temperature Sensing

There have been many advances in understanding temperature

regulation in eukaryotes over the years, although numerous

enigmas remain to be resolved. Despite the high degree of

conservation of many components of the heat-shock response, the

biology of temperature regulation in fungi is remarkably distinct

from mammalian systems. Although studies in S. cerevisiae have

provided a foundation for understanding how cells sense

temperature shifts, whether this regulation is conserved in

medically relevant fungi needs to be addressed given the

importance of high temperatures for infection. The most

fundamental challenge is to understand how the cell senses

temperature and initiates the appropriate cellular response. For

example, does an increase in membrane fluidity act as the primary

sensor of temperature, or is it a response for adaptation? How

rapidly do these changes occur? Which kinase phosphorylates

Hsf1? The rapid timescale of Hsf1 phosphorylation suggests the

possibility of a temperature-sensing kinase, whose activity might be

exquisitely sensitive to temperature-dependent changes in struc-

ture. Understanding the mechanisms of temperature sensing in

pathogens remains a priority and could lead to novel drug targets.
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