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Bats: The silent carriers of deadly viruses- A hidden threat to animal and human health
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Abstract
Emerging infectious diseases (EIDs), especially those of viral origin, pose significant threats to global health, biodiversity,

and economies. A substantial proportion of these zoonotic disease outbreaks including SARS, MERS, Ebola virus and
Nipah virus infections originated from bats, which act as asymptomatic reservoirs despite harboring highly pathogenic
viruses. Bats’ unique physiological traits such as flight, long lifespan, social behavior and broad geographic range,
coupled with their distinctive immune strategies particularly dampened inflammatory responses allow for viral persistence
without disease manifestation. This review explores how these immunological and ecological factors enable bats to maintain
and transmit viruses, with emphasis on mechanisms of viral persistence, such as lowlevel replication, immune tolerance,
latency and tissue tropism. It highlights the major viral families associated with bats, such as Coronaviridae, Filoviridae
and Paramyxoviridae, and discusses the ecological and anthropogenic factors driving spillover risks, including habitat
loss, climate change, wildlife trade and live animal markets. A “One Health” approach integrating human, animal and
environmental health is critical for surveillance, prevention and response. The review also outlines future research directions
including bat microbiome studies, predictive behavioural modelling and communitybased bio-surveillance, to mitigate the
threat of future pandemics stemming from batborne viruses while preserving bat conservation and ecosystem balance.
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Highlights
 Bats serve as asymptomatic reservoirs for highly pathogenic zoonotic viruses including SARS, MERS, Ebola

and Nipah.
 Unique immunological traits in bats, such as dampened inflammatory responses, enable viral persistence without

disease
 Major viral families associated with bats include Coronaviridae, Filoviridae, and Paramyxoviridae.
 Ecological and human-driven factors like habitat loss and wildlife trade increase the risk of viral spillover from bats.
 A One Health approach is essential for monitoring, preventing and responding to bat borne emerging infectious

diseases.
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INTRODUCTION
Emerging infectious diseases (EIDs), which were

caused by viruses, have increasingly threatened global
health, biodiversity, and economies now a days. A
striking proportion of major zoonotic diseases
including severe acute respiratory syndrome
coronavirus (SARS-CoV), Middle East respiratory
syndrome coronavirus (MERS-CoV), Ebola virus and
Nipah virus originate from wildlife. Notably, they all
share a common host: bats, which serve as their natural
reservoirs (Epstein et al., 2006; Field et al., 2011;
Menachery et al., 2015; Cunningham et al., 2017;
Goldstein et al., 2018; Cui et al., 2019; Lecis et al.,
2019; Epstein et al., 2020; Weinberg & Yovel, 2022;
Wang et al., 2023). Despite their association with some
of the world’s most pathogenic viruses, bats rarely

exhibit clinical signs and remain as “asymptomatic”
or “silent” carriers (Robertson et al., 2004; Calisher et al.,
2006; Mandl et al., 2015; Hayman, 2016; Banerjee et al.,
2019a; Irving et al., 2021; Nagaraja et al., 2022). The
paradox remains unresolved, continuing to challenge
experts in virology, immunology and ecology.

With over 1400 species, bats are the second largest
order of mammals and are present in every continent
(Voigt & Kingston, 2015; Burgin et al., 2018; Hao et al.,
2024). Their unique biological features such as
powered flight, long lifespan, high metabolic rate,
roosting behaviour and wide geographical range make
an ideal interface for viral maintenance, evolution and
transmission (Calisher et al., 2006; Simmons et al.,
2008; Speakman, 2008; Beena & Saikumar, 2019).
However, what make bats apart is not just their
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ecological traits, but their unique immune system,
which appears to fight rather than showing symptoms
of viral infections (Gonzalez et al., 2024). Unlike most
of mammalian responses which aim to eliminate
pathogens with inflammation, bats have evolved
dampened inflammatory pathways, allowing viral
persistence with minimal pathology (Beena &
Saikumar, 2019; Wickenhagen et al., 2024).

Understanding the mechanisms by which bats give
shelter and transmit high-risk viruses without showing
symptoms of disease is crucial for predicting future
outbreaks and preventing zoonotic spillovers (Wu,
2021; Gonzalez et al., 2024). Due to deforestation,
climate change and habitat encroachment human-
animal interface intensifies and the risk of bat borne
viral emergence grows more rapidly (Subudhi et al.,
2019). This review aims to synthesize the latest insights
into bat virology, focusing on their immunological
tolerance, ecological adaptations and the
epidemiological implications of their role as stealthy
viral hosts within a “One Health” framework (Eby  et al.,
2023; Gonzalez et al., 2024).

While bats are recognized as key reservoirs for many
emerging viruses, they are not the only animal hosts
contributing to zoonotic disease transmission
(Haydon et al, 2002). Other wildlife such as rodents,
birds, primates and insects, also serve as important viral
reservoirs shown in Fig. 1 (Chu et al., 2010). Rodents,
for instance, harbour Hantaviruses and Arenaviruses,
often transmitting them through urine and feces. Birds,
especially waterfowl, play a major role in the ecology
of Influenza viruses, driving the evolution of avian flu
strains. Primates have been linked to viruses like Simian

Fig. 1. Ecological importance of bats in ecosystem maintenance (Figure created

by the authors using BioRender.)

Immunodeficiency Virus (SIV), which crossed into
humans as HIV. Additionally, insects such as
mosquitoes act as vectors for viruses including Dengue,
West Nile and Zika, posing significant global health
threats (Schountz et al., 2017). Understanding the
diverse reservoirs beyond bats is critical for
comprehensive surveillance and control of emerging
infectious diseases.

Bat biology and ecology: A perfect storm for viral
maintenance

Bats have unique physiological traits that make
them efficient viral reservoirs. Representing the order
Chiroptera, bats are the only mammals capable of long
sustained flight, a trait that has shaped their physiology
in unique ways. Their increased metabolic rate which
is required for flight, has led to the evolution of
enhanced DNA repair mechanisms and efficient
oxidative stress control, which may incidentally
contribute to viral tolerance (Schountz et al., 2017;

Fig. 2. Unique traits of bats as viral reservoirs (Figure created
by the authors using BioRender.)

