
Wake-up Call: Rapid Increase in Human Fungal Diseases under Climate Change
Lindsey Konkel Neabore

https://doi.org/10.1289/EHP14722

Justin Remais began his career studying schistosomiasis, a disease
caused by a parasitic worm common in tropical settings. But when
Remais moved his lab to the University of California, Berkeley
(UCB), in 2016, he set his sights on another poorly understood patho-
gen that he found—literally—in his own backyard, Coccidioides
immitis. The fungus lives in dust and soil in parts of the western
United States, Mexico, and South America.1 Recent years had seen a
rise in cases of coccidioidomycosis, orValley fever—the pneumonia-
like respiratory infection caused by the fungus.2,3

Because of the limited environmental and public health surveil-
lance at the time, it was not clear how people were being exposed to
Coccidioides and what factors determined who got sick, says
Remais, a professor and chair of the Environmental Health Sciences
division at UCB School of Public Health. Emerging evidence sug-
gests climate change may be playing a role. However, he says,
“There are major gaps in our understanding of the environmental
biology of the pathogen and the epidemiology ofValley fever, which
makes it difficult to project future risk or develop effective strategies
to respond.” The same holds true for other emerging fungal diseases
and how climate change may be affecting—and even contributing to
emergence of—the environmental pathogens that cause them.

Researchers are nowworking to understand the factors, including
climate change, driving the rise in invasive (i.e., systemic) fungal dis-
eases in people worldwide—and how to reduce the threat. Invasive
fungal infections are becoming more common, as is the microbes’
resistance to the current small arsenal of antifungal treatments.4
Recognizing the growing global public health problem, in 2022
the World Health Organization (WHO) released its first-ever list
of fungal “priority pathogens,”4 calling for policy improvements
and research in such areas as fungal disease distribution, patterns
of antifungal resistance, and who is most at risk of exposure and
disease.

Toward that end, Remais and colleagues have launched a
major research project on the environmental epidemiology of
fungal diseases in the United States, including Valley fever. They
will study the climate sensitivity of key pathogenic fungi and
examine how social inequalities may increase disparities in fun-
gal disease incidence and severity across vulnerable populations
as they experience climate warming. “Rising temperatures and
extreme events such as hurricanes can have very different effects
on fungal disease epidemiology across neighborhoods,” says
Remais.

Jace White acquired Valley fever while farming near Fresno, California. Coccidioidomycosis—a pneumonia-like respiratory infection—is named for
California’s San Joaquin Valley, where the pathogen was first identified.53 Image: © Carolyn Van Houten/The Washington Post via Getty Images.
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Side Effects of Modern Medicine?
About a dozen fungal species cause the majority of human infec-
tions,5 and most, like athlete’s foot and ringworm, are superficial
or subcutaneous.6 Very few thrive inside the human body under
normal conditions for two reasons, explains Arturo Casadevall, a
microbiologist and immunologist at Johns Hopkins Bloomberg
School of Public Health. First, most fungal species do not grow
well at mammalian body temperatures. Second, a healthy human
immune system can readily dispense of those that do.7 Yet, “body
temperature alone is not enough to protect us,” says Casadevall. A
warm body in combination with an intact immune system appears
necessary to create a strong defense against pathogenic fungi.

Most experts acknowledge that fungal disease is on the rise,
although the global incidence and prevalence of most fungal infec-
tions remain unknown. The 2022 WHO report estimates that more
than 300million people worldwide may be affected by serious fun-
gal infections each year, potentially causing more than 1.5 million
deaths annually.8 Yet most fungal diseases are not subject to public
health reporting requirements.9 Many clinicians do not initially
suspect fungal disease in patients, and evenwhen they do, access to
quality diagnostic tests may be limited due to cost, distribution, or
technical issues.4

Recognition of fungal diseases grew during the 1950s as
advances in cancer care, transplantation, neonatal medicine, and
autoimmune disease management led to a larger pool of immuno-
compromised patients.10 “Fungal infections have emerged as a side
effect of the modern medical system,” says Rebecca Drummond, a

fungal immunologist at the University of Birmingham in the United
Kingdom.

