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Preface

Even if the livestock sector has become a backbone to maintain the economy of 
many countries, the emerging and transboundary (crosses the national borders) ani-
mal viral diseases pose a serious risk to the animal farming sector and food and 
nutrition security globally. The epidemics and pandemics of a few infectious dis-
eases of animals and/or humans during the past couple of decades have highlighted 
the significance of emerging infectious diseases (EIDs) due to their direct impact on 
the economy, welfare and public health. Even though Asia has been recognized as 
the epicentre of many EIDs and upcoming infections, several new pathogens have 
also appeared in the recent past in other parts of the world. Additionally, the emer-
gence of new viral diseases/infections, such as Rift Valley fever, West Nile fever, 
SARS coronavirus, Hendra virus, avian influenza A (H5N1), Nipah virus, Zika 
virus and swine influenza A (H1N1) virus, from time to time is the flagrant exam-
ples threatening adversely both animal and public health globally. Therefore, the 
emerging, re-emerging and transboundary viral infections have become the prime 
choice of researchers and public health workers. The leading reason behind the 
increase in the number of viral diseases is the absence of safe and inexpensive pro-
phylactics and therapeutics. Besides, the control and management procedures 
adopted for restricting viral diseases remain challenging and require expertise in 
capacity building for detection and differentiation of the pathogen; development of 
rapid, sensitive and cost-effective pen-side diagnostic tests/kits; regional and periph-
eral diagnostic laboratories; clinical and sero-surveillance of the disease in the sus-
ceptible and in contact animal populations; border control for transboundary 
diseases; quarantine facilities, vector control, and restrictions on the movement of 
animals from the affected areas; and other relevant general health control measures, 
such as disposal of carcasses, zoo-sanitary measures and management practices.

Currently, numerous research articles/news are available on several animal 
pathogens. Nevertheless, the book dealing with emerging, re-emerging and trans-
boundary animal viruses is limited. Such a resource is essential for the research 
community to understand the latest knowledge and trends in this field so that it can 
be utilized for improving the counteractions. To overcome these issues and fill the 
gaps, we have come up with a compilation on Emerging and Transboundary Animal 
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Viruses to provide a conversant resource in this area. The significance of viral dis-
eases in animals in the light of the adverse economic impact on the farmers and the 
livestock industry is also highlighted using appropriate examples. This book pro-
vides precise and up-to-date information on animal viral diseases that have emerged 
in the recent past or are re-emerging due to several complex environmental interplay 
factors and the ones which are not bounded in restricted national boundaries and 
have attained the transboundary status. Conclusively, the chapters define present- 
day information on the existence of emerging, re-emerging and transboundary ani-
mal viruses in a global context, with emphasis on the molecular state-of-the-art 
tools with special reference to the development of diagnostics, prophylactics and 
therapeutics.

The book covers important viruses/viral diseases of economic/public health con-
cern in animals in various chapters written by more than 50 authors (researchers/
academicians/young investigators) from different parts of the world. Additionally, 
throughout the book, tables and figures provide important clinical data and recom-
mendations, with specific references at the end for readers who want to obtain fur-
ther details of each topic. In this book, we have included 15 chapters on important 
animal viruses. The first chapter (Chap. 1) by Dr. Yadav and colleagues provides an 
overview of emerging and transboundary animal viruses, highlighting the signifi-
cance of EIDs on public health. This chapter oveviews the experience gained in the 
control and management of a few important transboundary animal diseases and 
EIDs along with the successes, constraints, limitations and future research needs for 
developing better control approaches. Chapter 2 on African Swine Fever Virus by 
Dr. Alexander Malogolovkin and colleagues from Russia provides virus epidemiol-
ogy, immunopathobiology and diagnostics with a brief overview of recent advances 
of virus vaccine development. Similarly, comprehensive information is provided on 
Classical Swine Fever Virus in Chap. 3 by Dr. Sarma. Coronavirus infections are a 
serious threat to the swine industry. In Chap. 4, Dr. Vlasova and colleagues discuss 
the progress on Transmissible Gastroenteritis Virus (TGEV), Porcine Epidemic 
Diarrhoea Virus (PEDV) and Porcine Deltacoronavirus (PDCoV) of swine. An 
overview of Torque Teno Virus of swine is given in Chap. 5 by Dr. Ghosh and col-
leagues. Dr. Malik and colleagues provide an overview of Teschovirus of swine in 
Chap. 6.

The burden of Flaviviruses has made the whole world vulnerable towards its 
infection. Animals play a crucial role in Flavivirus life cycle where pigs are the 
amplifying host for Japanese encephalitis virus, and migratory birds are reservoirs 
for West Nile virus. Dr. Saxena and team in Chap. 7 provide a detailed account of 
the Animal Flaviviruses. In Chap. 8, Orbivirus, the largest genus of the family 
Reoviridae, is discussed by Dr. Maan’s team. Main emphasis of the chapter is on 
Bluetongue virus with elucidating taxonomic relationships, epidemiology, replica-
tion mechanisms and evolutionary process of these viruses. The next chapter (Chap. 
9) by Dr. Virmani’s group elaborates the equine influenza virus giving its current 
situation globally. In the subsequent chapter (Chap. 10), Dr. Sudhakar and team 
provide an overview of Schmallenberg virus. A tick-borne virus, classified as a 
BSL4 agent, the Crimean-Congo Haemorrhagic Fever Virus, is explained in Chap. 
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11 by Dr. Raut and colleagues. In the next chapter (Chap. 12), Dr. Rajkhowa has 
given a detailed account of an economically important swine disease named Porcine 
Reproductive and Respiratory Syndrome Virus.

Dr. Balamurugan’s team has dealt with Peste-des-petits ruminants virus, a small 
ruminant morbillivirus (SRMV) belonging to the family Paramyxoviridae in Chap. 
13. It is highly contagious, OIE notifiable and economically important transbound-
ary animal viral disease of domestic and wild small ruminants, known as ‘Plague of 
Small ruminants’. An overview of Sapelovirus in swine is provided in Chap. 14 by 
Dr. Malik and team. The last chapter (Chap. 15) is on hepatitis E virus by Dr. Kumar 
and colleagues. This viral disease is considered highly significant on account of its 
predominance in both developed and developing nations due to poor sanitation and 
low-grade drinking water.

We believe that owing to the in-depth knowledge of important animal viruses 
with high-quality contributions by experts, the present book will be an excellent 
source of information for the reader. The chapters published could be useful for 
veterinary professionals, clinicians, public health experts, researchers, students/
scholars, animal producers, faculty and students with an interest in virology, viral 
diseases, epidemiology of viral diseases, viral zoonoses and management of viral 
diseases and epidemics, the pharmaceutical industry and biomedicine experts and 
pave the way towards designing and adapting effective and safer therapeutics from 
clinics to the laboratory for countering important animal viral diseases.

We, the editors, would like to express our gratitude to all the contributors for 
their support and hard work to make this book compilation a reality. We also extend 
special thanks to all the peer reviewers whose able expertise and rigorous reviewing 
of the manuscripts submitted for this book helped the authors to reach publication 
stages. We are grateful to Springer Nature for accepting our book proposal and 
extend our special thanks to Dr. Bhavik Sawhney, Associate Editor-Biomedicine, 
Springer Nature, for providing all the editorial help and high cooperation while 
processing the manuscripts for its successful publishing.

Izatnagar, India  Yashpal Singh Malik 
Izatnagar, India  Raj Kumar Singh 
Izatnagar, India  Mahendra Pal Yadav 
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“Emerging and Transboundary Animal 
Viruses”: A Publication from World Society  
for Virology

About World Society for Virology

The World Society for Virology (WSV) is a nonprofit organization, 501c3-ID No. 
001303257, that was established in 2017 with the mission to strengthen virology 
research on different viral diseases of humans, animals, plants, and others.

The main objectives of WSV include but not limited to:

 1. Gather the virologists worldwide in the main society that does not require a fee 
for its membership [a great obstacle for many virologists in many countries] and 
provide help to all whenever possible.

 2. Build up a network of scientific collaborations among virologists worldwide.
 3. Build international bridges for virology laboratories worldwide.
 4. Help virologists worldwide to advance their careers and obtain awards.
 5. Provide educational resources free of charge and freely available to all 

members.
 6. Help and facilitate getting scholarship and vacancies for virologists worldwide.
 7. Build up databases of virologists based on their field of specialization for remote 

assistance and guide in case of the existence of any disease outbreak.

For details, visit www.ws-virology.org

http://www.ws-virology.org/
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About the Book

This book illustrates the prominence and implications of the emerging, re- emerging, 
and transboundary animal viruses which have become researchers’ and public 
health workers’ top precedence to triumph over the last few decades due to the con-
sequential losses in animals as well as the unprecedented threats to the public. Even 
if the livestock sector has become the backbone to maintain the economy of many 
countries, the emerging and transboundary (crosses the national boarders) animal 
viral diseases possess a serious risk to the animal-agriculture sector and food secu-
rity globally. The research outcomes of twenty-first century are transfiguring our 
capacity to respond to these animal healths defies swiftly and commendably through 
advent of urbane diagnostics tools, new generation prophylactic vaccines and thera-
peutic antimicrobials, and delivery systems. This book is comprised as an integrated 
approach to encompass comprehensive knowledge by a large team of more than 50 
authors (researchers/academicians/young investigators) from different parts of the 
world. This book describes the precise and up-to-date information on animal viral 
diseases which have emerged in the recent past or are re-emerging due to several 
complex environmental interplay factors and the ones which are not bounded in 
restricted national boundaries and attained the transboundary status. The chapters 
provide information pertaining to the important viruses of livestock, emphasizing 
developments in the frontier research areas in studying emerging and transboundary 
animal viruses. Additionally, throughout the book, tables and figures comprehend 
the important clinical data and recommendations, with specific references at the end 
for readers who want to obtain further details of each topic. The significance of viral 
diseases in animals in the light of economic impact to the farmers and the livestock 
industry is also highlighted using apposite examples. Conclusively, the chapters 
define present-day information on existence of emerging, re-emerging, and trans-
boundary animal viruses in global context with emphasis on the molecular state-of-
the-art tools with special reference to the development of diagnostics, prophylactics, 
and therapeutics. As the chapters provided in this compilation are serious concern 
globally and suggestive of serious consideration at decision-making level, the book 
also explicitly describes the challenges imposed by the emerging and transboundary 
viral infections and our preparedness to counter them.
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Chapter 1
Emerging and Transboundary Animal 
Viral Diseases: Perspectives 
and Preparedness

Mahendra Pal Yadav, Raj Kumar Singh, and Yashpal Singh Malik

Abstract The epidemics and pandemics of a few infectious diseases during the 
past couple of decades have accentuated the significance of emerging infectious 
diseases (EIDs) due to their influence on public health. Although Asia region has 
been identified as the epicentre of many EIDs and upcoming infections, several new 
pathogens have also emerged in the past in other parts of the world. Furthermore, 
the emergence of new viral diseases/infections, such as Rift Valley fever, West Nile 
fever, SARS coronavirus, Hendra virus, avian influenza A (H5N1), Nipah virus, 
Zika virus and swine influenza A (H1N1) virus, from time to time is a glaring exam-
ple threatening adversely both animal and public health globally. Infectious diseases 
are dynamic and concerning due to their epidemiology and aetiological agents, 
which is manifested within a host, pathogen and environment continuum involving 
domestic animals, wildlife and human populations. The complex relationship 
among host populations and other environmental factors creates conditions for the 
emergence of diseases. The factors driving the emergence of different emerging 
infectious disease (EID) interfaces include global travel, urbanisation and biomedi-
cal manipulations for human EIDs; agricultural intensification for domestic animal 
EIDs; translocation for wildlife EIDs; human encroachment, ex situ contact and 
ecological manipulation for wildlife–human EIDs; encroachment, new introduc-
tions and ‘spill-over’ and ‘spill-back’; and technology and industry for domestic 
animal–human EIDs. The concepts of sanitary and phytosanitary (SPS) measures 
and biosecurity have gained recognition globally in almost all the realms of human 
activities, including livestock health and production management. This chapter pro-
vides the experience gained in the control and management of a few important 
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TADs and EIDs along with the successes, constraints, limitations and future research 
needs for developing better control approaches.

Keywords Transboundary animal disease · Infectious animal diseases · Emerging 
diseases · Biosecurity and biosafety · Animal virus diseases · Disease management

1.1  Preamble

A ‘disease’ may be defined as a condition of the living human, animal or plant body 
or one of its parts that impairs normal physiological functioning and is typically 
manifested by clinical symptoms and signs. Animal and human diseases are classi-
fied in several ways depending on the criteria, such as infectious and non-infectious 
diseases, contagious and non-contagious diseases, zoonotic and non-zoonotic dis-
eases, and acute and chronic diseases. The infectious diseases are caused by virus, 
bacteria, mycoplasma, fungi or rickettsia depending on the nature of the etiological 
agent involved. Among the infectious diseases, viral diseases are most devastating 
and difficult to control as they usually spread very fast and unlike other infectious 
diseases have no cost-effective or safe antiviral antibiotics/drugs for the treatment. 
A new disease occurring in an area/host population spread further and get estab-
lished in want of awareness, lack of diagnostic facility, expertise or other factors is 
termed as ‘emerging disease’. While disease of past, re-appearing in an area having 
a susceptible host population(s), is termed as ‘re-emerging disease’ (Lederberg 
et al. 1992; Daszak et al. 2000). Example of the latter is the re-emergence of human 
tuberculosis in many countries which earlier had negative status as a result of judi-
cious control measures adopted; it re-appeared subsequently due to the spread of 
immunosuppressive human AID’s virus, namely human immunodeficiency virus 
(HIV). Introduction of susceptible animal populations/breeds from abroad for cross- 
breeding to upgrade the local breeds in India and other developing countries has 
resulted in the re-emergence of protozoon parasitic infections, such as theileria, 
babesia and anaplasma in the imported stock or their crossbreeds. The disease which 
is introduced from abroad into a country is termed as ‘exotic’.

The infectious diseases are dynamic concerning their epidemiology and etiologi-
cal agents which is manifested within a host, pathogen and environment continuum 
involving domestic animals, wildlife and human populations. The complex relation-
ship between these host populations and other environmental factors creates condi-
tions for disease emergence. The spill-over of the new emerging disease may be 
from ‘domestic animals to wild life’, ‘wildlife to humans’ or ‘domestic animal to 
human’ or in all categories. The factors driving the emergence of different EID inter-
faces include global travel, urbanisation and biomedical manipulations for human 
EIDs; agricultural intensification for domestic animal EIDs; translocation for wild-
life EIDs; human encroachment, ex situ contact and ecological manipulation 
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for  wildlife–human EIDs; encroachment, new introductions and ‘spill-over’ and 
‘spill-back’; and technology and industry for domestic animal–human EIDs.

1.2  Emerging Diseases

The term ‘emerging disease’ is used to refer to changes in the disease dynamics in 
the population. Emerging infectious diseases (EIDs) are those which have moved 
recently into a new host or have enhanced incidences or geographic range or are 
caused by evolving pathogens (Lederberg et  al. 1992; Daszak et  al. 2000). This 
general definition covers a range of infectious diseases of man and animals which 
pose a significant threat to both medical and veterinary public health. Among the 
OIE-listed diseases of viral aetiology, major changes have been experienced in the 
occurrence of rinderpest, peste-des-petits ruminants (PPR), foot-and-mouth disease 
(FMD), African swine fever (ASF), lumpy skin disease and Rift Valley fever (RVF). 
Of these, rinderpest presents a success story from the 1990s to 2011 as a result of 
FAO, OIE, EU and IAEA (International Atomic Energy Agency) guided and co- 
ordinated programmes including the Pan African Rinderpest Campaign (PARC), 
NPRE and NREP in India (Yadav 2011), Global Rinderpest Eradication Program 
(GREP) of the FAO and other national governments where the disease was endemic. 
These exemplary efforts led to the historic declaration of global rinderpest eradica-
tion by the FAO on June 28, 2011.

1.3  Transboundary Diseases

The terms ‘exotic disease’ and transboundary animal diseases (TADs) are often 
used interchangeably. Though all transboundary diseases are of exotic origin, all 
exotic diseases are not included in TAD listing. Many EIDs are also transboundary 
diseases. The TADs are defined as highly contagious and transmissible epidemic 
diseases of livestock which have the capability for rapid spread to new areas and 
regions regardless of national borders and have serious socio-economic and public 
health consequences. Nearly all diseases affect livestock, poultry, fishes and other 
animals and adversely impact the quality and quantity of food and other products, 
such as hides and skins, bones, fibres, wool and animal draft power for tilling, trans-
port and traction. The reduction in animal production, productivity and profitability 
due to TADs affect the human livelihood. In the present scenario of fast-increasing 
globalisation, TADs represent a serious threat to the economy and welfare of the 
public and affected nations as they drastically reduce production and productivity; 
disrupt trade and travel and local and national economies; and also threaten human 
health through inferior food quality and zoonotic diseases/infections. As such, con-
sequences of TADs could have a significant detrimental effect on the economy and 
public health of not only the affected nations but also the whole of the world.

1 Emerging and Transboundary Animal Viral Diseases: Perspectives and Preparedness
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1.3.1  Source of the Pathogens of EIDs and TADs

Possibly the infectious agents which cause emerging and transboundary diseases 
are already present in the environment and get the opportunity to cause disease 
under certain altered circumstances. The transmission of the infectious agent could 
occur between animal and human; between wildlife, human and domestic animals; 
or between wildlife, domestic animal(s) and human. However, the main source for 
maintenance and transmission of the infectious agents in nature is determined by 
the zoonotic pool and spill-over and spill-back mechanisms.

1.3.2  Transboundary Diseases as Potential Threats

TADs have become of great concern due to the risk for national security on account 
of their economic significance, zoonotic nature and ever-growing threat of newer 
TADs in future. Among the TADs having zoonotic manifestations, a number of 
infectious diseases, such as highly pathogenic avian influenza (HPAI), BSE (Mad 
cow disease caused by prion), West Nile fever, Rift Valley fever, SARS coronavirus, 
Hendra virus, Nipah virus, Ebola virus, Zika virus and CCHF, to name a few, 
adversely affecting animal and human health have been in the news in recent times 
(Malik and Dhama 2015; Munjal et al. 2017; Singh et al. 2017, 2019). The direct 
and indirect costs due to the FMD outbreak in the UK in 2001 were assessed to be 
over US$9 billion. Over 150 million chicken died or were destroyed in Southeast 
Asia in 2004 to control HPAI (H5N1). The Netherlands suffered an economic loss 
of $2.5 billion due to classical swine fever in 1997–1998. As per the estimates of 
FAO nearly one-third of the world meat trade was facing import bans on account of 
BSE, HPAI and other animal diseases. There is evidence to suggest that threats from 
TADs have increased over the years. The risk of animal disease outbreaks is likely 
to further grow in future as the higher incomes of people in developing countries 
will generate more demand for animal protein and products (milk, meat, egg, 
chicken and fish). The number of animals raised for meat is growing rapidly. During 
1990s poultry production in East Asia has increased by about 12% per year to dou-
ble every 5–6 years. Similar to TADs, new human viral diseases have emerged like 
Ebola, SARS, Zika, CCHF, Nipah and BSE as well as there is the emergence of new 
antigenic forms or new biotypes of the existing infectious diseases, such as a hyper- 
virulent strain of IBD in poultry in Europe and highly virulent strain of Newcastle 
disease in the USA (Riemenschneider 2005; Singh et al. 2017). Vector-borne patho-
gens, namely, bluetongue, African horse sickness, Rift Valley fever and West Nile 
fever, have the potential to spread in epidemic forms. Riemenschneider (2005) has 
deliberated over several issues relevant in the control of TADs as proposed in the 
Institute of Medicine (IOM) Report (Anonymous 2003). Some of the points which 
could be responsible for the increased threat of TADs are briefly discussed below.

M. P. Yadav et al.
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1.3.2.1  Globalisation and Trade

In the present-day world, higher quantitative levels of animal origin foods, as well 
as faster trade, new trade routes and air travel, have led to higher risks for contract-
ing new infections and diseases. As it is now possible to reach any part of the world 
within 24 h which is less than the incubation period of most of the infectious dis-
eases, animals or people carrying the infectious agents go undetected in want of 
clinical disease/symptoms. Fresh commodities vis-à-vis processed foods that have 
witnessed an increased trade are more likely to carry the pathogens to distant parts 
of the world—countries and continents.

1.3.2.2  Intensive Animal Production Systems to Meet the Rising Demand 
for Animal Protein

Recent decades are witnessing higher demands for animal protein and other nutri-
ents through meat and meat products, milk and milk products, eggs, and fish and 
fish products as a result of rising incomes in the developing countries and elsewhere 
which leads to the intensification of production systems and overcrowding of ani-
mals. This increased production is often required in peri-urban areas, having large 
human populations, under suboptimal husbandry practices. In such high-production 
areas, disease outbreaks affect a greater number of animals at a faster rate and speed, 
leading to heavy economic losses. Drastic control measures are taken, such as the 
slaughter of infected and in-contact animals followed by burning or burial is not 
acceptable to the society at large. For example, the mass slaughter of pigs in the 
Netherlands in 1997–1998 for the control of CSF virus led to objection from the 
non-farm population which might influence the application of the stamping-out 
policy as a disease control approach in future.

1.3.2.3  Impact of Changes in Forest Ecology

Exposure of the domestic animals to forest niches due to deforestation and transfor-
mation of tropical rainforests for livestock grazing exposes the domestic livestock 
to a completely new range of pathogens and vectors which previously circulated in 
wildlife reservoir niches only. With the domestic livestock being fully susceptible 
and naïve to these infectious agents, the disease spreads more rapidly and severely 
in want of lack of diagnostic tests and vaccines against these new pathogens result-
ing in heavy morbidity, mortality, trade restrictions and economic losses.

1 Emerging and Transboundary Animal Viral Diseases: Perspectives and Preparedness
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1.3.2.4  Influences of Increased Conflicts and Unrest

Nowadays many countries face prolonged civil unrests besides inter- and intra- 
country conflicts, which may lead to enhanced threat of TADs. Civil disorders are 
known to disrupt enforcement of quarantine and other control measures due to refu-
gee and army deployments/movements. Breakdown in the institutional support for 
quarantine and difficulty in gaining access to border area due to landmines make 
disease surveillance more difficult. Inflows of more food aids for such areas also 
pose additional risks as the food items may have contaminants.

1.3.2.5  Effect of Climate Change, Global Warming and Microbial 
Evolution

Climate change and global warming seem to be altering rainfall and weather pat-
terns. Rising temperatures in the northern hemisphere are likely to shift the distribu-
tion of insect vectors of bluetongue, African horse sickness, Rift Valley fever and 
similar vector-borne diseases. The bluetongue virus (BTV) having 27 serotypes 
occurs in many parts of the world. However, until recently it was never reported 
from Europe. The sudden incursions of some serotypes into Spain, Italy, Greece, 
Portugal and the Balkan countries since 1998, followed by Germany, and the recent 
incursion of BTV serotype 8  in several farms in the Netherlands, Germany and 
Belgium since August 2006 as well as serotype 1 are also believed to be due to cli-
mate change as European weather has become hotter in recent decades. The BTV 
serotype 8 revealed that this serotype is closest to the Nigerian strain. The incursion 
is believed to have been caused by the importation of an infected zoo animal or an 
infected midge. An upsurge of Rift Valley fever was observed in East and West 
Africa due to climatic changes.

1.3.2.6  TADs as a Serious Threat to National Security

Many factors discussed above make the TADS as a serious threat to national and 
international security. The developing countries are usually the worst sufferers. 
Among other factors, veterinary public health services in developing countries are 
usually much behind than the medical public health services. Moreover, unlike 
human disease reporting, animal disease reporting systems are usually based on 
passive reporting rather than active disease surveillance. A few other factors are also 
responsible for greater threat due to TADs, namely (1) lack of awareness of the 
farmers about the high-threat epizootic animal diseases; (2) lack of diagnostic facil-
ities for exotic diseases, and under-reporting of animal diseases like HPAI due to the 
fear of loss of internal and export market till the country gets infection-free status as 
per OIE-laid-down criteria; and (3) poor and faulty compensation schemes.

M. P. Yadav et al.
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1.4  Threat of Bioterror/Biowarfare

In the technological advances made in today’s world, there is always a real risk of 
deliberate misuse of certain infectious agents/pathogens by terrorists as a means of 
biowarfare between nations to harm the people and/or livestock, poultry and other 
animals. Potential for pathogenic disease agents not reported previously in a country 
and being misused or mishandled for bioterrorism is likely to threaten the ecosystem 
on a large scale. Even new pathogens can be engineered as novel infectious agents. 
The animal diseases could even be a greater threat than human diseases as these may 
result in significant economic disruptions, besides causing food poisoning and dete-
rioration, and zoonotic diseases in human beings. As animal diseases get less prior-
ity than human infections/diseases in undertaking immediate disease control 
measures, the threat scenario with the use of animal pathogens for bioterrorism or 
biowarfare will have many serious consequences. Some of the viruses having sig-
nificant bioterror potential for humans and or animals include HPAI (H5N1), mon-
keypox virus, FMD virus, yellow fever virus, Spanish flu virus, poliovirus, AIDS 
virus (HIV), measles virus, Hendra virus, Nipah virus, SARS coronavirus, BSE 
prion agent and unknown agent(s) created through biotechnology and gene editing.

1.5  Handling of New Viral Disease Outbreaks

When an exotic viral disease strikes a country for the first time, it may initially 
affect one animal, few animals or a large number of animals. The strategy to be 
adopted for containing the outbreak will depend on the nature of the virus, speed of 
its spread, role of vectors, risk assessment, communication and management, 
response time and country legislation on disease control and prevention. Thus, there 
is a need to develop strategic plans for the prevention and control of exotic and TAD 
on a case-to-case basis. Examples of such viral diseases from Indian perspective 
include African swine fever (ASF)‚ transmissible gastroenteritis (TGE)‚ and swine 
vesicular disease in pigs, Rift Valley fever, African horse sickness (AHS), West Nile 
fever, Eastern equine encephalomyelitis (EEE), Western equine encephalomyelitis 
(WEE), and Venezuelan equine encephalomyelitis (VEE), FMD virus types ‘C’, 
‘SAT I’, ‘SAT II’ and ‘SAT III’, Nipah virus, Hendra virus, SARS coronavirus, and 
prion diseases—bovine spongiform encephalopathy (BSE), and scrapie.

1.6  Biosecurity and Biosafety Measures to Combat Viral 
Infections

Institution of appropriate and timely biosecurity measures is an important instru-
ment for the protection and improvement of animal health. Breach in biosecurity 
due to ignorance and avoidable lapses in the adoption of timely biosecurity and 
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biosafety measures in the management of livestock, poultry and fish minimise the 
risks from infectious diseases including EIDs and TADs. Breach in biosecurity in 
livestock management is often an important reason for the high incidence of zoo-
notic and other infectious diseases of animals. This is more so in case of the viral 
diseases of livestock and poultry. Closer contact between wildlife, animals and 
humans and rearing of livestock and poultry in close association with people pro-
mote spread of viral and other infectious diseases which have the potential for 
threatening health, economies and food security around the world. The emergence 
of new viral diseases/infections, such as Rift Valley fever, West Nile fever, SARS 
coronavirus, Hendra virus, avian influenza A (H5N1), Nipah virus, Zika virus and 
swine influenza A (H1N1) virus, from time to time is a glaring example of zoonotic 
disease threats adversely affecting both animal health and public health, national 
economies and food and nutrition security globally. Due to a lacuna in the biosecu-
rity, viral diseases like the FMD had reoccurred in countries where these had not 
been reported for many decades, including the UK, a developed country.

1.6.1  Biosafety and Biosecurity

Biosafety and biosecurity are interrelated terms but used in different contexts. The 
guidelines are developed by WHO, FAO and OIE. Biosafety aims at the protection 
of person(s) at work and the facilities which are dealing with the biological agents, 
against their exposure to a disease agent, and prevents unintentional exposure to 
pathogens/toxins or their accidental release. Thus, biosafety is the application of 
knowledge, techniques and equipment to prevent personal, laboratory and environ-
mental exposure to potentially infectious agents or biohazards. Biosecurity, unlike 
biosafety, has divergent meanings in different contexts in which it is used. It deals 
with the protection of microbiological assets from spill-over, theft, loss, diversion or 
intentional release from laboratories, preventing the import of certain organisms/
toxins. Biosecurity is a set of preventive measures designed to reduce the risk of 
intentional transmission of infectious diseases to safeguard the facilities containing 
sensitive biological materials with the potential of a biological weapon. In brief, 
biosecurity means bio-risk management. Once a disease is eradicated globally, the 
policy for keeping the wild and vaccine strains of the virus along with vaccine stocks 
for emergency use and their subsequent destruction is decided by international agen-
cies like FAO, WHO and OIE based on the recommendations of experts in the area.

1.6.2  Biosecurity Policies, Protocols and Action Plans

These include risk assessment; communication and management; quarantine of 
imported animals at seaports, dry ports and farm; establishment of check posts and 
vaccination stations at international and interstate borders for clinical surveillance; 
creation of immune belts at international borders; and planning and conducting 
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structured disease surveillance including clinical surveillance and serosurveillance. 
Biosafety and biosecurity need to be observed at all levels beginning from farm to 
national and international levels. For handling the most dangerous transboundary 
disease pathogens, BSL III and BSL IV laboratories are required to ensure bio-
safety, biosecurity and biocontainment. Proper zoo sanitary measures, such as quar-
antine; rodent and vector control; disinfection of animal sheds and premises; proper 
disposal of dung, urine, feed and fodder wastes; and proper carcass disposal, need 
to be adopted religiously for effective management of EIDs and TADs.

