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KEY POINTS

e New fungal pathogens emerging: Fungal species adapt to a warmer climate by developing
thermotolerance, resulting in the emergence of new fungal pathogens that can survive at
human body temperature.

e Antifungal Resistance: Climate change exacerbates antifungal resistance by triggering
increased virulence in fungal pathogens, necessitating increased utilization of fungicides
in agriculture.

e Geographic Expansion: Warmer temperatures and altered precipitation expand the
geographic range of fungal diseases like Valley fever, histoplasmosis, and blastomycosis.

e Impact of Natural Disasters: Climate change-driven natural disasters, such as floods and
wildfires, facilitate fungal spore dispersal, and increase infection risks through environ-
mental and traumatic exposures.

e Inequality is rising: Climate change exacerbates inequalities and social determinants of
health resulting in a disproportionate impact on fungal diseases.

INTRODUCTION

Climate change, one of the most pressing issues of the 215t century, has far-reaching
impacts on various facets of life, including public health.” While much attention has
been given to the effects of climate change on physical health through heatwaves,
vector-borne diseases, and natural disasters, an emerging area of concern is its influ-
ence on medical mycology.?™* Medical mycology, the study of fungi that cause dis-
eases in humans, is gaining importance as climate change alters the ecosystems
where these fungi thrive.® Shifts in temperature, humidity, and weather patterns create
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new niches for pathogenic fungi, enhance their virulence, and expand their geographic
range, posing significant challenges to health care systems globally.®

Fungi, despite their ecological roles, present substantial health risks to humans.
Climate change is accelerating the adaptation of fungi to warmer temperatures and
changing environmental conditions. This phenomenon has led to the emergence of
more aggressive strains like Candida auris and Cryptococcus deuterogattii, which can
tolerate higher temperatures and human body heat and now pose a growing threat to
global health.® Moreover, climate change contributes to more frequent and severe
extreme weather events such as hurricanes, floods, and wildfires, which can disrupt
ecosystems and human habitats, increasing exposure to fungal spores.®~'° Post-
disaster environments, such as those seen after the Indian Ocean tsunami, the Joplin
tornado, and Hurricane Katrina, have been linked to outbreaks of fungal infections
like mucormycosis due to trauma and increased exposure to fungal spores.’' '3
Climate change also affects the epidemiology of endemic fungal diseases such as
coccidioidomycosis and histoplasmosis in terms of expanding the range of fungal path-
ogens affecting animals and plants, posing a threat to global food security.® These envi-
ronmental changes may also weaken human immune responses, making populations
more susceptible to fungal infections.>%'4 Mechanisms are summarized in Fig. 1.

In this review, we delve into the complex interaction between climate change and
medical mycology. We explore how climate-induced environmental shifts are reshaping
the epidemiology of fungal diseases, leading to the emergence of resilient and more
pathogenic strains and altering geographic distributions. Additionally, we discuss stra-
tegies to mitigate these escalating health risks. We aim to offer insights into the intrinsic
relationship between climate change, fungal ecology, and human health, underscoring
the urgency for proactive measures to tackle these emerging challenges.

HEAT STRESS AS A DRIVER OF FUNGAL THERMOTOLERANCE

Fungal pathogens are adapting to rising temperatures driven by climate change,
becoming more thermotolerant and expanding their reach.®'® Thermotolerance, the
ability of fungi to survive at higher temperatures, may result in adaption to the human
body temperature.'® Fungal pathogens that are currently not a threat to mammals may
thereby learn to survive at high temperatures facilitating fungal disease in humans.
Heat stress, such as from mammalian body temperature, can induce hypermutation
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Fig. 1. The impact of climate change on the fungus and the host and the consequences in
the clinical context.
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in fungal pathogens, leading to the development of hypervirulent and drug-resistant
mutants as was recently shown for Rhodosporidiobolus fluvialis.'” Studying the
cellular mechanisms of pathogenicity is essential as the number of serious mycoses
rises, posing a growing public health challenge.'® Fungi employ various mechanisms
to enhance thermotolerance in response to rising temperatures. Key adaptations
include the synthesis of heat shock proteins (HSPs) such as HSP70 and HSP90, which
assist in protein folding and stability under heat stress.'® Additionally, fungi accumu-
late compatible solutes like trehalose and glycerol, which respectively stabilize pro-
teins and membranes against thermal denaturation. Membrane composition
alterations help maintain crucial fluidity at elevated temperatures. Moreover, fungi uti-
lize antioxidant systems to counteract oxidative stress induced by heat, thereby pre-
serving cellular integrity.'®

