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Abstract: 

H5N1 avian influenza is regarded as one of the most considerable zoonotic viral threats of the permanent pandemic 
potential. Since it was initially discovered to infect humans in Hong Kong in 1997, the virus has been circulating 
in domestic poultry and wild birds in various continents resulting in recurring outbreaks and some severe 
infections in humans. The review is a thorough examination of the H5N1 evolution and pandemic risk, especially 
focusing on the clinical manifestations, diagnostic issues, and the vaccine development status quo. The review 
discusses how ongoing mutation, reassortment and diversification into multiple clades have improved the 
adaptability of the virus, and how the increased spillover into mammals like mink, seals, cats and cattle has raised 
questions about the adaptability of mammals and future human transmissibility. H5N1 infection in humans can 
range in clinical findings to mild conjunctivitis and upper respiratory disease or severe pneumonia, acute 
respiratory distress syndrome, neurological complications, multi-organ failure, and high mortality. Diagnostic 
techniques such as RT-PCR, viral culture, serology, and genome sequencing have increased early detection and 
surveillance, yet shortage of laboratory facilities and slow reporting is a key challenge in most areas. The 
traditional inactivated vaccines, recombinant formats, and mRNA technologies have reached significant 
advancement in the development of vaccines, but the problem of antigenic drift, fast manufacturing, and equal 
availability remain the problem. In general, H5N1 still remains an issue of close global surveillance, and combined 
One Health measures, enhanced surveillance, expedited diagnostics, and ongoing vaccine preparedness are 
necessary to mitigate the threat of future outbreaks or a potential pandemic. 
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__________________________________ 
1. INTRODUCTION

Flu viruses are one of the most dynamic and clinically important respiratory pathogens in 
animals and humans. These viruses are classified according to their hemagglutinin (H) and 
neuraminidase (N) surface glycoproteins[1]. H5N1 avian influenza is one of them that have 
attracted international attention because of its high pathogenicity among birds, and serious 
illness in humans. H5N1 has continued to cause repeated outbreaks in poultry populations in 
Asia, Africa, Europe and some parts of the Middle East since the earliest known human 
infections in Hong Kong in 1997. 

The biggest issue with H5N1 is that it is a potential pandemic. Although long-term human-to-
human transmission has been minimal, the virus is still evolving in a genetic manner via 
mutation and reassortment. Recent reports of infection in mammals have created concern again 
regarding adaptation to mammalian hosts, fox, seal, cat and cattle [2]. 

The purpose of this review is to present an in-depth discussion of the evolution and pandemic 
threat posed by H5N1, its clinical presentation, diagnostic challenges, and vaccine 
development. These aspects are important in understanding preparedness planning, early 
detection and mitigation of future outbreaks. 

1.1.  Background and Context 
One of the most active and clinically important respiratory viruses impacting animals and 
humans are influenza A viruses. These viruses are classified according to their hemagglutinin 
(H) and neuraminidase (N) surface glycoproteins. H5N1 avian influenza is one of them that
have drawn the attention of the world because of its pathogenicity in birds and serious disease
in human beings. H5N1 has been a continuing outbreak in poultry populations in Asia, Africa,
Europe, and some of the Middle East, since the first known human infections in Hong Kong in
1997 [3].

The biggest issue with the H5N1 is its potential to cause a pandemic. Although there has been 
no long-term human-to-human infection, the virus has been evolving genetically by mutation 
and reassortment. Reports of infection in mammals like foxes, seals, cats and cattle have 
increased the concern that there is a need to adapt to mammalian hosts. 

1.2. Objectives of the study 
• To analyze the evolution of H5N1 and assess its potential pandemic risk.
• To examine the clinical manifestations of H5N1 infection in humans.
• To identify the major diagnostic challenges in the detection of H5N1.
• To review the current progress and effectiveness of H5N1 vaccine development.
• To suggest future strategies for surveillance, prevention, and pandemic

preparedness.
1.3. Importance of the study 
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 The significance of this study is that H5N1 avian influenza is a major threat to health globally 

that may result in a pandemic since it is continually evolving and crossing species. It also assists 
in enhancing preparedness by enhancing surveillance, early diagnosis, vaccine development, 
and evidence-based strategies in the field of public health [4]. 

1. Global Public Health Preparedness 
The importance of understanding the changing aspect of H5N1 is of great importance in 
enhancing the global preparedness in the area of public health. Through travel, trade and animal 
migrations, infectious diseases with pandemic potential can be spread very fast across 
countries. Through research on the behavior, transmission and mutation of H5N1, health 
authorities are able to come up with effective preparedness measures, enhance emergency 
response systems, and availability of medical provisions like antiviral drugs, hospital facilities 
and trained medical staff. The information can assist nations act promptly and reduce the health 
and economic cost of future epidemics. 

2. Risk of Cross-Species Transmission 
H5N1 has been persisting in birds and has been detected in more and more mammalian species, 
and this is a concern on cross-species transmission. When various animal hosts become 
infected by a virus, it can undergo genetic alterations that enhance its capacity to infect humans. 
This risk is one that needs to be studied in order to comprehend the emergence and spread of 
zoonotic diseases. It also promotes the One Health approach that combines human, animal, and 
environmental health systems to keep tabs and control infectious diseases before they become 
a major issue in the common health. 