1.6.2.1  Biosecurity at International Borders

Every country needs strict and foolproof biosecurity mechanism at its international 
borders as a safeguard against the entry of exotic infectious agents/diseases from 
abroad along with the import of livestock and other animals and their products. For 
example, India has contiguous and porous borders with countries like Nepal, 
Bhutan, Pakistan and Bangladesh, besides free trade with Nepal and Bhutan. Since 
all these countries are vulnerable to TADs, there is a need for regional biosecurity 
plan to ensure a biosecure region. It would never be possible to have a biosecure 
country if the bordering countries do not have effective biosecurity in place.

Different countries are at risk for a number of TADs like anthrax, plague, glanders, 
Lyme disease, contagious equine metritis, Salmonella abortus equi, HPAI virus, 
FMD virus (SAT 1–3), Lyssavirus, rabies, Hendra and Nipah viruses, West Nile virus, 
highly pathogenic ND virus, rabbit haemorrhagic disease virus, bovine spongiform 
encephalopathy (BSE), African horse sickness (AHS), equine encephalomyelitis 
(EEE, VEE, WEE), equine infectious anaemia, chicken infectious anaemia, equine 
influenza, vesicular stomatitis, Rift Valley fever, malignant catarrhal fever (MCF) and 
other TSEs of sheep, goat and deer. Biosecurity measures are required for preventing 
and containing the ingress of these diseases through international trade. The OIE has 
facilitated safe trade in animals and animal products by developing effective stan-
dards to prevent the spread of animal diseases across the globe. Prevention of trans-
mission of pathogens across intra- and inter-country borders warrants devising of 
biosecurity measures at par with international standards. Adequate infrastructure 
comprising check posts and quarantine facilities at seaports, airports and porous 
international land border are must to check the ingress of viral and other pathogens 
from across the borders. Diagnostic facilities with trained human resource, and well 
equipped with instruments and pen-side diagnostic  tests/kits, should be in place for 
ensuring the pathogen-free status of imported livestock and livestock products.

1.6.2.2  Biosecurity Measures at National Level

Biosecurity measures at national level incorporate the components of ‘external bios-
ecurity’ preventing the ingress of exotic and transboundary animal diseases and 
‘internal biosecurity’ within the country encompassing zonal, compartmental and 
farm-level biosecurity. Regulations for animal movement through interstate borders 
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in India are in place but need strict implementation. Modern detection systems can 
be used for identification and tracking of animals and animal products to provide 
information regarding the origin of the animal, and environmental practices used in 
production and food safety.

1.6.2.3  Farm Biosecurity

For effective disease prevention and control, integration of biosecurity into every 
operation at the farm is essential. Farm biosecurity should be inclusive of both ‘bio- 
exclusion’ (measures for preventing a pathogen from being introduced to a herd/
flock) and ‘biocontainment’. The latter addresses the events after the introduction of 
the pathogen and its ability to spread among susceptible groups of animals at the 
farm or further spill-over to other farms.

Strict implementation of biosecurity at farm level has played a crucial role in 
preventing the spread of diseases. A suitable plan addressing important issues, such 
as location and layout of the farm, animal health practices in place and general man-
agement on the farm, needs to be chalked out. It should be flexible to include new 
knowledge, concepts and technology. A wide range of biosecurity practices have 
been recommended for different livestock species and production systems, both for 
specific infection risks or for disease prevention in general. Biosecurity practices 
have been recommended for cattle, sheep, pig, poultry and fish production systems.

General biosecurity practices and interventions that can be applicable across spe-
cies and farms include:

 1. Maintaining a closed herd procurement/purchase of animals from known sources
 2. Minimising the number of animals purchased/transferred/exchanged and the 

number of herds from which the animals are introduced
 3. Avoiding purchases from markets or dealers
 4. Appropriate quarantine and testing of animals upon introduction or reintroduc-

tion in farm premises
 5. Discouraging farming practices such as hiring a bull or stallion and returning it 

after the breeding season
 6. Avoiding the introduction of biological material of uncertain health status
 7. Health and vaccination records should be obtained for all the newly introduced 

animals

Isolation/quarantine of such animals for 2–8 weeks in a separate quarantine facil-
ity should be practiced and the animals during this period should be observed for 
illness/symptoms and screened for important diseases before mixing with other 
stock at the farm. Laboratory testing of appropriate samples collected during quar-
antine against important infectious diseases is recommended. The incoming stock 
can also be given vaccine against the endemic disease prevalent in the area at least 
2 weeks before release from quarantine to boost their protective immunity.

Animal diseases can spread from farm to farm resulting in animal sickness, death 
and economic losses. Visitors to the livestock farm, disease laboratory, birds, 
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rodents, vehicles, feed and fodder and other inanimate objects are often a source of 
infection. In addition to adverse effects on the economy, there can be negative 
effects on the environment and human health. The best designs are to implement 
effective biosecurity practices. Baths by the laboratory workers after and before 
visiting animal farm or laboratory and putting on gum boots, disposable overall, 
head gear and gloves should be a mandatory requirement. All effluent from the labo-
ratory should be pre-treated to ensure freedom from pathogens before their disposal 
to the environment. Disinfectant foot bath for the workers and vehicles entering the 
farm at the gate, exclusive separate dress and shoes for laboratory and farm workers, 
minimum movement of the people and animals within the farm during the outbreak 
period, and personal health and hygiene of the staff are some of the minimum guide-
lines to strengthen farm biosecurity.

1.7  Early Disease Reporting and Compensation Play a Key 
Role in Animal Health Management

Timely, rapid and accurate disease reporting based on OIE-approved diagnostic 
tests is a must for effective detection of the pathogen and instituting early response 
without giving much time for the disease to spread further. To face the new exotic 
diseases, it is recommended to have a standard SOP in place along with technical 
guidelines, decision-taking levels along with adequate provision for funds and legal 
backup. It has been observed that lack or inadequate compensation for culling the 
diseased and in-contact animals and poultry and negative effect on the sale, sale 
price and exports deter the farmers from reporting animal diseases in time which 
eventually leads to the spread of TADs. For example, due to BSE cattle producers in 
the USA lost over $1 billion in exports to Japan. Similarly, HPAI resulted in over $1 
billion loss in poultry exports for Thailand. Trade concerns also discourage the use 
of preventive vaccinations for some diseases such as HPAI and FMD. Disease-free 
countries are generally reluctant to import animals or animal products from the 
countries practicing preventive vaccinations. With these adverse trade consider-
ations, stamping-out policy was adopted by the UK over the vaccination for FMD 
in 2001 outbreak. From a public health point of view, a vaccination programme 
might reduce the viral load circulating in a country and thus reduce the risk of HPAI 
spreading to humans. However, stamping out rather than vaccination is preferred by 
most of the countries to declare themselves free from disease/infection at the earli-
est possible to regain access to exports. To ensure the cooperation of livestock farm-
ers, it is essential to provide adequate and timely compensations to reduce the losses 
suffered by them on account of culling and closing the units for a few months.
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1.8  Failure in Timely Disease Reporting Hastens Spread 
of TADs

The failure of timely disease reporting hastens the spread of TADs within the coun-
try as well as between countries. It is believed that the HPAI (H5N1) avian influenza 
virus might have been circulating in the poultry for months in the affected region 
before it was reported to the international authorities in 1996 leading to the wide 
spread of the disease/infection. An ex ante study of the 2001 FMD outbreak of the 
UK suggested that the FMD virus was probably introduced 3–4 weeks before it was 
reported and followed by a ban on livestock movements. Earlier reporting and ban 
on animal movements would have cut the spread of the disease by about 40%.

1.9  Steps for Control of EIDs and TADs

It is believed that the EIDs and TADs will continue to remain an ever-growing threat 
to animal and human health, economic sustenance of the world and global environ-
ment well-being. However, it is difficult to predict the number of these diseases 
which could rapidly escalate in a country or region threatening the animal and 
human life as well as the economy of that region or nation. The rising global 
demands for meat, particularly in East and South Asia, have put humans and ani-
mals together in numbers never seen before in the world. The fact is that the farm 
biosecurity in these countries where meat production is growing most rapidly is 
often poor. This scenario creates a great scope for animal diseases to jump species 
to create human health problems. Some of these issues were thoroughly described 
in the IOM Report, 2003, and further debated and discussed by Riemenschneider 
(2005). The steps suggested include early detection and early response, prepared-
ness plans, decentralisation of government structure, international coordination, 
understanding of ecology, microbial evolution and viral traffic, expanded surveil-
lance system, disease intelligence, preparedness, collaboration and cooperation 
among government agencies and cross-field partnerships.

1.9.1  Preparedness Plans

In developing countries, the preparedness plans for animal diseases are often unsat-
isfactory. Incentives such as adequate compensation should be provided to the 
affected farmers as an impetus for reporting animal diseases. The level of prepared-
ness should be assessed by conducting mock drills. This will help in confidence 
building for rapid detection and response to both EIDs and TADs that appear sud-
denly and are capable of spreading to large areas in a short time. Import bans in 
response to an animal disease outbreak must be based on sound scientific evidence 
to ensure that the concerned countries also have the incentive to report the disease 
to international agencies, namely OIE, FAO and WHO.  Deficiencies in national 
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 veterinary services have been attributed for inability in early detection of the disease 
and response as investigation, and diagnostic services have deteriorated in many 
regions. A continuing structural upgradation programme for national veterinary ser-
vices will have to be taken into account for their transformation from providers of 
services, such as diagnosis, vaccinations and treatment of sick animals to inspection 
and quality assurance services. Disease surveillance, early warning and emergency 
preparedness need to be pursued more vigorously in Africa, the Middle East and 
Southeast Asia as vital components of national veterinary services.

1.9.2  Decentralisation of Authority

Though public health and national security are under the perspective of national 
governments, the decentralised government structure and improved international 
coordination are essential to address the threat of TADs effectively as they do not 
respect local, regional or national boundaries. Nevertheless, government support at 
the administrative level is essential to assure sufficient and timely response to avoid 
the spread of disease through livestock movement controls, closing of live markets, 
sharing of diagnostic services, expertise, funding, etc.

1.9.3  International Coordination

Technical support and guidance of international agencies, such as FAO, WHO and 
OIE, are key in the formulation and timely implementation of the plans and modali-
ties for the control and management of EIDs and TADs. The FAO in 1994 estab-
lished the Global Framework for the control of TADs (GF-TAD) through the 
Emergency Centre for Transboundary Animal Disease (ECTAD) operations and 
Emergency Prevention System (EMPRES) for transboundary animal and plant pests 
and disease initiatives for early warning and response to disease threats, following a 
collaborative approach to investigation at animal–human–ecosystem interface. 
These mechanisms have proved to be of immense help and use in the control, pre-
vention and eradication of disease(s).

1.9.4  Understanding of Ecology, Microbial Evolution 
and Traffic

Microbial evolution, particularly viral evolution, is a continuous process. It is, there-
fore, necessary to conduct basic research on emerging infectious diseases, both viral 
and another microbial origin, for providing new insights about the factors respon-
sible for the emergence of new microbes. For understanding the ecology of disease, 
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social factors, viral and microbial traffic and spread, ecological and demographic 
changes in human and animal populations due to migration and other factors work 
in tandem leading to precipitation of emerging infections. These signals for viral 
and microbial traffic should be seen as warning signs. Biodiversity should include 
microbes and viruses, and environmental impact assessment should include health 
aspects into account in development planning.

1.9.5  Expanded and Robust Surveillance System

Enhancing surveillance systems by establishing laboratory response network at 
national, regional and international level is important for which adequate funds 
should be provided. By linking the laboratories in public and private domains, such 
networks are expected to enhance the capabilities at all levels to detect and prevent 
the spread of EIDs, transmitted naturally or intentionally (Anonymous 2003). A 
network of more than 100 laboratories world over by WHO for a constant survey of 
influenza viruses is one of the best examples of networking of laboratories for EIDs 
and TADs. These laboratories should have multidisciplinary teams involving veteri-
narians, physicians, ecologists, entomologists, vaccinologists, epidemiologists, 
molecular biologists, immunologists and possibly other specialists.

1.9.6  Disease Intelligence

State-of-the art disease surveillance is required having the capability to forecast 
when and where a particular disease is likely to occur for more targeted surveil-
lance. Such actionable intelligence may derive from the analysis of changes in cli-
matic conditions, vegetation, wildlife demographics, trade pattern or vector 
demographics and distribution (Anonymous 2003).

1.9.7  Updating of the Vaccines as per the Current Antigenic 
Types and Genotypes

The disease-producing microbes, particularly viruses and bacterial agents, often 
change their antigenic make-up as a result of spontaneous mutations, and immune 
pressure when the wild strains of the infectious agent persist in the host in the pres-
ence of vaccinal antibodies. RNA viruses having segmented genome are more prone 
to such antigenic changes as a result of recombination, gene deletion, etc. Influenza 
A viruses of human and animals continuously evolve new virulent variants by 
exchanging haemagglutinin (H) and neuraminidase (N) genes of various H and N 
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types circulating in human, birds, pigs and other species including equines. With the 
change in antigenic make-up, the current vaccine strains do not provide protection 
against the new types of the virus. Similar situations occur in FMD virus having 
seven types and further subtypes, clades and genotypes: PPR virus and Newcastle 
disease virus, to name a few. New antigenic types of a virus or pathogen may also 
be introduced from abroad through imported livestock and poultry. Hence, there is 
a need to have a plan in place to upgrade the vaccine by incorporating the current 
strains of the pathogen which induce strong and lasting immunity. This will require 
the setting of repositories of field strains isolated from disease outbreaks, particu-
larly the ones from vaccine failure cases. Such updates of vaccines are routinely 
followed for influenza vaccines for poultry, equines and human, and FMD and CSF 
vaccine for livestock.

1.10  Lessons Learnt from TADs

1.10.1  Benefits of Vaccination

Vaccination is a valuable and well-tested method in preventive veterinary medicine 
for promoting animal health and welfare and reducing the risk of human exposure 
to several zoonotic pathogens. Prophylactic immunisation practices, principles and 
vaccination protocols have helped in significantly reducing the prevalence of many 
life-threatening viral and bacterial diseases. The risks of not vaccinating their stock 
on account of lack of awareness among the stakeholders, non-availability of cost- 
effective diagnostics and vaccines, and poor delivery of veterinary services to the 
livestock farmers can have serious consequences on livelihoods of rural livestock 
producers. Effective vaccination programmes if implemented properly with a 
broader perspective are likely to reduce the need for antimicrobials, which in turn 
can help reduce the risk of emergent antimicrobial resistance. The World Veterinary 
Association (WVA) and Health for Animals believe that it is essential for the global 
veterinary profession to educate the public, particularly animal keepers and produc-
ers, about the benefits of vaccination for animals and humans.

The major objectives and motive of veterinary vaccines are to protect, improve 
and promote the health and welfare of companion and food animals; increase the 
production of livestock in a cost-effective manner; and prevent animal-to-human 
transmission of infectious diseases from domestic animals and wildlife to humans 
through animal-origin food, close contact and other mechanisms. These diverse 
aims have led to different approaches to the development of veterinary vaccines 
from crude but effective whole-pathogen preparations to molecularly defined sub-
unit vaccines, genetically engineered organisms or chimeras, vectored antigen for-
mulations and naked DNA injections for immunisation of animals.
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1.10.2  Research on Vaccines and Vaccinology

The final successful outcome of vaccine research and development is the generation 
of a product that will be available in the marketplace on demand and suitable to be 
used in the field to achieve desired outcomes. Successful veterinary vaccines have 
been produced against major bacterial, viral, protozoan and multicellular patho-
gens, which led to successful field application and adaptation of novel technologies. 
These veterinary vaccines have had, and continue to have, a major impact not only 
on animal health and production but also on human health through increasing safe 
food supplies, namely milk, meat, eggs and fish, and preventing animal-to-human 
transmission of infectious diseases. The continued interaction between the research-
ers from veterinary and medical streams and health professionals will be a major 
impetus for adapting new technologies, providing animal models of human diseases 
and confronting new and emerging infectious diseases. Over 100 different veteri-
nary vaccines are currently commercially available (Meeusen et al. 2007).

1.10.2.1  Multivalent Vaccines

Multivalent (bivalent, trivalent and polyvalent) vaccines should be given preference 
over monovalent vaccines to cover more than one disease prevalent during control 
programmes to save money, time and other expenses and also to reduce the burden 
on implementing agencies, such as veterinarians and para-health livestock workers.

1.10.2.2  Monitoring of Vaccine Response

There should be a system in place to conduct post-vaccination sero-monitoring in 
the field by appropriate agencies for finding evidence for adequate seroconversion 
in the randomly collected samples as per standard procedure preferably using DIVA 
tests to differentiate between vaccine-induced immune response and the one induced 
by the virulent virus.

1.10.2.3  Import Risk Analysis

The application of risk analysis concerning the spread of disease on account of 
international trade in live animals and their products, namely, import risk analysis 
(IRA), has been largely driven by the Sanitary and Phytosanitary (SPS) Agreement 
of the World Trade Organization (WTO). The IRA standard established by the 
World Organisation for Animal Health (OIE), and associated guidance, meets the 
needs of the SPS agreement. The use of scenario trees is the core modelling approach 
adopted to represent the steps necessary for the hazard to occur. There is scope to 
elaborate scenario trees for commodity IRA so that the quantity of hazard at each 
step is assessed (Peeler et al. 2015).
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The dependence between exposure and establishment of the hazard suggests that 
they should fall within the same subcomponent. IRA undertaken for trade reasons 
must include an assessment of consequences to meet SPS criteria. The integration 
of epidemiological and economic modelling may open a path for better methods. 
Matrices have been used in qualitative IRA to combine estimates of entry and expo-
sure, and consequences with likelihood, but this approach has flaws, and better 
methods are needed. IRA standards and guidance provided by OIE indicate that the 
volume of trade should be taken into account. Some published qualitative IRAs 
have assumed current levels and patterns of trade without specifying the volume of 
trade, which constrains the use of IRA to determine mitigation measures (to reduce 
risk to an acceptable level) and whether the principle of equivalence, fundamental 
to the SPS agreement, has been observed. It is questionable whether qualitative IRA 
can meet all the criteria set out in the SPS agreement. Nevertheless, scope exists to 
elaborate the current standards and guidance, so that they better serve the principle 
of science-based decision-making.

1.11  Disease-Free Zones

Options for trade from disease-free zones and disease-free compartments and trad-
ing in safe commodities are now available to have a positive mechanism for facili-
tating international trade. In India, FMD-Control Program (FMD-CP) is already in 
operation intending to create FMD-free zones. Similar zones can be created for 
other diseases like HS, bluetongue, sheep pox, goat pox, PPR and other important 
diseases. Compartmental biosecurity is the new concept for the management of 
biosecurity in a compartment through a single set of biosecurity measures. Creation 
of zones/compartments will ensure a boost in international trade of livestock and 
poultry products. In India, legislation regarding the movement of animals across 
these zones and compartments are required by the central and state governments.

1.12  Financing Is Key for the Control and Management 
of TADs

1.12.1  Economic Burden from Transboundary Diseases

The TADs are a threat to animal health and production and cause huge losses to the 
economy of nations. Recent outbreaks of bovine spongiform encephalopathy (BSE), 
foot-and-mouth disease (FMD) and highly pathogenic avian influenza (HPAI) have 
unfolded the real and growing global threat that animal diseases pose to livestock 
systems and to human health and welfare. The TADs adversely affect the trade in 
live animals and their products. The detection of one BSE-positive animal in 2003 in 
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the USA led to an 80% drop in beef exports during 2003–2004. Similarly, the losses 
in the UK were estimated to be over US$9 billion during the ill-fated 2001 FMD 
outbreak. The economic losses due to HPAI (H5N1) avian influenza have been esti-
mated from 0.5% to 1.5% of GDP in Thailand and Vietnam by Rushton et al. (2005). 
The 2003 outbreak of avian influenza due to H7N7 strain in the Netherlands 
destroyed as many as 30 million birds. Direct losses due to FMD in India have been 
estimated to the extent of INR 230,000 million per annum (Anonymous 2017–18). 
PPR has been estimated to cause global losses between US$1.45 billion and $2.1 
billion per year. The disease causes economic losses in India to the tune of INR 
11,070 million per year (Tripathi et al. 2018).

The FAO of the United Nations and the World Organisation for Animal Health 
(OIE) have opined that on an average one newly emergent animal disease has been 
detected per year over the last few decades, while three-fourths of these diseases 
being zoonotic are transmissible to humans. An outbreak of FMD in the UK in 
2001, bluetongue in 2007, equine influenza in Australia in 2007 and India in 
2008–2009, and highly pathogenic avian influenza (HPAI) in Maharashtra and 
adjoining parts of India in 2006 caused severe damage and economic losses to the 
farmers and industry.

1.12.2  Availability of Adequate Financial Support

Availability of adequate financial support for animal health R&D, especially in 
developing countries, is not always readily ensured. As the livestock keepers in 
these countries are mostly socio-economically poor, the local and national govern-
ments should come forward to support these programmes, particularly for the land-
less and marginal farmers keeping pigs, sheep, goats, backyard poultry and 
low-producing bovine stocks by providing incentives or subsidies for diagnostics 
and vaccines. Raising venture fund for emergency disease control through public 
and private partnership could be considered to meet the urgent requirements, besides 
farmer-friendly insurance policies for livestock health protection.

1.13  ‘One World–One Health’ Approach

For important TADs, such as avian influenza, PPR and FMD, multinational, regional 
or global programmes under the supervision of FAO, WHO and OIE under ‘One 
Health’ concept are suggested for better coordination and results. The ‘One World–
One Health’ (OWOH) concept steered by FAO, WHO and OIE has its roots in the 
interaction between living beings including humans, animals and pathogens, and the 
environment is considered as a unique dynamic system in which the health of each 
component is interconnected and dependent with other components. Nowadays, a 
newly integrated ‘One Health One Medicine’ approach reflects this interdependence 
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with a holistic view of the ecological system. The OWOH can be defined as a col-
laborative and a multidisciplinary effort at the local, national and global level to 
guarantee an optimal healthy status for humans, animals and environment. The con-
trol of infectious diseases, which have influenced the course of human history, is to 
be considered strictly related to the One Health concept.

1.14  Experiences Gained with Some TADS

1.14.1  Avian Influenza

After its first occurrence in 1996 in China, the highly pathogenic avian influenza 
(HPAI) A virus (H5N1) has affected more than 60 countries in Asia, Europe, Africa 
and North America. The virus affected wild birds as well as domestic poultry. 
Sporadic cases of transmission to humans in close contact of infected birds with 
sizeable mortality raised the pandemic concern of ‘bird flu’. After the first report of 
the H5N1 virus from India and Bangladesh in 2006 and 2007, respectively, both 
these countries are experiencing outbreaks almost every year. Between February–
March 2006 and February 2019, India incurred an expenditure of more than INR 
1098.7 million, including INR 263.7 million for compensation and INR 835 million 
on the culling of 8.349 million birds (Anonymous 2018–19). Avian influenza viruses 
(AIVs) have become a continued threat to global health and economy. After its first 
outbreak in 2014, the H5N8 HPAI serotype disseminated very fast from Korea to 
other parts of Asia, Europe and North America, a feature not observed in case of 
other highly pathogenic AIVs. However, the pathobiological features of the virus 
that favoured its global translocation are not known. Results of simulation studies 
undertaken in migratory birds to identify pathobiological features supporting AIV 
intercontinental dissemination risk suggest that characteristic differences exist 
among H5N8 and other AIV subtypes, e.g. H5N6 and H5N1 that have not spread as 
rapidly. Lower infection recovery and mortality rates and migration recovery rates 
also favour translocation in migratory bird populations. Although India has been 
reporting H5N1 AIV since 2006, the H5N8 virus was first time reported in 2017 
from migratory birds and poultry in the states of Delhi, Madhya Pradesh, Kerala, 
Karnataka, Punjab and Haryana. Studies undertaken on comparative epidemiology 
of influenza viruses H5N1 and H7N9 among human and bird populations to find out 
similarities and differences between the two viruses in their genetic characteristics, 
distribution patterns in human and bird populations and postulated mechanisms of 
global spread (Bui et al. 2014) indicated that H7N9 viruses are diversifying at a 
much greater rate than H5N1 viruses. Analyses of certain H7N9 strains demon-
strated similarities with engineered transmissible H5N1 viruses, which make it 
more adaptable to the human respiratory tract. These differences in the epidemiol-
ogy of H5N1 and H7N9 viruses in human and birds raise further questions as to how 
H7N9 has spread at a greater rate than the H5N1 virus.
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1.14.2  African Swine Fever

African swine fever (ASF) is a highly contagious, deadly emerging disease of pigs 
in many countries. Although first described in 1921 and it affected more than 50 
countries in Africa, Europe and South America, several key issues about its patho-
genesis, immune evasion and epidemiology remain uncertain (Arias et al. 2017). In 
the absence of a vaccine, the disease causes greater sanitary, social and economic 
impacts on swine herds compared to many other swine diseases. Currently, ASF is 
present in sub-Saharan Africa, Sardinia, the Trans-Caucasus, the Russian Federation 
and Central and Eastern states of the European Union. The disease continues to 
spread, with first reports in China (August 2018), Bulgaria (August 2018), Belgium 
(September 2018) and Vietnam (February 2019) highlighting the increasing threat 
of ASF to the global pig industry (Netherton et al. 2019). Ongoing outbreaks have 
also been reported in Hungary, Latvia, Moldova, Poland, Romania, Russia, South 
Africa, Ukraine, Cambodia, North Korea, Vietnam and Laos. The disease was ram-
pant in China during 2019, and about half of China’s breeding pigs died or were 
slaughtered. The threat of ASF looms large as presently no licensed vaccine is avail-
able against this disease, and further research is desired in this area for the develop-
ment of live attenuated vaccines for ASFV.  It has been possible to generate pigs 
resistant to classical swine fever virus and PRRS virus (Burkard et  al. 2018) by 
using genetic modification of the host species. Genetic modification can be 
attempted as a viable solution to increase the host resistance to ASFV. Wild suids, 
namely warthog or bush pig, sequences could be engineered into the domestic pig 
genome to produce animals in which replication of ASF virus and/or disease burden 
after ASFV infection is reduced. However, to generate pigs fully resistant to ASFV 
infection, a more effective strategy such as targeting the virus receptors on the host 
cell to block the entry of virus and viral replication may be attempted.

Different clinical courses of ASFV infection in pigs have been described based 
on the virulence of the virus isolates, and sequencing the genomes of isolates of 
reduced virulence has identified virus genes associated with this phenotype. Targeted 
gene modifications and deletions and testing of the genetically modified viruses in 
macrophages and pigs have contributed to an understanding of virulence factors and 
how the virus modulates host responses. In the absence of a vaccine and rapid 
spread of ASF in Europe and Asia, the main emphasis should be on strict customs 
and border protection to keep the negative countries free from ASF virus infection/
disease.

Research is required on priority to explore the virulence genes and genes related 
to host protection and immune evasion, role of multigene families in antigenic vari-
ability, mechanism of evasion of the immune response, factors determining viral 
persistence and infection outcomes, and interactions between ASFV and wild 
African suids, which are tolerant to ASFV infection. Such studies will provide a 
complete understanding of the pathogenesis of ASF. The specific role of different 
hosts including wild suids, vectors and environmental factors in disease propagation 
needs to be elucidated for understanding different epidemiological scenarios. In this 
regard, the northern European scenario in which infected wild boars drive disease 
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transmission and maintenance needs to be investigated further. Presently, ASF has 
become of great significance in China and a real threat to the pig and pork produc-
tion. The affected countries are planning to compensate for the losses in pork pro-
duction by increasing broiler poultry production.

Gaps in sanitary control of wild boar populations make ASF control difficult. 
Raising awareness among veterinarians, hunters and farmers should be the priorities 
for ASF control. Advances in non-invasive sampling are required to facilitate sur-
veillance in affected areas. Current and future tests need to be optimised for non- 
invasive matrices. The availability of a confirmatory serological test and cell lines 
for replacing primary cell cultures should be the priorities for future work. 
Availability of safe and potent vaccine against ASF could benefit disease control 
and prevention substantially, but despite some advances such vaccine is still lacking 
(Arias et al. 2017).

1.14.3  Foot-and-Mouth Disease

After the successful eradication of rinderpest from the globe in 2011, foot-and- 
mouth disease (FMD) of cloven-footed animals is another OIE-listed important 
viral disease inflicting heavy economic losses and adversely affecting the trade of 
livestock and livestock products from endemic countries to FMD-free nations/
regions. Knight-Jones et al. (2016) have given a detailed account of global FMD 
research update along with gaps and an overview of global status and research 
needs. The conclusions are drawn to highlight that currently available vaccines and 
control tools have enabled FMD eradication from many countries of the developed 
world. However, in many developing countries, FMD remains uncontrolled. The 
main reason given is that biosecurity measures that have been fundamental to suc-
cessful FMD control in the developed country are difficult to be implemented effec-
tively in developing countries due to obvious reasons. In the present scenario, 
improved vaccines, with longer lasting protection against a wider range of FMDV 
strains and lower production costs, could be the single most important development 
to enhance our ability to control FMD. Although encouraging progress has been 
made with several novel vaccine candidates, addressing key limitations of the cur-
rent inactivated vaccines, a commercial vaccine is yet awaited. While new discover-
ies are crucial, current vaccines have been used to effectively control FMD on 
numerous occasions. However, for imparting better immunity, FMD vaccines should 
be subjected to adequate quality assurance and be made available in sufficient quan-
tity to provide desired coverage following appropriate strategy. There is also a need 
for better training and support in the design and execution of vaccine- based FMD 
control programmes. Another area of research is genetic and molecular studies on 
the virus to elucidate host-virus interactions. More powerful tools and analyses are 
increasing our understanding of various aspects of FMDV evolution, ecology and 
epidemiology. This, in turn, should benefit many areas of FMD research, from basic 
virology to the vaccine and diagnostic development. Furthermore, improved genetic 
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technologies have the potential to reveal information crucial for control, such as 
transmission chains, vaccine match and level of virus circulation.