The emergence of new species causing disease in humans, such as C. orthopsilosis
or Cryptococcus deuterogattii is a prominent example of these mechanisms.® Crypto-
coccus deuterogattii, a member of the C. gattii complex, notoriously exhibit height-
ened thermotolerance compared to other members of its group.'® It is increasingly
recognized as a pathogen affecting both humans and animals, with recent occur-
rences observed in British Columbia, Canada, and the states of Washington and Ore-
gon in the United States (US).?° Climate change is also hypothesized acting as a
contributing factor to the emergence of C. auris, potentially enabling its adaptation
to mammalian temperatures by reducing the thermal restriction zone between envi-
ronmental and mammalian habitats.?" C. auris and C. orthopsilosis have thereby trans-
formed from a non-threatening environmental organism to a formidable human
pathogen.®%222% Hypotheses underscore that global warming may facilitate the
emergence of new fungal diseases by altering environmental conditions favorable to
fungal evolution and adaptation, while various other factors played a role in C. auris
becoming a human pathogen.?' Details and examples on how development of ther-
motolerance has contributed to disease in humans are outlined in Table 1. Various
non-pathogenic fungi grow at 37°C, suggesting body temperature alone does not pre-
vent infections. While thermotolerance is important, it is solely one component of the
multifaceted fungal pathogenicity. C auris, as a notable example, has also developed
azole resistance, potentially due to exposure to agricultural chemicals, as outlined
further as follows.'®

Global warming and increase in marine water temperatures might have acted as a se-
lection force for thermotolerant hybrids of C. orthopsilosis characterized by fitness
advantage compared to parental strains. These hybrids are found in both, warming ma-
rine ecosystems but also cases of human infections, likely outlining that climate change
has contributed to the emergence of C. orthopsilosis as a human pathogen.?®:2*

CLIMATE CHANGE ASSOCIATED STRESS COMES IN MULTIPLES AND TRIGGERS
INCREASING FUNGAL VIRULENCE: IMPACTS ON HEALTH, AGRICULTURE, AND FOOD
SECURITY

Virulence, the ability of a pathogen to cause disease in a host, is a crucial aspect of
medical mycology that meets with the evolving challenges of climate change. As
global temperatures rise and weather patterns become more unpredictable, the dy-
namics of fungal infections and their virulence are being increasingly influenced.®
Climate change does not only result in heat stress and thermotolerance but also poses
concomitant stress due to increased ultraviolet (UV) light exposure, water stress,
limited nutrition, and so forth, which results in increased virulence. In addition to the
thermotolerance mechanisms described earlier, fungi adapt to those stress factors
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Table 1

Examples from the literature on the impact of climate change on fungal disease in humans

Year of

Impact of Climate First

Change Fungal Pathogen Involved Mechanism Clinical Impact Occurrence Reference

Thermotolerance Candida auris Heat shock proteins, stress Over the past 15y, C. auris has 2009 21,85-87
response pathways, and a robust spread to over 41 countries,
cell wall, along with infecting 13 million people and
urbanization and rural causing 1.5 million deaths
development, likely drove the annually.
development of
thermotolerance and the
emergence of a new human
fungal pathogen.

Cryptococcus deuterogattii Spread is driven by human Thermotolerance enhances the 2016 6.19
activities like vehicle movement, pathogens virulence, enabling it
footwear, construction, forestry, to cause severe infections in
and water dispersal, as well as healthy individuals and
potentially by climate change. It contributing to widespread
is mediated by calcineurin outbreaks.
signaling, heat shock proteins,
cell membrane adaptations, and
cell wall remodeling.
Candida orthopsilosis Hybrids characterized by increased Thermotolerance driven by 2008 23,88

thermotolerance and advantage
of fitness over parental strains
are found in both warming
marine ecosystems and as
causative pathogens of human
infections.

climate change has likely
contributed to the emergence
of this new human fungal
pathogen,
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Virulence Rhizopus arrhizus and Mucor
circinelloides

Puccinia striiformis

Fusarium graminearum

NMM worsens with the TSC due to
increased virulence from soluble
factors.

Puccinia striiformis f. sp. Tritici
causing stripe rust increased
virulence under warmer and
dryer conditions, caused
significant grain loss and quality
reduction, threatening South
African wheat production.

Thriving in warm, humid
conditions, is replacing
F. culmorum in temperate
regions, and leading to
significant crop yield losses.

NMM under TSC is associated with 2020 77
increased severity and mortality
but targeted therapies like
topical calcineurin inhibitors
could improve treatment.
Increased use of fungicides in 1996 6.89
agriculture to tackle the threat,
resulting in an increased threat
of environmental resistance.

Increased mycotoxin 1999 6.90,91
contamination in food and
animal feed, posing health risks
to humans and animals.

Resistance Aspergillus fumigatus

Candida auris

Environmental azole resistance
arises due to mutations in the
cyp51A gene, which complicates
treatment and links
environmental fungicide use
and climate change to
heightened clinical resistance.

Resistance is influenced by
agricultural fungicides and
environmental factors, leading
to mechanisms like ERG11
overexpression and efflux
pumps.

Resistance complicates treatment 2011 31,32,39,92-94

due to mold-active azoles like
voriconazole, isavuconazole,
and posaconazole. Linked to
agricultural azole use and occurs
even in untreated patients.

The emergence of multidrug- 2009 42

resistant strains like C. auris,
complicating treatment.

