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ABSTRACT

Zoonotic infections are increasingly observed and bats (Chiroptera) are playing a pivotal role here. The causal chain of events
has been elucidated for Henipavirus (family: paramyxoviruses) infections. Deforestation combined with climate change has re-
duced the food sources of Pteropus fruit bats and attracted them to fruit trees planted around piggeries in Malaysia, transmitting
Nipah virus to pigs as amplifying hosts and then to pig farmers and abattoir workers. Similar scenarios were seen in Australia
where Pteropus bats transmitted Hendra virus to horses as intermediate hosts for human infections. Pteropus bats contaminated
palm sap collected in Bangladesh with Nipah virus where fatal human-to-human transmissions occurred annually. Less direct
evidence links coronaviruses carried by Rhinolophus bats with SARS and COVID-19 pandemics and a piglet epidemic in China.
Rousettus bats living in caves transmitted the Marburg virus (family: filovirus) to miners in Africa. Most cases of human rabies
in North America were caused by bat lyssaviruses (family: Rhabdoviruses). Bats are viral reservoir species for various virus
families (reovirus, Hepacivirus of Flavivirus family, influenza A viruses). Bats are the only flying mammals which opened enor-
mous evolutionary possibilities resulting in a worldwide radiation with 1400 species. Some bat species are represented by huge
populations that come together in extremely crowded resting places that are conducive to viral transmission. Bats have evolved
mechanisms that tolerate virus replication but suppress the associated pathology, making them healthy carriers for many vi-
ruses. It is speculated that with that strategy bats avoid an arms race with viruses for resistance and anti-resistance mechanisms.
The excretion of viruses that are highly pathogenic for other mammalian orders could be used as biological weapons to defend
their habitat against intrusion by mammalian competitors, including humans. This hypothesis might explain the increasing
involvement of bat viruses in emerging infectious diseases observed in recent decades and expected in the future.

Viral epidemics are increasingly observed in the 21st century.
Viral zoonosis plays a major role in emerging infectious diseases,
and bats (mammalian order of Chiroptera) are likely sources for
many of these outbreaks. The current Lilliput editorial review
provides an overview of outbreaks with proven or suspected
links to bat viruses, compiles data where bats are reservoir spe-
cies for viral pathogens and asks the question: what bat traits un-
derlie this peculiar pivotal role of bats for emerging infections?

1 | Anatomy of a Viral Zoonosis With Proven
Links to Bat Viruses: Henipavirus Infections

With two emerging diseases caused by Nipah virus (NiV) and
Hendra virus (HeV) which form the Henipavirus genus in the
Paramyxoviridae family, we have reliable data on the origin of
the viruses, and we have a basic understanding of the factors
that led to these zoonosis events. With respect to case numbers,
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NiV and even less HeV infections cannot be compared with the
impact of the COVID-19 pandemic. However, the viral origin of
the COVID-19 pandemic is still not clear and therefore allows
a less clear illustration of basic principles. The World Health
Organization has listed NiV in its R&D Blueprint as one of the
10 highest-priority pathogens (World Health Organization 2018)
and NiV infections merit our attention not only for their high
case fatality rates.

1.1 | The Search for the Viral Reservoir

The first human NiV cases were reported in pig farmers from
Malaysia in late September 1998. The human NiV cases were
associated with an outbreak of respiratory illness in pigs
(Chua et al. 1999). By February 1999, the disease had spread
to other areas of Malaysia and was linked to the transport of
infected pigs. In March 1999, NiV cases were also observed
in abattoir workers from Singapore who had handled infected
pigs imported from Malaysia. The culling of more than 1 mil-
lion pigs in Malaysia stopped the NiV outbreak which caused
265 cases of encephalitis and 105 deaths in Malaysia. The
etiological agent was rapidly identified. Cerebrospinal fluid
from fatal NiV cases induced characteristic cytopathic effects
in Vero cells, and viral particles typical for paramyxoviruses
were observed (Chua et al. 2000). The isolated virus was neu-
tralised by HeV antiserum. However, sequencing of the NiV
genome showed more than 20% sequence diversity from HeV,
suggesting a distinct viral species. HeV had been traced to
fruit bats in Australia, where fruit bats infected horses and

caused a handful of fatal infections in humans who had close
contact with horses. In the NiV outbreak area of Malaysia, se-
rological surveys showed NiV antibodies in sera of most pigs
and in the sera of few cats, dogs and bats in the outbreak area.
However, no virus could be isolated and no viral RNA was
detected in more than 300 analysed bats. The reservoir species
for NiV remained thus undefined.

Subsequently, virologists collected sera from fruit bats and in-
sectivorous bats from different areas in Malaysia as well as
sera from wild boars, domesticated dogs and rodents around
the outbreak areas. Overall, more than 300 bats represent-
ing 14 bat species were captured. Neutralising antibodies to
NiV were detected in 31% of Pteropus hypomelanus and 17%
of Pteropus vampyrus (Figure 1), two fruit bat species belong-
ing to the Chiroptera suborder Megachiroptera (traditional
taxonomy) or Yinpterochiroptera (new taxonomy), and with
less than 5% seroprevalence in three further bat species. All
other mammalian sera were negative. However, still no NiV
could be isolated from bats (Yob et al. 2001). NiV-neutralising
antibodies were also identified in other bat species (Pteropus
lylei, Rousettus leschenaultia) from Cambodia and Vietnam,
respectively. Serological characteristics suggested that viruses
related to, but distinct from NiV, were widely circulating in
Southeast Asia (Olson et al. 2002; Hasebe et al. 2012).

It needed much effort to provide direct evidence for NiV infec-
tion in bats: among 860 P. lylei bats in Thailand 9% showed NiV
antibodies while only 1 and 6 animals, respectively, showed
NiV RNA in saliva and urine (Wacharapluesadee et al. 2005).

