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Preface

In the 21st century, the world has witnessed several waves of severe viral infectious
disease outbreaks, including but not limited to the COVID-19 pandemic. Viral
outbreaks are the major cause of infectious disease burden, placing substantial eco-
nomic pressure on countries with low and lower-middle incomes. Rapid progress in
urbanization in these countries and increased population density have created newer
prospects of viral outbreaks and transmissions. Therefore, understanding the global
spatial and temporal dispersal of newer viruses as well as the challenges that come
along with them is vitally important.

Viral Outbreaks - Global Impact and Newer Horizons provides a comprehensive over-
view of the major viral global outbreaks. It discusses epidemiology, immunopatho-
genesis, viral genomics, diagnostic approaches, and antiviral pharmacology to combat
these viral infections. This book is a useful resource for academics, policymakers,
researchers, and students.

I wish to acknowledge all the authors for their valuable contributions. My research
fellows and students are central to all my research and academic work. They are the
motivating force behind anything constructive I do. They are truly brilliant and have
a bright future. I would like to express my gratitude to my mentors, teachers, and
students. I would also like to thank my colleagues, family, and friends who offered
encouragement and support during my work on this book. A happy environment at
home is essential for any kind of growth, and I thank my family, especially my wife
and children, for the same.

Dr. Shailendra K. Saxena

Professor,

Center for Advanced Research (CFAR),
Faculty of Medicine,

King George’s Medical University (KGMU),
Lucknow, India
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Chapter1

Introductory Chapter: Recent
Trends in Emerging and
Reemerging Viral Contagions —

The Day after Today

Shailendra K. Saxena, Supriya Shukla, Swatantra Kumar,
Vimal K. Maurya and Saniya Ansari

1. Introduction

The increased interactions between people and animals and the easier spread
of zoonotic pathogens have resulted from increased trade between communities.
Following that, the emergence and spread of infectious diseases were facilitated by
the growth of cities, the expansion of trade routes, increased travel, and the effects
of an expanding human population on ecosystems, which increased the likelihood
of outbreaks, epidemics, and even pandemics [1]. The terms “outbreak,” “epidemic,”
and “pandemic” refer to a condition’s occurrence in comparison to its expected rate
as well as its geographic spread. An outbreak is defined as an unexpected rise in the
population with a particular health condition or the occurrence of cases in a new
location. An outbreak that spreads to a wider geographic area is called an epidemic.
An epidemic that spreads globally is called a pandemic [2].

According to estimates, two-thirds of emerging human infections and about 60%
of infectious diseases have zoonotic origins, with origins in wildlife. Humans are at
high risk of infection as they are more likely to come into contact with animal and
arthropod vectors of viral infections due to habitat destruction brought on by rapid
urbanization. In the absence of specific immunity in these populations, such interac-
tions have been one of the major factors increasing human susceptibility to infections
by novel outbreaks [3]. Viral infections are majorly divided into three categories that
are respiratory viral infections, arboviral infections, and bat-borne viral infections [4].

Over four million people die from acute respiratory diseases each year, and
millions more are hospitalized in developing nations [5]. Human respiratory infections
are brought on by more than 200 viral pathogens from the families Orthomyxoviridae,
Pavamyxoviridae, Picornaviridae, Coronaviridae, Adenoviridae, and Herpesviridae.
Adenoviruses, Respiratory syncytial virus (RSV), influenza, and parainfluenza are still
significant respiratory pathogens [6]. A recurring pattern in the world’s landscape of
infectious diseases has been the periods of dormancy that several pathogens experience
after being first discovered, which are then preceded by their recurrence, frequently in
more virulent forms. Arboviral diseases are transmitted by mosquitoes and are tedious
to be diagnosed. The viral infections that are of major global concern are caused by
arboviruses like West Nile virus (WNV), Japanese encephalitis virus (JEV), Dengue
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THROUGHOUT HISTORY, as humans
spread across the world., infectious
diseases have been a constant
companion. Even In this modem
era, outbreaks are nearly constant

Antonine Plague 165-180
Plague of Justinian 541-542 30-50M

Japanese Smallpox Epidemic 735.737 1M

Here are some of history's most
deadly pandemics, from the
Antonine Plague to COVID-19.
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Figure 1.

Visualizing the history of pandemics. Data sources: CDC, WHO, BBC, Wikipedia, Historical records,
Encyclopaedia Britannica, Johns Hopkins University; Source: Visual Capitalist. https://www.visualcapitalist.
com/history-of-pandemics-deadliest/.

virus (DENV), Chikungunya virus (CHIKV), Zika virus (ZIKV), Yellow fever virus
(YFV), and others. Aedes aegypti mosquito populations are abundant throughout most
of the nation, serving as effective carriers of DENV, CHIKV and ZIKV, which are still
major threats worldwide (Figure 1, Table1) [7].

2. Global outbreaks/pandemics in 21st century
2.1 Avian influenza

Humans can develop a variety of symptoms from asymptomatic or mild upper
respiratory infections (fever and cough) to severe pneumonia, acute respiratory
distress syndrome, shock, and even death from zoonotic influenza infections. The
majority of human cases of avian influenza are brought on by direct or indirect contact
with infected live or dead poultry or contaminated environments [8]. A total of 868
human cases of influenza A (H5N1) infection and 456 fatalities have been reported
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Disease name Time period Causative agent Deaths CFR%

Global outbreaks/pandemics in 21st century

Monkey pox 2022 onward Monkeypox virus 51 3-6%

COVID-19 2019 onwards Coronavirus 6.6 M 10%

Ebola 2014-2016 Ebolavirus 11,000 50%

MERS 2012 onwards Coronavirus 858 34%

Swine flu 2009-2010 Influenza A virus 2,00,000 0.40%
subtype HIN1

SARS 2002-2003 Coronavirus 770 9-11%

Global outbreaks/pandemics before 21st century

Nipah 1999 Nipah Virus 265 40-75%
HIV/AIDS 1981 onwards Human 25-35M 80%
Immunodeficiency
Virus

Hong Kong Flu 1968-1970 Influenza A virus 1M <1%
subtype H3N2

Asian Flu 1957-1958 Influenza A virus 11M <2%
subtype H2N2

Spanish Flu 1918-1919 Influenza A virus 40-50 M 2%
subtype HIN1

Russian Flu 1889-1890 Influenza A virus 1M 0.15%
subtype H2N2

Yellow Fever Late 1800 Yellow Fever virus 100,000- 39%

150,000

New World Smallpox 1520 Variola major virus 56 M ~1%

Japanese smallpox 735-737 Variola major virus 1M -

epidemic

Antonine Plague 165-180 Believed to be either 5M -

smallpox virus or
measles virus

Table 1.
Global outbreaks/pandemics in and before 21st century.

globally from 21 countries between 2003 and October 21, 2022. Three human cases of
influenza A (H5N1) infection have been reported in Europe thus far, including one
case from the United Kingdom in 2021 and two cases from Spain in 2022 [9].

The average incubation time for the Influenza A (H5N1) virus is 2-5 days, but it
can last up to 17 days. Humans who are infected typically experience fever, malaise,
coughing, sore throats, and muscle aches. A pneumonia complication may cause
severe illness and even death. In comparison to seasonal influenza infection, the case
fatality rate for avian influenza in humans is significantly higher [10].

2.2 Ebola virus disease

The Sudan Ebolavirus (SUDV)-caused Ebola outbreak in the Republic of Uganda
was declared on September 20, 2022, following the confirmation of a case in a village
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in Madudu Sub-County, Mubende District, central Uganda, on September 19 [11, 12].
Humans occasionally contract the severe, frequently fatal disease known as the Ebola
virus disease (EVD), formerly known as Ebola hemorrhagic fever. The virus spreads
among humans through human-to-human contact and also via animals. Around 50%
of EVD cases end in death on average. In previous outbreaks, case fatality rates ranged
from 25 to 90% [13].

Ebola vaccines have been designed and used to prevent the spread of outbreaks
of the disease in Guinea and the Democratic Republic of the Congo (DRC). Infected
individuals may be treated with early supportive care combined with early symptom-
atic treatment and re-hydration increases their survival. Inmazeb and Ebanga, two
monoclonal antibodies, were authorized by the US Food and Drug Administration in
late 2020 for the treatment of Zaire Ebola virus (Ebola virus) infection in adults and
children [14].

2.3 Marburg virus disease

Marburg virus disease (MVD), formerly known as Marburg hemorrhagic fever, is
a serious, often fatal illness that affects humans. It is a member of the same pathogen
family as the Ebola virus. Due to two significant outbreaks that occurred concurrently
in Marburg, Frankfurt, Belgrade, Serbia, as well as in Germany, the disease was first
discovered in 1967 [15]. After nearly 18 years, two cases of Marburg virus disease were
identified in Ghana’s Ashanti region in July 2022. The risk of this 2022 outbreak spread-
ing is high at the national level but low at the global level, according to WHO. The
average fatality rate is around 50% in MVD cases. In previous outbreaks, case fatality
rates ranged from 24 to 88%, depending on virus strain and case management [16].

The Fruit bats of the Pteropodidae tamily, Rousettus aegyptiacus, are thought to
be natural hosts of the Marburg virus. The Marburg virus is transmitted to humans
by fruit bats and spreads via human-to-human transmission [17]. Marburg virus
infection is characterized by the sudden onset illness with excruciating headaches,
high fever, and excruciating malaise. Within a week, many patients experience severe
hemorrhagic symptoms, and in fatal cases, bleeding is typically present, frequently
in multiple locations [15]. Early supportive care, including rehydration and symptom
relief, improves survival. There is currently no licensed treatment that has been
proven to neutralize the virus, but a variety of blood products, immune therapies, and
drug therapies are being developed [18].

2.4 Yellow fever

A family of positive, single-stranded, enveloped RNA viruses known as the
Flaviviridae. They can occasionally infect humans and are found in arthropods,
primarily in ticks and mosquitoes [19]. The members of this family are major global
causes of morbidity and mortality. YFV, DENV, JEV, WNV and ZIKV are a few of the
viruses spread by mosquitoes [20].

Yellow fever is a viral hemorrhagic fever disease, transmitted by Aedes mos-
quitoes. Tropical regions of Africa, Central and South America are affected by this
disease [21]. YF exhibits acute-onset jaundice along with constitutional symptoms
like fatigue, headache, nausea, nausea, myalgia, fever, and nausea. Cases with severe
symptoms may experience liver and multiple organ failure, and the CFR in these
situations may reach 50% [22].
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The IgM ELISA assay and qRT-PCR are the two main methods used in laboratory
diagnosis. Due to the cross-reactivity with other flaviviruses, a plaque reduction
neutralization test (PRNT) may be required. There is a YF vaccine that is incredibly
effective. Within 10 days of vaccination (80-100% effective), and within 30 days
(99% effective), a single dose of the YF vaccine is sufficient to confer life-long immu-
nity [23]. An unprecedented initiative, the eliminate yellow fever epidemics (EYE)
strategy was introduced in 2017. The EYE partnership with more than 50 partners
assists 40 at-risk nations in Africa and the Americas in preventing, detecting, and
responding to suspected cases and outbreaks of yellow fever. The collaboration aims
to safeguard vulnerable populations, stop the global spread, and swiftly contain
outbreaks. More than a billion people are anticipated to be immune to the illness by
2026 [24].

Zika virus was first discovered in Uganda in 1947 in monkeys. Later, in 1952, it was
discovered in people in the United Republic of Tanzania and Uganda. The Island of
Yap (Federated States of Micronesia) reported the first known outbreak of the zika
virus disease in 2007. This was followed by a significant zika virus infection outbreak
in 2013 in French Polynesia and other Pacific region nations and territories [25].
Other important mosquito-borne flaviviruses are Japanese encephalitis virus (JEV),
is responsible for causing 68,000 clinical cases per year, which is the primary cause of
viral encephalitis in many Asian nations. JEV transmission is endemic in 24 countries
in the WHO South-East Asia and Western Pacific regions, putting the health of more
than three billion people at risk [26].

2.5 Severe acute respiratory syndrome-associated coronavirus (SARS-CoV)

The SARS-associated coronavirus (SARS-CoV)causes respiratory disease
known as a severe acute respiratory syndrome (SARS). It was discovered at the end
of February 2003 as part of an outbreak that began in China and spread to four
other countries [27]. SARS is an airborne virus that, like the common cold and
influenza, can spread through small droplets of saliva. It was the first severe and
easily transmissible new disease to emerge in the twenty-first century, with a clear
capacity to spread along international air travel routes [28]. The majority of SARS
patients were previously healthy adults aged 25-70 years. A few suspected SARS
cases among children under the age of 15 have been reported. The case fatality rate
among people is around 3% [29].

2.6 Nipah virus

In 1998, a case outbreak of acute febrile encephalitis among pig handlers in
Kampung Sungai Nipah, Malaysia, led to the discovery of NiV for the first time.
Nipah virus (NiV) is a pathogenic Paramyxovirus that, along with the Hendra virus,
is a member of the Paramyxoviridae, genus Henipavirus. It causes acute-onset
encephalitis, which can be fatal to humans [30]. Pteropus Bats are thought to be the
reservoir for the NiV, and contact with positive NiV cases or an intermediate animal
host, such as pigs, usually results in transmission to humans. The virus can also spread
from person to person, according to reports [31]. There have been NiV outbreaks in
pigs reported from Malaysia and Singapore. Human disease has since been reported in
Bangladesh, India, Malaysia, and Singapore. The latest outbreak was seen in May 2018
in Kerala, India [32].
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The average incubation period for NiV disease in humans is 4-14 days, while the
maximum incubation period is 21 days. Acute febrile encephalitis is the condition that
the virus causes and symptoms include fever, headache, drowsiness, dizziness, and
coma. NiV infection in humans and animals is confirmed by anti-Nipah IgM and IgG
antibody detection, virus isolation, and RNA analysis [33].

3. Global outbreaks that lead to Pandemic
3.1 Monkeypox

A viral zoonotic disease called monkeypox is most common in tropical rain-forest
regions of Central and West Africa, with sporadic exportations to other areas. As
of November 8, 2022, a total of 78,599 cases were reported in newer areas; where
monkeypox has never been previously reported; while 949 cases were reported from
the endemic area [34]. The Monkeypox virus, a species of the Orthopoxvirus genus
in the family Poxviridae, is the culprit behind monkeypox. Typically, monkeypox is
a self-limiting illness with symptoms that last between 2 and 4 weeks. There may be
severe cases. The case fatality rate has recently been in the range of 3-6%. Humans
can contract monkeypox by coming into close contact with an animal or person
who has the disease, as well as by coming into contact with contaminated objects.
By coming into close contact with lesions, bodily fluids, respiratory droplets, and
contaminated objects like bedding, the monkeypox virus can spread from one person
to another [35]. Clinical symptoms of monkeypox typically include fever, rash, and
swollen lymph nodes, and it can result in a variety of health issues. The monkeypox
vaccines used in the smallpox eradication program also offered protection from that
disease. There are more recent vaccines available, one of which is authorized for the
prevention of monkeypox [36].

3.2 SARS-CoV-2

Hospitals in Wuhan, Hubei province, China, reported on a cluster of pneumo-
nia cases with no known cause on December 31, 2019, grabbing the attention of
people all over the world. A new coronavirus was identified and named as Severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) which was identified 2
weeks later in a bronchioalveolar lavage of the patients. The SARS-CoV-2 causes
respiratory infections along with multi-organ involvement disease known as
Coronavirus disease (COVID-19) [37].

Over 627 million cases, including over 6.5 million fatalities, had been reported
globally as of October 30, 2022 [38]. Both symptomatic and asymptomatic individu-
als can spread the virus to others by coming into close contact (within six feet) and
exchanging respiratory droplets. Transmission may also happen through aerosols and
possibly through contact with infected surfaces [39].

Due to the rapid emergence of some variants in populations and the evidence
of transmission or clinical implications, these variants are regarded as variants of con-
cern. Omicron (B.1.1.529) variants found in changing sub-lineages have dominated
the world’s circulating variants since 2022. At the same time, the Alpha (B.1.1.7), Beta
(B.1.351), Gamma (P.1), and Delta (B.1.617.2) were prior variants of concern that are
less circulating [40].
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3.3 Influenza

The Orthomyxoviridae family of influenza viruses is frequently held responsible
for epidemics and pandemics that affect humans. Prior to the 2009 pandemic,
influenza pandemics occurred in 1918 (swine flu), 1957 (Asian flu), 1968 (Hong
Kong flu), and 1977 (Russian flu) (pandemic influenza A HIN1) [41]. The influenza
A, B, and C viruses are responsible for the acute respiratory illness influenza, which
can appear locally or as a seasonal epidemic. Seasonal epidemics are brought on by
the influenza A and B viruses, whereas influenza C viruses typically only cause minor
illness. The antigenic characteristics of the two surface glycoproteins on influenza A
viruses—hemagglutinin and neuraminidase—are used to further categorize them
into subtypes. The influenza A virus has 16 hemagglutinin and 9 neuraminidase
subtypes that have been isolated from birds (H1 to H16 and N1 to N9), and the RNA of
an additional 2 haemagglutinin and neuraminidase subtypes that have been identified
in bats (H17 and H18 and N10 and N11) [42].

The majority of human cases of avian influenza are brought on by direct or indi-
rect contact with infected live or dead poultry or contaminated environments. A total
of 868 human cases of influenza A (H5N1) infection, including these 2 cases, and 456
fatalities have been reported globally from 21 countries between 2003 and October
21, 2022. Three human cases of influenza A (H5N1) infection have been reported in
Europe thus far, including one case from the United Kingdom in 2021 and two cases
from Spain in 2022 [43].

Humans can develop a variety of symptoms from asymptomatic or mild upper
respiratory infections (fever and cough) to severe pneumonia, acute respiratory
distress syndrome, shock, and even death from zoonotic influenza infections. Animal
influenza viruses can infect humans directly, and the resulting clinical illness can
range from mild to severe, just like human influenza viruses [44]. A history of expo-
sure to sick birds or travel to countries where avian influenza cases are being reported
may raise suspicion of a novel influenza virus infection, but a definitive diagnosis
requires laboratory tests that are typically only available through public health
laboratories [9]. Identification of such infections is critical for determining the source
of the virus, establishing evidence of person-to-person transmission, and assessing
pandemic potential [41].

3.4 MERS-CoV

The zoonotic virus MERS-CoV, which causes respiratory infections, was first
discovered in Saudi Arabia in 2012 and has since spread to 26 other nations. MERS-
CoV infection has been linked to over 2207 lab-confirmed cases and 787 fatalities
worldwide since 2012. The MERS-CoV clinical spectrum of illness includes asymp-
tomatic infections all the way up to acute respiratory distress syndrome, which can
lead to multiple organ failure and death. At 3-4 per 10 cases shows severe symptoms,
the case-fatality rates (CFRs) have remained high [45].

The dynamics of this virus’ transmission are currently poorly understood, and
there is still no effective cure or preventative vaccine. Even in the absence of muta-
tions conferring hyper-virulence, there is evidence for secondary, tertiary, and
quaternary cases of MERS resulting from a single infected patient [46]. The natural
reservoirs of this virus are bats, and patients have been reported who developed an
infection from camels. The virus was transmitted in several countries’ healthcare
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facilities, including transmission from patients to healthcare providers and transmis-
sion between patients before MERS-CoV was identified. Because symptoms and other
clinical features may be nonspecific, it is not always possible to identify patients with
MERS-CoV early or without testing [47].

4, Conclusions

The diversity in geo-climate of the world faces constant threat of viral outbreaks.
It is impossible to predict when the next viral outbreak will start or what virus it will
be. Therefore, non-pharmaceutical interventions should be used first to control the
viral transmission from person to person, according to pandemic preparedness plans.
For outbreaks to be successfully controlled, community involvement is essential. A
combination of interventions, including case management, infection prevention and
control procedures, surveillance and contact tracing, a top-notch laboratory service,
safe and respectable burials, and social mobilization, are necessary for effective
outbreak control.

5. Future perspectives

Disturbingly, future outbreaks and a pandemic are still a possibility because there
are no vaccines for the various viral infectious strains, no effective treatments, and
a high mortality rate. Therefore, it is crucial to ponder quickly about the disease and
ways to stop a virus-related pandemic. There is a need for the creation of antivirals
that are particular to the virus as well as vaccines against viral strains. All govern-
ments should make sure that their citizens have access to viral disease treatments.
Additionally, for the prevention of viral transmission to the globe, it must be limited
at the initial stage. To stop a future outbreak and potential pandemic, it is crucial to
spread awareness early among people around the world.
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Rotaviral Diseases and Their
Implications

Kirti Nirmal and Seema Gangar

Abstract

Rotaviruses (Latin rota, “wheel”), the name derived from the wheel-like appearance
of the virions when viewed by negative-contrast electron microscopy Rotavirus, are
one of the foremost causes of rigorous peadiatric diarrhea globally. According to WHO,
itis the primary cause of severe diarrhea among young children, leading to 4.5 million
hospitalizations and more than 700,000 deaths of children aged 5 and under annually.
The viruses are present in the stool of an infected person and can remain viable for a
long time on contaminated surfaces, including people’s hands. They are transmitted
by fecal-oral route. Fecal contamination of food and water are common reservoirs and
fingers, flies and fomites play vehicular role in transmission of rotaviruses. Both symp-
tomatic and asymptomatic infections can lead to viral transmission due to shedding of
viruses, often observed in close contacts, day care centers or via infected food handlers
or healthcare workers. The disease manifested the symptoms of rotavirus infection,
which may last up to 8 days and comprises fever, nausea, vomiting, abdominal cramps,
and frequent, watery diarrhea. Two types of the rotavirus vaccine RotaTeq (RV5) and
Rotarix (RV1) are available. Both vaccines are administrated orally, not as a shot. This
chapter focuses on new information related to the clinical presentation and pathogen-
esis of rotavirus infection and its implications.

Keywords: rotavirus, disease, virus, systematic review

1. Introduction

Rotaviruses are recognized as a major cause of viral gastroenteritis among children
since 1973 when Ruth F. Bishop and his colleagues observed the virus particles in the
duodenal epithelial cells of gastroenteritis patients by electron microscopy [1]. As per
WHO, Rotaviruses are responsible for approximately 453,000 deaths/year among
children aged <5 years, globally, and over 2 million children are hospitalized each year
with pronounced dehydration from rotavirus infection [2].

2. Taxonomy

The rotavirus (RV) genome is comprised of eleven segments of double-stranded
RNA (dsRNA) and is contained within a non-enveloped, icosahedral particle.
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During assembly, a highly-coordinated selective packaging mechanism ensures that
progeny RV virions contain one of each genome segment. It has two subfamilies:
Sedoreovirinae and Spinareovirinae [3].

3. Morphology

The name Rotaviruses (Latin rota, “wheel”) is derived from the wheel-like
appearance of the virions when viewed by negative-contrast electron microscopy
(Figure 1). The mature virion has an approximate diameter of about 100 nm and
possesses icosahedral symmetry. It is made up of three concentric protein layers
and thus also known as a “triple-layered particle” or TLP. The mature virion lacks
a lipid envelope (Figure 2) [4]. However, there is the acquisition of a transient
lipid envelope during the budding of immature particles into the endoplasmic
reticulum (ER). The triple-layered capsid encloses 11 discrete segments (seg 1-11)
of linear dsRNA, which codes for six structural viral proteins, (VP1, VP2, VP3,
VP4, VP6, and VP7) and six non-structural viral proteins (NSP1-NSP6). Each seg-
ment of dsRNA codes one protein except for segment 11, which codes two proteins
(Figure 3) [5].

The outermost layer of the capsid is an icosahedral-shaped lattice made up of
780 copies of VP7 (38 kDa), a glycoprotein, and 120 copies of the spike protein VP4
(88 kDa) [6]. As per cryo-EM studies, VP4 has a large globular domain that is buried
inside the inner layer, and it forms the spikes that emanate through the outer layer,
which helps in cell attachment, penetration, hemagglutination, neutralization, and
virulence of Rotaviruses [7]. The VP4 or the spike protein has a trypsin cleavage
site along its length. The infectivity of virus particles gets enhanced by several folds
on proteolytic cleavage of VP4 (88 kDa) into VP8" (28 kDa) and VP5* (60 kDa). It
induces conformational changes to stabilize the spike protein. VP8" and VP5" remain

IR

Figure 1.
Transmission electron micrograph of rotavirus vivions (viral particles). (https://www.cdc.gov/rotavirus/about/
photos.html) (taken permission from original resources).
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Figure 2.
3D graphical representation of rotavirus virions (viral particles). Rotavirus is known and named for the
wheel-like appearance visible under an electron micvoscope (taken permission from original resources).

Intermediate capsid
Outer capsid (VP6)
. Outer capsid Inner capsid

Core proteins

VP1/VP3 complex dsRNA segments

dsRNA segments

Figure 3.
Structure of rotavirus.

associated with the virion and facilitate virus entry into cells [8]. The intermediate
layer of the virion is formed by 260 VP6 trimers in an icosahedral shape. The outer
two layers consist of 132 aqueous channels of three types (types I-III), which play an
important role in the transcription and translocation of mRNA. The virus particles
that lack the outer layer are non-infectious and known as double-layered particles
(DLPs), and particles that lack the outer two layers are known as single-layered
particles (SLPs) [9]. The VP2 is the most abundant protein; it interacts with genomic
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RNA on the inside and the VP6 layer on its outer side. The rest of the core proteins are
present in small quantities and provide the enzymatic functions required for produc-
ing the capped mRNA transcripts [10]. The components of outermost layer (VP7 and
VP4) carry epitopes for eliciting neutralizing antibodies independently. Based on this,
a dual classification system was established decades ago to define Rotavirus G (VP7 is
a Glycoprotein) and P (VP4 is Protease sensitive) genotypes. So far, 36 G genotypes
and 51 P serotypes have been identified [11].