Irving et al., 2021).
Bats live in large social colonies.

This gregarious roosting behaviour
facilitates both intraspecies and
interspecies viral transmission. As
shown in Fig. 2 their migration,
hibernation and breeding further
modulate immune function and viral
dynamics within populations (Smith
& Wang, 2013). These all contribute
in virus shedding and increasing the
risk of transmission to humans or
livestock at particular times of the
year.

Bats have long lifespan relative
to their body size, with some species
living over 30 years. This long
lifespan provides a prolonged
window for viral maintenance and

Bat borne zoonotic viruses and spillover risk
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transmission across generations (Brook & Dobson,
2015). Moreover, their global distribution except on
the polar regions and feeding behaviour
(insectivorous, frugivorous, nectarivorous and
hematophagous species) bring them into contact with
a wide array of hosts, ecosystems and potential viral
exchange pathways (Jones et al., 2002; Kunz et al.,
2005; Teeling et al., 2005).

In this world where everything changed now a days,
human activities like deforestations, urbanization,
agricultural expansion make close human-bat
interfaces, which make easy to transmit viruses and
bats amplify their role as viral reservoirs and spillover
agents (Plowright et al., 2017). Their biology is not
merely a background factor but a driving force in the
ecology of emerging viruses.

Immunological tolerance: how bats coexist with
viruses

Unlike other mammals that often develop clinical
signs and disease in response to viral infections, bats
have evolved their immune adaptations that make them
to coexist with viruses asymptomatically. This
phenomenon is not merely a passive tolerance but a
strategically regulated immune response, which
dampened the inflammation while maintaining
sufficient antiviral defence.

Innate immune adaptations: Bats exhibit constant
expression of type I interferons (IFNs), particularly IFN-,
even in the absence of infection. This continuous
lowlevel antiviral state makes them to early control
viral replication without inflammatory response.
However, key signalling components which dampened
inflammation such as stimulator of interferon genes
(STING) and inflammasome pathways (NLRP3) are
altered in bats (Xie et al., 2018; Fu et al., 2023). This
prevents the over expression of immune response and
tissue pathology that often accompanies viral
infections in other mammals (Zhou et al., 2011;
Cowled et al., 2012; Zhou et al., 2014; Brooke &
Dobson, 2015; Banerjee et al., 2016; Zhou et al., 2016;
Banerjee et al., 2017; Schountz et al., 2017; Xie et al.,
2018; Ahn et al., 2019; Banerjee et al., 2019b).

Constitutive interferon response: In addition to their
unique innate immune adaptations, bats possess highly
efficient mechanisms for viral detection and interferon
signalling. When viruses invade host cells, they release
Toll like receptors recognized by Pattern Recognition
Receptors (PRRs) (Yoneyama et al., 2004; Kato et al.,
2006; Takeuchi & Akira, 2010; Irving et al., 2021;

Das et al., 2025). As shown in Fig. 3 for RNA viruses,
Toll like receptors (TLR7/8 and TLR3) detect single
and double-stranded RNA in endosomes, while
Retinoic acid inducible gene 1 (RIG-I) and Melanoma
differentiation associated gene 5 (MDA5) identify viral
RNA in the cytoplasm (Irving et al., 2021; Das et al.,
2025). These PRRs converge on the mitochondrial
antiviral signalling protein (MAVS), which activates
downstream kinases such as TBK1 and transcription
factors IRF3 and IRF7 (Das et al., 2025). This signalling
cascade results in the rapid production of type I and III
interferons (IFN-, IFN-, IFN-, IFN-, IFN-),
initiating a robust antiviral response (Brooke &
Dobson, 2015; Schountz et al., 2017). Upon secretion,
interferons bind to their cognate receptors on
neighbouring cells, triggering the JAK-STAT pathway.
This activates JAK1 and TYK2, which phosphorylate
STAT1 and STAT2. Together with IRF9, these form
the ISGF3 complex that translocate to the nucleus and
binds to interferon-stimulated response elements
(ISREs), inducing the expression of hundreds of
interferon-stimulated genes (ISGs) as shown in Fig. 4
(Seth et al., 2005; Chau et al., 2008; McNab et al.,
2015; Irving et al., 2021; Das et al., 2025). These ISGs
encode antiviral proteins that inhibit viral replication,
amplify immune signalling and reinforce the antiviral
state. In contrast, DNA viruses are detected by cytosolic
DNA sensors as shown in Fig. 5 such as cGAS, DAI and
PYHIN proteins (Schoggins et al., 2011, Hoffmann et al.,
2019; Schuhenn et al., 2022). The cGAS-STING
pathway is particularly central; upon sensing viral
DNA, cGAS produces cGAMP, a second messenger that
activates STING on the endoplasmic reticulum. STING

Fig. 3. Detection of viral RNA by pattern recognition receptors
leading to interferon production (Figure created by the
authors using BioRender.)
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then recruits TBK1 and IKKi, activating IRF3 and NF-
B to promote the expression of type I interferons as
shown in Fig. 6 and pro-inflammatory cytokines
(Brooke & Dobson, 2015; Schountz et al., 2017). In
bats, while these fundamental mechanisms are
conserved, key regulators such as STING and
components of the inflammasome (e.g., NLRP3) exhibit
unique alterations that suppress excessive
inflammation (Clayton & Munir, 2020; Irving et al.,
2021). This finely tuned immune balance allows bats
to mount early and efficient antiviral responses as
shown in Graph 1 while minimizing
immunopathology, contributing to their exceptional
tolerance to viral infections.

Dampened inflammatory response
Bats, unlike many other mammals, exhibit a unique

form of immunological tolerance that allows them to
coexist with viruses without developing disease. While
their innate immune system actively detects viral RNA
and DNA through receptors such as TLR3, TLR7,
TLR8, TLR9, cGAS and PYHIN proteins as shown in
Fig. 7, the downstream inflammatory response is tightly

Fig. 4. JAK-STAT pathway activation by interferons in
antiviral immunity (Figure created by the authors
using BioRender.)

