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Abstract

Both the increasing environmental temperature in nature and the defensive body temperature response to pathogenic fungi
during mammalian infection cause heat stress during the fungal existence, reproduction, and pathogenic infection. To adapt
and respond to the changing environment, fungi initiate a series of actions through a perfect thermal response system, con-
servative signaling pathways, corresponding transcriptional regulatory system, corresponding physiological and biochemical
processes, and phenotypic changes. However, until now, accurate response and regulatory mechanisms have remained a chal-
lenge. Additionally, at present, the latest research progress on the heat resistance mechanism of pathogenic fungi has not been
summarized. In this review, recent research investigating temperature sensing, transcriptional regulation, and physiological,
biochemical, and morphological responses of fungi in response to heat stress is discussed. Moreover, the specificity thermal
adaptation mechanism of pathogenic fungi in vivo is highlighted. These data will provide valuable knowledge to further
understand the fungal heat adaptation and response mechanism, especially in pathogenic heat-resistant fungi.

Key points

o Mechanisms of fungal perception of heat pressure are reviewed.

o The regulatory mechanism of fungal resistance to heat stress is discussed.

o The thermal adaptation mechanism of pathogenic fungi in the human body is highlighted.
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Introduction

Mammalian body temperature can serve as a nonspecific
defense against invasive fungal diseases; most fungi cannot
grow at this temperature (Bergman and Casadevall 2010;
Robert and Casadevall 2009). The mammalian immune
system also plays an important role in fungal infection.
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drug resistance, and high fatality rate (Spivak and Hanson
2018). C. auris infection may be the first case of a new fun-
gal disease caused by global warming (Casadevall et al.
2019). Although there is no direct evidence confirming the
correlation between global warming and heat-resistant fungi,
the study of fungal heat adaptation mechanisms can help
our understanding of how heat-resistant fungi emerge. These
investigations would also suggest solutions to prevent more
heat-resistant fungal infections in the future.

Each fungus has an optimal temperature for survival.
Severe ambient temperature can cause damage, including
misfolded proteins, accumulation of oxidative stress caused
by reactive oxygen species (ROS), and osmotic stress caused
by osmotic pressure changes (Gao et al. 2016; Moraitis and
Curran 2004). Fungi also have a series of complex regu-
latory systems to cope with the damage. Therefore, fungi
can adapt to high-temperature changes, maintaining their
existence and reproduction under the condition of tempera-
ture fluctuations. These adaptive mechanisms include heat
shock transcription factors (HSFs) to regulate activation of
conservative signaling pathways, antioxidant responses, heat
shock (HS) responses, and trehalose accumulation (Sugiy-
ama et al. 2000a; Zahringer et al. 2000). To improve the
economic benefit in industrial production, the heat resistance
mechanism of Saccharomyces cerevisiae has been a major
mainly focus (Thorwall et al. 2020). In recent years, due to
the aggravation of fungal pathogenic diseases in humans,
research on thermal adaptation mechanisms of pathogenic
fungi has been increasing. However, few articles summa-
rized recent advances in the study of heat resistance in
pathogenic fungi. In this review, we summarize the recent
research progress of different fungal heat adaptation mecha-
nisms and confirm that heat shock, an ancient response, is
highly conserved in fungal organisms. We have attempted to
delineate the network regulatory mechanisms of fungal heat
perception, regulation, response, and adaptation. Moreover,
we focused on the adaption mechanism of pathogenic fungi
in vivo. We also focused on to elevated temperature stress by
regulating gene expression, and consequently altering their
morphology and metabolites, thus contributing to fungal
immune escape. These data provide support for the preven-
tion and treatment of heat-resistant fungal infections.

Temperature sensing mechanism in fungi

Temperature perception is the first step of microbial thermal
adaptation. To respond to a change in external temperature,
fungal cells transmit a perception signal to an intracellular
signaling system (Leach and Cowen 2014a, b). Investiga-
tions of the temperature sensing mechanism help deepen
our understanding of the physiological process of thermal
adaptation. At present, this thermal adaptation mechanism
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has been extensively studied in bacteria. RNA thermometers
are the most important temperature sensing mechanism in
bacteria, which can sense temperature changes without the
aid of auxiliary factors (Chowdhury et al. 2006). RNA ther-
mometers are complex RNA structures. Their conformation
changes with temperature and the RNA structure can block
RNA binding sites in mRNAs of key regulatory factors.
Most RNA thermometers are located in the 5'-untranslated
region and shield ribosome binding sites by base pairing at
low temperatures. When external temperatures are elevated,
the melting of RNA structures allows ribosomes to enter and
initiate translation (Narberhaus et al. 2006). In plants, heat
sensors recognize specific changes and activate protective
mechanisms. Phytochrome and calcium signaling play a key
role in sensing sudden changes in temperature and activating
signaling cascades (Nishad and Nandi 2021). The theory of
fungal temperature sensing was proposed a long time ago.
The possibility of folding protein reactions, membrane fluid-
ity changes, and RNA thermometers as fungal heat sensors
has also been explored (Jones 2016). However, at present,
investigation of fungal dissecting mechanisms is still limited.
Although thermometers in fungi have been hypothesized,
no relationship was found between these hypothesized ther-
mometers and the thermal protection response of fungi (Wan
et al. 2012). There are few studies on the role of fungal RNA
thermometers in their own temperature sensing mechanism.
Moreover, the role of RNA thermometer in fungal tempera-
ture perception mechanisms remains to be determined.
However, in recent years, investigations have explored the
changes in fungal structures and their signaling molecules
in response to temperature fluctuations (Leach and Cowen
2014b). Whether these altered structures and their signal-
ing molecules play roles in temperature sensing will require
further investigation in fungi.

A possible link between membrane fluidity and heat
shock response has been found in Synechocystis. Changes
in the physical ordering of the Synechocystis membrane
affect the activation of heat shock genes (Klinkert and Nar-
berhaus 2009; Mikami and Murata 2003). Furthermore, as
one of the earliest structures of fungi detected in thermal
changes, the fungal plasma membrane is the most likely to
act as a thermal sensor (Digel 2011). The cell membrane
consists of a lipid bilayer consisting of proteins that cross the
bilayer and interact with lipids on both sides of the lobules.
Recent advances in lipid analysis of eukaryotic cell mem-
branes show that they contain hundreds of various lipids
(Simons and Sampaio 2011). Sphingolipids (SLs), includ-
ing ceramides, sphingosine, and sphingosine-1-phosphate,
are a common class of lipids in eukaryotic cells. In addition
to playing a role in the cell membrane, these lipid compo-
nents also act as bioactive signal molecules to regulate fun-
gal apoptosis and senescence, cell movement, differentia-
tion, growth, and other important life processes (Iessi et al.
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2020). SLs can also dynamically aggregate with sterols to
form lipid rafts or lipid rows, which serve as effective sign-
aling and protein classification hubs (Bartke and Hannun
2009). Following heat shock of S. cerevisiae, the expres-
sion of enzymes in the sphingolipid synthesis pathway is
upregulated. Ultimately, these molecules influence multiple
biotic processes, such as actin cytoskeletal polarization, pro-
grammed cell death, and trehalose production (Chen et al.
2013; Futerman and Schuldiner 2010). These results further
support the idea that SLs can act as a temperature sensor.
Moreover, in the heat shock response of fungi, SLs link nec-
essary metabolic processes to a range of different cellular
functions required for temperature and pressure responses
(Jenkins et al. 1997). In addition to SLs, many lipids also
serve as signaling molecules (e.g., ceramide (Cer) and long
chain bases) in response to temperature stimuli, thus playing
a regulatory role in the temperature stress response (Shapiro
and Cowen 2012). For example, high temperature stress can
also induce the expression of Cer and its derivatives (Wells
et al. 1998). Lysophospholipids are also subjected to tem-
perature stress and respond to signals to assist in the cell
thermal adaptation process (Fabri et al. 2020). To respond
to temperature stress, lipid molecules in the plasma mem-
brane and SL composition and enzyme activity in the SL
pathway change, triggering intracellular signals to respond
to temperature and pressure and acting as part of fungal tem-
perature sensing.

Stress-induced acidification is widespread in eukaryotes,
including mammals, insects, plants, and fungi (Kroschwald
et al. 2015; Triandafillou et al. 2020). Heat shock induces
transient intracellular acidification, an intracellular change
that enhances stress resistance in eukaryotes (Tombaugh
and Sapolsky 1993). It was previously thought that HSF1
activation was triggered only by heat-induced misfolded
proteins in S. cerevisiae (Baler et al. 1992). However, a
recent study confirmed that HSF1 can be strongly activated
during cytoplasmic acidification when protein synthesis is
inhibited. This acidification process is necessary to induce
a heat shock response in the translation of suppressed cells.
Heat-triggered acidification also increases population fitness
and promotes cell cycle re-entry upon heat shock (Trianda-
fillou et al. 2020). This finding suggests another pathway
for HSF1 activation. In addition to the association between
intracellular misfolded proteins and HSF1 activation, some-
thing may trigger cytoplasmic acidification; HSF1 activation
may play a role in cell temperature perception. To date, stud-
ies on intracytoplasmic acidification caused by heat stress
have been performed only in S. cerevisiae and remain to be
explored in pathogenic fungi. Strengthening research on this
topic may provide a new direction to explore the heat resist-
ance mechanisms of pathogenic fungi.

Recent studies have revealed that Arabidopsis thaliana
phytochrome B, a red light receptor, binds target genes in a

temperature-dependent manner and participates in its own
temperature sensing mechanism (Jung et al. 2016; Rockwell
and Lagarias 2017). Interestingly, the same phenomenon has
been found in the filamentous fungus Aspergillus nidulans.
The heterohistamine kinase TcsB and photochrome FphA
participate in their own temperature sensing. Moreover, the
temperature-activated photochrome provides input signals
into the high-osmolarity glycerol (HOG) signaling pathway
(Yu et al. 2019). However, to date, investigation of the fungal
temperature sensing mechanism network has been limited.
When discussing the temperature sensing mechanism of
fungi, there are many questions worth exploring. Fungi are
subjected to different degrees of temperature stress during
infection and to fluctuating temperatures in nature. For both
environmental and pathogenic fungi, mechanisms to quickly
sense changing temperatures are highly important for adap-
tation to new temperature stress. However, few studies have
examined the mechanisms of the temperature sensor net-
work, and further research is needed to reveal these specific
mechanisms. In addition, when studying the temperature
sensing mechanism in fungi, we need to distinguish whether
the response is a signal from the cell’s perception of ambi-
ent temperature, or a thermal adaptation after perception of
ambient temperature.

Conserved genes and transcription factors
in fungi play an important regulatory role
in heat adaptation

HSF1 and heat shock proteins

After the fungal temperature sensor transmits the signal
into the cell, transcription factors related to heat adaptation
regulate gene expression, improving fungal survival at the
increased temperature. HSFs are important regulators for
heat stress survival in eukaryotes. There are four different
HSF members in mammals and plants: HSF1-HSF4. Yeast
expresses only a single HSF that performs a similar func-
tion to HSF1 (Akerfelt et al. 2010). In fact, HSF1 does not
act as a master regulator of the thermal shock response, but
rather controls the expression of a set of genes that induce
the expression of molecular chaperones and other target pro-
teins that restore protein folding homeostasis. These protein
chaperones are called heat shock proteins (HSPs) (Pincus
2017). HSF1 exists as an inactive monomer or dimer in
eukaryotes and hides acidic groups in the cytoplasm. Under
heat stress, HSF1 forms a homologous trimer that binds to
heat shock elements (HSEs) of the nGAAn sequence repeat
unit, thus upregulating the expression of HSPs. However,
in S. cerevisiae, HSF1 binds HSEs as a trimer at normal
temperature, and phosphorylation and other posttranslational
modifications directly stimulate HSF1 activity and regulate
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transcription of HSPs after heat shock (Gao et al. 2016). An
evolutionarily conserved HSF1 is also expressed in Candida
albicans. This transcription factor participates in the global
transcriptional response to heat shock by inducing transcrip-
tion through HSEs, which is essential for C. albicans sur-
vival. Interestingly, Hsf1 proteins of C. albicans and S. cer-
evisiae have different binding affinities. Analysis of the motif
binding HSF1 has revealed a common sequence between
human and S. cerevisiae, comprising three reverse nGAAn
repeat patterns. C. albicans Hsf1 binds nGA An elements in
at least three configurations in different dimeric and trimeric
forms. The TTCnnGAAnnTTC element has the strongest
binding ability, whereas GAAnnTTC and TTCn7TTC have
lower but still significant binding affinity (Leach et al. 2016;
Nair et al. 2018). HSF1 of C. albicans is rapidly phosphoryl-
ated after heat shock at 30-42 °C followed by dephospho-
rylation. However, the molecular memory for this reaction is
short, fading within 2 h (Leach et al. 2012b). In addition, fol-
lowing acute heat shock of C. albicans, HSF1 binds distinct
motifs in nucleosome-depleted promoter regions to regulate
heat shock genes and genes associated with virulence. Under
heat shock conditions, C. albicans responds to temperature
through HSF1 and Hsp90 coordinating gene expression and
chromatin structure, resulting in heat adaptation and changes
in virulence (Leach et al. 2016). The main function of HSF1
in Aspergillus fumigatus is to regulate the HS response and
regulate the expression of heat shock proteins. HSF1 also
enhances the heat resistance of A. fumigatus by regulat-
ing cell wall biosynthesis and remodeling and expression
of genes related to lipid homeostasis (Fabri et al. 2021).
The discovery of homologues of HSF in different fungi also
confirms the high conserved nature of this ancient response
process in organisms.