FMD control has been prioritised by many governments around the world. 
Besides traditional bastions of established research institutes in Europe and North 
and South America, notable work is being conducted in China, India and Africa. 
Experiences in South America and Europe have shown that through decades of 
sustained investment FMD can be controlled, even in regions where once it was 
rampant and control was seemingly impossible. However, if improved and more 
widespread FMD control is to be achieved, continued investment in FMD research 
at the local and international level is a must. Improved DIVA diagnostics increase 
our ability to detect infected animals in vaccinated populations. Greater confidence 
in the ascertainment of FMD status of animals and products has, in turn, opened the 
way for international standards for trade and disease control that are more efficient 
and less restrictive. Rigorous licensing procedures increase the time taken for new 
technologies for diagnostic kits and vaccines to reach the market. However, if 
authorisation is less rigorous, substandard products may be released onto the mar-
ket. Hence, there is a need to balance these two requirements. Relaxation should be 
provided for necessary changes to the existing technologies, such as changing vac-
cine strains, particularly when the need is urgent (Knight-Jones et al. 2016).

1.14.4  Rinderpest: Now a Disease of Past

Rinderpest, also known as ‘cattle plague’, was once a deadly serious threat to the 
livestock industry and agriculture economy in several regions of the globe, particu-
larly in Asia, Africa, Europe and the Americas. It periodically swept through Old 
World, resulting in devastating epizootics and huge economic losses. The disease 
could be successfully eliminated from the globe with mass vaccination programmes, 
zoo sanitary measures, policy support, international cooperation and political will.

The morbidity and mortality rates in newly exposed naïve populations could be 
as high as 95–100% leading to enormous economic losses. In India mortality rate of 
about 200,000 animals were recorded among the affected bovine population of 
400,000 per annum during the first half of the 1950s, indicating average mortality 
of 50%. Throughout the history of humankind, the social, economic and ecological 
consequences due to rinderpest had been more catastrophic, even changing the his-
tory of nations and empires. In India, the presence of rinderpest was confirmed by 
the Cattle Plague Commission (Hallen et al. 1871). This disease has been conquered 
successfully by following mass vaccination along with zoo sanitary measures. The 
FAO declared the global eradication of rinderpest on 28 June 2011, marking it the 
first ever viral disease of animals eradicated globally about three decades after the 
eradication of smallpox, a viral disease of humans in 1980 (Yadav et  al. 2016). 
Constraints of availability of quality vaccine in sufficient quality, freeze-drying of 
vaccines and maintenance of cold chain for a vaccine in tropical countries, lack of 
infrastructure for structured clinical surveillance and sero-surveillance were some 
of the limitations in executing the mass vaccination programmes. In India, dividing 
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the country into four zones based on the epidemiological picture of the disease and 
adopting strategic and focused vaccinations at interstate and international borders 
and migration routes of bovines and caprine for creating immune belts, coupled 
with rigorous clinical and sero-surveillance, were of great help in achieving free-
dom from the infection. The financial support and/or technical guidance from FAO, 
OIE, EU and IAEA were the driving forces in achieving infection-free status for 
India in the year 2006. With the successful eradication of rinderpest, the livestock 
sector across the globe became safer, and consequently the living standard of live-
stock farmers improved.

The success of rinderpest control and eradication proved a rewarding experience 
and landmark for the veterinary services in India, providing capacity building and 
confidence among field veterinarians, researchers, policy planners and donor agen-
cies and other stakeholders to undertake a successful control programme of live-
stock diseases at the national level. The freedom of the country from rinderpest not 
only enabled the growth of the dairy industry in India but has also boosted the 
export of meat and other dairy products in the recent decade. Today India tops not 
only in milk production in the world but is also the largest exporter of buffalo meat. 
Cost–benefit analyses indicated that every dollar spent on rinderpest control pro-
gramme gained about $20 to the Indian dairy industry through more milk, meat and 
draft power for better agricultural productivity (Uppal 2011).

1.15  Conclusion and Prospects

In the fate of rampant threat due to EIDs and TADs, a diverse, dynamic and well- 
planned structured disease surveillance and monitoring approach would be the key 
for the sustainability and welfare of healthy livestock production systems of any 
country. Preparedness for combating the prevailing, emerging, re-emerging EIDs 
and TADs requires robust monitoring and precision detection systems that are flex-
ible, feasible and adaptable under field conditions. In this regard, pen-side diagnos-
tic tests/lab-on-the chip tools are the need of the hour. The hurdles of sampling need 
to be curtailed opting non-invasive methods for sample collection from different 
animal species and wildlife. Transparency in disease reporting needs to be adhered 
to and reported to OIE.  Because of trading in animals and animal products, the 
international obligation for OIE reportable diseases of high importance must be fol-
lowed by all member countries of WTO. It is high time to apply developed diagnos-
tics and molecular detection tools in the field to ensure fast detection and confirmation 
of pathogens capable of causing diseases in humans and animals. This must be 
accompanied by national-level disease surveillance, monitoring and networking to 
enable an early warning system for infectious diseases based on forecasting 
(Saminathan et al. 2016). Due priority is also required for development and applica-
tion of new potent, safe and affordable vaccines and vaccine delivery systems and 
adopting innovative vaccination programmes and immunomodulatory and effective 
therapeutic modalities, which would help in devising timely prevention and control 
strategies against viral and other infectious diseases. Besides these, good manage-
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ment and standard biosecurity and biosafety measures/practices and appropriate 
hygienic and zoo sanitary and quarantine measures should be observed.

Moreover, on-the-spot control and checking of the spread of pathogens and ade-
quate trade restrictions as envisaged under the SPS agreement of WTO also need to 
be followed. A holistic vision and approaches are required for timely implementa-
tion of these concepts and strategies along with the strengthening of various multi-
dimensional research and development programmes supported by appropriate 
funding resources. These measures will greatly help to minimise disease incidences 
and outbreaks, and lessen economic burdens due to infectious animal diseases and 
boost livestock and poultry health, reproduction and production to strengthen sus-
tainable growth of livestock and poultry industry. Reduction in pandemic threats 
and public health concerns eventually lead to an improvement in the socioeconomic 
status and welfare of the society at large under ‘One Health’ umbrella. Application 
of artificial intelligence (AI), GPS, remote sensing and traceability in disease detec-
tion and management needs priority attention in developing countries. Similarly, the 
latest techniques of gene editing, base editing, nanotechnologies, electronic nose, 
etc. should be applied for efficient disease diagnosis and drug delivery. While plan-
ning the breeding policies for livestock and poultry, both higher production perfor-
mance and health of the progeny should be given equal weightage. Modern 
techniques should be used for developing disease resistance (absolute or partial) in 
livestock and poultry using indigenous germplasm.
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Chapter 2
African Swine Fever Virus

Alexander Malogolovkin, Alexey Sereda, and Denis Kolbasov

Abstract African swine fever virus introduction to naïve swine population leads to 
high mortality and losses among susceptible animals. ASF epidemic in Russia 
(2007–to date) and lately in Eastern Europe highlights severe socio-economic con-
sequences of this disease. The disease epidemiology is rather complex in endemic 
territories since many factors are involved in virus transmission. The disease control 
is only based on stamping-out policy and rapid virus diagnostics, since no effective 
and safe vaccine is available. This chapter focuses on African swine fever epidemi-
ology, immunopathobiology and diagnostics with a brief overview of recent 
advances of ASF vaccine development.

Keywords African swine fever · Epidemiology · Prevention · Diagnostics and 
control

2.1  Prologue

African swine fever (ASF) is arguably the most dangerous swine disease, which 
threatens wild boar and domestic population worldwide. The mortality rate is 
approaching 100%, once the disease is introduced into the new territory. Many 
African countries, the Caucasus Republics, the Russian Federation and lately 
Eastern European countries are experiencing ASF outbreaks in swine farms and 
wildlife. Recent reports on the epidemiological situation with ASF in South-East 
Asia worryingly suggest that this disease may have reached the pandemic range. In 
2019, devastating ASF outbreaks were documented in China, Cambodia, Myanmar, 
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Vietnam, and Laos, where millions of pigs were culled with the desperate attempt 
to stop the disease transmission. In China, 440 million pigs (50% of the world’s 
pigs) have either died from AFSV or been killed to stamp out the virus (Gogin et al. 
2013; Nurmoja et al. 2017a; Oganesyan et al. 2013; Okoth et al. 2013; Owolodun 
et al. 2010; Pejsak et al. 2014).

African swine fever has been first observed in Africa by Montgomery (De Kock 
et  al. 1940; Edgar et  al. 1952). The disease has been identified in domestic pigs, 
which were demonstrating the clinical signs similar to hog cholera (classical swine 
fever). Several following experiments carried out by Hess, Hay, DeTray, Plowright 
and Malmquist have described virus isolation and the main fundamental concepts of 
ASF virus biology, transmission and pathogenesis (Anderson 1986; Bool et al. 1970; 
Hammond and Detray 1955; Pan and Hess 1985; Pan et al. 1980; Parker et al. 1969).

African swine fever is an emerging transboundary disease. ASF outbreaks were 
registered in many countries around the world outside Africa: Portugal, Spain, 
France, the Netherlands, Italy, USSR, Brazil, Cuba and Haiti (Boinas et al. 2011; 
Caporale et al. 1988; Costard et al. 2013; Korennoy et al. 2017; Lyra 2006; Terpstra 
and Wensvoort 1986). ASF outbreaks can be registered very far from endemic ter-
ritories, a 1000 km away from the outbreaks. In Spain ASF lasted for more than 
30 years that seriously affected national swine production industry, but the disease 
was successfully eradicated due to strict control policy, effective surveillance pro-
gramme and thorough research of virus diagnostics and epidemiology (Arias et al. 
2001; Pastor et al. 1989; Sanchez-Vizcaino et al. 1981).

Since 1978, ASF has been registered in Sardinia (Italy) and remains an issue for 
local pig producers and veterinary authorities (Jurado et al. 2018; Mur et al. 2018). 
The modern history of ASF has been started in 2007 (Fig. 2.1) when the disease 
outbreaks have been notified in Georgia (Costard et al. 2009; Onashvili et al. 2012). 
Since then, ASF rapidly affected the Caucasus republics and the Russian Federation. 
The virus was introduced in the wild boar population and then subsequently trans-
mitted to domestic pigs. In Russia, in 2017, the Federal Service for Veterinary and 
Phytosanitary Surveillance (Rosselkhoznadzor) reported that during 2007–2017, 
>1000 ASF outbreaks resulted in deaths of >800,000 pigs in 46 regions across 
Russia. Production of backyard swine industry decreased by almost half, from 1119 
tons of pork in 2007 to 608 tons of pork in 2017 (Kovalev 2017). However, highly 
industrialised pig farms showed increased production every year during this same 
period, despite the ASF epidemic.

The disease epidemiology in Russia and the lessons learned from 10 years of ASF 
endemicity will be presented in the respective section. African swine fever virus 
(ASFV) is an aetiological agent of the disease. ASFV is the only DNA arbovirus that 
can infect and replicate in both soft ticks and pigs (Alonso et al. 2018). Such extreme 
host range together with complex virus genome organisation makes ASFV the unique 
and sole member of the Asfarviridae family so far. In the following sections, we dis-
cuss the peculiarity of ASFV transmission and immunopathogenesis in differ-
ent hosts.

ASFV in infected hosts replicates in mononuclear cells (monocytes/macro-
phages) and has a sophisticated and multifunctional system of immune evasion 

A. Malogolovkin et al.



29

F
ig

. 2
.1

 A
fr

ic
an

 s
w

in
e 

fe
ve

r-
af

fe
ct

ed
 c

ou
nt

ri
es

 a
nd

 r
eg

io
ns

 f
ro

m
 2

00
7 

to
 2

01
9

2 African Swine Fever Virus



30

(Reis et al. 2017a), which makes the virus a “perfect killer” and still undefeated 
pathogen. The effective and safe vaccine is not available against ASFV, but some 
research groups presented encouraging and very promising results of future ASFV 
vaccine (Arias et al. 2018; Dixon et al. 2013; Rock 2017). The recent advances and 
knowledge gaps of ASFV vaccine development are summarised in the vaccine sec-
tion of this chapter.

Here, we guide the readers through the recent challenges and solutions in African 
swine fever epidemiology and control, and discuss outstanding questions for ASFV 
vaccine research. The readers will also find the updated references for specific top-
ics of ASFV biology, prevention, control and pathogenesis. The reference list is not 
complete, and we would like to thank all researchers for their valuable contribution 
to the ASF research summarised in this chapter.

2.2  Virus

African swine fever virus is a sole member of Asfarviridae family, genus Asfivirus. 
ASFV is a large and complex dsDNA arbovirus (Alonso et al. 2018). The genome 
length varies between 165 and 194  kbp from the isolates. Virions have multiple 
membrane layers and nucleoprotein core structure. Surface membrane (envelope) 
consists of different lipid forms and glycosylated proteins. The virion diameter is 
around 170–190  nm. ASFV genome structure is like the other members of 
 nucleocytoplasmic large DNA viruses (NCLDV) and consists of a single molecule 
of double- stranded linear DNA. The ASFV genome on two termini spanned by ter-
minal inverted repeats covalently closed in flip-flop form. Only 21 ASFV whole- 
genome sequences are publicly available in GenBank. More information about 
ASFV genome organisation and replication is available on the ICTV website.

ASFV replicates efficiently in mononuclear-phagocytic cells, resident macro-
phages and specific reticular cells of natural hosts. In vitro, ASFV grows in mono-
cyte/macrophages and can be adapted to endothelial cell lines. Some studies indicate 
that adaptation of ASFV to endothelial cells may lead to attenuated phenotype 
(Carlson et al. 2016; O’Donnell et al. 2016).

Antigenic diversity of ASFV is the most represented in Eastern Africa, where 
different transmission cycles are involved in disease transmission. Based on nucleo-
tide sequencing of core capsid protein P72 (B646L) of ASFV, 23 genotypes have 
been identified so far (Achenbach et al. 2017). Historical ASF outbreaks in Europe, 
USSR and the Caribbean were caused by genotype I ASFV strains. Recent ASF 
epidemic in the Caucasus republics, Russia and Eastern Europe has started from the 
introduction of ASFV genotype II into Georgia in 2007.

Additional markers of ASFV typing have been proposed for tracing back virus 
origin and distribution in endemic areas (Gallardo et al. 2014; Goller et al. 2015). 
Central variable region (CVR, B602L) and intergenic region (I73R-I329R) allow 
complement ASFV genotyping. Several ASFV IGR variants have been identified 
among the ASFV isolates isolated in Russia and Eastern Europe from 2012 to 2018.
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Alternatively, ASFV isolates have been divided into serotypes based on haemad-
sorption inhibition assay (HAI) and cross-protection in vivo experiments. So far, 
eight serotypes have been identified, but more likely exist (Malogolovkin et  al. 
2015a; Sereda et al. 1994; Sereda and Balyshev 2011). Recently, genetic signatures 
of serotype specificity have been identified in CD2v (EP420R, haemagglutinin) and 
C-type lectin-like proteins (EP153R) (Malogolovkin et al. 2015b). This approach 
may fill the knowledge gap between ASFV genetic and antigenic diversity.

ASFV strains may cause acute, moderate and chronic disease forms. Several 
virulence factors have been identified in ASFV genome. The ASFV isolates may 
lose some members of multigene families MGF360/530 (Borca et  al. 2018; 
O’Donnell et al. 2016) or MGF110 that lead to an attenuated phenotype (Zani et al. 
2018). The recombinant ASFV strains with deleted interferon inhibitor genes or 
CD2v (Abrams et al. 2013; Monteagudo et al. 2017; Neilan et al. 2002) also had 
decreased virulence for domestic pigs. Some controversial results have been 
obtained about the role of CD2v protein in virulence and protection using different 
virus models (Burmakina et al. 2016; Monteagudo et al. 2017).

ASFV has unique characteristic by haemadsorbing red blood cells around 
infected macrophages (Fig. 2.2). Initially, this phenomenon was used for differen-
tial diagnostics of CSF and ASF. Later, ASFV CD2v protein was identified as a 
virus haemagglutinin (Galindo et  al. 2000; Rodríguez et  al. 1993). Interestingly, 
some ASFV have truncated or interrupted CD2v (EP402R) and as a result have not 
demonstrated haemadsorbing ability. Some non-haemadsorbing ASFV strains have 

Fig. 2.2 Macrophage infected by ASFV surrounded by red blood cells (E) and attached by cyto-
toxic T-lymphocyte, VP - viroplasm (electron microscopy of an ultrathin section)
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attenuated phenotype and have been used as a model for vaccine research (King 
et al. 2011; Sanchez-Cordon et al. 2017).

2.3  Epidemiology of Disease

The thorough and updated reviews about ASF epidemiology in Europe and Africa 
have been published recently (Bosch et al. 2017; Brown et al. 2018; Cisek et al. 
2016; Gogin et  al. 2013; Mur et  al. 2012). We would highlight some additional 
aspects of ASF epidemiology in Russia and emphasise on the main risk factors that 
have been identified over 10 years of the epidemic.

ASF is present in Russia since December 2007 when it was first introduced in the 
North Caucasus regions, and over the past 10 years it spread from Russia through-
out Eastern Europe, affecting domestic and wild boar, reached the Baltic countries 
and became endemic (Gogin et al. 2013). The epidemic was caused by the genotype 
II ASFV virus which caused up to 100% mortality in domestic and wild boar and 
could be considered as a self-limiting disease (Malogolovkin et al. 2012). Earliest 
data with ASFV Armenia/2008 strain revealed high mortality among domestic pigs 
and wild boar, but moderate contagiousness of the virus (Gabriel et  al. 2011; 
Pietschmann et al. 2015). Nevertheless, recent reports from the Baltic states demon-
strate the increased number of survived seropositive wild boar in some areas 
(Nurmoja et al. 2017a, b).

The Russian Federation consists of 85 federal subjects, and by veterinary legisla-
tion every federal subject is responsible for African swine fever control and preven-
tion. The situation with the disease depends on the capacity and resources of regional 
authorities. Every federal subject has a different structure of pig production sector, and 
if the proportion of backyard production is high it puts the region into the group of 
high risks in terms of ASF introduction and makes it much more difficult to control it.

During the 10 years period, since the first ASFV introduction into the territory of 
the Russian Federation (from December 2007 to 2017), 1274 outbreaks of ASF 
have been reported. More than 50% of them were observed among domestic pigs in 
small private holdings or backyard farms, 7% from a total number of outbreaks 
originated from industrial pig farms and around 40% of cases in wild boars 
(Fig. 2.3). Despite the increasing number of ASF cases almost every year, in the last 
12 years pig census has raised on 7 million heads in Russia (Karaulov et al. 2018).

After 10 years of disease circulation in the territory of Russia, it is still compli-
cated to collect accurate and up-to-date information about the pig population in 
backyard farms. Due to this limitation, uncontrolled animal movements play a cru-
cial role in disease distribution (Sánchez-Vizcaíno et al. 2012). The unknown num-
ber of animals in backyards does not allow veterinary services to control pig health 
on backyard farms. Some cases of ASF were detected only after reporting about 
disease suspicion by pig owners; in many times it happened too late after the first 
virus introduction and did not allow to define index case and apply control measures 
on time. The weakness of veterinary service in one region and late application to the 
outbreaks lead to disease spreading to the neighbour territories.

A. Malogolovkin et al.
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By acting national regulation, after ASF notification, all movements of pigs must 
be banned on the suspected farm. If ASF is confirmed by laboratory tests, stamping- 
out must be applied by regional authorities as soon as possible in radius from 5 up 
to 100 km. Regional authorities define control and surveillance zones. The weak-
ness of this eradication strategy is a high possibility of the late report by the owner 
and low motivation for regional authorities to expand the control zone because of 
high expenses for the stamping-out compensations.

The main risk factors of disease spreading are still the same after 10 years: move-
ment of the infected/sick pigs to the new territory and pork products contaminated 
by ASFV, late reports about the disease and weak cooperation between pig owners, 
veterinarians and hunters (Kolbasov et al. 2018b).

The role of wild boars in disease introduction to the new regions is controversial. 
It’s clear that white boar is responsible for short-distance spread of the disease 
among wild boar, but “ASF jumps” on thousands of kilometres in a very short period 
cannot be explained by this mechanism. The wild boar population can be divided 
into two parts—wild boar in native habitats and wild boar in-game grounds for 
hunting purposes. Unfortunately, hunters and managers of gaming grounds have no 
responsibility for animal health (Kolbasov et al. 2018b). In case ASF is detected in 
dead wild boar, carcasses of the dead animals are incinerated in place, under the 
supervision of regional veterinary service, and passive surveillance is applied in this 
territory. From the very beginning, there are two main driving forces of ASFV epi-
demic: the socio-economical aspects and human behaviour, whereas the role of wild 
boar is still not completely understood. There are many examples demonstrating the 
spatial pattern of the disease characterised by “jumping” spread caused by the ille-
gal movement of pigs and pork products (Kolbasov et al. 2018a).

One of the main factors for ASFV introduction into domestic pig herds is low or 
unappropriate biosecurity: about 80% of ASF outbreaks have been registered in the 
backyard sector. Most of them are linked to illegal trade and uncontrolled move-
ments of infected pigs. It is known that wild boar plays a critical role in the introduc-
tion of the virus into the new territories through administrative borders. Meanwhile, 
the involvement of ASF-affected wild boar in the virus distribution into the com-
mercial farms has never been confirmed. Moreover, there are many pieces of evi-
dence of illegal disposal of domestic pigs’ carcasses in the forest, following by 
detections of ASFV in the wild boar population. ASF can be relatively easily con-
trolled in domestic pigs. It is also worth noting that the ticks are not involved in the 
current ASF epidemic in Eastern Europe and Russia.

It’s interesting to compare the results of the epidemiological investigation of 
African swine fever outbreaks in 1977 in USSR with the data collected from current 
ASF outbreaks in Russia (Korennoy et al. 2017). The main risk factors remain the 
same after almost 40 years.

Here are some risk factors that have been identified in 1977 (Jurkov et al. 2014):

 – Infected food waste
 – Sales of infected meat products
 – Trade of infected animals
 – Economic ties of farms and enterprises located in non-affected areas to ASF- 

affected zones
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2.4  Transmission

2.4.1  Sylvatic Cycle

ASF is endemic in most African countries from the Sahara desert to the south. In 
Europe, the island of Sardinia has the longest history of ASF epidemic so far (Mur 
et al. 2018; Sánchez-Vizcaíno et al. 2012). The major route of ASFV transmission 
is a contact of susceptible animals (domestic pigs or wild boar) with either infected 
animals or fomites or contaminated pig products or via tick bites.

Historically, warthogs (Phacochoerus africanus) and indigenous African pigs 
(Phacochoerus africanus, Potamochoerus porcus, Potamochoerus larvatus, 
Hylochoerus meinertzhageni) were considered as the main reservoirs of ASFV in 
nature in Africa. Later studies have demonstrated no horizontal or vertical transmis-
sion of ASFV in wild African pigs. Several unsuccessful attempts have been made 
to confirm the direct transmission of ASFV from seropositive warthogs to domestic 
pigs (Anderson et  al. 1998). Therefore, soft ticks were considered as a potential 
player of the sylvatic cycle of ASFV transmission. The warthogs live in the barrows, 
where soft ticks are frequent neighbours (Ornithodoros porcinus porcinus, O. por-
cinus moubata, O. moubata).

ASFV-infected ticks bite young warthogs, which easily recover the disease, but 
ASFV titre in the blood may reach 2–3 lg HAU/mL, which is enough to initiate a 
new round of sylvatic cycle in the soft ticks (Burrage 2013; Plowright et al. 2002).

In the Iberian Peninsula, another species of soft ticks (Ornithodoros erraticus) as 
an ASFV competent vector was found (Bastos et al. 2006a). There is no doubt that 
O. erraticus was involved in ASF epidemic in Spain. ASFV-infected soft ticks may 
survive up to 5 years that may lead to serious concerns in ASF endemic countries 
(Boinas et al. 2004). Recent studies have shown that ASFV strain Georgia 2007/1, 
which is currently circulating in Europe, replicates efficiently in O. erraticus, col-
lected in Southern Portugal (Diaz et al. 2012).

Several other soft tick species may also be competent for ASFV replication. 
Thus, in the USA O. puertoricensis, O. turicata, O. talaje, O. dugesi and O. сoriaceus 
(Hess et al. 1987) are potential ASFV vectors as well (Hess et al. 1987). It has been 
proven that in O. coriaceus, ASFV may persist after 4 months. However, a trans-
ovarial transmission has not been demonstrated (Sánchez-Vizcaíno et al. 2009).

In African tick O. moubata, ASFV may be transmitted transovarially and trans-
stadially and by sexual contact (Hess et al. 1989; Plowright et al. 1970; Rennie et al. 
2001). These data support the hypothesis of a long-term ASFV persistence in tick 
populations without pig’s involvement. It is most likely that evolutionarily ASFV is 
an arthropod virus taking into account the taxonomic relationship and sylvatic cycle 
(Makarov et al. 2016). Some data suggest that ASFV and soft ticks have coherent 
evolution, and several virus host-range genes are involved in this process. However 
domestic pigs are unnatural hosts, and the virus may lose some host-range genes 
during replication in domestic pigs (Afonso et al. 2004; Burrage et al. 2004; Dixon 
and Wilkinson 1988). Hopefully, new genetic data of the soft tick’s genome sequenc-
ing will help to dissect the ASFV evolution and origin.

2 African Swine Fever Virus



36

Wild African pigs and soft tick form a sylvatic cycle of ASFV transmission 
(Parker et al. 1969). However, the soft ticks transmit ASFV to domestic pigs as well. 
The efficiency of virus transmission correlates with virus titre in ticks’ salivary 
glands and coxal gland that may reach 4–6 lg HAU/mg (Bastos et al. 2006b).

Around 100 species of Ornithodoros are known, and 7 species have been identi-
fied in the territory of former USSR. Among them, О. papillipes in middle Asia and 
О. verrucosus in the Caucasus republics are vectors of the relapsing fever as well as 
O. moubata in Africa and O. erraticus in Iberian Peninsula (Fillipova 1966). 
Therefore, these species of ticks are of interest for ASFV epidemiology.

In eastern European countries, several swine farms with high biosecurity level 
have been affected by ASFV. To estimate the role of other haematophagy, several 
studies have been carried out. In experimental settings, the stable fly (Stomoxys 
calcitrans) fed with blood from ASFV-infected animal caused ASF in domestic 
pigs. These data suggest that other blood-sucking insects may play a role in ASFV 
transmission at least within a herd (Olesen et al. 2018). In another study, blood from 
rodents and birds was tested for ASFV without positive results (EFSA AHAW Panel 
(EFSA Panel on Animal Health and Welfare) 2014).

2.4.2  Fomite Transmission

One of the most important questions of virus transmission in natural settings is its 
tenacity in different environments. This is a crucial issue for studying disease distri-
bution, modelling and risk assessment. The minimum infectious dose for ASFV 
Georgia 2007/1 for the oronasal route of inoculation is 10 HAU/mL according to 
Kovalenko and Sidorov (1973).

ASFV in infected and sick animals is shed via saliva, nasal excretes, faeces, 
urine, genital excretes and blood. All these ASFV-contained excretes may contami-
nate ground, feed and water. ASFV shedding in faeces coincides with fever (Greig 
and Plowright 1970). After primary fever onset in 2–3 days, ASFV titre in nasal 
swabs may approach 4–5 lg HAU50/mL.  In some studies, ASFV was isolated in 
faeces and oral swabs after 70 days of infection (de Carvalho Ferreira et al. 2012).

At low temperature (4–6 °С) in faeces and urine from sick animals, ASFV was 
isolated in 159–253 days and 60–87 days, respectively (EFSA AHAW Panel (EFSA 
Panel on Animal Health and Welfare) 2014). In hot climate environment, the stables 
where sick animals have been housed, ASFV has been found from 5 to 14 days, and 
in Spain—up to 3 months (Kovalenko and Sidorov 1973). In mild and cold climate 
environment of central Russia in contaminated forest sandy ground with pH 4.5–4.6, 
ASFV survived for 112 days (Smirnov and Butko 2011).

Based on the previous data where the minimal infectious dose of 10 HAU/mL 
was identified, ASFV remains infective in faeces and urine up to 8–15 days at 4 °C 
and up to 3–4 days at 37 °C (Davies et al. 2017).

In wintertime, frozen excretes from sick wild boar and virus-contaminated envi-
ronments may be a potential source of infection after thawing. Several approaches 
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have been developed for ASFV surveillance in wild boar population. One of the 
most promising is a rope with feed attractants (Chichikin et al. 2012). An alternative 
approach for ASFV surveillance in wild boar is a faeces sampling, since ASFV may 
survive in faeces for quite a long time. Faeces samples might be used for ASFV 
genome detection using PCR (de Carvalho Ferreira et al. 2012). According to de 
Carvalho Ferreira et al. (2014), ASFV DNA has been identified in faeces till 98 days 
at 4–12 °C and 35 days at 37 °C, in urine—126 days at 4–37 °C and in saliva—35 days 
at 4 °C and 14 days at 12–21 °C.

2.5  Immunopathobiology

The pathogenesis and immunopathology of ASF are similar to the most human and 
animal haemorrhagic fevers. ASFV infects predominantly mononuclear cells 
(monocytes/macrophages)—the most prominent component of T-cell-mediated 
immunity. Infected monocytes/macrophages release a wide range of cytokines, 
which severely affect different cell types (lymphocytes, endothelial cells) leading to 
apoptosis and cell damage (Penrith 2009; Penrith et al. 2004). An increase of pro-
duction of proinflammatory cytokines such as IL-1α, IL-6α and TNF-α coincides 
with haemorrhagic fever symptoms (e.g. fever, vascular damage) (Salguero et al. 
2002; Sánchez-Cordón et al. 2005). ASFV replication in monocytes/macrophages 
leads to its damage and apoptosis. The components of damaged and disrupted 
mononuclear cells also activate endothelial cells and slow down the coagulation 
system (Salguero et al. 2008).