Fig. 5. cGAS-STING pathway activation by cytosolic DNA
(Figure created by the authors using BioRender.)

Fig. 6. Interferon signaling triggered by cGAS-STING
pathway activation (Figure created by the authors
using BioRender.)

Graph 1. Comparison of baseline and induced interferon
responses in Bats vs. Humans

regulated (Beena and Saikumar, 2019; Bertheloot et
al., 2021; Wickenhagen et al., 2024). Although

Fig. 7. TLR-mediated recognition of viral RNA and activation
of NF-B pathway (Figure created by the authors using
BioRender.)
activation of these receptors typically leads to NF-B
translocation and the production of cytokines like TNF-
, IL-8 and IL-1 via pathways such as cGAS-STING
and the NLRP3 inflammasome, bats suppress these
inflammatory outputs (Beena & Saikumar, 2019;

Bat borne zoonotic viruses and spillover risk
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Bertheloot et al., 2021; Wickenhagen et al., 2024).
They achieve this through reduced activation of
NF-B and dampened NLRP3 inflammasome activity
as shown in Fig. 8, thereby minimizing tissue-
damaging inflammation and the cGAS–STING
pathway is illustrated in Fig. 9. This balance enables
bats to maintain effective antiviral defences while
avoiding immunopathology, a key feature of their viral
tolerance (Beena & Saikumar, 2019; Bertheloot et al.,
2021; Wickenhagen et al., 2024).

Adaptive immune modulation: While the adaptive
immune system in bats is functional, studies suggest
that only T cell responses are decreasing and become
less inflammatory compared to human as shown in
Table 1. This modulation is believed to contribute to
prolonged viral persistence with minimal
immunopathology (Schountz et al., 2017). Regulatory
T cells may also play a role in suppressing excessive
immune activation, further enabling bats to act as
tolerant hosts (Lu et al., 2019; Banerjee et al., 2020;
Zhou et al., 2023; Wickenhagen et al., 2024).

Reduced immunopathology: tolerance over
resistance: Bats appear to prioritize immune tolerance
over resistance. They use a survival strategy that allows
viruses to persist at non-lethal levels. Rather than
eliminating the pathogen entirely, bats accept
coexistence mechanism and maintain balance
relationship and allow viruses to grow within them
but in balance way without causing harm themselves.

Fig. 8. Activation of pro-inflammatory cytokines via NF-B
and NLRP3 inflammasome (Figure created by the
authors using BioRender.)

Fig. 9. DNA sensing via cGAS-STING pathway leading to
inflammatory cytokine production (Figure created
by the authors using BioRender.)

Table 1. Comparison of bats and human adaptive immunity

                  Feature Bats Humans
           Antibody Levels Low baseline, rapid response Higher baseline, strong response

when needed
     Treg (Regulatory T-Cells) Increased, suppress inflammation Lower, more inflammation
     CD8+ T-Cell Cytotoxicity Reduced, limits tissue damage Strong, can cause immunopathology

This approach makes significant difference from the
immune strategies observed in humans and other
mammals, where resistance often involves robust
inflammation and collateral tissue damage
(Irving et al., 2021).

Evolutionary perspective: These immunological
responses likely evolved with the demands of flight-
related metabolism, where avoiding inflammation was
crucialfor preventing damage from increasing oxidative
stress. Over the time, bats have co-adapted with viruses,
leading to mutual tolerance and reduced virulence
within the host. However, when these viruses spill over
into non-adapted hosts like humans the absence of
such tolerance often results in severe disease as shown
in Table 2 (Letko et al., 2020a; Letko et al., 2020b;
Irving et al., 2021; Seifert et al., 2022; Letko, 2024).

Major viral families associated with bats
Surprisingly, bats are natural hosts for diversity of

viruses, and many of them have high zoonotic potential.
Their role in the emergence of some of the deadliest
outbreaks which creates havoc. Viruses associated with
bats span multiple families, with many of them capable
of crossing species barriers and causing outbreaks in
domestic animals and humans (Solari et al., 2009).
Available databases from 69 countries have identified
over 4100 bat-associated viruses across 196 bat
species, spanning 23 viral families (Lei & Dong, 2016).
Notably, 43% of emerging and re-emerging pathogens,
including bioterrorism agents (Category A, B, and C),
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Table 2. Reservoir and spillover dynamics of bat-origin viruses

Virus Bat Reservoir Intermediate Spillover Pathway Associated Human
Host(s) Disease

SARS-CoV& Horseshoe bats Civets & Pangolins Via intermediate hosts Severe Acute
SARS-CoV 2 (Rhinolophus spp.) (Pangolins suspected in Respiratory  Syndrome

SARS-CoV 2) (SARS)
MERS-CoV Egyptian fruit bats Camels Via intermediate Middle East Respiratory

(Rousettus spp.) hosts (Camel) Syndrome (MERS)
Nipah Virus Pteropus fruit bats Pigs Contaminated fruit Encephalitis,

or livestock Respiratory Illness
Hendra Virus Flying foxes Horses Via horses Encephalitis,

(Pteropus spp.) Respiratory Disease
Ebola Virus Various bat species Possibly primates Direct contact or Hemorrhagic Fever
Marburg Virus Egyptian fruit bats None Known via primates -Severe Hemorrhagic

(Rousettus aegyptiacus) Fever
Rabies Virus Various bat species None (Direct Direct bite Fatal Encephalitis

Transmission)

have been detected in various bat species (Smith &
Wang, 2013; Williams et al., 2021). Additionally, more
than 200 viruses have been reported in bats, with the
majority being RNA viruses, known for their high
mutation and recombination rates(Li et al., 2005;
Donaldson et al., 2010; Ge et al., 2013; Smith & Wang,
2013; Hu et al., 2017; Lam et al., 2020; Li et al., 2021;
Nabi et al., 2021; Williams et al., 2021). Remarkably,
59 out of 60 bat-associated viruses exhibit extensive
genetic diversity, allowing them to adapt and spill over
into new hosts as shown in Table 2 (Beena & Saikumar,
2019).