FIGURE 1 | Bat and Henipaviruses. Left: A Pteropus spec fruit bat in flight; Centre, top: Electron microscopy of Nipah Virus in false colour;

Centre, bottom: Distribution map of Pteropus bats (blue broken line), blue diamonds: Human Nipah virus infections, orange diamonds: Horse/human

Hendra virus infections, white-shaded countries: Countries with Henipavirus seropositive Pteropus bats; Right: Jar on a palm tree for sap collection
in Bangladesh (figure credits: Left: Wikipedia Pteropus Charles Sharp; centre top: Wikipedia Nipah virus NIAID; centre bottom: Wikipedia Nipah

virus CDC; right: Wikipedia Pteropus Biswarup Ganguly).
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Likewise, among 140 bats investigated in India, only one
Pteropus giganteus bat showed a low level of NiV RNA in the
liver. Notably, the sequenced viral RNA was identical to that
of NiV isolated from patients in India and Bangladesh and
shared 96% identity with viruses from NiV patients and bats
in Malaysia (Yadav et al. 2012). In Malaysia, it took three field
surveys to isolate a NiV from two urine samples of P. hypomela-
nus and from a fruit partially eaten by bats. These viral RNAs
shared 99% sequence identity with that of human NiV from
Malaysia. The high sequence identity suggested that the spill-
over of NiV from Pteropus bats to humans was a recent event
(Chua, Chua, and Wang 2002; Chua, Koh, et al. 2002). When
testing nearly 3000 urine and throat samples from Pteropus me-
dius and R. leschenaultia from Bangladesh, 11 NiV isolates were
obtained. The genome sequences shared 99.9% identity with
NiV from bat colonies separated by 350km, suggesting viral
dispersal by bat movements (Anderson et al. 2019). A NiV from
P.lylei was isolated in Cambodia that shared 97.7% nucleotide
sequence identity with human NiV isolates from Malaysia and
lesser identity with NiV from Bangladesh, demonstrating some
NiV strain differentiation. This bat isolate replicated to high
viral RNA copy numbers in human and to lower copy numbers
in bat cell lines. The isolate induced paralysis, breathing prob-
lems and prostration in experimentally infected hamsters and
100% lethality after a week (Gaudino et al. 2020).

1.2 | Push Factors

With the bat origin of NiV now demonstrated, Malaysian re-
searchers looked for factors that might have precipitated the
1998 NiV epidemic. They identified a number of stress factors
that affected the Malayan fruit bat population. They noted an
encroachment of humans into the forest habitats of fruit bats
by two decades of anthropogenic deforestation for pulpwood
and industrial plantation. In addition, a drought driven by the
severe 1997-1998 El Nifio Southern Oscillation (ENSO) event
reduced fruit and flower production in Malaysia. Finally,
slash-and-burn deforestation in Sumatra and Borneo for oil
palm plantations destroyed approximately 5 million ha of for-
est. With the prevailing southwesterly winds, these fires cre-
ated the most severe haze ever known in Malaysia. The haze
caused solar light extinction that reduced forest and agricul-
ture productivity, which translated into starvation for fruit
bats (Chua, Chua, and Wang 2002; Chua, Koh, et al. 2002).
The link between deforestation/climate change and virus
spillover by Pteropus bats has been convincingly demonstrated
for HeV infections of horses in Australia (Eby et al. 2023). In
Australia, Pteropus bats primarily feed on nectar, and the
bats track ephemeral pulses of flowering Eucalyptus trees
over hundreds of kilometres. When trees that provide food
in winter do not flower because of variations in temperature
and rainfall, Pteropus bats experience brief periods of food
shortages to which they respond with behavioural changes
(reducing roost sizes, searching for less nutritious alternative
food sources). Deforestation for agriculture and urban spread-
ing has reduced the habitat of Pteropus bats and, combined
with ENSO events, induced starvation periods for the bats that
were temporally associated with the HeV spillover infections.
The physiological stress induced increased HeV excretion into
the urine of bats (Becker et al. 2023).

1.3 | The Pull Factors

A viral reservoir in a wildlife species alone does not yet cre-
ate a spillover infection in humans. Humans must come into
close contact with the viral carrier species. This can occur
with the intrusion of humans into the natural habitat of wild-
life viral carriers. This might occur during deforestation ac-
tivities or by bushmeat hunting, as demonstrated by a study
from Cameroon (Pernet et al. 2014). The researchers investi-
gated local serum collections from the fruit bat Eidolon hel-
vum and from humans for neutralising antibodies to a NiV
relative from an African bat. Half of the bats and 3% of the
humans showed virus-neutralising antibodies. None of the
humans without contact with bats displayed these antibodies.
Bat bushmeat butchering increased the risk of a serologically
diagnosed infection by 29-fold, while living in an area of de-
forestation already increased the risk of NiV seropositivity by
tenfold.

An unfortunate agronomical advice created favourable con-
ditions for a NiV spillover infection in Malaysia. To increase
the small profit margin for pig farmers, agronomy experts sug-
gested to combine animal husbandry with planting fruit trees.
This dual farm use would provide an extra income from fruit
and also provide shade to the pigs. Indeed, 100 ha of orchards
surrounded the pig-farming area where the index human and
pig NiV cases were reported in Malaysia (Chua, Chua, and
Wang 2002; Chua, Koh, et al. 2002). P. vampyrus bats, nor-
mally absent in this area, were observed to visit orchards for
foraging shortly before the outbreak. Partially eaten fruits
were also found within pigsties, creating an infection chain
connecting fruit bats with pigs as an intermediate amplifying
host (which ate the fallen fruits contaminated by bat saliva)
and the pig farmers. A combination of push and pull fac-
tors thus created the ground for a NiV spillover in Malaysia.
Similar observations were made in Australia for HeV spill-
overs, where starving fruit bats were attracted to fruit and
flower food sources in agricultural areas and in urban gardens
(Plowright et al. 2011).

Astrong pull factor also contributed to spillover infections with
NiV in Bangladesh and India. NiV infections in these coun-
tries differed in epidemiological terms from those reported in
Malaysia (Hossain et al. 2008). In the Muslim-majority coun-
try Bangladesh, pigs were excluded as intermediate amplify-
ing hosts. In South Asia, human-to-human transmission was
observed for those having close contact with the patients, par-
ticularly when caring for them. An early case-control study
of a cluster of NiV cases in Bangladesh identified a strong pull
factor. Drinking raw date palm sap, a popular and nutritious
beverage in Bangladesh, was the only risk factor associated
with the disease. Using cameras, the researchers identified
the fruit bat P. giganteus drinking from the clay pots used
to collect the sap at night, contaminating the sap with their
urine (Luby et al. 2006). These researchers then compared
60 villages in Bangladesh reporting NiV cases with 147 con-
trol villages. They analysed ecological factors and human be-
havioural drivers for the geographic variation of NiV infection
risk. As the sole difference, case villages showed a greater
proportion of persons drinking palm sap (Luby et al. 2006).
Human outbreaks occur almost annually in Bangladesh, and
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FIGURE2 | Batand coronaviruses. Left: A Rhinolophus affinis bat; Right, top: Distribution map of R. affinis; Right, bottom: Electron microscopy
of a bat coronavirus (figure credits: Wikipedia Java Hufeisennase Ian Dugdale; right top: Wikipedia Java Hufeisennase IUCN Red List of Threatened

Species; right bottom: Wikipedia SARS-CoV-2).

the seasonal timing of outbreaks coincides with patterns of
raw date-palm-sap consumption in a region termed the ‘Nipah
belt’. Clinical cases and viral RNA detection in bats occurred
when the P. medius bat population passed through troughs
in the annual NiV antibody seroprevalence cycles, suggest-
ing that viral spillover was linked to waning herd immunity
in the bat population (Epstein et al. 2020). Due to land-use
changes, forest cover in Bangladesh has decreased from 40%
to less than 10%. As a consequence, P. medius has changed
behaviour. The majority of P. medius populations are now
small; they occupy roost sites for several years, live in areas
of high human population density and opportunistically feed
on cultivated food resources. This behavioural adaptation to
environmental push and pull factors now favours viral spill-
over events (McKee et al. 2021). Climate change models pre-
dicted that the geographical range of Pteropus bats will extend
beyond their currently occupied range (South and Southeast
Asia) and potentially carry NiV to Arabia, Northern Australia
and Africa (Daszak et al. 2013).