(continued on next page)
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Table 1
(continued)

Impact of Climate

Year of
First

Change Fungal Pathogen Involved Mechanism Clinical Impact Occurrence Reference
Cryptococcus deuterogattii Cross-resistance to clinical azoles  Complicates treatment and 2016 39
due to environmental increases disease severity,
fungicides, affecting virulence especially in
factors like capsule size. immunocompromised
individuals.
Rhodosporidiobolus fluvialis It increases antifungal resistance  Recently identified as a human 2024 14,95,96
due to heat-induced mutations, pathogen. Research from 2009
driven by reactive oxygen to 2019 found R. fluvialis in
species. deceased patients, underscoring
its severity. Causes severe
infections in
immunocompromised
individuals.
Geographic spread Histoplasma capsulatum Increasingly recognized in Europe, Increasing number of 2001 53,54
suggesting a broader autochthonous cases reported
geographic distribution. Europe and lIsrael, and
increasing number of cases
reported from China.
Coccidioides immitis Climate change is causing Autochthonously acquired Valley 2000 10.52,69,97

significant shifts in the
geographic range and incidence
of Valley fever, facilitating the
spread into historically
unaffected areas.

fever cases now reported from
many states in Western US,
including Washington and
Oregon.
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Dispersal Coccidioides immitis

Dispersal of spores via wildfire
smoke to costal metropolitans
of California.

Increased rates of clinical 2021
presentations/new diagnoses of
coccidioidomycosis in the
months following wildfire
smoke exposure

57,98,99

Host susceptibility ~ Candida auris C.auris in the USA shows genetic ~ Worldwide spread of C. auris 2014-2018 ©4
links to isolates from South Asia, facilitated by worldwide travel
South America, Africa, and East and migration.
Asia. The introduction appears
to have occurred multiple times,
with some cases linked to
international travel.
Natural Disaster Mucorales species Rise in mucormycosis cases Increased severe infections, 2014 9100
following the Indian Ocean particularly in
tsunami in 2014. immunocompromised
individuals and those with
traumatic injuries, including
wound contamination and post-
disaster skin and soft tissue
infections.
Mold infections (eg, Aspergillus, Increased spore dispersal and Higher incidence of fungal 2005 79,82

Mucorales, Fusarium, and
Scedosporium taxa)

infection rates following natural
disasters (eg, Hurricane Katrina).

infections post-disaster.
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by enhancing detoxifying enzyme production, modifying cell walls, increasing melanin
production, broadening nutrient utilization, enhancing virulence and immune evasion,
and developing greater resistance to oxidative stress, pH changes, UV radiation, and
antifungal drugs.® They also demonstrate increased biofilm formation and exhibit
changes in dimorphism.®2° These adaptions result in increasing virulence, influencing
agricultural practices and potentially contributing to antifungal resistance, posing sig-
nificant challenges for both human health and agriculture under the One Health
framework.®

Puccinia striiformis, or rust fungus, causing wheat stripe rust, has adapted to
warmer climates since 2000 with aggressive strains like Pst1, Pst2, and "Warrier"
replacing older ones. This has led to major outbreaks in regions such as the southern
US and Australia. Meanwhile, Fusarium graminearum, favoring warm, humid condi-
tions, has increasingly replaced F. culmorum in temperate areas, causing significant
yield losses and raising concerns about mycotoxin contamination in food and animal
feed® (see Table 1).

The proliferation of these virulent fungal strains has direct implications for global
food security. Crop losses due to fungal infections not only threaten local economies
but may also contribute to global food scarcity. Virulent fungi significantly threaten
global food security by destroying up to 30% of crops and producing harmful myco-
toxins, which compromise food safety. The increasing virulence of these fungi, exac-
erbated by climate change and population growth, necessitates innovative and
interdisciplinary research for effective control, especially for vulnerable and low-
income populations.®

CONSEQUENCES OF CLIMATE CHANGE ASSOCIATED STRESS—ANTIFUNGAL
RESISTANCE IN A CHANGING CLIMATE AND AGRICULTURAL LANDSCAPE

Antifungal resistance is a growing concern potentially exacerbated by climate change,
affecting the prevalence and severity of fungal infections. Rising temperatures and
altered precipitation patterns create ecological niches favoring fungal growth and
transmission. This environmental shift also affects fungal virulence and hence resis-
tance mechanisms, challenging treatment efficacy and complicating disease manage-
ment. For example, a recent study has identified Rhodosporidiobolus fluvialis (see
Table 1) as a new fungal pathogen that exhibits increased mutation rates and drug
resistance when exposed to higher temperatures.'” It has caused fatalities in the
United Kingdom, marking its first detection in humans. Thriving in warm temperatures,
this fungus has developed resistance to antifungal drugs (see Fig. 1).