Mechanisms of viral persistence in bats
Bats survive with viruses over long period of time

without showing symptoms make them asymptomatic
or silent viral reservoirs (Mackenzie & Jeggo, 2013;
Plowright et al., 2017). Several closely related
mechanisms like immunological, physiological and
ecological helps in viral persistence, leading to
spillover risk when ecological balance is disrupted
(Schountz et al., 2017; Beena & Saikumar, 2019).

Persistent low level viral replication: Some viruses
exist in a subclinical, low-replication state in bats due
to constant interferon stimulation which allows viruses
to be maintained in tissues such as the intestines,
kidneys or salivary glands without triggering
pathology or being completely eliminated (Luis et al.,
2013; Letko et al., 2020b). For examples coronaviruses
and paramyxoviruses replicate at low levels without
triggering a strong immune response (Luis et al., 2013;
Letko et al., 2020a).

Immunological equilibrium: Bats coexist with viruses
by maintaining a non-inflammatory antiviral state and
also avoid excessive immune activation modulating
immune mechanisms like downregulation of
inflammasomes activity (NLRP3), dampened STING
pathways, and modulated interferon responses, which
in other mammals would lead to disease (Letko et al.,
2020a; Irving et al., 2021).

Viral latency and reactivation: Physiological stress
(e.g., pregnancy, migration and food scarcity)
reactivates some viruses such as herpesviruses and
paramyxoviruses which may exist in a latent state and
ultimately leads to viral shedding, which often align
with periods of increased bat–human interaction or
colony dynamics (Letko et al., 2020b).

Tissue tropism and viral niches: Specific viruses may
preferentially infect immune-privileged or low-
immunosurveillance tissues (e.g., central nervous
system and reproductive tract), enabling long-term
persistence without detection (Beena & Saikumar,
2019). For instance, lyssaviruses may persist in salivary
glands, facilitating transmission during feeding or
grooming (Beena & Saikumar, 2019).

Co-evolution and host-virus balance:  Over
evolutionary time, many bat species have co-evolved
with their viral passengers, leading to attenuated viral
replication and reduced host damage (Plowright et al.,
2017). This balance is often finely tuned in the natural
bat host. The virus may have minimal impact, but when
introduced into a novel host (human or livestock),

Bat borne zoonotic viruses and spillover risk
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virulence often increases due to lack of co-adaptation
(Plowright et al., 2017).

Surveillance and prevention strategies for bat borne
viruses

Increasing threat of zoonotic diseases from bats
highlights the urgent need for advance surveillance
system, targeted research and preventive public health
strategies. Bats conservation with human health is
essential because it play vital role in ecology as shown
in Fig. 1, including insect control and pollination.

One health approach: An integrated One Health
framework, which recognizes the interconnectedness of
human, animal and environmental health, is key to
preventing spillover. Collaborative efforts between
veterinarians, ecologists, virologists and public health
experts are critical in monitoring and mitigating
emerging threats (Eby et al., 2023; Gonzalez et al., 2024).

Viral surveillance in bats: Enhanced molecular
surveillance programs including metagenomic
sequencing and RT-PCR are crucial for detecting known
and novel viruses in bat populations. Monitoring should
focus on highrisk regions, particularly where habitat
disturbance or wildlife–human interfaces are expanding
(Gonzalez et al., 2024).

Spillover hotspot mapping: Geospatial modelling
tools can help predict and identify spillover hotspots
by integrating ecological data, bat distribution, land
use changes and human population density. This aids
in targeted interventions and resource allocation
(Gonzalez et al., 2024).

Public awareness and risk communication:
Educating communities, particularly those involved
in bat hunting, guano collection or wildlife trade,
about safe practices can reduce zoonotic risk.
Community-based programs emphasizing safe
handling, hygiene and wildlife protection have shown
success in several regions (Gonzalez et al., 2024).

Safe agricultural practices: Buffer zones between bat
habitats and livestock farms, protective barriers around
fruit trees, and restricting bat access to farm water sources
can limit viral spillover to domestic animals.

Bat conservation with safety measures: Conservation
efforts should avoid direct interference with bat colonies
and instead focus on preserving natural habitats to
minimize forced human-bat contact. Bats should not be

culled, as such actions may increase stress and viral
shedding, worsening the risk (Banerjee et al., 2020).

Case studies
Marburg virus disease outbreak: In 2024, Rwanda
experienced its first recorded Marburg virus outbreak,
confirmed on September 27, with healthcare workers in
Kigali among the affected. The virus, linked to Egyptian
fruit bats (Rousettus aegyptiacus), led to a high fatality
rate, prompting swift containment efforts. Authorities
monitored 3,000 contacts, initiated quarantine measures,
and received 700 vaccine doses for trial, prioritizing
healthcare workers and high-risk individuals. The
outbreak was declared over on December 20, 2024, after
42 days without new cases. This event highlights the
ongoing threat of filoviruses and the importance of early
detection, rapid response, and international collaboration
in preventing further spread.

Comparative analysis of a viral sensor RIG-I in
humans and bats: Investigated RIG-I function in
humans, Myotis daubentonii (microbat) and Rousettus
aegyptiacus (megabat). Gene Cloning Sequence
Comparison  IFN Response Testing  SARS-CoV-2
Recognition

Future directions and research gaps in bat virology
Predictive behavioral models: These models use
tracking data, ecological patterns, climate variables,
and machine learning algorithms to predict bat
movement, roosting behavior, foraging routes and
seasonal shifts. By anticipating when and where bats
are most likely to interact with humans, livestock, or
wildlife, these models help forecast spillover risks and
guide targeted interventions.

Bat microbiome exploration: This area focuses on
mapping the bacterial, viral, fungal and archaeal
communities that naturally live in bats. Understanding
how the bat microbiome influences immunity, viral
persistence and tolerance can reveal why bats host
many viruses without disease symptoms. It also helps
identify novel microbes, track pathogen-microbiota
interactions and explore microbiome-based disease
control strategies.