4, Nucleic acid

The genome of rotaviruses consists of 11 discrete segments of linear dsSRNA
of 18,555 bp size. The size of the segments ranges from 667 bp to 3302 bp. The
genome is A + U rich (58-67%). Table 1 describes the size, protein products
encoded by segments of dsRNA, and functions of proteins of the Rotaviruses
group [5, 11]. The minor proteins VP1 and VP3 form a heterodimer, which is
anchored to the inner surface (N-terminal residues) of the VP2 layer and is
known as the transcription enzyme complex. The VP2 layer in addition to proper
positioning of the transcription enzyme complex helps in the regulation of
endogenous transcription of the genome [5, 12]. The transcription of the genome
is a dynamic process, the dsRNA segments move around the anchored transcrip-
tion enzyme complex (Figure 3). The similar assembly of the structures has been
observed in members of ortho-reoviruses; however, their capping enzyme is
outside the innermost layer (Table 1).

5. Replication

Rotaviruses enter the body via the fecal-oral route and infect the epithelial cells of
the villi in the small intestine. The virus multiplies in the cytoplasm of the epithelial
cells [12]. The rotaviruses replicate well in continuous cell cultures derived from
monkey kidneys. The replication cycle is approximately completed in 12-15 h at 37°C.
The replication cycle can be divided into the following steps (Figure 4) [8]. The
following steps need to be followed for replication of the virus. Attachment (mediated
by VP4 and VP7), Penetration and uncoating, Synthesis of the plus strand of ssRNA
(which also acts as mRNA), Formation of viroplasm, RNA packaging, synthesis of
minus-strand and DLP formation, and Virus particle maturation (TLP formation)
and release.

5.1 Attachment

The VP4 or the spike protein is the viral attachment protein of the TLPs. The
VP8* subunit of VP4 (at the tip of the spikes) interacts with the sialoglycans (such
as gangliosides GM1 and GD1a) and non-sialoglycans receptors such as histo-
blood group antigens (HBGAs), receptors present on the host cell [13, 14]. Several
integrins (02f 1, avp3, axp2, and a4p1) and heat shock protein 70 (hsc70) serve as
co-receptors, which interact with VP5* or VP7 [15]. The VP8* subunit also mediates
hemagglutination in some strains of rotaviruses [10, 16]. The VP4 spike undergoes
conformational change the moment it interacts with the host cell receptors leading
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RNA Size (bp) Protein Mol. mass Function
segment encoded of protein
no (kDa)
1 3302 VP1 (RdRp) 125 RdARP; minor core component activated
by VP2
2 2690 VP2 102.4 RNA binding activity; sub-group
specificity antigen
3 2591 VP3 (cap) 98.1 Capping enzyme. Minor core
component with guanylyltransferase,
methyltransferase, 2’5’ oligoadenylate
phosphodiesterase and ssRNA binding
activities
4 2362 VP4 86.8 Viral attachment spike protein activated
by trypsin cleavage to generate
1. VP5* 60 kDa (membrane penetra-
tion) and
2. VP8* 28 kDa (carbohydrate binding,
with haemaglutination activity)
moieties.
P-type neutralization antigen.
5 1611 NS53 NSP1 58.7 Putative viral E3 ubiquitin ligase, with
(VP5) RNA binding activity
6 1356 VP6 44.8 Trimeric protein major component of
inner capsid. Group and sub-group
specificity antigen.
7 1059 NSP3 (VP9) 346 Binds to viral mRNA and cellular eIF4G;
promotes circularization of viral mRNAs;
inhibits host translation
8 1104 NS35 NSP2 36.7 Essential viroplasm component that
(VP8) interacts with NSP5; forms viral inclusion
body or viroplasm matrix protein.
Octamer with NTPase, RTPase, ssRNA
binding and helix destabilizing activities
9 1062 VP7 374 Virion surface glycoprotein, forming Ca*'-
VP7 (cleaved 339 stabilized trimer. G-type neutralization
form) antigen
10 751 NSP4 (VP12) 20.3 RER transmembrane glycoprotein, binds
DLPs, essential for budding into ER
and addition of outer capsid, act as viral
enterotoxin, disrupts Ca”* homeostasis
11 667 NSP5 (VP11) 21.7 RNA binding activity; essential viroplasm
component that interacts with NSP2
NSP6 1 RNA binding activity. Interacts with
NSP5; non-essential viroplasm component
Table 1.

The number of and size of each gene segment and the functions of their encoded proteins.

to the exposure of the VP5* subunit, which is normally hidden under VP8*. The
trypsin facilitates this virus’s entry into cells by inducing conformational changes and
stabilizing the spike protein.
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Figure 4.

Th%z rotavirus replication cycle. The rotavirus triple-layered particles (TLPs) first attach to sialo-glycans on

the host cell surface, followed by interactions with other cellular receptors (integrins and Hsc7o). Virus is then
internalized by receptor-mediated endocytosis. Removal of the outer layer, triggered by the low calcium of the
endosome, results in the release of transcriptionally active double-layered particles (DLPs) into the cytoplasm.
The DLPs start rounds of mRNA transcription, and these mRNAs are used to translate viral proteins. Once
enough viral proteins are made, the RNA genome is veplicated and packaged into newly made cove in specialized
structures called viroplasms. Addition of VP6 protein to the core forms the DLPs. The newly made DLPs bind

to NSP4, which serves as an endoplasmic reticulum (ER) veceptor, and bud into the ER. NSP4 also acts as a
viroporin to velease Ca®* from intracellular stoves. Transiently enveloped particles ave seen in the ER. The transient
membranes ave removed as the outer capsid proteins VP4 and VP7 assemble, resulting in the maturation of the
TLPs. The progeny virions are veleased through cell lysis.

5.2 Penetration and uncoating

After binding, the virusparticles (TLPs) penetrate the host cell either by receptor-
mediated endocytosis or direct membrane penetration. Due to low Ca®* concentra-
tions in endosomes, the outer capsid proteins (VP4 and VP7) solubilize and release
the transcriptionally active DLP form in the cytoplasm of the host cell [17].

5.3 Synthesis of the plus strand of ssRNA and viroplasm formation

The transcription complexes (RdRp/VP1/Capping enzymeVP3) in the core of the
DLPs are complex with the dedicated segment of viral dsRNA [17, 18]. The negative
strand of the genomic RNA acts as a template, and the transcription complex synthe-
sizes a capped, non-polyadenylated plus (+) ssRNA, which is released in the cytoplasm
via type I aqueous channels [18]. These plus (+) ssRNA transcripts serve two functions.
First, they are used for the translation of virus-encoded proteins in the cytoplasm,
thus also called mRNA, and later on in the replication cycle, they act as templates for
negative-sense strand synthesis and producing dsRNA genome segments [16-18].
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5.4 Formation of the viroplasm

Two non-structural proteins NSP2 and NSP5 mediate the synthesis of virion
assembly in cytoplasmic inclusions termed viroplasms. NSP2 octamer forms a com-
plex with VP1, VP2, and tubulin to form viroplasms. The NSP2 octamer has a binding
site for which NSP5 and (+)ssRNA compete, thus it regulates the balance between
translation and replication [19].

5.5 RNA packaging, synthesis of minus-strand RNA, and DLP formation

The transcription complex interacts with VP2 decamer, NSP5, and NSP2 and
forms the core particle The 11 different (+) ssRNA segments interact with the tran-
scription complex and VP2 and are then packaged [20]. This interaction leads to the
synthesis of a negative-sense strand and results in the formation of cores containing a
complete set of 11 dsRNA segments. Once formed, VP6 is added to the core leading to
the synthesis of DLPs [20].

5.6 Virus particle maturation (TLP formation) and release

The NSP4 is a transmembrane glycoprotein, located in the endoplasmic reticulum
(ER). It interacts with the VP6 protein and acts as an intracellular receptor for DLPs
[21]. The NSP4 acts as viroporin as it increases intracellular Ca** levels by releasing
Ca®* from intracellular stores. The elevated levels of intracellular Ca®* are needed to
stabilize the outer layer of TLPs, and it activates a kinase-dependent pathway, which
leads to autophagy [22]. NSP4 also acts as viral enterotoxin and interacts with non-
infected intestinal cells [21, 22]. Interaction of NSP4 and DLP is crucial in the matu-
ration process. The DLPs are recruited to the ER. Budding of DLPs through the ER
results in the transient acquisition of a lipid envelope followed by the acquisition of
the outermost layers by the addition of VP4 and VP7 to the DLPs. The newly formed
TLPs are then released by either cell lysis or exocytosis [8].

5.7 Physical properties

The outermost layer (VP7 and VP4) of the infectious triple-layer particles
(TLPs) can be destabilized with Ca**-chelating agents, such as EDTA, leading to
the loss of the outermost layer and formation of double-layered particles (DLPs).
The DPLs are non-infectious. The virion became non-infectious by treating it with
95% ethanol, 0.1% sodium dodecyl sulfate, beta-propiolactone, chlorine, formalin,
and phenols. The hemagglutinin activity of VP4 is lost at 45°C or by freezing and
thawing [4, 5].

6. Pathogenesis

Rotaviruses are ubiquitous, and TLPs are relatively stable in the environment.
They are transmitted by the fecal-oral route. Fecal contamination of food and water
are common reservoirs and fingers, flies and fomites play a vehicular role in the
transmission of rotaviruses. Both symptomatic and asymptomatic infections can lead
to viral transmission due to the shedding of viruses, often observed in close contact,
with day care centers, or via infected food handlers or healthcare workers [23].
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The rotaviruses mainly infect the villi of small intestinal mucosa leading to loss of
microvilli, villous atrophy, and necrosis of the gut epithelium. The virions extensively
replicate in the cytoplasm of enterocytes and damage their transport mechanism
resulting in electrolytes and fluid malabsorption leading to increased osmotic pres-
sure in the gut lumen and subsequently onset of diarrhea [8, 24].

The NSP4 protein, encoded by rotaviruses, is a viral enterotoxin that induces cal-
cium ion-dependent chloride secretion into the intestinal lumen via activating signal
transduction pathways through phospholipase C. The NSP4 inactivates the Sodium-
Glucose-Lactose-Transporter proteins system (SGLT1) that mediates the reabsorption
of water, sugar, and body electrolytes. The NSP4 also stimulates the enteric nervous
system by inducing the secretion of serotonin (5-HT: 5-hydroxytryptamine) from
enteroendocrine cells due to an increase in intracellular calcium concentration, thus
increasing gut motility [24, 25].

7. Clinical manifestations

Rotaviruses are the major cause of diarrheal illness in infants and children world-
wide. The infectious dose is low (<100 TLPs), and the incubation period is of 18-36 h
followed by acute onset of symptoms. The symptoms vary from mild to severe watery
diarrhea, vomiting, abdominal pain, fever, and dehydration. Diarrhea may last for

Virus The rotavirus belongs to the family Reoviridae. Only virus family to have dsRNA. There are
morphology six structural viral proteins (VP1 to VP7 except for VP5). VP 6 is group-specific.
Pathogenesis Transmitted by the fecal-oral route, they destroy enterocytes of the small intestine; however

gastric and colonic mucosa are spared. Non-structural protein- NSP4, acts as enterotoxin and
induces secretion by altering epithelial cell function and permeability.

Clinical In developing countries like India, Rotavirus illness occurs at a younger age. Incubation

manifestations period: 1-3 days, Abrupt onset, characterized by vomiting, watery diarrhea, fever, and
abdominal pain. Few children may suffer from severe loss of electrolytes and fluid
leading to dehydration, while rest may recover. Adults are usually asymptomatic but show
seroconversion.

Laboratory Direct detection of virus: Feces collected early in the illness is the most ideal specimen. It can
diagnosis be demonstrated in stool by:
Immuno-electrophoresis microscopy: Sharp-edgedtriple-shelled capsid, looks like the spokes
grouped around the hub of the wheel.
Isolation of rotavirus is difficult.
Detection of viral antigen: In stool by ELISA and Latex-agglutination based methods
RT-PCR: is the most sensitive detection method for the detection of rotavirus from stool
Typing method: G serotypes and P genotypes of rotaviruses can be detected by RNA
sequence typing and neutralization test
Serologic test: Can be done by ELISA to detect the rise of antibody titer.

General Measures to improve hygiene and sanitation in the community and contact precautions such
preventive as strict hand hygiene.

measures

Prophylaxis The WHO prequalified oral rotavirus vaccines introduction have yielded significant decline

in global burden of rotavirus associated infections. These include four vaccines Rotavac,
Rotarix; Rotateq and Rotasiil. All four vaccines are safe with good efficacy. Rotatac and
Rotasiil are manufactured in India while others are manufactured outside India.

Table 2.
Summary of rotavirus.
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5-7 days. The majority of patients usually recover completely. Infected adults are
usually asymptomatic or rarely exhibit symptoms. However, infants and children may
suffer because of severe loss of fluid and electrolytes leading to dehydration or death
if untreated. The excretion of viruses in the stool may persist up to 50 days after the
onset of diarrhea (Table 2).

8. Epidemiology

As per WHO, more than 25 million outpatient visits and more than 2 million
hospitalizations each year globally are due to severe, dehydrating diarrhea by rotavi-
rus infections in children aged less than 5 years. Generally, the mortality rate is higher
in low and middle-income countries as compared with high-income countries. In
low and middle-income countries, approximately 75% of children acquire their first
episode of rotavirus infection within 12 months of age, whereas children of 2-5 years
of age are predominantly infected in high-income countries. The group A rotaviruses
(RVA) is the major group that accounts for more than 90% of rotavirus infections in
humans worldwide [26]. Rotavirus gastroenteritis is predominantly seen during cool,
dry seasons thus also known as “winter diarrhea” and in tropical areas, it can be seen
all the year around [27]. Nosocomial outbreaks of rotaviruses are common in pediat-
ric wards, elderly, and immunocompromised patients.

9. Lab diagnosis

A fresh stool sample should be collected in well-labeled, clean wide-mouth
container for the presence of the virus, virus-specific antigen, or RNA by direct or
indirect detection methods. Rectal swabs can also be taken, but they are not ideal
samples [27].

9.1 Direct method

The demonstration of the viral particle in stool sample by electron microscopy
shows a typical wheel-shaped virion. The sensitivity and specificity can be improved
by immune-electron microscopy by adding specific antiviral antibodies to the speci-
men or by utilizing magnetic microparticles functionalized with monoclonal antibod-
ies to enhance the ability to capture, concentrate, separate, and detect infectiously
[28]. The rotavirus can be cultured on cell lines such as monkey kidney cell line to
confirm viral viability and also improves the molecular detection of the virus in clini-
cal samples where low viral load is present, although the method is highly sensitive, it
is time-consuming, expensive, highly prone to contamination, and is usually available
at research-based laboratories [20].

9.2 Indirect method

Indirect detection of viruses by a variety of molecular assays to detect antigens,
antibodies, or viral RNA is more popular, cost-effective, and less time-consuming as
compared with direct methods. Commercially available antigen detection kits based
on various principles such as immunochromatography or latex agglutination are
widely used point-of-care tests for rotavirus diagnosis in resource-limited nations.
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The ELISA-based antigen detection techniques are the most widely recognized
screening platform with high sensitivity and specificity. A large sample volume can
be tested on a 96-well plate [28, 29]. Other immunoassays such as radioimmunoassay,
counter-Immuno-electrophoresis, and fluorescent antibody staining are also used.

9.3 Molecular method

The detection of the rotaviral genome through polymerase chain reaction-based
methods (e.g., RT-PCR, RT-qPCR, real-time PCR, and multiplex RT-PCR) are revo-
lutionary as a research tool as well as for diagnosis. Newer PCR-based techniques
such as RT-qPCR assays are more sensitive and specific than antigen detection and
are suitable for genotyping and sequencing with faster turnaround time as compared
with conventional methods [29].

10. Treatment

The treatment is mainly supportive and consists of rehydration by the oral
or intravenous route to restore the loss of water and electrolytes. Commercial
preparations of oral rehydration solution (ORS) are available over the counter. To
restore the damaged mucosal epithelial lining, the ORS is supplemented with zinc
tablets [30].

There is currently no antiviral drug approved for the treatment of rotavirus
infections.

There have been studies that demonstrate the anti-rotavirus activity of some drugs
such as Nitazoxanide (100 mg in 12-47 months and 200 mg in 4 years old, twice daily
for consecutive 3 days) an oralsynthetic anti-parasitic agent inhibits viro plasma
formation; gemcitabine, an anticancer drug, with pyrimidine nucleotide inhibitor
activity inhibits rotavirus as well. Resveratrol (Inhibitor of viral protein synthesis),
Ziyuglycoside II (Inhibitor of TLR4/NF-kB pathway), Brequinar (pyrimidine biosyn-
thesis inhibitor), ZO-C-methyl nucleosides (viral polymerase inhibitor), Racecadotril
(Intestinal enkephalinase inhibitor, which suppresses the secretion of water and
electrolytes into the gut), ML-60218 (RNA polymerase III inhibitors), and Genipin
(Entry inhibitor) are potent antiviral drugs [31, 32].

11. Prevention

General preventive measures:

The rotavirus infection can be prevented by good hygiene measures such as
personal hygiene mainly hand and sanitary. Maintenance of food safety standards,
safe water supply, and environmental hygiene are essential in preventing outbreaks at
food outlets. The WHO recommends continued breastfeeding as maternal antibodies
have a protective role and help in reducing the duration and severity of diarrhea [33].

11.1 Rotavirus vaccine

The rotavirus vaccines that have been licensed by WHO are RotaTeq, Rotarix,
Rotavac, and ROTASIIL for the prevention and control of rotavirus gastroenteritis
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11.1.1 RotaTeq (RV5)

RotaTeq (RV5) is an oral live attenuated pentavalent vaccine developed by Merck
and Co. Inc., USA, and approved by WHO in 2008. RotaTeq is given in three doses
at ages 2 months, 4 months, and 6 months. It is a human-bovine reassorted live
attenuated vaccine containing four human VP7(G) types (G1, G2, G3, and G4) and
one human VP4(P) type. The efficacy of the vaccine in developed nations such as in
European countries is higher at 98%; however, the efficacy reduces in low socioeco-
nomic countries such as Asia at 51% and African countries at 64%. Multiple factors
such as malnutrition, enteric co-infections, poor maternal health, prevalent strain
diversity, and poor maintenance of cold chain storage lead to reduce effectiveness and
efficacy of the vaccine in low socioeconomic countries [34, 35].

11.1.2 Rotarix (RV1)

Rotarix (RV1) is an oral live attenuated monovalent vaccine developed by
GlaxoSmithKline Biologicals and approved by WHO in 2009. It is human rotavirus
G1P8 genotype months for the prevention of rotavirus gastroenteritis caused by G1
and non-G1 types (G3, G4, and G9). The vaccine is available in lyophilized form,
which can be stored at 2°-8°C. It should be used within 24 h of reconstitution in pro-
vided diluent. The vaccine is given in two doses (1 ml each) 4 weeks apart. The first
dose should be administered before 15 weeks of age, and the two dose series should
be completed before 8 months. Similar to RotaTeq, the efficacy reduces to 62-85% in
developing countries as compared with developed countries (96%) [36].

11.1.3 Live attenuated, oval vaccine by Bharat Biotech, India, in 2018

Recently, WHO prequalified another live attenuated, oral vaccine by Bharat
Biotech, India, in 2018. It is a monovalent liquid frozen vaccine containing wild-type
reassortant GO9P11 (116E) strain of rotavirus, prepared in Vero cells. The vaccine is
administered as a 3-dose regimen, 4 weeks apart, beginning at 6 weeks of age. The
vaccine should not be administered to children older than 8 months of age. The vaccine
can be stored at 2-8°C for 7 for months and —20°C for long-term (5 years). The vaccine
efficacy is 56.4% (37-70%) in the first year of life in developed countries [37, 38].

11.1.4 Rotasiil

Rotasiil, developed by the Serum Institute of India, is a pentavalent vaccine
containing a lyophilized preparation of live attenuated human-bovine rotavirus
reassortant G1, G2, G3, G4, and G9 strains. The vaccine is available in Lyophilized,
Thermostable lyophilized and Liquid formulations and thus can be kept at <40°C for
up to 18 months and <25°C for up to 30 months. The three doses are given at 6 weeks,
10 weeks, and 14 weeks [38].

11.1.5 Rotavin-M1 (POLYVAC, ThimhphE Ha NIi, Vietnam) and Lanzhou lamb
(Langhou Institute of biological product, China)

Recently, two vaccipes have been licensed in Vietnam and India are Rotavin-M1
(POLYVAC, ThanhphE Ha NIi, Vietnam) and Lanzhou lamb (Lanzhou Institute of
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biological product, China) respectively though yet to be licensed by WHO, and their
coverage is limited [38].

11.1.6 Rotavin-M1

Rotavin-M1 is a live attenuated human rotavirus strain G1P8 available in the liquid
frozen formulation, which can be stored 2—-8°C for 2 months and 20°C for 24 months.
Two doses are required minimum at 6 weeks of age, for 4 weeks apart. On the other
hand, Lanzhou lamb is a live attenuated lamb G10P15 rotavirus strain available in the
liquid formulation, which can be stored at 2-8°C for 12 months [37, 38]. The vac-
cine is given as a single dose followed by annual boosters for children aged between
2 months and 3 years [35]. Rotavirus causes acute gastroenteritis among children less
than 5 years of age. Early detection and treatment are crucial to prevent mortality.
Improvement in vaccination coverage, safe water supply, personal and environmental
hygiene, continued surveillance, and knowledge of circulating genotypes of the virus
in the environment are needed.

Rotavac and Rotasiil are manufactured in India, while others are manufactured
outside India.

12. Conclusion

Rotavirus remains the leading cause of severe acute dehydrating diarrhea among
infants and young children for four decades with a substantial effect on morbidity
and mortality. This infection is primarily localized to the intestinal enterocytes lead-
ing to necrosis of mucosal cells by various mechanisms and subsequently secretory-
driven watery diarrhea. It is to be expected that together with rotavirus-mediated
gastroenteritis such extra-intestinal manifestations will become less prevalent as a
consequence of the introduction of anti-rotavirus vaccination. Clinicians, particularly
pediatricians caring for rotavirus-infected children, should be aware of the possible
extra-intestinal complications of rotavirus infection. The currently available vaccines
have significantly reduced mortality in the developed world, but vaccine efficacy,
safety, and cost still pose a significant challenge to developing countries. Considering
that the attack rate and mortality are relatively higher in developing countries, the
control of rotavirus-attributable gastroenteritis mainly relies on vaccine coverage
along with good hygienic measures. The introduction and expansion of the use of
next-generation RV vaccines with better efficacy, safety, and low cost are necessary
along with a multifaceted health approach to address the infections by rotavirus. A
new generation of rotavirus vaccines will soon be licensed in many countries and
available for more widespread use. Identifying the full value of these vaccines to pre-
vent mortality from rotavirus in developing countries is still several years away and
each of the vaccines must first show its effectiveness in poor populations in Africa and
Asia. Although many hurdles remain to ascertain the effectiveness of these vaccines
in key target populations and their affordability and to remove lingering concerns
about safety from intussusception, the presence of two candidate vaccines provides
an important new instrument to decrease the morbidity and mortality associated with
rotavirus diarrhea.
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Chapter 3

Ocular Infection of HCMV:
Immunology, Pathogenesis,
and Interventions

Yan Yan and Renfang Chen

Abstract

Human cytomegalovirus (HCMV) retinitis accounts for 70% of herpesvirus-infected
ocular diseases. Recent advances in knowledge of innate immune responses to viral
infections have elucidated a complex network of the interplay between the invading
virus, the target cells, and the host immune responses. Ocular cytomegalovirus latency
exacerbates the development of choroidal neovascularization. Viruses have various
strategies to evade or delay the cytokine response, and buy time to replicate in the host.
Some signaling proteins impact the virologic, immunologic, and pathological processes
of herpesvirus infection with particular emphasis on retinitis caused by HCMV. The
accumulated data suggest that signaling proteins can differentially affect the severity of
viral diseases in a highly cell-type-specific manner, reflecting the diversity and complex-
ity of herpesvirus infection and the ocular compartment. By summarizing the immu-
nological characteristics and pathogenesis of HCMV ocular infection, it will provide
important information on the development of antiviral therapy, immunotherapy, and
antidrug resistance.

Keywords: human cytomegalovirus (HCMYV), retinitis, immunology, pathogenesis,
resistance

1. Introduction

Human cytomegalovirus (HCMV) is a member of the beta-herpesvirus family,
which tends to establish asymptomatic and lifelong latent infection [1]. Opportunistic
HCMYV reactivation is a common cause of increasing morbidity and mortality in new-
borns, the aged population, solid organ transplant patients, hematologic malignancy,
or immunodeficient patients [2, 3].

