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ABSTRACT

Zoonotic diseases transmitted from animals to humans
pose an escalating threat to global health, driven by
rapid environmental change, wildlife exploitation, and
intensive animal husbandry. The current review paper
synthesizes up-to-date knowledge on the mechanisms
and pathways of zoonotic spillover and examines bi-
ological prerequisites such as host range expansion,
viral mutation, and viral recombination occurring in
intermediate hosts. The review analyzes transmission
routes, including direct contact, fomites, foodborne,
vector-borne, and airborne pathways, and highlights
the amplifying role of ecological disturbance, wildlife
density, and “mixing vessels” like live animal markets
and factory farms. Case studies of severe acute respi-
ratory syndrome, Middle East respiratory syndrome,
avian and swine influenza, Ebola, and COVID-19 il-
lustrate common transmission dynamics and public
health challenges. Furthermore, global risk mitigation
strategies are evaluated, from One Health frameworks
and wildlife surveillance platforms to biosecurity mea-
sures, trade regulations, and community-driven be-
havior change initiatives. Finally, the study identifies
critical research gaps, such as the integration of eco-
logical data, surveillance in biodiversity hotspots, Al-
based predictive modeling, and data-sharing barriers,
and proposed multidisciplinary recommendations to
enhance early detection, regulation, and ecosystem
conservation. The review paper aims to inform policy
and strengthen resilience against future zoonotic pan-
demics by encouraging transdisciplinary collaboration
and proactive prevention.

Keywords: Zoonotic spillover, Viral mutation, One
health framework, Wildlife surveillance, Pandemic
preparedness

Introduction
Overview of Zoonotic Spillover
Zoonoses are infectious diseases transmitted from an-
imals to humans that pose a significant and growing
threat to global public health." A zoonotic spillover
occurs when a pathogen overcomes the biological
barriers between species, establishing almost 75%
of infectious diseases in humans.” While many such
events remain localized, some can ignite widespread
outbreaks or pandemics, as starkly demonstrated by
HIV, severe acute respiratory syndrome (SARS), H1N1,
Ebola, and more recently, COVID-19. These events un-
derscore the urgent need to understand and manage
the drivers of zoonotic disease emergence (Figure 1).
The risk of spillover is intensifying due to increasing
interactions at the human-animal-environment inter-
face.*’ Factors such as deforestation, biodiversity loss,
global trade in wildlife, intensive farming, and urban

expansion are disrupting ecosystems and facilitating
novel pathogen transmission pathways. With climate
change and global mobility further accelerating these
risks, pandemic preparedness now hinges on proactive,
cross-sectoral surveillance and response strategies.

Research Aim and Objectives

The purpose of the current review is to explore the
complicated dynamics sustaining zoonotic spillover
and pandemic risks.

Research Objectives

1. To analyze the biological, socioeconomic, and eco-
logical factors contributing to zoonotic spillover
events

2. To examine common transmission pathways from
animal reservoirs to human populations, including
direct contact, food systems, and environmental in-
terfaces

3. To evaluate historical and emerging examples of
zoonotic outbreaks (SARS, Ebola, COVID-19) to
identify shared transmission dynamics

4. To examine current global and regional mitiga-
tion strategies, including surveillance, One Health
frameworks, and wildlife trade regulations

5. To propose multidisciplinary recommendations to
strengthen early detection, risk prediction, and pre-
vention of future zoonotic pandemics

Scope of Review

The current paper reviews the complex relationship
of ecological, biological, and socioeconomic factors
leading to zoonotic spillover and pandemic risks. The
key mechanisms of cross-species transmission, like
pathogen evolution, environmental disruption, and
intermediate hosts, are examined in the review. It also
outlines the primary pathways of transmission from
animal to human and analyses primary zoonotic out-
breaks like Ebola, SARS, and COVID-19 for elaborating
on shared dynamics. Furthermore, it evaluates current
global mitigation strategies and highlights research
gaps. The study also adopted a multidisciplinary lens,
emphasizing the importance of integrated One Health
approaches to strengthen early detection, surveillance,
and prevention of future zoonotic pandemics.