2 | Coronavirus Epidemics With Strongly
Suspected Links to Bat Viruses: SARS, COVID-19
and SADS

2.1 | SARS-CoV-1

The 2002/2003 SARS-CoV-1 outbreak which started in
Guangdong, China was first linked to the masked palm civet as
aviral source. The civet was sold as a food delicacy at the live an-
imal markets in Guangdong. However, experimental infections
of palm civets with SARS-CoV-1 resulted in overt disease. In ad-
dition, no indications of a widespread infection in wild or farmed
civets were detected, rendering them an unlikely viral reservoir
species. In contrast, in 2004, when Chinese researchers collected

blood, faecal and throat swabs from 400 bats in Guangdong and
adjacent provinces, three Rhinolophus bat species (Figure 2), be-
longing to the bat suborder Microchiroptera, showed antibodies
reacting with SARS-CoV-1 in ELISA (Li et al. 2005). The data
demonstrated a seroprevalence ranging from 28% to 71% in the
bat sera and PCR positivity for the nucleocapsid and polymerase
gene of SARS-CoV-1 in 10%-12% of the faecal samples. No in-
fectious virus could be isolated but the whole viral genome from
one faecal sample could be reconstituted. This bat coronavirus
genome shared between 96% and 100% sequence identity with
SARS-CoV-1 except for the S1 domain of the spike gene, which is
the receptor-binding domain (RBD). Over this region, sequence
identity was only 64%, which fits with the observation that the
bat sera did not neutralise SARS-CoV-1. While the source for
the 2002 SARS-CoV-1 outbreak was not identified, the data
demonstrate that Rhinolophus bats are a viral reservoir species
for SARS-CoV-1-like coronaviruses (SL-CoV). Subsequently,
Chinese researchers analysed 117 anal swabs from R. sinicus
bats from Yunnan province (Ge et al. 2013): 23% tested positive
for coronavirus using a viral RNA-dependent RNA polymerase
gene-specific PCR test; peak prevalence of 48% was observed in
autumn compared to 7% in spring. Two viral bat genomes shared
95% overall nucleotide sequence identity with SARS-CoV-1 ex-
tending also over the receptor-binding region of the spike gene.
The authors suggested that direct bat-to-human infection could
be a plausible scenario for some bat SARS-like coronaviruses.

2.2 | SARS-CoV-2

The origin of SARS-CoV-2 causing the COVID-19 pandemic is
still unclear. Major questions concern the animal reservoir for
the SARS-CoV-2 strains (bats?), whether a passage in an inter-
mediate host (pangolins? racoon dogs?) was needed to adapt
the virus for human transmission, and whether the initial
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transmission event to humans occurred in a live animal market
or in a laboratory working with bat viruses. Despite these un-
certainties, some observations link SARS-CoV-2 to bat viruses.
Bats harbour the closest viral relatives of SARS-CoV-2 with re-
spect to genomic identity. The report describing the first SARS-
CoV-2 human isolates in January 2020 noted 96.2% nucleotide
sequence identity over the entire genome with the Rhinolophus
affinis bat coronavirus RaTG13, isolated in 2013 in China (Zhou
et al. 2020). However, a drop in sequence identity was found over
the RBD of the spike protein, resulting in a very limited affinity
of RaTG13 to the human ACE2 receptor used by SARS-CoV-2,
excluding RaTG13 as a direct precursor for SARS-CoV-2.

Coronaviruses are a frequent finding in bats. For example, when
645 bats caught in Laos were screened for coronaviruses, 24 indi-
viduals from 10 bat species tested positive in PCR (Temmam et al.
2022). Seven bats yielded a virus from the Sarbecovirus subgenus
to which SARS-CoV-2 belongs; all bats belonged to Rhinolophus
species. The Laotian R. malayanus BANAL-52 coronavirus shared
96.8% sequence identity with SARS-CoV-2 collected in 2019.
Notably, these bat viruses differed by only one or two amino acid
residues in the RBD of their spike proteins from SARS-CoV-2 and
could mediate human ACE2 receptor-dependent entry and rep-
lication in human cells, which was inhibited by antibodies that
neutralised SARS-CoV-2. However, none of these bat viruses con-
tained a furin cleavage site in the spike protein, which is import-
ant for human-to-human transmission of SARS-CoV-2. Again,
BANAL-52 is not the direct ancestor of SARS-CoV-2.

Sarbecoviruses undergo extensive genomic recombination.
One might therefore not expect to find a direct ancestor of ei-
ther SARS-CoV-1 or SARS-CoV-2 circulating in wild bats. To
address this problem, a consortium of researchers conducted
comparisons of non-recombinant subgenomic segments of
sarbecoviruses (Pekar et al. 2025). They concluded that the
closest-inferred bat virus ancestors of both SARS-CoV-1 and
SARS-CoV-2 circulated in bats in the years immediately pre-
ceding the emergence of each pandemic virus. By performing
phylogeographic analyses, they deduced that the precursors of
SARS-CoV-1 and SARS-CoV-2 emerged in places far from where
the SARS and COVID-19 pandemics started. To bridge this geo-
graphical gap, they postulated an intermediate animal host that
sparked these zoonotic epidemics transported by wildlife trade.

2.3 | SADS

A veterinary coronavirus outbreak also provided evidence of a
bat virus involvement. Chinese researchers reported in 2017 a
large-scale outbreak of fatal disease in pigs which was called
Swine acute diarrhoea syndrome (SADS), killing over 24,000
piglets on a farm in the Guangdong province (Zhou et al. 2018).
Porcine epidemic diarrhoea virus, a coronavirus, that had
caused prior outbreaks on this farm, could not be detected.
Metagenome sequencing of the small intestine from a diseased
piglet matched sequences of the bat coronavirus HKU2, which
was isolated from Chinese horseshoe (Rhinolophus) bats in the
Guangdong province. The overall genome identity between the
pig outbreak strain, SADS-CoV, and the HKU2 from bats was
95%, but dropped to 86% over the spike gene S. From 600 anal
swabs of bats captured in the Guangdong province, 10% tested

positive for the pig outbreak strain with overall genome se-
quence identity ranging from 96% to 98%, which extended to the
spike S gene. All positive samples were from Rhinolophus bats.
Phylogenetic tree analysis showed that different Rhinolophus
species contained distinct coronaviruses, the closest to the pig
isolated coming from R. affinis. The authors concluded that bat
coronaviruses also threaten veterinary health in animals of eco-
nomic importance. In addition, they isolated a bat coronavirus
WIV1 which could use the human ACE2 protein as an entry
receptor. This observation suggested to them that direct bat-to-
human infection is a plausible scenario for some bat SL-CoVs.