Initially entered to mononuclear cells, ASFV is able to infect several other cell 
types (i.e. neutrophils, megakaryocytes, tonsillar epithelial cells, hepatocytes, kid-
ney cells, granulocytes, presumable dendritic cells) especially in the later disease 
state (Greig et al. 1967; Sierra et al. 1990). In acute ASF, severe pathomorphological 
changes and haemorrhages are found in lymphoid organs (spleen, lymph nodes, 
thymus) and kidney (Kleiboeker 2002; Ramiro-Ibáñez et al. 1997).

The clinical course of ASF varies from unapparent to chronic forms and mostly 
depends on the ASFV isolate (EFSA AHAW Panel (EFSA Panel on Animal Health 
and Welfare 2014). First haemorrhagic lesions may appear at 3 days postinfection 
with virulent ASFV and coincide with monocyte/macrophage destruction. The aver-
age incubation period following infection with ASFV virulent strain lasts for 
2–7 days, and rarely longer. The mortality rate of ASF may approach 100% but 
ranges between ASFV isolates (Mebus 1988). Typical clinical signs of acute ASF 
may include high fever, bloody diarrhoea, respiratory discharges, cyanosis and 
haemorrhagic lesions. Often, central nervous system symptoms, such as ataxia and 
convulsion, may be observed in the late stage of infection. ASFV causes the same 
clinical symptoms in wild boar regardless of their age and sex (Blome et al. 2013; 
Gabriel et al. 2011). The readers may find some pathological pictures of ASF on the 
EFSA photo portal (https://efsa.maps.arcgis.com/apps/PublicGallery/index.html?a
ppid=dfbeac92aea944599ed1eb754aa5e6d1).
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ASF epidemic in Russia and Europe initially was caused by highly virulent 
ASFV strain (genotype II). In experimental settings, the animals died within 10 days 
postinfection with no survivors. However, since 2012 more reports notify moderate 
ASFV variant in Eastern Europe and Russia with an increasing number of survivors, 
especially among wild boar (Arias et al. 2018; Gallardo et al. 2018). Several ASFV 
genetic variants have been identified in Russia and Eastern Europe. Nevertheless, 
the link between genetic changes and disease course is not fully understood.

ASFV strictly impairs innate immune system (e.g. IFN response, TLR, MHC). 
ASFV modulates different stages of host immune response and has sophisticated 
mechanisms of immune evasion. Several ASFV genes have been identified as virus 
virulence factors and IFN inhibitors (Afonso et al. 2004; Reis et al. 2017b). Recent 
advances in gene-editing approaches may help to design and produce safe and 
immunogenic recombinant ASFV strain, lacking virulence factors that might be a 
very promising vaccine candidate in future.

2.6  Diagnostics

Since no vaccine is available to prevent ASF infection, quarantine measures for 
liquidation and prevention of the disease are carried out. It is necessary to carry out 
a laboratory diagnostic for obtaining the information for surveillance and eradica-
tion programmes. Positive diagnosis means the identification of animals, which are 
or earlier were infected with ASFV. It includes detection and identification of the 
infectious virus, DNA, specific antigens and antibodies (Agüero et al. 2004; Oura 
et al. 2013).

For ASF diagnostic, a wide range of methods are used. Infectious virus is deter-
mined with a biological assay on pigs and using haemadsorption test (HAD) in 
swine macrophages (Orfei et al. 1968). Virus-specific antigens are identified using 
primary (direct) immunofluorescence, immunoperoxidase method and 
ELISA. ASFV DNA is identified using PCR (Fernández-Pinero et al. 2013; James 
et al. 2010; King et al. 2003). For virus-specific antibody detection, OIE recom-
mends indirect ELISA and for confirmation indirect immunofluorescence or 
Western blot (World Organisation for Animal Health (OIE) 2012).

From the end of 2015, epizootic, serological and genetic research showed a 
prominent increase of seropositive animal incidence, which is especially visible in 
wild boar population in unfavourable EU countries. These results suggest that some 
animals may have a chronic form of the disease (Olsevskis et al. 2016; Smietanka 
et al. 2016; Wozniakowski et al. 2016).

Gallardo et al. (2015) evaluated methods of ASF diagnostic of viral DNA detec-
tion, antigens and antibodies for experimental and field samples (Gallardo et  al. 
2015). The authors in parallel investigated 785 field and experimental samples, 
obtained from pigs, infected with genotype II using three PCR assays for ASF virus 
genome detection (Agüero et al. 2003; Fernández-Pinero et al. 2013). It was shown 
that several DNA-positive samples were more for 3.3% in UPL (Universal Probe 
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Library)–PCR than in PCR assays, recommended by OIE. DNA was easily detected 
using both PCR assays when high virus levels were found in blood and tissues in the 
clinical phase of infection.

The results of diagnostic efficacy comparison of ELISA (ELISA Ingezim K2; 
Ingenasa, Madrid, Spain) and three PCR assays are summarised in Gallardo et al. 
(2013) and Oura et al. (2013). The authors notify that field samples with bad sam-
pling and storage conditions can dramatically decrease ELISA sensitivity.

It may be denoted by the antigen-antibody complex formation in seropositive 
animals’ tissues and blocking of the interaction between antigen ASFV and specific 
conjugate to it. In most cases in EU countries, ASF has an acute form and causes 
deaths with a high level of virus accumulation in all the tissues (Gabriel et al. 2011; 
Gimenez-Lirola et al. 2016; Guinat et al. 2016). That is because it is rational to use 
other diagnostic methods in parallel with ELISA.

Immunoperoxidase method (IPT) showed greater sensitivity than indirect ELISA 
in studying serum samples, obtained in dynamics from experimentally infected 30 
domestic pigs by ASFV genotype II. Immunoperoxidase method allowed detecting 
ASFV antibodies at an earlier stage of infection than using indirect ELISA. Diagnostic 
sensitivity of indirect ELISA varied from 22% to 50% in comparison of the IPT 
depending on the assays. Low sensitivity of indirect ELISA can be associated with 
the fact that samples were selected from the animals with an acute form of ASF 
before the accumulation of antibodies, which was determined using indirect ELISA.

Nevertheless, it is necessary to search for antibodies from the trophy and fallen 
animals for understanding a complete epizootic situation. Positive results using 
indirect ELISA should always be confirmed by alternative methods as secondary 
(indirect) immunofluorescence and Western blot, according to OIE recommenda-
tions (World Organisation for Animal Health 2012). In the authors’ opinion, even 
though there are a lot of good verified methods of ASF diagnostic, obtained results 
show that UPL-PCR in combination with IPT is the most reliable method for early 
ASF virus genome and antibody detection.

Interesting results were obtained by evaluating an epidemic situation of ASF and 
the warthogs in Serengeti nature park in Tanzania (Misinzo 2012). The authors 
investigated serum samples using indirect ELISA (OIE-ELISA) and Western blot 
(OIE-IB) for ASFV antibody detection, and blood and organ samples for genome 
virus detection. According to indirect ELISA results, 100% (34/34) of warthogs 
were seropositive. Analysis of organ samples using PCR showed that only 8.8% 
(3/34) were weakly positive. However, the authors could not isolate the infectious 
virus in any samples. Results correlated with other information that most of the 
warthogs were seropositive (Heuschele and Coggins 1969).

It should be noted that during the ASF epidemic in Russia in 2007–2012, both 
PCR and direct immunofluorescence were used that guaranteed 100% of diagnostic 
accuracy. Specific antibodies in organ tissues from infected pigs were not prominent 
as they were detected only from 45% of animals (33% from wild boars and 49% 
from domestic pigs). The levels of specific antibodies varied from 4.3 to 9.0 log2 in 
domestic pigs and wild boar. It was noticed that antibodies, even in high concentra-
tions, did not block intracellular antigens and did not prevent from detecting them 
using direct immunofluorescence and ELISA (Strizhakova et al. 2016).
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While choosing a diagnostic test, it is important to consider the phase of the 
infection and what form of the disease is caused by circulated ASFV. In acute and 
subacute forms, infectious virus and DNA can be detected before the manifestation 
of clinical signs. Serological conversion intervenes from the 7th to the 11th day 
postinfection and antibodies can be detected in the course in the rest of an animal’s 
life. Positive test on the infectious virus (or antigens) presence and DNA indicated 
that during sampling tested animals were already infected. On the other hand, a 
positive test for antibodies to ASFV pointed out that animals were infected more 
than a week ago and/or survived after ASFV infection.

2.7  Prevention and Control

Control over African swine fever (ASF) is complicated due to the lack of specific 
prevention measures. Only rapid diagnostics and strict stamping-out of the strategy 
of infected animals may help to eradicate the disease and stop virus transmission. 
The safe and efficacious vaccine against ASF is not available now, but recent 
advances of vaccine research demonstrate very encouraging results. Below the read-
ers may find the short historical overview and current approaches about ASF vac-
cine research.

2.7.1  Inactivated Vaccines

Many attempts have been made to produce traditional inactivated vaccines from 
ASF using infected macrophages fixed with glutaraldehyde, lysates of primary and 
passage cell culture treated with ultraviolet radiation, freon, and ionic and nonionic 
detergents, inactivated with β-propiolactone of purified virions fixed on bovine 
erythrocytes, mycobacteria and γ-globulin (Blome et  al. 2014; Kovalenko and 
Sidorov 1973; Makarov et al. 2016; Mebus 1988; Petrov et al. 2018). Others and we 
have not observed any protective effect of inactivated virus formulations. On the 
contrary, in several cases, the enhancement of disease of immunised pigs is 
 compared with the control group after their infection with virulent isolates of the 
ASFV (Hess 1981; Mebus 1988; Stone et al. 1968).

2.7.2  Subunit Vaccines

Studies on the development of subunit vaccines have facilitated the search for 
potentially protective proteins. The effects of pig immunisation made by purified 
infected cells or recombinant proteins p30, p54, p72 and CD2v were considered to 
be potentially protective (Barderas et al. 2001; Gómez-Puertas et al. 1996; Gutiérrez- 
Castañeda et al. 2008; Kollnberger et al. 2002).
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Pig immunisation by recombinant proteins p30 and p54 expressed in baculovirus 
led to a delay in the onset of clinical symptoms of the disease after animal challenge 
with a virulent isolate (Gómez-Puertas et al. 1998). Pigs’ immunisation with a pool 
of glycoproteins of the ASFV in liposomes induced the antibody titre formation but 
led to an acceleration of the animal deaths after challenge. As a result of pig immun-
isation with serotype-specific major glycoprotein CD2v (gp 110–140) of ASFV 
purified from macrophages infected with ASF, in liposomes, 67% of the animals 
were protected after infection from death, but not from the reinfection (Sereda et al. 
1994). ASFV CD2v is directly involved in the process of haemadsorption in the 
infection of sensitive cells with ASFV (Rodríguez et al. 1993). It is determined that 
the results of genotyping at the locus encoding CD2v correspond to the distribution 
of isolates and strains of ASFV over seroimmunotypes (Malogolovkin et al. 2015a). 
Immunisation with recombinant baculovirus carrying the CD2v gene of the ASFV 
protected from subsequent challenge with a virulent strain (Argilaguet et al. 2013). 
Presumably, this protein can be the main inducer of CTL.

So, most researchers consider the proteins p30, p54 and CD2v required for the 
immunological defence induction against ASF, but none of them correlates with 
protection.

2.7.3  Live Vaccines

Live attenuated vaccines against ASFV are a promising tool to dissect the mecha-
nism of protection and find hidden signatures of immune correlates. Several elegant 
and thorough reviews have been published recently with an emphasis on live attenu-
ated vaccine characteristics (Arias et al. 2018; Rock 2017; Souto et al. 2016).

In the Pokrov Institute, we attenuated, created, selected and isolated a number of 
strains and ASFV variants that do not cause the death of domestic pigs and are able 
to form protection from subsequent infection with homologous virulent isolates 
(Vishnjakov et al. 1991).

The research on the development of protection against ASF leads to the discovery 
of attenuated strains of eight serotypes. The attenuated candidate vaccine strain was 
able to protect 75–90% of the animals after 10–14 days post-challenge with virulent 
ASFV homologous in the serotype (Sereda and Balyshev 2011). Despite the fact 
that the selected attenuated strains met the established requirements for protection 
and harmlessness, they had some differences in several biological  characteristics: 
the duration and level of viremia and the timing of the formation of virus-specific 
protection. Thus, an attenuated FK-135 strain (serotype 4) at a dose of 104.0 HAU50 
creates protection on the 7th–10th days in 92–100% of pigs, and the strain of 
MK-200 (serotype 3) in 50% of animals, and only on the 14th day—in 82–92%.

The disadvantages of live vaccines are the attenuated virus carriage to different 
extents, the probability of subsequent partial restoration of its virulence, the devel-
opment of subclinical infection sometimes changing into a chronic form, and insuf-
ficient protection in immunocompromised animals, for example pregnant sows.
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It is known about the isolation of naturally attenuated strains of the ASFV, for 
example OURT88/3 or NH/P68. Immunised pigs were protected from infection 
with homologous virulent strains (Boinas et al. 2004; Leitão et al. 2001; Mulumba- 
Mfumu et al. 2017). Protection levels varied from 66% to 100%, depending on the 
pigs and the way and dose of injection. Attempts to use natural attenuated strains of 
the ASFV as vaccines have shown side effects. Some of the vaccinated pigs devel-
oped unfavourable reactions, including pneumonia, locomotor disorders, necrotic 
foci, abortions and death (Gallardo et al. 2015).

Recombinant ASF viruses with gene deletions involved in immune evasion, such 
as thymidine kinase (TK), 9GL (B119L) gene, NL (DP71L) gene and several mem-
bers of the 360 and 505 multigene families (MGF360/505), cause total attenuation 
of initially virulent isolates and induce the development of protection against 
homologous virulent isolates (Afonso et al. 1998; Neilan et al. 2002; O’Donnell 
et al. 2017).

Multiple deletions of the six members of MGF360 and 505 in combination with 
the 9GL gene resulted in the virulence strain loss of the ASFV Georgia07/01, but 
did not protect animals after subsequent infection with a virulent homologous virus 
(O’Donnell et al. 2016). In contrast, the Georgia07/01 virulent isolate, modified by 
removing the virulence factors 9GL and UK, in contrast to the 9GL modified only 
by removal, acquired protective properties. These results indicate that the succes-
sive removal of the second virulence factor can make recombinant live attenuated 
ASF viruses much safer. So far, gene-edited recombinant ASFV strains are the most 
promising candidates for a vaccine against ASF.

2.7.4  DNA Vaccines

It is conceptually important that DNA vaccines are potentially safe for animals and 
induce antigen-specific cellular immunity. A significant problem of candidate DNA 
vaccines is the relatively low acquisition of DNA by the cells in vivo, especially in 
large mammals. Several approaches have been proposed to overcome this problem 
(Leifert et al. 2004; van Drunen Littel-van den Hurk et al. 2004).

The similarity between the HA haemagglutinin of HA virus (or CD2v) and the 
leukocyte CD2 molecule suggested that it can target lymphocytes expressing CD2 
receptors (CD48 and CD58) to viral antigens in antigen-presenting cells (Borca 
et al. 1994; Rodríguez et al. 1993). The addition of HA enhanced both the humoral 
and cellular responses against the chimeric PQ protein (p54 and p30), after three 
intramuscular injections of the corresponding DNA construct. The enhancement of 
the immune response to sHA injection may also be due to the presence of T-helper 
cell epitopes in this molecule.

Another strategy is based on targeting the encoded viral antigens to the places of 
antigen presentation using the variable fragments of single-chain (ScFv) antibodies 
that specifically recognise cell antigens on the surface of antigen-presenting cells 
(Grossmann et al. 2009). The efficacy of the invariant epitope of class II hypogly-
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caemia (APCH1) as a genetic adjuvant in vivo was confirmed by pig immunisation 
with plasmid pCMV-APCH1PQ in which the APCH1 gene is fused to the chimera 
open reading frame for PQ. DNA constructs encoding only PQ did not induce the 
formation of antibodies in pigs, while immunisation with pCMVAPCH1PQ caused 
both the synthesis of PQ-specific antibodies and the activity of T-helpers targeted 
for class II histocompatibility antigen, indicating an adjuvant effect of the APCH1 
molecule. However, this candidate DNA vaccine did not protect pigs from subse-
quent infection with ASFV (Barderas et al. 2001).

Despite the notified humoral response to the immunisation of pCMV-sHAPQ, 
the pigs were not protected from challenge. To avoid unfavourable induction of 
antibodies and to enhance specific CD8+ T-cell responses, a pCMV-UbsHAPQ 
construct was developed that codes for the antigenic determinants p30, p54 and 
sHA fused to cellular ubiquitin. As expected, immunisation with pMVV-UbsHAPQ 
did not induce a humoral response in pigs, but provided partial protection against 
ASFV challenge, confirming the importance of the T-cell response in protecting 
against this virus. The achieved protection was not enhanced by an increase in the 
multiplicity of administration of the DNA vaccine, which may reflect a lack of 
boost effect for the T-cell response induced after the first administration. With 
twofold immunisation of pCMV-UbsHAPQ, 2 out of 6 pigs survived, while only 4 
of them survived. Presumably, boost strategy negatively affects in terms of provid-
ing protection. According to the authors, fourfold immunisation with pCMV-
UbsHAPQ could lead to weak induction of antibodies exacerbating the disease, 
which in turn can suppress the protective effect of induced CD8+ T cells (Argilaguet 
et al. 2012).

Immunisation with DNA expression library is considered as a promising trend in 
the development of protection against emerging diseases (Talaat and Stemke-Hale 
2005). The protection of the ASFVUblib DNA library, represented by short frag-
ments of the ASFV genome combined with the ubiquitin gene in the plasmid 
pCMV-Ub, was studied to enhance the induction of specific CTL (Lacasta et  al. 
2014). The obtained 4029 clones (total 130,000  bp) covered about 76% of the 
viral genome.

Vaccination capabilities based on the use of BacMam viruses, which are baculo-
virus vectors encoding virus proteins under the control of vertebrate promoters, are 
established, which provides the high expression of the transgene in mammalian 
cells (Argilaguet et al. 2013).

Immunogenicity of BacMam-sHAPQ was determined after a threefold adminis-
tration of 107 pfu with a 15-day interval. Then, all animals were infected with a 
homologous isolate E75 at a dose of 102 HAU50. As expected, there were no such 
responses before infection in a control group, and in four out of six pigs immunised 
with BacMam-sHAPQ specific T-cell responses appeared. Therefore, with the vac-
cination of BacMam-sHAPQ, the pigs’ protection against sublethal homologous 
infection with ASFV is possible in the absence of antibody induction. Besides, the 
induced defence and stimulation of T cells are directly related.
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2.7.5  Antiviral Formulations

Antiviral drugs and approach are of interest to study ASFV reproduction and poten-
tially might be used in vivo to inhibit virus replication. A “specific” target for sev-
eral antiviral agents is viral DNA polymerase. With the ASFV, phosphonoacetic 
acid (PTC) was tested, which is an effective inhibitor of the activity of this enzyme. 
PTC was equally effective both in experiments on cell cultures and in animals.

Based on the data analysis of the synthesis efficiency, reproducibility and thera-
peutic activity with ASF, three compounds were selected: PTC, PTC complex with 
7-amino-1,3,5-triazaadamantane (A-14) and potassium pyridine salt of PTC-230, 
which prevented the death of more than 80% of infected animals at 100% death in 
the control group. The use of PTC in combination with metisazone, an inhibitor of 
the synthesis of “late” virus-specific proteins, under conditions of micro-epizootic, 
prevented the death of all gilts that were in contact with patients, with 100% death 
of animals to which the compound was not administered. The possibility (doses, 
terms and multiplicity of administration of chemotherapy drugs) of reducing the 
virus level carrying in ASF was shown. The possibility of obtaining type-specific 
sera is established bypassing the attenuation of virulent strains. This allows reduc-
ing the time of obtaining serum 3–12 times, which is important for serotyping the 
virus (Zubairov et al. 2017).

It has been shown that fluoroquinolones are capable of inhibition of ASFV repli-
cation in vitro (Freitas et al. 2016). Particularly, genistein may block ASFV infec-
tion in Vero cells and swine macrophage (Arabyan et al. 2018).

Small interfering RNA, targeted ASFV topoisomerase II, decreases virus yield 
(up to 99.7%) and several infected cells (75.5%) (Freitas et al. 2016).

Promising results have been demonstrated using CRISPR-Cas9 technology- 
targeted ASFV DNA. Cas-9 and guided RNA aimed at 71–78 codons of p30 virus 
protein (CP204L) were able to decrease virus titre up to fourfold in wild boar lung 
cell (WSL). This alternative approach may help to design and create naturally resis-
tant swine in future (Hubner et al. 2018).

2.7.6  Control of ASF

The main risk factors of ASF in Russia are uncontrolled animal movement and con-
taminated pig products (raw meat, ham, fat and skin); waste and transport; corpse of 
infected animals (wild boar either domestic pigs); improper herd vaccination using 
“one needle”; and infected wild boar. The range of sanitary measures in response to 
outbreaks is exhaustive and listed in national contingency plan according to OIE 
recommendations. In case of ASF outbreak, based on national legislation and our 
experience, three steps of disinfection are recommended: cleaning and washing 
using alkaline solutions, regular disinfection using bactericidal foam and final dis-
infection with fine aerosols of disinfectants (Sereda et al. 2015).
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To shorten the herd replenishment after ASF outbreak, the farmers may initiate 
biological control of disinfection. Sentinel pigs may be introduced into the farm 
(10% out of total herd population) for controlling the efficiency of disinfection. The 
testing period lasts for 60 days; after that, blood and serum samples from sentinel 
pigs are tested by PCR and ELISA, respectively. Moreover, ground and sewage 
samples from farm-associated territories are collected. The samples are sent to ASF 
reference laboratories for biological assay. In case of negative results in PCR and 
ELISA, and negative biological assay, the disinfection should be well completed, 
and herd should be ready for replenishment (Sereda et al. 2016). If some positive 
results are received from sentinel pigs, either ground samples, the disinfection 
should be repeated.

ASF epidemic in the wild boar population is more complicated. ASFV is trans-
mitted from one animal to another many times that may lead to severe changes in 
virus virulence. Also, the corpse of dead wild boar is the source of ASF in wild 
fauna, since ASFV may survive for several months in autumn-winter seasons.

Therefore, despite the fact that there is no vaccine available against ASF, history 
knows many positive examples of the disease eradication in several continents (Lyra 
2006; Peritz 1981; Sánchez-Vizcaíno et  al. 2009; Wilkinson 1986). Nowadays, 
understanding of the disease transmission, pathogenesis and rational biosecurity 
measurements is crucial for risk mitigation of ASF introduction.
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Chapter 3
Classical Swine Fever Virus

Dilip K. Sarma

Abstract Classical swine fever virus (CSFV), belonging to the genus Pestivirus of 
the family Flaviviridae and species Pestivirus C, is the aetiological agent of a disease 
called classical swine fever (CSF) or hog cholera, which is a devastating transbound-
ary disease of pigs across the globe. Besides domestic pigs, the disease has been 
reported from wild pigs, and pygmy hog (Porcula salvania) and wild boar are also 
reservoir hosts. The CSFV size ranges from 40 to 60 nm, and the genome of the virus 
consists of a single-stranded, positive-sense RNA. Based on sequence analysis, 3 
genotypes and 14 subgenotypes of CSFV have so far been reported, and a shift in the 
historical genotypes 1–2 has been observed in the recent past. Although many coun-
tries are now free from CSF, the disease is still widely prevalent in most of the South 
American, Asian and South East Asian countries possibly due to high pig population, 
low vaccination coverage and poor biosecurity. The virus spreads in different ways, 
and after entry into the susceptible hosts produces various clinical manifestations. 
The peracute form of CSF has disappeared, while acute form occurs commonly in 
younger animals and chronic form is more common with reports of absence of clear 
symptoms in adult animals. Confirmatory diagnosis of the disease is to be made at 
the early stage to prevent its spread and control of CSF is important to sustain pig 
production to meet the growing demand of pork in different parts of the world.

Keywords Classical swine fever virus · CSF · CSFV · Genotype · Subgenotype · 
Epidemiology · Diagnosis · Vaccine and control

3.1  Preamble

Classical swine fever virus (CSFV) is the causative agent of classical swine fever 
(CSF) or hog cholera, which is a serious, economically damaging disease of pigs, 
and it can spread in an epizootic form to domestic and wild pig population. It is a 
listed disease of the World Organisation for Animal Health (OIE), and because of its 
high economic impact on pig production, it is to be reported to the OIE (Edwards 
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et al. 2000). Although many countries have implemented control and eradication 
programmes successfully, CSF is a global problem. Due to globalisation, there is 
more movement of people and intensification of pig trade and increase in domestic 
pigs, the most susceptible host, and wild boars which act as reservoirs of CSFV, it 
may continue as an important health problem of pigs worldwide (Moennig and 
Becher 2015). The disease causes enormous economic loss due to high mortality 
and morbidity in the affected animals. Economic loss due to CSF in India was esti-
mated to be 4.29 billion INR (Singh et  al. 2016), out of which mortality alone 
accounted for 74.07% (3.184 billion INR), and the loss due to morbidity accounted 
for 25.93% (1.114 billion INR).

Role of pig farming in livelihood and socio-economic upliftment of the rural 
people in many parts of the world needs no further emphasis. Therefore, a signifi-
cant change in terms of pork production, particularly on quality and hygienic pork 
production, is required. The two major challenges in the piggery sector are poor 
biosecurity and increasing trends of viral diseases. It has been reported that about 
40% of the world’s pigs are raised under extensive and low biosecurity conditions 
(Postel et al. 2017). More than 60% of the world pigs are in Asia and backyard pig 
farming is largely practised. Although backyard pig farms have less number of pigs 
per unit, due to low biosecurity standards, little interaction with the veterinary ser-
vices, poor management and disease prevention, they facilitate the easy spread of 
the disease. Therefore, scientific piggery with improved biosecurity, proper man-
agement and adequate prevention and control programme is the need of the hour to 
minimise the disease burden and economic loss due to the disease.

3.2  Taxonomy and Structure of CSFV

The CSFV belongs to the genus Pestivirus of the family Flaviviridae along with the 
other genera such as Flavivirus, Hepacivirus and Pegivirus (Beer et al. 2015). The 
genus Pestivirus also includes bovine viral diarrhoea viruses 1 and 2 (BVDV-1 and 
-2), border disease virus (BDV) and several unclassified atypical pestiviruses, from 
giraffe, pronghorn antelope, Bungowannah virus and atypical porcine pestivirus, 
which have some genetic and antigenic relationship with CSFV. Two new pestivi-
ruses named as Aydin/04 and Burdur/05 within the border disease virus group and 
reported from Turkey showed a close genetic and antigenic relationship with CSFV 
(Postel et al. 2015).

Based on the whole-genome sequence studies and antigenic differences, pestivi-
ruses have been assigned to 11 different species (Smith et  al. 2017), and CSFV 
belongs to Pestivirus C species.

The virion of CSFV has icosahedral symmetry, and the viral RNA wrapped by a 
core protein. The outer layer of the virion is a lipid envelope, which has three enve-
lope glycoproteins, and the virion size ranges between 40 and 60  nm (Moennig 
et al. 2003). A schematic diagram of CSFV is shown in Fig. 3.1.
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3.3  The Genome

The genome of CSFV contains a single-stranded, positive-sense RNA of 12.3 kb in 
size (Wengler et al. 1995). The genome carries a single large open reading frame 
(ORF), which encodes a polyprotein of approximately 3898 amino acids and two 
non-translated regions (NTR) at 5′ and 3′ of the genome. The NTR at the 5′ end 
carries an internal ribosome entry site (Kolupaeva et al. 2000). The viral genome 
encodes for anon-structural autoprotease (Npro) located at the N-terminus followed 
by the four structural proteins such as Core (C), Erns, E1 and E2 and eight non- 
structural proteins, viz. Npro, p7, NS2, NS3, NS4A, NS4B, NS5A and NS5B (Meyers 
and Thiel 1996). NS5B represents the RNA-dependent RNA polymerase (Lackner 
et al. 2006) and NS3 acts as protease (Tautz et al. 1997). The core protein C is a 
small protein; it plays a role in the formation of the nucleocapsid and also acts as a 
regulator of gene expression (Liu et al. 1998). Erns (E0) glycoprotein was termed as 
gp44, which has an approximate size of 44 kDa and is composed of 227 amino acids 
and loosely associated with the viral envelope (van Gennip et al. 2000). Erns glyco-
protein lacks the transmembrane domain and is secreted from infected cells (Lin 
et al. 2000) along with the virions. It has been reported that this protein plays a role 
in the attachment and entry of the virus into the host cell (Hulst et al. 2000). E1 
glycoprotein has a molecular weight of 33 kDa and is the smallest envelope protein, 

Fig. 3.1 Schematic diagram of classical swine fever virus showing the major structural compo-
nents such as RNA, core protein, envelope and envelope proteins
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which plays a role in viral adsorption to host cells (Fernandez-Sainz et al. 2009). E2 
is the major envelope glycoprotein; it contains 373 amino acids and has a molecular 
weight of approximately 55 kDa. Being the major immunogenic protein E2 plays an 
important role in the induction of the immune responses during the virus infection 
and also induces the neutralising antibody response. E2 protein of CSFV contains 
four antigenic domains (A, B, C and D), which are located within the N-terminal 
half of the protein (Qi et al. 2008). The genes encoding the structural proteins are 
present towards 5′ end of the genome and most of the genes encoding the non- 
structural proteins are located mainly in the 3′ end of the genome (Moennig et al. 
2003). One of the non-structural proteins of CSFV is p7. It is a small hydrophobic 
polypeptide with a molecular mass of 7 kDa. The p7 plays a role in pore formation 
activity and this pore-forming protein of CSFV is involved in the process of the 
virus virulence in swine (Gladue et  al. 2012). The other non-structural proteins 
NS2–3 to NS5B play a role mostly in the viral replication. A schematic diagram 
showing the genome organisation of CSFV is shown in Fig. 3.2.

