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ARTICLE INFO ABSTRACT

Keywords: Fungal pathogens have become an increasingly important topic in recent decades. Yet whilst various cankers and

Bat-associated fungi blights have gained attention in temperate woodlands and crops, the scope for fungal pathogens of animals and

2?: roosts their potential threat has received far less attention. With a shifting climate, the threat from fungal pathogens is
iroptera

predicted to increase in the future, thus understanding the spread of fungi over landscapes as well as taxa that
may be at risk is of particular importance. Cave ecosystems provide potential refugia for various fungi, and roosts
for bats. With their well vascularized wings and wide-ranging distributions, bats present potential fungal vectors.
Furthermore, whilst bat immune systems are generally robust to bacterial and viral pathogens, they can be
susceptible to fungal pathogens, particularly during periods of stress such as hibernation. Here we explore why
bats are important and interesting vectors for fungi across landscapes and discuss knowledge gaps that require
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further research.

1. Bats and fungi: scoping a knowledge gap

Bats, the only mammals capable of powered flight, have evolved a
suite of adaptations to cope with the related increases in body temper-
ature and ecophysiological stress. These adaptations have also
strengthened bat immune systems and provided resistance to viruses
and bacteria, enabling them to function as reservoirs for zoonoses. These
diseases include recent emerging infectious diseases (EIDs), some of
which have contributed toward pandemics, for example Ebola and
SARS-CoV-2 [1-3]. While most research into bat-related EIDs has
focused on viral pathogens [1-3], the potential threat of fungal patho-
gens cannot be overlooked. Fungi are responsible for a variety of EIDs,
including diseases that pose a threat to a wide range of organisms,
including humans, animals, and plants. Given the concern about bats as
vectors of EIDs and outbreaks associated with fungal pathogens that are
on the rise, we aim to assess the direct and indirect threats posed by bat-
associated fungi.

Over 290 known species of fungi are directly associated with bats,
and an additional 2000 species with bat habitats such as caves and
roosting areas [4]. These include a sizeable percentage of novel
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species—232 species were newly described in the last decade—and a
high number of genera (173) that contain pathogenic taxa. To effectively
assess the threat of bat-associated fungi, we will briefly outline key as-
pects of fungi and bats, their interactions, and how these factors
contribute to risk assessment.

2. Fungal pathogens

The Kingdom Fungi is poorly studied, with only 154,000 species
described [5] out of an estimated 2.2-3.8 million [6]. Although the vast
majority of fungi are benign, fungal pathogens can be highly lethal [7].
For example, severe chytridiomycosis, caused by Batrachochytrium
dendrobatidis, has decimated amphibian populations worldwide, result-
ing in the extinction of at least 90 species and a 90% population decline
in 124 other species [8]. In total, an estimated 500 species of amphibians
across 54 countries have been infected and many others are threatened
with extinction. This chytridiomycosis alone has contributed to the
decline of nearly half of all amphibian species worldwide [9]. Recently,
the multidrug-resistant Candida auris has been reported in human pop-
ulations in Asia, Europe, and North and South America, notably
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infecting COVID-19 patients [10], with death rates of 50-80% [11].
Another example, Pseudogymnoascus destructans, is the fungal pathogen
responsible for white-nose syndrome (WNS) in bats [12], having resul-
ted in the death of over 7 million bats in the US and severely impacting
the ecosystem services they provide. While no other bat-associated
fungus equally catastrophic in scope has been recorded, potentially
similar pathogenic bat-associated fungi have been recorded in China
[13].

Understanding why some fungi cause such high levels of mortality in
bats whereas other pathogens can often be hosted asymptomatically is
important. First, fungi are eukaryotes with a cell biology more akin to
animals (including humans) than plants, making treatment of fungal
diseases difficult [14]. Second, fungi are able to infect organisms across
the tree of life, and a single fungal pathogen can move among species
with relative ease [15]. And finally, fungi can shift life modes depending
on environmental conditions—a benign soil fungus could transform into
a devastating human pathogen upon habitat disturbance (e.g., Cocci-
dioides immitis and C. posadasii), complicating outbreak planning and
preparation [16].