3 | Bat Virus Links With Human Filovirus
Epidemics: Ebola and Marburg Virus

3.1 | Ebola Virus

Between 2002 and 2005, Ebola virus outbreaks occurred among
humans in Gabon and Zaire. As chimpanzees and gorillas also
suffered severe disease, they were not a likely virus reservoir
species. To identify potential reservoirs, researchers captured
more than 1000 local animals, including bats, birds and small
terrestrial animals. Ebola virus-specific antibodies and Ebola
virus RNA belonging to the Zaire clade were detected in liver
and spleen samples of Hypsignathus monstrosus, Epomops fran-
queti and Myonycteris torquata, all Macrochiroptera fruit bats.
Bats tended to be either seropositive or viral RNA positive,
suggestive of recent infections in the latter cases. The affected
human populations consumed fruit bats as bushmeat (Leroy
et al. 2005). In a follow-up study, 1390 samples were collected
from these three fruit bat species, and 40 bats were positive for
Ebola virus antibody (Pourrut et al. 2007).

For the large Ebola outbreak in West Africa which led to 17,000
human cases and 6000 deaths in 2014, researchers conducted
a 4-week field mission at the beginning of the outbreak. They
captured 150 bats belonging to 13 species but all were negative
for Ebola virus RNA (Mari Saéz et al. 2015). In a 2007 survey
conducted in Ghana, about a third of different fruit bat species
showed Ebola virus antibodies, nevertheless pointing to fruit
bats as a potential reservoir for Ebola virus (Hayman et al. 2012).

3.2 | Marburg Virus

Liver and spleen samples from 1100 bats representing 10 dis-
tinct species from Gabon and the Democratic Republic of Congo
(DRC) were investigated for Marburg virus RNA by RT-PCR.
Four individuals of the fruit bat Rousettus aegytiacus (Figure 3),
also a member of the Megachiroptera bat suborder, were posi-
tive, harbouring unique sequences from a single Marburg virus
lineage. More than 400 bats were then investigated for the pres-
ence of Marburg virus-specific antibody: 29 individuals tested
positive, all belonging to R.aegyptiacus, suggesting a 9% sero-
prevalence. All fruit bats with positive results were clinically
healthy (Towner et al. 2007).

In 2007, miners working in the Kitaka Cave, Uganda, were di-
agnosed with Marburg haemorrhagic fever. The cave contained
a colony of about 100,000 R. aegytiacus bats. In 2007, 5.6% of the
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FIGURE 3 | Bat and Marburg virus (filovirus). Left: A Rousettus aegyptiacus bat; Centre: A distribution map of R. aegyptiacus; Right: EM of
Marburg virus. (figure credits: Left: Wikipedia Nilflughund Lithuanian Zoological Gardens; Centre: Wikipedia Nilflughund IUCN Red List of
Threatened Species; right: Wikipedia Marburg virus CDC Fred Murphy; J. Nakano).

bats contained Marburg virus RNA by RT-PCR; in 2008, Marburg
virus carriage was still at 4.5% as expected for a viral reservoir
species. All infected bats appeared clinically healthy. Juveniles
showed a two-fold higher virus carriage than adults, but trans-
mission was mostly horizontal in the cave. Viral antigen was
found in the liver and spleen of two bats from which an infectious
virus could be isolated. Two miners infected with Marburg haem-
orrhagic fever yielded viruses that differed by 21% in the viral ge-
nome sequence between the two patients. Different viruses from
bats of this cave shared >99% sequence identity with each of the
viruses from the two miners (Towner et al. 2007).

Similar data were reported for R.aegytiacus bats from a cave
in South Africa. Blood samples were collected from 1400 ani-
mals: 53% were positive for serum antibodies to Marburg virus.
Seropositivity increased from 15% in April to 82% in October
2013. The increase was particularly high in juveniles (1%-77%).
Seroconversions were observed in 19% of recaptured bats. Two per-
cent of liver-spleen samples were positive for Marburg virus RNA
(Paweska et al. 2018). R. aegytiacus was also a likely Marburg virus
reservoir in Zambia: 44% of the bats showed serum antibodies to
the Marburg virus. The seroprevalence showed seasonal varia-
tion that coincided with the reproductive cycle of these fruit bats
(Changula et al. 2018). In another study, researchers found that
tissue homogenates from 2 out of 71 cave-dwelling R. aegytiacus
bats were positive for Marburg virus RNA (Kajihara et al. 2019).

4 | BatVirus Links With Rabies Infections

Bites of dogs infected with lyssavirus cause rabies in humans.
Without postexposure prophylaxis, rabies in humans is inevitably

fatal. The lyssavirus genus within the Rhabdoviridae family con-
tains 18 viral species, subdivided into three phylogroups. Bats are
the natural hosts of 16 lyssavirus species. Surveys from Taiwan
showed that nearly 1% of bat carcasses yielded lyssaviruses (Hu
et al. 2018, 2022). Similarly, 15 of 1230 bat brain samples from
Germany yielded EBLV-1 (European bat lyssavirus 1) positive sam-
ples; all were from serotine bats (Eptesicus serotinus) (Figure 4), a
Microchiroptera (modern taxonomy suborder: Yangochiroptera,
family: Vespertilionidae) (Klein et al. 2021). All bat lyssaviruses
can infect other mammals including humans and cause fatal ra-
bies. In fact, over a decade, 27 human rabies cases have occurred
in the United States; 20 of them have been attributed to bat-
associated lyssavirus species, 15 of them belonged to the same east-
ern pipistrelle bat virus variant (CDC 1999). Pipistrelle is another
Yangochiroptera microbat. In the United States and Canada; 41
human bat rabies virus variant cases were observed until 2015. All
cases were fatal. Patients reported bites from a bat or unprotected
physical contact with bats (Dato et al. 2016). The incidence of bat
rabies cases increased in the United States by threefold over the
last decades (De Serres et al. 2008). Rare cases of bat lyssaviruses
have also been documented in Europe with EBLV-1 (Regnault
et al. 2022) and EBLV-2 (Fooks et al. 2003).