HCMYV was first reported to induce HCMYV retinitis in 1957 [4], which is known
to predominantly target retinal vascular endothelial cells, glial cells, and retinal
pigment epithelial cells in the eye [5]. HCMV keratitis or retinitis is the most com-
mon opportunistic complication of infection in immunocompromised patients [2,

6, 7], including HIV-1-infected individuals. In general, HIV-1-infected individuals
who have viral retinitis tend to be severe, long-lasting, and resistant to conventional
treatment with a high rate of complications and significant visual morbidity [7].
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Despite the widespread use of highly active antiretroviral therapy (HAART), up

to 50-85% of AIDS patients develop ocular manifestations [8-10]. It has been

well known that the HCMV can infect the immune-privileged retina site, lead to
severe visual loss, and affect the quality of life in HIV-1-positive individuals [5].
Opportunistic infections develop when there is a deterioration of the immune status
of the individual, which can be measured with the help of CD4" T-cell counts [5].
The proportion of HCMV retinitis manifestations was also correlated with the CD4*
T-cell counts in patients [8]. Retinitis symptom has been classified into two catego-
ries, namely, infectious and noninfectious with the vast majority of manifestations
occurring in the former. The infectious group mainly consists of the herpetic group
of viral infections. Bacterial causes may be due to Staphylococcus epidermidis,
Staphylococcus aureus, Pseudomonas aeruginosa, alpha-hemolytic Streptococcus,
Micrococcus, and Bacillus. Fungal keratitis in HIV-1-infected individuals depend

on the geographic locations from which the patient comes. Microsporidia and
Acanthamoeba are common protozoal pathogens. Noninfective inflammatory causes
include peripheral ulcerative keratitis, keratoconjunctivitis sicca, and squamous

cell carcinoma of the conjunctiva. Posterior segment lesions caused by HCMV show
severe visual disorders [7]. A severity that is abnormally severe or minimally reac-
tive makes clinicians suspect immunosuppression. In the HAART era, the incidence,
visual morbidity, and mortality of HCMV-related retinitis, and other HIV-1-related
retinopathies showed a decline [8, 10]. In this chapter, we will focus on the immu-
nological mechanisms and pathological processes of HCMV infection and strive

to highlight those clinical manifestations that should alert the clinicians to suspect
underlining HIV-1 infection and provide a basis for intervention.

2. Immunology of HCMYV ocular diseases
2.1 Immunology

HCMYV has evolved a variety of mechanisms to evade host immune surveillance
and to establish latent infection with the ability to reactivate when the immune
surveillance is compromised [11]. The host immune responses to HCMV involve
both innate and adaptive immune systems, which play an important role in resolv-
ing both primaries, reactivating, and superinfections [12]. Under the innate and
adaptive immune responses, a low viral load and latent state are established in the
host after HCMYV infection, but under the stimulation of the irregular and inter-
mittent viral antigen reactivation, the functions of T-cells are exhausted [13]. At
the same time, the HCMYV virus can also encode a large number of gene products
that interfere with the immune clearance responses to evade immune surveillance
[11, 14, 15]. Considering that immunological clearance and evasion are associated
with clinical outcomes, we summarized the immunological mechanisms of HCMV
infection.

2.1.1 Innate immune responses

The natural killer (NK) cell is an important member of the innate lymphoid cell
family for defense against HCMV during the early stages of infection and before the
development of adaptive immune response due to its strong ability to kill infected or
transformed cells [15]. The activities of NK-cells or NKT-cells (a subset of T-cells that
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co-express T- and NK-cell receptors) depend on the balance between activating and
inhibitory signals transduced by its receptors [15]. They are also protected by releas-
ing anti-viral cytokine interferon (IFN)-y or by direct lysis, or autophagy of infected
cells [15]. This will determine the disease progression of HCMV infection with ocular
target cells.

2.1.2 Adaptive immune responses

Accumulating studies have shown that NK-cells take part in adaptive immune
responses, such as clonal expansion and immune memory, during cytomegalovirus
infection [16]. Clonal expansion not only serves to amplify the number of specific
lymphocytes and mount robust protective responses against the pathogen but also
results in the selection and differentiation of the responding lymphocytes [16]. In
both innate and adaptive lymphocytes, clonal expansion is a critical process for host
defenses. It has been shown that antigen (Ag)-specific T-cell expansion was estimated
up to 400,000-fold [17]. The intensity of the adaptive immune responses suppresses
the acute inflammatory responses caused by HCMYV, causing less ocular tissue damage
and sequelae.

In primary HCMYV infections, CD4" T-cells play a vital role in controlling symp-
tomatic disease in healthy and immunocompromised patients. It is important to
note that HCMV-infected cells can induce impairment of HCMV-specific effector
CD4' T-cell responses [18]. A subpopulation of HCMV-specific CD4" T-cells has
been shown to express Foxp3 and to perform functions similar to regulatory T-cells,
such as the production of IL-10 [18, 19]. Latent infection is associated with secretory
expression of CCL8, IL-10, and TGF-p [13, 18]. The presence of viral genes and viral
IL-10 lead to down-regulate human leukocyte antigen (HLA) class II molecules and
limit antigen presentation to CD4" T-cells in antiviral immunity [12, 18]. At the peak
of HCMV infection, HCMV-specific CD4" T-cells are CD45RA* CD45RO" and express
CD27*, CD28*, CD38", and CD40L". During the latent infection period, the HCMV-
specific CD4"* T-cells are rich in CD27~ CD28~ CD4" T-cells (5-10%) [13]. It has been
known that HCMV-specific CD4" T-cells are required for the maintenance of HCMV-
specific CD8" T- and B-cell responses in adoptive T-cell immunotherapy in transplant
patients [13]. CD8" T-cells undergo extensive expansion before differentiating into
cytotoxic T-cells capable of producing high levels of cytokines, including IL-2, IFN-y,
TNF-a, perforin, and granzyme B [13]. For therapeutics, CD8" T-cells with long-term
survival rates and the potential to respond to challenges are very useful in adoptive
transfer strategies for treating HCMV infection. Therefore, HCMV-specific CD8"
T-cell responses, including the maintenance, distribution, effector function, and
metabolic requirements of these cells, have been highly interesting from a vaccine
perspective.

Activated HCMV is typically controlled by CD4* and CD8" T-cell responses,
while the virus replicates under the immunosuppressive condition and spreads
rapidly to nearby tissues, resulting in worsening of retinitis, such as the patients
accompanied with HIV-1 infection and chemotherapy for cancers. In addition to
eliminating or perturbing surface immune recognition molecules (HLA I or HLA
Il molecules) from the antigen-presenting cells (B lymphocytes, dendritic cells,
monocytes, or macrophages), HCMV immune evasion mechanisms have evolved to
escape recognition and immune clearance of infected cells by effector cells through
innate immunity, mimicked the inhibitory ligands or downregulate the activating
ligands of NK-cells [11].
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2.2 Pathogenesis of HCMV ocular diseases

Although HCMV infection can occur in healthy individuals, it is uncommon to
observe symptomatic infection in individuals without immune suppression [3, 20].
HCMV retinitis is a clinical syndrome characterized by full-thickness necrotizing
retinitis, which can result in profound vision loss, retinal detachment, and permanent
vision loss [21]. The possible transmission paths of HCMV include blood, prenatal
intrauterine infection, perinatal infection through breast milk or genital secretions,
saliva, and sperm [22, 23].

In immunocompromised patients, primary HCMV infection causes severe com-
plications, including pyrexia, viremic-septicemia, pneumonitis, and immunosup-
pression [24, 25]. In total, 60% of patients have been infected with HCMV prior to
the onset of critical illness, and are commonly infected before adulthood [26]. It has
been shown that patients who suffered HCMV reactivation during critical illness have
~2-flod the mortality rate of those who have not reactivated [27]. The clinical data
suggest that the clinical outcome is not only the cause of HCMV replication but also
the degree of virus-associated immune responses [3, 25]. In addition to HCMV and
HIV-1 co-infected patients with lower CD4" T-cell counts have a higher risk of mortal-
ity, HCMV has sophisticated strategies to circumvent immunocyte recognition, such
as changing the signals of immunomodulatory molecules and subverting T-cell and
NK-cell function, and allowing it to establish lifelong infection in blood and bone
marrow [16]. In these disorders, HCMV-infected individuals could be accompanied
by hemophagocytic lymphohistiocytosis-associated genetic defects. The active and
latent infection induce sustained systemic inflammatory responses and predisposes
patients to produce autoantibodies, which increased the autoimmune disease progres-
sion [28]. It has been demonstrated that individuals infected with one HCMV strain
may not necessarily be able to resist other HCMYV strains [29]. HCMV also causes
immunosuppression associated with T-cell exhaustion, which contributes to the
persistence of infection [13].

HCMV retinitis is caused by lytic infection, the conclusion supported by clini-
cal resolution with antiviral therapy. Healing is through fibrosis, which predisposes
patients to future retinal detachment and is also the cause of severe vision loss [30].
When antiretroviral therapy is introduced, some individuals with HIV-1 develop
immune-restorative uveitis, which is an inflammatory response to the presence of
HCMYV antigens in the eye by activating viral immediate-early gent product-2 and
increasing FasL secretion [31]. This condition may cause more visual impairment in
patients than potential retinitis [30]. One possible explanation is that the damage of
HIV-1 infection to the blood-retinal barrier may contribute to the preferential entry
of HCMV into the oculus [30].

2.3 Interventions of HCMYV ocular diseases

Acute retinal necrosis was first described in Japan as acute unilateral panuveitis,
retinal periarteritis, and necrotizing retinitis progressing to retinal detachment [32].
The symptoms of acute retinal necrosis include redness, ocular pain, photophobia,
floaters, and blurred vision [32]. These studies suggest that the challenges in diagnosis
and therapeutic challenges primarily in the absence of guidelines or evidence-based
literature to follow [21].

Ganciclovir was licensed in 1989 and remains the only licensed drug suf-
ficient to treat active HCMV infection. Although the oral prodrug valganciclovir
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was licensed in 2001, it delivers the same active ingredient. Ganciclovir-resistant
HCMYV disease has become a serious clinical problem in transplanted populations.
Mutations in viral kinase (UL97) or polymerase (UL54) have been shown to medi-
ate resistance to ganciclovir and valganciclovir [33]. For strains of HCMV-resistant
to ganciclovir, foscarnet is used off-label. Thus, this field would benefit from more
licensed drugs that are both safe and effective anti-HCMV [30]. This becomes
particularly important for clinical trials seeking to test the anti-HCMYV activity of
novel compounds.

In large randomized controlled trials of HIV-1-associated HCMV retinitis in the era
before combination anti-HIV treatment, in which the primary endpoint was an objec-
tive progression of CMV retinitis, an intra-ocular ganciclovir implant (15% of patients
progressed after 100 days of treatment) was superior to intravenous ganciclovir (65%
of patients progressed). The limitation of the intra-ocular ganciclovir implant was its
failure to prevent CMV disease in the contralateral eye. In a subsequent randomized
controlled trial of HIV-associated CMYV retinitis, treatment with oral valganciclovir
(38% of patients progressed after 100 days of treatment) was similarly effective to
initial intravenous ganciclovir for 4 weeks followed by oral valganciclovir (45% of
patients progressed). During the latter trial, most patients were also taking a combina-
tion anti-HIV treatment. As the ocular penetration of systemically administered anti-
CMV drugs is limited, current clinical guidelines include consideration of intraocular
injection of anti-HCMV drugs for patients who have sight-threatening HCMV retinitis

Agent Route Dosage Side effects Monitoring
Ganciclovir v 5 mg/kg 12 h for Myelosuppression, FBC, UEC, LFT
2wk renal impairment,
hepatic impairment,
gastrointestinal
symptoms, CNS
disturbances; less
well-tolerated
Valganciclovir PO 900 mg BD for 3 wk FBC, UEC, LFT
Foscarnet v 60 mg/kg 8 h for Nephrotoxicity, FBC, UEC,
2-3 wk; 90 mg/kg hypocalcemia, calcium, and
12 h for 2-3 wk hypomagnesemia magnesium level
(can lead to seizures),
anemia, genital
ulceration
Cidofovir v 5 mg/kg once Renal impairment, FBC, UEC

weekly for 2 wk;
probenecid pre- and
post-infusion

neutropenia, ocular
hypotony, iritis

Ganciclovir

Intravitreal

2-4mg/0.05-0.1mL

Foscarnet

Intravitreal

2.4 mg/0.1 mL

Cidofovir

Intravitreal

0.02 mg/0.1 mL

Narrow therapeutic
window, retinotoxic

Abbreviations: 1V, intravenous; PO, oral; BD, twice daily; FBC, full blood count; UEC, urea electrolytes creatinine; LFT,

liver function test

Table 1.

Antivival treatment for HCMV vetinitis [32].
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Agent Bilaterality Outcomes
Rituximab Unilateral or bilaterality Resolved
Basiliximab — Not reported
Anti-thymocyte globulin Unilateral or bilaterality Resolved
Alemtuzumab Unilateral or bilaterality Resolved and marked improvement
Natalizumab Unilateral or bilaterality Retinal detachment or blind
Ruxolitinib Unilateral Not reported
Tofacitinib Bilaterality Not reported
Table 2.

Biologic immunosuppression and HCMV retinitis [32].

(Tables 1 and 2). In addition to ganciclovir, given that the retina shows acute necrosis
of one eye, corticosteroid or methylprednisolone is very important because of its

effects in relieving intense inflammatory responses [21].

The HCMYV persistent or progressive retinitis may be resolved by systemic
administration of virus-specific cytotoxic T-cells (CTLs) [34]. HCMV-specific
CTL therapy may become a novel monotherapy or adjunctive therapy, or both, for
retinitis, especially in eyes that are resistant, refractory, or intolerant of antiviral
therapies [34]. In addition, it has been demonstrated that HCMYV strain-specific
antibodies play an important role in preventing viral recrudescence after trans-
plantation [29]. Antibodies, natural killer cells, and macrophages theoretically
contribute to protective immune responses and are expected to interact and
cooperate with T-cells to control HCMV replication. It was also recommended that
studies of active immunization should proceed concurrently with passive immu-
notherapy using monoclonal antibodies with defined reactivity against specific
proteins of HCMV against the resistance [34]. Recently, letermovir has been used
in ganciclovir-resistant patients at doses of 720-960 mg, while intravitreal therapy
with formic acid or ganciclovir was also used, and by monitoring continuous hema-
tologic, renal, and hepatic function, some patients experienced an improvement in
symptoms [32].

3. Conclusions

The interaction between HCMV and the host immune system is complex.
NK-cells play an important role in the virus infecting the ocular target cells and
take part in the processes of innate immune response and adaptive immune
response. After the acute infection in adolescent accompanied by acute symptoms,
the virus easily establishes latent infection and reactivate in immunodeficient
HIV-1-infected and transplanted individuals. T-cell function is important in
controlling HCMYV recurrence. Immunodeficient individuals are susceptible to
developing HCMV retinitis, which can be treated with systemic and intraocular
topical medications, but are also prone to developing drug resistance. Therefore,
understanding the immunology and pathogenic mechanisms of HCMV will help us
further develop effective antiviral drugs for the treatment or mitigation of HCMV
ocular disease.
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Chapter 4

Middle East Respiratory Syndrome
Coronavirus Outbreaks

Abdulkarim E. Alhetheel and Faisal A. Alhetheel

Abstract

Middle East respiratory syndrome coronavirus (MERS-CoV) is a single-stranded
RNA-enveloped virus that belongs to the Coronaviridae family. Initially reported
in 2012 in Saudi Arabia, MERS-CoV is a zoonotic virus originating from bats and
transmitted from camels to humans and among humans by contact. It causes both
upper and lower respiratory tract infections and in some instances can lead to renal
failure or death. This chapter provides an overview of the virologic aspects, outbreaks
and risk factors, clinical symptoms, diagnostic methods, as well as prevention and
management of MERS-CoV infection.

Keywords: MERS-CoV, outbreak, clinical symptoms, diagnosis, prevention

1. Introduction

The first case of the Middle East respiratory syndrome coronavirus (MERS-CoV)
infection was reported in June 2012 in Saudi Arabia. MERS-CoV then spread to
several neighboring countries, mainly Jordan and Qatar, and has since been reported
in Asia, Africa, Europe, and America [1]. By October 16, 2018, 2260 confirmed cases
and 803 deaths from MERS-CoV infection had been documented in 27 countries by
the World Health Organization. The vast majority of cases (73%) were reported in
Saudi Arabia, with only one widespread outbreak observed outside of the Arabian
Peninsula in South Korea in 2015 [2]. Due to the high fatality rate (36%) [1], alot
of effort has been made to understand the origin and pathophysiology of this novel
coronavirus strain to prevent it from becoming endemic in humans [3].

2. Middle East respiratory syndrome coronavirus

The first reported case of human MERS-CoV infection was in a 60-year-old man
who was admitted to a private hospital in Jeddah, Saudi Arabia, on June 13, 2012. He
presented with a 7-day history of fever, cough, expectoration, and dyspnea. He was a
non-smoker, had no prior history of cardiopulmonary or renal disease, and was not
maintained on any long-term medication. Vital sign examination showed a blood
pressure of 140/80 mmHg, a pulse rate of 117 beats/minute, a temperature of 38.3°C,
arespiration rate of 20 breaths/minute, and a body mass index of 35.1. Chest X-ray
revealed low lung volume, bilateral enhanced pulmonary hilar vascular shadows more
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prominent on the left side, and accentuated bronchovascular lung markings. Multiple
segmental, patchy, and veiling opacities were present in the middle and lower lung
fields, and the costophrenic angles were mostly blunted. The cardiac silhouette was

not enlarged, and the aorta was dilated and unfolded. Chest X-ray was repeated after

4 days, which showed that the opacities became denser and more confluent. Computed
tomography performed 4 days after admission revealed few subcentimetric mediastinal
and hilar lymph nodes, bilateral dependent airspace opacities with air bronchograms,
scattered areas of ground-glass opacity, interstitial septal thickening, and nodularity

in the upper lobes, with minimal bilateral pleural effusion. Collectively, these find-
ings are suggestive of an infection. On the day of admission, oseltamivir, levofloxacin,
piperacillin-tazobactam, and micafungin were started. Three days later, meropenem
treatment was initiated, since meropenem-sensitive Klebsiella pneumoniae was identi-
fied in tracheal lavage sample collected on day 2. Staphylococcus aureus was detected

in a sputum sample performed on admission. Acinetobacter was identified in tracheal
aspirate collected on the day of death. No other pathogens were detected in respiratory
specimens, and no bacterial growth was detected in blood samples.

The patient was transferred to the intensive care unit (ICU) for mechanical
ventilation on the second day. Laboratory findings obtained on admission showed
normal white blood cell counts except for a relatively high percentage of neutrophils
(92.5%) and a low percentage of lymphocytes (4.3%). Liver enzymes, blood urea
nitrogen, and creatinine levels were within the normal range. A small increase in the
liver enzymes was noted from day 7 onward, with alanine aminotransferase levels of
20, 78, and 47 international unit (IU)/liter (1) on days 1, 7, and 8, respectively, and
aspartate aminotransferase levels of 33 and 96 IU/1 on days 1 and 8, respectively. The
patient tested negative for the human immunodeficiency virus; however, testing for
pneumocystis pneumonia was not performed. On the third day following admission,
blood urea nitrogen and creatinine levels significantly elevated, and on the eighth day,
white cell count began to rise and reached a peak of 23,800 cells per cubic millimeter
by day 10, with neutrophilia, persistent lymphopenia, and progressive thrombocy-
topenia. Arterial oxygen saturation ranged from 78% to 98%. On day 11 (June 24,
2012), the patient died of progressive respiratory and renal failure [4].

2.1 The source of MERS infections

In 2012, a new coronavirus strain was detected in patients from the Arabian
Peninsula with severe respiratory symptoms known as MERS-CoV. Camels were
identified as the source of the infections; however, the role of these animals in
transmitting the infection is not well understood. Approximately 300 isolated MERS-
CoV genomes had been sequenced from humans and camels during the epidemic.
Previous attempts to understand the MERS-CoV epidemic relied on these data or
reports of case numbers; however, this led to conflicting results at odds with other
sources of evidence. Nevertheless, Dudas et al. [5] determined the relationship among
MERS-CoV strains and reconstructed their family tree by analyzing their sequenced
genomes.

2.2 Genome structure and function

MERS-CoV, a lineage C betacoronavirus (BCoV), has a positive-sense single-
stranded RNA (ssRNA) genome of approximately 30 kb (Figure 1A and B) [6, 7]. As
of 2016, phylogenetic analysis of MERS-CoV had been performed on 182 full-length
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genomes and multiple concatenated genome fragments, including 94 from humans
and 88 from dromedary camels [9, 10]. The MERS-CoV genomes share more than
99% sequence identity, indicating low mutation and variance rates. The MERS-CoV
genome is divided into two clades: clade A, which contains only a few strains, and
clade B, to which most strains belong [10].

Similar to other coronaviruses, approximately two-third of the 5" end of the
MERS-CoV genome consists of the replicase complexes open reading frame (ORF1a)
and (ORF1b). The remaining one-third encodes the structural protein spike (S),
envelope (E), membrane (M), and nucleocapsid (N) as well as five accessory non-
replicating proteins (ORF3, ORF4a, ORF4b, ORF5, and ORF8b) likely involved in
viral pathogenesis (Figure 1B) [6, 11-15]. Typical of coronaviruses, the MERS-CoV
accessory proteins are not homologous with any known host or viral proteins other
than those closely related to lineage C BCoV [10]. MERS-CoV structural and acces-
sory protein-coding plasmids transiently transferred into cells showed that ORF4b is
localized mostly in the nucleus, whereas all other proteins are localized in the cyto-
plasm (S, E, M, N, ORF3, ORF4a, and ORF5) [16]. In addition, MERS-CoV deletion
mutations of ORFs 3-5 attenuate replication in human airway-derived (Calu-3) cells
[17], while deletion mutations of ORFs 4a and 4b attenuate replication in hepatic
carcinoma-derived (Huh-7) cells [14, 18]. This highlights the importance of MERS-
CoV accessory proteins in viral replication in vitro [19].
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Spike (S)
Protein

—

Nucleocapsid (N)
protein

Membrane (M) —
Protein
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Figure 1.

MERS-CoV genome and schematic structuve of viral proteins. (A) Schematic structure of major MERS-CoV
structure proteins. (B) The MERS-CoV genome consists of two partially overlapping replicase open reading
frames (ORF1a and 1b) and several ORFs that encode vival functional structural proteins and other proteins with
unknown functions [8]. Abbreviation: MERS-CoV, Middle East vespiratory syndrome coronavirus.
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In response to viral infection, mammalian cells activate the type I interferon
(IFN)-mediated innate immune response by producing type I IFNs (IFN-a and IFN-
B). In contrast, evasion of host innate immunity through IFN antagonism, mediated
by virus-encoded IFN antagonist proteins, is critical to viral pathogenesis. Each
protein blocks key signaling proteins in the IFN and nuclear factor kappa B (NF-kB)
pathways to enhance viral replication and pathogenesis [20-23]. Coronaviruses have
evolved similar mechanisms to impede or bypass the innate immunity of their host
at various levels, which ultimately contribute to viral virulence. Moreover, various
coronavirus proteins disrupt signal transduction events required for the IFN response
[24], often by interfering with host type I IFN induction.

MERS-CoV weakly induces type I IFN late during infection. In addition, MERS-
CoV M, ORF4a, ORF4b, and ORFS5 proteins are strong INF antagonists [16]. Studies
using transient overexpression of the MERS-CoV accessory proteins ORF4a, ORFb,
and ORF5 showed that they inhibit both IFN induction [16, 25, 26] and NF-xB signal-
ing pathways [26]. MERS-CoV ORF4a, a double-stranded RNA (dsRNA) binding
protein [25], potentially antagonizes antiviral IFN activity by inhibiting interferon
production (IFN-beta promoter activity, IRF-3/7, and NF-kB activation) and the
ISRE promoter element signaling pathway [16]. On the contrary, MERS-CoV ORF4b
belongs to the 2H-phosphoestras (2H-PE) family and possesses phosphodiesterase
(PDE) activity. Although MERS-CoV ORF4b is detected primarily in the nucleus of
both infected and transfected cells [16, 25, 26], cytoplasmic expression levels are suf-
ficient to inhibit activation of RNase L, a potent interferon-induced antiviral protein
[16, 26]. MERS-CoV ORF4b was the first identified RNase L antagonist expressed by
human or bat coronaviruses. It inhibits type I IFN NF-«B signaling pathways, provid-
ing a mechanism through which MERS-CoV can evade innate immunity [14, 26]. In
addition, the MERS-CoV replicase nonstructural proteins (nspl, nsp3, and nspl4)
have been shown to interfere with innate immune signaling pathways through differ-
ing mechanisms [19, 27, 28]. In short, MERS-CoV has developed various mechanisms
to evade the host immune system [29].

3. MERS-CoV infections and outbreaks

Between September 2014 and January 2015, a MERS-CoV outbreak resulting in
38 cases and 21 deaths was reported in Taif, Saudi Arabia. Clinical and public health
records showed that 13 patients were healthcare personnel (HCP) and 15 patients,
including 4 HCP, were associated with 1 dialysis unit. Serological studies done on
three additional HCP in the same dialysis unit showed a positive report for MERS-
CoV infection. Viral RNA was then measured from serum specimens of 15 patients
in the acute phase, and full spike gene-coding sequencing was obtained from 10
patients, forming an unrelated cluster where sequences from 9 patients were closely
related. Contrastingly, similar gene sequences among patients not linked by time or
location suggest unidentified route of viral transmission. In short, circulation persists
in multiple healthcare settings over an extended period, underscoring the importance
of strengthening MERS-CoV surveillance and infection control practices [30].
Between May and July 2015, a large outbreak of MERS-CoV infection occurred
in South Korea, which resulted from a traveler returning from the Middle East.
This outbreak led to 186 confirmed cases in the country due to a primary case [31].
Patient 1 was diagnosed at Samsung Medical Center after transmitting the virus to
several healthcare facilities. Patient 14 was exposed to Patient 1 outside the hospital

48



Middle East Respiratory Syndrome Coronavirus Outbreaks
DOI: http://dx.doi.org/10.5772/intechopen.108574

and sought medical attention at the institution without knowing his infection status.
Therefore, the experience gained from South Korea’s first MERS-CoV case and a case
following single-patient exposure in an emergency room showed the importance of
investigating the epidemiology of MERS-CoV infection in a crowded areas such as an
emergency room for the potential presence of super-spreaders [2].