Two major challenges pose a knowledge gap in preventing fungal
outbreaks. The first is the need for a more comprehensive understanding
on the behavior of their bat hosts. Foraging behavior and migration
routes bring bats in contact with natural ecosystems and human modi-
fied landscapes, with the potential for both spreading fungal propagules
across these different land-use types, and both being exposed to and
being a transmitter of fungal propagules as they navigate through these
varied landscapes (Fig. 1). Further compounding this is the issue that
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caves represent understudied hotspots for fungal diversity [17]. Second,
a community ecology approach in understanding bat-pathogen in-
teractions is virtually non-existent. Many impacts of fungal pathogens
are challenging to predict, such as the relationship of hibernation
behavior and host susceptibility to pathogens, and how these may shift
under changing climates [18].

High baseline body temperatures within mammals have limited the
spread and severity of fungal infections, and usually limits infections to
topical cases and those with compromised immunity [19]. However,
three factors have compromised this intrinsic mammalian defense
against fungal pathogens. Advances in medical technologies such as the
use of targeted and myeloablative treatments for malignancies, the
advent of targeted immunomodulatory therapies for autoimmune dis-
orders, and the expansion of hematopoietic stem cell or solid organ
transplantation for hematological disorders and organ failure have
substantially increased the number of immunocompromised individuals
in human populations, increasing the risk for opportunistic fungal in-
fections. Examples include infections by Fusarium spp. causing organ
damage or failure, and Candida auris resulting in numerous ailments and
infections in immunocompromised patients, but most commonly
causing candidemia or infection of the bloodstream [20,21]. Drug-
resistant fungi further complicate the treatment regimen. Two such
examples include azole resistance in Aspergillus fumigatus as well as azole
and echinocandin resistance in Candida albicans and C. glabrata. Finally,
the overall trend of a warming global climate has expanded the
geographic range of some fungal pathogens [22], seen in the northward
spread of both the endemic coccidioidomycosis (Coccidioides immitis and
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Fig. 1. Habitat and ecological interactions of bats and bat-associated fungi. Bat roosting areas facilitate interactions between fungi and bats, bat parasites, mammals,
cave insects, and humans. Fungi can be found on and spread by all organisms involved.
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C. posadasii) and Pseudogymnoascus destructans in the US. Taken
together, these factors have led to a sharp increase in human infections
in recent years. Yet, whilst agricultural fungi are increasingly well
recognized, the impacts of fungi on wildlife populations are only just
starting to become apparent, despite major fatalities associated with
chytridiomycosis in amphibians, WNS in bats, and less well-known cases
such as the Crayfish plague (Aphanomyces astaci).

3. Bats and their fungal interactions

Bats have evolved unique mechanisms for hosting and tolerating
intracellular pathogens, most notably viruses, but also display tolerance
against certain bacterial and protozoan infections [23]. However, bats
remain sensitive to extracellular pathogens, including pathogenic fungi
such as P. destructans [23,24].

During periods of activity, bat metabolism can reach up to 16 times
the basal rate [25], dramatically changing cellular conditions and
causing high levels of physiological stress. Given that flight is energet-
ically expensive, bats must either hibernate or migrate in winter when
food sources are scarce. Both responses could weaken the immune sys-
tem in most mammals, though how bats respond is less well known
given their unique physiology. Moreover, migration routes potentially
allow for the spread of pathogens, including fungi, across broad
geographic ranges (exceeding 2000 km in some cases) [26,27]. For
temperate bat species that do not migrate, hibernation can last up to or
even exceed six months. During hibernation, body temperatures drop,
increasing susceptibility for fungal pathogenic infection, as evidenced
by peak WNS infection rates during hibernation.