3.4  Attachment, Entry and Replication of CSFV

The two envelope glycoproteins Erns and E2 of CSFV play an important role in the 
virus infection. They are responsible for the attachment and entry of the virus into 
host cells. Heparan sulphate (HS), which is ubiquitously present on the surface of 
many cell types, is used by the viruses for attachment. Besides, another cellular 
receptor termed as laminin receptor (LamR) has been identified as a receptor for 
attachment of CSFV to the host cell (Chen et al. 2015). After attachment, entry of 
the virus occurs through clathrin-mediated endocytosis. The virus entry is depen-
dent on dynamin (dynamin is a 100 kDa GTPase that plays an essential role in cel-
lular membrane fusion during vesicle formation), pH and cholesterol and it requires 
Rab5 and Rab7 (Shi et al. 2016). Rab proteins are peripheral membrane proteins 
and possess GTPase (guanosine triphosphatase) fold, which regulates many steps of 
membrane trafficking, including vesicle formation and membrane fusion. The two 
envelope glycoproteins of CSFV, viz. E1 and E2, form heterodimers via disulphide 

Fig. 3.2 Schematic diagram (not in scale) showing genome organisation of CSFV. Genes which 
encode the structural proteins (C, Erns, E1 and E2) are towards the 5′NTR. The gene encoding non- 
structural protein Npro is also located towards 5′NTR and the genes encoding other non-structural 
proteins (P7, NS2, NS3, NS4A, NS4B, NS5A and NS5B) are located towards 3′NTR. Cleavage of 
NS2–3 protein into NS2 and NS3 is continuous with cytopathogenic strain of CSFV and free NS3 
protein can be detected in cells infected only with cytopathogenic strains of CSFV (Meyer 2011)

D. K. Sarma



59

bridges between cysteine residue present in the virion and the heterodimers mediate 
the process of viral entry. The fusion of the viral envelope with the cellular mem-
brane is pH dependent and is triggered by the acidification of the endosome. It has 
been demonstrated that two peptides of E2 protein mediate fusion between the viral 
envelope and host cell membrane. After uncoating, the viral genome is released and 
translated into viral proteins. Besides the structural proteins, non-structural proteins 
such as NS3, NS4A, NS4B, NS5A and NS5B are required for CSFV replication 
(Risager et  al. 2013). The non-structural protein NS2 harbours an auto-protease 
activity that is responsible for the cleavage of NS2–3 (Lackner et al. 2006). Previous 
studies have shown that the uncleaved NS2–3 is crucial for the generation of infec-
tious viral particles for CSFV (Moulin et al. 2007) and cleavage of NS2–NS3 is 
continuous in case of cytopathogenic strains of CSFV.

3.5  Genetic Diversity

To determine the genetic diversity a 150-nucleotide (nt) fragment of the 5′NTR and 
a 190-nt fragment of the E2 are mostly used for phylogenetic studies of CSFV 
(Greiser-Wilke et al. 2006). Besides, a 409-nt fragment of the region coding for the 
polymerase gene NS5B was employed (Paton et  al. 2000a). But, the European 
Union (EU) Reference Laboratory for CSF has recommended full-length 
E2-encoding sequences for reliable phylogenetic analysis of CSFV (Postel et  al. 
2012). The full-length sequencing is useful for quasi-species analyses, high- 
resolution molecular epidemiology study and also investigation of the virulence 
determinants of CSFV (Töpfer et al. 2013).

The CSFV isolates across the globes were placed into three genotypes, viz. 1, 2 
and 3 (Lowings et al. 1996), and each of the genotypes has different subgenotypes 
such as 1.1, 1.2, 1.3, 2.1, 2.2, 2.3, 3.1, 3.2, 3.3 and 3.4 (Paton et al. 2000a). Another 
subgenotype 1.4 has been reported from Cuba (Postel et al. 2013). Two new sub-
genotypes (1.5 and 1.6) circulating in Brazil are recently described (Silva et  al. 
2017). Besides, a new subgenotype designated as CSFV subgenotype 1.7 circulat-
ing in Ecuador has been reported (Rios et al. 2018).

Recently, a new genotyping scheme of CSFV has been proposed based on com-
plete E2 gene sequences available in the GenBank. In this scheme, 5 genotypes 
(1–5) and 14 subgenotypes (7 subtypes each for genotypes 1 and 2) of CSFV have 
been proposed (Rios et al. 2018).

The phylogenetic analyses of CSFV strains have shown a link between genotype 
and geographical location (Bartak and Greiser-Wilke 2000). For example, the sub-
genotypes 1.1, 1.2 and 1.3 are found in Asia, South America and Russia; subgeno-
types 2.1, 2.2 and 2.3 occur in Europe and parts of Asia; and subgenotypes 3.1, 3.2, 
3.3 and 3.4 occur only in Asia. Most of the historical strains, including the vaccine 
strains of CSFV, belong to genotype 1, and genotype 2 contains most of the current 
strains and genotype 3 includes most of the strains distributed in Asia (Paton et al. 
2000a). Most of the CSFV isolated from outbreaks in Western Europe in the 1990s 
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belonged to Group 2. In Europe and Asia, switching of field viruses from genotypes 
1 and 3 to that of genotype 2 could be observed in recent years (Cha et al. 2007). 
The global distributions of the CSFV subgenotypes in different continents are 
shown in Table 3.1.

The predominant subgenotype reported from India was 1.1 (Sarma et al. 2011). 
Subsequently, several workers from different parts of India have undertaken phylo-
genetic characterisation of CSFV isolates and reported the presence of other sub-
genotypes like 1.2, 2.1 and 2.2 (Patil et al. 2010; Roychoudhury et al. 2014). Complete 
genome sequences of CSFV subgenotypes 1.1, 2.2 and 2.1 from India have been 
reported (Gupta et al. 2011; Kumar et al. 2014; Ahuja et al. 2015). In a recent study, 
the genetic diversity of subgenotype 2.1 isolates revealed ten sub- subgenotypes 
(2.1a–2.1j), out of which sub-subgenotype 2.1d isolates were circulated only in 
India, and the rest nine sub-subgenotypes were from China (Gong et al. 2016).

It has been reported that the CSFV genotype 1 has remained relatively constant 
over time without dynamic changes, whereas CSFV genotype 2 experienced grad-
ual expansion since 1980 with slight fluctuations from 2000 to 2010 (Kwon et al. 
2015). The level of genetic diversity of genotypes 2 has increased manyfold com-
pared to the genotype 1. The evolutionary rates estimated for the E2 gene of CSFV 
genotypes 1 and 2 were 5.76 × 10−4 and 17.29 × 10−4 substitutions/site/year, respec-
tively. Compared to genotype 1, genotype 2 circulated in a more wider population 
in response to lower immune pressures for a shorter period and with a faster evolu-
tionary rate (Kwon et al. 2015) and the higher evolutionary rate of the genotype 2 is 
possibly influenced by a lower immune pressures. However, the genetic diversity of 
CSFV does not result in antigenic diversity.

3.6  Epidemiology

3.6.1  Geographic Distribution

A disease similar to CSF was first reported in France in 1822 (Hanson 1957) followed 
by the record of the disease in Ohio, USA, in 1833. Subsequently, the disease was 
widespread in Europe and America, and by the end of the twentieth century the dis-

Table 3.1 CSFV subgenotypes reported from different countries of some continents

Continents
CSFV subgenotypes/genotype
1.1 1.2 1.3 1.4 1.5 1.6 1.7 2.1 2.2 2.3 3

Asia + + + − − − − + + + +
North America (Cuba) − + − + − − − − − − −
South America + − + − + + + − − − −
Europe − − − − − − − + + + −
Africa (Madagascar) − − − − − − − + − − −
Australia − − − − − − − − − − −
Antarctica − − − − − − − − − − −

+ Reported, − Not reported
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ease could spread to many parts of the globe. Countries like North America (except 
Cuba), Australasia and parts of Northern Europe have achieved the eradication of CSF, 
and many countries have successfully maintained freedom in the absence of vaccina-
tion (Edwards et al. 2000). Canada has been free of CSF since 1963, and the official 
eradication scheme in the USA started in 1961; the last case of CSF was recorded in 
1976 (Wise 1986). Brazil is partly free from the disease. No report of CSF has been 
recorded in Uruguay since 1991, and the country is officially free of the disease. The 
last case of CSF in Chile was recorded in August 1996 and vaccination against CSF 
was prohibited throughout the country from October 1997, and Chile has also been 
declared free of CSF (without vaccination) from April 1998 (Edwards et al. 2000).

As on May 2018, the member countries which are recognised as free from CSF 
according to the provisions of Terrestrial Code (Chap. 15.2) of the World Organisation 
for Animal Health (OIE 2018) are given in Table 3.2. Though Japan was declared 
free from CSF, the disease re-emerged in Japan on September 2018 after 26 years, 
affecting domestic pigs and wild boars. The CSFV involved in the disease belongs 
to an emerging clade within the 2.1 subgenotype (Postel et al. 2019). Outbreaks of 
CSF occur almost regularly in Asia and South East Asia, and the largest viral diver-
sity has been reported in these regions (Paton and Greiser- Wilke 2003). The disease 
has not been confirmed on the African continent apart from Madagascar, where the 
disease is endemic (Penrith et al. 2011). CSF entered into Madagascar following the 
introduction of pigs from Europe in 1965, and the disease became endemic ever 
since (Penrith et al. 2011). In India, the disease is enzootic and has been reported 
from all the pig-producing states of the country (Sarma et al. 2008a).

3.6.2  Host Susceptibility

Members of the family Suidae are susceptible to CSFV, and the natural hosts of 
CSFV include domestic and wild pigs. Collared peccaries are also thought to be 
naturally susceptible to CSFV (OIE 2007). Human beings are not susceptible to the 
virus. Isolation and detection of CSF virus in domestic and wild pigs have been 

Table 3.2 Member countries recognised as free from CSF according to the provisions of Chap. 
15.2 of the Terrestrial Code as on May 2018 (source: OIE 2018)

Australia Denmark Luxembourg Slovakia
Austria Finland Mexico Slovenia
Belgium France New Caledonia Spain
Bulgaria Germany New Zealand Sweden
Canada Hungary Norway Switzerland
Chile Ireland Paraguay The Netherlands
Costa Rica Italy Poland The United Kingdom
The Czech Republic Japan Portugal USA

Liechtenstein Romania
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reported by several workers in India (Sarma et  al. 2008b; Barman et  al. 2014). 
Susceptibility of warthogs (Phacochoerus africanus) and bush pigs (Potamochoerus 
larvatus) was also demonstrated (Everett et al. 2011). Detection of CSFV in pygmy 
hog (Porcula salvania), an endangered species, has also been reported from Assam, 
India (Barman et al. 2012). Although CSFV does not replicate in ruminants, rumi-
nant pestiviruses may be found in pigs. Laboratory animals are not usually suscep-
tible, but CSFV has been successfully adapted in rabbits leading to attenuation of 
the virus for pigs.

3.6.3  Survivability of the Virus

Survivability of CSFV has been determined under physical and chemical condi-
tions. Due to the lipid envelope of the virus, detergents and lipid solvents inactivate 
the virus easily (McKissick and Gustafson 1967). Inactivation of the virus can be 
made with 1% formalin, 2% hypochlorite, 6% cresol, 5% phenol and 2% sodium 
hydroxide (Moennig and Plagemann 1992). The average half-life for the virus is 
between 2 and 4 days at 5 °C, but only 1 to 3 h at 30 °C and less than 1 min at a 
temperature above 100 °C (Downing et al. 1977). Significant differences have been 
observed in the survival of the virus in faecal matters kept at different temperatures 
(Weesendorp et al. 2008). Different time and temperatures were used to determine 
the inactivation, and the virus gets inactivated within 1 min at 90 °C and 5 min at 
70 °C (Rehman 1987). The virus is comparatively stable at lower temperatures, due 
to which handling of the samples in the laboratory and shipment of diagnostic sam-
ples should be undertaken at a lower temperature. In general, diagnostic samples 
should be kept at 4  °C, although keeping the samples for short periods at room 
temperature (20–25 °C) may not damage the virus (Edwards et al. 2000). In refrig-
erated meat, the virus can survive for months and in frozen meat for years. The virus 
can withstand pH in the range of above 5 to below 10, but inactivation of the virus 
occurs rapidly at pH 3 or below, and above pH 10 (Terpstra 1991). In contaminated 
pens, the virus can survive up to 4 weeks during winter.

3.6.4  Transmission

Classical swine fever virus can spread in different ways and routes. Healthy pigs can 
get the infection through the direct contact with infected pigs as the virus is shed in 
the saliva, urine and faeces of infected animals (Laeven et al. 1999). Infected wild 
boars can spread the virus to domestic pigs through direct contact or indirectly 
through the meat of infected wild pigs. The virus can excrete in semen, and female 
pigs are infected during natural service. Spread of the virus through artificial insem-
ination using contaminated semen has also been reported (Floegel et al. 2000). The 
virus can be transmitted from infected sows to their offspring in utero as the virus 
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can cross the placental barrier. Fresh pork from diseased pigs has been documented 
as a risk factor for transmission of CSFV. There is also evidence that birds can trans-
mit CSFV (FAO 2010). Fomites such as vehicles, equipment, clothing and contami-
nated needle may spread the virus. Biting insects can mechanically spread the virus 
(Van Oirschot 2004).

Besides the above, other factors may increase the risk of introduction and spread 
of CSFV.  Difficulties in early detection of CSF based on clinical symptoms in 
domestic pigs; variability of symptoms or lack of typical clinical signs; confusion 
with symptoms of other diseases such as porcine dermatitis nephropathy syndrome, 
PRRS and congenital tremor; and failure to diagnose the disease properly at the 
field level facilitate spread of the disease. Late reporting, inadequate control mea-
sures, poor hygiene and bad management also favour transmission of the disease. 
Increase in domestic pig population in some geographical regions, an increase of 
wild boar population and close contact of domestic pigs with wild boars represent 
additional risks of transmission and spread of CSFV. Due to the absence of organ-
ised pig slaughterhouses in many countries like India, ante-mortem screening of the 
pigs brought for slaughter is not carried out. Transport of diseased pigs to the wet 
markets and slaughter of such pigs increase the chance of spread of the virus.

3.6.5  Pathogenesis

The entry of the virus under natural conditions mostly occurs through oral or nasal 
routes. After entry into the host, the CSFV first infects the epithelial cells of tonsils 
and then spreads to adjacent lymph nodes. Viraemia develops within 24 h and virus 
spreads from the initial site of the virus replication to other lymphoid tissues (spleen, 
Peyer’s patches, lymph nodes and thymus), endothelial cells, bone marrow and cir-
culating leukocytes. The virus has a particular affinity for the cells of the reticuloen-
dothelial cell system affecting macrophages and dendritic cells. Spread of the virus 
to pancreas, brain, heart, gall and urinary bladders, mandibular salivary and adrenal 
glands, thyroid, liver and kidney is also observed (Trautwein and Leiss 1988). 
Within 3–4 days of infection, many epithelial type cells are also affected, and the 
virus is present in excretions and secretions of the infected pigs. In the later part of 
the infection, the spread of the virus can take place in keratinocytes, hair follicle 
epithelial cells and mesenchymal cells in the dermis. The virus causes lymphoid 
tissue depletion leading to immunosuppression, which makes the pigs more suscep-
tible to other infections. Due to the involvement of bone marrow its damage leads to 
leukopenia and thrombocytopenia. The virus causes damage to the endothelial cell 
and this results in haemorrhages at many sites. In chronic cases of CSF, there may 
be antigen-antibody complex deposition in the kidney, and this leads to glomerulo-
nephritis. In pregnant sows and gilts, CSFV may cross the placenta and infect some 
or all of the foetuses. The effect of in utero infection depends on the stage of preg-
nancy, and there may be foetal mummification, abortion, delivery of stillborn piglets 
or persistently infected live piglets.
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Lymphocytopenia is one of the most typical symptoms of CSFV infection. After 
infection with virulent CSFV, the number of the platelets, NK cells, Th cells, Tc 
cells, cdT cells and CD3− CD4− CD8− and CD3+ CD4+ CD8+ lymphocytes are 
significantly decreased (Zhou et al. 2009). Many studies have proven that medium 
or highly virulent CSFV can cause lymphocyte apoptosis, which leads to lympho-
cytopenia and thrombocytopenia (Sanchez-Cordon et al. 2005). Tumour necrosis 
factor (TNF) released from CSFV-infected macrophages may induce apoptosis in 
both infected and uninfected bystander cells (Choi et  al. 2004). IL-1 is another 
important inflammatory cytokine against infection, which causes fever, hyperalge-
sia, vasodilation and hypotension (Contassot et al. 2012). Several studies showed 
that IFN-alpha is detectable in blood 2 dpi with highly virulent CSFV infection, 
with maximum levels at 3–5 dpi. Severe lymphopenia in CSFV infection is associ-
ated with the IFN-alpha response, and the infected animals may display depleted B 
and T lymphocytes. These facts indicate that the apoptosis of lymphocytes is closely 
related to the untimely overexpression of IFN-alpha (Summerfield et al. 2006), and 
this is common with highly virulent CSFV infection. But infection with low- virulent 
strains of CSFV induces no or lower levels of IFN-alpha and pro-inflammatory 
cytokines (Summerfield et al. 2006). The CSFV exhibits a high affinity for phago-
cytes of reticuloendothelial cell system, and infection of these cells in the endothe-
lium leads to an increase in vascular permeability, lymphopenia, thrombocytopenia, 
coagulation disorders and atrophy of the thymus and bone marrow (Gomez- 
Villamandos et al. 2003). Further studies have revealed that CSFV induces apopto-
sis in lymphocytes and neutrophil-lineage cells of the bone marrow (Sato et al. 2000).

3.6.6  Clinical Symptoms and Lesions

Depending on the virulence of CSFV strains and host response, the clinical manifes-
tation of the disease can be divided into different forms like peracute, acute, chronic 
and persistent. However, under field conditions change in the clinical forms of the 
disease is usually observed. Virulent CSFV strains normally caused peracute to 
acute disease with a short incubation period, but this has changed as the peracute 
form has almost disappeared (Meyers and Thiel 1996). Therefore, the clinical forms 
of CSF can be divided into acute (transient or lethal), chronic, congenital and mild 
forms. The incubation period for CSF is generally between 3 and 10 days (Moennig 
and Greiser-Wilke 2008). Under field conditions, symptoms of the disease are some-
times evident even after 4 weeks of the virus infection, or even later (Laeven et al. 
1999). The clinical picture of the acute form is more commonly seen in piglets up to 
12 weeks of age. A constant feature in the acute form of the disease is pyrexia, usu-
ally higher than 41 °C, but in adults the temperature may not exceed 40 °C. Besides, 
affected animals show anorexia, huddling, lethargy, conjunctivitis, respiratory signs 
and transient constipation followed by diarrhoea. There may be neurological signs 
such as staggering gait with weakness of hind legs, incoordination of movement and 
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convulsions. Hyperaemia or haemorrhages on the lower part of the abdomen, ear, 
tail and inner side of the limbs are also present (Moennig et al. 2003).

Post-mortem examination of dead pigs revealed subcutaneous ecchymotic haem-
orrhages and swollen, oedematous, haemorrhagic superficial lymph nodes. Spleen 
shows congestion with small raised hemorrhagic areas and typical infarction. 
Severely congested mesenteric blood vessels and petechial haemorrhages on the 
epicardial surface of the heart, non-collapsing haemorrhagic lungs with pneumonic 
areas, and enlarged and congested liver are also observed. Pinpoint haemorrhages in 
the subcapsular region of the kidneys resembling ‘turkey egg’ appearance are a 
characteristic feature in acute infection. Petechial and ecchymotic haemorrhages 
may be seen in the epiglottis, gallbladder mucosa and ileocaecal junction.

There are no pathognomonic histopathological changes, although typical changes 
are present in most of the lymphoid tissues. The lymph nodes and tonsils often show 
focal to diffuse areas of haemorrhages and depletion of lymphoid follicles along 
with necrotic cellular debris. Haemorrhages in the red pulp and depletion of the 
lymphocyte in the splenic corpuscles are present. Kidneys show areas of haemor-
rhage in the cortico-medullary regions and interstitial nephritis characterised by 
infiltration of mononuclear cells in the interstitial spaces. Lungs show lesions of 
interstitial pneumonia with extensive haemorrhages in alveoli and sero-fibrinous 
exudates in the air spaces. Thickened inter-alveolar septa along with infiltration of 
mononuclear cells and congestion of alveolar capillaries can be seen. Peri- 
bronchiolar areas show haemorrhages, and hyperplasia of lymphoid tissue with the 
formation of lymphoid aggregates. Changes in the liver are congestion of central 
vein and sinusoidal spaces and centrilobular degenerative changes with focal areas 
of necrosis in the hepatocytes. Lymphoid cell necrosis and depletion of lympho-
cytes in the lymphoid follicles of the Peyer’s patches may be seen. The cerebral 
cortex may show perivascular cuffing along with focal or diffuse gliosis.

In the acute form of the disease, the death of the affected animals usually occurs 
2–4 weeks after the virus infection. Mortality can reach up to 100% depending on 
the age of the animal and the virulence of the virus strain (Moennig et al. 2003). 
However, the virulence of a strain is not always determined (Mittelholzer et  al. 
2000). Due to the immunosuppressive condition after CSFV infection, secondary 
infections can complicate the disease course and symptoms.

The initial symptoms in the chronic form of CSF are similar to acute infection, 
but with the progress of the disease non-specific signs like intermittent fever, diar-
rhoea and growth retardation are observed. Death of chronically infected pigs may 
occur within 2–3  months. Pigs with a chronic form of the disease usually shed 
CSFV constantly from the onset of clinical signs until death. Antibodies against 
CSFV may be temporarily detected in serum samples, as the immune system starts 
to produce antibodies although such antibodies are not able to eliminate the virus 
from the host (Depner et al. 1996). In the chronic form, pathological changes are 
less typical, especially the lack of haemorrhages on organs and serosae. Pigs with 
chronic diarrhoea show necrotic and ulcerative lesions on the ileum, the ileocaecal 
valve and the rectum. In chronic cases, ulcers with raised edges called button ulcers 
are often present in the caecum and colon of the affected pigs.
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The congenital form of CSF develops when infection occurs during pregnancy. 
The CSFV can infect the foetus in utero as the virus can pass the placental barrier. 
The outcome of such in utero infection depends on the stage of gestation. Infection 
during the first trimester of gestation leads to repeat breeding and foetal mummifi-
cation, whereas infection during the last trimester mostly results in abortion, mal-
formation or birth of weak or dead piglets. Piglets born under such conditions are 
often immunotolerant, and such animals not only act as carriers of the virus but also 
can shed the virus for transmission. Occasionally these piglets show wasting and 
tremor. The course of congenital infection is termed as late-onset CSF (Kaden et al. 
2005; Moennig et al. 2003). Due to non-cytopathogenic (ncp) CSFV infection dur-
ing 50 and 70 days of pregnancy persistently infected (PI) piglets are born, and such 
piglets usually develop immunotolerance. These PI piglets remain healthy, but the 
death of such piglets occurs, and during the period of survival they can shed 
the virus.

The mild form of CSF is usually observed in older animals and is characterised 
by transient fever, anorexia and recovery. Recovered animals developed long- lasting 
immunity.

3.6.7  Immune Response

The CSFV interacts with the host immune system, interaction is complex, and it 
includes the induction of innate and adaptive immune responses. The envelope gly-
coproteins, Erns and E2, can elicit neutralising antibodies and can induce protective 
immunity independently (Konig et al. 1995). However, E2 is mainly responsible for 
the production of neutralising antibodies and E2 alone is capable of inducing pro-
tective antibodies in animals. Also, animals infected with CSFV develop antibodies 
against non-structural protein NS3, but these antibodies have no neutralising capac-
ity. The other proteins of CSFV are less immunogenic. Although T-cell epitopes 
were detected in the viral structural and non-structural proteins (Armengol et al. 
2002), the role of cellular immunity in CSFV infection is poorly understood. 
Expression of IFN-stimulated genes, as well as other immune response genes after 
CSFV infection, has been reported (Summerfield and Ruggli 2015). After CSFV 
infections, the neutralising antibodies are usually detectable within 2 weeks, but in 
the chronic form of CSF neutralising antibodies are detectable at the end of the first 
month of infection. Passive immunity can protect piglets during the first 5 weeks of 
life, but this cannot stop virus replication and shed completely.
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3.7  Laboratory Diagnosis

3.7.1  Samples of Choice

The samples suitable for laboratory diagnosis of CSFV are tonsillar tissue, lymph 
nodes, spleen and distal ileum from the necropsied animals. The nictitating mem-
brane (translucent third eyelid) also provides a useful source for detection of CSFV 
in pigs, since this membrane does not undergo autolysis rapidly than the internal 
organs (Teifke et al. 2005). Whole-blood samples during the viraemic stage may be 
taken from live pigs. The samples should be collected from several animals if pos-
sible (Van Oirschot 2004). Besides, serum samples should be collected from sus-
pected pigs and convalescent pigs after >3  weeks of the disease for laboratory 
detection of virus-specific antibodies.

3.7.2  Isolation of the Virus

Isolation of CSFV using cell culture is still considered the gold standard in the diag-
nosis of CSF. Several cells are used for isolation of CSFV from tissues, whole blood 
or blood components. Detection of CSFV from whole blood or plasma is considered 
more sensitive in the early phase of infection as compared with the leukocyte frac-
tion (Gisler et al. 1999). The virus can be isolated in primary cells derived from pig 
kidney or in cell lines like PK-15, SK6, PS and STE (swine testicular epithelioid) 
cells. Due to the non-cytopathic nature of CSFV, growth of the virus in cell culture 
is required to detect by the use of immunological and molecular techniques.

3.7.3  Detection of CSFV Antigen

A wide range of immunological techniques have been used for laboratory diagnosis 
of the disease, and there is rapid progress over the last decades. The sensitivity of 
the fluorescence antibody test (FAT) for the detection of CSFV antigen under field 
conditions (Bouma et al. 2001) has been evaluated. Tonsil samples collected from 
CSF-suspected pigs and experimentally infected pigs have been tested by FAT 
where the sensitivity of the test for detecting the viral antigen in the tonsil tissues 
from suspected cases was estimated to be 75%, and the sensitivity of the test from 
the samples originating from experimentally infected animals was estimated to be 
99%. Using the direct FAT, CSFV antigen can be detected in frozen tissue sections 
within 2 h (Van Oirschot 2004). In the tonsil of infected animals, the CSFV antigen 
can be detected even at the second day of infections. Besides tonsil, the virus anti-
gen can be detected in the lymph node, spleen and ileum of infected pigs. However, 
FAT cannot distinguish between CSFV and other pestiviruses unless specific 
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 monoclonal antibodies are used in the test (Van Oirschot 2004). A double-antibody 
sandwich ELISA (enzyme-linked immunosorbent assay) was standardised for 
detection of CSF virus antigen in clinical samples (Sarma and Sarma 1995). 
Comparison of sandwich and dot ELISA for detection of CSFV antigen in tissues of 
naturally infected pigs and pigs slaughtered for human consumption has been stud-
ied, and statistical analysis showed excellent agreement between the two tests 
(Sarma and Meshram 2008). Antigen ELISA was reported to be promising to detect 
early infection of CSFV in experimentally infected piglets well before clinical man-
ifestations (Raut et  al. 2015). ELISA also offers a rapid way of screening large 
numbers of samples but is less sensitive than the RT-PCR (Clavijo et al. 1998; Van 
Oirschot 2004). Immuno- chromatographic strip tests with polyclonal/monoclonal 
colloidal gold conjugation have been reported as a rapid pen-side test for CSFV 
antigen detection (Zhang et  al. 2007). Development of a rapid immunomagnetic 
bead assay for detection of CSFV antigen has also been reported (Conlan et al. 2009).

3.7.4  Detection of CSFV Nucleic Acid

Molecular diagnostics particularly PCR-based techniques are widely used for detec-
tion of the viral nucleic acid and these are comparable or even higher than virus 
isolation (Paton et  al. 2000b; Handel et  al. 2004). Furthermore PCR-based tech-
nique can detect CSFV infections significantly earlier than conventional virus isola-
tion technique. For the detection of viral RNA in infected tissues, a fluorescent in 
situ hybridisation (FISH)-based method has been reported (Nagarajan and Saikumar 
2012). Using PCR, the viral RNA can be detected even in formalin-fixed tissues 
(Singh et al. 2005). Detection of CSFV RNA in frozen tissue by reverse transcrip-
tase (RT)-PCR has also been reported (Chopade et al. 2010). Besides the conven-
tional RT-PCR, real-time PCR systems (Zhao et al. 2008; Wen et al. 2010) have 
been developed and these offer higher specificity and sensitivity for detection of 
CSFV nucleic acid.