Hsp70 is a proximal sensor of HSF1-mediated cell protec-
tion that can distinguish between two different environmen-
tal stressors (Wang et al. 2012). In the heat shock response,
misfolded cytoplasmic proteins titrate Hsp70 to activate
HSF1 in the nucleus (Masser et al. 2019). There are two
interaction sites between Hsp70 and HSF1 in S. cerevisiae.
Elimination of Hsp70 regulation of HSF1 results in overall
dysregulation of HSF1 transcriptional activity. When both
loci are destroyed simultaneously, there is a synergistic effect
on gene expression and cellular fitness (Peffer et al. 2019).
Hsp70 and Hsp90 are the main HSPs regulated by HSF1.
These two protein chaperones form a negative feedback
loop with HSF1. The regulatory roles of HSP70 and HSF1
have been demonstrated. However, the interaction between
HSP90 and HSF1 requires further evidence. This regula-
tory circuit can coordinate the heat shock response of the
cell with its external environment (Krakowiak et al. 2018;
Masser et al. 2020). Heat shock protein Hsp104 in yeast,
a homolog of bacterial ClpB, works with the Hsp70 chap-
erone system to reactivate denatured proteins (Miot et al.
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2011). FpHsp104, a homolog of yeast Hsp104 in the plant
pathogen Fusarium pseudograminearum, plays an impor-
tant role in heat tolerance development and pathogenicity
(Xia et al. 2021). There is a new type of Hsp104 regulation
called delayed upregulation (DUR). DUR is regulated by
HSEs and involves Msn2/4P-regulated gene products (Seppa
et al. 2004). Moreover, Ssdl, an essential gene for Hsp104-
mediated protein disaggregation, regulates cell heat resist-
ance and cell wall remodeling; it also affects the ability of
Hsp104 to bind protein aggregates (Mir et al. 2009). Overex-
pression of Hsp25 in Metarhizium robertsii promoted fungal
growth under heat stress and enhanced the tolerance of heat
shock-treated spores to osmotic stress (Liao et al. 2014).
SHSPs are found in a variety of fungi, including Aspergillus,
Magnaporthe, Fusarium, and Penicillium (Wu et al. 2016).

Mitogen-activated protein kinase (MAPK) Hog1
and its related transcription factors and interacting
proteins

Hogl, the central MAPK of the HOG signaling pathway,
is activated in response to fluctuations in environmental
osmotic stress. Initially thought to be activated only by
osmotic stress, it was later shown that Hogl can also be
activated by heat stress and play an important role in resist-
ing heat stress (Fig. 1) (Dunayevich et al. 2018). Moreo-
ver, Hogl stimulated by heat stress depends on the cell wall
integrity (CWI) signaling pathway and membrane-bound
osmosensor Shol (Dunayevich et al. 2018). Activated
Hogl helps promote recovery of cell damage caused by
heat stress (Winkler et al. 2002). Recently, a chemical genet-
ics approach demonstrated that the bulk of the heat shock
response is independent on HSF1. Most genes induced by
heat stress are controlled by Msn2 and Msn4, C2H2-type
zinc-finger proteins downstream of Hogl (Pincus 2017).
Msn2 and Msn4, as stress-induced transcription factors that
regulate general stress responses, can be activated by a vari-
ety of stress responses, including carbon source hunger, heat
shock, and severe osmotic and oxidative stress. Therefore,
they can regulate most heat-resistant genes (Johnson et al.
2021; Stewart-Ornstein et al. 2013). For example, they regu-
late expression of the Nthl gene, which encodes neutral tre-
halase in S. cerevisiae, thus regulating the hydrolysis of tre-
halose under different stress conditions. They also maintain
trehalose concentration under stress by regulating trehalose
synthesis and hydrolase expression (Zahringer et al. 2000).
Msn2 may also help to cope with high temperatures by regu-
lating genes related to lipid metabolism, which in turn alters
membrane fluidity (Li et al. 2017). Interestingly, there are
different roles of HSF1, Msn2, and Msn4 in ensuring cell
survival and growth before and after a fungus is exposed to
extreme temperatures. HSF1 activates transcription of most
of its target genes during the recovery period after severe
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Fig. 1 Regulatory mechanism
of high-osmolarity glycerol
(HOG) and the cell wall integ-
rity (CWI) pathway under heat
stress. Heat shock stimulates
intracellular glycerol outflow
through the HOG pathway and
CWI pathway, thus decreasing
expansion pressure

el - Positive relationship, O

heat shock. Delayed upregulation of HSF1 is induced by
accumulation of misfolded proteins in heat-shocked cells,
which are necessary to restore normal cell growth. By
contrast, Msn2 and Msn4 are not involved in delayed gene
upregulation; they function prior to high temperature expo-
sure. However, they are also indispensable for cell growth
during recovery (Yamamoto et al. 2008). Similar transcrip-
tion factors, CaMsn4 and CaMsn2, have been identified in C.
albicans, although they were not found to play a significant
role in the stress response (Nicholls et al. 2004).

OLE], a gene encoding the delta-9 fatty acid desatu-
rase in S. cerevisiae, catalyzes the production of monoun-
saturated fatty acids from saturated fatty acids (Lutz et al.
2019). OLE] plays an important role in tolerance to multi-
ple stresses (Covino et al. 2016). The content of oleic acid
in the membrane was significantly increased and the strain
surface was more tolerant to various stresses in ectopic over-
expression of OLE]. Interestingly, after deletion of Hogl,
the OLEI-mediated tolerance to multiple stresses signifi-
cantly decreased. Further investigation confirmed that Hog1
had a positive regulatory effect on OLEI-mediated multiple
stress tolerance (Nasution et al. 2017). Moreover, OLE1
overexpression constitutively activates Hogl through Ssk2.
Spt23 and Mga2, two highly conserved membrane-bound
transcriptional regulators in fungi, regulate a large number
of expressed genes involved in ribosomal biogenesis and
lipid metabolism. OLE] is the major target gene regulated
by Mga2 and Spt23 (Covino et al. 2016). The ratio of satu-
rated to unsaturated acyl chains in the membrane lipid is a
key factor determining the fluidity and phase behavior of
the membrane. S. cerevisiae maintains membrane fluidity
through OLE]-activated unsaturated fatty acids as lipid
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building blocks. Membrane fluidity is increased by increas-
ing unsaturated fatty acid content and/or decreasing average
fatty acid length or sterol content. This regulation enhances
plasma membrane stability (Ballweg and Ernst 2017). OLE]
overexpression in S. cerevisiae at high temperature also con-
tributes to a reduction in lipid peroxidation induced by heat
stress. In this way, oxidative damage of the plasma mem-
brane can be reduced and the heat resistance of cells can be
enhanced (Li et al. 2019).

Other signaling pathway and transcription factors

The cAMP (CAMP)/protein kinase A (PKA) signaling path-
way is one of the most important eukaryotic signaling path-
ways. This pathway is central in the transduction of fungal
environmental signals, and the mediation of various cellular
functions and heat tolerance in many fungi. The TPK1 subu-
nit of S. cerevisiae PKA is involved in chromatin remodeling
under heat stress, thus enabling adaptation to changing envi-
ronments (Reca et al. 2020) . Compared with wild type A.
flavus, the AacyA-C (adenylate cyclase gene) strain shows
significantly lower heat tolerance (Yang et al. 2016b). Stud-
ies on APka mutants of C. albicans have indicated that this
pathway plays an important role in resistance to heat, and
oxidative and salt stress (Giacometti et al. 2009a). Moreover,
this signaling pathway is important for heat resistance in C.
auris (Kim et al. 2021).

The calcium-calcineurin signaling pathway is highly
conserved and plays an important role in fungal adaptation
to host or environment stress, expression of virulence fac-
tors, and growth and development (Juvvadi et al. 2017). The
calcineurin responsive zinc finger transcription factor Crz1
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plays an important role in heat resistance in B. bassiana (Li
et al. 2015). Importantly, calcineurin and its downstream
target Crz1 have also been shown to regulate heat tolerance
and virulence expression in C. glabra (Chen et al. 2012).
Transcriptome analysis has indicated that Crz1 in C. neofor-
mans regulates genes that aid in resistance to heat damage
during heat stress (Chow et al. 2017). However, no pheno-
type associated with temperature sensitivity has been found
in C. albicans crz1A mutants (Delarze et al. 2020). In C.
albicans, TPK1 and TPK2, two catalytic subunits encod-
ing PKA, play roles in response to heat and oxidative stress
(Giacometti et al. 2009). No temperature-related phenotypic
change has been observed in the Aspergillus flavus crzIA
mutant (Lim et al. 2019).

In addition to those described above, other transcription
factors involved in cross-tolerance that play a role in fun-
gal resistance to heat stress were found. In S. cerevisiae,
the LREI gene acts independently of the CAMP and PKA
pathways. However, the homologous genes have not been
studied in other pathogenic fungi. Lrel plays a role in resist-
ing heat stress by inhibiting the protein kinase Cbk1 in S.
cerevisiae. Overexpression of this transcription factor can
affect the expression of chitinase and trehalose accumulation
(Versele and Thevelein 2001). Swi6p and Haclp, cell divi-
sion transcription factors, are involved in the unfolded pro-
tein response and play an important role in the maintenance
of S. cerevisiae heat shock resistance (Jarolim et al. 2013).
Swibp and Haclp homologues are present in C. albicans
but do not play roles in heat resistance. The homologues
regulate the proliferation of C. albicans and their hyphal
growth (Hussein et al. 2011). BbThml, a member of the
Zn(II) 2CYS6 (Gal4-like) family in Beauveria bassiana,
had been shown to enhance cell resistance to heat stress and
play an important role in other stresses, including oxidative
osmosis and various fungicides (Huang et al. 2019b). Com-
pared with other factors that regulate the tolerance response
of multiple fungi to heat stress, these factors that exist only
in single fungi might have conferred unique advantages in
the process of epigenetic evolution.

The role of fungal enzymes and other
metabolites in heat adaptation

Fungal transcription factors regulate gene expression to
encode enzymes and other metabolites during heat adapta-
tion; these products are summarized in Table 1. This class of
substances can be used to protect cells from damage caused
by rising temperatures. Oxidative damage is one of the major
secondary effects of heat shock. When cells are exposed to
higher temperatures, the oxygen respiration rate increases
and ROS accumulate in the cells, resulting in increased
intracellular oxidation and cell damage (Moraitis and Curran
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2004). Fungi secrete a variety of antioxidant enzymes in
response to oxidative stress. Superoxide dismutase plays a
protective role in the body by converting superoxide radical
to hydrogen peroxide (Ribeiro et al. 2017). Interestingly,
in addition to their antioxidant function, peroxide-reduced
proteins can also act as molecular chaperones and signal
transduction regulators (Gao et al. 2016; Ribeiro et al. 2017;
Wood et al. 2003). Pyruvate in the spores of M. robertsii
was found to accumulate rapidly under heat stress; this
occurs earlier than the above enzymes and is the first reac-
tive oxygen scavenger after heat treatment. Heat stress can
also induce pyruvate accumulation in other fungi, includ-
ing A. fumigatus, Cordyceps militaris, Magnaporthe oryzae,
Neurospora crassa, and S. cerevisiae (Zhang et al. 2018).
By secreting pyruvate, fungi can effectively reduce protein
carbonylation, stabilize mitochondrial membrane potential,
and promote fungal growth (Zhang et al. 2017).

Glutathione, a common antioxidant, is synthesized under
the catalysis of y-glutamyl cysteine synthase (Gsh/ gene)
and glutathione synthase (Gsh2 gene). During heat shock
stress, S. cerevisiae induces the expression of Gshl and
Gsh2 in a YAP1-dependent manner, which is followed by
increased intracellular glutathione content (Sugiyama et al.
2000a). Further study has demonstrated that heat shock-
induced glutathione synthesis protects mitochondrial DNA
from oxidative damage (Sugiyama et al. 2000b). Most stud-
ies have focused on the role of endocrine glutathione in
fungi. A recent study showed that S. cerevisiae and their
offspring can survive and replicate at high temperatures by
helping each other. Further investigation found that glu-
tathione, secreted by yeast, accumulates in large quantities
outside the cell, which could eliminate harmful extracellular
chemicals and prevent yeast from dying at high temperatures
(Laman Trip and Youk 2020). The monothiol glutaredoxins
Grx3 and Grx4 are important regulators of iron homeosta-
sis in S. cerevisiae. They generally play an important role
in (2Fe-2S) cluster sensing and transport (Martinez-Pastor
et al. 2017). Moreover, Grx3 and Grx4 also play an addi-
tional role in the resistance of S. cerevisiae to oxidative
stress (Mechoud et al. 2020). In addition, the loss of Grx4
would decrease the heat resistance and damage cell wall
integrity in C. neoformans. At the same time, Grx4 and
calcineurin signaling jointly affect the heat tolerance of C.
neoformans (Hu et al. 2021).