3. Early Detection and Diagnosis 
Early diagnosis of H5N1 infection is of utmost importance in the prevention of the severe 
disease outcomes and management of outbreaks. But when it comes to the early symptoms, it 
is likely to be confused with common influenza or other respiratory infections thus making it 
hard to diagnose. Surveying diagnostic challenges assists in determining weaknesses in 
laboratory testing capacity, surveillance systems and reporting systems. Better diagnostic 
methods like rapid molecular diagnostic tests, genome sequencing, and point of care devices 
can improve the early diagnosis and therefore faster treatment and minimize transmission 
within the community and healthcare facilities. 

4. Support for Vaccine Development 
Vaccination is considered one of the best methods to prevent influenza epidemics and minimize 
the loss of life. It is of importance to study the current state of H5N1 vaccine development 
since the virus is subjected to numerous mutations that can decrease its vaccine efficacy with 
time. This review assists in realizing advances in the traditional, recombinant, and mRNA 
vaccine platforms, and the necessity of universal influenza vaccines. This kind of knowledge 
helps in the investment in research, production capacity, and equitable allocation of vaccines 
in case of an emergency. 
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 5. Policy Guidance and Pandemic Prevention 

An extensive knowledge of H5N1 offers useful information to policy makers and health 
institutions to create preventive measures. Scientific information is needed to help governments 
frame regulations concerning poultry management, wildlife surveillance, border control, 
vaccination schemes, and preparedness to outbreaks. The research can inform national and 
international policies to minimize the risks of transmission, enhance surveillance networks, and 
provide better coordination between countries. There must be effective policy solutions that 
rely on scientific evidence that prevents future outbreaks and reduce the possibility of a global 
pandemic. 

2. EVOLUTION OF H5N1 AND PANDEMIC RISK 
H5N1 has been undergoing constant changes due to mutation, reassortment and adaptation, 
resulting in the development of various genetic variations in various regions. Its endemic 
occurrence in birds and its growing spillover in mammals still poses questions regarding the 
potential of future pandemic [5]. 

1. Emergence and First Human Infection (1996–1997) 
H5N1 avian influenza was first reported in 1996 in Guangdong in poultry. Human infections 
were first reported in Hong Kong in 1997, with the virus causing deadly and severe illness. 
This was the first significant evidence that an avian influenza virus has the potential to directly 
infect humans and generated international alarm about the possibility of pandemics. 

2. Global Spread and Endemic Circulation (2003–2010) 
Since 2003, H5N1 has resurfaced and has spread very fast in Asia, Europe, Africa, and the 
Middle East due to poultry trade, live bird markets and migratory birds. The virus became 
endemic in the poultry of a number of countries during this period and led to repeated outbreaks 
and infrequent infections in humans. 

3. Genetic Evolution and Viral Diversification (2011–2019) 
H5N1 was further able to mutate and reassort resulting in the formation of several genetic 
clades and subclades. These mutations influenced virulence, adaptation to the host, and 
antigenicity and increased the complexity of surveillance and vaccine development. 

4. Mammalian Spillover and Rising Concern (2020–2024) 
Since 2020, H5N1 has been reported in more and more mammals, including foxes, mink, and 
seals, cats, sea lions, and cattle. Those spillover events sounded some serious alarms that the 
virus was slowly becoming more adaptive to the mammalian hosts and this would likely 
heighten chances of human transmission in the future. 

5. Current Pandemic Risk and Preparedness (2025–2026) 
By 2025-2026, sustained human-to-human transmission is yet to be proven, but H5N1 is a 
significant threat of pandemic because of its continued presence in birds, its capacity to expand 
its host range, and its ability to undergo mutation. The future pandemic risk can be reduced by 
continuous genomic surveillance, rapid diagnostics, vaccine preparedness, and cooperation on 
the international level. 
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 2.1 Origin and Global Spread 

H5N1 avian influenza was a very virulent form of influenza A virus which infected domestic 
poultry and groups of wild birds. It was initially discovered in geese in Guangdong, China, in 
1996 and became known to the rest of the world when the first confirmed human cases occurred 
in Hong Kong in 1997 [6]. As opposed to the low pathogenic avian influenza viruses, which 
tend to cause mild disease in birds, H5N1 had shown the ability to cause severe disease and 
high mortality in chickens, ducks and other birds leading to huge economic losses to the poultry 
industry. The international spread was brought about by the movement of infected poultry and 
poultry products across regional and international trade networks, which is one of the major 
causes of its swift international spread. Live bird markets, where various bird species are 
confined in overcrowded and unsanitary conditions, greatly increased the spread of the virus 
and facilitated its silent spread before it was noticed. In most countries, lack of proper 
veterinary surveillance systems and farmers biosecurity also contributed to the spread of 
outbreak. The long-distance dissemination of influenza viruses also relied on migratory wild 
birds because waterfowl and other migratory birds can transfer the viruses between continents 
during seasonal flights. A significant wild-bird outbreak in 2005, Qinghai Lake, demonstrated 
the importance of migratory routes in transferring H5N1 to Europe, the Middle East and Africa. 
As the virus spread geographically it further evolved by mutation and reassortment giving rise 
to some clades and subclades optimized to different ecological environments and host 
populations [7]. Certain strains were dominant in certain areas, others vanish or are replaced by 
other more emergent ones. This constant diversification has made it more difficult to monitor, 
control outbreaks, and develop vaccines since vaccine strains might require frequent revision 
to suit circulating viruses. H5N1 is currently a significant transboundary animal and public 
health threat, and its presence in birds, capacity to cross borders, and continuous evolution 
highlights the importance of strong international collaboration, routine surveillance, poultry 
vaccination where relevant, and strict biosecurity to ensure further global dissemination is 
limited. 