4, MERS-CoV clinical features

MERS-CoV affects both upper and lower respiratory tracts in humans and may lead
to complications ranging from renal failure to death. The symptoms in a patient with
MERS-CoV are fever, sore throat, runny nose, and muscle ache. Some of the cases have
developed to severe diseases by progression to acute respiratory distress syndrome. In
severely ill patients, X-rays and other scans showed multilobar airspace disease [32].

Extra-pulmonary manifestations are common in severe cases; 30% of critical cases
had gastrointestinal symptoms like nausea, vomiting, and diarrhea. Kidney disease
has been reported for about 50% of critical MERS-CoV cases. Laboratory results
showed leukopenia, lymphopenia, anima, and thrombocytopenia. Also, partial to
moderate increase in amino transferase level is usual in MERS-CoV infection [32].

Herein we present the cases of two immunocompromised patients with MERS-CoV.
In April 2013, two MERS-CoV cases were reported following nosocomial transmis-
sion from one patient to the other in a French hospital. Patient 1 visited Dubai, while
patient 2 lived in France and had not traveled abroad. Both patients presented with
fever, chills, and myalgia; however, patient 1 also complained of diarrhea. Respiratory
status deteriorated, leading to acute respiratory failure requiring mechanical ventila-
tion and extracorporeal membrane oxygenation (ECMO), and both patients expe-
rienced acute renal failure. MERS-CoV RNA was detected in lower tract specimens
from both patients using reverse transcriptase polymerase chain reaction (RT-PCR)
(e.g., cycle threshold [CT] values of 22.9 for upE and 24 for Orfla from patient 1; CT
values of 22.5 for upE and 23.9 for Orfla from patient 2), whereas nasopharyngeal
swab specimens were weakly positive or indeterminate. The patients shared a room for
3 days, and the incubation period was estimated to be 9-12 days for the second case.
Patient 1 died on May 28 due to refractory multiple organ failure [33].

Another MERS-CoV case was presented in an old man with multiple myeloma.

On March 8, a 73-year-old patient from Abu Dhabi developed flu-like symptoms
with fever and a non-productive cough. He was admitted to the Mafraq Hospital in
Abu Dhabi and was diagnosed with pneumonia. He was then intubated on day 9 due
to progressive hypoxia and acute respiratory distress syndrome (fraction of inspired
oxygen, 60%; positive end-expiratory pressure, 10 cm H,0). The patient received
intensive antimicrobial treatment with meropenem, levofloxacin, vancomycin,
caspofungin, acyclovir, and oseltamivir during his stay in the ICU without major
improvement of his pulmonary function. The patient was then transferred to the
Klinikum Schwabing on March 19, 2013. Of note, relatives reported that the patients
owned camels. He was diagnosed with multiple myeloma in 2008 and received several
lines of treatment in the past few years, including high-dose chemotherapy with
autologous stem cell transplantation in 2009. In November 2012, the patient had a
relapse of multiple myeloma and was treated with lenalidomide and dexamethasone.
During his stay in Munich, thrombocytopenia was observed. Interestingly, thrombo-
cytopenia was also reported in early cases of MERS-CoV infection [4] including two
of the four patients from a family cluster in Saudi Arabia [34] and two cases reported
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in France [33]. The patient then developed renal insufficiency on day 14 requiring
dialysis. Despite continuous invasive ventilation and antibiotic treatment, the health
status of the patient worsened, and he died on day 18 due to septic shock with signs of
hemolysis and acute coagulation disorder [35].

On September 14, 2012, the United Kingdom Health Protection Agency (HPA)
Imported Fever Service was notified of a case of unexplained severe respiratory ill-
ness in an ICU in London. The patient was a 49-year-old man who had recently been
transferred from Qatar and had a travel history to Saudi Arabia. He developed mild
undiagnosed respiratory illness while visiting Saudi Arabia in August 2012, which
was fully resolved. On September 3, he presented to a physician in Qatar with cough,
myalgia, and arthralgia and was prescribed oral antibiotics. Five days later, he was
admitted to Qatar Hospital with a fever of 38.4°C and hypoxia (saturation of 91% in
room air). Chest X-ray revealed bilateral lower-zone consolidation, and the patient
required intubation and ventilation and was then transferred to London via air
ambulance. The patient was clinically unstable and required manual ventilation dur-
ing the transfer. On admission to the ICU in London, he remained severely hypoxic
with arterial oxygen partial pressure of 6.5 kPA on 100% oxygen with optimized
pressure ventilation. He required low-dose norepinephrine to maintain blood pres-
sure. C-reactive protein was high (350 mg/L), and creatinine was high (353 pmol/L),
with normal liver function and coagulation. The patient was treated with corticoste-
roids and broad-spectrum antibiotics, including meropenem, clarithromycin, and
teicoplanin. Colistin and liposomal amphotericin B were later added. The patient’s
condition deteriorated with progressive hypoxia between September 11 and 20. His
C-reactive protein level peaked at 440 mg/L and procalcitonin level at 68 ng/ml. His
renal function also worsened, and hemofiltration was initiated on September 14.

He was then transferred to a specialist ICU, and ECMO was initiated on September
20 (day 17 of illness). On October 2, he remained stable but was fully dependent on
ECMO after 13 days (day 30 of illness) [36].

5. Diagnostic tests for MERS-CoV

MERS-CoV identification by diagnostic testing is crucial for tracking down cases
of MERS-CoV, selecting appropriate treatment modalities to improve patient health,
and lowering MERS-CoV symptoms and mortality rate. To date, RT-PCR is the
mainstay test to diagnose MERS-CoV. However, like other tests, it has some limita-
tions, including a long turnaround time and a lack of common measurements and
correlations with viral load (VL). Most laboratories determine only CT values—which
are inversely related to VL—to predict the viral concentration and disease progression
as well as serve as a cut-off marker for diagnosis. However, few studies have evaluated
the relationship between CT values and clinical severity [37]. Nevertheless, screening
for MERS-CoV by RT-PCR upstream of the envelope gene (upE) is recommended,
followed by confirming the presence of one of the following genes: open reading
frame 1A, 1B genes, or nucleocapsid (N) [38]. Serology testing is another method to
diagnose MERS-CoV.

Similar to other viruses, detecting antibodies and antigens by molecular methods
may sometimes lag behind detecting the viral genome. To date, kinetics of antigen
production in nasopharyngeal samples have not been studied. Moreover, viral anti-
bodies usually appear 10 days after illness onset and are further delayed in severely ill
patients requiring mechanical ventilation [39].
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An enzyme-linked immunosorbent assay (ELISA) capture assay that can detect
NP antigens of MERS-CoV virus in nasopharyngeal samples has been recently
developed [40]. The assay is highly sensitive (detecting MERS-CoV-NP of less than
1 ng/mL) and specific (specificity of 100%) for MERS-CoV and can also be used
in animals. Song et al. developed a rapid immunochromatographic assay to detect
MERS-CoV nucleocapsid protein from camel nasal swabs, with a sensitivity of 93.9%
and specificity of 100%. This assay is promising and worthy of replication in both
camels and humans; however, antigen detection assays are not widely available.
Nevertheless, this type of assay is valuable for ruling infections in or out.

Perera et al. [41] produced and optimized a microneutralization test to detect
specific antibodies for MERS-CoV. Serial dilutions of serum sample were incubated
with the Vero cellssyMERS-CoV virus, and after 3-day incubation at 37°C, the antibody
titers were scored based on virus cytopathic effect (CPE). Also, they developed a
MERS-CoV spike pseudoparticle neutralization test [41], in which HIV/MERS spike
pseudoparticles were used to infect Vero E6 cells. After 2 days, infected cells were
lysed and antibodies that resulted in 90% luciferase reduction were reported as the
ppNA antibody titer. As opposed to virus neutralization test, the pseudoparticle
neutralization assay does not require biosafety level-3 (BSL3) containment.

An indirect immunofluorescent antibody assay to detect MERS-CoV antibodies was
carried out using either whole virus in Vero cells [42, 43] or Vero cells transfected with
MERS-CoV spike or nucleocapsid proteins [42]. ELISA utilizing S1 protein was also
used to investigate the epidemiology of viral exposure [44]. To date, no studies have
compared ELISA to either immunofluorescences assay (IFA) or neutralization assays.

Western blotting has been previously used to confirm antibody specificity to other
viruses, such as SARS-CoV [45]. In addition, western blotting assays are needed to
confirm antibody specificity in MERS-CoV, which can be in the form of genetically
engineered specific MERS-CoV antigens blotted on the membrane.

Overall, MERS-CoV diagnostic testing and molecular techniques are the first-line
methods used to confirm MERS-CoV infections. RT-PCR or sequencing of lower respira-
tory samples (tracheal aspirates and bronchoalveolar lavage samples) are recommended
for viral detection. Thus, serological testing is a valuable tool to confirm suspected
MERS-CoV cases; however, the virus cannot be detected in respiratory samples [46].

6. Prevention and treatment of MERS-CoV

Documenting the source of infection is key to preventing viral spread of MERS-
CoV. Outbreaks are caused by viral transmission within healthcare settings facilitated
by overcrowding, poor compliance with basic infection control measures, unrec-
ognized infections, super-spreaders, and poor triage. However, actual contributing
factors leading to MERS-CoV infection have not yet been systematically studied, but
viral, host, and environmental factors are suggested to play major roles.

MERS vaccines can induce humoral and cellular immune responses. Specifically, a
suitable MERS vaccine must induce a strong humoral immune response and, depend-
ing on the immunization route, activate B cells to produce systemic IgG and secretory
IgA antibodies that bind to the virus and mediate systemic and mucosal responses
[47-49], respectively. Serum IgA is also induced upon vaccination, particularly
through the mucosal or intranasal routes [48]. The antibodies then neutralize MERS-
CoV infection by blocking viral binding of the cell via the cellular receptor dipep-
tidyl-peptidase 4 (DPP4) and thus inhibiting cell entry [50, 51]. B cells can become
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antigen-specific memory B cells that can further boost immunization and induce
rapid recall antibody responses [52]. However, this outcome has not been extensively
studied in MERS-CoV vaccines.

Non-human primate (NHP) models were initially established as effective vehicles
for MERS-CoV infection and vaccine evaluation; however, no vaccine against MERS-
CoV is currently available for human use. Nevertheless, progress has been made
since the emergence of the MERS-CoV in 2012. Unlike the SARS vaccines, which are
developed based on attenuated or inactivated SARS-CoV and can potentially recover
virulence factors [53-57], recombinant MERS-CoV vaccines can be developed based
on recombinant viral particles using reverse genetics. For instance, a recombinant
MERS-CoV with specific mutations is produced using a panel of contiguous cDNAs
covering the whole viral genome and propagated to high titers in different tissue types.
Additionally, an engineered mutant MERS-CoV that lacks the structural protein E was
rescued and replicated in cells expressing the viral E protein [17, 18]. Using reverse
genetics, developing replication-competent and propagation-defective MERS-CoV
candidate vaccines that can provide a platform for designing live-attenuated MERS-
CoV vaccines becomes possible. However, as recombinant MERS viruses contain major
viral components and virulence factors, safety concerns need to be addressed, and their
efficacy requires further assessment in appropriate animal models.

6.1 Viral-vector-based MERS vaccines

MERS vaccines can also be developed using viral vectors that express main MERS-
CoV proteins, including the S proteins. As such, several MERS vaccine candidates
have been produced and evaluated for immunogenicity in hDPP4-expressing mouse
models and camels [47, 58-60].

Ad5 or Ad41 vectors expressing full-length S or S1 protein of MERS-CoV induce
S-specific antibody and/or T-cell response in a mouse model via the intramuscular (IM)
or intragastric route, effectively neutralizing MERS-CoV infection in vitro [58, 61].

In addition, IM or subcutaneous vaccination of mice with an MVA-based full-length

S vaccine elicited the MERS-CoV challenge. Intranasally or intramuscularly adminis-
tered MVA-S vaccine also induced mucosal immunity in camels, causing a significant
decrease of excreted infectious viral RNA transcripts after MERS-CoV challenge.
Similarly, a recombinant MV-based MERS vaccine expressing full-length or truncated

S protein of MERS-CoV induced significant MERS-CoV, neutralizing antibodies and
T-cell response, protecting mouse transducers with hDPP4 from the MERS-CoV chal-
lenge [62]. Although viral-vector-based vaccines can produce strong immune responses
and/or protection, they may have unwanted safety and potency limitations.

6.2 Nanoparticle-based MERS vaccines

Nanoparticles can be used as delivery vehicles for MERS vaccines. The MERS-CoV
full-length S protein can be prepared and purified from pellets of infected baculovirus
insect cells. In the absence of adjuvants, nanoparticles induce a low level of MERS-
CoV neutralizing antibodies in mice. However, by adding adjuvants such as alumi-
num hydroxide (Alum) or matrix M1, neutralizing antibodies become significantly
increased and maintained. In addition, matrix M1 promotes increased production of
neutralizing antibodies compared to alum [63]. Thus, adjuvants are required for MERS
nanoparticle vaccines to promote immunogenicity. However, the efficacy and protec-
tion of this vaccine type have not yet been evaluated in MERS-CoV challenge models.
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6.3 DNA prime/protein-boosted MERS vaccines

DNA priming followed by protein boosting could be used to develop MERS
vaccines and subsequently expand DNA immunogenicity and efficacy. In this com-
bined vaccination plan, DNA was constructed to encode the full-length MERS-CoV
S protein, while the protein was expressed as the viral S1 subunit [64]. Studies have
demonstrated that IM/electroporation priming of full-length S DNA and IM boost-
ing of S1 protein of MERS-CoV with Ribi or alum (aluminum phosphate, AIPO4)
adjuvant in mice and rhesus macaques induced robust neutralizing antibodies against
MERS-CoV infection, conferring the protection of NHPs against MERS-CoV-induced
radiographic pneumonia. However, the potential for vaccine-induced immune
pathology needs to be investigated further.

6.4 Subunit MERS vaccines

Protein-based subunit vaccines against MERS-CoV have also been developed [49,
50, 65, 66]. While some subunit vaccines are designed based on the full-length S1 pro-
tein [64], most are based on viral RBD [49, 50, 65-67]. RBD-based vaccines have been
evaluated for immunogenicity and protection in several MERS-CoV animal models,
including hDPP4-transduced and hDPP4-Tg mice, as well as in NHPs [65-70]. The
antigenicity and functionality of RBD proteins have also been extensively investigated.

Subunit vaccines do not induce the immune system as strongly as the other previ-
ously mentioned vaccines. However, the immunogenicity of subunit vaccines can be
significantly enhanced by adding an ideal adjuvant via the appropriate route [48, 69].
In addition, maintaining a suitable conformation of the protein antigens in the vaccine,
such as MERS-CoV RBD proteins [49, 50], is essential.

Subunit vaccines are the safest vaccine type since they do not contain viral genetic
material. They are composed of antigens essential for developing protective immune
responses, thus excluding the possibility of recovering virulence or inducing adverse
reactions [71-73]. In contrast to vaccines based on the full-length S or S1 protein,
RBD-based MERS subunit vaccines contain major neutralizing epitopes and lack non-
neutralizing immunodominant domains; thus, they possess minimal risk of inducing
non-neutralizing antibodies that can potentially lead to harmful immune responses or
enhancement of virus infection [49, 74, 75]. This review aimed to provide guidelines
for the development of effective and safe MERS vaccines.

7. Conclusion

With every passing years, our knowledge of MERS-CoV virus is improving; fewer
cases of MERS-CoV have been reported as more studies improve our understanding
of the virus. Appropriate diagnostic testing such as RT-PCR, documenting causes
of viral outbreaks, and developing infection control units in every hospital have
played key roles in hindering viral spread and preventing MERS-CoV from becoming
endemic in humans, also lowering the risk of human infection by controlling animal-
to-human transmission of the virus by vaccinating animals to prevent any transmis-
sion. There are studies that support developing potential therapies and vaccines to
prevent infections [32].
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Abstract

COVID-19, Middle East respiratory syndrome (MERS), and SARS are three severe
pandemics linked to novel coronaviruses that have so far impacted people in the
twenty first century. These acute respiratory tract infections (ARTIs) are brought
on by viruses that are all exceedingly contagious and/or have caused large mortality.
On January 7, 2020, a patient in Wuhan, China, with pneumonia-like symptoms had
a novel coronavirus found in lung fluid. In 1980, the smallpox disease was formally
deemed extinct worldwide. The cause of smallpox is unknown. The discovery of
smallpox-like lesions on Egyptian mummies indicates that the illness has existed for
at least 3000 years. The Ebola virus, a member of the filovirus family that affects both
humans and other primates, causes the severe illness known as Ebola virus disease
(EVD). The idea that swine influenza was a sickness related to human flu was origi-
nally put forth when pigs were ill during the 1918 flu pandemic at the same time as
humans. Because viruses vary in their structural, anatomical, and molecular makeup,
distinct viral diseases can be detected or tested using different methodologies,
procedures, or diagnostic tools. Viral vaccines come in a wide variety of varieties in
the pharmaceutical industry. From a medical perspective, several treatments are used
for various viral illnesses.

Keywords: COVID-19, flu, testing, outbreak, treatment, Indian context, pandemics,
Ebola virus disease

1. Introduction

COVID-19, Middle East respiratory syndrome (MERS), and SARS are three severe
pandemics linked to novel coronaviruses that have so far impacted people in the
twenty first century. These acute respiratory tract infections (ARTIs) are brought
on by viruses that are all exceedingly contagious and/or have caused large mortality.
Another zoonotic novel coronavirus with the name severe acute respiratory syndrome
coronavirus 2 is the cause of the recently identified COVID-19 sickness, a highly
contagious viral infection (SARS-CoV-2). Similar to the other two coronaviruses like
SARS-CoV-1 and MERS-CoV, SARS-CoV-2 is most likely to have originated from bats,
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which have long served as established reservoirs for a range of lethal coronaviruses
[1]. In December 2019, there were several reports of individuals in the province of
Hubei who were admitted to hospitals with a brand-new illness characterised by
pneumonia and respiratory failure and brought on by a novel coronavirus (SARS-
CoV-2) (China). On February 11, 2020, the World Health Organization (WHO) iden-
tified this agent as the COVID-19 causal agent. 2019 (Coronavirus Disease). Despite
the use of significant containment measures, the disease later spread to other Asian
countries, the Middle East, and Europe. On March 11, Tedros Adhanom Ghebreyesus,
the director general of the WHO, said that COVID-19 was a pandemic [2, 3].

Numerous studies show that after the coronavirus infection (COVID-19) out-
break, anxiety around it has significantly increased. To measure COVID-19 fear, a
number of questionnaires have been developed concurrently. The several questions
could cover a wide range of subjects, and COVID-19 dread is not necessarily a widely
accepted idea. We conducted structural equation modelling and network analysis on
four scales in an online convenience sample to examine the underlying structure of
COVID-19 fear [4].

It is more crucial to comprehend the organisation and structure of conspiracy
theories and misleading information about the COVID-19 epidemic in order to coun-
teract the harm that these dubious claims pose as the pandemic spreads. We found
distinct belief clusters when surveying Americans on their views on 11 of these ideas.
These belief clusters correlated with various individual-level traits (like support for
Trump and mistrust of scientists) and behavioural intentions (like taking a vaccine or
participating in social activities) [5].

The rapid development of diagnostics for the novel virus was made possible by the
genome assembly and release of the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) in January 2020. Due to this, the largest global testing programme in
history was launched and has since tested hundreds of millions of people. The mas-
sive amount of testing has stimulated innovation in the techniques, instruments, and
theories that direct public health testing [6].

Physical isolation has been recommended as one of the most effective techniques
to inhibit the transmission of COVID-19 before a vaccine or efficient therapy is cre-
ated. How far people can be physically apart depending on both population density
and behavioural characteristics. Most models developed to predict the spread of
COVID-19 in the US do not explicitly take population density into account [7].

The Centres for Illness Control and Prevention developed and conducted the
initial test as a result of the novel coronavirus severe acute respiratory syndrome
coronavirus 2 producing coronavirus disease 2019 cases in the United States. The
Centres for Disease Control and Prevention had to use the Emergency Utilization
Authorization to allow both university and commercial labs to develop assays for
determining the virus’ existence as the number of cases increased and the neces-
sity for testing increased. Several nucleic acid assays were developed on the basis of
RT-PCR, each with its own techniques, specifications, and turnaround times. The
pandemic-like spread of the illnesses made testing even more crucial. Prioritisation
was required in accordance with instructions because the test supply ran out before it
could satisfy demand [8].

Due to the breakdown of global cooperation and a lack of international solidar-
ity, several low- and medium-income countries have been refused access to clinical
tools in the COVID-19 pandemic response. Despite the availability and scalability of
fast immunodiagnostic testing, knowledge of the dynamics of the immune response
associated with infection is lacking [9].
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The US has given ongoing emphasis to the value of testing in decreasing and sup-
pressing the spread of the severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2). Due to problems with test validation at the Centres for Illness Control
and Prevention, testing was put off after the first case of coronavirus disease 2019
(COVID-19) was identified in the US in mid-January 2020 [10, 11].

The coronavirus disease (COVID-19) pandemic has shifted the focus of the global dis-
cussion about how to end the epidemic to the clinical lab and SARS-CoV-2 tests. Clinical
laboratories have developed, approved, and used a variety of molecular and serologic
assays to look for SARS-CoV-2 infection as a result. This has been essential for identifying
cases, directing isolation decisions, and controlling the transmission of disease [12].

2. History
2.1 History of COVID-19

On January 7, 2020, a patient in Wuhan, China, with pneumonia-like symptoms
had a novel coronavirus found in lung fluid. On January 10, 2020, the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) assembled reference genome was
revealed, and the first diagnostic tests to detect the virus were made available 2 weeks
later. Since hundreds of millions of people have been tested for SARS-CoV-2, there has
been a great deal of interest in and debate regarding diagnostic theories and procedures.
In Wuhan, China, the first SARS-CoV-2 infections were found. It is still uncertain how
the virus initially infected humans and if it turned into a pathogen before to or follow-
ing the spillover incidence. The fifth known pandemic since the 1918 flu pandemic was
caused by the uncommon human coronavirus disease of 2019 (COVID-19), which was
originally discovered in Wuhan, China, in 2019. More than 200 million confirmed cases
and more than 4.6 million fatalities had been reported as of September 2021, around
2°years after COVID-19 was first discovered. In this article, we present a thorough
examination of the development of COVID-19, from the first case ever reported to the
most recent efforts to stop the disease’s global spread through vaccine campaigns. The
World Health Organization (WHO) in Wuhan, China, received reports of pneumonia
episodes on December 31, 2019, and as a result, the first COVID-19 cases were found.
On January 7, the Chinese government determined that these instances were brought on
by the 2019-nCoV, a brand-new coronavirus. A few weeks later, on January 30, 2020,
the WHO deemed the fast expanding COVID-19 epidemic a Public Health Emergency
of International Concern. The new coronavirus wasn't officially given a name until
February 11th, when COVID-19 was assigned. The first instances of COVID-19 were
discovered after reports of pneumonia episodes were received by the World Health
Organization (WHO) in Wuhan, China, on December 31, 2019. The rapidly spread-
ing COVID-19 epidemic was classified as a Public Health Emergency of International
Concern by the WHO a few weeks later, on January 30, 2020. On February 11th,
COVID-19 was given as the novel coronavirus’s official name [1, 13-17].

2.2 History of smallpox

The cause of smallpox is unknown. The discovery of smallpox-like lesions on
Egyptian mummies indicates that the illness has existed for at least 3000 years. The
first written account of a disease akin to smallpox was produced in China during the
fourth century CE (Common Era). India saw one of the worst smallpox epidemics
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of the twentieth century in 1974, 3 years before smallpox was completely eradicated.
More than 15,000 people contracted smallpox and died as a result between January
and May 1974. West Bengal, Bihar, and Odisha are three Indian states where the
majority of the fatalities occurred. There were many thousands of people who were
still alive but were either blind or deformed. India reported 61,482 smallpox cases

to the World Health Organization (WHO) during these 5 months. In 1974, India

was home to over 86% of all smallpox cases in the globe, primarily as a result of this
pandemic. On May 24, 1975, a smallpox patient was found in India, and by January
1975, an operation known as “Target Zero” had been started in an effort to eradicate
all remaining cases. In 1980, the smallpox disease was formally deemed extinct
worldwide. Despite the fact that this programme was first introduced in 1958, it did
not move swiftly because of disagreements between the WHO and the Indian govern-
ment on logistics. Progress was only truly accomplished after the WHO was reor-
ganised in the middle of the 1960s in India. Donald Henderson, a U.S. Public Health
Services Officer in New Delhi, said that “If this attention and concern can last for the
foreseeable future, smallpox will be eliminated. Everything seems to be in working
order, though we don’t think we’re being overconfident. By June 1975, we hope to have
eradicated smallpox in Asia” [18-23].