EBLV-1-neutralising antibodies were detected in 6% of 700 insec-
tivorous bats collected in North Africa (Serra-Cobo et al. 2018).
A study from Spain investigating 2400 bat sera observed neutral-
ising antibodies against EBLV-1 bat lyssavirus in 21% of animals
(27% in dead bats). Seroprevalence varied between 3% and 37%
according to region and reached up to 40% in Vespertilionidae
bats. Seroprevalence showed seasonal variation with summer
peaks and increased with colony size and the number of bat spe-
cies living together (Serra-Cobo et al. 2013).
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FIGURE4 | Batand lyssavirus. Left: Serotine bat Eptesicus serotinus, carrier of Lyssavirus; Centre: Electron microscopy of a bat lyssavirus, at the
left side budding from an infected cell; Right: A pipistrelle bat, another carrier of lyssavirus (figure credits: left: Wikipedia serotine bat Mnolf; centre:

Wikipedia lyssavirus CSIRO; right: Wikipedia common pipistrelle Drahkrub).

Conflicting data exist on whether lyssavirus infections cause
pathology in bats. Field studies suggest mild or asymptomatic
lyssavirus infections in bats. In two longitudinal studies from
France, survival and recapture probabilities were not affected
by the serological status of individuals, indicating that bats
were exposed to lyssavirus without dying from the infection
(Robardet et al. 2017). A Spanish study reported EBLV-1 anti-
bodies in 10% of 550 healthy bats. Antibody-positive bats were
recaptured in a healthy condition in the following campaigns.
Similar body conditions were observed in bats with oropha-
ryngeal swabs that were positive or negative for lyssavirus
RNA (Vazquez-Moron et al. 2008). In contrast, experimental
infections in bats with lyssavirus induced disease. Serotine
bats experimentally inoculated with EBLV-1 by the intrace-
rebral and subcutaneous route died from rabies, while upon
intramuscular and intranasal inoculation, few or no bats died
from rabies (Freuling et al. 2009).

5 | Bats Are Reservoir Species for Viral Pathogens:
Reoviruses and Further Paramyxoviruses

5.1 | Reovirus

A man from Melaka, Malaysia, developed a respiratory disease
with high fever. One week later, two of his children developed a
similar disease. A virus was isolated from the index case which
turned out to be an Orthoreovirus (double-stranded RNA virus
of the Reoviridae family). It was genetically and serologically
closely related to Pulau virus from fruit bats. One week before

the disease onset, a bat intruded the living room of the family.
Thirteen percent of 109 human sera from Malaysia neutralised
both the Melaka and Pulau viruses (Chua et al. 2007). A respi-
ratory disease was seen in another patient from Malaysia who
transmitted the infection to his doctor. The index case yielded
another genetically and serologically related Kampar reovirus.
The patient's home was frequently visited by fruit bats (Chua
et al. 2008). Another adult from Malaysia developed a high fever
and prostrating myalgia. The convalescent serum of the patient
neutralised the isolated Sikamat reovirus and cross-neutralised
several bat reoviruses. Fruit bats had occasionally intruded his
weekend house (Chua et al. 2011). More than 60% of P. hypome-
lanus bats showed serum antibodies against bat-like reoviruses
isolated from human cases. Human exposure to bat reoviruses
seems to be widespread since serum antibodies against bat-like
reoviruses were observed in up to 18% of the Malaysian popula-
tion (Leong et al. 2022).

5.2 | Further Paramyxoviruses

Bats are also healthy carriers of numerous paramyxoviruses be-
yond NiV and HeV. A study from Madagascar screened 140 bats
belonging to four bat families with a pan-paramyxovirus RT-PCR.
A positive signal was seen in 41 bats (Wilkinson et al. 2014). In
a follow-up eco-epidemiological study with 950 bats, 10% of the
bats were infected. Gene sequencing demonstrated that all viruses
belonged to unclassified morbilli-related paramyxoviruses. These
viruses showed little host specificity, and sympatric occurrence
of bats was identified as a major factor for virus transmission
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(Mélade et al. 2016). Also, 21% of infected but healthy vampire bats
from Brazil contained novel paramyxoviruses when kidney tis-
sue was investigated with high-throughput sequencing (de Souza
et al. 2021). US researchers screened 358 healthy individuals from
15 rodents and 18 bat species for the presence of paramyxovi-
ruses: 36% of rodents and 9% of bats gave a positive signal. The
bat viruses formed a single clade, representing a distant relative
of Henipaviruses (Larsen et al. 2022). A much greater diversity of
paramyxoviruses was detected when a worldwide sample of nearly
5000 bats representing 86 species was screened by RT-PCR. This
study identified a Rubulavirus in bats that shared sequence relat-
edness with the human mumpsvirus, with which it formed a single
serogroup. In addition, they detected novel members of the genus
Morbillivirus. Many new species of Henipaviruses were detected
in African bats. Close relatedness with NiV was demonstrated by
immunofluorescence. The researchers also detected a novel bat
Pneumovirus that formed a sister clade to the human and bovine
respiratory syncytial virus. Virus-positive bats were investigated
for viral tissue distribution. In E. helvum bats, the highest viral
loads were detected in the spleen for a Henipavirus. A colony of
Mpyotis bats shed morbilli-like viruses at constant concentrations
over several years. Blood chemistry showed no signs of inflamma-
tion or overt clinical disease in infected bats. The identified bat
viruses were not identical to those endemic in humans or livestock
(Drexler et al. 2012).

While these bat Paramyxoviruses are so far only potential patho-
gens, one bat-borne Paramyxovirus, Menangle virus, caused a
decline of piglets by 27% in an Australian piggery. The farmers ob-
served mummified and stillborn piglets with a severe degeneration
of the brain and the spinal cord. Older pigs were not affected. Two
workers on the piggery experienced an unexplained, self-resolving
febrile disease during the episode. The pigs and the workers
showed neutralising antibodies against the viruses isolated from
the lungs, brains and hearts of diseased piglets. These antibod-
ies were not seen in the piggery before the outbreak. A third of
fruit bats of different Pteropus species showed antibodies against
this virus, but none of the wild or other farm animals, suggesting
Pteropus bats as viral reservoirs (Philbey et al. 1998).

6 | BatViruses at the Root of Important
Pathogens: Hepaciviruses and Influenza A Viruses

6.1 | Flaviviruses

An international consortium investigated serum specimens
from 415 healthy African and Central American bats by high-
throughput sequencing. They detected flavivirus-related se-
quences in the serum pools. Overall, 0.6% and 4%, respectively,
of the sera were positive for Hepacivirus and Pegivirus. When ex-
tending the search to 1160 serum samples from bats of Nigeria,
Bangladesh and Mexico, 23 gave a positive result. All were from
insectivorous bats. The viral load ranged from 103 to 103 RNA cop-
ies/mL. Based on partial gene sequencing, a highly diverse group
of viruses was identified that clustered within the Hepacivirus
(containing the human Hepatitis C virus) and Pegivirus (contain-
ing primate flaviviruses) genera. Phylogenetic analysis suggested
bats as an ancient reservoir for Hepaci viruses (Quan et al. 2013).