Structure of Review Paper

The current review paper is structured in sections:
section “Mechanisms of Zoonotic Spillover” explores
the biological and ecological mechanisms enabling
cross-species transmission; section “Transmission
Pathways from Animals to Humans” outlines the ma-
jor pathways through which zoonotic diseases are
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Fig 1| Zoonotic disease examples and transmission pathways’

transmitted to humans; section “Case Studies of Ma-
jor Zoonotic Outbreaks” presents case studies of ma-
jor zoonotic outbreaks to identify common patterns,
section “Current Global Strategies for Zoonotic Risk
Mitigation” evaluates global mitigation strategies, and
section “Research Gaps and Future Directions” high-
lights research gaps and future directions. The conclu-
sion part summarizes the findings and advocates for
integrated, preventive approaches to manage future
pandemic threats.

Mechanisms of Zoonetic Spillover

Biological Prerequisites for Cross-Species
Transmission

Successful zoonotic spillover depends heavily on bi-
ological compatibility between pathogens and new
hosts.” A pathogen’s host range its ability to infect mul-
tiple species and enhances spillover potential. Patho-
gen evolution, particularly viral mutations in surface
proteins, can improve binding to human receptors, in-
crease infectivity, and evade immune responses.® RNA
viruses, such as coronaviruses and influenza viruses,
are especially prone to such mutations due to their
high replication error rates.” The biological changes
assist the virus to bypass the species barriers, increas-
ing infections in humans and spreading faster. In addi-
tion, emerging zoonotic risk prediction is possible by
understanding these factors (Figure 2).

Role of Intermediate Hosts and Viral Recombination
Intermediate hosts act as channels facilitating the ad-
aptation of pathogens to human biology.” Moreover,
viruses frequently jump from the original wildlife

reservoirs to intermediate species. This is where they
are able to mutate and recombine with other viruses.’”
This genetic exchange can lead to novel strain devel-
opment with high infectivity and transmissibility in
humans. Civets acted as intermediate hosts for SARS-
CoV, and dromedary camels also played the same role
in Middle East respiratory syndrome (MERS-CoV).? It
is also assessed that viral recombination in such hosts
drives evolution and the risk of human infections.

Importance of Ecological Perturbation and Wildlife
Density

Ecological perturbations such as urban expansion, de-
forestation, and habitat fragmentation impact natural
ecosystems and alter wildlife behavior.”® These chang-
es often force animals to migrate closer to human
settlements, increasing opportunities for zoonotic
contact. High wildlife density in confined or degraded
habitats leads to greater pathogen shedding and in-
terspecies transmission.'® The loss of biodiversity also
reduces the natural “dilution effect,” where healthy
ecosystems buffer pathogen spread.'"" Consequently,
human intrusion into previously undisturbed environ-
ments significantly elevates the likelihood of spillover
events.”>® Protecting natural habitats is, therefore, a
vital element in zoonotic disease prevention.

Spillover Amplification via “Mixing Vessels”

“Mixing vessels” like wet markets and intensive animal
farming systems provide ideal conditions for patho-
gen exchange."” In wet markets, diverse species are
kept in crowded, unsanitary conditions that enable
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interspecies transmission and viral recombination.
These environments allow viruses to jump between
animals and adapt to new hosts, including humans.’
Similarly, intensive farming, where thousands of genet-
ically similar animals are confined, acts as a breeding
ground for viral mutations. Swine and poultry farms, in
particular, have facilitated the emergence of avian and
swine influenza strains with pandemic potential.” Im-
proved biosecurity in these settings is essential for risk
mitigation.

Transmission Pathways from Animals to Humans

Direct Transmission

Direct transmission refers to transmission by immediate
physical contact with infected animals or secretions,
and it can be in the form of blood, saliva, other body
fluids, and bites and scratches®”** (Figure 3). It caus-
es diseases like rabies through animal bites; Ebola, for
instance, was linked with infected primates or bats."
People living in close contact with livestock and wild-
life, like hunters, are at high risk of disease." A lack of
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Fig 2 | Biological factors affecting zoonotic potential®
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Fig 3 | Direct transmission from reservoir to host'®
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protective measures and poor awareness increases such
risk, particularly in low-resource settings like rural en-
vironments. Furthermore, direct contact is a straightfor-
ward and deadly route for zoonotic transmission, and it
needs targeted public health interventions.'