Community based bio surveillance: This strategy uses
local communities, citizen scientists, forest workers
and wildlife caretakers for early detection of unusual
bat behavior, morbidity, mortality or human–animal
contact. Equipped with simple reporting tools (mobile
apps, rapid tests), community bio surveillance

Indian Journal of Animal Health,  Special Issue,  December, 2025
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strengthens real-time outbreak warning systems,
especially in remote regions where laboratory
surveillance is limited.

Bat-compatible immunization: A conservation- and
ecology-friendly approach to reduce viral transmission
at its source. This includes developing oral vaccines,
self-disseminating viral vectors or bait-based
immunization strategies that can immunize bats
without capturing or stressing them. The goal is to
interrupt viral amplification within bat colonies while
preserving bat health and ecological roles.

Enhancing transmission barriers: These are
interventions that reduce the likelihood of viruses
crossing from bats to domestic animals or humans.
Strategies include improved farm biosecurity near bat
habitats, physical barriers such as netting over fruit
orchards, environmental modifications to minimize
shared resources, and behavioral education for
communities. The aim is to strengthen each point in
the transmission chain, making spillover biologically

and behaviorally less likely.

Conflict of interest: The authors declare no conflict of
interest.

Author’s contributions: FAP: Conceived the review and
wrote the manuscript; ACP, SPA: Contributed to
literature search and manuscript editing; NMR, RAM,
VRN: Reviewed and approved the final manuscript.

Data availability statement: All data generated or
analyzed during this study are included in this
published article.

Use of artificial intelligence and image/figure
sources: The authors confirm that AI-writing tools were
not used to generate the scientific content of this
manuscript. Minor language polishing was performed
using Grammarly. All figures and graphical
illustrations in this manuscript were created by the
authors using BioRender, and no external copyrighted
images were used. Appropriate attribution has been
provided in the figure legends.

REFERENCES
Ahn, M., Anderson, D. E., Zhang, Q., Tan, C. W., Lim, B. L.,

Luko, K., Wen, M., Chia, W. N., Mani, S., Wang, L. C., Ng,
J. H. J., Sobota, R. M., Dutertre, C. A., Ginhoux, F., Shi, Z.
L., Irving, A. T., & Wang, L. F. (2019). Dampened NLRP3-
mediated inflammation in bats and implications for a special
viral reservoir host. Nature Microbiology, 4(5), 789–799.
https://doi.org/10.1038/s41564-019-0371-3

Baker, M. L., Boyd, V., Cui, J., Smith, I., Tachedjian, M.,
Wynne, J. W., & Zhou, P. (2016). Contraction of the type
I IFN locus and unusual constitutive expression of IFN-
 in bats. Proceedings of the National Academy of Sciences
of the United States of America, 113(10), 2696–2701.
https://doi.org/10.1073/pnas.1518240113

Banerjee, A., Baker, M. L., Kulcsar, K., Misra, V., Plowright, R.,
& Mossman, K. (2020). Novel insights into immune
systems of bats. Frontiers in Immunology, 11 , 26.
https://doi.org/10.3389/fimmu.2020.00026

Banerjee, A., Falzarano, D., Rapin, N., Lew, J., & Misra, V.
(2019a). Interferon regulatory factor 3-mediated signaling
limits Middle East respiratory syndrome (MERS)
coronavirus propagation in cells from an insectivorous bat.
Viruses, 11(2), 152. https://doi.org/10.3390/v11020152

Banerjee, A., Kulcsar, K., Misra, V., Frieman, M., &
Mossman, K. (2019b). Bats and coronaviruses. Viruses,
11(1), 41. https://www.mdpi.com/1999-4915/11/1/41

Banerjee, A., Rapin, N., Bollinger, T., & Misra, V. (2017). Lack
of inflammatory gene expression in bats: A unique role for a
transcription repressor. Scientific Reports, 7(1), 2232.
https://doi.org/10.1038/s41598-017-01513-w

Banerjee, A., Rapin, N., Miller, M., Griebel, P., Zhou, Y.,
Munster, V., & Misra, V. (2016). Generation and
characterization of Eptesicus fuscus (big brown bat) kidney
cell lines immortalized using the Myotis polyomavirus large
T-antigen. Journal of Virological Methods, 237, 166–173.
https://doi.org/10.1016/j.jviromet.2016.09.008

Beena, V., & Saikumar, G. (2019). Emerging horizon  for
bat-borne viral zoonoses. Virus Disease, 30, 321–328.
https://doi.org/10.1007/s13337-019-00548-z

Bertheloot, D., Latz, E., & Franklin, B. S. (2021). Necroptosis,
pyroptosis and apoptosis: An intricate game of cell death.
Cellular & Molecular Immunology, 18(5), 1106–1121.
https://doi.org/10.1038/s41423-020-00630-3

Brook, C. E., & Dobson, A. P. (2015). Bats as “special” reservoirs
for emerging zoonotic pathogens. Trends in Microbiology,
23(3), 172–180. https://doi.org/10.1016/j.tim.2014.12.004

Burgin, C. J., Colella, J. P., Kahn, P. L., & Upham, N. S.
(2018). How many species of mammals are there?
Journal of Mammalogy, 99 (1), 1–14.
https://doi.org/10.1093/jmammal/gyx147

Calisher, C. H., Childs, J. E., Field, H. E., Holmes, K. V., &
Schountz, T. (2006). Bats: Important reservoir hosts of
emerging viruses. Clinical Microbiology Reviews, 19(3),
531–545. https://doi.org/10.1128/cmr.00017-06

Chau, T. L., Gioia, R., Gatot, J. S., Patrascu, F., Carpentier, I.,
Chapelle, J. P., & Chariot, A. (2008). Are the IKKs and
IKK-related kinases TBK1 and IKKå similarly activated?
Trends in Biochemical Sciences, 33(4), 171–180.
https://doi.org/10.1016/j.tibs.2008.01.002