2.2 Genetic Mutation and Reassortment 

The high ability of influenza viruses including H5N1 to undergo genetic evolution with time is 
one of the most significant aspects of the viruses. This is mainly because of the arrangement of 
the influenza A virus genome which comprises of eight segments of single stranded RNA genes. 
This segmented genome is a characteristic of the influenza viruses, allowing the virus to 
undergo two key evolutionary processes; genetic mutation and reassortment, both of which are 
considered important in the creation of novel strains with modified transmissibility, virulence 
and host range. Genetic mutation is common since the viral RNA polymerase enzyme that 
replicates the genome does not have an efficient proofreading mechanism and thus, makes 
many mistakes during replication [8]. Such minor genetic mutations accumulate over time 
especially in the genes of the surface glycoproteins hemagglutinin (HA) and neuraminidase 
(NA) in what is referred to as antigenic drift. Antigenic drift may occur, changing the 
appearance of viral surface antigens, making vaccinated or naturally-induced antibodies less 
effective against the virus. The antigenic drift is of particular concern in H5N1 case since it can 
reduce the efficiency of vaccination, complicate the long-term immunization policies, and 
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 affect receptor-binding properties, speed of virus multiplication, and resistance to antiviral 

medications. As such, ongoing genomic surveillance is crucial to identify variants arising as a 
result of continuous evolution and inform updates in vaccines. A second and, possibly, more 
important mechanism is reassortment. Since influenza viruses have segmented genomes, in 
cases where two dissimilar strains of influenza infect the same host cell at the same time, its 
gene segments may rearrange during replication, resulting in a novel reassortant virus that has 
genetic material of both parent viruses. These reassortant viruses can take on new biological 
activities including increased infectivity, extended host-range or changed pathogenicity. 
Reassortment may happen especially in hosts that are susceptible to both avian and mammalian 
influenza viruses, e.g. in pigs, also known as mixing vessels. Assuming that H5N1 rearranges 
with a human-adapted influenza virus, a potential strain has the potential to be highly virulent 
and also have an efficient human-to-human transmission, which raises the risk of pandemics 
significantly. It is this ongoing process of mutation and reassortment that has led to the 
development of various H5N1 clades and subclades in different geographic locations with 
certain ones becoming dominant in certain regions and some becoming extinct or undergoing 
further evolution. These genetic variations make surveillance, diagnostic assays and vaccine 
development more difficult since over time the target strains may evolve. Thus, the knowledge 
of mutation and reassortment is critical to forecasting the evolution of viruses, detecting 
harmful variants at an early stage, and developing an effective response to them on a population 
level. International genomic surveillance, timely exchange of data and flexible approach to 
vaccines are essential in combating the changing threat of H5N1. 

2.3 Mammalian Adaptation 

The most worrying trend in the evolution of H5N1 is that it is being detected more in mammals, 
suggesting that it is expanding beyond its usual avian hosts. Foxes, mink, seals, sea lions, cats, 
dogs, bears, and cattle have recently been reported with infections, often associated with bird 
contact or poor hygiene [9]. Recurrent infections in mammals could enable the virus to attain 
adaptive mutations in polymerase genes and receptor-binding sites, enhancing replication and 
compatibility with the host. Of special interest has been outbreaks in farmed mink and dairy 
cattle because of close contact with animals which can favor viral growth and adaptation. Even 
though there is still no evidence of sustained human-to-human transmission, the further human 
adaptation of the mammals poses a greater risk of a pandemic in the future such that 
surveillance, genomic surveillance, and rapid containment measures are necessary. 

2.4 Pandemic Risk Assessment 

The H5N1 avian influenza pandemic risk is defined as a mix of virological, epidemiological, 
immunological and public health variables [10]. Though H5N1 is now known as a serious threat 
of zoonosis, it has not yet acquired the ability to be spread globally through humans in a 
sustained manner. Nevertheless, the fact that it remains active in birds and that it continues to 
spill over into mammals, indicates that the virus should constantly be evaluated with regard to 
pandemic potential. There are a number of important issues that determine whether H5N1 has 
a chance of becoming a pandemic strain. 
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 • Ability to Bind Human Upper Respiratory Receptors 

A capacity of the virus to bind effectively to receptors in the human upper respiratory tract is 
one of the most crucial demands of a human influenza pandemic [11]. Avian influenza viruses 
like H5N1 are natural carriers of alpha-2, 3-linked sialic acid receptors which are abundant in 
birds and in lower respiratory tract of humans. By comparison, human influenza viruses bind 
to alpha-2,6-linked receptors located in the nose, throat, and upper airways. Should H5N1 
obtain mutations that enhance its ability to bind to human-type receptors, it can infect human 
beings more readily and be more efficient in person-to-person transmission. 

• Efficient Aerosol Transmission 
Pandemic spread requires the virus to effectively move via respiratory droplets or aerosols 
when coughing, sneezing, speaking, or in close contact [12]. Currently, the majority of H5N1 
human infections are linked with direct contact with infected birds or contaminated 
environments and not with regular person-to-person infections. In case the virus learns how to 
be stable in respiratory particles and how to be effectively spread in the air, the threat of the 
mass outbreaks would grow significantly. 