Indirect Transmission

The indirect transmission involves contact with the
surface, contaminated environment, or objects like
fomites."” These pathogens can survive for hours or
days on cages, bedding, tools, cages, and soil exposed
to the animal’s blood, saliva, or waste. For instance,
spores of anthrax persist in the soil and infect livestock
and humans through skin contact or by inhalation.'®
Furthermore, human activities such as cleaning enclo-
sures of animals and consumption of contaminated
water also increase the exposure risk.” Another aspect
is the inadequate waste management, poor sanitation,
and overcrowded living conditions that increase the
risk of indirect spillover.

Foodborne Transmission

Foodborne zoonoses increase with the consumption
of contaminated animal products, such as unpas-
teurized milk, undercooked meat, or bushmeat."”
Pathogens such as E. coli, Salmonella spp., Brucella
spp., and prions (associated with mad cow disease)
can be transmitted through improper food handling
and consumption.”® Moreover, the consumption and
hunting of wildlife are common in specific regions that
also pose risks of exposure to unique pathogens as was
observed in the past outbreaks of Ebola."”

Vector-Borne Transmission

Vector-borne diseases spread through infected arthro-
pod bites like ticks, mosquitoes, and fleas.” As bio-
logical intermediaries, these vectors carry pathogens
from animals to humans. For example, West Nile virus
is spread by mosquitoes from infected birds.”* On the
other hand, Lyme disease is transmitted via tick bites.
Moreover, vector-borne transmission is also dependent
on ecological conditions.” These include vector popu-
lation density and climatic factors.

Airborne Transmission

Some of the most significant pandemics in history have
emerged through airborne transmission of zoonotic
pathogens. Viruses like influenza and SARS-CoV-2
can be spread via respiratory droplets or aerosols from
infected animals or humans."® In confined spaces like
animal markets or farms, close contact with livestock
increases the potential for inhalation of contaminated
air.”® Poultry and swine are known reservoirs for in-
fluenza viruses capable of evolving and infecting hu-
mans. Once airborne pathogens adapt to humans, they
may spread rapidly and globally.

Role of Urbanization, Deforestation, and Climate
Change

Urbanization, deforestation, and climate change are
powerful drivers that expand human exposure to
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zoonotic diseases."” As forests are cleared for agri-
culture or urban development, humans and livestock
move into previously undisturbed ecosystems, increas-
ing contact with wildlife reservoirs. Climate change
alters animal migration patterns, vector habitats, and
disease seasonality.’” For example, warmer tempera-
tures have extended the range of disease-carrying
mosquitoes. Rapid urban growth often results in over-
crowded conditions and poor infrastructure, amplify-
ing both direct and indirect transmission.

Case Studies of Major Zoonotic Outbreaks

SARS-CoV (2002-2003)

The SARS-CoV outbreak started in China and spread
rapidly to nearly two dozen countries. The virus was
believed to originate in bats with civet cats as these
were found to be intermediate hosts before infecting
live animal markets and humans.? In addition, SARS-
CoV was also causing respiratory illness with an
increased fatality rate. It was controlled through quar-
antine, public health interventions, travel barriers,
and by highlighting the risk of live wildlife and inade-
quate surveillance of disease.

MERS-CoV

MERS-CoV emerged in Saudi Arabia in 2012 as a re-
sult of confirmed human cases that had contact with
intermediate hosts of the virus (dromedary camels).”
MERS-CoV also likely originated in bats, and the vi-
rus causes severe respiratory symptoms and possess-
es a fatality rate of around 35%, significantly higher
than SARS.” Human-to-human transmission has been
limited but occurs in healthcare settings. MERS em-
phasized the importance of occupational exposure
monitoring, especially in livestock industries, and the
challenges of controlling zoonotic diseases with high
mortality but limited transmission chains.” It remains
endemic in the Middle East, with sporadic outbreaks
globally.