6.2 | Influenza Viruses

Wild populations of waterfowl are reservoirs of influenza A vi-
ruses (IAV). TAV display 16 distinct alleles of the HA gene and
nine alleles of the NA gene. Human, swine and equine influenza
viruses are thought to have emerged from this avian reservoir.
When screening rectal swabs from 316 bats representing 21 dif-
ferent species from Guatemala, researchers detected three pos-
itive individuals with a pan influenza RT-PCR assay. All three
belonged to a single frugivorous bat species, indicating that 10%
of this species carried IAV. Up to 10° viral genome copies per
100uL of rectal swab were observed. Liver, intestine, lung and
kidney tissues were virus-positive, suggesting active viral rep-
lication. Both the viral hemagglutinin HA gene and the viral
neuraminidase NA gene differed substantially from known HA
and NA genes, defining a new H17N10 influenza virus (Tong
et al. 2012). These researchers then screened 110 bats from Peru,
representing 18 species: one fruit bat tested positive. Sequencing
defined a new H18N11 IAV. Phylogenetic analysis showed that
seven of the eight genes of both the Guatemalan and the Peruvian
bat IAV were closely related and ancestral to all known IAV. Half
of the sera from the investigated 110 Peruvian bats showed spe-
cific IgG to the bat HA and NA; 10% showed very high antibody
titres suggesting circulation of these viruses in the bat popula-
tion (Tong et al. 2013).

7 | Why Are Bats Common Suspects for Viral
Transmission?

7.1 | Genomic Evidence

Scientists have searched the genomes of bats for hints as to why
they can handle viral infections (perhaps with the exception
of lyssavirus) without developing obvious clinical symptoms
that are lethal for other mammalian families. Two hypotheses
were initially considered: either bats mount a more efficient
antiviral response that better controls viral replication or bats
evolved a tolerance towards viruses which suppresses the
pathological sequels of viral infections without inhibiting viral
replication. US researchers addressed this question by search-
ing a 1.9 Gb draft genome of Rousettus aegyptiacus, known as
an asymptomatic carrier of the highly lethal Marburg virus,
for immunity-related genes (Pavlovich et al. 2018). When com-
paring with other mammalian genomes, they observed in the
bat genome a significant expansion of several gene families.
Key immunity genes showed signs of positive selection. Most
notable was an expansion of type I interferon genes. The great-
est expansion occurred in the IFN-w subfamily, which has 55
copies in Rousette bats but only one copy in humans. An an-
tiviral function was demonstrated in cell culture for IFN-w4
against vesicular stomatitis test virus. Six of ten natural killer
receptor genes encode both activating and inhibitory interac-
tion domains. Inhibitory signalling dominated in uninfected
bats. MHC class I genes were also found to expand outside of
the canonical MHC locus. Based on this first analysis, the re-
searchers concluded that the bat immune system is associated
with enhanced infection tolerance rather than enhanced viral
defence.
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There are about 1400 bat species. It is thus risky to gener-
alise observations from the genome of a single bat species.
Therefore an international consortium sequenced the genomes
from six bat species (Rhinolophus ferrumequinum, Rousettus
aegyptiacus, Phyllostomus discolor, Myotis, Pipistrellus kuh-
lii and Molossus molossus) representing the two suborders of
Yinpterochiroptera and Yangochiroptera (Jebb et al. 2020).
Genomic data were complemented by transcriptome data. The
bat genome sizes were, with 2 Gb, significantly smaller than
that of other placental mammals, which are typically 2.5-3
Gb large. On this data set, the scientists conducted searches
for gene selection, as well as gene losses and gains. Evidence
for strong positive selection was identified for genes involved
in hearing, laryngeal echolocation and for several immunity-
related genes. Selected immunity genes included a B-cell
chemokine, interleukins involved in immune system regula-
tion and NF-xB activation and genes involved in responses to
pathogens. Gene losses comprised pro-inflammatory inter-
leukins that induce the canonical NF-xB pathway and other
pro-inflammatory cytokines. Within gene gains, an expan-
sion of the APOBEC gene family was most notable; these
genes encode DNA- and RNA-editing enzymes that are im-
plicated in restricting viral infection and transposon activity.
Interestingly, the smaller genome size of bats was related to
a lower transposable element content. The authors concluded
that bats had evolved immunomodulatory mechanisms that
enabled a higher tolerance to pathogens than is typical among
mammals.

In a recent publication this research consortium extended
the approach by sequencing 10 further bat genomes which in-
cluded sequenced rhinolophid and hipposiderid bat species,
mostly from Southeast Asia, a hotspot for zoonotic disease
with bat viruses. The tenth sequenced bat genome was from
Mops condylurus (family: Molossidae), a natural reservoir of
Orthoebolavirus. When compared with 95 non-bat mammalian
genomes, the most significant enrichment in bat genomes was
for immunity-related genes (Morales et al. 2025). This group of
genes specifically included ‘immune response’, ‘regulation of
immune system process’, ‘immune effector process’ and ‘leu-
kocyte activation’ genes. The genes selected in bats referred
to viral entry and detection factors, and regulators of antiviral
and inflammatory responses. The selection had occurred in
basal branches of bats and the researchers tentatively connected
these immune-related changes to the evolution of flight in bats.
The researchers focused on ISG15, which is an antiviral gene
contributing to hyperinflammation during COVID-19 disease.
ISG15 is an ubiquitin-like protein that is strongly induced by
IFN-I during viral infections and upregulated in patients with
COVID-19. Free ISG15 can be conjugated to hundreds of newly
synthesised host and viral proteins (termed ISGylation), helping
to restrict virus replication. A highly conserved Cys residue of
ISG15 is deleted in bats which prevents its dimerisation. ISG15
from bats showed antiviral activity against influenza A virus
and 80% reduced SARS-CoV-2 production in cultured cells,
which was not seen with the human ISG15 homologue.

Chinese researchers sequenced the genome of the fruit bat
Cynopterus sphinx and compared it with that of other bat ge-
nomes (Tian et al. 2023). Fruit bats (Pteropodidae), which have
been observed to be reservoirs for several viruses, had higher

evolution/mutation rates in immunity-related genes than other
bats. The changes included the loss of the inflammasome-
associated NLRP1 gene, a duplication of the C5AR2 gene en-
coding a receptor of the complement anaphylatoxin C5a, which
regulates NLRP3 inflammasome activation, and pteropodid-
specific mutations in MyD88, which decreased the levels of in-
flammatory cytokines (i.e., IL8, IL6 and TNFa) in transformed
human cells stimulated by the E protein of SARS-CoV-2.