2.3 History of Ebola

History of the disease. The Ebola virus, a member of the filovirus family that
affects both humans and other primates, causes the severe illness known as Ebola
virus disease (EVD). The illness almost simultaneously spread to the Democratic
Republic of the Congo (DRC) and Sudan in 1976 (now South Sudan). An EVD
outbreak was reported in the Beni Health Zone in North Kivu Province on October 8,
the DRC’s Ministry of Health reported. Three suspected cases were later discovered in
September 2021, and other cases in the same health zone were eventually confirmed.
Sequencing results revealed a connection to the outbreak that struck the same area
in 2018-2020, demonstrating that an EVD survivor’ chronic infection was most
likely the root cause of this outbreak. On December 16, 2021, 42 days after the final
confirmed patient was removed from care, the 13th EVD outbreak in the DRC was
ruled to be over legally. The Democratic Republic of the Congo’s Ministry of Health
(MOH) revealed on February 7, 2021 that an Ebola virus disease (EVD) case had been
identified in North Kivu Province’s Biena Health Zone. Later incidents were veri-
fied. EVD was present in North Kivu prior to the largest Ebola outbreak in the DRC’s
history, which occurred from 2018 to 2020 and was declared over on June 25, 2020.
According to sample sequencing, cases from the 2018 to 2020 outbreak are connected
to patients in this pandemic. It is likely that these cases resulted from sexual transmis-
sion of the virus or from a survivor who relapsed with a chronic infection. On May 3,
2021, the outbreak was determined to be over. On June 1, 2020, the DRC government
announced a fresh Ebola outbreak in Mbandaka, Equateur Province of western DRC.
The DRC government received technical support from international partners includ-
ing the CDC to aid in response operations. This outbreak, the eleventh to hit the DRC,
started as the tenth was still rapidly expanding over the east of the country. The DRC
government announced the 10th Ebola epidemic on August 1 in the nation’ eastern
North Kivu province. Instances were also reported in the provinces of South Kivu and
Uganda. In order to coordinate efforts and offer technical advice regarding laboratory
testing, contact tracing, infection control, border health screening, data management,
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risk communication and health education, vaccination, and logistics, the CDC
worked with the DRC government, neighbouring nations, local and international
partners. A number of probable Ebola virus disease (EVD) cases were reported in the
Likati health zone in the province of Bas Uele on May 11 by the Democratic Republic
of the Congo’s Ministry of Public Health, which also alerted other international public
health organisations to the situation. Eight suspected instances, including two fatali-
ties, were listed in the original report. On May 12, there was word of a third fatality.
Two samples proved positive for Ebola Zaire during testing by the Institute National
de Recherche Biomédicale (INRB) in Kinshasa. Health’s epidemiologic, diagnostic,
clinical, and communication efforts to contain the outbreak were supported by
teams from international organisations like the CDC, WHO, MSF (Doctors without
Borders), and others. The outbreak solely impacted the western province of Equator,
even though it spread to several villages close to the town of Boende. The Ebola virus
strain that caused it, meanwhile, was quite similar to the one that was responsible for
the outbreak in Kikwit in 1995. This outbreak had nothing to do with the significant
outbreak that was happening concurrently in West Africa. The probable death of

an EVD patient was reported by the Uganda Ministry of Health on May 6, 2011. The
Uganda Virus Research Institute’s newly created CDC Viral Haemorrhagic Fever lab
quickly identified the Ebola virus in a blood sample (UVRI). This outbreak was con-
tained in part by the ability to quickly confirm the presence of the Ebola virus through
laboratory testing carried out in-country, the clinical staff’s early, strong suspicion of
hemorrhagic fever, the appropriate use of personal protective equipment and barrier
methods to safeguard hospital staff, and the ability to quickly stop the spread of the
virus [24-28].

2.4 History of swine flu

The idea that swine influenza was a sickness related to human flu was originally
put forth when pigs were ill during the 1918 flu pandemic at the same time as
humans. The first influenza virus was found to be the cause of illness in pigs around
10°years later, in 1930. The World Health Organization (WHO) categorised the 2009
swine flu pandemic, which was brought on by the HIN1 influenza virus and lasted
from June 2009 to August 2010, as the third recent pandemic caused by the HIN1
virus (the first being the 1918-1920 Spanish flu pandemic and the second being the
1977 Russian flu). According to two separate US investigations, the first two occur-
rences were discovered in April 2009. A prior triple reassortment of human, swine,
and avian flu viruses combined with an additional Eurasian pig flu virus to produce
what initially looked to be a novel strain of the HIN1 virus, giving rise to the term
“swine flu” [29-32].

3. Structure
3.1 Corona virus composition

The lengthy RNA polymers that are tightly packed into the centre of coronavirus
particles are encased in a protective capsid, which is a lattice of repeating protein mol-

ecules called the coat or capsid proteins. In coronaviruses, these proteins are referred
to as nucleocapsids (N) [33, 34].
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3.2 The smallpox virus’s structure

The variola virus, a large double-stranded DNA pathogen with a shape akintoa
brick, is serologically reactive with other members of the poxvirus family, including
camel pox, vaccinia, cowpox, and ectromelia. Unlike other DNA viruses, the variola
virus replicates in the cytoplasm of parasitized host cells [35, 36].

3.3 Ebola virus’s structure

The Ebola virus (EBOV), a member of the family Filoviridae and genus
Ebolavirus, has seven genes in its non-segmented, single-stranded RNA: (a) nucleo-
protein (NP), (b) viral protein 35 (VP35), (c) VP40, (d) glycoprotein (GP), (e) VP30,
(f) VP24, and (g) RNA polymerase (L) [37, 38].

3.4 The swine flu virus’s structure (H1N1)

The RNA genome of the HIN1 influenza virus is around 13.5 kb in size, and its
virions range in size from 80 to 120 nm. Hemagglutinin (HA) and neuraminidase,
two envelope proteins (NA), are the 11 different proteins that are encoded by each of
the eight segments that make up the swine influenza genome [39-41].

4. Spreading
4.1 How is the Corona virus transmitted?

When an infected person coughs, sneezes, or speaks, droplets or microscopic
particles known as aerosols are emitted from their mouth or nose, dispersing the virus
into the atmosphere. Anyone within 6°feet of that individual can breathe it into their
lungs. Communication by air. The virus can hang about in the air for up to 3°hours,
according to study [42-44].

4.2 The smallpox virus: How does it spread?

Smallpox spreads via contact with infected individuals. Smallpox is frequently
spread from person to person by prolonged, direct face-to-face contact. Smallpox can
also spread by contact with contaminated objects, such as contaminated bedding,
clothing, or human fluids [20, 45, 46].

4.3 How does the Ebola virus circulate?

The only method to get Ebola is by direct contact with blood or other bodily fluids
(such vomit, diarrhoea, urine, breast milk, sweat, or semen) from an infected person
who is displaying Ebola symptoms or has recently passed away from Ebola [47, 48].

4.4 HIN1 spreads in what way?

The H1N1 virus spreads similarly to seasonal flu, according to the CDC. Droplets
from an infected person’s cough or sneeze, as well as touching something they recently
touched and then contacting your eyes, mouth, or nose can all spread the flu [49, 50].
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5. Testing
5.1 The COVID-19 test

If you are currently infected with SARS-CoV-2, the virus that causes COVID-
19, a viral test will look at samples taken from your mouth or nose. The two main
types of viral tests are nucleic acid amplification tests (NAATs) and antigen testing.
Depending on the circumstance, one test type may be recommended over another.
All tests should adhere to the FDA’ regulations. A laboratory setting is used for the
majority of NAATS, including PCR-based testing. They are frequently the most reli-
able tests, regardless of whether a person has symptoms or not. These tests identify
virus genetic material, which may stay in your body for up to 90 days after a positive
test result. As a result, you should not utilise an NAAT if you had a positive test within
the past 90 days. Antigen test results are available in 15-30 minutes. They are less reli-
able than NAATS, especially for people who do not show symptoms. A single, negative
antigen test result cannot exclude an infection. For the best probability of identifying
infection after a negative antigen test, the test should be repeated at least 48 hours
later (known as serial testing). On rare occasions, a second NAAT may be suggested to
confirm the outcomes of an antigen test [6, 51, 52].

5.2 How is the small pox identified?

Smallpox can be identified based on the patient’s clinical signs and symptoms. The
condition can be positively identified by extracting the virus from lesions or blood
and by checking for viral-specific antibodies in the blood [9, 53].

5.3 Virus testing for Ebola

After symptoms manifest, blood can be tested for the Ebola virus. Up to 3 days
after the initial signs and symptoms arise, the virus may not be visible. Polymerase
chain reaction (PCR) is one of the most often used diagnostic procedures because it
can detect extremely low amounts of the Ebola virus [54-56].

5.4 HIN1 swine flu testing

Polymerase chain reaction (PCR) testing is becoming more common in many
hospitals and labs. This test could be administered to you while you are in the hospital
or at the doctor’s office. PCR testing, which is more sensitive than other techniques,
can be used to identify the flu strain [57-59].

6. Treatment
6.1 Treatment for COVID-19

Turn off the patient in a well-ventilated space. Utilise a triple-layered medical
mask, and after 8 hours, discard it (or sooner if it becomes moist or obviously dirty).
If a caregiver enters the room, the patient and the caregiver could consider donning
N 95 masks. The mask must first be sterilised with 1% sodium hypochlorite before
being discarded. Take a rest and drink enough of drinks to maintain proper hydration.
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Always use appropriate breathing strategies. Use an alcohol-based product to disinfect
your hands after regularly washing them for at least 40 seconds with soap and water.
Give no access to your personal goods to family members. Ensure that a 1% hypochlo-
rite solution is used to clean the area’s commonly touched surfaces, such as tabletops,
doorknobs, and handles. Check the temperature every day. To check oxygen satura-
tion, a pulse oximeter should be used every day. Contact your medical physician right
away if you notice any worsening of your symptoms [60, 61].

6.2 Treatment for smallpox

To stop an outbreak of smallpox, health officials would use vaccines. There is
currently no known cure for smallpox in humans, despite the fact that some antiviral
drugs may help with treatment [62, 63].

6.3 Therapy for Ebola

Delivering fluids and electrolytes (body salts) intravenously or orally
(intravenously). taking medication to control fever, reduce nausea and vomiting,
stabilise blood pressure, and relieve pain. Treating any further infections that
may develop [64, 65].

6.4 Therapy for swine flu

Some of the antiviral drugs used to treat seasonal flu can also be used to treat
H1N1 swine flu. The three antivirals zanamivir (Relenza), peramivir (Rapivab), and
oseltamivir (Tamiflu) tend to be the most effective ones; nevertheless, oseltamivir is
ineffective against some swine flu strains. These drugs might help you recover more
quickly [32, 66].

6.5 COVID-19 vaccines vaccination

To avert this pandemic, a large segment of the population must be immune to the
virus. The safest method to do this is through immunisation. In the past, vaccines
have been a common method employed by humans to lessen the prevalence of infec-
tious diseases that are lethal. A number of research teams stepped up to the plate and
developed SARS-CoV-2 vaccines when the pandemic began less than a year ago. The
aim now is to make these vaccines available to people everywhere. It will be vital that
everyone receives the appropriate protection, not only those in wealthy countries.

A COVID-19 vaccination, especially a booster, effectively protects recipients from
developing severe illness, necessitating hospitalisation, and even dying. The COVID-
19 vaccine is safe—much safer than getting COVID-19 from a person. People who
have received the COVID-19 vaccine may benefit from additional protection from the
vaccine, such as protection from having to stay in the hospital for a future infection.
Similar to vaccines for other diseases, people are most protected when they receive the
recommended number of doses plus boosters [67-69].

The U.S. Food and Drug Administration (FDA) has approved the smallpox vaccine
ACAM?2000°®, (Smallpox [Vaccinia] Vaccine, Live), a replication-competent vaccine,
for use in those who have been identified as having a high risk of getting smallpox.
India had smallpox vaccination in 1904-1907 [70, 71].
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6.6 Ebola virus illness vaccine

The Ebola Zaire Vaccine, Live, also known as V920, rVSV-G-ZEBOV-GP, or rVSV-
ZEBOV, has been licenced by the U.S. Food and Drug Administration (FDA) for use in
preventing Zaire ebolavirus disease in adults 18 years of age and older as a single dose
administration [72-75].

6.7 Swine flu vaccine

The use of one dose of the 2009 HIN1 influenza vaccine has been authorised by
the U.S. Food and Drug Administration (FDA) for people 10 years of age and older. It
is recommended that children between the ages of 6 months and 9 years receive two
doses of the immunisation. These two dosages should be separated by 4°weeks. The
swine flu vaccine is reliable and secure. Nevertheless, a large number of people who
were not at risk of contracting the virus had health problems as a result of the 1976
vaccine campaign. In contrast, the effective 2009 vaccination campaign helped to
stop the HIN1 influenza pandemic in 2010 [32, 76].

7. Indian context

The primary causes of morbidity and mortality in both humans and animals
continue to be infectious diseases, which has a significant financial impact on India’s
healthcare system. The country has had a number of epidemics and outbreaks of
infectious diseases. Major epidemic diseases including cholera, leprosy, malaria, and
plague have all traditionally been successfully controlled. Due to the country’s varied
geography, extreme geoclimatic fluctuations, and unequal population distribution,
viral disease dispersion patterns are uniquely displayed. The dynamic interconnec-
tions of biological, social, and ecological variables as well as unanticipated features
of the interaction between people and animals present additional challenges with
regard to the origins of infectious diseases. Understanding the impact of the condi-
tions required for the emergence and developing strengthened surveillance systems
that can lessen human suffering and mortality are just two of the significant problems
faced in the control and prevention of emerging and re-emerging infectious diseases.
The important emerging and re-emerging viral infections of public health signifi-
cance that have previously been incorporated into the Integrated Disease Surveillance
Programme have been reviewed in this article.

The cholera epidemic had a significant impact on British colonial India on
numerous occasions in the nineteenth century, including in the years 1817, 1829,
1852, 1863, 1881, and 1899, according to studies. Slum dwellers and the poor in
rural areas, primarily in Northern Indian provinces like Punjab, Delhi, and United
Provinces, made up the majority of the pandemic’s casualties (current Uttar Pradesh
and Uttarakhand). It gradually spread to nearby provinces, with the Madras presi-
dency in 1877 suffering the most. Instances were noted in 1899 in Calcutta, Madras,
and Bombay, three important provinces. The virus expanded to a number of coun-
tries following each epidemic, including the US, China, Arabia, Persia, and Russia.
In 1992, there was a major cholera outbreak on India’s southern peninsula. A cholera
outbreak that followed the Orissa floods of 2001 claimed the lives of 33 individuals
while infecting 34,111 others [77-79].
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7.1 Smallpox (1974)

A smallpox outbreak struck West Bengal, Bihar, and Orissa in 1974. About 85%
of all incidents that were reported globally were in India. In the worst smallpox
pandemic of the twentieth century, around 15,000 individuals perished. Thousands
of survivors suffered from blindness and deformities. The WHO launched the fight to
eradicate smallpox. In 1980, the WHO deemed it extinct [80-82].

7.2 Influenza (1918-1920)

The HIN1 influenza virus caused the deadly pandemic known as the Spanish Flu or
Spanish “Influenza,” which claimed the lives of 20-50 million people worldwide. The
flu first came in 1918, and the following year, in the fall, a second, more severe wave
of the illness reappeared and swept the globe. The second wave originated in Bombay,
India, and afterwards spread to Sri Lanka and the rest of the world. With an estimated
death toll of 10-20 million, India served as the pandemic’s mortality epicentre. One of
the reasons the outbreak subsided later was the weather in India. In humid settings,
the influenza virus cannot survive and cannot spread [83-85].

7.3 Polio (1970-1990)

India was affected by the polio epidemic between 1970 and 1990. India was the
developing country that was most badly damaged till the late 1990s. Post-polio
paralysis was widespread in children. Both urban and rural regions were severely
impacted. India was the source of 40% of all polio cases that have been reported
worldwide. Despite the fact that oral vaccinations were initially given there in the
1960s, India was declared polio-free in January 2011 [86].

7.4 Plague outbreaks (1994, 2002, 2004)

1994 saw a plague outbreak in Surat, Gujarat, however it was over in less than
2°weeks. The amazing panic it caused and the repercussions it had on the entire
planet, nevertheless, made it noteworthy. There were only 1000 reported incidents,
involving 53 fatalities. Panic and quarantine concern caused a population evacuation
and internal migration [87, 88].

7.5 Encephalitis in Japan (2005)

Japanese encephalitis is a flavivirus illness that injures the brain and causes swell-
ing that is transmitted by mosquitoes. The virus that is causing the sickness has genes
in common with viruses that cause dengue and yellow fever. 2005 saw 90 occurrences
in Bihar and 1145 cases from 14 districts in Uttar Pradesh. About 296 persons, or
one-fourth of all those impacted, passed away. Annual reports of encephalitis cases
are still common, mostly in the north (Uttar Pradesh) [89-91].

7.6 Chikungunya (2006)

In 2006, Chikungunya broke epidemic in India. Nationwide, there were almost 15
lakh recorded cases. The southern states of Gujarat, Madhya Pradesh, Maharashtra,
and the Andaman and Nicobar Islands reported the majority of the cases. It was found
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that Aedes mosquitoes carried the illness. Chikungunya-related deaths were under-
reported for a number of reasons. The outbreak was contained in part by eradicating
mosquito breeding grounds, implementing additional vector control measures,
promoting awareness, etc. A dengue outbreak occurred that same year, resulting in
10,344 cases and 162 fatalities [92, 93].

7.7 HIN1 flu (2010 and 2015) (2010 and 2015)

About 18,500 people died from H1IN1 flu, also referred to as swine flu, in 2010.
Over 27,000 confirmed cases, including 981 fatalities, were reported in India. With
30,000 cases nationally and 1731 fatalities, the flu made a comeback in 2015. The
worst affected states were Gujarat, Maharashtra, and Rajasthan [94, 95].

7.8 COVID-19

India has tallied more than 18,000 confirmed cases, 600 of which have been
linked to COVID-19-related fatalities. As of April 18, 2020, the COVID-19 death rate
in India was 3.3%, according to the Ministry of Health. More vulnerable individuals
include those who are older and/or have co-morbid disorders [96, 97].

8. Conclusions

Global social and economic conditions have been considerably disrupted by the
pandemic, leading to the worst recession since the Great Depression. Supply chain
instability led to widespread shortages of items, particularly food supplies. The result-
ing practically universal lockdowns resulted in a record-breaking decrease in emis-
sions. The primary causes of morbidity and mortality in both humans and animals
continue to be infectious diseases, which has a significant financial impact on India’s
healthcare system. The country has had a number of epidemics and outbreaks of
infectious diseases. Major epidemic diseases including cholera, leprosy, malaria, and
plague have all traditionally been successfully controlled. Due to the country’s varied
geography, extreme geoclimatic fluctuations, and unequal population distribution,
viral disease dispersion patterns are uniquely displayed. The dynamic interconnec-
tions of biological, social, and ecological variables as well as unanticipated features
of the interaction between people and animals present additional challenges with
regard to the origins of infectious diseases. Two of the major challenges in the control
and prevention of emerging and re-emerging infectious diseases are understanding
the effects of the conditions necessary for their emergence and creating strengthened
surveillance systems that can reduce human misery and mortality. This article reviews
the significant emerging and re-emerging viral illnesses of public health importance
that have previously been included in the Integrated Disease Surveillance Programme.
India is always at danger from newly emerging and re-emerging viral infections
that are important for public health because of its great geoclimatic variety. With
an emphasis on epidemiology and disease burden, illness surveillance needs to be
strengthened across the country. In-depth knowledge of disease biology, particularly
that of disease vectors and the effects of the environment on disease, is also urgently
needed. It is also necessary to increase emergency preparedness for these diseases and
response by focusing on the “one health” idea. India had a gradual rise in the number
of cases after the first case was identified on January 30, 2020. However, given that
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testing approach and skills have progressively improved, India’s meagre testing efforts
may reflect an underestimate of COVID-19 circumstances. Additionally, the clear
selective policy of only screening symptomatic individuals contributed to the under-
representation of the genuine case counts. This brought to light the fact that there are
incidences in India that go unreported. It is essential to develop a universal testing
method for all symptomatic, asymptomatic, pre-symptomatic, and post-symptomatic
cases in order to successfully stop the spread of COVID-19, which is on the rise. Given
its vast population and high danger of community transmission, this is particularly
true in India. India uses the corona virus spike proteins to represent different
COVID-19 defence systems (Figure 1). To combat COVID-19, the Indian government
has undertaken a number of activities, including testing, vaccination, mask and sani-
tizer use, genome sequencing, government and public awareness campaigns, research,
and the improvement of health infrastructure. With the aid of a large number of tests,
including RT-PCR and rapid antigen testing kits, India’s indigenous COVID-19 vac-
cine COVAXIN, developed by Bharat Biotech in collaboration with the Indian Council
of Medical Research (ICMR) - National Institute of Virology (NIV), and the vaccine
Covishield manufactured and large-scale production by the Serum Institute of India,
played a significant role in inhibiting the rapid spread of the pandemic (UK). There
was a severe shortage of masks and sanitizers during the COVID-19’s initial phase, but
internal production, large-scale production, and distribution severely damaged the
chain. Genome sequencing in India occasionally helped to detect the different altered
Corona virus strains. In India, public awareness campaigns and government regula-
tions were key in preventing the COVID-19 virus from spreading. For the COVID-19,
which included research labs, institutes, and universities all over India, researchers

MASK &
SANITIZER

IMPROVING
HEALTH
INFRASTRUCTURE

GOVT. POLICY
& PUBLIC
AWARENESS

Figure 1.
Different strategies for COVID-19 in India represented as spike proteins of Corona virus.
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worked tirelessly to oversee the Research and Development units. Instead of India’s
underdeveloped healthcare infrastructure, ongoing work is being done to create
appropriate facilities with proper management of healthcare infrastructure, such as

converting regular hospitals into COVID-19 hospitals that are specially outfitted and
redesigned to meet the needs of patients infected with the virus.
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Abstract

Wild leporids have been gaining interest and prominence in the scientific and
social community worldwide. While endangered of extinction in its native territory,
the Iberian Peninsula, where it has a key role in the Mediterranean ecosystems, the
European rabbit (Oryctolagus cuniculus) is considered a plague in Australia, due to
the great economic and ecological consequences of its presence in the territories. The
impact of viral diseases on the Leporidae family’ members, namely on the European
rabbit, has been largely recognized worldwide since the early 50s, due to the emer-
gence of myxomatosis and, from the mid-80s onwards, due to the emergence of rabbit
haemorrhagic disease virus 1 and 2. More recently, in 2018, a recombinant myxoma
virus emerged with the ability to infect and cause severe disease in the Iberian hare
(Lepus ganatensis). Also, a new gammaherpesvirus was described in Iberian hares,
associated with myxoma virus infections. In this chapter, we revise the main viral
infectious treats to the native leporids of the Iberian Peninsula. The recovery of the
European rabbit populations, as well as of other leporid species around the world,
is currently a major challenge for the scientific and social communities and policy-
makers. If we fail, the ripple effects on the trophic web will be so dramatic that are
likely to be unrecoverable.

Keywords: wild leporids, viral treats, European rabbit, Iberian hare, myxomatosis,
rabbit haemorrhagic disease, endangered species

1. Introduction

With the earliest known fossil ancestor identified in Mongolia 55 million years ago
[1], Leporidae is the biggest family of order Lagomorpha and includes rabbits and
hares (and also the jackrabbits), divided into 11 genera comprising 62 species, charac-
terized, among other features, for the 28 teeth (incisor 2/1, canine 0/0, premolar 3/2,
molar 3/3) (Figure1) [2].

Together with family Ochotonidae that includes the pikas, Leporidae family con-
stitute the mammalian Lagomorpha order. The 11 genera within the Leporidae family
comprise genus Caprolagus (1 species), genus Lepus (32 species), genus Pronolagus

85 IntechOpen



Viral Outbreaks - Global Impact and Newer Horizons

£,
23

Pikas 30species in genus Ochotona L. flavigularis
@ L. hainanus
4] "
_: L. corsicanus
‘ @ L. callatis
Q. e L. castroviejof
s Hares and Jackrabbits 32 specie in genus Lepus L fsuiaris
E 1 species in genus Brachylagus
O 1species  “ Bunolagus @ B. monticularis
B 1species * Caprolagus C. hispidus
© & © 0
= 2 species Nesolagus @ N. timminst
) 7 1species *  Oryctolagus & o wiculus
i{k ,Ez - Rabibite 1species “  Pentalogus @ rfumesi
i . 1species “ Poelagus
" 3 species  “ Pronolagus
Leporids )
1species “  Romerolagus @ o
17 species Sylvilagus @ S mansuetus
u 5. cognatus
S. brasiliensis
S. graysoni
@ S. tronsitionalis
5. robustus
5. dicei
S. tapetillus
Figure 1.

Genera in families Ochotonidae (pikas) and Leporidae (leporids). The scientific names of species with
conservation status of vulnerable, threatened or critically endangered by the IUCN are presented.

(3 species), genus Sylvilagus (17 species), genus Brachylagus (1 species), genus Bunolagus
(1 species), genus Nesolagus (1 species), genus Oryctolagus (1 species), genus
Pentalagus (1 species), genus Poelagus (1 species) and genus Romerolagus (1 species).

Except for Antarctica and Australia, all continents have indigenous species of
Leporidae. Genus Lepus is the most speciose genus and has a worldwide distribution
[3], despite only six of these species inhabit Europe.

The European rabbit was introduced to most of Oceania as to other islands. The
European rabbit, Oryctolagus cuniculus (Linnaeus, 1958), is native to the Iberian Peninsula
and the south of France, while genus Sylvilagus is widely distributed across North, Central
and South America, although most species are confined to specific regions.

Twelve species, namely 11 from Lepus genus and the European rabbit, have seen their
geographic distribution expanded by human translocations since the year 1400 BC [4].

Leporids are key species in many ecosystems [5, 6] due to their role as primary
consumers transforming the vegetal protein in high-quality animal protein [7-9],
impacting directly and indirectly in the ecosystems. Its variable weight range, from
Oryctolagus cuniculus algirus with less than 1 kg to Lepus europaeus with ~5 kg of
weight, offers the ideal biomass intake for many predators from small, such as the
genet, to big sizes, such as the lynx and eagles.

The reduction of native species can cause important changes in the structure and
function of natural ecosystems affecting directly its intermediate and top predators,
and indirectly other species belonging to the same and other linked web chains.