Use of a reverse transcription loop-mediated isothermal amplification 
(RT-LAMP) assay for rapid detection of CSFV has been reported (Chen et al. 2010). 
The test showed 100-fold higher sensitivity than the standard RT-PCR method and 
the samples that were negative in RT-PCR could be found positive in the 
RT-LAMP. Besides, the RT-LAMP used for CSFV failed to detect other viruses like 
bovine viral diarrhoea virus (BVDV) and porcine reproductive and respiratory 
 syndrome virus (PRRSV). Since RT-LAMP involves low cost and produces rapid 
results, it can be used as a tool for CSFV surveillance in the field, especially in 
developing countries (Chen et al. 2010). Development of RT-LAMP assay as a sen-
sitive and specific method for the detection of CSFV RNA and use of hydroxynaph-
thol blue (HNB) dye in the assay have also been reported (Wongsawat et al. 2011). 
Besides diagnosis, molecular tools are now useful to find out the relationships of 
CSFV isolated from different outbreaks and to understand the epidemiology and 
virus evolution.
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3.7.5  Detection of CSFV Antibodies

Several diagnostic techniques have been developed for detecting the CSFV-specific 
antibodies in serum of infected animals. Virus neutralisation is the most commonly 
used assay for detection of CSFV antibody. Besides, blocking ELISA, indirect 
ELISA and neutralisation peroxidase-linked assay (NPLA) have been developed 
and used for antibody detection of CSFV (Terpstra et al. 1984; Clavijo et al. 2001; 
Langedijk et al. 2001; Lin et al. 2005). Use of immuno-chromatographic strip test 
for rapid detection of CSFV antibodies was also reported (Li et al. 2012). However, 
these tests cannot differentiate the infected from vaccinated animals, and due to the 
cross-reaction of CSFV with BVDV, false-positive results may occur while detect-
ing the virus antibodies. The neutralisation peroxidase-linked assay (NPLA), FAT, 
virus neutralisation and ELISA may be used for serological diagnosis or surveil-
lance and these tests are also prescribed by the OIE for screening serum samples 
from pigs for international trade.

Despite the progress made, the cross-reactions of CSFV with ruminant pestivi-
ruses pose further challenges in the diagnosis of CSF. The two ruminant pestivi-
ruses, Aydin/04 and Burdur/05 detected in a sheep, and a goat in Turkey showed 
cross-reactions with CSFV.  Sequencing of the full genomes of the two viruses 
revealed that they form a distinct group located between CSFV and border disease 
virus with a close relation to CSFV both genetically and antigenically (Becher et al. 
2012; Postel et  al. 2015). In contrast and fortunately, it was recently shown that 
atypical porcine pestivirus (APPV) in pigs does not interfere with CSF diagnosis 
(Postel et al. 2017).

3.7.6  Prevention and Control

The two main strategies used globally for the prevention and control of CSF are 
systematic vaccination and a stamping-out policy. In CSF endemic countries, pre-
vention and control depend primarily on vaccination programmes. Modified live 
vaccines (MLVs) or live attenuated vaccines are routinely used to prevent 
CSF. Subunit vaccines based on E2 are also being used (Huang et al. 2014) by some 
countries. Although MLVs provide better protection than E2 subunit vaccines, 
MLVs do not allow differentiation between infected and vaccinated animals (DIVA). 
Even then, MLVs are being widely used because CSF is endemic in most countries 
and there is a limited market for the more advanced CSF marker (DIVA) vaccines 
and companion improved discriminatory diagnostic tests (Greiser-Wilke and 
Moennig 2004). The live attenuated vaccines using C-strain, developed in China in 
the mid-1950s, have been used as a major control strategy in China. Attenuation of 
the C-strain was initially made by passaging in rabbit (lapinised vaccine); later on 
cell culture attenuated vaccines are developed. The C-strain of the CSFV was con-
sidered as the gold standard vaccine for the control of CSF (Dewulf et al. 2004) in 
many parts of the world. Early protection even at 6 days of post-vaccination by the 
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C-strain has been reported due to the production of CSFV-specific IFN gamma. The 
C-strain vaccine can induce detectable neutralising antibodies at 2–3 weeks post- 
vaccination. The C-strain vaccine can elicit a protective immune response against 
all CSFV genotypes (Suradhat and Damrongwatanapokin 2003). Different CSFV 
strains have been used in the production of live attenuated vaccines. Besides 
C-strain, other effective vaccine strains are GPE, Thiverval, Brescia, PAV-250, etc. 
These strains are also found safe for prophylactic vaccination and usually provide a 
long duration of immunity (de Smit et al. 2001). Due to the problems of differentia-
tion of infected and vaccinated animals, live attenuated whole-virus vaccine used in 
animals and their products needs to be banned from international trade for about 
18 months (Greiser-Wilke and Moennig 2004; Moennig et al. 2003).

To prevent the spread of CSFV infection originating from wild boar some field 
trials were conducted using C-strain as a live vaccine in wild boar (Kaden et  al. 
2000). Since the handling of wild boars for intramuscular vaccination is difficult, oral 
vaccination using live attenuated vaccine virus given in the form of baits has been 
attempted. One of the disadvantages of this oral vaccine is the improper immunisa-
tion of all categories of animals; the baits are mainly taken up by adult animals, 
which develop a good immunity, but young animals are deprived of getting the baits. 
Another drawback of this vaccine was also the difficulty in differentiating vaccinated 
and infected animals. Several possibilities have been explored for the development of 
marker or so-called DIVA vaccines. For the DIVA vaccines one could use small parts 
of the virus, e.g. single expressed proteins (Moormann et al. 2000), or only parts of 
proteins, like single peptides (Dong and Chen 2005), or deletion of gene coding 
envelope protein-like Erns. E2 subunit marker (DIVA) vaccines are available com-
mercially in some countries. Besides, the European Medicines Agency (EMA) in 
2014 licensed one of the chimeric marker vaccine candidates, ‘CP7_E2alf’ (Renson 
et al. 2013). Although the vaccine is still under investigation, it is expected that this 
could be a powerful tool for emergency vaccination of domestic and wild pigs. DNA 
vaccines using the viral DNA incorporated in a plasmid vector are also useful to 
induce immunity (Hammond et al. 2001). Protection against CSFV infections can 
also be achieved with deletion mutants of the whole virus (van Gennip et al. 2002) or 
with chimeric viruses (van Gennip et al. 2000; de Smit et al. 2001). Chimeric viruses 
are based on infectious clones of the CSFV C-strain in which one of the major anti-
genic proteins, Erns or E2, or only parts of them, are replaced with the corresponding 
parts of BVDV (de Smit et al. 2001) or vice versa (Reimann et al. 2004).

It has been reported that CSF vaccines using genotype 1 strains can provide an 
advantageous immune environment for the survival of genotype 2 CSFV strains, 
which can continuously evolve to escape the immune mechanism. Studies have 
shown that inadequate usage of the CSF MLVs in endemic areas results in evolution-
ary changes in CSFV and this emphasised the need to develop mitigation strategies 
to minimise the risk associated with the emergence of vaccine-escaping mutants 
(Yoo et al. 2018). To mitigate the evolution of CSFV, proper and effective vaccina-
tion strategies are required, in addition to continuous monitoring and molecular char-
acterisation of circulating CSFV. Besides, there is a need to search for a more potent 
and stable vaccine virus strain to eradicate CSF and eliminate the CSFV evolution.
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Considering the problems of repeated uses and difficulty in differentiating vac-
cinated from infected animals with the conventional attenuated CSF virus vaccine, 
researches have been undertaken for the development of antiviral drugs and a num-
ber of drugs like prostaglandin and tunicamycin are found to inhibit the multiplica-
tion and spread of CSFV in PK-15 and SK-6 cells (Freitas et al. 1998; Tyborowska 
et al. 2007). Recently, newly designed thioglycosyl analogues of glycosyl- transferase 
substrates were tested for antiviral activity against CSFV and two of the glycocon-
jugates not only inhibited the viral multiplication of CSFV but also efficiently sup-
pressed the production of viral proteins in SK-6 cell (Gawolek et al. 2017). Use of 
small interfering RNA (siRNA) to control CSFV genome replication and viral par-
ticle production has been reported. The results showed that the siRNAs caused a 
4–12-fold reduction in viral genome copy number and suppressed the production of 
infectious virus by up to 467-fold for 72–84 h (Xu et al. 2008). Therefore, the appli-
cation of siRNA strategy for controlling CFSV could become a promising alterna-
tive to conventional methods of prevention.

Control of CSF in wild pig population is challenging, although vaccines have 
been used to combat the disease. Live attenuated C-strain of CSFV has already been 
tried as baits for oral delivery in wild boar. But for a successful mass oral vaccina-
tion programme in wild boar, it is crucial to develop oral bait that is easily detect-
able, palatable and effectively ingested and this is quite difficult (Rossi et al. 2015).

3.8  Conclusion and Perspectives

Considering the impact of CSF on pig production, control and eradication of the 
disease are important to ensure food security and rural livelihood and to aid eco-
nomic growth. Despite the significant achievements made by many countries, the 
progress towards global eradication of the disease is slow. Economic and social 
factors of many Asian countries adversely affected the control. Availability of qual-
ity vaccines and their large-scale use to provide adequate protection to a maximum 
number of the pig population in some of the Asian countries are important issues. 
Approximately 65% of the world’s pig population is in Asia, and with the increasing 
demand for pork and pork products there is a priority to address the diseases par-
ticularly like CSF to sustain the pig production. In many developed countries, the 
main challenge is the control of the disease in wild boar. Differentiation of infected 
from vaccinated animals with the available diagnostics is another important issue 
which needs to be addressed. Robust, pen-side multiplex diagnostics for rapid and 
specific diagnosis of the disease under field condition is a need more particularly for 
the developing countries due to the emergence of pestiviruses and their cross- 
reaction with CSFV. Eradication of CSF globally should be the main thrust in the 
future, and ideal vaccine virus strains and novel antiviral drugs along with continu-
ous surveillance are essential to complete this challenging task.
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Chapter 4
Porcine Coronaviruses

A. N. Vlasova, Q. Wang, K. Jung, S. N. Langel, Yashpal Singh Malik, 
and L. J. Saif

Abstract Transmissible gastroenteritis virus (TGEV), porcine epidemic diarrhoea 
virus (PEDV), and porcine deltacoronavirus (PDCoV) are enteropathogenic 
 coronaviruses (CoVs) of swine. TGEV appearance in 1946 preceded identification of 
PEDV (1971) and PDCoV (2009) that are considered as emerging CoVs. A spike 
deletion mutant of TGEV associated with respiratory tract infection in  piglets 
appeared in 1984  in pigs in Belgium and was designated porcine respiratory 
 coronavirus (PRCV). PRCV is considered non-pathogenic because the infection is 
very mild or subclinical. Since PRCV emergence and rapid spread, most pigs have 
become immune to both PRCV and TGEV, which has significantly reduced the clini-
cal and economic importance of TGEV. In contrast, PDCoV and PEDV are  currently 
expanding their geographic distribution, and there are reports on the  circulation of 
TGEV-PEDV recombinants that cause a disease clinically indistinguishable from that 
associated with the parent viruses. TGEV, PEDV and PDCoV cause acute gastroen-
teritis in pigs (most severe in neonatal piglets) and matches in their clinical signs and 
pathogenesis. Necrosis of the infected intestinal epithelial cells causes villous atrophy 
and malabsorptive diarrhoea. Profuse diarrhoea  frequently combined with vomiting 
results in dehydration, which can lead to the death of piglets. Strong immune responses 
following natural infection protect against subsequent homologous challenge; how-
ever, these viruses display no  cross-protection. Adoption of advance biosecurity mea-
sures and effective vaccines control and prevent the occurrence of diseases due to 
these porcine-associated CoVs. Recombination and reversion to virulence are the 
risks associated with  generally highly effective attenuated vaccines necessitating fur-
ther research on alternative vaccines to ensure their safe application in the field.
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4.1  Prologue

All known porcine coronaviruses (CoVs) belong to the genera Alphacoronavirus, 
Betacoronavirus and Deltacoronavirus of the subfamily Coronavirinae, in the 
 family Coronaviridae, of the order Nidovirales (de Groot et al. 2008) [https://data.
ictvonline.org/taxonomy-search.asp?msl_id=30 (Fig. 4.1)]. Affections of gastroin-
testinal, respiratory, peripheral and central nervous systems are usually visualised. 
Five swine CoVs are recognised: (1) the transmissible gastroenteritis virus (TGEV), 
first defined in 1946; (2) the porcine respiratory coronavirus (PRCV), a mutant of 
TGEV, isolated in 1984; (3) the porcine epidemic diarrhoea virus (PEDV), isolated 
in 1977; (4) the PHEV (porcine haemagglutinating encephalomyelitis virus)  isolated 
in 1962; and (5) the PDCoV (porcine deltacoronavirus) described in 2012. The first 
two, TGEV and PRCV, belong to the Alphacoronavirus 1 species together with 
closely associated CoVs of cats and dogs, and PEDV and human CoVs (229E and 
NL63) form distinct species in the Alphacoronavirus genus. PHEV and PDCoV 
belong to the Beta- (Betacoronavirus 1 species) and Deltacoronavirus genera, 
respectively. PDCoV is closely related to the deltacoronaviruses from Asian leopard 
cats and Chinese ferret badgers (Ma et al. 2005). While PRCV induces primarily 
subclinical infections in pigs, enteropathogenic swine alphacoronaviruses (TGEV, 
PEDV, SeCoV, porcine enteric alphacoronavirus) and PDCoV are allied with a 
severe enteric disease of variable severity depending on the animal age and immune 
status. One serotype is recognised for each swine CoV species.

TGEV and PEDV have been reportedly co-circulating in Eurasia and the 
USA. Recently in Europe, a pathogenic recombinant TGEV/PEDV variant (swine 
enteric coronavirus, SeCoV) was recognised and described (Akimkin et al. 2016; 
Belsham et al. 2016; Boniotti et al. 2016). SeCoV that contains PEDV S protein on 
a TGEV backbone apparently leads to disease clinically indistinct from the TGEV- 
and PEDV-produced ones (Table 4.1). Additionally, a novel bat-HKU2-like porcine 
coronavirus [porcine enteric alphacoronavirus (PEAV), GDS04 strain] associated 
with severe diarrheal disease in suckling piglets was identified in Southern China in 
2017 (Gong et al. 2017) (Table 4.1). However, its prevalence and adaptation status 
to the swine host are unknown.

Currently, PHEV, the only porcine betacoronavirus, has a worldwide prevalence 
(Li et al. 2016). In neonatal piglets devoid of maternal antibodies (generally in those 
purchased from infection-free herds), PHEV causes either encephalomyelitis or a 
condition characterised by vomiting and wasting. Generally, maternal immunity 
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protects piglets which have taken colostrum for up to 15 weeks, while in pigs older 
than 3–4 weeks and adult swine the infection is mostly subclinical. Therefore, it is 
seldom considered to be of economic importance. However, a recent report of an 
uncommon respiratory (influenza-like) presentation and increasing prevalence of 
PHEV in adult exhibition swine in the USA (Lorbach et al. 2017) may indicate a 
potential tropism shift that could lead to a substantial change in its epidemiology. To 
clear this complex epidemiological position, continuing monitoring and develop-
ment of state-of-the-art rapid and reliable tools and techniques are needed to  confirm 
and provide a clear differential diagnosis (Kim et al. 2001; Masuda et al. 2016).

CoVs are enveloped and pleomorphic, 60–160  nm in diameter. Swine CoV 
shaves single-stranded, polyadenylated, large genomic RNA (25–30 kDa) of positive-  
sense polarity that is infectious. The genome profile, replication strategies as well as 
protein expression match to other human and animal CoVs (Enjuanes and Van der 
Zeijst 1995; Gonzalez et al. 2003; Laude et al. 1993). Most porcine CoVs have four 
basic structural proteins: a large surface glycoprotein (S, spike protein that forms a 
monolayer of club-shaped spikes defined as the corona); a small membrane protein 
(E); an integral membrane glycoprotein (M); and a nucleocapsid protein (N). 
However, PHEV contains a haemagglutinin-esterase (HE) protein that forms a 
 second shorter layer of surface spikes (de Groot et  al. 2008). TGEV, PEDV and 
PDCoV also transcribe 1–2 accessory proteins encoded by open reading frame 
(ORF)3 (TGEV and PEDV), ORF6 (PDCoV), and ORF7 (TGEV and PDCoV). The 
complete genome organisation is 5′UTR-ORF1ab, S, ORF3, E, M, ORF6, N and 
ORF7-3′UTR.

An overall nt and amino acid sequence similarity of 96–98% among TGEV and 
PRCV proposes that PRCV evolved from TGEV. Two characteristic features of the 
PRCV genome that may account for its altered tissue tropism include a large 

Table 4.1 Comparative pathogenesis of porcine enteric CoVs

Symptoms

Clinical 
disease 
onset Lesions Morbidity Mortality

Most affected 
age group

TGEV Diarrhoea, 
vomiting, 
dehydration

24 h Jejunum, 
ileum

100% Up to 
100%

Neonatal 
piglets up to 
3 weeks of age

PEDV Diarrhoea, 
vomiting, 
dehydration

24–36 h Jejunum, 
ileum

100% Up to 
100%

Neonatal 
piglets up to 
3 weeks of age

SeCoV Diarrhoea, 
vomiting, 
dehydration

24–36 h Jejunum, 
ileum

100% Up to 
100%

Neonatal 
piglets up to 
3 weeks of age

PEAV Diarrhoea, 
dehydration

3–4 days ? 100% ? Neonatal 
piglets up to 
3 weeks of age

PDCoV Diarrhoea, 
vomiting, 
dehydration

1–3 days Jejunum, 
ileum, 
colon

Up to 
100%

40–80% Neonatal 
piglets up to 
3 weeks of age
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 omission (621–681 nt) in the N-termini of the S gene resulting in a reduced S  protein 
size and variable sequence changes in the ORF3 (Ballesteros et al. 1997; Sanchez 
et al. 1999).

While there is no evidence of the existence of different PEDV serotypes (Lin 
et al. 2015a), genetically, PEDV strains are classified into two groups: (1) classical 
(isolates from Eurasia that are genetically similar to the prototype CV777 strain) 
and (2) emerging PEDV strains (Lin et al. 2016; Vlasova et al. 2014). All classical 
PEDV strains contain inserts and omissions in the spike gene (S INDEL) that are 
not present in the majority of the highly virulent emerging PEDV strains (Vlasova 
et al. 2014). Thus, these highly virulent strains that originally emerged in China in 
2010 and transmitted to the USA, Europe and other Asian parts are referred to as 
emerging non-S INDEL PEDV strains. Recombinants between these two major 
groups of PEDV contain a set of deletions-insertions in their spike gene identical to 
those of the classical strains. They are called S INDEL strains and circulate in Asia, 
Europe and the USA. Additionally, a few reports described other uncommon PEDV 
variants that bear large deletions (194–216 aa) in the N-terminal domain (NTD) of 
the S protein and designated as S1 NTD-del type of PEDV (Diep et al. 2017; Oka 
et al. 2014; Suzuki et al. 2015). Unlike the altered tissue tropism from enteric TGEV 
to respiratory PRCV, these (S INDEL and S1 NTF have been reported-del) PEDV 
strains have kept their enteric predilection, but with lower virulence (Suzuki et al. 
2016; Hou et al. 2017).

Swine enteric CoVs (TGEV, PEDV and PDCoV) are highly contagious and are 
associated with severe disease forms such as diarrhoea and vomition, and increased 
mortality in young ones (often 100%). They can cause sporadic outbreaks (endemic) or 
large-scale epidemics in swine-producing countries (Fig. 4.2). No specific treatments 
are available for any of the swine enteric CoVs that so far have resisted eradication 

Porcine enteric 
coronavirus emergence

Initial outbreak (epidemics) in 
seronegative swine population 

characterized by 
• High morbidity, mortality and fast 

spread (TGEV, PEDV, swine enteric 
alphacoronavirus)

• Lower or variable morbidity and 
mortality and slower spread possibly 
due to incomplete adaptation to the 

new host - pig (PDCoV)

Epidemic form Endemic form

• Sporadic outbreaks of decreased severity in 
mostly seropositive swine

• Immune evasion – generation of escape 
variants

• Sporadic outbreaks of severe diarrheal 
disease caused be novel recombinant 

PEDV/TGEV variants in mostly seropositive 
swine

Sources

PRCV – low pathogenic 
respiratory variant of TGEV

S INDEL PEDV variants of 
lower pathogenicity

Highly pathogenic 
PEDV/TGEV 

recombinant 
variants (SeCoV)

Fig. 4.2 Different stages of evolution of swine enteric coronaviruses
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efforts in different geographic regions. In this chapter, we have reviewed the diseases 
due to CoVs that continue evolving in domestic and wild swine, as well as another 
 possible reservoir (avian or bat species) or secondary hosts including carnivores, or via 
the interspecies spread, recombination and generation of deletion escape variants. We 
also review PRCV that has lost its enteric tropism but is capable of inducing protective 
immune responses against TGEV that altered its global epidemiology.

4.2  Pathogenesis and Clinical Signs

4.2.1  TGEV

Extensive necrosis of mature enterocytes of jejunum and ileum within 24 h after 
infection results in reduced enzymatic activity (alkaline phosphatase, lactase, etc.), 
disrupted digestion, and cellular electrolyte (including sodium) balance. These 
changes primarily lead to the deposition of fluid in the intestinal lumen, acute 
 malabsorptive diarrhoea (Moon 1978). The loss of extravascular protein and copi-
ous dehydration in piglets can be fatal (Butler et al. 1974). The latter can also lead 
to metabolic acidosis and hyperkalaemia, causing abnormal cardiac function.

TGE gross lesions are limited to the gastrointestinal tract. The distension of the 
stomach and the small intestine are seen to be filled up with curdled milk and some-
times petechial haemorrhages are visualised (Hooper and Haelterman 1966a). The 
small intestinal wall is thin and transparent. The villous atrophy in the jejunum and 
lesser in the ileum regions are the major TGE lesions and are more pronounced in 
neonatal pigs than in ≥3-week-old piglets (Moon 1978; Hooper and Haelterman 
1966b). The increased severity of TGEV infection results in higher mortality (often 
100%) in piglets less than 2 weeks of age that decreases in older pigs (Table 4.1). 
Although swine of any age is susceptible to TGEV, the mortality in TGEV seroposi-
tive groups and swine more than 5 weeks of age is usually low. Mechanisms that 
represent age-dependent susceptibility to clinical ailment comprise the slower 
 substitution of tainted villous epithelial cells with newly differentiated enterocytes 
migrating from crypts in newborn pigs (Moon 1978). These lesions are similar to 
PEDV/PDCoV (Debouck et al. 1981; Jung et al. 2015a) lesions, but more severe 
than those caused by rotavirus (RV) (Bohl et al. 1978). Pathologic observations and 
degree of villous atrophy are exceptionally variable in pigs from endemic herds 
(Pritchard 1987).

Lungs (alveolar macrophages) and mammary gland tissues are recognised extra- 
intestinal sites for TGEV replication (Kemeny et al. 1975). Hitherto report shows 
pneumonia due to oronasal infection of pigs with TGEV (Underdahl et al. 1975), 
and the clinical significance of mammary gland infection is imprecise. However, 
agalactia is frequently observed in TGEV-affected sows, and TGEV spreads quickly 
among the population.

A. N. Vlasova et al.
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4.2.2  PRCV

PRCV replicates efficiently in porcine type 1 and 2 pneumocytes and is seen in 
epithelial cells of the nares, trachea, bronchi and bronchioles, and alveoli, and on 
occasion in alveolar macrophages (Atanasova et  al. 2008; Pensaert et  al. 1986; 
O’Toole et al. 1989). It can be noticed in blood and tracheobronchial lymph nodes. 
After experimental infection, nasal PRCV shedding usually lasts for 4–6  days. 
Pulmonary lesions and clinical signs subside consequently with an increase in the 
virus-neutralising (VN) antibody titres (Atanasova et al. 2008). Although PRCV is 
sometimes found in enterocytes, it does not spread efficiently to adjacent epithelial 
cells (Cox et al. 1990), and faecal shedding is low or undetectable.

PRCV predominantly causes upper and lower respiratory tract disease. The 
lesions appear to include lung and bronchointerstitial pneumonia, with regular 
 peribronchiolar and perivascular lymphohistiocytic handcuffing (Atanasova et  al. 
2008; Cox et al. 1990; Halbur et al. 1993; Jung et al. 2007). The PRCV-induced 
bronchointerstitial pneumonia results in (1) thickened alveolar septa due to macro-
phage and lymphocyte infiltration, (2) hypertrophy and hyperplasia of type 2 pneu-
mocytes, (3) aggregation of cell debris and inflammatory leukocytes in alveolar and 
bronchiolar lumina because of airway epithelial necrosis and (4) peribronchiolar or 
perivascular lymphohistiocytic inflammation.

4.2.3  PEDV

Clinical signs are evident between 22 and 36 h postinfection and match with the 
peak of viral replication (Table 4.1). The clinical presentation (watery malabsorp-
tive diarrhoea, vomiting, depression and anorexia) and pathological lesions of 
PEDV are clinically indistinguishable from those of TGEV (Debouck et al. 1981; 
Coussement et al. 1982).

Morbidity is nearly 100% in piglets and variable in sows. Neonates below 1 week 
of age often die due to severe dehydration, and mortality touches 50–100%, whereas 
mortality is low in older pigs and they recover within a week. In sows, severity of 
diarrhoea is constant and frequently shows only depression and anorexia. Similarly, 
fattening pigs may develop watery faeces and can become anorexic and depressed 
within a week. As with TGEV, slower enterocyte turnover and immature innate 
immune system may add to the more extreme clinical signs, higher mortality and 
slower recuperation in PEDV-tainted piglets in contrast to weaned pigs (Jung et al. 
2015a; Moon et al. 1975; Annamalai et al. 2015).

Each outbreak generally lasts for ~3–4 weeks; however, it might be longer on 
large breeding farms with multiple, isolated units and variable levels of lactogenic 
immunity in gilts/sows. PEDV-exposed pregnant sows can provide sufficient lacto-
genic immunity to protect their piglets, and PED outbreaks stop. After the passage 
of acute outbreak, diarrhoea may persist and is recurrent in weaned pigs, resembling 
endemic TGE form (Martelli et al. 2008).
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The severity of lesions and the virus replication levels in naturally and  experimentally 
infected suckling piglets vary for classical PEDV, emerging non-S INDEL and S 
INDEL PEDV strains (Jung et  al. 2015a; Coussement et  al. 1982; Kim and Chae 
2003; Pospischil et al. 1981; Sueyoshi et al. 1995; Lin et al. 2015b; Madson et al. 
2014). Lesions remain localised to the small intestine that is swollen and filled up with 
watery, yellowish liquid. Microscopic examination shows  syncytia, vacuolation and 
shedding of small intestinal enterocytes primarily on the proximal villi. Similar to 
TGEV, PEDV infection results in degeneration of  enterocytes that reduces the villous 
height:crypt depth (VH: CD) ratios and the enzymatic activity. Although PEDV 
 antigens were detected in colonic epithelial cells, no associated histopathologic 
changes have been observed (Debouck et al. 1981).

Viral RNA has been confirmed in the serum, and different tissues (including 
lung, spleen, liver and muscle) of pigs euthanised during PEDV infection (Suzuki 
et al. 2016; Jung et al. 2014, 2015a; Lohse et al. 2017; Chen et al. 2016a; Park and 
Shin 2014) with high RNA titres in the serum of 7–8 log10 GE/mL coinciding with 
peak RNA titres in faeces (11–12 log10 GE/mL) (Jung et al. 2015a). Additionally, 
PEDV RNA is identified in 40.8% (20/49) of sow milk samples during the epidem-
ics caused by emerging PEDV strains (Sun et al. 2012).

4.2.4  PDCoV

The clinical signs are observed within 1–3 days after PDCoV infection in suckling 
and older pigs. Although clinical symptoms are similar (Table 4.1), they are less 
pronounced compared to PEDV and TGEV infections (Chen et al. 2015; Hu et al. 
2016; Jung et al. 2015b; Ma et al. 2015). They include acute, watery diarrhoea due 
to malabsorption induced by the massive loss of absorptive enterocytes. Additional 
signs may include vomiting, dehydration, weight loss, lethargy and death. 
Vacuolation of the infected colonic epithelial cells may inhibit water and electrolyte 
reabsorption. The seronegative pigs are susceptible to PDCoV infection at any age, 
with high morbidity that can reach 100% in piglets. Evaluation of filed cases in the 
USA, China and Thailand in 2014 shows that PDCoV infection is associated with 
up to 40–80% mortality among suckling pigs (Anon 2014). The infection on breed-
ing establishments remains  self- limiting and stops when pregnant sows develop lac-
togenic immunity adequate to secure their offspring.

Gross lesions include thinned and transparent intestinal walls (jejunum to the 
colon) with a collection of a lot of yellow liquid with gas. Often stomach is found 
bloated with curdled milk.

PDCoV replicates in the epithelial cell of the large and small intestine. Lesions 
look like those seen in TGEV and PEDV infections but are mild (Chen et al. 2015; 
Hu et al. 2016; Jung et al. 2015b; Ma et al. 2015). Histological findings are intense, 
multifocal to diffuse, mild to extreme atrophic enteritis of jejunum and ileum, at 
some point joined by mild vacuolation of caecal and colonic epithelial cells (Jung 
et al. 2015b). Amid acute infection, PDCoV antigens are available in the villous 
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epithelium of the mid-jejunum to the ileum and a lesser degree, in the duodenum, 
and caecum/colon (Jung et  al. 2016a). PDCoV antigens may also be noticed in 
immune cells of the intestinal lamina propria, Peyer’s patches and mesenteric lymph 
nodes (Hu et al. 2016). Inflammatory cell (macrophage, lymphocyte and neutrophil) 
infiltration can be observed in the lamina propria. Acute necrosis of PDCoV-infected 
enterocytes (Jung et al. 2016a) results in marked villous atrophy in jejunum and 
ileum, but not duodenum or large intestine, which coincides with fewer PDCoV 
antigen-positive duodenal, caecal or colonic epithelial cells (Chen et al. 2015; Jung 
et al. 2015b). Acute-phase viremia with low PDCoV RNA titres in serum is observed 
(Chen et al. 2015; Hu et al. 2016). After recovery of pigs from clinical disease, huge 
amount of PDCoV antigens are found in the gut lymphatic tissues (Hu et al. 2016). 
Additionally, low or moderate quantities of PDCoV RNA, but not antigens, are 
detected in multiple organs, feasibly as of viremia (Chen et al. 2015; Ma et al. 2015; 
Jung et al. 2016b). Decreased levels of PDCoV shedding (compared with PEDV 
and TGEV) in the faeces may be indicative of its incomplete adaptation to pigs and 
can contribute to its slower spread among swine herds and the lower mortality of 
nursing pigs (Jung et al. 2015b).