Some studies have classified a variety of fungi, including
Eurotiales, Mucorales, and Onygenales. These fungi can be
classified as heat-resistant, thermophilic, and mesophilic.
The peptidase of thermophilic fungi and mesophilic fungi
has been compared and analyzed. The peptidase of ther-
mophilic fungi can adapt to high temperatures. The amino
acid sequence of the peptidase protein was found to be
significantly different. Compared with mesophilic fungi,
the proportion of hydrophobic and charged amino acids in
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Table 1 Summary of proteins and metabolites associated with fungal heat adaptation

Proteins or metabolites

Fungal species

The role in respond to heat stress

Corresponding references

Lrel

Swi6p/Haclp

Grx3/Grx4
BbThml

CgSTE11

SSD1

Superoxide dismutase

Catalase

Peroxiredoxin
Ctl

Cyrl and PKA

Pyruvate

Glutathione

Trehalose

Glycerin

Arabitol

Saccharomyces cerevisiae

S. cerevisiae

Cryptococcus neoformans
Beauveria bassiana

Candida glabrata

S. cerevisiae

Most fungi

Most fungi

Most fungi
C. neoformans

Candida auris
Aspergillus flavus
Candida albicans

Aspergillus fumigatus, Cordyceps
militaris, Metarhizium robertsii,
Magnaporthe oryzae, Neurospora
crassa, S. cerevisiae

Most fungi

Most fungi

S. cerevisiae

Penicillium roqueforti
Rhizomucor miehei

It increased trehalose accumulation
and heat resistance and regulated the
expression of the cyclin genes

They shared contributions to the regu-
lation of temperature, cell wall, and
other stresses response

Grx4 is required for membrane and
cell wall integrity

Used as transcription factor for heat
and membrane integrity

It mediates crosstalks between MAPK
signaling pathways in response to
environmental challenges

Gene is necessary for Hsp104-medi-
ated protein breakdown

It converts the superoxide anion into
hydrogen peroxide and responds to
oxidative stress

Used as antioxidants or molecular
chaperones to regulators of signal
transduction

It acts as molecular chaperones and
signal transduction regulators

Ctsl is a substrate of calcineurin dur-
ing high-temperature stress responses

They play an important role in promot-
ing C. auris growth and enhancing
heat stress and antifungal drugs
resistance

By secreting pyruvate, fungi can effec-
tively reduce protein carbonylation,
stabilize mitochondrial membrane
potential, and promote fungal growth

It protects mitochondrial DNA from
oxidative damage

Used as a protein stabilizer and
promotes survival in extreme heat
conditions

Maintain yeast osmotic pressure bal-
ance and the stability

Arabitol may form the core of heat
resistance of P. roqueforti conidia

Versele and Thevelein (2001)

Jarolim et al. (2013)

Hu et al. (2021)
Huang et al. (2019b)

Huang et al. (2019a)

Mir et al. (2009)

Ribeiro et al. (2017)

Gao et al. (2016)

Wood et al. (2003)
Aboobakar et al. (2011)

Giacometti et al. (2009); Kim et al.
(2021); Yang et al. (2016a)

Zhang et al. (2017)

Sugiyama et al. (2000a); Sugiyama
et al. (2000b)
Luo et al. (2021); Piper (1993)

Li et al. (2009)

Tanutsevich et al. (2020); Punt et al.
(2020)

thermophilic fungi peptidase was increased while the pro-
portion of polar amino acids was decreased (de Oliveira
et al. 2018). Interestingly, 400 proteins (200 thermophiles
and 200 mesophiles) in multiple databases have been studied
to assess their amino acid preferences. A high frequency of
hydrophobic salt bridges and smaller volume non-polar resi-
dues (Gly, Ala, and Val) in thermophilic proteins has been
observed. However, the frequency of larger polar residues
was low in thermophiles. This phenomenon may be caused
by the preference of thermophilic proteins to small non-
polar amino acids and the change in residual physical and

chemical properties and an increase in salt bridges (Panja
et al. 2015). This result is consistent with the observation of
thermophilic and mesophilic fungi in previous studies (de
Oliveira et al. 2018). Further studies are needed to investi-
gate the differences in heat resistance of phylogenetically
related species and the differences in peptidase structure.
In addition, as a substance secreted by fungi to aid in heat
adaptation, trehalose was discovered more than two dec-
ades ago. Many investigations have confirmed that trehalose
plays an important role in the early heat shock response (Luo
et al. 2021). In addition to S. cerevisiae, trehalose has been
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shown to play a protective role in heat stress in C. albicans
(Arguelles 1997), C. neoformans (Ngamskulrungroj et al.
2009), and C. parapsilosis (Sanchez-Fresneda et al. 2014).
Trehalose enables proteins to maintain their conformation at
high temperatures and inhibits the aggregation of denatured
proteins. It also helps the fungus to survive in extreme heat
conditions (Arguelles 1997; Piper 1993). However, failure to
degrade trehalose after the heat shock response may impair
cell recovery from heat shock (Singer and Lindquist 1998).
A recent study showed that increased intracellular treha-
lose levels following heat stress led to increased osmotic
pressure in Schizosaccharomyces pombe, which in turn
activates the cell wall integrity pathway. In the fungal heat
shock response, there is a synergy between trehalose, heat
shock proteins, and lipids to maintain cell membrane integ-
rity (Peter et al. 2021). Glycerol is also synthesized during
the sensitive response period of heat shock. It can main-
tain osmotic pressure balance and enzyme stability in yeast
during heat shock. It also prevents the enzyme from being
inactivated at high temperature (Blomberg 2000; Li et al.
2009; Zancan and Sola-Penna 2005). Arabitols, secreted
by Penicillium roqueforti, have also been shown to play an
important role in heat resistance (Punt et al. 2020). Arabinol
has been shown to help resist osmotic stress in the salt-tol-
erant fungus Fusarium sp. (Smolianiuk et al. 2013). Further
investigation has shown that arabinol is highly expressed in

Normal condition

Candida albicans

Saccharomyces cerevisiae

Penicillium roqueforti

Aspergillus fumigatus,
Candida albicans

Fig.2 The observing morphology and microstructure change of cells
after heat shock. Under external heat stress, some fungi transition
between the yeast and mycelium states. Simultaneously, the spore
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Heat stress

the thermophilic fungus Rhizomucor miehei, thus suggest-
ing that this product may help fungi resist osmotic stress
under heat stress (Ianutsevich et al. 2020). Interestingly,
C. albicans has been found to resist oxidative and osmotic
stress by accumulating glycerol and arabitol in the cell
(Sanchez-Fresneda et al. 2013). Additionally, A. fumigatus
can decrease the damage caused by osmotic stress by accu-
mulating glycerol (Schruefer et al. 2021). Whether glycerol
and arabinol secreted by these pathogenic fungi may help
them survive under high temperature stress requires further
investigation.

Morphological and structural changes
of fungi under heat stress

In the face of temperature stress, fungi change morphology
and structure by perceiving ambient changes in temperature.
Many studies have focused on this in recent years. Observa-
tion of the morphology and microstructure of cells following
heat treatment are summarized in Fig. 2. The classic mor-
phogenesis is thermophilic diphasic fungi, which includes
Coccospora and Histoplasma capsulatum. These fungi can
change form at high temperatures, enhancing their virulence
(Klein and Tebbets 2007). In nature, H. capsulatum grows
in the soil as mold and forms spore-producing hyphae. After

Morphology shift References

Hyphae transform to yeast cells. (Sil 2019)

Yeast cells transform to hyphae. (Berman 2006)

The cell gets bigger, the volume of

(Keuenhof et al. 2022)
most organelles increased.

(van den Brule et al. 2020a; van

The cell gets bigger. den Brule et al. 2020b)

(Fabri et al. 2021; Ikezaki et al.
2019)

The mycelium cell wall is thickened.

volume of some fungi increases, the organelles inside the spore also
markedly change, and unknown structures (electron-translucent struc-
ture) even appear
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these spores are inhaled into the mammalian host, the host
body temperature causes the mycelium to change to a yeast
shape and induce expression of virulence-related genes (Sil
2019). The mechanism underlying the temperature response
in H. capsulatum has been elucidated. Ryp4, a transcription
factor, was identified by analyzing the Ryp regulatory cir-
cuit. Ryp4 was found to be necessary for growth and gene
expression at the yeast stage and is regulated with Rypl,
Ryp2, and Ryp3. This pathway regulates the transition of
H. capsulatum between yeast and filamentous forms in
response to temperature changes (Beyhan et al. 2013). By
contrast, C. albicans grows yeast-like at ambient tempera-
ture while a morphological filamentous form was induced
at high temperature (Berman 2006). This transformation of
C. albicans to different forms requires the formation of actin
lines to coordinate the growth of polarized cells. The tri-
protein complex BNil-BUDG6-AIP5 coordinates nucleation
in actin cable assembly and hyphal growth, thus assisting
in filamentous transformation (Xie et al. 2020). Moreover,
at room temperature, overexpression of C. albicans HSF1
results in upregulation of positive regulators of filamentation
(including Brgl and Ume6), which control the filamentous
morphology of C. albicans (Veri et al. 2018). Thus, filamen-
tous transformation may be conserved in various filamentous
fungi and yeasts.

Paracoccidioides brasiliensis is a pathogenic fungus
causing paracoccidioidomycosis. After changing culture
conditions, such as temperature or carbon dioxide, the fun-
gus is induced to transition from mycelia to pathogenic yeast.
Transcriptional analysis of the mycelium and yeast forms
of P. brasiliensis has revealed upregulation of a variety of
genes in yeast cells responding to heat shock and involved in
defending against oxidative stress, including HSP90, HSP70,
HSP60, and other genes encoding heat shock proteins and
oxidoreductases (Felipe et al. 2005). Another transcriptome
analysis has found that the most upregulated genes encode
exomeric proteins expressed only on the surfaces of yeast
cells. In addition, a variety of genes related to virulence and
stress response are upregulated (Carlin et al. 2021). In fact,
the morphological changes in thermo-dimorphic fungi are
largely caused by temperature stimulation. Meanwhile, the
upregulation of transcription factors related to the stress
response after morphological change also indicates that the
morphological transformation may facilitate better survival
during the heat adaptation process. However, whether the
transformation of fungal morphology directly increases tol-
erance to high temperatures, or is an unrelated phenotype
caused by stress during fungal heat adaptation, remains to
be studied.

Recent studies have begun to focus on the structural
changes of fungi under heat stress, confirming that the mor-
phological changes of fungal spores themselves are also cor-
related with heat resistance. For example, cells were found to

be larger following heat shock treatment than in an untreated
group in S. cerevisiae (Keuenhof et al. 2022). The conid-
ial size of P. roqueforti formed at 30 °C was also 12-14%
larger on average than that at 15 “C and 25 “C (Punt et al.
2020). The average spore size of Paecilomyces variotii was
also positively correlated with heat resistance. In addition,
spore ratio roundness was also significantly correlated with
heat resistance. Elliptic spores of heat-resistant strains were
more spherical than those of heat-sensitive strains, while
those of sensitive strains were more elongated in P. variotii
(van den Brule et al. 2020a; van den Brule et al. 2020b).
In recent studies on osmotic stress of S. cerevisiae, signifi-
cant changes in volume spores were also observed. Further
analysis showed that the change in cell volume was related
to yeast metabolism under osmotic stress (Saldana et al.
2021). Osmotic stress affects both growth control and the
cell cycle, resulting in abnormal fungal spore morphology.
This unusual morphology results from crosstalk between
upstream components of the HOG pathway (Brewster and
Gustin 2014). Fungi not only undergo osmotic stress, but
also have a direct influence of thermal shock during heat
treatment. It is unclear whether the change in cell volume is
related to metabolic enhancement under stress. Moreover,
the mechanisms underlying spore enlargement and structural
changes in some organelles following heat treatment have
not been elucidated.

The internal microstructure of fungal spores also changes
dramatically under heat stress. The organelle structure of S.
cerevisiae was significantly altered by mild and continuous
heat shock at 38 °C (Keuenhof et al. 2022); the volumes of
most organelles, including vacuoles, mitochondria, nuclei,
and multivesicular bodies (MVBs), were increased while the
volume of cytoplasm decreased. MVB volume was increased
nearly 70%. Notably, the authors also observed electron-
translucent structure aggregates near the cell membrane;
this process may be related to increased membrane fluidity
(Keuenhof et al. 2022). MVBs are involved in the transport
of ubiquitin compounds in cells, which may be related to
the increased intracellular degradation (Henne et al. 2011).
Changes in MVB structure may accelerate the degradation
of folded proteins that have accumulated in cells due to the
heat shock response. However, the mechanism of the above-
mentioned changes in organelles after heat treatment has not
yet been explored. ZCF8, a previously unidentified transcrip-
tion factor in C. albicans, maintains vacuolar homeostasis
when fungi are exposed to fluctuations in nitrogen. Overex-
pression of ZCF8 increased the number of large vacuoles in
S. cerevisiae (Reuter-Weissenberger et al. 2021). Fungal vac-
uole enlargement was observed under both heat stress and
nitrogen stress. This suggests ZCF8 may also be involved in
the regulation of vacuolar morphology changes under heat
stress. In addition to the changes in internal microstructure,
it was also found that after 5 min of heat shock, the cell wall
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became significantly thicker in A. fumigatus. Further inves-
tigation found that short-term heat shock stress simultane-
ously triggered co-expression of HSF1 and HSP90. PkcA
and MpkA of the CWI signaling pathway also regulate HSF1
and Hsp90 expression. Each pathway component interacts
with the cell wall to enhance heat resistance in A. fumiga-
tus (Fabri et al. 2021). However, the mechanism underlying
HSF1-mediated thickening of the A. fumigatus cell wall has
not yet been elucidated. The mycelium of C. albicans also
thickens after heat shock treatment (Ikezaki et al. 2019).
Hsp90 also regulates activation of Mkcl, Hogl, and Cek
kinases during heat shock in C. albicans. This regulation
can affect cell wall structure for a long time and lead to heat
resistance of C. albicans (Leach et al. 2012a). These results
suggest a need to explore the mechanism of organelle mor-
phological changes during fungal heat adaptation by study-
ing the regulatory circuits composed of multiple signaling
pathways and transcription factors associated with the fungal
stress response.