Regarding their behaviour, rabbits and hares are crepuscular, being most active at
sunrise and sunset, during the twilight hours, being ideal prey species for predators
with the same habits.

In native countries, these species have a huge impact on plant community com-
position and dissemination, slowing down some invasive grass species. However, in
some cases, wild leporids have a great impact in the recruitment of young trees, forest
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restoration and maintenance of important native vegetation, while still having a posi-
tive impact on the survival of plants in hostile environments, being important in both
mechanisms of endozoochory or epizoochory [10-13].

European rabbit (O. cuniculus) is the most paradigmatic and well-studied leporid
being a endemic species of Iberian Peninsula, consumed by more than 40 terrestrial and
aerial carnivore species providing the primary biomass source for many of them [14-16],
namely the paradigmatic Iberian lynx and Spanish Imperial eagle that include wild
rabbits in about 90% of the diet [17]. Leporids are even preyed upon by very unusual
predators, from light-weight terrestrial birds, such as the Greater Roadrunner (Geococcyx
californianus) or the American red squirrel (Tamiasciurus hudsonicus) [18, 19].

High abundances of O. cuniculus may also have cascading effects by promoting the
presence of top predators, such as the Iberian lynx, which regulate mesopredators,
such as the Egyptian mongoose, Herpestes ichneumon, either via intraguild predation
or by consuming their main prey [20].

The impacts of European rabbit in the Iberian Peninsula (Portugal and Spain) are the
most notorious and well-studied, taking into account the essential effects of wild rabbit
on these territories. Belonging to one of the 34 global ecological hotspots—the western
corner of the Mediterranean Basin hotspot—second only to the tropics in importance
[21], Iberia contains the same plant richness (30,000 taxa) of all tropical Africa (four
times larger) and 10.8 species/1000 km®, higher than China, Zaira, India and Brazil [22].
The reduction of leporids in this type of rich territories has brutal knock-on effects with
tropic cascades, leading to threatens to all the trophic chains [16, 23]. The deregulation of
the trophic chain also leads to the deregulation of the biomass sources of predators with
effects on the proximity of predators to humans and with an increase in conflicting events
between fauna and man. The principal events of viral threats are shown in the Figure 2.

Many factors account for the abrupt reduction of wild leporids in the last decades
including habitat loss to agriculture or intensive forest regimes, habitat disturbance
and fragmentation, intensification of agriculture with monoculture farming, exces-
sive hunting pressure, excessive predation, climate exchanges (thermal limits, vegeta-
tion, rainfall) and soil type (impacting on burrowing and growing of major food
species) [16, 24, 25]. In fact, all these parameters insidiously and chronically influence
the wild rabbit populations, which are then subject to epidemic outbreaks, more vis-
ible and better studied, of various diseases, particularly those of viral aetiology.

Paradoxically, European rabbit (O. cuniculus) is also included on the ‘100 of the
world’s worst invasive alien species’ list, and much scientific attention has been paid
to this species as it has led to significant economic and ecological losses [26, 27].

Their high reproduction rates may be their main strategy to cope with predation,
which in some cases can cause juvenile mortality of up to 90% [28, 29]. Most leporids
have multiple litters per year, with litter sizes varying from 1 to 11 individuals, and
each female producing between 10 and 45 young per year [6, 30, 31].

The presence of leporid species can also constitute a human-wildlife health hazard,
as they act as natural reservoirs of many zoonotic diseases including, among many
others, tularaemia, Lyme borreliosis and Crimean-Congo haemorrhagic fever [32].

In Argentinean Patagonia, the prevalence of Fasciola hepatica in L. europaeus
is sufficient to maintain a viable wild reservoir of this disease [33, 34]. Sylvilagus

floridanus is an effective vector of the West Nile virus, a threat to several vertebrate
species [35], mainly human, horses and birds, and carries dermatophyte fungi that
affect humans [36]. In its exotic geographic range in Italy, S. floridanus hosts many
transmittable parasites and is an asymptomatic carrier of myxomatosis and pseudo-
tuberculosis, directly affecting native leporids [37].
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Figure 2.

Major virus emergencies impacting wild leporids. LeHV; leporid herpesvirus; MYXV, myxoma virus; ha-MYXV,
natural recombinant myxoma virus; GL.1, Lagovirus europaeus genogroup I, genotype 1 (RHDV); Gl.2,
Lagovirus europaeus genogroup I, genotype 2 (RHDV2/RHDVD).

As obligatory intracellular parasites, viruses have evolved and adapted to their
hosts in order to survive and produce a viable progeny. To do so, viruses need to take
over the cellular metabolism from which they are totally dependent. Highly complex
viruses, such as myxoma virus, can evade the host defence mechanisms by modulat-
ing the immune response through viral proteins.

In most occasions, viruses cause asymptomatic subclinical or mild infections in
their natural hosts (reservoirs), a way to guarantee a continuous source and spread
of virus for new replication cycles. Viral infections tend to be less aggressive in their
natural host species, to which viruses are well adapted, than in introduced species, with
no history of contact with (and adaptation to) the virus [38]. A good example of this is
provided by myxoma virus, which produces a small benign fibroma in its natural host
the Sylvilagus spp., the American rabbit (myxoma virus natural host or reservoir), but
a highly pathogenic disease in the European rabbit (Oryctolagus cuniculus).

In some situations, viruses can infect other species, previously unknown to be
susceptible to the infection, an event of cross-species transmission. This may be a
rare finding, as it was the report of RHDV?2 in Iberian hare in Spain [39], designated
a spillover event, with no apparent consequences, or, on the contrary, may lead to
severe infection in the new host. This is well exemplified by the emergence of a new
recombinant myxoma virus (ha-MYXV) that acquired the capacity to infect Iberian
hares, causing high mortality.

Identifying the viruses’ reservoirs provides crucial information for the knowledge
of the epidemiology of the infections and the potential for transmission to other
hosts. While MYXV reservoir is well known, RHDV?2 reservoir is still unknown,
despite some wild species, such as the Eurasian badger, are possible candidates.

2. Viral threats

Although the susceptibility of pikas to some viral agents such as Influenza [40] or
Coronavirus [41] is recognized, to date no disease has been described that assumes
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great significance in terms of morbidity and mortality in this family, so they will not
be described below.

2.1 Leporipoxviruses (MYXV, ha-MYXV and RFV)
2.1.1 Taxonomic classification

Leporipoxviruses affects mainly leporids and belong to Chordopoxvirinae subfam-
ily, within Poxviridae family.

The following leporipoxviruses [42] and respective natural hosts are presently
known:

a.Myxoma virus—Tapeti (Sylvilagus brasiliensis)

b.Californian myxoma virus—Brush rabbit (Sylvilagus bachmani)

c.Rabbit (Shope) fibroma virus—Eastern cottontail (Sylvilagus floridanus)

d.Squirrel fibroma virus—Eastern grey squirrel (Sciurus carolinensis)

e. Hare fibroma virus—European brown hare (Lepus europaeus)

f. Western squirrel fibroma virus—Western grey squirrel (Sciurus griseus griseus)
2.1.2 Morphology and genome organization

The MYXV strain Lausanne (Lu), Brazil/Campinas 1949, considered de facto the
international reference strain (ATCC code VR-115), has a double-stranded DNA
(dsDNA) genome with 161,777 bp of size and closed single-strand hairpin termini.
The genome encodes a total of 158 ORFs with 12 duplicates in the 577 bp terminal
inverted repeats (TIRs) [43, 44]. The viral genome is encapsidated in a brick-shaped
virion, and the replication cycle occurs in the cytoplasm of infected cells where a
spectrum of host-interactive immunomodulatory proteins is expressed [45].

Genes-encoding proteins involved in replication and structure are relatively
conserved among other poxviruses and tend to be located in the central part of the
genome, while genes at the termini of the genome tend to encode host-range and
virulence factors [44, 46]. The function of 42 viral genes is related to the host range or
immunomodulation [47].

2.1.3 Vival replication

The most well-studied intracellular replication cycle concerns vaccinia virus (VV).
Both the intracellular mature virus (IMV) and the extracellular enveloped virus
(EEV), which differ in their surface glycoproteins and in the number of layer mem-
branes, can initiate the infectious cycle, using different mechanisms [48].

Poxvirus replication cycle begins with binding of the virus to the cell surface,
probably ubiquitously expressed glycosaminoglycans or components of the extracel-
lular matrix, triggering signalling events in several host protein-kinase cascades [48].
Subsequently, fusion of the virus envelope with the mammalian cell membranes
occurs, with release of the virion core structure into the cytoplasm [48].
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Once the virus core has been released into the cytoplasm, the cellular RNA polymerase
and the encapsidated transcription factors initiate the first round of early viral gene
expression, which synthesizes viral mRNA under the control of viral early promoters [49,
50]. Then, core uncoating releases the viral DNA into the cytoplasm, where it serves as
template for DNA replication and for subsequent events of intermediate and late tran-
scription, where host-derived transcription factors participate. As late viral gene products
accumulate, progressive morphogenesis and assembly of infectious virus particles take
place, initially as IMV virions, which assemble and migrate via microtubules being
wrapped with Golgi-derived membranes to form intracellular enveloped virus (IEV) [48].

2.1.4 Epidemiology (origin, transmission and distribution)

Myxoma virus (MYXV)—reference virus, Rabbit fibroma virus (RFV) and more
recently the natural recombinant myxoma virus (ha-MYXV or rec-MYXV) are the three
poxviruses that most impact on leporids. Brazilian cottontail is the natural host of MYXYV,
while Eastern cottontail rabbit (S. floridanus) is the natural host of RFV, with both viruses
causing benign and non-fatal infections in these hosts. On the contrary, in the European
rabbit (O. cuniculus), RFV causes skin tumours (myxomas) with benign progression and
MYZXYV causes impacting disease (named myxomatosis), generally lethal.

Until recently, MYXV infected only rabbits and European brown hares (L.
europaeus), the last species only occasionally with clinical signs [51-53]. Apart from
lagomorphs, MYXV is non-pathogenic for any of the hosts tested so far [52].

Myxomatosis was first described in 1896 in Montevideo, Uruguay, following the
acquisition of European rabbit (O. cuniculus) for antiserum production [54]. The ori-
gin of the virus was attributed to the Eastern cottontail rabbit. After the disease being
described, myxoma virus would come to be introduced by man in Chile (Tierra del
Fuego), France and Australia [51, 55, 56] to control the extremely large rabbit popula-
tions, considered a plague, with excellent results in the short term but not effective
in the medium and long term. The unsuccess of biological control happened again
over time, either through the selection of less pathogenic virus strains or through the
genetic selection of more resistant rabbits [42, 57, 58].

2.1.5 Pathogenesis and disease characterization

The replication of MYXV inoculated intradermally in European rabbit initiates
in MHC-II+ cells at the dermal/epidermal interface. Then, the virus spreads to the
draining lymph node, first replicating in cells of the subcapsular sinus and later in
lymphocytes of T cell zones. Lymphocytes, and possibly monocytes, disseminate
the virus to distal tissues, with low viral load detectable in the bloodstream [59-61].
Simultaneously, in the original inoculation site, the virus replicates in epidermal cells
inducing hyperplasia and hypertrophy, disrupting the dermis and causing oedema
and infiltration of mucoid material in the sub-dermis matrix—originating the myxoid
tissue that is responsible for the virus’s name. The epidermal cells could also present
ballooning degeneration with vesicle formation and disruption of dermis [62]. The
visualization of cytoplasm eosinophilic inclusion bodies is possible but not common.

The higher virus titres are found in lymphoid tissues (>10° pfu/g) with lymphoid
depletion in the lymph nodes and, in some strains, in the spleen. High loads are also
found in secondary cutaneous lesions, the swollen eyelids and particularly in the
very swollen tissues at the base of the ears, which are probably important for insect
transmission. The viral loads in the lungs or liver are generally lower [59, 60, 63].
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This ability to replicate and disseminate via lymphocytes, establishing infection at
distal sites, is critical to the virulence of the European rabbit [47, 64].

Virus shedding occurs by conjunctival and nasal secretions and by eroded
cutaneous lesions. Secondary bacterial infections of the upper respiratory tract and
conjunctiva with gram-negative bacteria (e.g., Pasteurella multocida and Bordetella
bronchiseptica) are common, with infection of internal organs less reported [65].
When the duration of the disease is longer (i.e., in infections by less pathogenic
strains), pneumonia is a common outcome [42, 66, 67].

MYXV strains can be grouped in five broad virulence grades based on the case
fatality rates (CFR), average survival time (AST) and clinical signs [51, 68, 69], rang-
ing from grade 1 to grade 5.

The pathophysiological process of death by myxomatosis is still poorly under-
stood. The key viral proteins involved in the replication and dissemination in
Sylvilagus species cause local immune suppression in the skin, allowing the virus
to persist at this level. In the European rabbit, these proteins cause profound
immunosuppression. The virulence of field strains was analysed by infecting small
groups of laboratory rabbits, classifying them into five broad grades based on the
case fatality rates (CFR), average survival time (AST) and clinical signs [51, 68,
69], namely:

Grade 1: CFR of 99.5%, AST < 13 days

Grade 2: CFR of 95-99%, AST 14-16 days

Grade 3A: CFR of 90-95%, AST 17-22 days

Grade 3B: CFR of 70-90%, AST 23-29 days

Grade 4: CFR of 50-70%, AST 29-50 days

Grade 5: CFR less than 50%, AST not determined

Lepus granatensis was considered naturally resistant to myxomatosis, which is
endemic in the Iberian Peninsula since 1956 [70]. In 2018, a naturally recombinant
myxoma virus (named ha-MYXV or rec-MYXV) emerged in Iberian hare (L.
granatensis) causing high mortality in the field, representing the first cases of non-
sporadic/pathogenic myxomatosis in this species [71, 72]. This recombinant virus has
more than 100 small mutations compared to the Lausanne strain, and an insertion
of about 2.8 kb disrupting the MO09.L gene, the most significant genetic difference,
associated with the species barrier jump [72]. This same virus was later found associ-
ated with very virulent myxomatosis in domestic and wild rabbits, and the suscepti-
bility of Oryctolagus cuniculus algirus to ha-MYXV strains isolated either from Iberian
hare or from wild rabbit was also demonstrated [73-76]. More recently, classic MYXV
strains were found in Iberian hare (L. granatensis) and some cases in co-infection with
recombinant MYXV strains [73, 76].

2.1.6 Clinical and laboratorial diagnosis

The clinical diagnosis of the disease is relatively easy although there are no
pathognomonic signs and the clinical signs can be confused with other diseases such
as Pasteurellosis. The lesions are mainly external and located on the skin, eyelids and
genitalia, although respiratory pathology can also be found. The definitive diagno-
sis is obtained by laboratory techniques that have evolved over the years, namely
through isolation in susceptible cell lines, electron microscopy, histopathology (which
presents some very suggestive lesions, namely the presence of cytoplasmic inclusion
bodies in the cells of the epidermis), among others and, above all, the use of the
PCR technique, namely real-time PCR that allows a highly sensitive, specific and
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quantitative diagnosis in about 3 hours [77]. Recently, a multiplex PCR technique was
developed allowing the diagnosis and differentiation the various strains of myxoma
virus currently known to be circulating [78].

2.2 Lagovirus europaeus (RHDV (GI.1) and RHDV2 (G1.2))
2.2.1 Taxonomic classification

Rabbit haemorrhagic disease virus (RHDV) belongs to Lagovirus genus, one of
the 11 genera that comprise the Caliciviridae family recognized by the International
Committee on Taxonomy of Viruses (ICTV) [79]. Genus Lagovirus also includes
European brown hare syndrome virus (EBHSV) and other non-pathogenic viruses,
the rabbit caliciviruses (RCVs) or hare caliciviruses (HCVs) [80].

Rabbit haemorrhagic disease (RHD) can be caused by one of two distinct viruses,
namely RHDV, also referred to as RHDVa, Lagovirus europaeus GI.1 or simply GI.1,
and RHDV2, also known as RHDVb, Lagovirus europaeus G1.2 or simply GI.2.

2.2.2 Morphology, genome organization and phylogenetic data

The aetiological agent of rabbit haemorrhagic disease (RHD) is a single-stranded,
non-enveloped icosahedral capsid virus with a spherical morphology and a positive-
sense RNA [81-83].

The major capsid protein VP1/VP60 forms the structure of the virion and the
minor structural protein VP2/VP10 is responsible for stability after the encapsidation
of viral RNA, covalently linked to the VPg (viral protein genome-linked), which is
essential for replication [80].

The genome is around 7.4 kb (precisely 7437 nucleotides long) to which the 2.2 kb
subgenomic RNA (sgRNA) binds to. The genomic RNA is divided into ORF1, encod-
ing a polyprotein that is cleaved into several non-structural proteins and the major
structural capsid protein, VP60 (60 kDa), and ORF2 that encodes the minor struc-
tural protein called VP10 or VP2 [81, 82, 84].

The viral capsid comprises 90 arch-like dimers of the capsid protein VP60, and 32
cup-shaped depressions, which gives the name to the family Caliciviridae, arranged
inaT = 3 icosahedral symmetry [85-88]. The electron-dense core has an approximate
diameter of 23-25 nm [89, 90].

In the VP60 the main viral antigen, the exposed surface loop—L1 from the P2
subdomain exhibits a higher variability between the strains and contains neutralizing
antibody inducing epitopes [91-93]. The cross-protective immunity between the dif-
ferent genotypes is very limited [91-96] and for this reasons, it is predictable that new
RHDV genogroups will keep emerging in the future.

2.2.3 Viral veplication

The suggested primary site of RHDV replication and entry door (probably by
binding to ABH histo-blood group antigens (HBGAs)) is the epithelial cell of the
upper respiratory and digestive tracts, being the hepatocyte the major site of replica-
tion [97, 98]. The viral genome is released into the cell cytoplasm leading to the direct
translation of the viral proteins. In the absence of m7G cap strucures, VPg may play a
crucial role in the translation initiation [99, 100] acting as a cap substitute or ana-
logue, interacting with translation initiation factors eIF4E and/or eIF3 [100, 101].
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While the translation of ORF1 encoding polyprotein precursor occurs at the
initiation codon AUG, the translation of ORF2 encoding VP10 starts by an unusual
mechanism of reinitiation after the termination of translation of the preceding major
capsid protein VP60 [99]. VP10 can induce hepatocyte apoptosis and virion release
and dissemination [102].

2.2.4 Epidemiology (origin, transmission and distribution)

RHDV (Lagovirus europaeus G1.1) emerged in Wuxi City, in the last quarter of
1983 in domestic rabbits imported from Germany to the Jiangsu province in China
[83, 103], being the first genotype described of rabbit haemorrhagic disease virus
(RHDV) [103, 104], that causes a fatal disease in adult rabbits and a subclinical
disease in rabbits younger than 4-6 weeks [105, 106]. In the first 12 months after
its emergence, the disease killed over 140 million rabbits in China and reached
the Europe, namely to Italy, 2 years later [107, 108]. Within 10 years, the disease
became endemic in Europe, with severe impact on the European wild rabbit,
mainly on the Iberian Peninsula where the specie is a keystone species [14, 23, 109],
but also causing sever loses in industrial rabbit farms in both Europe and North
Africa [110].

The first cases of RHDV in wild rabbits were reported in Spain in 1988 [111], in
Madeira Island (in 1988) and in the Azorean archipelago (Faial Island in 1988, Sdo
Jorge Island in 1989 and Santa Maria Island in 1990) (reviewed in Ref. [112]). In the
next years, the disease was reported worldwide.

RHDV2 emerged in France in 2010 [113] and quickly replaced the circulating
strains of RHDV in most European countries, in the both wild and domestic popula-
tions [114-116]. Nowadays, the virus is already reported almost all over the world
[112, 113, 117-124].

In the last decade, RHDV2 was reported in several non-habitual species, some
representing species barrier jumps including for different mammalian orders, such as
small mammals species [96] as well as in Alpine Musk Deer (Moschus sifanicus) [125]
and Euroasiatic badger (Melus melus) [126].

2.2.5 Pathogenesis and disease characterization

RHDYV is the etiological agent of the Rabbit Haemorrhagic Disease (RHD), the
so-called given the severe dysregulation of the coagulation system.

RHDV integrates the WOAH list of notifiable terrestrial and aquatic animal dis-
eases being a transmissible disease of socio-economic importance within countries,
and significant in the international trade of animals and animal products.

The incubation period of RHD induced by RHDV (GI.1) ranges from 1 to 3 days
[111, 127] while for RHDV2 (GI.2), it ranges between 3 and 9 days with death occur-
ring 12-36 hours after the onset of fever.

RHDV?2 also differs from RHDV in antigenic profile, the apparent lower mortal-
ity (5-70%, 20% in average), compared to RHDV [106, 113, 128], age of the animals
affected (RHDV?2 affects kittens of just 11 days [117]), a longer course of disease of
3-5 days and a higher proportion of rabbits showing subacute-chronic disease com-
paring with the previous genotypes [106, 113]. The virus has already been detected
in leporids other than the European rabbit, namely in the L. europaeus [129], L.
capensis [130], L. timidus [131, 132], L. granatensis [39], L. californicus and Sylvilagus
audubonii [123].
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2.2.6 Clinical and laboratorial diagnosis

The typical (nodular) myxomatosis shows very specific, but not pathognomonic,
lesions, particularly nodular thickening of the eyelids, the presence of myxomas
and anogenital oedema. The final diagnosis may be achieved by molecular diagnosis
according to the WOAH guidelines [133].

Poxviruses can be identified in the skin lesions (myxomas), eyelids and genitalia
but also in many other organs attending to the fact that the disease is most often
systemic, so in the lungs, liver, spleen and kidney, among others [133]. The diagnosis
can be performed through laborious techniques such as the negative-staining electron
microscopy (nsEM), histopathology, immunohistochemistry, viral isolation, agar gel
immunodiffusion (AGID) and direct immunofluorescence test (dFT) but is currently
mostly performed using real-time PCR [78].

2.3 European Brown Hare Syndrome Virus (EBHSV)
2.3.1 Taxonomic classification

Like RHDV, European Brown Hare syndrome Virus (EBHSV) belongs to the
Lagovirus genus and the Caliciviridae family. Although not recognized by the ICTV,
the proposed classification [104] for this virus is Lagovirus europaeus (species), which
includes genogroup GII (EBHSV and hare calicivirus (HaCV)). EBHSV represents the
GII.1 genotype that includes three variants (GII.1a, GII.1b and GII.1c).

EBHSV shares with RHDV a phylogenetic relationship, however with distinct
antigenic profiles [89, 134].

2.3.2 Epidemiology (origin, transmission and distvibution)

The disease was first reported in Gotland island, Sweden, in 1980 and, 1 year later,
in the mainland [135]. In the following years, the disease spread to several European
countries [136-139] with a huge impact on the wild populations of European Brown
hare [140-143].

The European Brown Hare Syndrome (EBHS) shares with RHD many pathophysi-
ological, clinical and epizootic particularities. This disease is also an highly infecto-
contagious and fatal disease of the European brown hare (Lepus europeaus), the most
disseminated hare species, and in lower grade the Mountain hare (Lepus timidus)
found in the tundra biome [144].

Generally, hares develop an acute form of disease dying a few hours after clinical
signals onset. The young hares are also susceptible to infection but due to eventual
natural resistance, do not develop disease [89, 144].

EBHSV may be less species-specific than RHD virus and has been recorded as
infecting also Eastern cottontails (S. floridanus).

2.3.3 Clinical and laboratorial diagnosis

Death is most often the outcome of acute infections, so free-ranging hares may
be found dead in the field if not predated. The clinical course is very similar to RHD,
with anorexia, depression and neurologic signs secondary to hepatic encephalopathy.
Gross and microscopic lesions may include hepatocellular necrosis, haemorrhages,
icterus, inflammatory infiltrates, splenic and/or renal congestion and enlargement [145].
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The confirmation of diagnosis may be carried out by molecular techniques
namely conventional or real-time PCR as well as using indirect methods that detect
antibodies [145].

2.4 Leporid herpesvirus (LeHV-1 to LeHV-5)
2.4.1 Taxonomic classification

Herpesviruses affecting mammals, birds and reptiles belong to Herpesviridae
family and are highly disseminated in nature, with most animal species have yielded
at least one herpesvirus identified [146].

The Herpesviridae family includes the subfamilies Alphaherpesvirinae,
Betaherpesvirinae and Gammaherpesvirinae. Their members have different bio-
logic properties and distinct classification, supported by phylogenetic data. The
Gammaherpesvirinae subfamily is divided into four genera, namely Macavirus,
Percavirus, Lymphocryptovirus and Rhadinovirus [147, 148].

While members of the subfamily Alphaherpesvirinae cause rapid lysis in cell
culture, members of Betaherpesvirinae grow slowly inducing the formation of giant
cells in culture, while Gammaherpesvirinae typically infect lymphoid tissue, revealing
a primary tropism for lymphoid lineage cells [149], which can lead to lymphoprolif-
erative diseases [150] and oncogenesis [151].

At the moment, five herpesviruses were described in Leporids namely the Leporid
herpesvirus 1 (LeHV-1), Leporid herpesvirus 2 (LeHV-2), Leporid herpesvirus 3
(LeHV-3), Leporid herpesvirus 4 (LeHV-4) and Leporid herpesvirus 5 (LeHV-5).
LeHV-2 and LeHV-3 (reviewed by Refs. [150, 152]) are the most commonly described
herpesviruses in rabbits, which alongside LeHV-1 belong to the Gammaherpesvirinae
subfamily. LeHV-4, an alphaherpesvirus, is the most pathogenic in rabbits, causing
fatal infections. Recently, LeHV-5 (Leporid gammaherpesvirus 5) was described
affecting the Iberian hare [153].