4. Bats as vectors of fungal pathogens

Three main factors contribute toward bats being ideal vectors for
fungal pathogens. Many bats roost in caves and mines; these bat hiber-
nacula and roosts are optimal environments for fungal growth, featuring
stable mild temperatures, high humidity, and rich sources of organic
matter. More than 2000 fungal species are known from caves worldwide
[4], but this number is expected to be much higher. In addition, bats
constantly transition between caves, forests, croplands, and human
settlements in the course of their daily and seasonal activities. Thus,
fungal pathogens can be transferred between land-use types with rela-
tive ease. Finally, bats host highly specialized parasites with the po-
tential to not only spread pathogens within a bat colony, but also host
their own unique fungi, including ectoparasitic ones [28-30], with some
studies finding 43% of bat flies hosting fungi. Bat parasites include
mites, ticks, fleas, and bat flies (streblids, nycteribiids, and ascodipter-
ans). Of the bat flies, streblids are the best adapted for moving among
hosts, as, unlike the others, they have retained the ability to fly and are
most likely to spread fungal propagules within a bat colony [31]. Mites,
ticks, and fleas are less specialized to bats and as a result can move
between bats and other mammals within a cave or roost site, providing
another possible route of fungal transmission.

5. Bat-associated fungi

Of the 290 known species of fungi directly associated with bats, 50
are known pathogens and bats play known roles in transferring fungi
from caves into other ecosystems, and possibly to other taxa [29,32].
Histoplasma capsulatum, a well-known dimorphic fungus usually found
in soils or growing on piles of bat guano, causes pulmonary infections
(histoplasmosis) in humans and other mammals, often with lethal con-
sequences. Other examples of bat-associated fungal pathogens known to
infect and kill humans are Cryptococcus gattii and C. neoformans, the
causal agents of cryptococcosis, and Paracoccidioides brasiliensis, which
causes paracoccidioidomycosis. At least a dozen additional species of
fungi are known to live on bats and are exclusively associated with
diseases in animals and humans, many of which have resulted in
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fatalities among immunocompromised patients.

Karunarathna and colleagues [13] reported potential new EIDs
associated with bats, from bat carcasses in a cave in southwestern China.
Of the seven fungal species that were isolated during this study, two
pathogens were of interest. Neocosmospora pallidimors was a novel spe-
cies belonging to a genus of highly prevalent pathogenic fungi that have
the potential to cause diseases in plants and mammals, including
humans [13]. It remains unclear whether N. pallidimors caused the death
of the bats in this study or grew on the carcasses as a saprotroph. The
second pathogen was Fusarium incarnatum, which is found on agricul-
tural crops and produces mycotoxins, affecting food production and
human health. Examples of infections with F. incarnatum include
fusariosis in humans, primarily infecting the skin or lungs; and the
infection of the gills of black tiger shrimp [33,34].

The feeding behavior and migratory routes of bats bring them into
contact with a range of fungi, including numerous plant pathogens,
indirectly threatening human health. Studies have found hundreds of
plant pathogenic species on bats and in bat-associated environments.
These pathogens are easily transported across different land-use systems
frequented by bats, transmitting pathogens between natural landscapes
and agricultural environments. For example, the plant pathogens
Aspergillus flavus, Fusarium incarnatum, and Neocosmospora spp. can
devastate certain crops, and become a threat to animals, including
humans [35-37]. The impact of fungal pathogens on agriculture will
only intensify as human-disturbed landscapes multiply.

Thus far, bat microbiome studies have focused primarily on inves-
tigating the diversity and abundance of microbes associated with bat
skin and guts [38-40]. Bat microbiome-pathogen interactions are
poorly studied. Microbiota, both those on the skin and in the gastroin-
testinal tract, are vital for mammalian health and govern susceptibility
to infection by pathogens, including fungal ones [41]. Recent work has
indicated that the bat skin mycobiome is dynamic and strongly affected
by geography and bat species [42]. In addition, various skin bacteria
have anti-fungal properties, and these interacting factors need further
work to better understand determinants of the potential of fungal
growth on bats to become problematic [43].