• Immune Escape Capacity 
The other crucial aspect is that H5N1 can be able to bypass the immunity that has developed 
in the human population [13]. The population is already somewhat susceptible since the majority 
of the population does not have any or minimal immunity to H5N1 strains. Additional antigenic 
drift or reassortment might result in even less antigenic variants that are less recognizable to 
the immune system or less responsive to prior-pandemic vaccines. This would enable rapid 
transmission and make managing outbreaks more difficult by causing immune resistance. 

• Human Susceptibility 
Risk of pandemic is also based on the susceptibility of human beings to infection and severe 
disease. The risk of infection can depend on such factors as age, underlying medical conditions, 
exposure to poultry or livestock at work, and immune state. In case the virus grows more 
competent in infecting healthy people without severe exposure to animals, the likelihood of 
community-wide transmission would significantly increase. 

• Delayed Outbreak Detection 
Early identification is crucial in containing any emerging threat of influenza. Poor surveillance 
systems, poor diagnostic capabilities, slower reporting and poor international coordination may 
permit the outbreak to grow before remedies are put in place. In case a more contagious H5N1 
strain appears and its development is not noticed in its initial phases, chances of containment 
might be missed, which exposes more people to the risk of a pandemic. 

• Current Risk Status 
Currently, the general risk of H5N1 on the general population is low since there is no evidence 
of sustained human-to-human transmission. Close contact with infected animals remains to be 
the most common cases. However, the virus is still under strict international surveillance 
because it is highly pathogenic, rapidly evolves, and has an increasing host range. 

• Need for Continuous Monitoring 
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 Since influenza viruses have the ability to evolve rapidly, assessment of pandemic risks should 

be regularly updated based on genomic surveillance, animal outbreaks, investigation of human 
cases, and laboratory research. Constant surveillance, planning readiness, vaccine creation and 
international collaboration are necessary to minimize the H5N1 threat and respond promptly 
in case its transmission patterns alter. 

3. METHODOLOGIES AND FINDINGS 
H5N1 avian influenza has been studied on the basis of multidisciplinary strategies such as 
genomic surveillance, epidemiological studies, clinical case studies, laboratory diagnostic, and 
vaccine development studies [14]. These methods have assisted researchers to learn about the 
evolution of viruses, the adaptation of the host, the severity of the disease, and preparedness 
strategies. Recent research has shown that H5N1 has been genetically diverse, widespread in 
birds, and spread to mammals and in some cases to humans. Even though sustained human-to-
human transmission has not been proven, the widening host range and recurrent zoonotic 
exposures are still a reason to conduct vigorous surveillance and vaccine preparedness 
initiatives. 

3.1. Genomic Surveillance and Epidemiological Studies 
Genomic surveillance has emerged as one of the most significant methodologies of tracking 
the evolution, spread, and pandemic potential of H5N1 avian influenza [15]. Because influenza 
viruses rapidly mutate, and there is a possibility of different viruses mixing genetic material 
via the process of reassortment, ongoing molecular surveillance is necessary to identify new 
strains before they become significant risks to the general population. It consists of the 
methodical gathering and sequencing of viral samples in domestic poultry and wild birds, 
mammals, environmental and occasional human infections to learn how the virus evolves over 
time, geographically, and how it gains mutations associated with mammalian host adaptation 
or enhanced transmissibility. Popular methods of viral evolution include advanced technology 
like whole genome sequencing, phylogenetic analysis, mutation tracking, and clade 
classification that are applied broadly to understand viral evolution and aid in vaccine strain 
selection. The One Health framework integrates veterinary and human health systems to 
establish international surveillance networks that are maintained by international organizations 
and national health agencies. More recent observations indicate that clade 2.3.4.4b H5N1 has 
been the predominant lineage in most outbreaks since 2020 and disseminated across continents 
via migratory bird flyways, into United States and other regions of North America in late 2021, 
and then into Central and South America. In 20242025, genotypes formed by genetic exchange 
with local avian influenza viruses emerged, and in 2026, a genotype D1.1 was reported to have 
spread rapidly along migratory routes in North America. Genomic surveillance is supplemented 
by epidemiological studies that investigate outbreak trends and patterns, transmission 
pathways, affected species, seasonality, mortality trends, and occupational hazard [16]. There 
are also recent reports of rising infections in mammals (foxes, mink, seals, sea lions, cats, and 
cattle) which suggests ecological expansion to mammals other than birds. Despite the fact that 
confirmed human infections are still rather uncommon and most of them are also occupational, 
the cumulative evidence reveals that H5N1 is still an emerging zoonotic threat. Thus, to provide 
early warning, identification of mutations, vaccine preparedness and containment of outbreaks, 
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 continuous sequencing, field surveillance, outbreak investigation, and sharing of data 
internationally are vital. 

Table 1: Review of Key Studies on Genomic Surveillance and Epidemiological Monitoring 

S. 
No. 

Author(s) 
& Year 

Study Title Methodology / 
Focus Area 

Major 
Findings 

Relevance to 
H5N1 Review 

1 Tiwari et 
al. (2025) 
[17]

Genomics in 
Epidemiology 
and Disease 
Surveillance: An 
Exploratory 
Analysis 

Exploratory 
review of 
genomic tools in 
epidemiology 
and disease 
surveillance 

Highlighted the 
importance of 
whole genome 
sequencing, 
mutation 
tracking, 
phylogenetic 
analysis, and 
rapid genomic 
data sharing for 
outbreak 
control. 