7.2 | Dampened Inflammation in Bats

NLRP3 is an important sensor that recognises cellular stresses,
mitochondrial damage and viral or bacterial infections. NLR
stands for nucleotide-binding domain leucine-rich repeat.
NLRP3 is a component of the innate immune system that is acti-
vated by the pattern recognition receptor (PRR) that recognises
pathogen-associated molecular patterns (PAMP) (Figure 5).
Following priming and activation signals, NLRP3 triggers the
assembly of the ASC protein to form cytologically visible ASC
specks. ASC stands for apoptosis-associated speck-like protein
containing CARD, where CARD stands for caspase recruit-
ment domain. Hence, ASC recruits and activates caspase-1,
which then promotes inflammatory cell death via pyroptosis
with cleavage and secretion of the potent pro-inflammatory
cytokine interleukin-18 (IL-1B). Researchers from China and
Singapore demonstrated that bats showed exon skipping in
NLRP3, which deletes a leucine-rich repeat (LRR) domain
of NLRP3 (Ahn et al. 2019). ASC speck formation and IL-18
cleavage/secretion by bat NLRP3 isoforms were lower than that
mediated by human NLRP3. They subsequently showed that
NLRP3-mediated inflammation is dampened in bat immune
cells in response to three different types of RNA viruses. These
experiments included HIN1 influenza A virus, a bat-borne zoo-
notic reovirus and MERS coronavirus. These viruses represent
three different viral replication strategies, namely a negative
single-strand, a double-strand and a positive single-strand RNA
virus, respectively, following distinct viral replication strategies.
Notably, the dampened inflammation response was mediated by
bat NLRP3 in cell culture without a parallel decrease in viral
titre. The researchers concluded that their observations support
an enhanced innate immune tolerance rather than an enhanced
antiviral defence in bats.

In a follow-up study, Ahn et al. (2023) described ASC2 in bats,
which miss, like their human ACS2 homologue, the CARD
domain and should therefore be unable to activate caspase.
Human ASC2 is poorly expressed and undetectable in most
human tissues. In contrast, ASC2 is constitutively expressed at
a high level in bat immune cells. In addition, bat ASC2 was sig-
nificantly more potent than human ASC2 in inhibiting human
NLRP3 and AIM2 inflammasomes. AIMS is a receptor recog-
nising double-stranded DNA in the cytoplasm, which also acti-
vates ACS and an inflammatory response parallel to the action
of NLRP3 activated by PRR. Transgenic expression of bat ASC2
in mice reduced the severity of peritonitis induced by gout crys-
tals. Wildtype mice suffered 100% mortality after infection with
influenza A virus, while bat ACS2 transgenic mice showed only
50% mortality, and lung IL-1§3 levels were halved compared to
wildtype mice. In contrast, lung influenza viral titres did not
differ between both groups of mice. Reduction of IL-1(3 secretion
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including viral infection via NLRP3 — ASC — Caspase-1 activation resulting in pyroptosis and in parallel the pattern recognition receptor (PRR)
responding to pathogen-associated molecular pattern (PAMP) resulting in pro-IL-1 8 cleavage, release of IL-1 8 and interacting with NLRP3. For
further details see text. Right: Signalling of double-stranded DNA detection in the cytoplasm via the AIM2 inflammasome with intact ASC speck for-
mation, resulting in pyroptosis. The protein domains that are deleted or mutated in bats and interactions that are inhibited in bat cells are marked by
across in ared circle symbol. Centre: Top: Crystal structure of NLRP3 (PDB 3QF2). Middle, left: NMR structure of ASC (PDB ID: 2KN6) showing the
PYD, the flexible linker and the CARD domain. Middle, right: Crystal structure of AIM2H!N bound to dsDNA (PDB ID: 3RN5). AIMS consist of two
domains PYD and HIN. Bottom: Structure of caspase-1. Figure credit: The figure was adapted from information from Ahn et al. (2019); Bergsbaken
et al. (2009); Hoss et al. (2017); Irving et al. (2021) and Wang and Yin (2017). Structures are from Wikipedia NLRP3 and Wikipedia Caspase-1; PDB

3QF2, PDB ID: 2KN6, PDB ID: 3RN5 and PDB 1bmg.

was also seen in immune cells from transgenic mice infected
with Zika virus and a bat reovirus. Bat ACS2 also suppressed
SARS-CoV-2 immune-complex-induced inflammasome activa-
tion. The researchers defined four amino acid changes in the
bat ACS2 responsible for the gain of function compared to the
human ACS2. Therefore, modifications of both NLRP3 and
ACS2 dampen inflammasome activity in bats.

8 | A Bit of Bat Zoology

One might ask why bats evolved a special relationship with vi-
ruses permitting viral replication (making bats a reservoir for
many pathogens) without (in most cases) causing an overt dis-
ease in bats by viruses that can be lethal to other mammalians,
including humans. To address this peculiar question, the title of
a 1973 essay by Theodosius Dobzhansky comes to mind ‘Nothing
in Biology Makes Sense Except in the Light of Evolution’. One
should therefore seek possible answers to this conundrum in
the evolution of bats. It must be stressed that the following re-
flections while based on zoological knowledge (Eisentraut 1972;
Starck 1995) must remain speculative and are at best plausible
hypotheses from evolutionary hindsight.

Bats are peculiar among mammals. They are the only mam-
malian order to have evolved powered flight. This has caused

physiological challenges (e.g., concerning cellular mechanisms
to handle the increased oxygen consumption in flight muscles).
At the same time, it opened enormous evolutionary possibilities
for living in the air, which were not exploited by the rest of mam-
mals that are restricted to terrestrial and aquatic habitats. Birds
and insects have also conquered the air; the first could be com-
petitors, if not predators, of bats, while the second represents an
abundant food source for bats. To avoid bird competition, bats
have maintained the nocturnal lifestyle of their probable insec-
tivore mammalian ancestors, while most birds are day-active.
Owls are one of the few nocturnal birds of prey, but their role as
predators of bats is limited. From checking stomach contents in
owls, only 0.1% of the content is represented by captured bats.
Birds have just evolved one species that specialises in bat prey
(Machaerhamphus alcinus). In addition, some snakes attack
bats in their daytime rest locations. However, loss by these pred-
ators is very limited for bats.