Thermal adaptation of pathogenic fungi
in vivo

In addition to thermal shock in the natural environment,
pathogenic fungi are also affected by thermal shock in mam-
malian hosts. The fungus spreads from the environment to
various host sites, including the mouth, lungs, blood, and
central nervous system. In response to pathogenic fungal
infection, the host produces both exogenous and endogenous
pyrogens through a series of signals that travel to the brain.
These pyrogens activate heat neurons in the anterior hypo-
thalamus to achieve a higher thermal balance point, resulting
in fever (Ogoina 2011). This increased temperature leads
to heat stress for the invading pathogens. At the same time,
the body’s immune system quickly responds to the invading
pathogens. The detection and elimination of fungal patho-
gens depends on phagocytes of the innate immune system,
especially macrophages and neutrophils (Erwig and Gow
2016). Invading fungi respond to the elevated temperature
stress by regulating gene expression to alter their morphol-
ogy and metabolites, which contribute to fungal immune
escape (Hopke et al. 2018).

Melanin is a dark green, brown, or black antioxidant
polyphenol pigment required for the secretion of many fun-
gal pathogens to maintain pathogenicity (Lee et al. 2019).
Melanin production significantly enhances the virulence
of human pathogenic fungi and contributes to the survival
of fungi in harsh environments (Nosanchuk et al. 2015). A.
fumigatus produces at least two types of melanin, pyomela-
nin and dihydroxynaphthalene (DHN) melanin. Pyomela-
nin protects fungi from ROS and acts as a defensive com-
pound in response to cell wall stress (Keller et al. 2011;
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Schmaler-Ripcke et al. 2009). Pksp is a precursor in the
formation of DHN-melanin. Active PksP not only inhibits
apoptosis of phagocytes by interfering with host PI3K/Akt
signaling, but also effectively inhibits the acidification of
conidium-containing phagosomes. These features enable A.
fumigatus to survive in phagocytes and to escape human
immune effector cells, successfully multiplying in humans
(Couger et al. 2018; Heinekamp et al. 2012). C. neoformans
is a fungus that has been well studied in vivo. Its polysac-
charide capsules and melanin aid in immune system escape
(Matsumoto et al. 2019). It has been shown that melanin
production, regulated by CAMP and the HOG pathway,
improves C. neoformans resistance to heat and ROS, which
help the fungi survive at human temperatures (Kwon-Chung
and Rhodes 1986). A recent investigation showed that mela-
nin synthesis is also associated with the regulation of HSF1.
Four direct targets of HSF1 have been found in the plant
pathogen Colletotrichum gloeosporioides, all of which are
the melanin synthesis gene CgHSF 1, which activates mela-
nin biosynthesis through transcription (Gao et al. 2022). In
addition to the secretion virulence factor, adaptation of C.
neoformans to host core temperature is accompanied by a
decay of ribosomal protein mRNA mediated by CCR4, the
major mRNA deadenylase. RNA decay also regulates expo-
sure of C. neoformans cell wall glucan to avoid phagocytosis
by immune cells (Bloom et al. 2019).

Amino acid transport is an important nutritional mecha-
nism for fungi. A variety of amino acid permeases of C.
neoformans can help resist environmental stress. These
amino acid permeases can function at elevated temperatures,
thus allowing amino acid transport to occur at unfavora-
ble temperatures to ensure proper nutrient supply (Martho
et al. 2016). Moreover, the roles of amino acid permeases of
C. neoformans in resisting environmental stress have been
confirmed to be related to Ras signal transduction (Calvete
et al. 2019). However, amino acid permease in C. albicans
does not show a temperature-related phenotype, and the
amino acid permease Gap4 induces morphogenesis of C.
albicans by participating in S-adenosylmethionine transport
(Kraidlova et al. 2016). Furthermore, many natural fungi
also change drastically when they enter their mammalian
hosts. This change in temperature gradient from the environ-
ment to the body triggers the fungal adaptive development
program (Gow et al. 2002). Colonization of C. albicans in
the gastrointestinal tract is enhanced by the coexistence of
mycelium and yeast (Witchley et al. 2019). By sensing ambi-
ent temperature, thermal-biphasic fungi, such as Blastomy-
ces dermatitidis, H. capsulatum, Penicillium marneffei, and
Sporothrix schenkii, could undergo mycelium-to-yeast trans-
formation (Casadevall 2017), enhancing their pathogenicity
and immune evasion.

At present, because of the complex internal conditions of
the body, there are few studies on fungal thermal adaptation
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in human infections. To survive in a host, pathogenic fungi
must survive temperature stress, nutrient stress, acid—base
stress, oxidative stress, and immune response stress. It is
thus difficult to study the effect of a single factor, body tem-
perature, on invasive fungi. These multiple stresses jointly
regulate the expression of genes related to the stress response
through multiple signal transduction pathways. These mul-
tiple responses may help fungi enhance their adaptation to
internal stress and accelerate pathogenic infection. In fact,
when pathogenic fungi are exposed to a single stress sig-
nal in the body, they also increase their tolerance to other
stresses (Brown et al. 2019; Mitchell et al. 2009). Human
temperature is an important factor that triggers expression
of virulence genes in pathogenic fungi to cope with various
stresses. Therefore, further investigation of how fungi adapt
to heat stress in the human body will be important.

Conclusion

In this review, we summarize the latest research on the
mechanisms of heat resistance in fungi and classify them
into network regulatory mechanisms of heat perception,
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transcriptional regulation, response, and adaptation. We
also discussed the process of heat adaptation of patho-
genic fungi in vivo. Pathogenic fungi can strengthen their
immune escape ability when stimulated by changes in
human body temperature. An outline of the fungal ther-
mal adaptation mechanism is shown in Fig. 3. A complex
signal regulation network underlies each part of the fungal
heat adaptation process. Each network will require further
investigation. In general, fungal heat stress is accompa-
nied by oxidative and osmotic stress, as well as immune
response stress in the body (Kwon-Chung and Rhodes
1986). There are many shared regulatory elements in
the responses to these abovementioned stresses in fungi
(Caspeta and Nielsen 2015). For example, CgSTE11 of
C. glabrata plays an important role in high temperature
tolerance and broad cross-tolerance to other environmen-
tal stresses, including acids, alcohol, and oxidants (Huang
et al. 2019a). We previously showed that there are cross-
linkages between regulatory elements, signaling path-
ways, and transcription factors, in the resistance to various
stresses (Song et al. 2016; Xin et al. 2020). These provide
clues that elements of other stress response pathways may
play an identical or similar role in fungal heat tolerance

lipid "Ii:‘ridomains
PIRTATTITN 1270
béé basLd

d «
intracellular
acidification

L

—| : Negative relationship, = ==% :Thermal signal, == -I : Not confirmed ,

: The possible presence of fungal heat sensors, Yes: The Src-family kinase Yes, HA :Haemagglutinin, GPI: GPI-anchored protein.

Fig.3 Outline of the process of fungal thermal adaptation mecha-
nism. The fungal cell membrane may be the first sensor of a sudden
increase in external temperature; it subsequently transmits heat sig-
nals into the cell via lipid rafts and other substances that act as signal-
ing molecules. After receiving a heat signal, cells control the expres-
sion of heat-resistance genes and secrete a variety of substances (such
as heat shock proteins, trehalose, and glycerin) through the regulation
of a series of transcription factors, thus helping cells resist the dam-

age caused by heat stress. (a) When the concentration of unfolded
proteins exceeds the capacity of Hsp70 at elevated temperature,
Hsp70 is released from Hsfl, and the released Hsfl induces more
Hsp70. After sufficient Hsp70 is produced to restore protein homeo-
stasis, Hsp70 binds and inactivates Hsfl. Experiments have indicated
that Hsf1 expression is also inhibited by HS90 in vitro. However, fur-
ther evidence is needed to explore the specific mechanism
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and adaptation. We can further confirm central genes that
play a major role in fungal responses to various stresses.
Finally, these molecules can be used as targets to design
effective drugs to combat pathogenic fungal diseases, in
particular for antifungal and heat-resistant fungi.

Author contribution WX and ZYS conceptualized, wrote, and revised
the manuscript. JPZ, JH, CYX, MJIL, and ZYS proofread it. All
authors read and approved the manuscript.

Funding This research was supported financially by Science and
Technology Project of Luzhou (2021-JYJ-73), Technology Strategic
Cooperation Project of Luzhou Municipal People’s Government—
Southwest Medical University (2020LZXNYDP03, 2020LZXNYDIJ38,
2020LZXNYDIJ23), and Foundation of Southwest Medical Univer-
sity (2020ZRQNAO023, 2020ZRQNA039, 2020ZRQNB066, and
2021ZKMS008).

Declarations

Ethical statement This article does not contain any studies with human
participants by any of the authors.

Conflict of interest The authors declare no competing interests.

References

Aboobakar EF, Wang X, Heitman J, Kozubowski L (2011) The C2
domain protein Cts1 functions in the calcineurin signaling cir-
cuit during high-temperature stress responses in Cryptococcus
neoformans. Eukaryot Cell 10(12):1714-1723. https://doi.org/
10.1128/EC.05148-11

Akerfelt M, Morimoto RI, Sistonen L (2010) Heat shock factors: inte-
grators of cell stress, development and lifespan. Nat Rev Mol
Cell Biol 11(8):545-555. https://doi.org/10.1038/nrm2938

Arguelles JC (1997) Thermotolerance and trehalose accumulation
induced by heat shock in yeast cells of Candida albicans. FEMS
Microbiol Lett 146(1):65-71. https://doi.org/10.1111/j.1574-
6968.1997.tb10172.x

Baler R, Welch WJ, Voellmy R (1992) Heat shock gene regulation by
nascent polypeptides and denatured proteins: hsp70 as a potential
autoregulatory factor. J Cell Biol 117(6):1151-1159. https://doi.
org/10.1083/jcb.117.6.1151

Ballweg S, Ernst R (2017) Control of membrane fluidity: the OLE
pathway in focus. Biol Chem 398(2):215-228. https://doi.org/
10.1515/hsz-2016-0277

Bartke N, Hannun YA (2009) Bioactive sphingolipids: metabolism and
function. J Lipid Res 50(Suppl):S91-96. https://doi.org/10.1194/
jlrR800080-JLR200

Bergman A, Casadevall A (2010) Mammalian endothermy optimally
restricts fungi and metabolic costs. mbio 1(5):e00212-10. https://
doi.org/10.1128/mBi0.00212-10

Berman J (2006) Morphogenesis and cell cycle progression in Can-
dida albicans. Curr Opin Microbiol 9(6):595-601. https://doi.
org/10.1016/j.mib.2006.10.007

Beyhan S, Gutierrez M, Voorhies M, Sil A (2013) A temperature-
responsive network links cell shape and virulence traits in a

@ Springer

primary fungal pathogen. PLoS Biol 11(7):e1001614. https://
doi.org/10.1371/journal.pbio.1001614

Blomberg A (2000) Metabolic surprises in Saccharomyces cerevi-
siae during adaptation to saline conditions: questions, some
answers and a model. FEMS Microbiol Lett 182(1):1-8.
https://doi.org/10.1111/j.1574-6968.2000.tb08864.x

Bloom ALM, Jin RM, Leipheimer J, Bard JE, Yergeau D, Wohlfert
EA, Panepinto JC (2019) Thermotolerance in the patho-
gen Cryptococcus neoformans is linked to antigen masking
via mRNA decay-dependent reprogramming. Nat Commun
10(1):4950. https://doi.org/10.1038/s41467-019-12907-x

Brewster JL, Gustin MC (2014) Hog 1: 20 years of discovery and
impact. Sci Signal 7(343):re7. https://doi.org/10.1126/scisi
gnal.2005458

Brown AJP, Gow NAR, Warris A, Brown GD (2019) Memory in
fungal pathogens promotes immune evasion, colonisation, and
infection. Trends Microbiol 27(3):219-230. https://doi.org/10.
1016/j.tim.2018.11.001

Calvete CL, Martho KF, Felizardo G, Paes A, Nunes JM, Ferreira
CO, Vallim MA, Pascon RC (2019) Amino acid permeases
in Cryptococcus neoformans are required for high tempera-
ture growth and virulence; and are regulated by Ras signaling.
PLoS One 14(1):e0211393. https://doi.org/10.1371/journal.
pone.0211393

Carlin AF, Beyhan S, Pena JF, Stajich JE, Viriyakosol S, Fierer J,
Kirkland TN (2021) Transcriptional analysis of Coccidioides
immitis mycelia and spherules by Rna sequencing. J Fungi
(basel) 7(5):366. https://doi.org/10.3390/jof7050366

Casadevall A (2017) Don’t forget the fungi when considering global
catastrophic biorisks. Health Secur 15(4):341-342. https://doi.
org/10.1089/hs.2017.0048

Casadevall A, Kontoyiannis DP, Robert V (2019) On the emergence
of Candida auris: climate change, azoles, swamps, and birds.
mbio 10(4):e01397-19. https://doi.org/10.1128/mBi0.01397-19

Caspeta L, Nielsen J (2015) Thermotolerant yeast strains adapted by
laboratory evolution show trade-off at ancestral temperatures
and preadaptation to other stresses. mbio 6(4):e00431. https://
doi.org/10.1128/mBi0.00431-15

Chen YL, Konieczka JH, Springer DJ, Bowen SE, Zhang J, Silao
FGS, Bungay AAC, Bigol UG, Nicolas MG, Abraham SN,
Thompson DA, Regev A, Heitman J (2012) Convergent evolu-
tion of calcineurin pathway roles in thermotolerance and viru-
lence in Candida glabrata. G3-Genes Genom Genet 2(6):675—
691. https://doi.org/10.1534/g3.112.002279