Supports the 
use of genomic 
surveillance for 
tracking H5N1 
evolution, 
mutation 
patterns, and 
pandemic 
preparedness. 

2 Akimkin 
et al. 
(2024) [18] 

Genomic 
Surveillance 
Strategy: 
Problems and 
Perspectives 

Strategic review 
of genomic 
surveillance 
systems and 
implementation 
challenges 

Identified key 
barriers such as 
infrastructure 
limitations, 
data integration 
issues, 
workforce 
training needs, 
and policy 
coordination 
gaps. 

Relevant for 
strengthening 
H5N1 
surveillance 
networks and 
improving early 
warning 
systems 
globally. 

3 Chinedu 
et al. 
(2024) [19] 

Application of 
Genomic Studies 
in 
Epidemiological 
Surveillance: A 
Minioverview 

Mini-review on 
applications of 
genomics in 
epidemiological 
monitoring 

Demonstrated 
that genomic 
studies improve 
pathogen 
identification, 
transmission 
tracing, 
outbreak 
mapping, and 
detection of 
emerging 
variants. 

Useful for 
H5N1 outbreak 
investigations, 
tracing 
zoonotic 
spillover 
events, and 
monitoring 
spread patterns. 
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 4 Gardy & 

Loman 
(2018) [20] 

Towards a 
Genomics-
Informed, Real-
Time, Global 
Pathogen 
Surveillance 
System 

Conceptual 
framework for 
real-time global 
genomic 
surveillance 

Proposed an 
integrated 
global 
surveillance 
model using 
real-time 
sequencing, 
digital 
reporting, and 
international 
collaboration. 

Highly relevant 
to H5N1 
because rapid 
global data 
sharing is 
essential for 
monitoring 
emerging avian 
influenza 
threats. 

3.2. Clinical and Laboratory Findings 
Methods used in clinical and laboratory research of the H5N1 avian influenza include case 
reports, hospital-based surveillance studies, symptom surveillance, and diagnostic validation 
using RT-PCR, viral culture, serology, and genome sequencing [21]. These methods have 
indicated that the H5N1 infection in humans could be mild in terms of conjunctivitis and upper 
respiratory tract symptoms, rapid pneumonia, acute respiratory distress syndrome (ARDS), 
neurological complications, multi-organ failure, and mortality with a significant percentage of 
the victims being hospitalized particularly when there is delayed diagnosis or antiviral 
treatment. The diagnostic tool of choice is RT-PCR due to high sensitivity and specificity with 
genome sequencing serving as a diagnostic aid to determine viral clades, adaptive mutations, 
and antiviral resistance markers. Serological testing is effective in the detection of previous 
exposure, especially in the population at risk, such as farm workers and responders to 
outbreaks, as the sensitivity is less than that of rapid antigen testing, which can be negative in 
the early or low viral load infection [22]. Laboratory findings have shown that the majority of 
circulating H5N1 strains continue to be incapable of effectively binding to receptors in the 
human upper respiratory tract, restricting the ability to sustain human-to-human transmission, 
despite the ability of some isolates to evolve adaptive mutations in mammals. Altogether, these 
results support the significance of timely diagnostics, the hospital readiness, and constant 
monitoring of mutations. 

3.2.1.  Clinical Manifestations and Disease Severity 
Clinical evidence has shown that the H5N1 avian influenza has a remarkable range of disease 
with mild symptoms as well as serious life threatening complications [23]. The early symptoms 
usually involve high fever, cough, sore throat, headache, fatigue, muscle pains, weakness, and 
sometimes conjunctivitis, and may be confused with seasonal influenza making it hard to 
diagnose early. Later in the disease, most patients become severely affected with pulmonary 
complications like viral pneumonia and acute respiratory distress syndrome (ARDS) that might 
need intensive care or mechanical ventilation [24]. H5N1 may also exhibit many other organ 
system involvement, resulting in neurological symptoms, gastrointestinal issues, liver 
dysfunction, kidney damage, circulatory shock, and multi-organ failure. Immunodeficiency, 
age of the patient, exposure dose, and time of treatment, as well as strain of the virus, affect the 
severity of the disease. There are numerous symptomatic cases that have to be hospitalized, 

189



 
 
 

 Journal of Pharmacology, Genetics and Molecular Biology (JPGMB)    
ISSN: 3049-3757 | Vol. 02, Issue-02, March-April |2026, pp. 180-200 

Journal of Pharmacology, Genetics and Molecular Biology (JPGMB) 

ISSN: 3049-3757 | Vol. 02, Issue-02, March-April | 2026 
 and the later the start of antiviral treatment, the worse the results and the higher the mortality. 

All in all, the H5N1 virus is highly prone to rapid development to severe illness, and early 
diagnosis, timely treatment, and hospital preparedness are crucial. 