Fungal diseases account for 80% of plant health issues, resulting in $100 to 200
billion in annual losses.?” Climate change may further exacerbate agricultural fungal
threats, leading to significant crop losses and economic costs.?®?° Countering this
threat by the increased use of fungicides®°~3? and its consequences such as environ-
mental pollution are important drivers of antifungal resistance.®'® Fungicides are
essential for food security but face resistance challenges, highlighted since the
1960s.3% Cross-resistance concerns arise as some fungicides share mechanisms
with human and animal antifungals, particularly azoles.***° These fungicides are
extensively applied to crops to combat phytopathogens, ensuring plant health and
productivity. However, the pervasive environmental presence of azoles creates selec-
tive pressure that promotes the evolution of resistant strains of Aspergillus.®® In
A. fumigatus (see Table 1), resistance typically arises from mutations in the cyp51A
gene, severely complicating the treatment of these infections due to resistance to
mold-active azoles like voriconazole, isavuconazole, and posaconazole, the only
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oral antifungals currently available for treatment of aspergillosis.®” This genetic alter-
ation has been identified in environmental samples from soil, compost, and plants, as
well as in clinical isolates from patients with no history of azole therapy, highlighting a
clear link between farming practices and clinical treatment failures.®'-32:38:39

In the Netherlands, invasive aspergillosis caused by multi-azole-resistant
A. fumigatus has increased since 1999, affecting 6.0% to 12.8% of patients, primarily
due to the TR/L98H mutation in the cyp51A gene, found in over 90% of clinical isolates.
This resistance mechanism is linked to the exposure to environmental azole com-
pounds with resistant isolates also detected in soil and compost.“° Tulip bulbs imported
from the Netherlands were surveyed for azole-resistant A fumigatus (ARAf), revealing
contamination rates ranging from 6.3% to 15.8% attributable to a tandem-repeat mu-
tation in the cyp51A gene promoter. The application of fungicides such as benomyl or
prochloraz was shown to successfully lower the incidence of ARAf isolation, represent-
ing a novel approach to addressing human fungal pathogen presence in plant bulbs.*

Widespread azole use poses a potential risk for resistance in other fungal pathogens
like Candida spp. (see Table 1), which can develop resistance mechanisms such as
ERG11 overexpression and efflux pumps, influenced by agricultural fungicides. The
emergence of multidrug-resistant strains, such as C. auris, is particularly concerning
due to its resistance to fluconazole in over 90% of isolates, alongside varying resis-
tance to other antifungal drugs like amphotericin B and echinocandins. Although novel
antifungals like SCY-078 yield clinical activity, further research is essential to under-
stand resistance mechanisms in C. auris.*’> The emergence of C. auris as a drug-
resistant pathogen cannot be solely attributed to antifungal drug selection pressures,
as similar resistance patterns existed in other fungal species before C. auris appeared.

Sexual reproduction in Candida spp. enhances genetic diversity and potential resis-
tance mechanisms, influenced by agricultural fungicides altering virulence. Similarly,
Cryptococcus spp. (see Table 1), commonly associated with trees, develop cross-
resistance to clinical azoles due to environmental fungicides, affecting critical viru-
lence factors like capsule size. The acquisition and expression of resistance in these
fungi vary with temperature changes, affecting disease severity.*°

Rhodosporidiobolus fluvialis, which primarily affects immunocompromised individ-
uals, is notably resistant to fluconazole and caspofungin, and can rapidly develop
resistance to amphotericin B at 37°C, resulting in strains that are resistant to all three
major antifungal drugs. The heat-induced mutations are driven by reactive oxygen
species and lead to the emergence of more virulent, pseudohyphal variants. These
findings demonstrate that this new fungal pathogen increases mutation rates and
resistance in response to elevated temperatures.’”

Antifungal resistance in Fusarium spp. presents a current clinical challenge, particu-
larly in the context of invasive infections involving the central nervous system (CNS).*
While rare, Fusarium spp. exhibit intrinsic resistance to echinocandins and often have
elevated minimum inhibitory concentrations to triazoles and polyenes, potentially driven
by antifungal use in the clinics and the environment. This resistance complicates treat-
ment strategies, with historic cases primarily treated with amphotericin B before the
approval of voriconazole. Recent guidelines recommend lipid formulations of amphoter-
icin B or voriconazole monotherapy as first-line treatments, sometimes combined to
broaden antifungal activity.** Emerging therapies such as fosmanogepix and olorofim
may offer promising alternatives due to their ability to penetrate the CNS effectively
and combat resistance mechanisms seen in Fusarium species.*®

The dual usage fosters azole resistance in pathogens like Aspergillus, Fusarium, and
Candida, highlighting the urgent need for new antifungal classes for humans but also
fungicides. Olorofim and fosmanogepix are the first drugs of two entirely new classes
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of antifungals with novel mechanisms of action, that are currently in clinical develop-
ment. However, fungicides from the same new drug classes, and thereby sharing mech-
anisms of action, are developed simultaneously with much faster pathways to approval,
risking cross-resistance.®' The new fungicides ipflufenoquin and quinofumelin, which
target the enzyme dihydroorotate dehydrogenase, share their mechanism with olorofim,
a promising antifungal drug.*>*¢ Cross-resistance between these compounds has been
observed, raising concerns about their impact on medical treatments. Fosmanogepix,
another antifungal drug in trials, targets the glycosylphosphatidylinositol-anchored
wall transfer protein essential for fungal cell walls.*”**® The potential for cross-
resistance with aminopyrifen, a similar agricultural fungicide, needs further study to
ensure the efficacy of medical treatments is not compromised.*®