Chen PW, Fonseca LL, Hannun YA, Voit EO (2013) Coordination
of rapid sphingolipid responses to heat stress in yeast. PLoS
Comput Biol 9(5):¢1003078. https://doi.org/10.1371/journal.
pcbi. 1003078

Chow EWL, Clancey SA, Billmyre RB, Averette AF, Granek JA,
Mieczkowski P, Cardenas ME, Heitman J (2017) Elucidation
of the calcineurin-Crz1 stress response transcriptional network
in the human fungal pathogen Cryptococcus neoformans. Plos
Genet 13(4):e1006667. https://doi.org/10.1371/journal.pgen.
1006667

Chowdhury S, Maris C, Allain FH, Narberhaus F (2006) Molecular
basis for temperature sensing by an RNA thermometer. EMBO
J25(11):2487-2497. https://doi.org/10.1038/sj.emboj.7601128

Couger B, Weirick T, Damasio ARL, Segato F, Polizeli M, de Almeida
RSC, Goldman GH, Prade RA (2018) The genome of a thermo
tolerant, pathogenic albino Aspergillus fumigatus. Front Micro-
biol 9:1827. https://doi.org/10.3389/fmicb.2018.01827

Covino R, Ballweg S, Stordeur C, Michaelis JB, Puth K, Wernig F,
Bahrami A, Ernst AM, Hummer G, Ernst R (2016) A eukaryotic
sensor for membrane lipid saturation. Mol Cell 63(1):49-59.
https://doi.org/10.1016/j.molcel.2016.05.015


https://doi.org/10.1128/EC.05148-11
https://doi.org/10.1128/EC.05148-11
https://doi.org/10.1038/nrm2938
https://doi.org/10.1111/j.1574-6968.1997.tb10172.x
https://doi.org/10.1111/j.1574-6968.1997.tb10172.x
https://doi.org/10.1083/jcb.117.6.1151
https://doi.org/10.1083/jcb.117.6.1151
https://doi.org/10.1515/hsz-2016-0277
https://doi.org/10.1515/hsz-2016-0277
https://doi.org/10.1194/jlr.R800080-JLR200
https://doi.org/10.1194/jlr.R800080-JLR200
https://doi.org/10.1128/mBio.00212-10
https://doi.org/10.1128/mBio.00212-10
https://doi.org/10.1016/j.mib.2006.10.007
https://doi.org/10.1016/j.mib.2006.10.007
https://doi.org/10.1371/journal.pbio.1001614
https://doi.org/10.1371/journal.pbio.1001614
https://doi.org/10.1111/j.1574-6968.2000.tb08864.x
https://doi.org/10.1038/s41467-019-12907-x
https://doi.org/10.1126/scisignal.2005458
https://doi.org/10.1126/scisignal.2005458
https://doi.org/10.1016/j.tim.2018.11.001
https://doi.org/10.1016/j.tim.2018.11.001
https://doi.org/10.1371/journal.pone.0211393
https://doi.org/10.1371/journal.pone.0211393
https://doi.org/10.3390/jof7050366
https://doi.org/10.1089/hs.2017.0048
https://doi.org/10.1089/hs.2017.0048
https://doi.org/10.1128/mBio.01397-19
https://doi.org/10.1128/mBio.00431-15
https://doi.org/10.1128/mBio.00431-15
https://doi.org/10.1534/g3.112.002279
https://doi.org/10.1371/journal.pcbi.1003078
https://doi.org/10.1371/journal.pcbi.1003078
https://doi.org/10.1371/journal.pgen.1006667
https://doi.org/10.1371/journal.pgen.1006667
https://doi.org/10.1038/sj.emboj.7601128
https://doi.org/10.3389/fmicb.2018.01827
https://doi.org/10.1016/j.molcel.2016.05.015

Applied Microbiology and Biotechnology (2022) 106:5415-5431

5427

de Oliveira TB, Gostincar C, Gunde-Cimerman N, Rodrigues A (2018)
Genome mining for peptidases in heat-tolerant and mesophilic
fungi and putative adaptations for thermostability. BMC Genom-
ics 19(1):152. https://doi.org/10.1186/512864-018-4549-5

Delarze E, Brandt L, Trachsel E, Patxot M, Pralong C, Maranzano F,
Chauvel M, Legrand M, Znaidi S, Bougnoux ME, d’Enfert C,
Sanglard D (2020) Identification and characterization of media-
tors of fluconazole tolerance in Candida albicans. Front Micro-
biol 11:591140. https://doi.org/10.3389/fmicb.2020.591140

Digel I (2011) Primary thermosensory events in cells. Adv Exp Med
Biol 704:451-468. https://doi.org/10.1007/978-94-007-0265-3 _
25

Dunayevich P, Baltanas R, Clemente JA, Couto A, Sapochnik D,
Vasen G, Colman-Lerner A (2018) Heat-stress triggers MAPK
crosstalk to turn on the hyperosmotic response pathway. Sci Rep
8(1):15168. https://doi.org/10.1038/s41598-018-33203-6

Erwig LP, Gow NA (2016) Interactions of fungal pathogens with
phagocytes. Nat Rev Microbiol 14(3):163-176. https://doi.org/
10.1038/nrmicro.2015.21

Fabri J, de Sa NP, Malavazi I, Del Poeta M (2020) The dynamics and
role of sphingolipids in eukaryotic organisms upon thermal adap-
tation. Prog Lipid Res 80:101063. https://doi.org/10.1016/j.plipr
€s.2020.101063

Fabri J, Rocha MC, Fernandes CM, Persinoti GF, Ries LNA, da Cunha
AF, Goldman GH, Del Poeta M, Malavazi I (2021) The heat
shock transcription factor hsfA is essential for thermotoler-
ance and regulates cell wall integrity in Aspergillus fumigatus.
Front Microbiol 12:656548. https://doi.org/10.3389/fmicb.2021.
656548

Felipe MS, Andrade RV, Arraes FB, Nicola AM, Maranhao AQ, Tor-
res FA, Silva-Pereira I, Pocas-Fonseca MJ, Campos EG, Moraes
LM, Andrade PA, Tavares AH, Silva SS, Kyaw CM, Souza DP,
Pereira M, Jesuino RS, Andrade EV, Parente JA, Oliveira GS,
Barbosa MS, Martins NF, Fachin AL, Cardoso RS, Passos GA,
Almeida NF, Walter ME, Soares CM, Carvalho MJ, Brigido
MM, PbGenome N (2005) Transcriptional profiles of the human
pathogenic fungus Paracoccidioides brasiliensis in mycelium
and yeast cells. J Biol Chem 280(26):24706-24714. https://doi.
org/10.1074/jbc.M500625200

Futerman AH, Schuldiner M (2010) Lipids: the plasma membrane
code. Nat Chem Biol 6(7):487-488. https://doi.org/10.1038/
nchembio.397

Gao L, LiuY, Sun H, Li C, Zhao Z, Liu G (2016) Advances in mecha-
nisms and modifications for rendering yeast thermotolerance. J
Biosci Bioeng 121(6):599-606. https://doi.org/10.1016/].jbiosc.
2015.11.002

Gao X, Wang Q, Feng Q, Zhang B, He C, Luo H, An B (2022) Heat
shock transcription factor CgHSF1 is required for melanin bio-
synthesis, appressorium formation, and pathogenicity in colle-
totrichum gloeosporioides. J Fungi (basel) 8(2):175. https://doi.
org/10.3390/j0f8020175

Giacometti R, Kronberg F, Biondi RM, Passeron S (2009) Catalytic
isoforms Tpk1 and Tpk2 of Candida albicans PKA have non-
redundant roles in stress response and glycogen storage. Yeast
26(5):273-285. https://doi.org/10.1002/yea.1665

Gow NA, Brown AJ, Odds FC (2002b) Fungal morphogenesis and host
invasion. Curr Opin Microbiol 5(4):366-371. https://doi.org/10.
1016/s1369-5274(02)00338-7

Heinekamp T, Thywissen A, Macheleidt J, Keller S, Valiante V, Bra-
khage AA (2012) Aspergillus fumigatus melanins: interference
with the host endocytosis pathway and impact on virulence. Front
Microbiol 3:440. https://doi.org/10.3389/fmicb.2012.00440

Henne WM, Buchkovich NJ, Emr SD (2011) The ESCRT pathway.
Dev Cell 21(1):77-91. https://doi.org/10.1016/j.devcel.2011.
05.015

Hoenigl M (2021) Invasive fungal disease complicating corona-
virus disease 2019: when it rains, it spores. Clin Infect Dis
73(7):e1645—e1648. https://doi.org/10.1093/cid/ciaal 342

Hopke A, Brown AJP, Hall RA, Wheeler RT (2018) Dynamic fungal
cell wall architecture in stress adaptation and immune evasion.
Trends Microbiol 26(4):284-295. https://doi.org/10.1016/j.tim.
2018.01.007

Hu G, Horianopoulos L, Sanchez-Leon E, Caza M, Jung W, Kronstad
JW (2021) The monothiol glutaredoxin Grx4 influences thermo-
tolerance, cell wall integrity, and Mpk1 signaling in Cryptococ-
cus neoformans. G3 (Bethesda) 11(11):jkab322. https://doi.org/
10.1093/g3journal/jkab322

Huang M, Khan J, Kaur M, Vanega JDT, Patino OAA, Ramasubrama-
nian AK, Kao KC (2019a) CgSTE11 mediates cross tolerance to
multiple environmental stressors in Candida glabrata. Sci Rep
9(1):17036. https://doi.org/10.1038/s41598-019-53593-5

Huang S, Keyhani NO, Zhao X, Zhang Y (2019b) The Thm1 Zn(I)2
Cys6 transcription factor contributes to heat, membrane integrity
and virulence in the insect pathogenic fungus Beauveria bassi-
ana. Environ Microbiol 21(8):3153-3171. https://doi.org/10.
1111/1462-2920.14718

Hussein B, Huang H, Glory A, Osmani A, Kaminskyj S, Nantel A,
Bachewich C (2011) G1/S transcription factor orthologues Swidp
and Swibp are important but not essential for cell proliferation
and influence hyphal development in the fungal pathogen Can-
dida albicans. Eukaryot Cell 10(3):384-397. https://doi.org/10.
1128/EC.00278-10

Tanutsevich EA, Danilova OA, Kurilov DV, Zavarzin IV, Tereshina VM
(2020) Osmolytes and membrane lipids in adaptive response of
thermophilic fungus Rhizomucor miehei to cold, osmotic and
oxidative shocks. Extremophiles 24(3):391-401. https://doi.org/
10.1007/500792-020-01163-3

Iessi E, Marconi M, Manganelli V, Sorice M, Malorni W, Garofalo T,
Matarrese P (2020) On the role of sphingolipids in cell survival
and death. Int Rev Cell Mol Biol 351:149-195. https://doi.org/
10.1016/bs.ircmb.2020.02.004

Ikezaki S, Cho T, Nagao JI, Tasaki S, Yamaguchi M, Arita-Morioka
KI, Yasumatsu K, Chibana H, Ikebe T, Tanaka Y (2019) Mild
heat stress affects on the cell wall structure in Candida albicans
biofilm. Med Mycol J 60(2):29-37. https://doi.org/10.3314/mmj.
19-00001

Jarolim S, Ayer A, Pillay B, Gee AC, Phrakaysone A, Perrone GG, Bre-
itenbach M, Dawes IW (2013) Saccharomyces cerevisiae genes
involved in survival of heat shock. G3 (Bethesda) 3(12):2321-
2333. https://doi.org/10.1534/g3.113.007971

Jenkins GM, Richards A, Wahl T, Mao C, Obeid L, Hannun Y (1997)
Involvement of yeast sphingolipids in the heat stress response of
Saccharomyces cerevisiae. J Biol Chem 272(51):32566-32572.
https://doi.org/10.1074/jbc.272.51.32566

Johnson BC, Zibordi G, Brown SW, Feinholz ME, Sorokin MG, Slut-
sker I, Woodward JT, Yoon HW (2021) Characterization and
absolute calibration of an AERONET-OC radiometer. Appl Opt
60(12):3380-3392. https://doi.org/10.1364/A0.419766

Jones JG (2016) Hepatic glucose and lipid metabolism. Diabetologia
59(6):1098-1103. https://doi.org/10.1007/s00125-016-3940-5

Jung JH, Domijan M, Klose C, Biswas S, Ezer D, Gao M, Khattak AK,
Box MS, Charoensawan V, Cortijo S, Kumar M, Grant A, Locke
JC, Schafer E, Jaeger KE, Wigge PA (2016) Phytochromes func-
tion as thermosensors in Arabidopsis. Science 354(6314):886—
889. https://doi.org/10.1126/science.aaf6005

Juvvadi PR, Lee SC, Heitman J, Steinbach WJ (2017) Calcineurin in
fungal virulence and drug resistance: prospects for harnessing
targeted inhibition of calcineurin for an antifungal therapeutic
approach. Virulence 8(2):186—197. https://doi.org/10.1080/
21505594.2016.1201250