4.3  Incidence and Prevalence of the Disease

4.3.1  TGEV

TGEV was first detected in the USA in 1946 from outbreaks of acute diarrhoea with 
high mortality in piglets (Doyle and Hutchings 1946). Since then the disease has 
been reported in several pig-rearing countries practicing intensive pig farming 
 system, including Europe, Asia (Japan, Korea, Malaysia and Taiwan), the Americas 
(North, Central and South) and Africa (Zaïre, Ghana). Despite the widespread appli-
cation of vaccines, TGEV infections were a prime reason for enteric disease and 
mortality in piglets in the USA and globally in the 1960s–1980s. The presence and 
extensive prevalence of PRCV, a deletion mutant of TGEV, narrowed the clinical 
impact of TGE (Laude et al. 1993; Pensaert et al. 1986, 1993; Brown and Cartwright 
1986; Pensaert 1989; Yaeger et al. 2002). Currently, sporadic outbreaks of profuse 
diarrhoea in piglets due to TGEV in TGEV/PRCV seronegative herds are yet to be 
confirmed in North America, Europe and Asia. However, careful differentiation 
between TGEV and emerging TGEV/ PEDV recombinants may be needed.

Two epidemiologic forms of TGE are apparent: epidemic and endemic. Epidemic 
TGE noticed transcendently in seronegative flocks. After entry, the illness transmits 
quickly to swine of any age, particularly in winters, with inappetence, vomition or 
diarrhoea in affected animals. Suckling pigs exhibit prominent clinical signs and get 
quickly dehydrated. Lactating sows usually show anorexia and agalactia, with 
reduced milk production, which further adds to piglet mortality.
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Endemic TGE indicates the persistence of the virus and disease in a group 
 perpetuated by the continuous influx of susceptible swine. It is a classic sequel to a 
primary outbreak and occurs in seropositive animals that regularly have farrowing 
(Stepanek et al. 1979), additions of the herd or mixing of susceptible pig population. 
In endemic groups, TGEV spreads slowly among grown-up pigs (Pritchard 1987). 
Sows are most of the time resistant and asymptomatic and will transfer a variable 
level of passive lactogenic immunity to their offspring. In these groups, mild TGEV 
diarrhoea is seen with mortality under 10–20% in pigs from ~6 days of age until 
~2 weeks post-weaning.

4.3.2  PRCV

PRCV infects the respiratory tract with limited or no shedding in faeces (Pensaert 
1989). The first isolation of PRCV was from Belgium in 1984 (Pensaert et al. 1986) 
and 1989. PRCV was detected in the USA in the herds without a prior history of 
TGEV infection or vaccination (Hill et al. 1990; Wesley et al. 1990). Antibodies 
produced in PRCV-infected pigs neutralise the TGEV.

Since the first report, the virus has been introduced rapidly in Europe (Laude 
et al. 1993; Brown and Cartwright 1986; Have 1990; van Nieuwstadt et al. 1989) 
and attained endemic status worldwide, including entering TGEV-free countries 
(Laude et al. 1993; Pensaert 1989; Pensaert et al. 1993). A serological survey from 
the USA in 1995 demonstrated that clinically healthy pigs from different herds were 
found to be seropositive for PRCV (Wesley et al. 1997) in Iowa State.

4.3.3  PEDV

The classical PEDV strains were the cause of several epidemics with heavy mortal-
ity in Europe from 1971 until the late 1980s. However, after 2000, reports are very 
rare. In Italy, an epidemic involving 63 herds occurred in 2005 and 2006 where pigs 
of all ages were found affected, but mortality was mainly limited to suckling piglets 
(Martelli et  al. 2008). Because of the low clinical importance of the disease, no 
surveillance studies were conducted until the emergence of new PEDV variants in 
Europe in 2014. Note that the historical prevalence of classical PEDV in the 
European swine population is unknown. An emerging non-S INDEL strain led to an 
outbreak in Ukraine in 2014; while outbreaks in European countries (Germany, 
Belgium, France, the Netherlands and Slovenia) were confirmed as of S INDEL 
strains (Lin et al. 2016).

Infections associated with classical PEDV strains were originally reported in 
China in the late 1970s. Since then, PED has spread among swine farms and became 
leading cause of viral diarrhoea, despite the use of vaccines (targeting the prototype 
PEDV strain CV777) (Wang et al. 2016a; Xuan et al. 1984). In Japan PEDV was 
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first detected in 1982 (Takahashi et al. 1983) and outbreaks continued during the 
1990s with mortality between 30% and 100% in suckling pigs (Sueyoshi et al. 1995; 
Kuwahara et al. 1988). PEDV was first recognised in Korea in 1993 (Kweon et al. 
1993) and became prevalent accounting for more than 50% of the enteric viral 
infections diagnosed in suckling piglets in the 1990s (Chae et al. 2000; Hwang et al. 
1994). In India, 21.2% of 528 serum samples from pigs (2–6  months old) were 
confirmed positive for PEDV antibodies (Barman et al. 2003). In Thailand, between 
2007 and 2008, PED occurred in eight provinces (Puranaveja et al. 2009) affecting 
all age-group pigs but mortality reached 100% in newborn piglets.

In October 2010, a massive series of PEDV outbreaks occurred in China, result-
ing in tremendous economic losses (Sun et al. 2012, 2016). These outbreaks were 
caused by the emerging extremely virulent non-S INDEL strains, and the mortality 
in neonatal piglets reached 50–100% (Wang et al. 2016b). Subsequently, emerging 
S INDEL strains were also identified in China (Wang et al. 2016b), demonstrating 
that classical and emerging (non-S INDEL and S-INDEL PEDV) strains are 
 co- circulating in China.

In 2013, the emerging PEDV strains started spreading to other countries outside 
China. At the same period, outbreak due to highly virulent non-S INDEL PEDV 
strains started in US swine farms (Stevenson et al. 2013), which was followed by 
outbreaks associated with milder S-INDEL PEDV strains in January 2014 (Wang 
et al. 2014a). However, S INDEL strains were retrospectively found in pig samples 
collected as early as June 2013 (Vlasova et al. 2014). In 2013–2014, PEDV led to the 
loss of nearly 10% of the US swine stock (7 million pigs) and the associated profits. 
By 2018, PEDV had reportedly spread to 39 US states and Puerto Rico (www.aphis.
usda.gov/animal-health/secd). In the USA, the last big outbreak of PEDV occurred 
in the spring of 2014, and the emerging non-S INDEL PEDV strains have reportedly 
spread to the neighbouring countries, including Canada and Mexico (Lin et al. 2016).

In 2013, the emerging non-S INDEL PEDV strains were identified in Japan 
(Masuda et al. 2015) and then reportedly spread to South Korea (Kim et al. 2015), 
Vietnam (Vui et al. 2014), Thailand (Cheun-Arom et al. 2015), Taiwan (Lin et al. 
2014) and the Philippines (Kim et  al. 2016). The S-INDEL PEDV strains were 
detected in Japanese (Suzuki et al. 2015) and Korean (Lee et al. 2014) farms in 2013 
and 2014, respectively. To date, other PEDV variants that carry a large deletion in 
the NTD of the S protein were detected exclusively in pigs in Japan. Besides the 
avirulent TTR-2 strain (Suzuki et al. 2016), 15 novel field PEDV mutants with large 
deletions in the NTD of S gene ranging from 582 to 648 nt were detected from 
 diarrhoeic pig faecal or intestinal samples collected between December 2013 and 
June 2015 (Diep et al. 2017). Interestingly, all of these samples contained at least 
two PEDV strains with distinct large genomic deletions, and the majority of these 
PEDV strains were confirmed to contain an intact S gene. These variants with large 
deletions in the S gene were found in both primary and recurring PED outbreaks. In 
summary, classical, emerging non-S INDEL and S-INDEL PEDV strains exist in 
Asia and Europe, but only emerging non-S INDEL and S-INDEL PEDV strains are 
currently confirmed to circulate in the Americas. No PEDV infections have been 
reported in the African and Australian continents so far.

4 Porcine Coronaviruses
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4.3.4  PDCoV

The initial surveys in China and Hong Kong during 2007–2011 identified DCoVs in 
pigs and wild birds (Woo et  al. 2012). Nonetheless, the DCoV presence was 
 previously confirmed at Chinese live-animal markets in 2005–2006  in small 
 mammals, including Chinese ferret badgers and Asian leopard cats (Dong et  al. 
2007). Because their helicase and S genes are closely related with PDCoV, interspe-
cies transmission of DCoVs among Asian carnivores, porcine and avian species is 
suggested. The origin of PDCoV remains unclear, but considering its recent emer-
gence, its adaptation to pigs may be incomplete.

In early 2014, the first outbreak of PDCoV-associated diarrhoea was docu-
mented in swine, in Ohio. Among intestinal or faecal samples obtained from 
 diarrhoeic pigs from 5 Ohio farms, 92.9% were found to be positive for PDCoV by 
RT-PCR (Wang et al. 2014b). The PDCoV sequences shared high nucleotide simi-
larity with the two Chinese prototype PDCoV strains, HKU15-44 and HKU15-155, 
identified in 2012. Other two genetically similar PDCoV strains, USA/IA/2014/8734 
and SDCV/USA/Illinois121/2014, were detected in US states during the same time 
period (Li et al. 2014; Marthaler et al. 2014a). After this PDCoV has been  confirmed 
in 19 US states (www.aphis.usda.gov/animal-health/secd) but is still less wide-
spread than PEDV. PDCoV origin in US swine is unknown; however, serologic 
evidence suggests that it was circulating in US swine before its recognition in 2014 
(Sinha et al. 2015; Thachil et al. 2015).

PDCoV has also been documented in Canada (March 2014), Korea (April 2014), 
mainland China (2015), Thailand (2015) and Vietnam and Lao PDR.  A Korean 
study described that of 691 faecal samples from 59 farms collected from diarrhoeic 
pigs from 2014 to 2015, only 2 samples originating from a single farm were PDCoV 
RNA positive (Lee et al. 2016a). The two Korean PDCoV strains, SL2 and SL5, 
were genetically closely related to the US PDCoV strains but differed from the older 
Korean strain KNU14-04. Following the first PDCoV identification in Hong Kong 
in 2012 (Woo et al. 2012), it was confirmed in diarrhoeic pigs in mainland China 
(Dong et al. 2015; Song et al. 2015). PDCoV high prevalence (>30%) and frequent 
co-infections with PEDV (51%) were reported. All Chinese PDCoV strains shared 
high nt identities (≥98.9%) with the global PDCoV strains. The Thai PDCoV strains 
shared the highest nt identities (≥98.4%) with the Chinese strain CHN-AH-2004 
(Janetanakit et al. 2016), forming, however, a cluster separate from Chinese and US 
strains (Zhang 2016). Strains genetically close to the Thai PDCoV lineage were 
found in Lao PDR, whereas strains of the US PDCoV lineage were detected in 
Vietnam (Saeng-Chuto et al. 2017).
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http://www.aphis.usda.gov/animal-health/secd


91

4.4  Immunobiology

4.4.1  TGEV/PRCV

Infection of adult swine results in noticeable serum antibodies that could persist for 
6 months to several years (Stepanek et al. 1979). Serum antibody presence confirms 
serological evidence for TGEV or PRCV infection; their association with protection 
against TGEV is not established. Swine that recover from TGEV infection show 
protection from subsequent short-term challenge, as of intestinal mucosal immunity 
(Brim et al. 1995; Saif et al. 1994; VanCott et al. 1993, 1994).

Protective immunity depends on the secretory IgA (sIgA) antibodies produced by 
intestinal plasma cells (Saif et al. 1994; VanCott et al. 1993, 1994). Intestinal and 
serum IgA TGEV antibodies and antibody-secreting cells (ASCs) have been detected 
in pigs after oral, but not after parenteral, administration with TGEV (Saif et al. 1994; 
VanCott et al. 1993, 1994; Kodama et al. 1980). Presence of IgA antibody (likely of 
intestinal origin) in the serum is considered to be an indicator of active immunity to 
TGE (Kodama et al. 1980; Saif 1999). Besides local antibody responses, cell-medi-
ated immunity (CMI) is also important in protection against TGEV infections (Brim 
et al. 1995; Frederick et al. 1976; Shimizu and Shimizu 1979). Retinoic acid may 
enhance CMI after immunisation of piglets with an  inactivated TGEV vaccine by 
increasing the trafficking of CD8+ T cells to lymph nodes and small intestine (Chen 
et al. 2016b). It was conceived that a low natural killer (NK) cell activity might asso-
ciate with the higher susceptibility of piglets and parturient sows to TGEV infection 
(Cepica and Derbyshire 1984). A virulent (SHXB) however not attenuated (STC3) 
TGEV strain impeded the capacity of  porcine intestinal DCs or monocyte-derived 
DCs to sample antigen, migrate and incite T-cell expansion in vivo and in vitro (Zhao 
et al. 2014), suggestive of the immune- suppressive potential of TGEV.

PRCV-inoculated pigs developed potent systemic and bronchus-associated but 
not gut-associated antibody, ASC and T-cell responses (VanCott et al. 1993; Brim 
et al. 1994). Other than quantitative differences in the count of IgA antibodies in the 
sow milk induced by TGEV or PRCV exposure, putative divergences in virus epit-
opes observed by the milk IgA antibodies were recommended (De Diego et al. 1992).

Subsequently to extensive decrease in epidemic outbreaks of TGE in Europe 
 following the widespread distribution of PRCV, the research suggested that PRCV 
infections induce partial immunity against TGEV, as proven by a reduced length 
and duration of virus shedding and diarrhoea in most of the pigs examined (Brim 
et al. 1995; VanCott et al. 1994; Cox et al. 1993; Wesley and Woods 1996). This 
partial immunity is associated with rapid increases in TGEV-VN antibodies (Cox 
et al. 1993; Wesley and Woods 1996) and numbers of IgG and IgA ASCs in the 
intestines (Saif et al. 1994; VanCott et al. 1994). Movement of PRCV IgG and IgA 
ASCs from the bronchus-associated lymphoid tissues (BALT) to the gut of the 
PRCV-exposed pigs after TGEV challenge may clarify the quick anamnestic 
response and induces the partial protection (VanCott et al. 1994). However, neonatal 
pigs needed a week after PRCV encounter to develop partial immunity to subse-
quent TGEV challenge (Wesley and Woods 1996).
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Circulating passive antibodies (primarily IgG), acquired with colostrum, protect the 
neonate against systemic, however not the intestinal, infection (Hooper and Haelterman 
1966a; Saif and Sestak 2006). Between the first 7 days of lactation, IgA prevails in 
milk and IgG reduces. Researchers have reviewed the mechanisms of passive immu-
nity to TGEV infection (Saif and Sestak 2006; Chattha et al. 2015; Saif and Jackwood 
1990; Saif and Bohl 1979). Swine recovered from TGE spread passive immunity to 
their suckling pigs with colostrum or milk (lactogenic immunity) containing TGEV 
virus-neutralising antibodies (Hooper and Haelterman 1966a) that nullify the ingested 
TGEV in the intestinal lumen. This is accomplished naturally when piglets feed on 
immune mother regularly or experimentally by  constant feeding of antiserum.

IgA TGEV antibodies in milk are stable in the gut and give the best protection, 
but IgG antibodies are likewise protective if high titres are restored in milk after 
parenteral or systemic vaccination (Bohl and Saif 1975) or by ingestion of colostral 
IgG antibodies (Stone et al. 1977). Following TGEV infection and antigenic stimu-
lation in the gut, IgA immunocytes move to the mammary gland where they confine 
and produce IgA antibodies into colostrum and milk that play a major role in  passive 
protection of suckling pigs (Saif and Sestak 2006; Saif and Jackwood 1990; Saif 
and Bohl 1979; Bohl and Saif 1975). This “gut-mammary” immunologic axis was 
first proposed concerning TGEV infections in swine (Bohl et al. 1972; Saif et al. 
1972), providing the first concept for a common mucosal immune system.

4.4.2  PEDV

Even though all age pigs are susceptible to PED, highest mortality is seen in 1-week 
piglets and younger, and their survival is dependent on the transfer of maternal 
 antibodies, especially VN and sIgA (via colostrum and milk from immunised or pre-
viously exposed sows). The components of lactogenic security depicted for TGEV 
infection apply to PEDV also (described previously in TGEV section) (Chattha et al. 
2015; Langel et al. 2016). Pigs lose lactogenic protection at weaning becoming sus-
ceptible to PEDV infection. Humoral immune response to PEDV infection is quite 
the same as seen for TGEV (described in TGEV section) (Saif and Sestak 2006; 
Chattha et al. 2015). VN antibodies appear in the serum but do not play any signifi-
cant role in protection against the clinical disease since protection basically relies on 
the presence of slgA antibodies in the intestinal mucosa (Chattha et al. 2015; Langel 
et al. 2016). Immunity may not persist long, yet a fast anamnestic response upon 
 re-exposure may decrease the severity of reoccurring disease or even prevent it.

At least 11 proteins [ORF1ab-encoded NS proteins (nsp1, nsp3, nsp5, nsp7, 
nsp14–16), structural proteins (E, M, N) and accessory protein ORF3s] have been 
recognised as IFN antagonists allowing PEDV to evade host interferon (IFN) responses 
(Ding et al. 2014; Wang et al. 2015; Zhang et al. 2016a). Decreased innate immune 
responses (specifically frequencies and function of NK cells) (Annamalai et al. 2015) 
likely contribute to the increased severity of PEDV infection in suckling vs. older 
(weaned, finisher, adult) pigs, as observed for TGEV infections (Derbyshire et al. 1969).
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4.4.3  PDCoV

The immune response to PDCoV infection in pigs is still unclear but presumed to be 
similar to that mentioned for TGEV and PEDV. Gnotobiotic pigs orally inoculated 
with the original or tissue-culture-developed PDCoV strain (OH-FD22) exhibited 
serum IgG, IgA and VN antibodies by 14 dpi that shows a peak at 24 dpi when the 
pigs had recouped from the clinical form and faecal virus shedding (Hu et al. 2016). 
Similar to TGEV and PEDV, the supply of maternal antibodies with colostrum and 
milk from immune sows, especially IgA and VN antibodies, should neutralise 
PDCoV in the gut protecting young piglets (Bohl et al. 1972; Saif et al. 1972).

4.5  Diagnosis

4.5.1  TGEV/PRCV

Since clinical signs and atrophic enteritis due to TGEV are also seen in other enteric 
infections (RV, PEDV, PDCoV and coccidia), lab-based diagnosis of TGE must be 
followed utilising the following tests: identification of viral antigen or nucleic acids 
in faeces, virus seclusion from samples or detection of TGEV antibodies.

Similar methods are used for the diagnosis of PRCV, but with an emphasis on 
respiratory specimens (nasal swabs or lung homogenates). Evaluation of clinical 
signs, histologic lesions and viral antigen distribution in tissues might yield a pre-
sumptive diagnosis.

Probing of TGEV antigen in small intestinal enterocytes by immunofluorescence 
(IF) (Pensaert et al. 1970) or immunohistochemical (IHC) (Shoup et al. 1996) tech-
niques using monoclonal antibodies (MAb) against the highly conserved TGEV N 
protein may be conducted for formalin-fixed or frozen tissues harvested in the early 
stage of infection.

A mono- or polyclonal antibody-based enzyme-linked immunosorbent assay 
(ELISA) is utilised to recognise TGEV antigens in cell cultures, intestinal contents 
and faeces (Lanza et al. 1995; Sestak et al. 1996, 1999a; van Nieuwstadt et al. 1988) 
or PRCV antigen in nasal swabs or lung homogenates (Lanza et al. 1995); however, 
the sensitivity of available ELISA tests is generally lower than that of RT-PCR 
assays. RT-PCR or real-time qPCR is now more commonly used for detection of 
TGEV and distinguishing TGEV, PRCV, PDCoV and PEDV (Kim et al. 2000, 2001; 
Masuda et al. 2016; Costantini et al. 2004; Ogawa et al. 2009). PRCV/TGEV dis-
tinction is usually performed through PCR assay based on the S gene deletion region 
in PRCV strains. Multiplex RT-PCR and real-time qPCR have been used for the 
concurrent identification of major porcine viruses related to diarrhoea including RV, 
TGEV, PDCoV and PEDV (Masuda et al. 2016; Ogawa et al. 2009). Also, multiplex 
microarray hybridisation assay was used for quick differential identification of eight 
CoVs, including TGEV (Chen et al. 2005).
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Transmission electron microscopy (TEM) is used to show TGEV in the faecal or 
intestinal contents of infected pigs. Further, immune EM (IEM) possesses many 
advantages over TEM and is more sensitive and better in differentiating TGEV from 
PEDV and PDCoV (Saif et al. 1977).

Primary and secondary pig kidney cells (Bohl and Kumagai 1965) or cell lines 
(Laude et al. 1981), porcine thyroid cells (Witte 1971) and McClurkin swine testicle 
(ST) cell line (McClurkin and Norman 1966) are advocated for TGEV isolation 
from infected pig faeces or intestinal contents. Typical cytopathic effects (CPE) 
might be negligible upon primary isolation of field strains and require additional 
blind passages. The CPE observed comprises swollen, round cells with a balloon- 
like appearance (Bohl and Kumagai 1965). For observing viral CPE or plaques, the 
addition of pancreatin or trypsin to the ST cell culture media as well as using older 
cells can improve detection of viral CPE and plaques (Bohl 1979).

ST cells and pig kidney cells are best for isolation of PRCV from a nasal swab or 
lung tissue homogenates. PRCV- and TGEV-induced CPE are comparable with syn-
cytia usually seen that is also observed in PEDV grown in Vero cells (Hofmann and 
Wyler 1988; Ksiazek et al. 2003). Detection of virus in the cell culture is confirmed 
by VN, IF or IEM using specific TGEV antiserum or differential monoclonal anti-
bodies (Garwes et al. 1988) and virus-specific RT-PCR (Enjuanes and Van der Zeijst 
1995; Laude et al. 1993; Kim et al. 2000).

TGEV antibodies can be identified by several serological tests. However, TGEV 
serology is complex, as both TGEV and PRCV prompt VN antibodies that are quan-
titatively and qualitatively similar (Pensaert 1989). A blocking ELISA that uses 
MAbs to TGEV differentiates easily from PRCV (Garwes et al. 1988; Bernard et al. 
1989; Callebaut et al. 1989). However, blocking ELISA works better on a group 
basis since certain pigs with low antibody titres to TGEV or PRCV may not show 
positivity (Callebaut et al. 1989; Sestak et al. 1999b; Simkins et al. 1993). Further, 
the accuracy of commercial ELISAs for distinguishing US strains of PRCV and 
TGEV is low (Sestak et al. 1999a).

4.5.2  PEDV

As for TGEV, diagnosis of PEDV must be based on clinical signs and lab identi-
fication of viral RNA, viral antigens or increased PEDV-species antibodies. For 
the location of PEDV RNA, the most broadly utilised lab technique is conven-
tional PCR (Kim et  al. 2001; Ishikawa et  al. 1997) or real-time RT-PCR (Kim 
et al. 2007), which is sensitive, specific and rapid for the detection of viral RNA 
in different clinical samples. Although loop-mediated isothermal amplification 
(LAMP) assays (Ren and Li 2011; Yu et al. 2015) are recognised more recently as 
highly sensitive in detecting PEDV RNA, they have still not reached diagnostic 
labs. In situ hybridisation can be utilised to recognise PEDV RNA in fixed tissues 
(Stadler et al. 2015).
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Direct display of PEDV and additionally its antigens is done utilising IF or IHC 
tests on the small intestinal tissues of piglets euthanised close to the onset of diar-
rhoea and before the desquamation of enterocytes. The virus particles can be shown 
in direct EM or IEM on diarrhoeic pig faeces. However, IEM must be used to 
 distinguish PEDV from other CoVs, viz. TGEV and PDCoV, as all CoVs possess 
indistinguishable morphology.

Successful isolation of PEDV in Vero cells is increased when using intestinal 
contents/homogenates compared to faeces (Oka et  al. 2014; Chen et  al. 2014). 
ELISA tests based on polyclonal antibodies and MAbs are available for detection of 
PEDV antigens in faeces (Callebaut et al. 1982; Carvajal et al. 1995).

Paired serum samples are requisite for serologic diagnosis of endemic 
PEDV. Recently, IgG and IgA antibodies to PEDV are observed in oral fluids, sug-
gesting that they may be appropriate to monitor prior herd exposure to PEDV 
(Bjustrom-Kraft et al. 2016). PEDV antibodies have been demonstrated using indi-
rect ELISAs based on the whole cell-culture-adapted virus antigens (Carvajal et al. 
1995; Hofmann and Wyler 1990; Kweon et al. 1994; Thomas et al. 2015), S/N viral 
proteins extracted from infected Vero cells (Knuchel et al. 1992; Oh et al. 2005) or 
bacteria or mammalian expression systems (Wang et al. 2015; Gerber et al. 2014; 
Gerber and Opriessnig 2015; Okda et al. 2015; Paudel et al. 2014). Blocking and 
competitive ELISAs have additionally been used for the detection of PEDV 
 antibodies utilising MAbs or polyclonal antibodies (Carvajal et al. 1995; Okda et al. 
2015; van Nieuwstadt and Zetstra 1991). Serum IgG antibodies against the N 
 proteins of PEDV can be detected by 9–14 dpi; they peak around 21 dpi and then 
decline gradually (Okda et al. 2015). The VN test in Vero cell culture is used to 
assess VN antibodies to PEDV (Thomas et al. 2015; Okda et al. 2015; Paudel et al. 
2014). These serological assays have generally been employed to screen prior expo-
sure to the virus and to assess the viability of vaccines.

Overall, use of a laboratory test is suggested which must differentiate PEDV 
infections from TGEV, SeCoV and PDCoV. Especially for SeCoV that is a recombi-
nant of TGEV (backbone) and PEDV (S protein), a selective assay based on detect-
ing TGEV (any gene aside from S gene) and PEDV (S gene) would be preferred.

4.5.3  PDCoV

Selective laboratory assays must be opted to distinguish PDCoV infection from 
related PEDV, TGEV and RV infections. The methodologies discussed for TGEV 
and PEDV apply to PDCoV diagnosis. The confirmatory finding of PDCoV infec-
tion incorporates detection of PDCoV RNA or antigens in the faeces or intestinal 
substance/tissues. Diagnosis can also be made utilising RT-PCR assays that target a 
conserved region of PDCoV M or N genes (Marthaler et  al. 2014b; Wang et  al. 
2014c), IF or IHC using virus-specific MAbs or polyclonal antibodies (Chen et al. 
2015; Jung et al. 2015b; Ma et al. 2015), and in situ hybridisation (Jung et al. 2015b). 
A duplex real-time RT-PCR assay for detection of PDCoV and/or differentiation 
from PEDV in intestines and faeces was developed (Zhang et al. 2016b).
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Direct EM can be used to display PDCoV viral particles in faeces from  diarrhoeic 
pigs. However, IEM use must distinguish PDCoV from PEDV or TGEV (Jung et al. 
2015a) using hyperimmune or convalescent sera. However isolation of PDCoV has 
been attempted with limited success in LLC-PK or ST cells, except in few strains (OH-
FD22) (Hu et al. 2015). The other serologic assays in use for the diagnosis of PDCoV 
are IF, VN and ELISA. Serum and milk PDCoV antibodies of different isotypes have 
been quantified using ELISA based on cell culture virus antigen (Ma et al. 2016) or S1 
and N viral proteins (Thachil et al. 2015; Okda et al. 2016; Su et al. 2016).

4.6  Transmission, Risk Factors and Stability

4.6.1  TGEV

TGEV is more stable in frozen conditions, but becomes fragile at room or higher 
temperatures. In an experimental study, the virus infectivity was maintained for 
more than 8 weeks at 5 °C, 2 weeks at 20 °C and 24 h at 35 °C in liquid manure 
slurry (Haas et al. 1995). Further, the virus is highly photosensitive and gets inacti-
vated less than 6 h in the exposure of sunlight or ultraviolet light (Cartwright et al. 
1965; Haelterman 1962). It also gets inactivated to 1% Lysovet (phenol and 
 aldehyde), 0.03% formalin, 0.01% beta-propiolactone, 1 mM binary ethylenamine, 
sodium hypochlorite, NaOH, iodines, quaternary ammonium compounds, ether and 
chloroform (VanCott et al. 1993; Brown 1981). TGEV field strains are resistant to 
trypsin and relatively stable in pig bile, and at pH 3 (Laude et al. 1981), letting the 
virus survive in the stomach and small intestine.

In temperate climates, TGE is a seasonal disease with most outbreaks occurring 
in the winter months. It is assumed that this could be due to the virus stability in 
frozen form, and frailty to heat or sunlight (Haelterman 1962), permitting easy virus 
spread among herds in winter on fomites or animals. Three potential reservoirs for 
TGEV between seasonal epidemics proposed are (1) herds with enzootic TGE; (2) 
hosts other than swine and (3) carrier pigs. Dogs, cats and foxes could be the pos-
sible carriers, facilitating its spread on farms, as the shedding of the virus occurs for 
variable periods (Haelterman 1962; McClurkin et al. 1970) with the excreted virus 
(by dogs) remaining infectious for pigs (Haelterman 1962; Reynolds et al. 1980).