For example, corticosteroids and broad-spectrum antibiotics al-
ter both the immune system and the gut microbiome in ways that
increase our susceptibility to fungal disease.10 Fungi are part of the
gut microbiome,11 and the use of antimicrobials can alter the bal-
ance, leading to an overgrowth of pathogenic species in the gut,
explains John Perfect, chief of the Division of Infectious Diseases
at the Duke University School of Medicine and coauthor of the
2022 WHO report. Research12 also suggests that “antibiotics may
directly disturb how the immune system fights fungal infections,”
says Drummond.

Pandemics and Immunity
Most recently, fungal diseases have emerged as a complication of
such pandemics as HIV/AIDS10 and COVID-19.13 During the
COVID-19 pandemic, outbreaks of antifungal-resistant Candida
auris bloodstream infections occurred in crowded intensive care
units around the world.13 Such invasive fungal infections among
those sickwith the viruswere not limited to the severely immunocom-
promised with underlying disease but also struck previously healthy
people, says Martin Hoenigl, an associate professor of translational
mycology at the Medical University of Graz in Austria. “COVID-19
changed thewaywe think about fungal disease,” he says.

As Hoenigl and colleagues wrote in a 2022 review, “SARS-
CoV-2 infection alters the immune and metabolic responses in
patients, which together produce an inflammatory environment that

Image: © Ghiglione Claudio/Shutterstock.com.
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is highly permissive to fungal infection.”13 Accordingly, COVID-
19–associated pulmonary aspergillosis, an invasive mold disease,
was reported among patients receiving mechanical ventilation and
immunosuppressive treatment for respiratory failure.14 A COVID-
19–associated mucormycosis outbreak in India garnered global
headlines in 2021withmore than 47,500 reported cases.15,16

Fungal Pathogens and Climate Change
But how are people being exposed to pathogenic fungi in the first
place? Climate change may drive increased fungal disease risk
because warming temperatures, shifting precipitation patterns,
and ecological disturbances may help the pathogens spread and
evolve.17 “It’s creatingmore exposure for susceptible individuals,”
saysDrummond.

Some fungal pathogens have increased in geographic range.17,18

For example, one projection suggests that alternating periods of
higher-than-normal precipitation and higher temperatures and
drought across the US West could more than double the endemic
range of Valley fever by the year 2100, raising the number of
affected states from 12 to 17 and causing a 50% increase in cases.18

Multiyear cycles of dry followed bywetwinters have been projected
to lead to more people getting sick.19 Indeed, record numbers of
cases in California followed the drought-ending rainy winter of
2022–2023,20 with its intense atmospheric rivers.21 “Our research19
indicates that the [2023–2024] wet winter in California is likely to
lead to further increases in incidence in the summer and fall of
2024,”Remais says.

Coccidioides live in desert soils and proliferate during wet
periods.18 Soil disturbances from wind or digging in dry soil can
lift the spores into the air, where they can be inhaled. These

filamentous fungi act like aerosolized particulates, says Remais.
“It’s important to understand it as similar in key ways to particu-
late matter air pollutants,” he explains, although it differs in how
it affects the body. “It has emissions sources and transport charac-
teristics. Just as with particulate matter, the sources and dispersion
of Coccidioides can shift with environmental change.” The US
Centers for Disease Control and Prevention (CDC) recommends
protective measures—such as N95 respirators and staying inside
during dust storms—for people at risk for severe illness, although
these strategies have not been proven to prevent illness.22

Changes in temperature andmoisture combined with forest dis-
turbances from tree harvesting may have driven outbreaks of cryp-
tococcosis caused by Cryptococcus gattii on Canada’s Vancouver
Island starting in the late 1990s.23 Researchers found associations
between an increase in logging, which releases fungal spores into
the environment, and C. gattii incidence on the island.24 This fun-
gus is common in soil and on certain trees in tropical and subtropi-
cal regions; the timing of its first appearance on Vancouver Island
remains unclear.25

Other fungi may be adapting to survive at warmer temperatures—
closer to human body temperature.17 In other words, fungal
pathogens that are not currently a threat to mammals may evolve
to survive at higher temperatures and thus become a health
threat.