@ Springer


https://doi.org/10.1186/s12864-018-4549-5
https://doi.org/10.3389/fmicb.2020.591140
https://doi.org/10.1007/978-94-007-0265-3_25
https://doi.org/10.1007/978-94-007-0265-3_25
https://doi.org/10.1038/s41598-018-33203-6
https://doi.org/10.1038/nrmicro.2015.21
https://doi.org/10.1038/nrmicro.2015.21
https://doi.org/10.1016/j.plipres.2020.101063
https://doi.org/10.1016/j.plipres.2020.101063
https://doi.org/10.3389/fmicb.2021.656548
https://doi.org/10.3389/fmicb.2021.656548
https://doi.org/10.1074/jbc.M500625200
https://doi.org/10.1074/jbc.M500625200
https://doi.org/10.1038/nchembio.397
https://doi.org/10.1038/nchembio.397
https://doi.org/10.1016/j.jbiosc.2015.11.002
https://doi.org/10.1016/j.jbiosc.2015.11.002
https://doi.org/10.3390/jof8020175
https://doi.org/10.3390/jof8020175
https://doi.org/10.1002/yea.1665
https://doi.org/10.1016/s1369-5274(02)00338-7
https://doi.org/10.1016/s1369-5274(02)00338-7
https://doi.org/10.3389/fmicb.2012.00440
https://doi.org/10.1016/j.devcel.2011.05.015
https://doi.org/10.1016/j.devcel.2011.05.015
https://doi.org/10.1093/cid/ciaa1342
https://doi.org/10.1016/j.tim.2018.01.007
https://doi.org/10.1016/j.tim.2018.01.007
https://doi.org/10.1093/g3journal/jkab322
https://doi.org/10.1093/g3journal/jkab322
https://doi.org/10.1038/s41598-019-53593-5
https://doi.org/10.1111/1462-2920.14718
https://doi.org/10.1111/1462-2920.14718
https://doi.org/10.1128/EC.00278-10
https://doi.org/10.1128/EC.00278-10
https://doi.org/10.1007/s00792-020-01163-3
https://doi.org/10.1007/s00792-020-01163-3
https://doi.org/10.1016/bs.ircmb.2020.02.004
https://doi.org/10.1016/bs.ircmb.2020.02.004
https://doi.org/10.3314/mmj.19-00001
https://doi.org/10.3314/mmj.19-00001
https://doi.org/10.1534/g3.113.007971
https://doi.org/10.1074/jbc.272.51.32566
https://doi.org/10.1364/AO.419766
https://doi.org/10.1007/s00125-016-3940-5
https://doi.org/10.1126/science.aaf6005
https://doi.org/10.1080/21505594.2016.1201250
https://doi.org/10.1080/21505594.2016.1201250

5428

Applied Microbiology and Biotechnology (2022) 106:5415-5431

Keller S, Macheleidt J, Scherlach K, Schmaler-Ripcke J, Jacobsen
ID, Heinekamp T, Brakhage AA (2011) Pyomelanin forma-
tion in Aspergillus fumigatus requires HmgX and the tran-
scriptional activator HmgR but is dispensable for virulence.
PLoS One 6(10):e26604. https://doi.org/10.1371/journal.pone.
0026604

Keuenhof KS, Larsson Berglund L, Malmgren Hill S, Schneider
KL, Widlund PO, Nystrom T, Hoog JL (2022) Large organel-
lar changes occur during mild heat shock in yeast. J Cell Sci
135(5):jcs258325. https://doi.org/10.1242/jcs.258325

Kim JS, Lee KT, Lee MH, Cheong E, Bahn YS (2021) Adenylyl
cyclase and protein kinase a play redundant and distinct roles
in growth, differentiation, antifungal drug resistance, and path-
ogenicity of Candida auris. mbio 12(5):e0272921. https://doi.
org/10.1128/mBi0.02729-21

Klein BS, Tebbets B (2007) Dimorphism and virulence in fungi.
Curr Opin Microbiol 10(4):314-319. https://doi.org/10.1016/].
mib.2007.04.002

Klinkert B, Narberhaus F (2009) Microbial thermosensors. Cell
Mol Life Sci 66(16):2661-2676. https://doi.org/10.1007/
s00018-009-0041-3

Kraidlova L, Schrevens S, Tournu H, Van Zeebroeck G, Sychrova H,
Van Dijck P (2016) Characterization of the Candida albicans
amino acid permease family: Gap2 is the only general amino
acid permease and Gap4 is an s-adenosylmethionine (SAM)
transporter required for SAM-induced morphogenesis. msphere
1(6):¢00284-16. https://doi.org/10.1128/mSphere.00284-16

Krakowiak J, Zheng X, Patel N, Feder ZA, Anandhakumar J, Vale-
rius K, Gross DS, Khalil AS, Pincus D (2018) Hsf1 and Hsp70
constitute a two-component feedback loop that regulates the
yeast heat shock response. Elife 7:¢31668. https://doi.org/10.
7554/eLife.31668

Kroschwald S, Maharana S, Mateju D, Malinovska L, Nuske E, Poser
I, Richter D, Alberti S (2015) Promiscuous interactions and
protein disaggregases determine the material state of stress-
inducible RNP granules. Elife 4:e06807. https://doi.org/10.
7554/eLife.06807

Kwon-Chung KJ, Rhodes JC (1986) Encapsulation and melanin for-
mation as indicators of virulence in Cryptococcus neoformans.
Infect Immun 51(1):218-223. https://doi.org/10.1128/iai.51.1.
218-223.1986

Laman Trip DS, Youk H (2020) Yeasts collectively extend the limits
of habitable temperatures by secreting glutathione. Nat Micro-
biol 5(7):943-954. https://doi.org/10.1038/541564-020-0704-2

Leach MD, Cowen LE (2014a) Membrane fluidity and temperature
sensing are coupled via circuitry comprised of Olel, Rsp5, and
Hsfl in Candida albicans. Eukaryot Cell 13(8):1077-1084.
https://doi.org/10.1128/EC.00138-14

Leach MD, Cowen LE (2014b) To sense or die: mechanisms of tem-
perature sensing in fungal pathogens. Curr Fungal Infect Rep
2014(8):185-191. https://doi.org/10.1007/s12281-014-0182-1

Leach MD, Budge S, Walker L, Munro C, Cowen LE, Brown AJ
(2012a) Hsp90 orchestrates transcriptional regulation by Hsf1l
and cell wall remodelling by MAPK signalling during thermal
adaptation in a pathogenic yeast. PLoS Pathog 8(12):e1003069.
https://doi.org/10.1371/journal.ppat. 1003069

Leach MD, Tyc KM, Brown AJ, Klipp E (2012b) Modelling the
regulation of thermal adaptation in Candida albicans, a major
fungal pathogen of humans. PLoS One 7(3):e32467. https://
doi.org/10.1371/journal.pone.0032467

Leach MD, Farrer RA, Tan K, Miao Z, Walker LA, Cuomo CA,
Wheeler RT, Brown AJ, Wong KH, Cowen LE (2016) Hsf1
and Hsp90 orchestrate temperature-dependent global transcrip-
tional remodelling and chromatin architecture in Candida albi-
cans. Nat Commun 7:11704. https://doi.org/10.1038/ncomm
s11704

@ Springer

Lee D, Jang EH, Lee M, Kim SW, Lee Y, Lee KT, Bahn YS (2019)
Unraveling melanin biosynthesis and signaling networks in Cryp-
tococcus neoformans. mbio 10(5):¢02267-19. https://doi.org/10.
1128/mBi0.02267-19

LiL, Ye Y, Pan L, Zhu Y, Zheng S, Lin Y (2009) The induction of
trehalose and glycerol in Saccharomyces cerevisiae in response
to various stresses. Biochem Biophys Res Commun 387(4):778—
783. https://doi.org/10.1016/j.bbrc.2009.07.113

Li F, Wang ZL, Zhang LB, Ying SH, Feng MG (2015) The role of three
calcineurin subunits and a related transcription factor (Crzl) in
conidiation, multistress tolerance and virulence in Beauveria
bassiana. Appl Microbiol Biotechnol 99(2):827-840. https://
doi.org/10.1007/s00253-014-6124-6

Li P, Fu X, Zhang L, Zhang Z, Li J, Li S (2017) The transcription fac-
tors Hsf1 and Msn?2 of thermotolerant Kluyveromyces marxianus
promote cell growth and ethanol fermentation of Saccharomy-
ces cerevisiae at high temperatures. Biotechnol Biofuels 10:289.
https://doi.org/10.1186/s13068-017-0984-9

Li P, Fu X, Zhang L, Li S (2019) CRISPR/Cas-based screening of a
gene activation library in Saccharomyces cerevisiae identifies
a crucial role of OLE1 in thermotolerance. Microb Biotechnol
12(6):1154-1163. https://doi.org/10.1111/1751-7915.13333

Liao X, Lu HL, Fang W, St Leger RJ (2014) Overexpression of a
Metarhizium robertsii HSP25 gene increases thermotolerance
and survival in soil. Appl Microbiol Biotechnol 98(2):777-783.
https://doi.org/10.1007/s00253-013-5360-5

Lim SY, Son YE, Lee DH, Eom TJ, Kim MJ, Park HS (2019) Func-
tion of crzA in fungal development and aflatoxin production in
Aspergillus flavus. Toxins (basel) 11(10):567. https://doi.org/10.
3390/toxins11100567

Luo L, Zhang S, Wu J, Sun X, Ma A (2021) Heat stress in macro-
fungi: effects and response mechanisms. Appl Microbiol
Biotechnol 105(20):7567-7576. https://doi.org/10.1007/
s00253-021-11574-7

Lutz S, Brion C, Kliebhan M, Albert FW (2019) DNA variants affect-
ing the expression of numerous genes in trans have diverse
mechanisms of action and evolutionary histories. PLoS Genet
15(11):e1008375. https://doi.org/10.1371/journal.pgen.1008375

Martho KF, de Melo AT, Takahashi JP, Guerra JM, Santos DC, Purisco
SU, Melhem MS, Fazioli RD, Phanord C, Sartorelli P, Vallim
MA, Pascon RC (2016) Amino acid permeases and virulence in
Cryptococcus neoformans. PLoS One 11(10):e0163919. https://
doi.org/10.1371/journal.pone.0163919

Martinez-Pastor MT, Perea-Garcia A, Puig S (2017) Mechanisms of
iron sensing and regulation in the yeast Saccharomyces cerevi-
siae. World J Microbiol Biotechnol 33(4):75. https://doi.org/10.
1007/s11274-017-2215-8

Masser AE, Kang W, Roy J, Mohanakrishnan Kaimal J, Quintana-
Cordero J, Friedlander MR, Andreasson C (2019) Cytoplasmic
protein misfolding titrates Hsp70 to activate nuclear Hsfl. Elife
8:e47791. https://doi.org/10.7554/eLife.47791

Masser AE, Ciccarelli M, Andreasson C (2020) Hsf1 on a leash - con-
trolling the heat shock response by chaperone titration. Exp Cell
Res 396(1):112246. https://doi.org/10.1016/j.yexcr.2020.112246

Matsumoto Y, Azami S, Shiga H, Nagamachi T, Moriyama H,
Yamashita Y, Yoshikawa A, Sugita T (2019) Induction of signal
transduction pathways related to the pathogenicity of Crypto-
coccus neoformans in the host environment. Drug Discov Ther
13(4):177-182. https://doi.org/10.5582/ddt.2019.01047

Mechoud MA, Pujol-Carrion N, Montella-Manuel S, de la Torre-
Ruiz MA (2020) Interactions of GMP with human GIrx3 and
with Saccharomyces cerevisiae Grx3 and Grx4 converge in
the regulation of the Gen2 pathway. Appl Environ Microbiol
86(14):¢00221-e320. https://doi.org/10.1128/AEM.00221-20

Mikami K, Murata N (2003) Membrane fluidity and the perception of
environmental signals in cyanobacteria and plants. Prog Lipid


https://doi.org/10.1371/journal.pone.0026604
https://doi.org/10.1371/journal.pone.0026604
https://doi.org/10.1242/jcs.258325
https://doi.org/10.1128/mBio.02729-21
https://doi.org/10.1128/mBio.02729-21
https://doi.org/10.1016/j.mib.2007.04.002
https://doi.org/10.1016/j.mib.2007.04.002
https://doi.org/10.1007/s00018-009-0041-3
https://doi.org/10.1007/s00018-009-0041-3
https://doi.org/10.1128/mSphere.00284-16
https://doi.org/10.7554/eLife.31668
https://doi.org/10.7554/eLife.31668
https://doi.org/10.7554/eLife.06807
https://doi.org/10.7554/eLife.06807
https://doi.org/10.1128/iai.51.1.218-223.1986
https://doi.org/10.1128/iai.51.1.218-223.1986
https://doi.org/10.1038/s41564-020-0704-2
https://doi.org/10.1128/EC.00138-14
https://doi.org/10.1007/s12281-014-0182-1
https://doi.org/10.1371/journal.ppat.1003069
https://doi.org/10.1371/journal.pone.0032467
https://doi.org/10.1371/journal.pone.0032467
https://doi.org/10.1038/ncomms11704
https://doi.org/10.1038/ncomms11704
https://doi.org/10.1128/mBio.02267-19
https://doi.org/10.1128/mBio.02267-19
https://doi.org/10.1016/j.bbrc.2009.07.113
https://doi.org/10.1007/s00253-014-6124-6
https://doi.org/10.1007/s00253-014-6124-6
https://doi.org/10.1186/s13068-017-0984-9
https://doi.org/10.1111/1751-7915.13333
https://doi.org/10.1007/s00253-013-5360-5
https://doi.org/10.3390/toxins11100567
https://doi.org/10.3390/toxins11100567
https://doi.org/10.1007/s00253-021-11574-7
https://doi.org/10.1007/s00253-021-11574-7
https://doi.org/10.1371/journal.pgen.1008375
https://doi.org/10.1371/journal.pone.0163919
https://doi.org/10.1371/journal.pone.0163919
https://doi.org/10.1007/s11274-017-2215-8
https://doi.org/10.1007/s11274-017-2215-8
https://doi.org/10.7554/eLife.47791
https://doi.org/10.1016/j.yexcr.2020.112246
https://doi.org/10.5582/ddt.2019.01047
https://doi.org/10.1128/AEM.00221-20