In coming years, we will likely observe increasing rates of fungal
infections in humans owing to the higher numbers of immunocompro-
mised individuals in the general population, enhanced drug resistance,
changing climatic conditions, and increased degrees of exposure [20].
As humans continue to disturb natural landscapes, the occurrence of
new fungal EIDs resulting from interactions between bats and humans
will likely increase, with worsening consequences. Concerted efforts are
needed to advance our knowledge of fungal life cycles, especially for
newly discovered and endemic dimorphic fungi. Despite this, the most
critical threat posed by bat-associated fungi remains an indirect one.
Evidence shows that bats host and transport plant pathogens across their
natural ranges [13]. This has potential implications for global food se-
curity as fungal pathogens are responsible for the loss of approximately
30% of crops and food annually [44]. We must decrease our agricultural
footprint and increase the net productivity of agricultural lands to meet
sustainability goals, efforts that are being hampered by fungal
pathogens.

6. Moving forward

Bats are known hosts for a diverse selection of pathogens, though
there are major differences in the types of pathogens carried with
different species. For example, Pteropidae fruit bats carry Hendra,
Marburg, Nipah, and possibly Ebola viruses, whereas insectivorous bats
host Swine acute diarrhea syndrome coronavirus (SADS-CoV) and
Porcine epidemic diarrhea virus, among others [45-47]. Bats irrefutably
harbor and transport fungal pathogens including Histoplasma capsulatum
[48,49]. Fungal EIDs from bats and bat habitats could be potential
sources for future infections in human and companion animal pop-
ulations. Currently, the spread of plant pathogens represents the most
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pressing threat from bat-associated fungi, which should be considered in
future landscape management strategies, especially with the expansion
of agricultural lands into natural habitats, fragmented forest environ-
ments, and increased probability of bats acting as vectors. These all
constitute genuine threats to human health [50]. Understanding how
bats use landscapes will be necessary to assess their vulnerability to
fungal infection, and where there is the potential for bats to act as fungal
vectors. Reducing habitat fragmentation and increasing habitat con-
nectivity through the maintenance of natural habitats, and hedges in
agricultural and urban landscapes will be crucial to minimizing poten-
tial exposure of bats to plant pathogens that they may inadvertently
transport. Furthermore, analysis shows that ectoparasites on male bats
of some species have a higher incidence of fungal infection, than those of
female bats, highlighting the need for nuanced ecological analysis if we
are to understand the dimensions of transmission of fungal pathogens
among individuals [29].

Mitigation strategies should include restricting and regulating public
access to caves and culverts (home to large bat populations), as well as
ensuring that caving equipment, footwear, and clothing meet biosafety
standards, such as frequent washing to limit transfer of fungal propa-
gules [51]. In addition, mining activities should proceed with stricter
environmental oversight, as disturbance and resettlement of bats could
spread potential pathogens. Limiting human activities in natural land-
scapes that harbor large bat roosting or breeding populations will reduce
disturbances. This may help to minimize exposure to potential vectors,
and may prove an effective mitigation strategy, as it is with viral
pathogens.

An interdisciplinary effort will be needed to develop strategies to
ameliorate and prevent the emergence or spread of bat-associated fungal
diseases. We are only just starting to understand the potential role of
microbial interactions in inhibiting the growth of pathogenic fungi
[52,53]. Zoologists, mycologists, and medical scientists must collaborate
to bolster our understanding of the complex interplay among bats, their
habitats, and the fungal species found in these systems. In parallel, land
use management strategies that limit disturbances in roosting areas, halt
landscape fragmentation, and preserve key foraging sites will be crucial
to reducing bat exposure to human environments, mitigating the spread
of fungal pathogens. Such an integrated approach would be most
effective if implemented in a preventative manner to reduce future EID
risks in crops, human, and animal populations.
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