2.4.2 Morphology and genome organization

The virion structure [146] consists of a core containing a linear dsDNA with
124-295 kb in length, an icosahedral capsid with approximately 125 nm in diameter,
one capsomeric structure that serves as the portal for packaging and release of the
viral genome, the tegument—an amorphous appearing substance that surrounds the
nucleocapsid, and an envelope containing viral glycoprotein spikes on its surface.
When mature, the virion size ranges from 120 to 260 nm [154]. The envelope derives
from patches of altered nuclear membrane being mainly constituted by viral glyco-
proteins [155, 156].

The core of a mature virion contains a single dsSDNA packed in a torus form [155,
157]. The capsid contains 161 capsomers (10 hexons and 11 pentons), a portal com-
plex with a capsid triangulation (T = 16), preserved in all herpesviruses [158-160].
The non-enveloped capsids could present different forms, namely A (capsids without
core), B (capsids containing the assembly scaffold without genome) and C (capsids
containing genome without scaffold) [161].

The tegument is a proteinaceous structure between the nucleocapsid and the
envelope [146] in general thicker in the virions accumulating in cytoplasmic vacuoles.
The tegument proteins closer to the nucleocapsid (inner tegument) are acquired in
the nucleus and by interactions with envelope glycoproteins [162] and the subsequent
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components incorporated in the cytoplasm [162]. The tegument proteins are impor-
tant in the early phase of infection. The envelope derives from patches of altered
nuclear membrane being mainly constituted by viral glycoproteins [155, 156].

The genome of Herpesviridae members encodes between 70 (the smallest) and
200 (the largest) proteins [146].

Herpesvirus genomes can be divided into six groups designated [146] as follows:

a. Exemplified by Human herpesvirus 6 (HHV6), where a large sequence from one
terminus is directly repeated at the other terminus;

b.Exemplified by herpesvirus saimiri (SaHV-2), where the terminal sequence is
directly repeated numerous times at both termini, with a variable number of
repeats at the termini;

c. Exemplified by Epstein-Barr virus (EBV), where the number of direct terminal
repeats is smaller and can harbour other direct sequence arrays that subdivide the
unique (or quasi unique) sequences of the genome into several well-delineated
stretches;

d.Exemplified by Varicella-Zoster virus (VZV), where one terminus is repeated in
an inverted orientation internally. The domain consisting of the stretch of unique
sequences flanked by inverted repeats (Small or S component) can invert relative
to the remaining sequences (Large or L component);

e. Exemplified by herpes simplex virus (HSV) and human cytomegalovirus (HCMV),
where the sequences from both termini are repeated in an inverted orientation and
juxtaposed internally, dividing the genomes into two components, each of which
consists of unique sequences flanked by unrelated pairs of inverted repeats;

f. Exemplified by tupaia herpesvirus 1 (TuHV-1), where the terminal sequences are
not identical and are not repeated either directly or in an inverted orientation.

The replication cycle occurs in three major phases: initiation of infection, lytic
replication and latency [146]. A biological decision at the cell level is taken to follow
either the lytic or the latent pathway, as well, after the initial infection and latency,
reactivation of a lytic state [146].

During the lytic replication, a cascade of lytic gene expression occurs, manage-
ment of the host cell, management of adaptive immune response, replication of
virus genome, virus assembly and egress and transmission to other cells and hosts
[146]. The restriction of lytic gene expression and expression of latency genes that
manage the cell and host defences and maintain the virus genome in the infected
cells leads to the latent pathway [146].

2.4.3 Viral veplication

The replication cycle is divided into three main phases: initiation of infection, lytic
replication and latency [146]. During the initial phase, the binding to the cell receptor
occurs, followed by fusion of the viral membrane with the plasma membrane or after
endocytosis, management of intrinsic response by tegument proteins, transport of
nucleocapsid and tegument-associated IE-activators to the nucleus, injection of viral
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genome through the nuclear pores and genome chromatinization. The initial interac-
tions with the transcriptional machinery than take place [146]. After these initials
steps, the infection triggers a lytic or a latent pathway and in the case of latency, reac-
tivation may occur under certain conditions [146]. During the latent pathway, occurs
restriction of lytic gene expression and expression of latency genes that manage the
cell and host defences [146].

2.4.4 Epidemiology (ovigin, transmission and distribution)

The LeHV-5 described in 2020, the only herpesvirus described in hares so far, has
been shown to have a great impact on the morbidity and mortality of the Iberian hare,
especially when associated with ha-MYXV infections [153]. A survey carried out in
Portugal mainland between 2018 and 2021 (Project +Coelho and Project +Coelho
2) showed that approximately 29% of the hares tested (n = 101) were positive for
LeHV-5 and all of these were simultaneously coinfected with ha-MYXV.

2.4.5 Pathogenesis and disease characterization

Grossly, vesiculopustular lesions on the eyelids, snout, lips and genitals, necro-
tizing balanoposthitis and necrosuppurative inflammatory processes on the eyelid
and the perivulvar region were observed. Histopathological analysis showed typi-
cal herpetic-like vesicles in the epidermis and in the stroma, and a proliferation of
pleomorphic spindle cells in the dermis, with nuclei displaying slightly eosinophilic
inclusion bodies (Cowdry type A inclusions). The co-infection between LeHV-5 and
ha-MYXYV leads to an aggressive clinical course and almost invariably to death.

A review of the different herpesviruses and their pathogenies was recently published
[153]. Since 2010 no cases of herpesvirus have been reported in both domestic and wild
rabbits, and the known herpesviruses have been described very few times over the years.

3. Prevention and disease control of wild leporid viral infections

MYXV grows well in cell lines and live-attenuated viruses through cell passages
have been extensively used in Europe as vaccines, due to the inefficacy of inactivated
vaccines. On the contrary, until recently, only inactivated vaccines were available
[163-168] since RHDV/RHDV2 cannot be grown in cell culture.

The first vaccine available for myxomatosis was an heterologous rabbit fibroma
virus [169]. A decade later, an homologous vaccine offering longer immunity was
produced based on strains such as MYXV MSD strain, French SG33, MAV, among
others, by attenuation in cell culture [170]. Nowadays, these vaccines are still being
used and MYXYV is also used as a vector for recombinant vaccines harbouring the
VP60 of Lagovirus europaeus.

Despite the good efficacy of commercial vaccines against myxomatosis, there are
still sporadic outbreaks in industrial rabbit farming, with annual rabbit deaths and
costs of biosecurity measures [171]. The outbreaks in industrial rabbit farming often
result from vaccine failures not associated with the vaccine itself, but rather with
the route of administration, as it has been demonstrated that the intradermal route
triggers a better seroconversion than other routes, namely the subcutaneous route, the
most commonly used [172]. This fact exemplifies the need and benefits of bringing
the productive sector closer to the scientific researchers in order to standardize more
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effective methods of administration and control of this and other diseases. In fact,
the recently emerging ha-MYXV, which has been shown to infect wild and domestic
rabbits as well, is highly pathogenic, but commercial vaccine strains have been shown
to be effective in preventing disease in rabbits [73-75].

On the other hand, the low applicability of vaccination in the wild hampers a
practical solution to contain the virus, resulting in the continuous source of infection
and circulation of the virus. Myxomatosis has had a major impact on wild rabbit and
Iberian hare populations since its emergence leading to abrupt reductions and local
extinctions [3, 173-176] with a chain effect, especially in the Mediterranean ecosys-
tems, due to the role of keystone species in food chains [5].

Myxomatosis treatment is possible, but merely symptomatic, considering that
there are no antivirals tested for this disease, being a utopia in the case of wild species
due to the difficulty in capture and administration. Moreover, treatment is not recom-
mended, due to the risk of environmental contamination and transmission poten-
tiation during treatment (taking into account the dispersion by biting insects and
mechanical transmission), and the possibility of the animals becoming carriers [177].
For this reason, the only current way of controlling the disease is through vaccination
and biosecurity measures, which can be adapted, partially, to the wild.

Since 2018, thousands of hares died in Portugal and Spain in the field due to
ha-MYXYV, causing a reduction of more than 50% in the wild populations of both
countries, which will lead to the attribution of Vulnerable status by the IUCN in late
2022. The long-term impact of this new recombinant virus on the Iberian hare and the
wild rabbit is yet to be known. However, the possibilities available for the recovery of
both species are predictably low, especially for the Iberian hare, which has a dynamic
reproduction much lower than the wild rabbit.

4, Conclusions

In recent years, the wild rabbit and the Iberian hare have been gaining growing
interest from the academy, civil society, the environmental and ecological organizations
and policy makers. A clear example of these was the Projects +Coelho, implemented
following the constitution of a working group by Dispatch no. 4757/2017 of 31 May
of the Portuguese Ministry of Agriculture, to respond to the effect of rabbit haemor-
rhagic disease in the rabbit population, the Mixolepus project in Spain in response to the
emergence of ha-MYXV or the recently approved LIFE Iberconejo with an allocation
of around 2 million euros for 3 years. These, and other investments, are fully justified
given the importance of the wild rabbit in the Mediterranean ecosystem, where its role
is so decisive that some ecologists call the Iberian Peninsula the “rabbit’s ecosystem”

[5]. In fact, the most paradigmatic conservation projects in the Iberian Peninsula

take place on areas with rabbit abundance namely the projects involving Iberian lynx
(Life+IBERLINCE), Black vulture (Parque Natural do Tejo Internacional) and Imperial
eagle (Parque Natural do Vale do Guadiana and ZPE of Castro Verde), among others.

Viral diseases have been identified as the main causes of the leporid decline [115, 116].
The importance and severity of viruses were evidenced during the 3 years of field work
performed within the scope of this doctoral thesis when it was possible to testify the emer-
gence of myxomatosis in Iberian hare by the natural recombinant ha-MYXV [71], cases
of co-infection with ha-MYXV and classic MYXV in hares and rabbits, never detected
before [76], co-infection with MYXV and RHDV?2 [178] the spillover of the ha-MYXV
(natural recombinant myxoma virus) from hares to rabbits [74, 75], the identification of a
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herpesvirus in hares undergoing myxomatosis [74, 75] not described before and the detec-
tion of an Iberian hare infected with rabbit haemorrhagic disease [39]. During the health
analysis of wild rabbit cadavers found in mainland Portugal between 2018 and 2020,
MYXV was found in about 27.81% of the animals [3]. Also in the scope of the virological
analyses of leporid cadavers found in mainland Portugal between 2018 and 2020, RHDV2
was found in about 48.52% of the rabbits and 84.21% of the hares [3]. During the health
analysis of rabbit cadavers found in mainland Portugal between 2018 and 2020, RHDV2
and MYXV were detected in 76.33% [116] and associated with animal death.

5. Future perspectives

Currently, only the viral infections described above are associated with a major
impact on wild leporid populations, with particular relevance to myxoma viruses and
Lagoviruses. However, because only what is sought is found, we cannot guarantee that
other viruses are not affecting the wild populations. In fact, beside a few time-limited
studies, no robust and long-term sanitary surveillances and research programmes
have been conducted in wild leporid species. It is therefore crucial to invest in con-
tinuous monitoring of these species, that are essential for ecosystems, with a special
focus on the Mediterranean basin.

The Iberian hare is an endemic specie of the Iberian Peninsula whose populations
are considered stable by the IUCN holding a ‘least concern’ conservation status [179].
However, its status will be likely reviewed this year, probably to Vulnerable, given the
trends registered after 2018. If the current downward trend in the field continues, and
if myxomatosis also becomes endemic in this species, the L. granatensis conservation
status will be progressively worsened to the point of functional extinction of a species
that is iconic for the Iberian Peninsula.

The progressive loss, fragmentation and changes in habitat and wildlife manage-
ment are putting leporids, and other species around the world, at great risk. Only a
professional and integrated management of these species will allow them to remain
as key species in our ecosystems. Otherwise we will continue to observe the drastic
cascading effects of leporid decrease on other species.

According to the World Wildlife Fund (WWF) ‘Living Planet 2020’ report, global
wildlife populations have declined by an average of 60% over the past 40 years; there-
fore, it is urgent to adopt practical measures of positive impact in short and medium
terms [180].

Today, we have the knowledge and the means to develop solutions, often retained
by lack of political will and social and ecological motivation, to make pioneering and
innovative decisions that will allow paradigm shifts. One such example is the use of
new microbiological solutions, namely recombinant vaccines, transgenic foods that
express immunizing proteins, the use of artificial intelligence and machine learning
to deliver molecules. All these resources, and many more, are now a reality, but they
still need to be implemented in wildlife.
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Abstract

Aquaculture, being the fastest growing food production sector, has now become
vital to the socioeconomic development of many countries. In India, aquaculture
plays a significant role in food production, ensuring nutritional security, boosting
agricultural exports, and generating job opportunities. The production of farmed
fish has greatly expanded qualitatively and quantitatively in both freshwater and
marine water regimes to fulfill the ever-growing demand. However, the occurrence
of diseases is the main obstacle to sustainable aquaculture production, which has
an impact on the socioeconomic status of fish farmers of the country. Viral diseases
inflict irreparable damage to the aquaculture enterprise causing large-scale economic
losses and ecological problems. Recently, there has been a spike in the incidence of
new emerging viral diseases in diverse species of aquaculture species. Prophylactics
by far being the only feasible method of viral disease control, the development of
viral vaccines is highly imperative. A precise understanding of the disease pathology,
etiological agent, and species susceptible to the specific diseases are highly essential in
this perspective. The chapter highlights the emerging and reemerging viral diseases in
the Indian aquaculture sector.

Keywords: aquaculture, disease emergence, virus occurrence, fish

1. Introduction

Aquaculture is one of the fastest food-producing sectors in the world that contrib-
utes significantly to the world economy. World aquaculture production has increased
from 35.6 million tonnes in 2000 to 87.5 million tonnes in 2020 (Figure 1). At present,
India is the third largest fish-producing country in the world and accounts for 7.96%
of the global production. Fish production increased from 5.66 MMT in FY2000-2001
to 8.67 MMT in FY2011-2012. During FY2020-2021, the total production has been
estimated at 14.73 MMT with the contribution of 11.25 MMT from inland sector and
3.48 MMT from marine sector. Indian aquaculture production during 2000-2020
ranged from about 2 million tonnes to 8.7 million tonnes in 2020 (Figure 2). In India,
fish culture encompasses a diverse range of fishes, including Indian major carps,
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Figure 1.
World aquatic animal production increased from 35.5 million tonnes in 2000 to 87.5 million tonnes in 2020
(Source: FAO 2000—2022).
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Figure 2.
Indian aquaculture production reached from 1943 thousand tonnes in 2000 to 8641.3 thousand tonnes in 2020
(Source: FAO 2000—2022).

minor carps, catfishes, barbs, tilapia, climbing perch, and murrels. Additionally, due
to the esthetic value and economic benefit of ornamental fish farming, it has become
more and more popular throughout the world. In India, ornamental fish farming is
mainly practiced in West Bengal, Tamil Nadu, Kerala, Karnataka, and states of the
North East [1], and the country possesses great potential in contributing to the global
ornamental sectors [2].
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Intensification of aquaculture has increased productivity significantly while
concurrently accompanied with several infectious diseases. Successful aquaculture
production relies on various factors like stocking density, pond management, and
development of the host immune system.

Health management in aquatic animals requires more attention and care for moni-
toring and control than terrestrial counterparts. Intensive aquaculture, in particular,
has brought in more disease problems due to infectious agents, some of which are
difficult to control and lead to high economic losses. By far viral diseases are found to
be more difficult to control than bacterial and fungal diseases.

Until the 1980s, marine viruses were considered ecologically insignificant, because
their concentrations were underestimated, but subsequent studies have confirmed
that the ocean contains an abundance of organisms, including millions of virus
particles per milliliter of seawater [3]. Most of the fish diseases, however, can be con-
trolled by proper scientific management through appropriate biosecurity, nutritional
adequacy, prophylactics, water and sediment quality control, adequate aeration,
checking, and controlling input quality including fish seed, feed and chemicals, and
constant monitoring through sampling.

New or previously unknown diseases; known diseases appearing for the first time
in a new species; known diseases appearing for the first time in a new location; and
known diseases with a new sign or higher virulence may be considered as emerging
diseases [4]. This article provides a thorough insight into some of the important
viral pathogens that are emerging and reemerging fish viruses in Indian aquaculture.
Additionally, it provides current diagnostic techniques and disease control methods,
as well as future directions for preventing potential diseases in wild and farmed fish.

2. Common disease problems in Indian aquaculture

Infectious diseases are the major constraints to aquaculture and the limiting factor
for economic and socioeconomic development of fish farmers in India and many other
countries in the world [5-7]. Some diseases have seriously affected the future develop-
ment of the aquaculture sector as well as the livelihood of fish farmers. Intensification
of cultural practices without the fundamental understanding of the complex balance
between host, pathogen, and environment has led to many diseases that threaten
present-day aquaculture [8, 9]. In India, the expansion of aquaculture into intensive
and semi-intensive methods has been accompanied by an increase in production of fish
and shellfish due to high stocking densities. However, stressful environmental circum-
stances encourage the emergence and spread of infectious diseases through variations in
virulence and epidemiological factors [10]. Infectious diseases, especially viral diseases
are very difficult to be controlled once established within the culture system [11] due to
the peculiar environment where pathogens are constantly lurking for an opportunity
when the health status of the host is compromised [12]. Many diseases in aquaculture
are directly correlated with environmental deterioration including non-optimal water
quality, higher microbial load, and poor nutritional status which leads to stress to the
cultured animals. In addition, opportunistic pathogens present in the aquatic environ-
ment become harmful due to high stocking density [13]. Many new diseases have
emerged in fish and shrimp culture as a result of expansion of the aquaculture sector,
increased global movement of aquatic animals and their products, and various anthro-
pogenic interventions in the ecosystem that lead to stress to aquatic animals.
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3. Emerging viral diseases of finfish

In India, indigenous major caps (IMC) namely, catla, rohu, mrigal; exotic carps
like common carp, grass carp, silver carp along with catfishes (Clarius batrachus,
Heteropneuestes fossilis, Pangassius spp.) and freshwater prawn Macrobrachium rosenbergii
are widely cultured. The culture of pacu, Piaractus brachypomus, and the exotic catfish
Pangasiandon hypophthalamus has also grown during the past few years. Additionally,
Tilapia and Pangasius offer great potential for cage culture in freshwater lakes and
reservoirs [13]. Several diseases caused by viruses have been identified in fish all over
the world. However, there have only been a few instances of viral diseases affecting
finfish in India. Viral diseases due to Koi ranavirus (KIRV), Similar damselfish virus
(SRDV), Red sea bream iridovirus (RSIV), Infectious spleen and kidney necrosis virus
(ISKNV), Carp edema virus (CEV), Viral Nervous Necrosis (LCNNV-In), Tilapia Lake
Virus (TiLV), and Snakehead rhabdovirus (SHRV-In) have been reported in India.

3.1Iridoviruses
3.1.1 Koi ranavirus (KIRV)

In India, a ranavirus infecting koi (KIRV) was reported for the first time in 2015,
which was isolated and characterized from moribund koi (Cyprinus carpio) that suf-
fered continuous mortality exhibiting swimming abnormalities, intermittent surfacing,
and skin darkening (Figure 3) [14]. Icosahedral virus particles of 100-120 nm were
observed in the infected cell cultures, budding from the cell membrane (Figure 4).
Sequence analysis of the major capsid protein gene showed an identity of 99.9% to that
of the largemouth bass virus isolated from North America.

Iridoviruses are double-stranded DNA viruses having icosahedral capsid with a size
range of about 120-200 nm and a genome size ranging from 102 to 210 kbp [15]. The
family Iridoviridae is subdivided into five genera, the Iridovirus and Chloriridovirus
genera that infect insects, the Lymphocystivirus and Megalocytivirus genera, which

Figure 3.

Koi infected with koi ranavirus (KIRV) showing clinical signs such as skin darkening, loss of scales, vertical
hanging, uncoordinated swimming, turning upside down, lateral rotation, intermittent surfacing, and settling at
the bottom.
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Figure 4.
Transmission electron micrographs of koi ranavirus (KIRV) in snakehead kidney (SNKD2a) cells showing
icosahedral particle of 100-120 nm size.

infect fish species and Ranavirus, which are genetically diverse and infect amphib-
ians, fish, and reptiles [16]. Ranaviruses can cause acute, systemic disease in fish with
increasing severity resulting from necrosis of kidney and spleen and hemorrhages on
the skin and internal organs [16, 17]. Viruses of the genera Ranavirus are of growing
concern to aquaculture owing to their ability to cause large-scale mortality in a wide
variety of host species [17-20]. The common clinical signs of KIRV-infected fishes
were uncoordinated swimming, rolling over, and vertical hanging before death [14].

Some iridovirus strains such as epizootic hematopoietic necrosis virus (EHNV)
occur in apparently healthy fish without any clinical, indicating the carrier state.
Experimental infection with EHNV also results in seroconversion in Australian frogs
Bufo marinus without any clinical disease signs [21]. Type species FV3 of the genus
Ranavirus differs from several other ranaviruses reported. Ranaviruses infect multiple
cold-blooded vertebrates and have been found to undergo several host shifts sug-
gesting the possibility of these viruses crossing the poikilothermic species barriers
leading eventually to potentially devastating diseases in new hosts [22]. Molecular
analysis based on the nucleotide sequences of the major capsid protein (MCP), DNA
polymerase, and neurofilament triplet H1-like (NF-H1) protein gene distinguished
two tropical ranavirus isolates, guppy virus 6 (GV6) and doctor fish virus (DFV) from
European and Australian ranavirus isolates [23]. However, these two viruses were
found to be very similar but not identical with the North American Santee-Cooper
ranavirus isolated from largemouth bass [24] and KIRV [14], which had 99.21%
sequence homogeneity between them for 1123 bp MCP fragment. Due to the phyloge-
netic variations, it is suggested that the Santee-Cooper ranavirus and related viruses
such as the doctor fish virus and guppy virus may not belong to the genus [25, 26].
The presence of ranavirus was again found in carps (Puntius sarana and Osteobrama
belangeri) that had extensive mortality in North East India in 2016 [27]. The sequence
analysis of the 321 bp fragment has shown 98.9% homology with the major capsid
protein gene of KIRV that was detected from south India [14].
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3.1.2 Similar damselfish virus (SRDV)

Similar damselfish virus was isolated and characterized from marine ornamental
“Similar Damselfish” (Pomacentrus similis Allen, 1991) in India in 2017 [28]. The virus
was identified as a member of the genus Ranavirus of the family Iridoviridae. SRDV
grows well in marine and freshwater fish cell lines from seabass and snakehead. It is
alarge and icosahedral virus of 120-130 nm having double-stranded DNA genome.
Experimental infection of similar damselfish fingerlings with the SRDV showed
cumulative mortalities up to 93.33%. SRDV infected fish were found to exhibit clinical
signs such as skin discoloration and ulcer, lethargy, anorexia, sudden jerky movement,
circling around the central axis, and settling at the bottom of the tank before mortality
[28]. Phylogenetically, the virus had 99.82% identity with largemouth bass virus and
99.29% identity with KIRV across 1130 MCP fragment. Partial cross-neutralization
was observed between recently isolated ranaviruses, SRDV, and KIRV against SRDV
antisera indicating similarity among the immunogenic epitopes of the capsid proteins.

3.1.3 Red sea bream iridovirus (RSIV)

The red sea bream iridovirus (RSIV) is a member of the Megalocytivirus genus which
causes severe mortality in farm-reared red sea bream (Pagrus major). RSIV infection
also occurs in more than 30 other species of farmed marine fish [29, 30]. First recorded
in Japan in 1990, the disease is widely distributed in several Asian countries including
Taiwan, China, Hong Kong, Korea, Japan, Malaysia, Singapore, and Thailand [31]. In
India, the emergence of RSIV infection was first reported in cultured Asian seabass in
2019 [32]. Affected fish were lethargic, exhibited severe anemia, petechiae of the gills,
and enlargement of the spleen [33]. Histopathological changes such as increased RBC
proliferation, lymphocytic infiltration, fused secondary lamellae, necrosed cellular
material, and reduced secondary lamellae height was observed in RSIV-infected gill tis-
sue. Additionally, leucocytic depopulation in the white pulp, melanomacrophage centers,
increased vacuoles, and irregular intracytoplasmic viral inclusion bodies could be found
in RSIV infected spleen. This virus caused 100% mortality in experimentally challenged
seabass within 6 days of post-infection [32]. For RSIVD control, an effective formalin-
killed vaccine was developed and is now commercially available for red sea bream (P
major), striped jack (Pseudocaranx dentex), Malabar grouper (Epinephelus malabaricus),
orange-spotted grouper (Epinephelus coioides), and other fish species belonging to the
genus Seriola in Japan. Complete genome analysis of the Indian strain of RSIV showed
that the virus has a 111,557 bp genome and belongs to RSIV-Genotype II [34].

3.1.4 Infectious spleen and kidney necrosis virus (ISKNV)

Infectious spleen and kidney necrosis virus (ISKNV) is a type of species of the
genus Megalocytivirus under the family Iridoviridae [35]. ISKNV was first detected in
1994 in the Chinese mandarin fish Siniperca chuatsi, that resulted in severe economic
losses [36, 37]. Later, it was found spread other countries like Korea, Malaysia,
Indonesia, Singapore, Australia, and Germany. The virus was reported in India in
2020 causing infection in a wide range of ornamental fish species [38]. The virus has
avast host range and can infect nearly 50 different freshwater, brackishwater, and
marine species [39]. Among the popular freshwater ornamental fish species, cichlids
such as the angelfish Pterophyllum scalare, livebearers, and some gourami species are
susceptible to ISKNV [40].
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ISKNV-infected fish showed anorexia, petechial hemorrhages, abnormal swim-
ming, and pale coloration [37]. Gross changes included swelling of the kidneys and
spleen. Histopathologically, hypertrophic cells with large basophilic cytoplasmic
inclusions were found in the spleen, kidney, gill tissue, cranial connective tissue, and
the endocardium [37]. Experimental infection of pearl gourami Trichogaster leeri and
silver gourami T. microlepis with a tissue homogenate of pearl gourami infected by
ISKNV induced 70% and 20% cumulative mortalities in the pearl and silver gourami,
respectively [41]. ISKNV caused significant mortalities of ornamental fish species in
India during the year 2018-2019 with various clinical signs such as erratic swimming,
sluggish movement, fin rot, hemorrhage, mucus secretion, and body discoloration [32].