Selection forces have re-modelled the body of bats in dramatic
ways when considering the anatomical changes that the upper
extremities and the shoulder girdle experienced in the adap-
tation to flight. The remodelling of the head appendages for
sending and receiving ultrasound in echolocation is another
fascinating chapter of ‘creative’ bat evolution. Bats have also
evolved interesting strategies of thermoregulation. During spe-
cies radiation, bats have learned to exploit a wide range of food
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sources from fruits, nectar, pollen and fleshy flowers to small
vertebrates including fishes, blood-licking on large mammals
and foraging on insects. This food versatility, lack of predation
and mobility by flight combined with an unusual longevity of
bats assured a worldwide distribution of bats. With the excep-
tion of deserts and polar areas, bats are found in virtually all re-
gions of the world. This remarkable geographical and ecological
dispersion of bats translated into a split of 1400 currently known
bat species. With that number, bats represent 20% of the species
of mammals, second only to the Rodentia order. This ecological
success also translated in a large number of individuals in bat
populations. Mass congregations of bats are observed at daytime
rest positions of bats in and on trees and in caves. Researchers
have, for example, counted nine million Tadarida brasiliensis
bats living in a single cave in New Mexico. Rousettus bats dis-
played a density of 450 individuals per square metre. Bats are
furthermore very social, creating, for example, nurseries for the
young which are cared for by females that are not necessarily
their mothers, allowing social mixing.

9 | Opportunities for Bat Parasites

This zoological success story could also have dark sides.
Concentrating large populations of social animals into con-
fined spaces (trees, tree holes, caves) (Figure 6) for daytime
rest or hibernation could make them ideal targets for parasites.
This has indeed occurred: a classic example is the flightless
fly, Nycteribia vexata, a blood-sucking insect that exclusively
lives on bats. Fleas, lice and mites are common parasites in bat
colonies. A recent addition is the fungus Pseudogymnoascus
destructans that causes White-Nose syndrome in hibernating
bats of North America, which has since 2018 dramatically re-
duced bat populations in the United States (Isidoro-Ayza and

Klein 2024). Bat colonies, particularly in caves, provide thus
exquisite propagation possibilities for parasites. It would be
surprising if viruses would not have ‘exploited’ this conducive
ecological niche presented by gregarious bats. Large popula-
tions confined to tree holes or caves are ideal places for virus
transmission. Further factors could favour the spread of viral
epidemics among bats: caves are frequently inhabited by more
than one bat species which are not necessarily physically seg-
regated in the caves. Powered by flight, bats spread out for
foraging, where fruit bats from different roosts meet in large
numbers on fruit trees. One should therefore anticipate that
viral epidemics threatened the survival of dense bat popula-
tions unless bats had evolved ways to co-exist with their vi-
ruses. In view of the evolutionary malleability of the bat body,
it would be surprising if this evolutionary flexibility would not
extend to the cellular and molecular levels.

Some scientists have noted a similarity in the lifestyle of bats
and humans: both are very numerous, they live in confined
places, are very social, globally distributed and highly mobile by
flight. The current pace of viral epidemics in the human popula-
tion demonstrates that viruses ‘know’ to exploit these favourable
transmission possibilities. One might ask why human societies
that share characteristics with bat populations have not devel-
oped the same tolerance to viruses as bats. The difference is in
time: bats were exposed to challenges with RNA viruses for mil-
lions of years. At Messel/Germany, 50-million-years-old fossils
of bats were found that resemble extant bat skeletons. Bats had
thus long time periods to adapt to challenges, while humans ex-
perienced living under crowded conditions for only a few thou-
sand years, too short a time period to adapt through biological
evolution. Humans definitively need science and technology to
learn lessons from bats on how to deal with viral infections and
to come to grip with viral pandemics.

FIGURE 6 | High-density bat populations favour virus transmission. Left: Daytime resting place of Pteropus bats in a roost tree, Right, top: Bats

leaving a cavern (motion video in Wikipedia under ‘Bracken cave’ entry); Right, bottom: Common Vampire Bat, Desmodus rotundus, colony in a

tree hole (figure credits: Left: Wikipedia Pteropus Vladimir Yu. Arkhipov, Arkhivov, right top: Wikimedia Commons Theora/Vorbis; right bottom:

Wikipedia bat, Uwe Schmidt).
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10 | Viruses as Ecological Weapons?

There are advantages in suppressing the pathological conse-
quences of viral infections without curtailing viral replication.
One is theoretical: Viruses are ‘interested’ to replicate their
genome while viral pathology is not a primary goal of viruses.
Thus evolutionary theory would predict that modifying patho-
logical sequels without suppressing viral replication is easier
to achieve than to eliminate viruses in the first place. Indeed,
current research revealed that viruses developed sophisticated
means to counteract the resistance mechanisms of the host pre-
venting viral replication. There is another aspect that makes the
bat viral tolerance and not viral elimination strategy attractive.
Case reports suggested that humans acquired viral infections
when intruding into caves inhabited by bats. This has been re-
ported for Marburg virus infections (see above) and also for rare
cases of rabies infections of persons exposed to caves inhabited
by Tadarida brasiliensis bats in Texas (Manning et al. 2008).
Virus concentrations in bat caves (air by exhalation, ground by
faeces and urine) are not well documented (for an overview:
Willoughby et al. 2017) but the infection risk for human explor-
ers (or eco-tourists) might be substantial, as suggested by the
protective gear used by virologists exploring bat caves for coro-
naviruses and the regulatory request to conduct the screening
of bats for viruses under the highest biosecurity level or to stop
these activities altogether.

If bats allow viruses to replicate on them, bats could use these
viruses to defend their habitat against intruders. As humans are
now global intruders in the ecosphere, we might increasingly be
confronted with viruses that bats learned to handle (‘domesti-
cate’?) and could use to deter or kill intruders. The use of viruses
for defending an ecological niche is not a new concept: bacteria
have long ago discovered such strategies. Lysogenic bacterial cells
containing prophages frequently release induced prophages that
can kill competitor cells. Competitors are susceptible to the re-
leased bacterial virus while the producer clone resists infection
due to immunity genes of the prophage. Many bacteria use, in
addition, bacteriocins to kill ecological competitors. Some bacte-
riocins still show that they were derived from bacteriophages that
were remodelled by the bacteria as molecular weapons for biolog-
ical warfare. One might therefore wonder whether bats ‘invented’
viral tolerance as a strategy to use the released viruses as biologi-
cal weapons against intruders into their habitat. The combination
of viral tolerance and biological ‘weaponisation’ of the released
viruses might explain why we see so many bat-associated emerg-
ing viral infections in animals and humans.

Bats are evolutionary specialists, having evolved many adap-
tive traits including viral tolerance, which have contributed to
their ecological success. However, general evolutionary theory
assumes that viruses which live long enough with their host
evolve for efficient replication while attenuating viral pathoge-
nicity for the host. Only when a spillover to a new host occurs,
the lack of adaptation in the new virus-host system could cause
major pathology. Models of climate change and environmental
deterioration predict that many mammalian species will adapt
their geographical range and migrate to seek habitable niches
(Carlson et al. 2022). As a consequence, many new encounters
between animals will occur that have never met in the past, in-
cluding new animal-human contacts. If the concept of using

viruses as ecological weapons to which a given host has devel-
oped tolerance is correct, we might expect many emerging viral
diseases in the near future.
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