US regulatory agencies are developing frameworks to assess the risks posed by
agricultural fungicides to medical antifungals, aiming to balance agricultural needs
with human and animal health. This multidisciplinary effort seeks to prevent
antifungal-resistant infections while maintaining effective treatments across sectors.°

CLIMATE CHANGE AND EXPANDING FUNGAL DISEASE GEOGRAPHIC RANGES

As global temperatures rise, areas that were previously too cold for certain fungi may
become suitable habitats. This could lead to the expansion of fungal species into new
geographic regions. For instance, the fungus responsible for Valley fever, Cocci-
dioides, typically thrives in hot, arid regions and is commonly found in the south-
western US, Mexico, and parts of Central and South America. However,
documented presence of this fungus in Washington was reported in 2015."°

Valley fever is officially reported in certain states, with annual cases ranging from
10,000 to 20,000 in the US. Most cases are found in California and Arizona, especially
among individuals aged 60 and above. However, thousands of cases go unreported,
and many are either undiagnosed or misdiagnosed.®' Climate change is causing signif-
icant shifts in the geographic range and incidence of Valley fever in the US Projections un-
der the RCP4.5 and RCP8.5 scenarios indicates a notable expansion of Valley fever
endemic areas from the southwestern US into the Great Plains by the end of the 215t cen-
tury. This expansion is driven by increasing temperatures pushing the disease-conducive
climate northward. The rain shadow effect of the Rocky Mountains plays a critical role,
facilitating the spread into historically unaffected areas. Agricultural activities in these re-
gions are expected to enhance dust exposure, increasing human susceptibility.>?

The projected increase in Valley fever cases is compounded by climate-driven fac-
tors such as drought intensification and altered precipitation patterns. Hospitalization
costs are projected to rise significantly due to increased disease burden, highlighting
the escalating economic impact. Improved mapping and surveillance of Coccidioides
spp. are essential for refining predictive models and understanding disease dynamics
under changing environmental conditions. The global context of Valley fever extends
beyond the US, necessitating international collaboration for comprehensive surveil-
lance and mitigation strategies. Integrating Valley fever projections into future climate
assessments is crucial for informing public health policies and preparedness efforts
against the expanding threat posed by this fungal disease.®?

Changes in the environment might also expand the geographic range where fungi
causing blastomycosis and histoplasmosis can survive. This phenomenon extends
to fungi that are typically found in tropical or subtropical climates, such as C. gattii."°

Histoplasmosis (see Table 1), a fungal infection typically acquired by inhaling
spores in contaminated soil, historically prevalent in the Americas and parts of
Asia, is increasingly recognized in Europe, suggesting a broader geographic
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distribution. A systematic review from 2005 to 2020 identified 728 cases in Europe and
Israel, mostly imported from Central and South America, with 7 autochthonous cases
reported.>® Progressive disseminated histoplasmosis was prevalent among immuno-
compromised patients, with a mortality rate of 32% in non-human immunodeficiency
virus cases.®® In China, histoplasmosis diagnoses have risen notably from 2012 to
2022, with cases increasingly reported in southern provinces.®* Additionally, a study
of animal histoplasmosis in Europe highlighted 39 cases from 1968 to 2022, primarily
affecting cats and badgers in Central Europe, with molecular analysis suggesting a
distinct Eurasian clade.®®

Emerging fungal diseases associated with animals caused by dermatophytes, His-
toplasma, Sporothrix, and Talaromyces marneffei, pose significant threats to public
health due to their capacity to infect humans through direct or indirect contact with an-
imal reservoirs. These fungi can cause severe systemic infections in immunocompro-
mised individuals and have the potential to evolve and exploit new hosts, potentially
leading to outbreaks. Human activities such as urbanization, deforestation, and
climate change contribute to increased transmission of these virulent fungi from wild-
life and domesticated animals to humans.

CLIMATE CHANGE AND THE DISPERSAL DYNAMICS OF FUNGAL PATHOGENS

Climate change has the potential to alter the distribution and abundance of fungal
pathogens by influencing environmental conditions such as temperature, humidity,
and precipitation. These changes directly influence the dispersal mechanisms of
fungal spores, resulting in shifts in pathogen geographic ranges and potentially
increasing fungal infections in new regions.®5:21:56

Strong winds and structural destruction facilitate the airborne spread of spores, lead-
ing to respiratory fungal infections through inhalation. Additionally, phenomena such as
wildfires and volcanic eruptions release particles laden with fungal spores, dispersing
them over vast distances.® For example, California saw increased coccidioidomycosis
(see Table 1) admissions following wildfire smoke exposure between 2014 and 2018.%7

Environmental disruptions also play a critical role in fungal dispersal. Activities
ranging from small-scale excavation to large-scale natural disasters like earthquakes
and tsunamis can significantly alter fungal habitats, leading to clusters of respiratory,
cutaneous, or other fungal diseases.®