Indeed, it may already have happened at least once. The best
candidate for the theory of evolving thermotolerance is the recent
emergence of Candida auris, says Casadevall. C. auris is a type
of yeast that can cause severe infections—particularly in people
who receive invasive medical devices—and spreads easily among
patients in health care facilities. Even more concerning, C. auris

A doctor performs endoscopic sinus surgery on a person with mucormycosis in Ajmer, Rajasthan, India, during the 2021 outbreak. Image: © Himanshu
Sharma/Sipa USA via AP.
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shows multidrug resistance. First identified in 2009 during treat-
ment of an ear infection in a woman in Japan,26 by 2019, the
CDC had classified C. auris as an urgent threat to public health,
due to its growing drug resistance.27

C. auris is the first completely new fungal species hypothe-
sized to have emerged due to climate change.17 Casadevall points
to the simultaneous, unexplained emergence of three types of
C. auris on three continents as circumstantial evidence of a global
warming link.28 “You see the rapid emergence of a microbe
not previously known to medicine suddenly causing disease in
Venezuela, South Africa, and India,” said Casadevall. All of those
locations have experienced extensive warming, according to
Casadevall.

Clinical strains of C. auris also may be more thermotolerant
than strains found in nature. In 2021, researchers isolated C. auris
from a salt marsh and a beach with no human activity on India’s
Andaman Islands in the Bay of Bengal.29 The fungus had never
before been identified outside a hospital setting. TheC. auris strain
found in the Andaman salt marsh was less thermotolerant than the
strains causing outbreaks in hospitals worldwide—it struggled to
grow at 37�C, human body temperature. The observation that an
environmental fungal strain in its natural habitat grewmore slowly
at human body temperature than did clinical strains is consistent
with the hypothesis that the fungus recently adapted to higher tem-
peratures. That adaptation is what may allow C. auris to thrive in a
new host—humans—explains Casadevall.

He argues that the heat island effect (urban areas that are several
degreeswarmer than the surrounding region due to buildings, traffic,
and other factors30) means fungi there could face more selective
pressures for thermotolerance. Accordingly, in a study available in

preprint,31 he and his team, led by postdoctoral fellowDaniel Smith,
sampled the fungal population of four sidewalks in Baltimore,
Maryland. They found fungi from hotter sidewalks were lighter-
colored and absorbed less heat than those isolated from cooler, shad-
ier sidewalks. These findings could inform future studies on “how
urban environments may drive stress/thermotolerance in fungi,
which could alter fungal interactions with humans and impact
human health,”wrote the researchers.31

Climate-Related Disasters
The more than 11,000 extreme weather disasters worldwide
between 1970 and 202132 offer another route by which people
were exposed to pathogenic fungi.33 For instance, an outbreak of
necrotizing mucormycosis occurred among those injured by a
2011 tornado in Joplin, Missouri.34 In a 2012 case–control study of
48 people injured during the tornado, those with penetrating
wounds and a greater number of wounds experienced increased
risk of fungal infection.34 In California hospitals between 2014 and
2018, researchers found that admissions for coccidioidomycosis
increased by 20% in the month following exposure to wildfire
smoke, which can disperse fungal spores.35

Extreme wet-weather events create conditions in which fungal
pathogens thrive17 and people get hurt. Wound contamination and
exposure to mold in housing are two potential sources of post-
disaster fungal infection, according to Hoenigl. Extensive flooding
caused by HurricaneMaria in Puerto Rico36 and Hurricane Harvey
in Texas,37 both in 2017, was linked to increases in invasive mold
infections post-hurricane.36,37