H5N1 and H1N1

H5N1 (avian flu) and H1N1 (swine flu) are notable in-
fluenza viruses of zoonotic origin. H5N1 emerged from
poultry in Asia in the early 2000s, causing sporadic
but deadly infections in humans.”® H1N1, in contrast,
sparked the 2009 global pandemic and was a reassort-
ant virus involving genes from avian, swine, and hu-
man strains.”” Swine served as a mixing vessel for this
genetic reshuffling. While H5N1 had high mortality
and low transmissibility, HIN1 spread rapidly world-
wide with moderate severity.”®

Ebola Outbreaks

Ebola virus disease has repeatedly emerged in Central
and West Africa, with outbreaks linked to handling or
consuming bushmeat, especially primates and bats.”
The 2014-2016 West African outbreak was the largest
in history, killing over 11,000 people.* Transmission
occurs through direct contact with infected blood, flu-
ids, or tissues, and human-to-human transmission fur-
ther amplifies spread. Furthermore, cultural practices
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around burial and caregiving contributed to the sever-
ity of the outbreak.”

COVID-19

The COVID-19 pandemic, caused by SARS-CoV-2, is
believed to have originated from a zoonotic spillover,
possibly involving bats and an unknown intermediate
host.”* The outbreak began in Wuhan, China, with ear-
ly cases linked to a live animal market. Unlike earlier
coronaviruses, COVID-19 spread rapidly due to asymp-
tomatic transmission and high global mobility.> It ex-
posed weaknesses in pandemic preparedness, global
surveillance, and healthcare infrastructure.

Commonalities in the Outbreak and Public Health
Lessons

Despite differences in origin and transmission, these
outbreaks share common triggers: close human-animal
contact, ecological disruption, and insufficient sur-
veillance. Markets, farms, and wildlife trade frequent-
ly serve as spillover hotspots. Delayed public health
responses and weak international coordination often
worsened outcomes. These case studies highlight the
necessity of proactive surveillance, transparent commu-
nication, and multidisciplinary collaboration. Strength-
ening global health systems and addressing upstream
drivers such as habitat loss and risky animal practices
are essential to mitigating future pandemic risks.

Current Global Strategies for Zoonotic Risk Mitigation
The One Health Approach

The One Health approach emphasizes the interconnect-
edness of human, animal, and environmental health.*
By integrating veterinary, medical, and ecological
sciences, One Health fosters collaboration across dis-
ciplines to detect, prevent, and respond to zoonotic
threats.’* It promotes data sharing, cross-sectoral sur-
veillance, and coordinated responses to outbreaks.
One Health is particularly effective in identifying ear-
ly warning signs at the human-animal-environment
interface.”® The One Health approach is gaining trac-
tion globally as it is recognized by organizations like
WHO, FAO, and OIE, though implementation varies by
region. Effective adoption requires policy integration,
funding, and capacity building across public health,
agriculture, and wildlife sectors.

Wildlife Surveillance Programs and Pathogen
Discovery

Wildlife surveillance programs and pathogen discovery
platforms play a main role in the early detection of zoo-
notic threats.> Initiatives like PREDICT and GISAID col-
lect viral samples from wildlife, livestock, and humans
to monitor emerging pathogens, including influenza
and coronaviruses.’” These platforms use genomic se-
quencing and data sharing to track viral evolution and
potential spillover. Surveillance efforts are especially
critical in biodiversity hotspots where novel viruses are
likely to emerge.’® However, limited funding, political
barriers, and gaps in global coverage remain challeng-
es. Current advancements in portable sequence tech-

PREMIER JOURNAL OF INFECTIOUS DISEASES REVIEW

nologies like nanopore devices have enabled genomic
analysis in the field, allowing for increased detection of
pathogens in remote areas. Moreover, the integration
of wildlife ecology integration and behavioral studies
with pathogen monitoring can assist in identifying
high-risk species and interactions.

Biosecurity in Livestock and Animal Markets
Enhancing biosecurity in livestock production and
animal markets is crucial to preventing zoonotic spill-
overs.”® Measures include improving hygiene, regulat-
ing animal densities, minimizing interspecies contact,
and ensuring veterinary oversight. Live animal mar-
kets, especially those mixing wild and domestic
species, are high-risk environments for disease trans-
mission.”® Farm-level biosecurity reduces the risk of
infection in animals and potential transmission to hu-
mans.’® Proper waste disposal, vaccination programs,
and monitoring of animal health are key strategies.