3.2.2.  Laboratory Diagnostic Methods and Surveillance Challenges 
Laboratory diagnosis is crucial in detecting and controlling H5N1 avian influenza since its 
initial symptoms are similar to seasonal influenza and other respiratory diseases, which are 
usually not detected early enough [25]. The RT-PCR is the most appropriate diagnostic technique 
because it has high sensitivity, specificity, and quick results, whereas viral culture is applicable 
in vaccine development, antiviral testing, and in the study of viral pathogenicity. Serological 
testing can be used to determine previous exposure in high-risk populations, and genome 
sequencing can be useful to identify viral clades, mutations, antiviral resistance, and outbreaks. 
Rapid antigen tests are simpler and less expensive, but with lower sensitivity and can give 
false-negative results, particularly with early or low viral load infections [26]. Although 
technology has enhanced significant challenges of surveillance still exist, they include delayed 
reporting, lack of coordination between veterinary and human health, inadequate laboratory 
facilities, lack of trained staff, and inadequate access to confirmatory testing in rural regions. 
All in all, increased diagnostic capacity, enhanced networks of sequencing and better integrated 
One Health surveillance systems are vital to early detection and effective response to outbreaks. 

3.2.3.  Mortality, Mutation Analysis, and Public Health Significance 
H5N1 avian influenza is still one of the worst zoonotic infections of influenza in humans with 
the history of high rates of hospitalization and an estimated fatality rate of up to 50 percent 
among reported cases [27]. Nevertheless, the mortality differs based on the strain of viruses, the 
level of exposure, the age of the patient, their immune condition, health conditions, and access 
to medical care. Genome sequencing has become important in the mutation analysis to track 
changes associated with host adaptation, transmissibility, virulence, and antiviral resistance. 

 

Figure 1: Key Milestones in H5N1 Evolution and Global Spread 
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 Majority strains of H5N1 continue to selectively bind to avian-type receptors and do not 

efficiently bind receptors in the human upper respiratory tract, which restricts long-term 
human-to-human transmission [28]. There have been reports of adaptive mutations in some 
mammalian isolates without yet leading to regular further infections. The high pathogenicity, 
continued circulation in birds, rising mammalian infections, and the potential to evolve 
combine to make H5N1 a priority pathogen when it comes to pandemic preparedness, as 
viewed through the lens of public health. Thus, to mitigate future pandemic risk, rapid 
diagnostics, hospital preparedness, genomic surveillance, antiviral stockpiling, vaccine 
preparedness, and coordinated One Health strategies are needed. 

3.2.5 Comparative Analysis of Diagnostic Techniques 

The diagnosis of H5N1 avian influenza depends on a combination of laboratory techniques that 
differ in speed, sensitivity, specificity, cost, and practical applicability. RT-PCR is widely 
considered the most reliable method because it provides rapid and accurate detection of viral 
RNA, making it the preferred technique for early clinical diagnosis and outbreak confirmation. 
Viral culture remains valuable for virus isolation, pathogenicity studies, and vaccine research, 
although it requires longer processing time and specialized biosafety laboratories. Serological 
assays are useful for identifying previous exposure and conducting epidemiological 
surveillance, particularly among poultry workers, veterinarians, and other high-risk groups, but 
they are less effective for detecting acute infections in the early phase. Genome sequencing 
offers advanced insight into viral evolution, mutation patterns, antiviral resistance, and clade 
identification, making it essential for surveillance and pandemic preparedness, though it is 
comparatively expensive and technically demanding. Rapid antigen tests provide quick field-
level screening and can be useful in resource-limited settings, but their lower sensitivity may 
lead to false-negative results. Therefore, an integrated diagnostic strategy combining rapid 
molecular testing, confirmatory sequencing, and surveillance-based serology is considered the 
most effective approach for timely H5N1 detection and control. 

Table 2: Comparison of Diagnostic Methods for H5N1 Detection 

S. 
No. 

Diagnostic 
Method 

Turnaround 
Time 

Major Strength Limitation 

1 RT-PCR Few Hours High sensitivity and 
specificity 

Requires advanced 
laboratory facilities 

2 Viral Culture 3–7 Days Useful for virus 
isolation 

Time-consuming and 
biosafety intensive 

3 Serology 1–2 Days Detects previous 
exposure 

Less effective in early 
infection 

4 Genome 
Sequencing 

1–3 Days Detects mutations 
and viral clades 

Expensive and skilled 
expertise needed 
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 5 Rapid Antigen 

Test 
Minutes Useful for field 

screening 
Lower sensitivity 

 

4. DISCUSSION  
The discussion of this review highlights that H5N1 avian influenza continues to represent a 
serious global zoonotic and pandemic threat due to its high pathogenicity, continuous genetic 
evolution, expanding host range, and recurring outbreaks in birds and mammals [29-32]. The 
results suggest that mutation, reassortment, and mammalian spillover events enhance the 
possibilities of viral adaptation, but long-term human-to-human transmission remains 
unproven. Human infections have been clinically found to result in severe respiratory disease, 
neurological complications, multi-organ failure and high mortality and hence early diagnosis 
and prompt treatment are highly recommended. The modern diagnostics like RT-PCR and 
genome sequencing have helped in detecting outbreaks, but most areas continue to experience 
surveillance gaps, slow surveillance reporting, and low laboratory capacity. Advances in 
vaccine development, such as conventional, recombinant, and mRNA platforms, have 
enhanced preparedness, but issues like antigenic drift, rapid development, and fair access have 
not yet been addressed. The review, in general, shows that H5N1 ought to continue to be a 
priority pathogen in global preparedness planning, and coordinated One Health approaches that 
include human, animal, and environmental health systems are necessary to mitigate the risk of 
future outbreaks or a potential pandemic. 