Bat borne zoonotic viruses and spillover risk



Indian Journal of Animal Health,  Special Issue,  December, 2025392

Clayton, E., & Munir, M. (2020). Fundamental characteristics
of bat interferon systems. Frontiers in Cellular
and Infection Microbiology, 10 , 527921.
https://doi.org/10.3389/fcimb.2020.527921

Cowled, C., Baker, M. L., Zhou, P., Tachedjian, M., &
Wang, L. F. (2012). Molecular characterisation of RIG-I-
like helicases in the black flying fox, Pteropus alecto.
Developmental & Comparative Immunology, 36(4), 657–
664. https://doi.org/10.1016/j.dci.2011.11.008

Cui, J., Li, F., & Shi, Z. L. (2019). Origin and evolution of pathogenic
coronaviruses. Nature Reviews Microbiology, 17(3), 181-192.
https://doi.org/10.1038/s41579-018-0118-9

Cunningham, A. A., Daszak, P., & Wood, J. L. (2017). One
Health, emerging infectious diseases and wildlife:
Two decades of progress? Philosophical
Transactions of the Royal Society B, 372(1725),
20160167. https://doi.org/10.1098/rstb.2016.0167

Das, S., Jain, D., Chaudhary, P., Quintela-Tizon, R. M.,
Banerjee, A., & Kesavardhana, S. (2025). Bat adaptations
in inflammation and cell-death regulation contribute
to viral tolerance. mBio, 16(3), e03204-23.
https://doi.org/10.1128/mbio.03204-23

Donaldson, E. F., Haskew, A. N., Gates, J. E., Huynh, J.,
Moore, C. J., & Frieman, M. B. (2010). Metagenomic
analysis of the viromes of three North American bat
species: viral diversity among different bat species that
share a common habitat. Journal of Virology, 84(24),
13004-13018. https://doi.org/10.1128/jvi.01255-10

Eby, P., Peel, A. J., Hoegh, A., Madden, W., Giles, J. R.,
Hudson, P. J., & Plowright, R. K. (2023). Pathogen spillover
driven by rapid changes in bat ecology. Nature, 613(7943),
340–344. https://doi.org/10.1038/s41586-022-05506-2

Epstein, J. H., Anthony, S. J., Islam, A., Kilpatrick, A. M.,
Ali Khan, S., Balkey, M. D., & Daszak, P. (2020). Nipah
virus dynamics in bats. PNAS, 117(46), 29190–29201.
https://doi.org/10.1073/pnas.2000429117

Epstein, J. H., Field, H. E., Luby, S., Pulliam, J. R., & Daszak, P.
(2006). Nipah virus: Impact, origins and causes of
emergence. Current Infectious Disease Reports, 8(1),
59–65. https://doi.org/10.1007/s11908-006-0036-2

Field, H., de Jong, C., Melville, D., Smith, C., Smith, I.,
Broos, A., & Zeddeman, A. (2011). Hendra virus
infection dynamics. PLoS ONE, 6(12), e28678.
https://doi.org/10.1371/journal.pone.0028678

Fu, F., Shao, Q., Zhang, J., Wang, J., Wang, Z., Ma, J.,
& Cheng, Y. (2023). Bat STING drives IFN-
production. Frontiers in Microbiology, 14, 1232314.
https://doi.org/10.3389/fmicb.2023.1232314

Ge, X.-Y., Li, J. L., Yang, X. L., Chmura, A. A., Zhu, G.,
Epstein, J. H., & Shi, Z. L. (2013). Isolation of a bat
SARS-like coronavirus. Nature, 503 , 535–538.
https://doi.org/10.1038/nature12711

Goldstein, T., Anthony, S. J., Gbakima, A., Bird, B. H.,
Bangura,  J., Trémeau-Bravard,  A., & Mazet, J. A. (2018).
Discovery of a new ebolavirus (Bombali virus). Nature
Microbiology,3(10), 1084.  https://doi.org/10.1038/s41564-018-0227-2

Gonzalez, V., Hurtado-Monzón, A. M., O’Krafka, S.,
Mühlberger, E., Letko, M., Frank, H. K., & Banerjee, A.

(2024). Studying bats using a One Health lens.
Journal of Virology, 98 (12), e01453-24.
https://doi.org/10.1128/jvi.01453-24

Hao, X., Lu, Q., & Zhao, H. (2024). A molecular phylogeny
for all 21 bat families. Integrative Zoology, 19(5), 989–
998. https://doi.org/10.1111/1749-4877.12772

Haydon, D. T., Cleaveland, S., Taylor, L. H., &
Laurenson, M. K. (2002). Identifying reservoirs of
infection. Emerging Infectious Diseases, 8(12), 1468–1473.
https://doi.org/10.3201/eid0812.010317

Hayman, D. T. (2016). Bats as viral reservoirs.
Annual Review of Virology, 3 (1), 77–99.
https://doi.org/10.1146/annurev-virology-110615-042203

Hoffmann, M., Nehlmeier, I., Brinkmann, C., Krähling, V.,
Behner, L., Moldenhauer, A. S., & Pöhlmann, S. (2019).
Tetherin inhibits Nipah virus. Journal of Virology, 93(3),
e01821-18. https://doi.org/10.1128/jvi.01821-18

Hu, B., Zeng, L.-P., Yang, X.-L., Ge, X.-Y., Zhang, W., Li, B.,
& Shi, Z. L. (2017). Discovery of a rich gene pool of bat
SARS-related coronaviruses. PLoS Pathogens, 13(11),
e1006698. https://doi.org/10.1371/journal.ppat.1006698

Irving, A. T., Ahn, M., Goh, G., Anderson, D. E., &
Wang, L. F. (2021). Lessons from bat
antiviral defenses. Nature, 589(7842), 363–370.
https://doi.org/10.1038/s41586-020-03128-0

Jones, K. E., Purvis, A., MacLarnon, A., Bininda-Emonds, O. R.,
& Simmons, N. B. (2002). A phylogenetic supertree of
bats. Biological Reviews, 77 (2), 223–259.
https://doi.org/10.1017/s1464793101005899

Kato, H., Takeuchi, O., Sato, S., Yoneyama, M., Yamamoto, M.,
Matsui, K., & Akira, S. (2006). Differential roles of MDA5
and RIG-I. Nature, 441 (7089), 101–105.
https://doi.org/10.1038/nature04734

Kunz, T. H., & Fenton, M. B. (Eds.). (2005). Bat ecology.
University of Chicago Press.