Even climate change itself plays a crucial role in fungal dispersal. Minor changes in
temperature, moisture, and wind patterns can affect fungal spread.® Atmospheric
transport is one of the key factors in fungal pathogen dispersal. Wind currents can
carry spores over long distances, enabling them to colonize new habitats and infect
susceptible hosts. Changes in wind patterns due to climate change may facilitate
the long-distance spread of fungal spores, reaching areas previously unaffected by
certain infections.%8°°

Human activities such as travel and trade also contribute to fungal pathogen
dispersal. Globalization has led to the movement of people, animals, and goods
across borders, providing opportunities for the unintentional introduction of fungal
species into new environments. As climate change continues to exacerbate the
spread of infectious diseases, it is essential to consider the role of human-mediated
dispersal in shaping the epidemiology of fungal infections.®%-¢"

CLIMATE CHANGE AND HOST SUSCEPTIBILITY TO FUNGAL DISEASES

Host susceptibility to pathogenic fungi (see Table 1) is increasingly influenced by
climate change and various anthropogenic factors.
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Several key aspects contribute to this heightened vulnerability.® Increased UV light
exposure weakens the human immune system by affecting T-cell function, cytokine
production, and complement activation.®? Secondly, the average body temperature
in the US has been declining by 0.03°C per decade since the Industrial Revolution.
This reduction in body temperature could narrow the thermal gap between humans
and fungi, increasing susceptibility to fungal infections.®®

Urbanization and enhanced global connectivity facilitate the spread of these infec-
tions while rising global travel and medical tourism contribute to the dissemination of
fungi like C. auris and CNS fusariosis.*>%* Climate change-driven migration exacer-
bates this issue, as displaced individuals often face poor living conditions, lack of
clean water, and limited health care access in refugee camps, increasing their vulner-
ability to fungal infections.®>:5¢ Migrants are particularly at risk due to factors such as
sexual violence, exploitation, and inadequate preventative care. Additionally, climate-
induced displacement can lead to conflict and the destruction of infrastructure, further
exposing individuals to fungal infections.®

Moreover, seasonal influences on meteorologic conditions and changes in warming
patterns, along with alterations in light-dark cycles, melatonin secretion, and potential
disruptions in circadian rhythms, also affect host susceptibility. These changes can
affect immune responses, the expression of epithelial receptors, and the characteris-
tics of mucosal surfaces, further heightening vulnerability to fungal infections.®¢’
Climate change-induced threats to food security can also lead to malnutrition, partic-
ularly in children, which weakens the immune system and increases susceptibility to
fungal diseases.®

Lastly, urbanization contributes to this issue through the urban heat island effect,
where higher temperatures in densely populated areas exert evolutionary pressure
on microorganisms. This enhances fungal stress adaptation and potentially increases
human exposure to pathogenic fungi.®®

Importantly, there is a strong interplay between social determinants of health and
host susceptibility to fungal diseases, and both factors are heavily impacted by
climate change.®®~"" Thereby climate change is further contributing to the dispropor-
tionate impact of fungal disease, particularly affecting socially vulnerable populations
and those residing in low- and middle-income countries, where resources to diagnose
and treat fungal diseases are limited®’%7"® (Fig. 2).

CLIMATE CHANGE AND THE INCREASE OF NATURAL DISASTERS RESULTING IN
TRAUMA/WOUNDS AND FUNGAL OUTBREAKS

Natural disasters linked to climate change have significantly increased in recent de-
cades. Between 1980 to 1999 and 2000 to 2019, reported extreme weather events
nearly doubled, increasing from 4212 to 7348. The number of associated deaths
slightly rose from 1.19 million to 1.23 million, while the number of people affected
by these events grew from 3.25 billion to 4.03 billion. Economic losses surged dramat-
ically, escalating from $1.63 trillion to $2.97 trillion.”*

Natural disasters, such as floods, hurricanes, and wildfires, are increasingly exacer-
bated by climate change, oftentimes creating chaotic and destructive environments
significantly affecting human and environmental sanity.®”®> Optimal fungal growth
and disease development occur at temperatures between 15°C and 40°C, whereas
low humidity and extreme temperatures hinder both growth and spore germination.
Research on plant pathogens indicates that fungal prevalence varies by habitat and
season, increasing with moisture levels and decreasing with temperature due to the
vulnerability of the fungi to water loss given their high surface-to-volume ratio.”®
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Fig. 2. Climate change exacerbates inequalities and social determinants of health resulting
in a disproportionate impact on fungal diseases. Note: Map lines delineate study areas and
do not necessarily depict accepted national boundaries.