People of any race, gender, or socioeconomic status can be
exposed to fungal pathogens as a result of a disaster. However,

With respect to human health, the pathogen that causes Valley fever behaves like an aerosolized particulate, says Remais. Light micrograph shows a
Coccidioides immitis spherule, capable of releasing spores and spreading infection, in a human lung. Image: © Michael Abbey/Science Source.
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when Hoenigl and colleagues analyzed existing racial and ethnic
disparities in risk for invasive fungal infections, they found that
social determinants of health—nonmedical factors that shape an
individual’s everyday living circumstances, such as working con-
ditions, housing, and access to high-quality, affordable medical
care—largely accounted for their increased risk.38 “Genetic risk
may play a small role for some fungal infections, but social deter-
minants of health are themain driver of racial and ethnic disparity,”
saysHoenigl.

“We know that climate change impacts health by exacerbat-
ing the role of social disadvantage,” says Remais. This suggests
that the global poor are likely to bear the brunt of a future
increase in fungal infections.38 Measures that could protect the
socially vulnerable include the following:

• Ensuring access to N95 masks in certain work environments
with potentially high exposure to fungal spores, such as agri-
culture, landscaping, or construction.

• Addressing leaks, mold, and poor ventilation in housing.

In addition to altering distribution and characteristics of pathogenic fungi, climate change also leads to increased storm intensity. After the 2011 F5 tornado in Joplin,
Missouri, people with more wounds and puncture wounds had increased risk of rare cutaneous mucormycosis.34 Image: © iStock.com/Eyecrave Productions.

“Attributes of the fungus, environment, and host, altered by climate change, can drive emergence of novel, uncommon, or adapted species, with consequences
for health, biodiversity, and food security,” investigators wrote in a 2021 article.17 In this graphic, solid lines show links supported by published evidence;
dashed lines show probable but unproven links. “?” represents as-yet unknown fungal species and consequences. Image: © Nnadi and Carter (2021).17 Used
under Creative Commons license CC-BY 4.0 DEED [https://creativecommons.org/licenses/by/4.0/].
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• Increasing access to fungal diagnostics and antifungal treat-
ments in hospitals and clinics, especially in low- and middle-
income countries.38
A better understanding of the epidemiology of different fungal

infections—and the role of climate change—can further help guide
measures to protect the most vulnerable individuals, according to
Remais. In their new project on the environmental and social epi-
demiology of fungal diseases (described above), he and colleagues
will apply modeling approaches that join data from millions of
electronic medical records together with climate information to
project the US distribution of fungal diseases 30–50 years into the
future.39 They also will look at neighborhood differences, such as
lack of investment in protective infrastructure, that could exacer-
bate the risk of fungal infections among certain groups.

Environmental Influences on Antifungal Resistance
In addition to raising the risk of infection, climate change may play
an indirect role in driving antifungal resistance.17 As one example,
researchers have linked more aggressive, thermotolerant strains of
stripe rust (a major disease of wheat crops) to a warming climate.17

More virulent strains of plant pathogens and broader geographic
range could lead to greater usage of broad-spectrum antifungals in
agriculture, according to Hoenigl.

Fungal crop pathogens overwintering more successfully in
milder climates also could lead to increased use of antifungals on
crops, says Robin May, a professor of infectious diseases at
the University of Birmingham in England and chief scientific ad-
viser to the UK Food Standards Agency. “We know that agricul-
tural antifungal use can select for resistance in human fungal

pathogens,” saysMay.Mounting evidence suggests infection from
such antifungal-resistant strains may be acquired directly from the
environment.40