4.1. Interpretation And Analysis 
The results provided in this review imply that H5N1 avian influenza is among the most 
remarkable zoonotic viral threats with unremitting pandemic potential [33]. Essentially, the 
evolutionary discussion shows that H5N1 has been able to respond to environmental changes 
since 1990s by mutation, reassortment, and clade diversification. Its persistent cycle in poultry 
and wild birds has given the appearance of a stable ecological reservoir, which has continuously 
produced new outbreaks. The rising of several clades as well as reassortant genotypes indicate 
that the virus has good evolutionary plasticity, which makes it challenging to predict in the 
long-term. This strengthens the importance of monitoring genomes constantly and reviewing 
vaccine candidates on a regular basis [34].  

The increasing number of mammalian spillover events is particularly important. The reports of 
infection in foxes, mink, seals, sea lions, cats and cattle suggest that H5N1 has ceased to be 
avian-host specific. Such cross-species infections could give a chance to adaptive mutations 
that enhance the viral replication in mammals [35]. Sustained human-to-human transmission is 
not yet seen, but as mammals become repeatedly infected, there is an increased likelihood of 
future adaptation. Consequently, any outbreak of mammalians must be regarded as a serious 
red flag and not an isolated veterinary event.  

Clinical evidence has indicated that H5N1 has the ability to cause severe illness in humans with 
a spectrum of mild conjunctivitis to pneumonia, acute respiratory distress syndrome (ARDS), 
neurological problems, and multi-organ failure [36]. A rather high fatality rate among human 
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 cases confirmed makes the virus pathogenic. Late diagnosis and antiviral treatment are 

significant factors that lead to poor outcomes. These observations indicate that clinical 
awareness among doctors and emergency departments is vital particularly in areas where there 
is exposure to poultry or where an outbreak is ongoing.  

Investigations in the laboratory show that RT-PCR is the most accurate diagnostic assay, and 
sequencing is essential to detect mutations and determine a clade. Nevertheless, poor 
integration between the animal and human surveillance sectors, inadequate reporting, and 
limited laboratory capacities continue to be an issue in many countries [37]. This deficiency 
diminishes the capability to identify the emerging threats in their initial phases. Inactivated, 
recombinant, and mRNA platforms have shown promising results in vaccine research, but 
antigenic drift, timeline of production, and fair access are significant challenges.  

In general, the examined evidence indicates that H5N1 cannot be considered based solely on 
the existing transmission rates. Rather, its risk should be viewed in terms of the high virulence, 
increasing host range, rapid evolution, and frequent events of zoonotic exposure. 

4.2 Implications and Significance 

1. Public Health Preparedness 
H5N1 has significant implications to the public health since even a few cases of human 
infections can result in a severe disease and mortality [38]. In case the virus becomes capable of 
an efficient transmission between people, there may not be enough pre-existing immunity 
among the global population, which will further increase the chances of quick worldwide 
transmission. H5N1 is thus very pertinent to pandemic preparedness planning, emergency 
stockpiling, emergency surge capacity, and vaccine preparedness. 

2. Veterinary and Agricultural Impact 
The results are of great importance to the veterinary and agricultural systems. Mass culling, 
food supply chain disruption, trade bans and massive economic losses are the usual outcomes 
of poultry outbreaks. Reported infections in livestock like cattle can result in new channels of 
transmission and make it difficult to control the disease. Enhancement of farm biosecurity, 
vaccination, and restriction of movements and protection of workers is critical. 

3. Importance of the One Health Approach 
H5N1 is a clear indication that human, animal, and environmental health are intertwined. The 
virus is spread by migratory birds, domestic poultry, mammals, agricultural conditions, and 
human communities. Hence, to effectively prevent and control, integrated surveillance systems 
including veterinarians, clinicians, epidemiologists, wildlife experts, and policymakers are 
required. 
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Figure 2: One Health Framework for H5N1 Prevention and Control 

4. Scientific and Technological Advancement 
The new research involving H5N1 has brought a lot of invention into science. The preparedness 
capacity has been enhanced with the advancements in genomic surveillance, rapid molecular 
diagnostics, mRNA vaccines technology and predictive outbreak modeling. Other emerging 
infectious diseases can also be subjected to these developments. 

5. Long-Term Global Preparedness Value 
The preparedness to H5N1 is not only good against a single virus. Enhancing surveillance 
systems, healthcare response, vaccine infrastructure, and international coordination can 
enhance preparedness to future influenza pandemics, as well as to other zoonotic health 
emergencies. 

4.3. Gaps and Future Research Directions 

1. Genetic Adaptation and Human Transmission Risk 
Although a lot of research has been conducted, it is not clear what genetic pathways are 
involved when H5N1 might be able to have sustained human-to-human transmission [39]. Future 
research ought to be directed on receptor-binding mutations, aerosol stability, within-host 
evolution, and the interactions between mutations that could promote transmissibility. 

2. Strengthening Global Surveillance Systems 
The capacity of surveillance is also uneven in most countries especially in low resource areas. 
Low capacity in early detection is due to limited genome sequencing facilities, ineffective 
wildlife surveillance and inadequate reporting systems. The focus of future endeavors needs to 
be on the cheap genomic equipment, real time information exchange and enhanced rural 
surveillance in high risk areas of poultry-human contact. 
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 3. Expanded Human Clinical Research 

There is a lack of human clinical information due to the relative rarity of confirmed H5N1 
infections. More extensive multinational studies should be conducted to determine predictors 
of severe disease, the most effective time of treatment, long-term complications, and clinical 
variations across viral clades. Poultry workers, veterinarians, and dairy workers also have risks 
of occupational exposure that should be further studied [40]. 