Natural disasters create conditions conducive to fungal growth or exposure that
would not exist otherwise. Events like floods create moist environments, which are
essential for fungal spore germination and infection and may result in rapid growth
and spread of mold fungi, dispersing fungal spores and mycotoxins over large
areas,”®® and leading to mold proliferation in flooded homes and buildings.®° Disas-
ters like tsunamis increase humidity and damage buildings, promoting fungal germina-
tion. Tsunamis can also introduce waterborne pathogens like C. gattii to new regions.®
Traumatic injuries and disrupted skin barriers from disasters allow entry for fungal path-
ogens (see Table 1). During the 2004 Indian Ocean tsunami, several instances of post-
disaster soft tissue mucormycosis were observed, particularly among those
wounded.® 1213 Another study investigated a cluster of cutaneous mucormycosis cases
among individuals injured during the 2011 Joplin, Missouri tornado, identifying 13 pa-
tients with significant morbidity and a 38% mortality rate. The infections were linked
to penetrating trauma and multiple wounds, with all cases involving the fungal species
Apophysomyces trapeziformis."’ Necrotizing myocutaneous mucormycosis (NMM), a
trauma-related condition posing substantial mortality risks for combat and disaster vic-
tims exhibits a hypervirulent phenotype in Mucorales spp. (see Table 1) under condi-
tions induced by tornadic shear challenge (TSC), such as magnetic stirring. TSC
heightens virulence through the release of soluble factors, independent of fungal growth
or morphogenesis changes, involving pathways like calcineurin/HSP90.””

Following Hurricane Katrina in 2005 (see Table 1), areas around New Orleans expe-
rienced a notable rise in respiratory issues, eye irritation, and asthma cases due to
heightened exposure to mold and other airborne allergens.”®”° Similarly, Hurricane
Sandy’s impact in 2012 along the Atlantic coast led to widespread flooding in states
such as New York and New Jersey, where cleanup efforts exposed workers and res-
idents to mold spores, doubling the likelihood of lower respiratory symptoms.2° Inha-
lation of fungal spores can result in respiratory fungal infections, including conditions
like fungal asthma and severe infections, particularly in individuals with weakened im-
mune systems, or other respiratory conditions.®®" After Hurricane Harvey in Houston
in 2017, there was a significant increase in invasive mold infections post-hurricane
(3.69 cases) compared to pre-hurricane levels (2.50 cases), representing a rate ratio
of 1.48 (95% confidence interval, 1.10 - 2.00).82
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Wildfires and volcanic eruptions alter soil pH and nutrient levels, creating new fungal
habitats. Fires also release fungal spores into the air, potentially affecting distant pop-
ulations.® Exposure to wildfire smoke in California was found to significantly increase
hospital admissions for coccidioidomycosis by 20% in the month following exposure,
according to a retrospective study using the hospital administrative data from 22 hos-
pitals.®” These findings underscore the need for further research into the health im-
pacts of wildfire smoke, particularly its role in transporting microbes that can lead to
systemic fungal infections.®”

Efforts to mitigate health risks post-disaster include intensive cleaning, ventilation
improvement, and education on maintaining healthy indoor environments. For larger
mold infestations, it is recommended to enlist skilled workers from specialized com-
panies. Personnel involved in remediation should wear protective gear like gloves,
glasses, and masks, and utilize strong biocides such as chlorine bleach. Long-term
remediation strategies should combine physical methods such as thorough cleaning,
repairing leaks, and implementing adequate ventilation and heating systems (eg, air
purifiers and mechanical ventilation). Education-based approaches are also crucial
to promote behaviors that maintain healthy home environments.®83

DISCUSSION

The Earth’s climate has undergone natural variations over the past 650,000 years,
driven primarily by subtle changes in its orbit affecting solar energy received. Howev-
er, the current warming trend is largely unprecedented in the last 1300 years and is
primarily attributed to human activities, as affirmed by 97% of climate scientists.
This consensus is supported by multiple lines of evidence, including the heat-
trapping properties of greenhouse gases like carbon dioxide, which have been known
since the 19" century.

Key indicators of climate change include rising global temperatures, evidenced by
surface temperature reconstructions showing consistent warming since 1880, with
the last few decades experiencing the most significant increases. The oceans have
absorbed much of this heat, leading to warming sea temperatures and contributing to
the decline in Arctic Sea ice and glacial retreat worldwide. Extreme weather events,
such as record-high temperatures and intense rainfall, are becoming more frequent,
while ocean acidification is accelerating due to increased carbon dioxide emissions.” -84

Climate change has profoundly impacted the framework of human fungal diseases
resulting in multifaceted pathophysiological interrelations between various phenom-
ena including direct effects on fungi, as well as the human host. Due to their
complexity, underlying mechanisms are and need to be studied individually, yet pre-
senting an interdependent network, which simultaneously evolves. Further develop-
ments are hard to foresee and may be unprecedented. Seemingly minor events
may cumulate in highly impactful consequences for human health and safety.