Applied Microbiology and Biotechnology (2022) 106:5415-5431

5429

Res 42(6):527-543. https://doi.org/10.1016/s0163-7827(03)
00036-5

Miot M, Reidy M, Doyle SM, Hoskins JR, Johnston DM, Genest O,
Vitery MC, Masison DC, Wickner S (2011) Species-specific col-
laboration of heat shock proteins (Hsp) 70 and 100 in thermo-
tolerance and protein disaggregation. Proc Natl Acad Sci U S A
108(17):6915-6920. https://doi.org/10.1073/pnas.1102828108

Mir SS, Fiedler D, Cashikar AG (2009) Ssd1 is required for thermo-
tolerance and Hsp104-mediated protein disaggregation in Sac-
charomyces cerevisiae. Mol Cell Biol 29(1):187-200. https://doi.
org/10.1128/MCB.02271-07

Mitchell A, Romano GH, Groisman B, Yona A, Dekel E, Kupiec M,
Dahan O, Pilpel Y (2009) Adaptive prediction of environmental
changes by microorganisms. Nature 460(7252):220-224. https://
doi.org/10.1038/nature08112

Moraitis C, Curran BP (2004) Reactive oxygen species may influence
the heat shock response and stress tolerance in the yeast Sac-
charomyces cerevisiae. Yeast 21(4):313-323. https://doi.org/10.
1002/yea.1078

Nair R, Khandelwal NK, Shariq M, Redhu AK, Gaur NA, Shaikh S,
Prasad R (2018) Identification of genome-wide binding sites of
heat shock factor 1, Hsfl, under basal conditions in the human
pathogenic yeast. Candida Albicans AMB Express 8(1):116.
https://doi.org/10.1186/s13568-018-0647-7

Narberhaus F, Waldminghaus T, Chowdhury S (2006) RNA thermome-
ters. FEMS Microbiol Rev 30(1):3-16. https://doi.org/10.1111/j.
1574-6976.2005.004.x

Nasution O, Lee YM, Kim E, Lee Y, Kim W, Choi W (2017) Overex-
pression of OLE1 enhances stress tolerance and constitutively
activates the MAPK HOG pathway in Saccharomyces cerevisiae.
Biotechnol Bioeng 114(3):620-631. https://doi.org/10.1002/bit.
26093

Ngamskulrungroj P, Himmelreich U, Breger JA, Wilson C, Chayakul-
keeree M, Krockenberger MB, Malik R, Daniel HM, Toffaletti
D, Djordjevic JT, Mylonakis E, Meyer W, Perfect JR (2009) The
trehalose synthesis pathway is an integral part of the virulence
composite for Cryptococcus gattii. Infect Immun 77(10):4584—
4596. https://doi.org/10.1128/IA1.00565-09

Nicholls S, Straffon M, Enjalbert B, Nantel A, Macaskill S, Whiteway
M, Brown AJ (2004) Msn2- and Msn4-like transcription factors
play no obvious roles in the stress responses of the fungal patho-
gen Candida albicans. Eukaryot Cell 3(5):1111-1123. https://
doi.org/10.1128/EC.3.5.1111-1123.2004

Nishad A, Nandi AK (2021) Recent advances in plant thermomem-
ory. Plant Cell Rep 40(1):19-27. https://doi.org/10.1007/
$00299-020-02604-1

Nosanchuk JD, Stark RE, Casadevall A (2015) Fungal melanin: what
do we know about structure? Front Microbiol 6:1463. https://doi.
org/10.3389/fmicb.2015.01463

Ogoina D (2011) Fever, fever patterns and diseases called "fever’—a
review. J Infect Public Health 4(3):108-124. https://doi.org/10.
1016/j.jiph.2011.05.002

Panja AS, Bandopadhyay B, Maiti S (2015) Protein thermostability is
owing to their preferences to non-polar smaller volume amino
acids, variations in residual physico-chemical properties and
more salt-bridges. PLoS One 10(7):e0131495. https://doi.org/
10.1371/journal.pone.0131495

Peffer S, Goncalves D, Morano KA (2019) Regulation of the Hsfl-
dependent transcriptome via conserved bipartite contacts with
Hsp70 promotes survival in yeast. J Biol Chem 294(32):12191—
12202. https://doi.org/10.1074/jbc.RA119.008822

Peter M, Gudmann P, Kota Z, Torok Z, Vigh L, Glatz A, Balogh G
(2021) Lipids and trehalose actively cooperate in heat stress
management of Schizosaccharomyces pombe. Int J Mol Sci
22(24):13272. https://doi.org/10.3390/ijms222413272

Pincus D (2017) Size doesn’t matter in the heat shock response.
Curr Genet 63(2):175-178. https://doi.org/10.1007/
$00294-016-0638-7

Piper PW (1993) Molecular events associated with acquisition of heat
tolerance by the yeast Saccharomyces cerevisiae. FEMS Micro-
biol Rev 11(4):339-355. https://doi.org/10.1111/j.1574-6976.
1993.tb00005.x

Punt M, van den Brule T, Teertstra WR, Dijksterhuis J, den Besten
HMW, Ohm RA, Wosten HAB (2020) Impact of maturation and
growth temperature on cell-size distribution, heat-resistance,
compatible solute composition and transcription profiles of Peni-
cillium roqueforti conidia. Food Res Int 136:109287. https://doi.
org/10.1016/j.foodres.2020.109287

Reca S, Galello F, Ojeda L, Pautasso C, Canonero L, Moreno S, Portela
P (1863) Rossi S (2020) Chromatin remodeling and transcription
of the TPK1 subunit of PKA during stress in Saccharomyces
cerevisiae. Biochim Biophys Acta Gene Regul Mech 9:194599.
https://doi.org/10.1016/j.bbagrm.2020.194599

Reuter-Weissenberger P, Meir J, Perez JC (2021) A fungal transcription
regulator of vacuolar function modulates Candida albicans inter-
actions with host epithelial cells. mbio 12(6):e0302021. https://
doi.org/10.1128/mBi0.03020-21

Ribeiro TP, Fonseca FL, de Carvalho MD, Godinho RM, de Almeida
FP, Saint’Pierre TD, Rey NA, Fernandes C, Horn A Jr, Pereira
MD (2017) Metal-based superoxide dismutase and catalase mim-
ics reduce oxidative stress biomarkers and extend life span of
Saccharomyces cerevisiae. Biochem J 474(2):301-315. https://
doi.org/10.1042/BCJ20160480

Robert VA, Casadevall A (2009) Vertebrate endothermy restricts most
fungi as potential pathogens. J Infect Dis 200(10):1623—-1626.
https://doi.org/10.1086/644642

Rockwell NC, Lagarias JC (2017) Phytochrome diversification in
cyanobacteria and eukaryotic algae. Curr Opin Plant Biol 37:87—
93. https://doi.org/10.1016/j.pbi.2017.04.003

Saldana C, Villava C, Ramirez-Villarreal J, Morales-Tlalpan V, Cam-
pos-Guillen J, Chavez-Servin J, Garcia-Gasca T (2021) Rapid
and reversible cell volume changes in response to osmotic stress
in yeast. Braz J Microbiol 52(2):895-903. https://doi.org/10.
1007/s42770-021-00427-0

Salmanton-Garcia J, Sprute R, Stemler J, Bartoletti M, Dupont D,
Valerio M, Garcia-Vidal C, Falces-Romero I, Machado M, de
la Villa S, Schroeder M, Hoyo I, Hanses F, Ferreira-Paim K,
Giacobbe DR, Meis JF, Gangneux JP, Rodriguez-Guardado A,
Antinori S, Sal E, Malaj X, Seidel D, Cornely OA, Koehler P,
FungiScope European Confederation of Medical Mycology/The
International Society for H, Animal Mycology Working G (2021)
COVID-19-associated pulmonary aspergillosis, March-August
2020. Emerg Infect Dis 27(4):1077-1086. https://doi.org/10.
3201/eid2704.204895

Sanchez-Fresneda R, Guirao-Abad JP, Arguelles A, Gonzalez-Parraga
P, Valentin E, Arguelles JC (2013) Specific stress-induced stor-
age of trehalose, glycerol and D-arabitol in response to oxida-
tive and osmotic stress in Candida albicans. Biochem Biophys
Res Commun 430(4):1334-1339. https://doi.org/10.1016/j.bbrc.
2012.10.118

Sanchez-Fresneda R, Martinez-Esparza M, Maicas S, Arguelles JC,
Valentin E (2014) In Candida parapsilosis the ATC1 gene
encodes for an acid trehalase involved in trehalose hydrolysis,
stress resistance and virulence. PLoS One 9(6):e99113. https://
doi.org/10.1371/journal.pone.0099113

Schmaler-Ripcke J, Sugareva V, Gebhardt P, Winkler R, Kniemeyer O,
Heinekamp T, Brakhage AA (2009) Production of pyomelanin, a
second type of melanin, via the tyrosine degradation pathway in
Aspergillus fumigatus. Appl Environ Microbiol 75(2):493-503.
https://doi.org/10.1128/ AEM.02077-08

@ Springer


https://doi.org/10.1016/s0163-7827(03)00036-5
https://doi.org/10.1016/s0163-7827(03)00036-5
https://doi.org/10.1073/pnas.1102828108
https://doi.org/10.1128/MCB.02271-07
https://doi.org/10.1128/MCB.02271-07
https://doi.org/10.1038/nature08112
https://doi.org/10.1038/nature08112
https://doi.org/10.1002/yea.1078
https://doi.org/10.1002/yea.1078
https://doi.org/10.1186/s13568-018-0647-7
https://doi.org/10.1111/j.1574-6976.2005.004.x
https://doi.org/10.1111/j.1574-6976.2005.004.x
https://doi.org/10.1002/bit.26093
https://doi.org/10.1002/bit.26093
https://doi.org/10.1128/IAI.00565-09
https://doi.org/10.1128/EC.3.5.1111-1123.2004
https://doi.org/10.1128/EC.3.5.1111-1123.2004
https://doi.org/10.1007/s00299-020-02604-1
https://doi.org/10.1007/s00299-020-02604-1
https://doi.org/10.3389/fmicb.2015.01463
https://doi.org/10.3389/fmicb.2015.01463
https://doi.org/10.1016/j.jiph.2011.05.002
https://doi.org/10.1016/j.jiph.2011.05.002
https://doi.org/10.1371/journal.pone.0131495
https://doi.org/10.1371/journal.pone.0131495
https://doi.org/10.1074/jbc.RA119.008822
https://doi.org/10.3390/ijms222413272
https://doi.org/10.1007/s00294-016-0638-7
https://doi.org/10.1007/s00294-016-0638-7
https://doi.org/10.1111/j.1574-6976.1993.tb00005.x
https://doi.org/10.1111/j.1574-6976.1993.tb00005.x
https://doi.org/10.1016/j.foodres.2020.109287
https://doi.org/10.1016/j.foodres.2020.109287
https://doi.org/10.1016/j.bbagrm.2020.194599
https://doi.org/10.1128/mBio.03020-21
https://doi.org/10.1128/mBio.03020-21
https://doi.org/10.1042/BCJ20160480
https://doi.org/10.1042/BCJ20160480
https://doi.org/10.1086/644642
https://doi.org/10.1016/j.pbi.2017.04.003
https://doi.org/10.1007/s42770-021-00427-0
https://doi.org/10.1007/s42770-021-00427-0
https://doi.org/10.3201/eid2704.204895
https://doi.org/10.3201/eid2704.204895
https://doi.org/10.1016/j.bbrc.2012.10.118
https://doi.org/10.1016/j.bbrc.2012.10.118
https://doi.org/10.1371/journal.pone.0099113
https://doi.org/10.1371/journal.pone.0099113
https://doi.org/10.1128/AEM.02077-08

5430

Applied Microbiology and Biotechnology (2022) 106:5415-5431

Schruefer S, Bohmer I, Dichtl K, Spadinger A, Kleinemeier C, Ebel
F (2021) The response regulator Skn7 of Aspergillus fumiga-
tus is essential for the antifungal effect of fludioxonil. Sci Rep
11(1):5317. https://doi.org/10.1038/s41598-021-84740-6

Seppa L, Hanninen AL, Makarow M (2004) Upregulation of the
Hsp104 chaperone at physiological temperature during recovery
from thermal insult. Mol Microbiol 52(1):217-225. https://doi.
org/10.1111/j.1365-2958.2003.03959.x

Shapiro RS, Cowen LE (2012) Thermal control of microbial devel-
opment and virulence: molecular mechanisms of microbial
temperature sensing. mBio 3(5) https://doi.org/10.1128/mBio.
00238-00312

Sil A (2019) Molecular regulation of Histoplasma dimorphism. Curr
Opin Microbiol 52:151-157. https://doi.org/10.1016/j.mib.2019.
10.011

Simons K, Sampaio JL (2011) Membrane organization and lipid rafts.
Cold Spring Harb Perspect Biol 3(10):a004697. https://doi.org/
10.1101/cshperspect.a004697

Singer MA, Lindquist S (1998) Thermotolerance in Saccharomyces
cerevisiae: the yin and yang of trehalose. Trends Biotechnol
16(11):460-468. https://doi.org/10.1016/s0167-7799(98)01251-7