3.1.5 Lymphocystis disease virus (LCDV)

Lymphocystis virus disease affects a large number of freshwater, brackish water,
and marine fish species across the world. LCD is characterized by epithelial benign
tumors resulting from hypertrophied fibroblast connective cells of the body and fins.
Presence of epidermal papilloma like benign tumor used to appear on farm-reared
adult grass carp, Ctenopharyngodon idella in the northern part of India during the
winter months (November-January) of 2017-2019. Investigation was the first report
of the occurrence of lymphocystis disease in grass carp in India [42]. The viral agent
was identified as LCDV LRI-18 following molecular and histological identification
techniques. Phylogenetic examination of the partial nucleotide sequence of LCDV
DNA polymerase gene revealed close relatedness of LCDV LRI-18 (GenBank No.
MK347473) and the LCDV strain from Israel, sharing 99.0% and 96.5% homology
among the respective nucleotide and amino acid sequences.

Single or multiple intracytoplasmic inclusion bodies have been noticed on lym-
phocystis and erythrocyte cells of grass carp infected with LCDV LRI-18. The virions
were icosahedral in shape with an electron-dense core and had a size of 280 nm
diameter [42]. Histopathologically, LCDV-infected grass carp had extensive hypertro-
phy and lamellar fusion, hemorrhage in the eye, liver necrosis, myocardial inflamma-
tion, fused intestinal villi, and glomerular degeneration. Experimental dip infection
in 0.45 m filtered LCDV crude suspension did not reproduce the disease in grass carp
fingerlings., and also no death was noted.

3.2 Carp edema virus (CEV)

Carp edema virus disease (CEVD) is an emerging disease of concern to koi enthu-
siasts and carp aquaculture around the world. Carp edema virus is a large, double-
stranded DNA virus belonging to the poxvirus family of viruses (Poxviridae). Carp
edema virus disease/koi sleepy disease differs widely from another similar disease
referred to as “carp pox,” which is caused by a herpesvirus (Cyprinid herpesvirus 1)
that is responsible for wart-like growths on the skin in common carp varieties [43].
The CEV was first detected in Japanese koi in the 1970s and derived its name from
causing edematous skin lesions in the affected fish [44]. The infection of CEV has
been reported in three continents, Asia, North America, and Europe, particularly
from Germany, India, China, Korea, and Iraq from common carp and koi carp [45].
The infection with CEV was reported in India for the first time in koi that was show-
ing clinical signs similar to sleepy disease [45]. Of late, large-scale mortality caused
by CEV in koi carps (C. carpio koi) has been found in the ornamental fish farm of
Odisha, India [46].

123



Viral Outbreaks - Global Impact and Newer Horizons

Common carp (C. carpio), especially koi, can contract the carp edema virus, which
can lead to disease and high mortality rates. The disease was formerly known as “viral
edema of carp” because sick fish may have erosive or hemorrhagic skin lesions along
with swelling (edema) of the underlying tissues (Figure 5) [47]. The infected fish
could also exhibit the clinical signs of ulcers on body, massive necrosis of gills, and
sleeping at the bottom of tanks before death (Figure 6) [45]. In the early stages of the
disease, the gill epithelial cells at the tips of the gill filament proliferate, resulting in a
thickening or “clubbing” appearance (Figure 7) [48]. In CEV-infected fish, the prolif-
eration may extend to the base of the gill filament and impair gill function. Common
carp and koi (C. carpio) are the only known susceptible species [49].

The disease is also known as “koi sleepy sickness” (KSD) due to the strange behav-
ior of affected fish, which includes being unresponsive and lethargic and frequently

. PR

Figures.
Koi infected with carp edema virus having dropsy showing internal hemorrhage and sevosanguinous fluid in the
peritoneal cavity.

Figure 6.
CEV infected the clinical signs of ulcers on body, massive necrosis of gills, and sleeping at the bottom of tanks
before death.
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Figure7.
CEV-infected koi gill epithelial cells proliferated at the tips of the gill filament, vesulting in lamellar fusion and
thickening or “clubbing” appearance.

lying motionless at the tank floor for extended periods of time if undisturbed. Once
the “sleepy” carp is disturbed, they swim for a little while and soon become passive
and settle on the tank’s bottom [48]. The severity of the disease is greatest in juveniles,
which may hang just under the surface of the water before succumbing, while adult
fish may lie motionless on the bottom of the pond/tank [49].

3.3 Viral nervous necrosis (VNN)

Fish nodaviruses, members of the genus Betanodavirus under the family Nodaviridae,
are the causative agents of a highly destructive disease in approximately 150 species of
marine finfish species worldwide [50]. Following the first outbreak of the viral nervous
necrosis disease at early larval stage in seabass hatcheries in Martinique, the French
Mediterranean [51] and Queensland [52], the causative agent was first identified as
amember of the family Nodaviridae by molecular analysis of the purified virus from
infected hatchery-reared larvae of striped jack P, dentex [53]. Viral nervous necrosis
(VNN), also known as viral encephalopathy and retinopathy (VER), is a disease caused by
nodaviruses, which are icosahedral in shape having a size range of 25-34 nm (Figure 8).
The virus has a single-stranded bipartite positive sense RNA genome. Although adults can
be affected, hatchery-reared larvae and juveniles are primarily affected by VNN out-
breaks, which can cause high mortalities of up to 100% [54]. The virus was first isolated
in cell culture from seabass fry using striped snakehead cell line [55]. There are four
genotypes recognized under the genus including red-spotted grouper nervous necrosis
virus (RGNNV), barfin flounder nervous necrosis virus (BFNNV)), tiger puffer nervous
necrosis virus (TPNNV), and striped jack nervous necrosis virus (SJNNV) based on the
comparative sequence analyses of the coat protein genes [56].

The VNN has been reported in many countries including Southeast Asia
(India, Indonesia, China, Japan, Korea, Malaysia, Philippines, Thailand, and
Vietnam), Oceania (Australia, Tahiti), the Mediterranean Basin (France, Greece,
Italy, Malta, Portugal, Spain, and Tunisia), the UK, Norway, the Caribbean Islands,
and North America (USA and Canada) [50, 57]. In India, betanodavirus infection
has been observed in both cultured and wild population of brackishwater/marine
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Figure 8.
Transmission electron micvographs of Lates calcarifer nervous necrosis nodavirus in SSN1 cell line.

tish species (Figure 9) such as Lates calcarifer, Rachycentron canadum, Trachinotus
blochii, Mugil cephalus, Liza parsia, Chanos chanos, Epinephelus tauvina, Sardinella
longiceps, Amblygaster clupeoides, Thrissocles dussumieri, Leiognathus splendens, Upeneus
sulphureus, and Mystus gulio (reviewed by Jithendran et al. [58]. In addition, the
infection has also been recorded among aquarium fishes including Carassius auratus
(Gold fish), Epalzeorhynchos frenatum (Rainbow shark), Danio rerio (Zebra fish) and
Amphiprion sebae (Clown fish) [58]. Betanodavirus genotypes show different optimal
growth temperatures, 15-20°C for BENNV, 20°C for TPNNYV, 20-25°C for SJNNV, and
25-30°C for RGNNV [59]. The temperature sensitivity of betanodaviruses seems to be
regulated by the region encoding the amino acid residues 1-445 of RNA1 [59].

Figure 9.
Viral nervous necrosis (NN'V)-infected juvenile seabass.
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Clinical signs due to VNN infection depend on the fish species, biological stage,
phase of the disease, and temperature. However, common signs are abnormal swim-
ming behavior (spiral swimming, whirling, horizontal looping, or darting) and loss of
appetite among affected fish [60, 61]. Other signs include swim bladder hyperinfla-
tion and coloration abnormalities (pale or dark). Histopathologically, the fish show
extensive necrosis of the central nervous system (CNS), with extensive vacuolation and
neural degeneration of the brain as well as vacuolation of the retina [60-62]. The main
clinical signs of NNV infection in freshwater fish include anorexia, descaling, and set-
tling the bottom with dropsy [58]. An experimental infection performed using guppy
(Poecilia reticulata) showed clear clinical signs associated with significant mortality
since 15 dpi [63]. The cumulative mortalities reached up to 100% at 30 dpi in the study.
A pathogenicity study in seabass fingerlings using betanodavirus revealed nervous
necrosis in retinal cells following a 21-day challenge trial (Figure 10) [64]. Both hori-
zontal and vertical transmission has been demonstrated in several fish species [50].

3.4 Tilapia lake virus (TiLV)

Tilapia Lake Virus (TiLV) disease is an emerging and transboundary disease of
tilapia, causing mortality up to 90% globally in farmed tilapia over the last 4-5 years
[65, 66]. TiLV is an enveloped, negative-sense, single-stranded RNA virus (-ssRNA)
with a 10,323 kb genome and a size range of 55-100 nm diameter [65]. It was first
identified as an orthomyxo-like virus and the only member of the genus Tilapinevirus
in the family Amnoonviridae [65, 67, 68]. Until 2009, there were no reports on viral
diseases in Tilapia. However, large-scale mortalities were seen in both wild and
farmed hybrid tilapia (Oreochromis niloticus x O. aureus) in Israel during the summer
of 2009, the etiological agent of which was identified as Tilapia Lake Virus (TiLV)
in 2013 [65]. Further, outbreaks of TiLV have been reported from other countries

Figure 10.
Hg'E stained section of the retina of experimentally infected seabass juveniles showing extensive vacuolation of
the cells in outer plexifrom and inner nuclear layer. Photo courtesy: Lekshmi Haridas.
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namely, Ecuador, Colombia, Egypt, Thailand, Chinese Taipei, Malaysia, Bangladesh,
Uganda, Tanzania, Peru, Mexico, Philippines, Indonesia, and USA. In India, TiLV was
first reported following the outbreaks of a fatal disease in farmed tilapia in two states,
West Bengal and Kerala [69].

There are several clinical signs associated with TiLV; however, corneal opacity
may be one of the overt clinical signs of TiLV infection [65]. The infected fishes
could exhibit other signs like anorexia, poor body condition, severe anemia, bilateral
exophthalmia, skin abrasion and congestion, scale protrusion, and abdominal swell-
ing (Figure 11) [70-72]. In addition, clinical signs like pale coloration of the body,
gathering at the bottom, sluggish movement, abnormal swimming, and avoidance of
schooling before death have also been observed during the outbreak [73]. The brain
and liver are the most targeted organs for TiLV infection [66]. Histopathological
changes in the liver are characterized by hepatic syncytia and thus the name “syncy-
tial hepatitis” (Figure 12). Pathologies in the brain included blood vessel congestion
and infiltration of lymphocytes, which have been associated with the clinical sign of
irregular swimming [74]. Recently, co-infection of bacteria, Lactococcus garvieae with
TiLV and associated mass mortality in Nile tilapia was reported in India [75].

3.5 Snakehead rhabdovirus

Rhabdoviruses and aquabirnaviruses are among the most potentially harm-
ful viral pathogens of fishes. The family Rhabdoviridae comprises bullet-shaped
enveloped viruses that are classified into 18 genera and 134 species (Figure 13) [76].
Rhabdoviruses have an enveloped virion with the nucleocapsid (30-70 nm in diame-
ter) containing a single molecule of linear, negative-sense ssRNA genomes of 10-16 kb
size, which encodes five virion structural proteins: the nucleoprotein (N), the phos-
phoprotein (P), the matrix protein (M), the glycoprotein (G), and the polymerase
(L) [77]. Rhabdoviruses infecting fish are included in the genera Novirhabdovirus,

Figure 11.
TiLV-infected tilapia showing exophthalmia, hemorrhages, skin ulcers swollen abdomen, and eroded fins.
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Figure 12.

Histopathological section of TiLV-infected liver stained in hematoxylin and eosin showing putative
intracytoplasmic inclusion body (arrowhead) with giant cell having multiple nuclei (arvow). Photo courtesy:
Lekshmi Haridas.

Figure 13.
Transmission electron micrographs of snakehead rhabdovirus particles (SHRV-In) in the virus-infected SSN1 cells
revealing bullet-shaped virus particles (bar 200 nm,).

Sprivivirus, Perhabdovirus, and Vesciculovirus. Rhabdovirus has been reported to cause
acute disease in Rio Grande Perch (cichlid) and North American (Mexican) cichlid
(Cichlasoma cyanoguttatum) [78]. These viruses are responsible for infections in a wide
range of freshwater and marine fishes (Anguilliformes, Clupeiformes, Cypriniformes,
Gadiformes, Perciformes, Pleuronectiformes, and Salmoniformes) [79].

Infections with three rhabdoviruses such as infectious hematopoietic necrosis
(IHN), viral hemorrhagic septicemia (VHS), and spring viraemia of carp (SVC) are
listed by OIE as notifiable diseases [31]. Fish rhabdoviruses generally show tissue
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Figure 14.
Snakehead fish with surface ulcerations and hemorrhagic areas infected with snakehead rhabdovirus.

tropism to kidney, spleen, and brain while liver, heart, and gill are also found to be

the multiplication sites albeit with low titers [80]. Rhabdoviruses were isolated from
infected snakeheads (Ophicephalus striatus) from various Southeast Asian countries
such as Thailand, Myanmar (Burma), and Philippines in 1980s and also from other
epizootic ulcerative syndrome (EUS)-infected fishes [81-83]. Striped snakehead

skin ulcerative disease reported in striped snakehead in Burma and Thailand caused
large, deep ulcerations of the skin on the head and body of fish [82, 84]. Infected fish
show signs of lethargy leading to mortality within 1 week [79]. Recently, isolation of a
snakehead fish vesiculovirus (SHVV) was reported from hybrid catfish in China [85].
First report of emergence of a rhabdovirus (SHRV In) in India was from an infected
snakehead that were undergoing mortality in the extensive type aquaculture tanks in
the rural areas of South India that had behavioral abnormalities and surface ulcerations
(Figure 14) [86]. Experimental infection with SHRV-In exhibited clinical signs of
listlessness, uncoordinated spiral swimming, anorexia, lethargy, loss of scales, discol-
oration, small pale white patches on the body, hemorrhagic areas, and surface ulcers in
juvenile snakeheads. Internally, fish showed hemorrhages and ascitic fluid [86].

4, Control measures

For successful aquaculture production, health management in the nursery, and
grow-out culture is essential because the quality and quantity of fish produced
depend on biosecurity and health management measures adopted by the aquacultur-
ist. In general, fish are stocked at high densities in nurseries and grow-out farms and
therefore, improper management can lead to weak fingerlings with low survival.
Prevention is always considered as the first step in controlling infectious diseases in
aqua farms. General biosecurity measures like sanitizing hands before handling fish,
having foot dips with disinfectants at all entry points in the farm, disinfecting the
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source water are more important to prevent the frequent occurrence and spread of
disease. Development of suitable preventive and control measures, specifically vac-
cines, immunostimulants, herbal extract, and probiotics are also of high significance,
for the fish farmers to protect their crop against pathogens (Tables 1-3).

Disease Pathogen Vaccine type Antigens/ Delivery Country/
targets methods region

Infectious ISKNV Inactivated Inactivated Intra Singapore
spleen and Iridovirus ISKNV peritoneal
kidney
necrosis
Redseabream RSIV Inactivated Inactivated Intraperitoneal Japan
iridovirus iridovirus RSIV
disease
Viral nerves VNN Recombinant Recombinant Intraperitoneal India
necrosis Nodavirus VNN
(VNN)
Koi ranaviral KIRV — — — —
disease Ranavirus
Similar SRDV — — — —
damselfish Ranavirus
viral disease
Sleepy disease CEV — — — —
or carp edema Poxvirus
virus disease
Tilapia lake TiLV — — — —
virus Tilapinevirus

Table 1.

Commercially available vaccines for viral diseases veported in India.

Viruses Host Immunostimulants

VHSV Rainbow trout Marinobacter algicola flagellins, ascorbic acid, ascorbate
2 monophosphate, Vit E

IHNV Rainbow trout Ascorbic acid and glucans

SVCVv Zebra fish p glucans, LPS, polyinosinic: polycytidylic acid

IPNV Atlantic salmon Oligodeoxynucleotides (ODN) containing
unmethylated CpG dinucleotides

GCHV Grass carp B glucans

KIRV Common carp Bacterial DNA (A. hydrophila)

EHNV Cat fish Methisoprinol

RSIV Red sea bream RsbIL-1f and RsbIL-8

ISKNV Red drum TO17

NNV Grouper. Grouper, seven Reishi immunomodulatory protein (riZ-8),

band grouper Tryptophan & Whey and p-glucan
Table 2.

Experimental immunostimulants studied for fish viruses.

131



Viral Outbreaks - Global Impact and Newer Horizons

Virus Species infected by the virus Effective probiotic Mode of action
culture
IHNV O. mykiss; Oncorhynchus Pseudomonas sp. Antiviral effect by blocking the sites
tshawytscha; O. nerka of attachment for IHNV on the host.
Proteolytic activity against various
structural proteins of viruses
affecting fish
LCDV Pleuronectes flews; Pleuronectes Lactobacillus sp. Perform as immunostimulants to
platessa; Acerina cernua; and Lactobacillus boost innate immune response as well
Cynoscion nothus; C. regalis; sporogenes, as disease resistance in opposition to
Bairdiella chrysura; Fundulus respectively LCDV
heteroclitus
VHSV F. heteroclitus; Gasterosteus Lactococcus lactis L. lactis (NZ3900) constitutes G gene
aculeatus; Salmo trutta; (NZ3900) of VHSV under Nisin-controlled gene
Morone saxatilis; Esox expression (NICE) system is utilized
masquinongy; Oncorhynchus as an oral vaccine against the virus
mykiss; Sprattus; Gadus
morhua
KHV Cyprinus rubrofuscus; Genetically These are capable of expressing the
Cyprinus carpio engineered (GE) ORF81 protein of KHV and act as oral
Lactobacillus vaccine
plantarum
SVCVv Cyprinus carpio; L. plantarum, It is capable of expressing the G
Ctenopharyngodon Bacillus velezensis protein of SVCV and can act as oral a
idella; Carassius auratus; vaccine to provide protection against
Leuciscus idus; Tinca tinca; SVCV
Notropis atherinoides;
Hypophthalmichthys molitrix
TiLV Oreochromis spp Bacillus subtilis, Decreased viral load
Bacillus licheniformis,
and B. pumilus
oMV Oncorhynchus masou; Pseudomonas sp. It produces a potent antiviral
Oncorhynchus nerka; compound (46NWO04A) that is
Oncorhynchus keta; O. mykiss; effective against OMV
Oncorhynchus kisutch; etc.
Table 3.

Probiotic bacteria used against viruses of fish.

5. Recent significant advances in research on the management of viral

diseases

While there are successful vaccines available for many existing viral diseases, for
emerging viral infections, development of vaccines is only in the preliminary stages [87,
88]. Since there is no commercial vaccine or effective antiviral treatment against SGIV
infection currently, a high-throughput in vitro cell viability-based screening assay has
been developed to find antiviral compounds against SGIV using the luminescent-based
CellTiter-Glo reagent in cultured grouper spleen cells by quantificational measurement
of the cytopathic effects induced by SGIV infection [89]. Aqueous preparations of the
medicinal plant, Viola philippica has been found to have excellent inhibitory effects
against Grouper iridovirus GIV during the viral infection stage of binding and replica-
tion in host cells [90]. Against SVCYV; a total of 35 arctigenin derivatives have been
synthesized and tested for their antiviral efficacy in EPC cells. Out of 35 derivatives
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screened, 32 were found to have a potential anti-SVCV effect at relatively high concen-
trations [91]. Additionally, a new coumarin derivative called 7-[6-(2-methylimidazole)
hexyloxy] coumarin (D5) and imidazole coumarin derivative, 7-(4-benzimidazole-
butoxy)-coumarin (BBC) have been synthesized and evaluated for the antiviral activity
against spring viraemia of carp virus (SVCV), which showed that D5 and BBC had a
strong antiviral activity SVCV expression in the host cells and in zebrafish [92-94].
Arctigenin (ARG) has also been found to have the highest inhibition on SVCV replica-
tion [95]. A novel coumarin derivative (C3007) could have significant potential for use
as a therapeutic agent in aquatic systems and may also be appropriate for use in pond
aquaculture environments to prevent viral transmission [96].

The arctigenin-imidazole hybrid derivative-15 with an eight-carbon atom linker
length greatly suppressed apoptosis and the cellular morphological damage brought
on by infectious hematopoietic necrosis virus (IHNV) in addition to decrease replica-
tion [97]. A new imidazole arctigenin derivative, 4-(8-(2-ethylimidazole) octyloxy)-
arctigenin (EOA), significantly decreased cytopathic effect (CPE) and viral titer
induced by IHNV in epithelioma papulosum correct as cyprini (EPC) cells. In addi-
tion, it significantly inhibited apoptosis induced by IHNV in EPC cells [98].

Since broad-spectrum water-immersion antiviral treatments are highly desirable,
light-activated antivirals that target the viral membrane (envelope) of viruses have
been developed to prevent viral-cell membrane fusion, ultimately blocking viral entry
into cells [99]. An extract from Ecklonia cava has also been demonstrated for its ability
to suppress VHSV in the fathead minnow (FHM) cell line and following oral admin-
istration to the olive flounder. Additionally, oral administration of the E. cava extract
to the olive flounder increased the antiviral immune response and the efficacy of
protection against VHSV, leading to the development of an antiviral status in the olive
flounder [100]. Alpinone has been found to have in vitro antiviral activity against the
infectious salmon anemia virus [101].

Drugs such as ammonium chloride and chlorpromazine hydrochloride drugs could
be used for controlling nodavirus infection in aquaculture [102]. One of the best tools
to prevent virus spread is the development of suitable vaccines. Binary ethylenimine
(BEI) inactivated vaccine against the nervous necrosis virus has been generated and
conferred partial protection to Senegalese sole when administered by intra-peritoneal
injection, although they induced a different immune response [103]. An epitope-based
vaccine (EBV) has also been developed using a computation approach for the first
time and tested against seven banded grouper nervous necrosis virus [104].

Common disinfectants such as iodine, sodium hypochlorite, hydrogen peroxide,
and formalin can be effectively used to reduce viral loads [105]. Therefore, the proper
use of such disinfectants may be encouraged and put into practice in order to reduce
the development of TiLV in aquaculture farms and related facilities. -propiolactone
inactivation of viral particles exhibited higher protection efficacy against virus
challenge than formaldehyde [106]. When combined with the adjuvant Montanide
IMS 1312 VG and booster immunizations, the f-propiolactone-inactivated vaccine
provides a high level of protection from TiLV challenge in tilapia.

6. Conclusion

In India, aquaculture plays a key role in increasing production of highly nutritious
and cheap protein to the masses while at the same time generating more employment
opportunities. Emerging viral diseases of various categories are, however, causing great
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concern to the sector threatening the sustainability of aquaculture operations. A definite
understanding of the etiological agents is therefore of paramount importance in generating
interventions in controlling the diseases. Adequate diagnostic protocols and ability to detect
different strains arising out of mutations resulting in emergent infections are also highly
indispensable. Many of the viral disease agents detected in India showed variations from
their global counter parts. It would be therefore essential to develop proper surveillance
methods and systematic approach of documentation coupled with fast responsiveness to
areported infection to keep the emerging viral diseases under control. This would help in
containing the infection and probably eliminating the incriminating agent if proper biose-
curity principles are applied. Adequate care also needs to be given to the seed production of
the candidate species by screening the brood stock so that the possible vertical transmission
can be prevented. As the therapeutic measures are having little success with viral infections
in fish, prophylactic measures, including vaccines, immunostimulants, herbal extracts and
probiotics to protect the crop against viral diseases are to be extensively explored.

7. Future perspectives

Realizing the trend of increasing viral infections in fish, it is necessary to build
adequate preventive measures to contain the spread of the disease. The requirements
in this aspect include:

* A well-equipped diagnostic laboratory with appropriately trained and experi-
enced staff to help in the diagnosis of virus-infected fish.

* Effective biosecurity measures by farmers to prevent infection from spreading to
farmed fish.

* Comprehensive knowledge of the newly emerging and reemerging viral infec-
tions, current health management techniques, dynamics, infrastructure, and
regulatory norms.

* Stocking fast-growing fish with the appropriate density and composition, inte-
grating a system for effluent treatment and resource management and sanitizing
the pond environment to increase aquaculture productivity.

* Modern health management practices developed on epidemiological principles
with active and passive surveillance programme for advanced prediction of
disease occurrence to protect the crop

* “National Surveillance Programme on Aquatic Animal Diseases (NSPAAD)”
currently in vogue in India is already trying to address the issue of disease control
in fish and shellfish species since 2013. It aims to record prevalence of diseases,
incidence of emerging and remerging diseases and to develop immediate response
measures to identify, notify and contain the diseases especially viral infections so
that the situation is contained.

* Additionally, conducting fish health camps and awareness programme under
the NSPAAD for the benefit of farmers to enable them to take precautionary
measures before the disease spreads and become out of control.
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