4. Improved Vaccine Development and Access 
The existing vaccine measures need to be further developed. Future studies ought to focus more 
on universal or broadly protective influenza vaccines, faster production methods, thermostable 
vaccine formulations, dose-sparing strategies, and fair distribution systems worldwide. The 
strains of candidate vaccines also need frequent updates due to the changes in the virus. 

5. Predictive Modeling and AI-Based Preparedness 
Predictive modeling and artificial intelligence must be further developed to predict the 
locations of outbreaks, migration pathways of migratory birds, risks of mutation, and 
emergency resource requirements. The combination of AI and One Health surveillance systems 
can be an effective way to enhance the ability to predict and respond to emerging threats early 
and prevent pandemics. 

5. CONCLUSION  
This review indicates that H5N1 avian influenza has persistently posed a global threat as a 
zoonotic and a potential pandemic agent with its high pathogenicity, ongoing genetic changes, 
widening range of hosts and repeat outbreaks in both birds and mammals. The virus has so far 
been able to mutate, reassort, and adapt to new ecological conditions, raising concerns about 
how it will transmit further. Despite the fact that the persistent human-to-human transmission 
has not been proven so far, the human infections have been linked with the severe respiratory 
disease, neurological complications, and multi-organ failure, as well as high mortality rates. 
Developments in diagnostic technology like RT-PCR and genome sequencing have enhanced 
early identification and monitoring, whereas advances in traditional, recombinant and mRNA 
vaccine technologies have enhanced the preparedness capacity. Nevertheless, such issues as 
disparate surveillance systems, insufficient laboratory facilities, antigenic drifting, and 
equitable access to vaccines are still unsolved. Thus, ongoing genomic surveillance, combined 
One Health approaches, early diagnostics, hospital preparedness, and global partnerships are 
needed to minimize the pandemic risk of H5N1 in the long term and enhance international 
resilience to influenza outbreaks in the future. 

5.1 Summary of Main Insights and Conclusions 

This review has proven that H5N1 avian influenza is one of the most serious zoonotic viral 
threats that have persistent pandemic capacity. The virus has demonstrated great evolutionary 
potential in its form with respect to mutation, reassortment, and diversification into several 
clades and subclades since its emergence. The fact that it has continued to circulate in poultry 
and wild birds, as well as spill over into mammals, including mink, seals, cats and cattle 
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 suggests that it has expanded its host range and ecological adaptability. The developments are 
of global concern in terms of the possibility of the pandemic emergence in the future even 
though sustained human-to-human transmission is yet to be established. It is medically proven 
that H5N1 infection in humans may manifest as a mild respiratory disease to severe pneumonia, 
acute respiratory distress syndrome, neurological issues and multi-organ failure, with a high 
mortality rate among known cases. Diagnostic technologies like RT-PCR and genome 
sequencing have helped enhance detection and surveillance, whereas development in 
traditional, recombinant, and mRNA vaccine platforms have enhanced preparedness activities. 
In general, all the evidence presented indicates that H5N1 is a high-priority pathogen that 
should be continuously monitored and prepared against. 

5.2 Reiteration of the Importance of the Review 

1. Comprehensive Scientific Understanding
This review includes a comprehensive synthesis of the key scientific features of the H5N1 virus 
such as evolution, patterns of mutation, host adaptation, and pandemic potential to help the 
reader realize the complexity of the virus. 

2. Public Health Preparedness Value
The significance of the review is that it enhances the preparedness of people to health by 
creating awareness of the severity of the disease and the risks of outbreaks, difficulties in the 
diagnosis of the disease, and the necessity to have rapid response system in case new 
emergencies occur in the future. 

3. Guidance for Policymakers and Health Authorities
The results provide valuable information to policy makers, healthcare providers, researchers 
and veterinary officials in designing effective surveillance, prevention, and preparedness plans. 

4. Reinforcement of the One Health Approach
The review highlights that human, animal and environmental health are closely linked to the 
transmission of H5N1 which supports the need to apply One Health approaches. 

5. Future Pandemic Readiness
Given the growing outbreaks of zoonotic diseases on a global scale, H5N1 remains an 
important topic to be focused on to enhance future preparedness to pandemics and mitigate 
potential health, economic, and social impacts. 

5.3.Recommendations 
1. There is need to further enhance genomic surveillance across the globe to monitor

new variants of H5N1, reassortant strains as well as mammalian-adaptive mutations
early on.

2. All countries should expand integration of One Health surveillance systems between
human health, veterinary health, wildlife surveillance, and the environment.
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 3. Low-resource and rural areas should be enhanced in terms of laboratory diagnostic 

capacity, particularly RT-PCR testing and sequencing infrastructure.  
4. Hospitals and the health systems of the country at large must have preparedness 

plans, stockpile of antivirals, infection control measures and surge response 
capacities in the event of a severe respiratory outbreak.  

5. Universal influenza vaccine, accelerated production technology, mRNA technology, 
and equitable global access mechanisms should continue to be at the center of 
vaccine research.  

6. Poultry workers, dairy workers, veterinarians, and outbreak responders who are in 
contact with infected animals should have their occupational safety reinforced.  

7. Global cooperation, open information exchange, and centralized emergency 
response systems must continue to be central in mitigating the threat of H5N1 
pandemic in the long-term. 
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