Smolianiuk EV, Bilanrenko EN, Tereshina VM, Kachalkin AV, Kam-
zolkina OV (2013) Effect of sodium chloride concentration in the
medium on the composition of the membrane lipids and carbohy-
drates in the cytosol of the fungus Fusarium sp. Mikrobiologiia
82(5):595-604

Song Z, Zhong Q, Yin Y, Shen L, Li Y, Wang Z (2016) The high
osmotic response and cell wall integrity pathways cooperate to
regulate morphology, microsclerotia development, and virulence
in Metarhizium rileyi. Sci Rep 6:38765. https://doi.org/10.1038/
srep38765

Spivak ES, Hanson KE (2018) Candida auris: an emerging fungal
pathogen. J Clin Microbiol 56(2) https://doi.org/10.1128/JCM.
01588-17

Stewart-Ornstein J, Nelson C, DeRisi J, Weissman JS, El-Samad H
(2013) Msn2 coordinates a stoichiometric gene expression pro-
gram. Curr Biol 23(23):2336-2345. https://doi.org/10.1016/j.
cub.2013.09.043

Sugiyama K, Izawa S, Inoue Y (2000a) The Yaplp-dependent induc-
tion of glutathione synthesis in heat shock response of Saccha-
romyces cerevisiae. ] Biol Chem 275(20):15535-15540. https://
doi.org/10.1074/jbc.275.20.15535

Sugiyama K, Kawamura A, Izawa S, Inoue Y (2000b) Role of glu-
tathione in heat-shock-induced cell death of Saccharomyces
cerevisiae. Biochem J 352(Pt 1):71-78

Thorwall S, Schwartz C, Chartron JW, Wheeldon I (2020) Stress-toler-
ant non-conventional microbes enable next-generation chemical
biosynthesis. Nat Chem Biol 16(2):113-121. https://doi.org/10.
1038/s41589-019-0452-x

Tombaugh GC, Sapolsky RM (1993) Evolving concepts about the role
of acidosis in ischemic neuropathology. J Neurochem 61(3):793—
803. https://doi.org/10.1111/j.1471-4159.1993.tb03589.x

Triandafillou CG, Katanski CD, Dinner AR, Drummond DA (2020)
Transient intracellular acidification regulates the core transcrip-
tional heat shock response. Elife 9:e54880. https://doi.org/10.
7554/eLife.54880

van den Brule T, Lee CLS, Houbraken J, Haas PJ, Wosten H, Dijk-
sterhuis J (2020a) Conidial heat resistance of various strains of
the food spoilage fungus Paecilomyces variotii correlates with
mean spore size, spore shape and size distribution. Food Res
Int 137:109514. https://doi.org/10.1016/j.foodres.2020.109514

van den Brule T, Punt M, Teertstra W, Houbraken J, Wosten H, Dijk-
sterhuis J (2020b) The most heat-resistant conidia observed to
date are formed by distinct strains of Paecilomyces variotii.
Environ Microbiol 22(3):986-999. https://doi.org/10.1111/1462-
2920.14791

@ Springer

Veri AO, Miao Z, Shapiro RS, Tebbji F, O’Meara TR, Kim SH,
Colazo J, Tan K, Vyas VK, Whiteway M, Robbins N, Wong
KH, Cowen LE (2018) Tuning Hsf1 levels drives distinct fungal
morphogenetic programs with depletion impairing Hsp90 func-
tion and overexpression expanding the target space. PLoS Genet
14(3):e1007270. https://doi.org/10.1371/journal.pgen.1007270

Versele M, Thevelein JM (2001) Lrel affects chitinase expression,
trehalose accumulation and heat resistance through inhibition
of the Cbk1 protein kinase in Saccharomyces cerevisiae. Mol
Microbiol 41(6):1311-1326. https://doi.org/10.1046/j.1365-
2958.2001.02590.x

Wan Y, Qu K, Ouyang Z, Kertesz M, Li J, Tibshirani R, Makino DL,
Nutter RC, Segal E, Chang HY (2012) Genome-wide measure-
ment of RNA folding energies. Mol Cell 48(2):169—181. https://
doi.org/10.1016/j.molcel.2012.08.008

Wang Y, Gibney PA, West JD, Morano KA (2012) The yeast Hsp70
Ssal is a sensor for activation of the heat shock response by thiol-
reactive compounds. Mol Biol Cell 23(17):3290-3298. https://
doi.org/10.1091/mbc.E12-06-0447

Wells GB, Dickson RC, Lester RL (1998) Heat-induced elevation of
ceramide in Saccharomyces cerevisiae via de novo synthesis.
J Biol Chem 273(13):7235-7243. https://doi.org/10.1074/jbc.
273.13.7235

Winkler A, Arkind C, Mattison CP, Burkholder A, Knoche K, Ota I
(2002) Heat stress activates the yeast high-osmolarity glycerol
mitogen-activated protein kinase pathway, and protein tyros-
ine phosphatases are essential under heat stress. Eukaryot Cell
1(2):163-173. https://doi.org/10.1128/EC.1.2.163-173.2002

Witchley JN, Penumetcha P, Abon NV, Woolford CA, Mitchell AP,
Noble SM (2019) Candida albicans morphogenesis programs
control the balance between gut commensalism and invasive
infection. Cell Host Microbe 25(3):432-443 e6. https://doi.org/
10.1016/j.chom.2019.02.008

Wood ZA, Schroder E, Robin Harris J, Poole LB (2003) Structure,
mechanism and regulation of peroxiredoxins. Trends Biochem
Sci 28(1):32—40. https://doi.org/10.1016/50968-0004(02)00003-8

Wu J, Wang M, Zhou L, Yu D (2016) Small heat shock proteins, phy-
logeny in filamentous fungi and expression analyses in Asper-
gillus nidulans. Gene 575(2 Pt 3):675-679. https://doi.org/10.
1016/j.gene.2015.09.044

Xia H, Chen L, Fan Z, Peng M, Zhao J, Chen W, Li H, Shi Y, Ding
S, Li H (2021) Heat stress tolerance gene FpHsp104 affects
conidiation and pathogenicity of Fusarium pseudograminearum.
Front Microbiol 12:695535. https://doi.org/10.3389/fmicb.2021.
695535

Xie Y, Loh ZY, Xue J, Zhou F, Sun J, Qiao Z, Jin S, Deng Y, Li
H, Wang Y, Lu L, Gao Y, Miao Y (2020) Orchestrated actin
nucleation by the Candida albicans polarisome complex enables
filamentous growth. J Biol Chem 295(44):14840—14854. https://
doi.org/10.1074/jbc.RA120.013890

Xin C, Zhang J, Nian S, Wang G, Wang Z, Song Z, Ren G (2020) Anal-
ogous and diverse functions of APSES-type transcription factors
in the morphogenesis of the entomopathogenic fungus Metarhi-
zium rileyi. Appl Environ Microbiol 86(8):€02928-e3019. https://
doi.org/10.1128/AEM.02928-19

Yamamoto N, Maeda Y, Ikeda A, Sakurai H (2008) Regulation of
thermotolerance by stress-induced transcription factors in Sac-
charomyces cerevisiae. Eukaryot Cell 7(5):783-790. https://doi.
org/10.1128/EC.00029-08

Yang K, Qin Q, Liu Y, Zhang L, Liang L, Lan H, Chen C, You Y,
Zhang F, Wang S (2016a) Adenylate cyclase AcyA regulates
development, aflatoxin biosynthesis and fungal virulence in
Aspergillus flavus. Front Cell Infect Microbiol 6:190. https://
doi.org/10.3389/fcimb.2016.00190

Yang KL, Qin QP, Liu YH, Zhang LM, Liang LL, Lan HH, Chen
CH, You YC, Zhang F, Wang SH (2016b) Adenylate cyclase


https://doi.org/10.1038/s41598-021-84740-6
https://doi.org/10.1111/j.1365-2958.2003.03959.x
https://doi.org/10.1111/j.1365-2958.2003.03959.x
https://doi.org/10.1128/mBio.00238-00312
https://doi.org/10.1128/mBio.00238-00312
https://doi.org/10.1016/j.mib.2019.10.011
https://doi.org/10.1016/j.mib.2019.10.011
https://doi.org/10.1101/cshperspect.a004697
https://doi.org/10.1101/cshperspect.a004697
https://doi.org/10.1016/s0167-7799(98)01251-7
https://doi.org/10.1038/srep38765
https://doi.org/10.1038/srep38765
https://doi.org/10.1128/JCM.01588-17
https://doi.org/10.1128/JCM.01588-17
https://doi.org/10.1016/j.cub.2013.09.043
https://doi.org/10.1016/j.cub.2013.09.043
https://doi.org/10.1074/jbc.275.20.15535
https://doi.org/10.1074/jbc.275.20.15535
https://doi.org/10.1038/s41589-019-0452-x
https://doi.org/10.1038/s41589-019-0452-x
https://doi.org/10.1111/j.1471-4159.1993.tb03589.x
https://doi.org/10.7554/eLife.54880
https://doi.org/10.7554/eLife.54880
https://doi.org/10.1016/j.foodres.2020.109514
https://doi.org/10.1111/1462-2920.14791
https://doi.org/10.1111/1462-2920.14791
https://doi.org/10.1371/journal.pgen.1007270
https://doi.org/10.1046/j.1365-2958.2001.02590.x
https://doi.org/10.1046/j.1365-2958.2001.02590.x
https://doi.org/10.1016/j.molcel.2012.08.008
https://doi.org/10.1016/j.molcel.2012.08.008
https://doi.org/10.1091/mbc.E12-06-0447
https://doi.org/10.1091/mbc.E12-06-0447
https://doi.org/10.1074/jbc.273.13.7235
https://doi.org/10.1074/jbc.273.13.7235
https://doi.org/10.1128/EC.1.2.163-173.2002
https://doi.org/10.1016/j.chom.2019.02.008
https://doi.org/10.1016/j.chom.2019.02.008
https://doi.org/10.1016/s0968-0004(02)00003-8
https://doi.org/10.1016/j.gene.2015.09.044
https://doi.org/10.1016/j.gene.2015.09.044
https://doi.org/10.3389/fmicb.2021.695535
https://doi.org/10.3389/fmicb.2021.695535
https://doi.org/10.1074/jbc.RA120.013890
https://doi.org/10.1074/jbc.RA120.013890
https://doi.org/10.1128/AEM.02928-19
https://doi.org/10.1128/AEM.02928-19
https://doi.org/10.1128/EC.00029-08
https://doi.org/10.1128/EC.00029-08
https://doi.org/10.3389/fcimb.2016.00190
https://doi.org/10.3389/fcimb.2016.00190

Applied Microbiology and Biotechnology (2022) 106:5415-5431

5431

AcyA regulates development, aflatoxin biosynthesis and fungal
virulence in Aspergillus flavus. Front Cell Infect Mi 6 ARTN
19010.3389/fcimb.2016b.00190

YuZ, Ali A, Igbalajobi OA, Streng C, Leister K, Krauss N, Lamparter
T, Fischer R (2019) Two hybrid histidine kinases, TcsB and
the phytochrome FphA, are involved in temperature sensing in
Aspergillus nidulans. Mol Microbiol 112(6):1814-1830. https://
doi.org/10.1111/mmi.14395

Zahringer H, Thevelein JM, Nwaka S (2000) Induction of neutral tre-
halase Nth1 by heat and osmotic stress is controlled by STRE
elements and Msn2/Msn4 transcription factors: variations of
PKA effect during stress and growth. Mol Microbiol 35(2):397—
406. https://doi.org/10.1046/j.1365-2958.2000.01706.x

Zancan P, Sola-Penna M (2005) Trehalose and glycerol stabilize and
renature yeast inorganic pyrophosphatase inactivated by very
high temperatures. Arch Biochem Biophys 444(1):52-60. https://
doi.org/10.1016/j.abb.2005.09.014

Zhang X, St Leger RJ, Fang W (2017) Pyruvate accumulation is the
first line of cell defense against heat stress in a fungus. Mbio
8(5):e01284-17. https://doi.org/10.1128/mBi0.01284-17

Zhang X, St Leger RJ, Fang W (2018) Stress-induced pyruvate accu-
mulation contributes to cross protection in a fungus. Environ
Microbiol 20(3):1158-1169. https://doi.org/10.1111/1462-2920.
14058

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor holds exclusive rights to this article under
a publishing agreement with the author(s) or other rightsholder(s);
author self-archiving of the accepted manuscript version of this article
is solely governed by the terms of such publishing agreement and
applicable law.

@ Springer


https://doi.org/10.1111/mmi.14395
https://doi.org/10.1111/mmi.14395
https://doi.org/10.1046/j.1365-2958.2000.01706.x
https://doi.org/10.1016/j.abb.2005.09.014
https://doi.org/10.1016/j.abb.2005.09.014
https://doi.org/10.1128/mBio.01284-17
https://doi.org/10.1111/1462-2920.14058
https://doi.org/10.1111/1462-2920.14058

	Response and regulatory mechanisms of heat resistance in pathogenic fungi
	Abstract 
	Key points
	Introduction
	Temperature sensing mechanism in fungi
	Conserved genes and transcription factors in fungi play an important regulatory role in heat adaptation
	HSF1 and heat shock proteins
	Mitogen-activated protein kinase (MAPK) Hog1 and its related transcription factors and interacting proteins
	Other signaling pathway and transcription factors

	The role of fungal enzymes and other metabolites in heat adaptation
	Morphological and structural changes of fungi under heat stress
	Thermal adaptation of pathogenic fungi in vivo
	Conclusion
	References