The best example may be drug-resistant Aspergillus fumigatus
infections, according to May. A. fumigatus is a mold that can cause
invasive aspergillosis andother health conditions, particularly among
people who are immunocompromised.40 Resistance to triazole anti-
fungal agents—used in cereal crops such as wheat and barley—has
emerged in the last three decades as a global problem in Aspergillus
infections41; some researchers hypothesize resistance may have
spread via azole-treated tulip bulbs from the Netherlands.42 Inhaling
spores of resistant strains—which have been isolated from decaying
plant bulb waste, garden waste, and wood chips, for example43—can
lead to infection.44

Researchers are trying to better understand how fungi develop
resistance to antifungal agents. It is a big task. In contrast with bac-
teria, where small, circular pieces of DNA called plasmids are the
main vehicle for antimicrobial-resistant gene transfer,45 fungi
appear to employ a host of mechanisms, says Joanna Rhodes, a
microbiologist at Imperial College London. “With fungi, resist-
ance tends to be inherited, and fungi can reproduce in many ways,”
she says.

Of special concern, says Rhodes, are fungal infections that de-
velop resistance very quickly—in some cases over a few weeks—
through a process called hypermutation. In bacteria, hypermutation
may result from exposure to mutagens, including ultraviolet radia-
tion, she explains. Is this also the case with fungi? “We don’t
know.We don’t yet knowwhat’s causing it or what the genetic ba-
sis for it is,” says Rhodes, who, with colleagues, in 2017 published
the first evidence of hypermutation in the pathogenic fungus

Strains of Aspergillus fumigatus are developing resistance to triazole antifungal agents.41 This microscopic section showing the microbe’s branching hyphae—
a form of vegetative growth—is from an immunosuppressed individual. Image: © Ralph C. Eagle, Jr./Science Source.

Environmental Health Perspectives 042001-6 132(4) April 2024



Cryptococcus neoformans.46 Some researchers have speculated
that heat stress from rising global temperatures may favor fungal
hypermutations that allow increased thermotolerance.47

“Thus far, we have not seen the same level of antimicrobial
resistance in human fungal pathogens that we see in some bacte-
ria,” says May. But he points to the emergence of C. auris, which
is resistant to many antifungals, as evidence for how problematic
such strains can be, even if rare.17 “Since we have far fewer drugs
against fungi than we do against bacteria, the antifungal arsenal
is very limited, and resistance to only one or two drugs can render
a fungus essentially untreatable,” he says.

Looking Ahead
No new classes of antifungals have reached the market in the last
20 years,48,49 but Perfect, Hoenigl, and others are optimistic about
a number of new classes of antifungals in late-stage clinical devel-
opment. “The antifungal pipeline is pretty robust,” says Perfect.

Drummond sees potential for immune-based therapies, too.50

“Different groups of patients have different susceptibilities,” she
says. In patients with AIDS, for instance, T cells are depleted,
she explains. “What are the T cells producing that drives protec-
tion against fungal infection [in healthy individuals]? Could
replacing that molecule boost immunity? There’s a lot on the im-
munology side to catch up on.”

Mapping fungal diversity could help identify potential threats
in the environment by giving clues about which fungal species
may be most likely to adapt to human body temperatures under
global warming,51 according to Casadevall. “We know very little
about fungi in the natural world beyond the fungi that interfere
with us. Most fungal species are not characterized,” he says.

Remais stresses the need for transdisciplinary science to tackle
the changing epidemiology of fungal infections. Drawing on ex-
pertise from epidemiology, ecology, and environmental microbiol-
ogy, his lab team recently reported indications that small
burrowingmammals, includingmice and rats,may shape the distri-
bution of Coccidioides in soil.52 That study adds to evidence that
the pathogen has a natural reservoir among wildlife and provides a
piece of a much bigger puzzle that could one day lead to better pro-
tection against fungal diseases acquired from soils associated with
animal colonies. “If we approach the problem purely through an
epidemiology lens,” Remais says, “we will miss opportunities to
predict and prevent these infections from spreading.”

Lindsey Konkel Neabore is a New Jersey–based journalist who reports on science,
health, and the environment.
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