Wildlife Trade Regulations (Convention on
International Trade in Endangered Species [CITES])
and Enforcement Challenges

Wildlife trade regulations, such as those enforced un-
der CITES, aim to curb illegal or high-risk wildlife com-
merce that can facilitate disease spread.* Regulating
trade assists in reducing human exposure to exotic
species that may carry unknown pathogens.”’ How-
ever, enforcement remains inconsistent, especially in
regions with weak governance or high market demand.
Corruption, inadequate resources, and lack of public
awareness hamper effectiveness. In addition to frame-
works like CITES, various countries have introduced
restrictions or national bans on wildlife markets based
on the COVID-19 pandemic. Such efforts often face re-
sistance because of the economic, cultural, and sub-
sistence importance of wildlife in various countries."®
Effective regulations should be paired with alternative
livelihoods, education, and community engagement.

Community-Based Awareness and Behavior Change
Community engagement is vital for reducing behaviors
that promote zoonotic transmission.“> Awareness cam-
paigns educate the public about safe animal handling,
bushmeat risks, hygiene practices, and the importance
of vaccination.” Behavior change initiatives often in-
volve collaboration with local leaders, schools, and
religious institutions to ensure culturally appropriate
messaging. Programs that involve community partici-
pation tend to be more effective and sustainable.** In
regions with high spillover risk, empowering local pop-
ulations with knowledge and resources can significant-
ly reduce exposure.

Global Pandemic Preparedness Frameworks

Global health organizations such as WHO, FAO, and
OIE have developed collaborative pandemic prepared-
ness frameworks to improve international response
capacity.* These frameworks include risk assessment
tools, training programs, emergency response coor-
dination, and strategic stockpiling of vaccines and
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medical supplies. International Health Regulations
(IHR) is an initiative promoting early reporting and
standardized response to outbreaks. However, gaps
remain in surveillance coverage, equitable access to
resources, and response speed.”” In addition to IHR,
emerging initiatives like the pandemic fund managed
by the World Bank and the Global Virome Project aim to
proactively identify and prepare for the threats.* Joint
cross-border exercises and scenario-based simulations
are used to test emergency readiness and coordina-
tion across nations. The integration of digital health
technologies, such as real-time data dashboards and
Al-driven outbreak modeling, is promising.

Research Gaps and Future Directions

Despite growing recognition of zoonotic risks, sig-
nificant research and policy gaps hinder effective
prevention and response. One major shortfall is the
inadequate integration of ecological data into public
health systems. Many disease surveillance programs
focus primarily on human and livestock populations,
overlooking critical environmental indicators such
as wildlife population shifts, habitat degradation,
and species interactions. Bridging this gap requires
interdisciplinary collaboration and tools that can
translate ecological signals into actionable public
health intelligence.

Another critical issue is underreporting and weak
surveillance in biodiversity hotspots, particularly in
low-income countries. Veterinary services and local
health are under-resourced, and disease outbreaks
might not be detected until they escalate. Further-
more, capacity building for on-the-ground surveil-
lance, real-time reporting, and laboratory diagnostics
are essential for early containment. In addition, there
is also an urgent need for Al-driven tools and predic-
tive models that can assist in analyzing large and com-
plex datasets to effectively forecast spillover events.
Such technologies can also assess the risk based on
environmental, biological, and socioeconomic vari-
ables for preemptive actions. Moreover, early warning
mechanisms and global data sharing are also crucial,
as international reporting is often limited due to incon-
sistent reporting standards, political barriers, and con-
cerns about data sovereignty.

Conclusion

Zoonotic spillover is driven by ecological, biological,
and socioeconomic factors. The evolution of patho-
gens and host range is driven by viral mutations
and recombination that further lead to cross-species
spread. Transmission pathways, from direct contact
and fomites to foodborne, vector-borne, and airborne
routes, are further exacerbated by urbanization, de-
forestation, and climate change. Historical outbreaks,
including SARS, MERS, avian and swine influenza,
Ebola, and COVID-19, highlight common triggers:
close human-animal interfaces, weak surveillance,
and insufficient biosecurity. The complexity of these
drivers shows that isolated interventions are inade-
quate. A transdisciplinary One Health framework that
integrates human, animal, and environmental health

REVIEW

sciences is essential for holistic risk management.
Strengthening early detection through enhanced
surveillance and Al-driven predictive models, regula-
tory measures such as stringent biosecurity standards
and wildlife trade enforcement, and environmental
conservation to preserve ecosystem integrity must go
hand in hand.
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