Lam, T. T. Y., Jia, N., Zhang, Y. W., Shum, M. H. H., Jiang, J. F.,
Zhu, H. C., & Cao, W. C. (2020). SARS-CoV-2-related
coronaviruses in pangolins. Nature, 583(7815), 282–285.
https://doi.org/10.1038/s41586-020-2169-0

Lecis, R., Mucedda, M., Pidinchedda, E., Pittau, M., & Alberti, A.
(2019). Betacoronavirus in Sardinian bats. Virus Genes,
55(1), 60–67. https://doi.org/10.1007/s11262-018-1614-8

Lei, M., & Dong, D. (2016). Phylogenomic analyses of bat
subordinal relationships. Scientific Reports, 6, 27726.
https://doi.org/10.1038/srep27726

Letko, M. (2024). Functional assessment of cell entry and
receptor use for merbecoviruses . bioRxiv.
https://doi.org/10.1101/2024.03.13.584892

Letko, M., Marzi, A., & Munster, V. (2020a). Cell entry and
receptor use for SARS-CoV-2. Nature Microbiology, 5(4),
562–569. https://doi.org/10.1038/s41564-020-0688-y

Letko, M., Seifert, S. N., Olival, K. J., Plowright, R. K., &
Munster, V. J. (2020b). Bat-borne virus diversity and
emergence. Nature Reviews Microbiology, 18(8), 461–
471. https://doi.org/10.1038/s41579-020-0394-z

Li, D., Gong, X. Q., Xiao, X., Han, H. J., Yu, H., Li, Z. M.,
& Duan, S. H. (2021). MERS-related CoVs in
hedgehogs. One Health, 13 , 100332.
https://doi.org/10.1016/j.onehlt.2021.100332



393

Li, W., Shi, Z., Yu, M., Ren, W., Smith, C., Epstein, J. H., &
Wang, L. F. (2005). Natural reservoirs of SARS-like
coronaviruses. Science, 310 (5748), 676–679.
https://doi.org/10.1126/science.1118391

Lu, D., Liu, K., Zhang, D., Yue, C., Lu, Q., Cheng, H.,
& Liu, W. J. (2019). Peptide presentation by bat MHC I.
PLoS Biology, 17 (9), e3000436.
https://doi.org/10.1371/journal.pbio.3000436

Luis, A. D., Hayman, D. T. S., O’Shea, T. J., Cryan, P. M.,
Gilbert, A. T., Pulliam, J. R. C., Mills, J. N., Timonin,
M. E., Willis, C. K. R., Cunningham, A. A., Fooks, A.
R., Rupprecht, C. E., Wood, J. L. N., & Webb,
C. T. (2013). Bats vs rodents as reservoirs of zoonotic
viruses. Proceedings of the Royal Society B, 280 ,
20122753.https://doi.org/10.1098/rspb.2012.2753

Mackenzie, J. S., & Jeggo, M. (2013). Reservoirs and vectors
of emerging viruses. Current Opinion in Virology, 3(2),
170–179. https://doi.org/10.1016/j.coviro.2013.02.002

Mandl, J. N., Ahmed, R., Barreiro, L. B., Daszak, P.,
Epstein, J. H., Virgin, H. W., & Feinberg, M. B. (2015).
Reservoir host immune responses. Cell, 160(1), 20–35.
https://doi.org/10.1016/j.cell.2014.12.003

McNab, F., Mayer-Barber, K., Sher, A., Wack, A., & O’Garra, A.
(2015). Type I interferons in infectious disease. Nature Reviews
Immunology, 15(2), 87–103. https://doi.org/10.1038/nri3787

Menachery, V. D., Yount, B. L., Debbink, K., Agnihothram, S.,
Gralinski, L. E., Plante, J. A., Graham, R. L., Scobey, T.,
Ge, X. Y., Donaldson, E. F., Randell, S. H., Lanzavecchia,
A., Marasco, W. A., Shi, Z. L., & Baric, R. S. (2015). A
SARS-like bat coronavirus cluster. Nature Medicine, 21(12),
1508–1513. https://doi.org/10.1038/nm.3985

Nabi, G., Wang, Y., Lü, L., Jiang, C., Ahmad, S., Wu, Y.,
& Li, D. (2021). Bats and birds as viral reservoirs.
Science of the Total Environment, 754 , 142372.
https://doi.org/10.1016/j.scitotenv.2020.142372

Nagaraja, S., Jain, D., & Kesavardhana, S. (2022).
Inflammasome regulation in COVID-19 and bats.
Journal of Leukocyte Biology, 111(2), 497–508.
https://doi.org/10.1002/JLB.4COVHR0221093RR

Plowright, R. K., Parrish, C. R., McCallum, H., Hudson, P.
J., Ko, A. I., Graham, A. L., & Lloyd-Smith, J. O. (2017).
Pathways to zoonotic spillover. Nature
Reviews Microbiology, 15 (8), 502–510.
https://doi.org/10.1038/nrmicro.2017.45

Robertson, D. S., McKenna, M. C., Toon, O. B., Hope, S., &
Lillegraven, J. A. (2004). Survival in the first hours of the
Cenozoic. Geological Society of America Bulletin,
116(5–6), 760–768. https://doi.org/10.1130/B25402.1

Schoggins, J. W., Wilson, S. J., Panis, M., Murphy, M. Y.,
Jones, C. T., Bieniasz, P. D., & Rice, C. M. (2011). Type
I IFN effector gene products. Nature, 472(7344), 481–
485. https://doi.org/10.1038/nature09907

Schountz, T., Baker, M. L., Butler, J., & Munster, V. (2017). Immune
control of viral infections in bats.  Frontiers in Immunology, 8,
1098. https://doi.org/10.3389/fimmu.2017. 01098