With fungi adapting to rising temperatures, first potential consequences in terms of
novel pathogenic species can currently be acknowledged. This observed adaption of
fungal pathogens is paralleled by increasing virulence though various mechanisms
like greater resistance to oxidative stress, pH changes, UV radiation, and antifungal
drugs. Increasing frequencies of extreme weather events, rising temperatures and
ongoing globalization allow fungal pathogens to spread influencing local ecosystems
increasing exposure to fungi. Fungi that were once limited to specific regions are now
becoming significant infectious etiologic agents in areas that previously had little expo-
sure to such infections, which may come along with shortcomings in diagnosis of dis-
eases and management. Detrimental effects on agricultural productivity have led to a
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growing reliance on fungicides to protect crops, which in turn may accelerate the devel-
opment of antifungal resistance in pathogens, posing an endangering circumstance for
both food security and public health. Future consequences for antifungal therapy are
hard to predict and meticulous monitoring of resistance dynamics especially once novel
agents like olorofim enter the stage of broad clinical usage is warranted.

These impacts on the fungus itself are encompassed by consequences on the hu-
man host itself, which may even extend the opportunities of fungal-human influence.
Human immunity and hence susceptibility to fungal diseases is compromised in many
ways examined earlier. Above all, social determinants of health and host susceptibility
is closely related, unproportionally affecting the global poor (see Fig. 2). Fungal out-
breaks can be particularly devastating in areas with limited medical infrastructure
and inadequate capabilities for diagnosing or treating such infections. Particularly in
those areas under-reporting of fungal outbreaks due to health care constraints and
diagnostic challenges remains common, emphasizing the need for continuous moni-
toring and targeted remediation strategies.

Addressing the effects of climate change on fungal ecosystems and the rising inci-
dence of invasive fungal diseases presents a complex global challenge. High-income
countries with greater resources available and advanced health care infrastructures
have a responsibility to significantly invest in efforts to tackle these challenges. Fungal
diseases are increasingly global in scope, affecting almost every part of planet Earth in
different manners. Hence, collaboration is a key to addressing this global health chal-
lenge. Countries and regions can learn from each other’s experiences and share best
practices for managing fungal diseases in a changing climate.

Notoriously demonstrated by C. auris every novel fungal pathogen might come
along with a unique set of challenges. Hence, resources must be allocated to
research, innovation, surveillance, and public awareness campaigns. Especially in
low- and middle-income countries, where health care systems are under strain, invest-
ment in health care infrastructure, access to antifungal medications, and training for
health care professionals is vital. These efforts might be the best available preparation
for future fungal disease related events.

SUMMARY

The impact of climate change on fungal pathogens and diseases is an urgent global
issue that affects countries across all income levels, yet potentially unevenly affecting
the global poor. Collaborative multifaceted global efforts are needed to mitigate the
harmful effects of climate change and to deepen our understanding of the links be-
tween climate changes, attributes of fungal pathogens, and impact on human hosts.
These efforts are crucial for improving prevention, detection, and treatment strategies.

CLINICS CARE POINTS

e Pearls:

o Early Diagnosis and Surveillance: Implement comprehensive diagnostic testing for fungal
infections, particularly in areas experiencing climate-driven changes in disease patterns
and emergence of new pathogens. Early identification can improve treatment outcomes
and reduce disease spread.

Infection Control Practices: Adhere to strict infection control measures, including
protective equipment and proper sanitation, especially in environments affected by
natural disasters and settings that previously experienced C. auris outbreaks. This can
mitigate fungal exposure and infection risks.

[e]
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]

o

o]

o Pitfalls:

]

o]

o

o]

Antifungal Stewardship in Clinics and Environment: Use antifungal medications cautiously
to minimize resistance development. Employ stewardship programs to monitor and
optimize antifungal use in clinical settings but also create appropriate measures to
regulate fungicide use in agriculture, reducing the risk of cross-resistance.

Public Health Collaboration: Engaging in public health initiatives to enhance surveillance
and response strategies for fungal diseases around the world is a key. Climate change
exacerbates inequalities and social determinants of health resulting in disproportionate
impact on fungal diseases. Collaboration with global health organizations can improve
understanding and management of emerging fungal threats.

Targeted Remediation and Antifungal Therapy: Remediation is a key in the aftermath of
natural disasters that come with flooding events. Utilize susceptibility testing to guide
antifungal therapy and combat resistance. Customized treatment plans are crucial,
especially in areas with high antifungal resistance.

Delayed Diagnosis: Avoid delays in diagnosing fungal infections due to atypical
presentations or lack of awareness about climate-related shifts in disease patterns. Late
diagnosis can lead to severe outcomes and increased mortality.

Overlooked Emerging Fungal Threats: Failing to account for emerging fungal pathogens
that adapt to new environmental conditions can lead to underdiagnosis and
mismanagement.

Over-Reliance on Empiric Broad-Spectrum Antifungals: Relying too heavily on empiric
broad-spectrum antifungals without identification of the causative pathogen delays the
identification of emerging fungal pathogens.

Neglecting the Risk of Fungal Outbreaks in the Context of Natural Disasters:
Underestimating the risk of fungal outbreaks in the contest of natural disasters results
in lack of diagnoses and inadequate management of such outbreaks.

Inadequate Remediation Post-disasters: Failing to implement comprehensive remediation
strategies following natural disasters can exacerbate fungal outbreaks. Ensure thorough
cleaning, drying, and repair of affected areas to prevent mold growth.
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