Schuhenn, J., Meister, T. L., Todt, D., Bracht, T., Schork, K.,
Billaud, J. N., & Pfaender, S. (2022). Interferon-á subtype
immune signatures. PNAS, 119(8), e2111600119.
https://doi.org/10.1073/pnas.2111600119

Seifert, S. N., Bai, S., Fawcett, S., Norton, E. B., Zwezdaryk, K. J.,
Robinson, J., & Letko, M. (2022). ACE2-dependent
sarbecovirus in Russian bats. PLoS Pathogens, 18(9),
e1010828. https://doi.org/10.1371/journal.ppat.1010828

Seth, R. B., Sun, L., Ea, C. K., & Chen, Z. J. (2005). MAVS
signaling protein. Cell, 122(5), 669–682.
https://doi.org/10.1016/j.cell.2005.08.012

Simmons, N. B., Seymour, K. L., Habersetzer, J., & Gunnell, G. F.
(2008). Primitive Eocene bat. Nature, 451(7180), 818–821.
https://doi.org/10.1038/nature06549

Smith, I., & Wang, L. F. (2013). Bats and their virome.
Current Opinion in Virology, 3 (1), 84–91.
https://doi.org/10.1016/j.coviro.2012.11.006

Solari, S., Hoofer, S. R., Larsen, P. A., Brown, A. D., Bull, R. J.,
Guerrero, J. A., & Baker, R. J. (2009). Operational
criteria for genetically defined Dermanura species.
Acta Chiropterologica, 11 (2), 279–288.
https://doi.org/10.3161/150811009X485521

Speakman, J. (2008). A first for bats. Nature, 451(7180),
774–775. https://doi.org/10.1038/451774a

Subudhi, S., Rapin, N., & Misra, V. (2019). Immune system
modulation and viral persistence in bats. Viruses, 11(2),
192. https://doi.org/10.3390/v11020192

Takeuchi, O., & Akira, S. (2010). Pattern recognition receptors
and inflammation. Cell, 140 (6), 805–820.
https://doi.org/10.1016/j.cell.2010.01.022

Teeling, E. C., Springer, M. S., Madsen, O., Bates, P., O’Brien, S. J.,
& Murphy, W. J. (2005). Molecular phylogeny
for bats. Science, 307 (5709), 580–584.
https://doi.org/10.1126/science.1105113

Voigt, C. C., & Kingston, T. (2016). Bats in the Anthropocene:
Conservation of bats in a changing world. Springer.

Wang, J., Pan, Y.-F., Yang, L. F., Yang, W. H., Lv, K.,
Luo, C. M., & Shi, M. (2023). Individual bat virome
analysis. Nature Communications, 14 (1), 4079.
https://doi.org/10.1038/s41467-023-39835-1

Weinberg, M., & Yovel, Y. (2022). Revising the paradigm:
Are bats really pathogen reservoirs or do they possess an
efficient immune system? iScience, 25(8), 104782.
https://doi.org/10.1016/j.isci.2022.104782

Wickenhagen, A., van Tol, S., & Munster, V. (2024).
Molecular determinants of cross-species transmission in
emerging viral infections. Microbiology and Molecular
Biology Reviews, 88 (3), e00001-23.
https://doi.org/10.1128/mmbr.00001-23

Williams, E. P., Spruill-Harrell, B. M., Taylor, M. K., Lee, J.,
Nywening, A. V., Yang, Z., & Jonsson, C. B. (2021).
Common themes in zoonotic spillover and disease
emergence: Lessons learned from bat- and rodent-
borne RNA viruses. Viruses, 13 (8), 1509.
https://doi.org/10.3390/v13081509

World Health Organization. (2024). Marburg virus disease.
https://www.who.int/news-room/fact-sheets/detail/
marburg-virus-disease

Wu, T. (2021). The socioeconomic and environmental drivers
of the COVID-19 pandemic: A review. Ambio, 50(4),
822–833. https://doi.org/10.1007/s13280-020-01497-4

Xie, J., Li, Y., Shen, X., Goh, G., Zhu, Y., Cui, J., & Zhou, P.

Bat borne zoonotic viruses and spillover risk



 (2018). Dampened STING-dependent interferon
activation in bats. Cell Host & Microbe, 23(3), 297–301.
https://doi.org/10.1016/j.chom.2018.01.006

Yoneyama, M., Kikuchi, M., Natsukawa, T., Shinobu, N.,
Imaizumi, T., Miyagishi, M., & Fujita, T. (2004). The
RNA helicase RIG-I has an essential function in double-
stranded RNA-induced innate antiviral responses.
Nature Immunology, 5 (7), 730–737.
https://doi.org/10.1038/ni1087

Zhou, H., Li, J., Zhou, D., Wu, Y., Wang, X., Zhou, J., &
Ma, L. (2023). New insights into the germline genes and
CDR3 repertoire of the TCRâ chain in Chiroptera.
Frontiers in Immunology, 14 , 1147859.

https://doi.org/10.3389/fimmu.2023.1147859
Zhou, P., Cowled, C., Mansell, A., Monaghan, P., Green, D.,

Wu, L., & Baker, M. L. (2014). IRF7 in the Australian black
flying fox (Pteropus alecto): Evidence for a unique expression
pattern and functional conservation. PLoS ONE, 9(8),
e103875. https://doi.org/10.1371/journal.pone.0103875

Zhou, P., Cowled, C., Todd, S., Crameri, G., Virtue, E. R.,
Marsh, G. A., & Baker, M. L. (2011). Type III IFNs in
pteropid bats: Differential expression patterns provide
evidence for distinct roles in antiviral immunity. The
Journal of Immunology, 186 (5), 3138–3147.
https://doi.org/10.4049/jimmunol.1003115

Received - 24.09.2025, Accepted - 10.11.2025, Published -  17.11.2025 (Online),  01.12.2025 (Print)
Section Editor: Dr. Neeraj Shrivastava, Editorial Board Member

Indian Journal of Animal Health,  Special Issue,  December, 2025394