The increased concentration of wintering starlings (Sturnus vulgaris) in feedlots 
was suggested to contribute to the mechanical spread of TGEV between farms dur-
ing the cold season. In a study, TGEV was seen in the droppings of starlings for as 
long as 32  h after feeding TGEV (Pilchard 1965). Likewise, housefly (Musca 
domestica) is also proposed as a mechanical vector for TGEV (Pilchard 1965). 
TGEV antigen is seen in flies on a swine herd and TGEV shedding up to 3 days 
from experimentally feeding flies (Gough and Jorgenson 1983). Notably, surveys 
done in Central Europe confirmed the presence of TGEV antibodies in nearly 30% 
of the feral pigs (Sedlak et al. 2008). Although TGEV shedding is detectable for up 
to 104 dpi (Underdahl et  al. 1975), it is undefined yet whether infectious virus 
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 particles are shed or transmitted at that time. Adding of sentinel pigs to a herd at 3, 
4 and 5 months after a past TGE outbreak resulted in no new disease in the  introduced 
pigs (Derbyshire et al. 1969).

4.6.2  PRCV

Swine population density, farm distances and seasons influence PRCV epidemiol-
ogy (Pensaert 1989; Have 1990). Pigs get PRCV infection at any age through 
 contact or airborne transmission. The risk of spreading PRCV increases in zones of 
high swine density, where the virus can journey several miles.

4.6.3  PEDV

As for other enteric viral infections, in PEDV also direct or indirect faecal-oral 
transmission is the main route of virus transmission. Acute outbreaks in non- immune 
farms often occur within 4–5 days after newly purchased pig arrival. The virus enters 
farms mostly via infected pigs, but also by contaminated feed, trucks, boots or other 
fomites. Farm workers may also act as a vehicle for virus transmission to naïve pigs 
(Dee et al. 2014, 2016; Schumacher et al. 2016). Evidence of PEDV aerosol trans-
mission is reported in some (Alonso et al. 2014) but not other studies (Niederwerder 
et  al. 2016). In four-week-old pigs infected with emerging non-S INDEL PEDV 
strain, infectious virus excretion lasted for 14–16  days (Crawford et  al. 2015). 
Nevertheless, a few pigs shed PEDV RNA, at 42 days post- initial oral exposure, but 
non-infectious virus particles were seen in faeces.

Similar to TGEV, after initial outbreaks on the breeding farms, PEDV can 
become endemic if sufficient litters of pigs are produced and weaned, allowing 
maintaining the virus. Of note, a report from South Korea showed 9.75% PEDV 
infection rate in wild boars (Lee et al. 2016b), although their role in maintenance 
and transmission of PEDV is unclear.

4.6.4  PDCoV

The main method of PDCoV transmission is the faecal–oral route. Faeces, vomit 
and other contaminated fomites are the major sources of the virus. Experimentally 
induced PDCoV diarrhoea lasted for ~5–10 days, with faecal virus RNA  shedding 
lasting for up to 19 days (Hu et al. 2016; Ma et al. 2015). Pigs generally continue 
shedding PDCoV RNA in the faeces after recovery from disease; therefore, 
another possible reservoir for PDCoV may be subclinically infected or  convalescent 
carriers.
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4.7  Prevention and Control

4.7.1  TGEV

Treatment of clinically affected newborn piglets is usually ineffective in field situations; 
however, electrolyte/glucose solution supplementation of piglets that are 1 week or 
older may reduce their mortality (Bohl 1981). Extra heat, deep bedding and antibiotic 
solutions (to treat secondary infections) generally can improve piglet health.

Enhanced biosecurity measures should be maintained to decrease a chance of 
introduction of infected animals, and contaminated vehicles from TGEV-affected 
farms to susceptible herds. TGEV infection can be spread not only with infected live 
animals but also with unprocessed tissues of slaughtered TGEV-infected animals 
(Forman 1991).

Many methods for immunising sows to induce lactogenic immunity and conse-
quent protection of neonatal piglets have been attempted (Chattha et al. 2015; Saif 
and Jackwood 1990; Bohl and Saif 1975). Several viral vaccines (virulent, attenu-
ated, inactivated and recombinant subunit) with different routes of administration 
(oral, intra-nasal, subcutaneous, intramuscular and intra-mammary) (Saif and 
Sestak 2006; Moxley and Olson 1989) have been evaluated in the past. To note, 
intramuscular, parenteral or intra-mammary administration of pregnant sows with 
live attenuated, inactivated or subunit vaccines did not offer complete protection but 
were found to be effective to reduce piglet mortality rates (Brim et al. 1994). Unlike 
natural intestinal infection with the virulent virus, attenuated viruses do not stimu-
late the gut-MG-sIgA axis sufficiently for the induction of immunity similar to that 
observed following this. There are two commercial vaccines based on a live- 
modified TGEV strain for combined oral-intramuscular administration produced by 
Merck Animal Health: PROSYSTEM® TGE/Rota and PROSYSTEM® TREC. These 
vaccines can effectively stimulate a response in previously exposed pigs, but do not 
protect the naïve population.

Herd immunity can be enhanced by exposing all the sows to virulent TGEV 
(using intestinal contents or gut tissues of affected pigs) to boost lactogenic (milk) 
immunity (Bohl and Saif 1975; Bohl et al. 1972). This practice is called feedback 
and results in the rapid development of immunity in pregnant sows (particularly in 
those due to farrow 2 weeks or more after the start of the outbreak) and reduces 
losses in newborn piglets. However, it may also result in dissemination of other 
pathogens (potentially present in TGEV-containing faeces/intestinal contents) to 
adjacent herds. On small-scale farms, herd immunity is accomplished, and TGEV 
infection is self-limiting. In contrast, in larger farms (≤200 sows) with a continuous 
farrowing system and continual influx of susceptible animals, TGEV infection 
 frequently becomes endemic after the primary outbreak (Saif and Sestak 2006). 
Elimination of endemic TGE in a herd can be attempted using the feedback method. 
After this is done, no weaning of piglets should occur during the following 
3–4 weeks so that there remains no susceptible host in the herd while TGEV is 
 circulating on the farm.
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4.7.2  PEDV

Due to the lack of PEDV-specific antivirals, the treatment is focused on alleviating 
the diarrhoeal disease. PEDV-infected pigs must get enough water to reduce 
 dehydration, which exacerbates the severity of the disease. Temporary withholding 
of feed may benefit fattening pigs during the acute stage of the disease.

As in the case with TGEV, appropriate biosecurity measures should be applied to 
avoid the introduction of PED onto farms. Present epidemiological knowledge 
 indicates that virus is spread between farms mainly through animal and human traf-
fic, and contaminated feed (https://www.aphis.usda.gov/animal_health/animal_dis_
spec/swine/downloads/secd_final_report.pdf). Careful disposal of the dead stock is 
recommended.

In contrast to the present situation in Asia, in Europe, PEDV infection (with 
mostly mild S INDEL strains in circulation) is considered to be of marginal eco-
nomic importance and therefore does not warrant the development of a vaccine (Lee 
2015). However, severe classical PEDV outbreaks in Asia have necessitated the 
development of PEDV vaccines to prevent and control the infection. In China, the 
CV777-based inactivated and attenuated PEDV vaccines were approved in 1995 
and 1998, respectively (Wang et al. 2016b). Soon after, attenuated vaccines based 
on classical PEDV strains KPEDV-9 and DR13 were commercialised in 1999 and 
2004, respectively, in Korea (Kweon et al. 1999; Song et al. 2007). Since 1997 a 
commercial attenuated PEDV vaccine based on cell culture-adapted classical PEDV 
P-5V strain (Nisseiken Co. Ltd., Japan) is administered to sows in Japan (Sato et al. 
2011). These vaccines based on classical PEDV strains appeared to satisfactorily 
control PED in Asia until the highly virulent non-S INDEL PEDV strains have 
emerged (Lee 2015). As demonstrated in the field, the classical PEDV vaccines have 
failed to protect pigs from severe diarrhoeal disease associated with the emerging 
highly virulent non-S INDEL PEDV strains (Lee 2015).

The deliberate exposure of pregnant sows (feedback method) to PEDV promotes 
the rapid development of lactogenic immunity and thus shortens the course and the 
severity of the disease on the farm (Chattha et al. 2015). However, as mentioned in 
the TGEV section, this method may contribute to the spread of other infectious 
agents throughout the farm. We have recently demonstrated that high dose of 
 virulent PEDV administered to sows can substantially increase their piglet survival 
rate as compared to low-dose and mock-infected sows (Fig.  4.3) (Langel et  al. 
2016). This novel finding suggests that the current feedback-based control strategies 
can be improved by ensuring the uniform administration of high-dose PEDV to 
pregnant sows.

Since the outbreaks of 2013, the USA has conditionally licensed two PEDV 
 vaccines targeting emerging non-S INDEL PEDV strains: alphavirus-based vac-
cine (Harris vaccines™, now Merck Animal Health) and an inactivated vaccine 
(Zoetis) (2014). The first vaccine was developed in June 2014 using a replication-
deficient Venezuelan equine encephalitis (VEE) virus packaging system expressing 
the S protein of an emerging non-S INDEL PEDV strain (Crawford et al. 2016). 
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The second vaccine developed in September 2015 was an inactivated whole-virus 
(non-S INDEL PEDV) vaccine plus an adjuvant (Crawford et al. 2016). In October 
2016, an inactivated vaccine based on non-S INDEL PEDV strain AJ1102 was 
licensed in China (Wang et  al. 2016b). In South Korea, an inactivated vaccine 
 candidate based on non-S INDEL strain KNU-141112 was demonstrated to be 
 protective in sows and their suckling piglets (Baek et  al. 2016). However, the 
 efficacy of these vaccines/vaccine candidates in the field is not assessed. To date, 
reverse genetics platforms have been generated for both classical and emerging 
non-S INDEL PEDV strains using different approaches (Beall et al. 2016; Jengarn 
et al. 2015; Li et al. 2013) and can be used for the future rational design of safe and 
effective PEDV vaccines.

4.7.3  PDCoV

The disease-preventive measures adopted for TGEV and PEDV control and preven-
tion can be useful for PDCoV infection too. In the absence of any suitable vaccines 
or antivirals to control PDCoV disease, reliable regime includes symptomatic action 
giving bicarbonate liquids and ad lib water to alleviate acidosis and dehydration in 
suckling pigs. Antibiotics administration may be beneficial in the case complicated 
by concurrent/secondary bacterial infection. In the event of heavy mortality, 
 feedback techniques must be opted to stimulate lactogenic immunity and reduce 
mortality. Additionally, during PDCoV epidemics, a strict biosecurity plan must be 
implemented to lessen PDCoV spread via infected fomites. The systems all in/all 
out and thorough disinfection (using phenolic disinfectants, bleach, peroxides, 
 aldehydes or iodophors) can break the disease cycle.

PEDV specific IgA
antibodies in colostrum/milk

PEDV 
challenge

PEDV
High-dose

Low-dose

Mock

Piglet 
mortality

0%

37%

90%

Fig. 4.3 Mucosal immune responses and lactogenic immunity may be influenced by PEDV dose 
given to pregnant swine. Gilts received high and high, low PEDV dose or mock at 3–4 weeks 
 prepartum. All piglets were PEDV-challenged at 3–5 days post-partum (Langel et al. 2016)
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Chapter 5
Torque Teno Virus

Souvik Ghosh, Alyssa Kleymann, Yashpal Singh Malik, 
and Nobumichi Kobayashi

Abstract Torque teno viruses (TTVs), family Anelloviridae, are small, non- enveloped 
viruses with a circular, negative-sense, single-stranded DNA genome. Although TTVs 
have been reported in a wide variety of animals, porcine TTVs (or Torque teno sus 
virus, TTSuVs) have been more studied compared to those from other non-human 
host species, especially because of their association with economically important dis-
eases of pigs, notably porcine circovirus infections. TTSuVs are highly prevalent and 
widely distributed in both healthy and diseased pigs and have been found to contami-
nate cell lines, human drugs, veterinary products and retail pork products. Although 
the current belief is that TTSuVs by itself cannot induce severe disease in pigs, they 
have been proposed to serve as complicating agents/co-factors in triggering or exacer-
bating certain porcine diseases, especially porcine circovirus-2 systemic disease 
(PCV2-SD). However, there are contradicting reports on the role of TTSuV in 
PCV2-SD and other porcine viral infections. This book chapter is a comprehensive 
and updated review of TTSuVs. Various aspects of TTSuVs, such as virus diversity 
and classification, epidemiology, pathogenesis, diagnostics and immunisation, have 
been discussed.
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Abbreviations

ICTV International Committee on Taxonomy of Viruses
ORF Open reading frame
PCV2 Porcine circovirus-2
PCV2-SD PCV2 systemic disease
PCVAD Porcine circovirus-associated disease
PRRSV Porcine reproductive and respiratory syndrome virus
ssDNA Single-stranded DNA
TTSuV Torque teno sus virus
TTSuV1a Torque teno sus virus 1a
TTSuV1b Torque teno sus virus 1b
TTSuVk2a Torque teno sus virus k2a
TTSuVk2b Torque teno sus virus k2b
TTV Toque teno virus
UTR Untranslated region

5.1  Preamble

Torque teno virus (TTV) was first reported in the serum of an old human patient suf-
fering from post-blood transfusion non-A to G hepatitis (Nishizawa et al. 1997). Since 
the earlier human isolates were found to display structural and molecular similarities 
with circoviruses, TTVs were initially assigned to the family Circoviridae (Miyata 
et  al. 1999). Eventually, based on differences in genomic features and nucleotide 
sequence identities between TTVs and circoviruses, the International Committee on 
Taxonomy of Viruses (ICTV) classified TTVs into a floating new genus ‘Anellovirus’ 
in 2005, and thereafter a new family ‘Anelloviridae’ in 2009 (Biagini et  al. 2005, 
2012). Although the first reported virus was provisionally named TTV after the initials 
of the sampled patient (T.T.), the acronym TTV (Torque teno virus), derived from the 
Latin words ‘torque’ (necklace) and ‘tenuis’ (narrow), actually refers to the genomic 
organisation of the virus (Biagini et al. 2012; Nishizawa et al. 1997).

TTVs have been detected in a wide variety of other host species (badgers, bats, 
camels, cats, cattle, dogs, horses, non-human primates, opossums, pigs, pigeons, 
pine martens, poultry, rodents, sea lions, sea turtles, tupaias and wild boars) (de 
Souza et al. 2018; Li et al. 2015; Manzin et al. 2015; Zhang et al. 2017) (Table 5.1). 
Although TTVs have been related to various disease conditions and co-infec-
tions, especially in humans and pigs, they are ubiquitous in healthy hosts, raising 
doubts on the pathogenic potential of these viruses (Kekarainen and Segalés 
2012; Manzin et al. 2015; Meng 2012).
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Since TTVs have been associated with economically important diseases of pigs 
(Ghosh et al. 2018; Kekarainen and Segalés 2012; Meng 2012), this book chapter 
primarily focuses on porcine Torque teno viruses (currently known as Torque teno 
sus viruses, TTSuVs) among the various animal TTVs.

Table 5.1 Classification of the family Anelloviridae

Genusa

Virus species
Numbera,b; name/sa,b (number of unclassified 
virusesc) Host/sa,b,c

Alphatorquevirus 30; Torque teno virus 1–29, Opossum torque 
teno virus (5)

African green monkey, 
chimpanzee, humans, 
opossum

Betatorquevirus 12; Torque teno mini virus 1–12 (4) African green monkey, 
chimpanzee, humans

Deltatorquevirus 2; Torque teno tupaia virus, Torque teno 
calomys tener virus

Common tree shrew 
(tupaia), rodent

Epsilontorquevirus 1; Torque teno tamarin virus Tamarin
Etatorquevirus 2; Torque teno felis virus, Torque teno felis 

virus 2
Cats

Gammatorquevirus 15; Torque teno midi virus 1–15 African green monkey, 
chimpanzee, humans

Gyrovirus 1; Chicken anaemia virus (8) Ashy storm petrel, 
chicken, humans

Iotatorquevirus 2; Torque teno sus virus 1a, Torque teno sus 
virus 1b

Pigs

Kappatorquevirus 2; Torque teno sus virus k2a, Torque teno sus 
virus k2b

Pigs

Lambdatorquevirus 6; Torque teno seal virus 1–3, 8 and 9, Torque 
teno zalophus virus 1

Seals, sea lions

Mutorquevirus 1; Torque teno equus virus 1 Horses
Nutorquevirus 2; Torque teno seal virus 4 and 5 Seals
Thetatorquevirus 1; Torque teno canis virus Dogs
Zetatorquevirus 1; Torque teno douroucouli virus Night monkeys 

(douroucouli)
Proposed genusb

Omegatorquevirus 6; Rodent Torque teno virus 3–8 Rodent
Sigmatorquevirus 3; Torque teno carollia perspicillata virus, 

Torque teno desmodus rotundus virus, Torque 
teno didelphis albiventris virus

Bats, opossum

aBased on ICTV, https://talk.ictvonline.org/ictv-reports/ictv_9th_report/ssdna-viruses-2011/w/
ssdna_viruses/139/anelloviridae (accessed 16 April 2019)
bBased on de Souza et al. (2018)
cBased on https://www.ncbi.nlm.nih.gov/genomes/GenomesGroup.cgi?taxid=687329 (accessed 
16 April 2019)
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5.2  Virus Taxonomy

In 2009, the ICTV assigned the TTVs to a new family of single-stranded DNA 
(ssDNA) viruses, the ‘Anelloviridae’ (‘anello’, Latin for ring) (Biagini et al. 2012). 
The family Anelloviridae has a wide host range and includes 14 genera 
(Alphatorquevirus, Betatorquevirus, Deltatorquevirus, Epsilontorquevirus, 
Etatorquevirus, Gammatorquevirus, Gyrovirus, Iotatorquevirus, Kappatorquevirus, 
Lambdatorquevirus, Mutorquevirus, Nutorquevirus, Thetatorquevirus and 
Zetatorquevirus) and two newly proposed genera (Omegatorquevirus and 
Sigmatorquevirus) (Table 5.1) (de Souza et al. 2018; ICTV 2018).

Torque teno sus viruses are grouped into two genera, genus Iotatorquevirus (spe-
cies Torque teno sus virus 1a, TTSuV1a and Torque teno sus virus 1b, TTSuV1b) 
and genus Kappatorquevirus (species Torque teno sus virus k2a, TTSuVk2a and 
Torque teno sus virus k2b, TTSuVk2b) (Cornelissen-Keijsers et  al. 2012; ICTV 
2018) (Table 5.1).

5.3  Structure, Genome Organisation and Replication

Torque teno virions are usually ~30–32 nm in diameter and non-enveloped, and pos-
sess an icosahedral capsid (Biagini et al. 2012; Kekarainen and Segalés 2012). The 
viral genome consists of a circular, negative-sense, ssDNA molecule, ranging from 
~2000 to ~3900 bp in size depending on the host species (approximately 2800 bp in 
TTSuVs) (Biagini et al. 2012; Cornelissen-Keijsers et al. 2012; Cortey et al. 2011; 
Okamoto et  al. 2002). All TTVs, including TTSuVs, preserve a short stretch of 
highly conserved sequence in the untranslated region (UTR) of the viral genome 
(Biagini et al. 2012; Kekarainen and Segalés 2012).

At least three open reading frames (ORFs) have been deduced from the nucleo-
tide sequences of TTSuV strains (Cornelissen-Keijsers et  al. 2012; Cortey et  al. 
2011; Kekarainen and Segalés 2012). Open reading frame 1 is believed to encode 
the putative viral capsid protein, while ORF2 may encode a protein with character-
istics of tyrosine phosphatase and/or has also been associated with suppression of 
NF-κb pathways (Biagini et al. 2012; Kekarainen and Segalés 2012; Zheng et al. 
2007). Open reading frame 3 is believed to be generated by splicing and encodes a 
protein with unknown function (Cortey et al. 2011; Kekarainen and Segalés 2012). 
Alternative splicing patterns and generation of different protein isoforms have been 
reported for TTSuVs (Martínez-Guinó et al. 2011).

The lack of a proper cell culture propagation system has made it difficult to study 
the major aspects of the TTV replication cycle (Meng 2012). However, the detection 
of TTVs in various tissues, secretions and excretions, and transfection studies sug-
gest virus replication in different cell types (Biagini et al. 2012; Manzin et al. 2015; 
Meng 2012; Nieto et al. 2013). Based on the observation that the deduced amino 
acid sequence of TTV ORF1 contains conserved motifs similar to those seen in Rep 
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proteins of other animal and plant viruses with circular ssDNA genomes, a rolling 
circle mechanism of replication has been proposed for TTVs (Biagini et al. 2012).

5.4  Torque Teno Sus Virus

Although TTVs have been reported in a wide variety of animals, porcine TTVs (or 
TTSuVs) have been more studied compared to those from other non-human host 
species, especially because of their association with economically important dis-
eases of pigs, notably porcine circovirus infections (Kekarainen and Segalés 2012; 
Manzin et al. 2015).

5.4.1  Virus Diversity

The nucleotide substitution rates in TTSuVs are higher than those observed in typi-
cal DNA viruses and comparable to those of RNA viruses (Cortey et  al. 2011). 
Given the apparent lack of selection pressures (vaccination and removal of diseased 
animals), natural selection and drift are believed to be the main driving forces 
behind the evolution of TTSuVs (Cortey et al. 2012). Based on nucleotide sequence 
identities and phylogenetic analysis, the ICTV has classified TTSuVs into at least 
two genera and four species (Cornelissen-Keijsers et al. 2012; ICTV 2018). Virus 
species TTSuV1a and TTSuV1b belong to genus Iotatorquevirus, while species 
TTSuVk2a and TTSuVk2b have been placed under genus Kappatorquevirus. 
Phylogenetically, an additional TTSuV1 species (TTSuV1c) has been proposed in a 
recent study (Ramos et al. 2018).

Nucleotide sequence identities of around 50% have been observed between 
TTSuV1 and TTSuV2 (Kekarainen and Segalés 2012). Higher intraspecies varia-
tion has been observed among TTSuV1 strains (nucleotide sequence divergence of 
>30%) compared to TTSuV2 strains (<15%) (Cortey et al. 2011). Global trade of 
animals has been implicated in altering and eroding the genetic composition of 
TTSuV populations that may have been circulating in pig herds since their domes-
tication (Cortey et al. 2012).

5.4.2  Epidemiology

TTSuV1 and TTSuVk2a are highly prevalent and widely distributed in both healthy 
and diseased pigs, with prevalence rates ranging from 16.8% to 100% in different 
countries across the world (Manzin et al. 2015). On the other hand, limited information 
is available on TTSuVk2b so far. A surveillance study on pig sera from 17 countries 
revealed TTSuVk2b prevalence rates of 0% to 100%, while two  subsequent studies 
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(one from Italy and the other from the USA) reported overall TTSuVk2b prevalence 
rates of 11.5% and 24.7%, respectively (Blois et al. 2014; Cornelissen-Keijsers et al. 
2012; Rogers et al. 2017). Co-infection with strains belonging to different TTSuV spe-
cies have been frequently reported in pigs worldwide (Cornelissen-Keijsers et al. 2012; 
Ghosh et al. 2018; Kekarainen and Segalés 2012; Ramos et al. 2018).

Although the major route of transmission of anelloviruses appears to be faeco- 
oral, TTSuV is believed to be transmitted by both horizontal and vertical routes, as 
viral DNA has been detected in porcine foetal blood and tissues, colostrum and 
semen (Aramouni et al. 2010; Kekarainen et al. 2007; Martínez-Guinó et al. 2009, 
2010; Sibila et  al. 2009b; Tshering et  al. 2012). TTSuV1 DNA has been widely 
detected in sera of humans, domestic animals and wildlife, and seroconversion to 
TTSuV1 has been reported in cattle, horses and ovines (Singh and Ramamoorthy 
2018; Ssemadaali et al. 2016). Moreover, TTSuVs have been shown to contaminate 
certain cell lines, human drugs, retail pork products and veterinary vaccines (Leblanc 
et al. 2014; Meng 2012; Monini et al. 2016). These observations point towards an 
increased risk of widespread transmission of TTSuVs in pigs and heterologous host 
species including zoonosis.

There are contradicting reports on the frequency of TTSuV infection and viral 
load in relation to different porcine age groups. While a few studies have proposed no 
association between frequency of detection, or viral loads and the age of the animal, 
other research groups have provided evidence for increasing prevalence with age, and 
higher prevalence of at least one genus of TTSuV in nursery and young pigs (Blois 
et al. 2014; de Castro et al. 2015; de Menezes Cruz et al. 2016; Ramos et al. 2018; 
Teixeira et al. 2015; Xiao et al. 2012). Persistent infection and viremia with TTSuV 
are common in pigs (Aramouni et al. 2010; Kekarainen et al. 2007; Kekarainen and 
Segalés 2012; Martínez-Guinó et al. 2009, 2010; Sibila et al. 2009a, b).

5.4.3  Pathogenesis and Clinical Disease

The pathogenicity of TTSuVs remains to be clearly elucidated (Meng 2012; Ramos 
et al. 2018). Since the virus is widespread and persistent in healthy pigs, the current 
belief is that TTSuVs by itself cannot induce severe disease (Kekarainen and Segalés 
2012; Manzin et al. 2015). Furthermore, a few researchers have even raised the pos-
sibility of TTVs being a part of the host commensal microbiota (Griffiths 1999; 
Manzin et  al. 2015). TTSuVs gained attention because of their association with 
economically important porcine diseases, especially those caused by circoviruses 
(Kekarainen and Segalés 2012).

Porcine circovirus-2 (PCV2) is the essential etiological agent of PCV-2 systemic 
disease (PCV2-SD, formerly known as a post-weaning multisystemic wasting syn-
drome) as well as other disease conditions in pigs, collectively known as the porcine 
circovirus-associated disease (PCVAD) (Segalés et al. 2013). PCV2-SD is  considered 
as one of the most economically important diseases for the pig industry (Meng 2012; 
Segalés et al. 2013).
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The prevalence rates and viral loads of TTSuVk2a were shown to be significantly 
higher, and anti-TTSuV2 antibody titres lower in PCV2-SD-affected pigs compared 
to healthy pigs (Aramouni et  al. 2011; Huang et  al. 2011; Nieto et  al. 2013; 
Kekarainen et al. 2006). On the other hand, the TTSuV1 viral loads were found to be 
similar in all the study groups (Kekarainen et al. 2006). However, experimental inoc-
ulation of TTSuV1 and PCV2 induced PCV2-SD in gnotobiotic pigs (Ellis et al. 
2008). In another study, higher TTSuVk2b loads were observed in the sera of 
PCV2-SD pigs than in healthy animals (Cornelissen-Keijsers et  al. 2012). Both 
TTSuV1 and TTSuV2 species have been suggested to attribute to the development 
of PCV-2-associated lymphoid lesions by alternating the host immune system (Lee 
et al. 2015).

In addition to PCV2, the association between TTSuV and other porcine patho-
gens (classical swine fever, hepatitis E, M. hyopneumoniae, porcine reproductive 
and respiratory syndrome virus (PRRSV) and porcine parvovirus) has been specu-
lated (Opriessnig and Halbur 2012; Pérez et  al. 2011; Savic et  al. 2010; Zhang 
et al. 2014b).

Based on these observations, it has been proposed that TTSuVs may act as com-
plicating agents/co-factors in triggering or exacerbating certain porcine diseases 
(Kekarainen and Segalés 2012; Meng 2012; Zhang et al. 2012). On the other hand, 
there are contradicting studies that did not find any correlation between TTSuVs 
and PCV2-SD-affected pigs, raising doubts on the role of TTSuVs in PCVAD (Lee 
et al. 2010; Ramos et al. 2018; Rogers et al. 2017; Teixeira et al. 2015; Vargas-Ruiz 
et al. 2017).

5.4.4  Diagnosis

TTSuVs have been widely detected in both healthy and diseased animals, and there-
fore it may not be possible to perform preliminary diagnosis based on clinical symp-
toms, if any. PCR and qPCR assays that can detect and differentiate TTSuV species 
have been successfully employed in most screening studies, with the latter method 
offering the additional advantage of estimating viral DNA loads in various samples 
including retail pork products (Ghosh et al. 2018; Cornelissen-Keijsers et al. 2012; 
Huang et  al. 2010; Leblanc et  al. 2014; Monini et  al. 2016; Ramos et  al. 2018; 
Rogers et al. 2017; Segalés et al. 2009; Teixeira et al. 2015; Vargas-Ruiz et al. 2018). 
The PCR/qPCR screening assays are primarily based on the UTR, as this region 
appears to be conserved across TTSuV genomes, with, however, enough diversity to 
distinguish viral species (Huang et al. 2010; Segalés et al. 2009). Since TTSuVs are 
frequently reported in co-infections with other pathogens, a multiplex qPCR assay 
that can simultaneously detect TTSuV species and other porcine viruses has been 
developed (Pérez et al. 2012).

Other assays that have been used to detect and/or differentiate TTSuV species 
include metagenomics, ELISAs, Western blots, a fluorescent microbead-based 
4-plex immunoassay (for simultaneous detection of IgG antibodies against TTSuV1, 
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TTSuV2, PRRSV-1 and PRRSV-2) and in situ hybridisation using multi-strained 
pooled probes (Huang et  al. 2011; Giménez-Lirola et  al. 2014; Lee et  al. 2014; 
Nieto et al. 2015; Zhang et al. 2014a).

5.4.5  Immunisation

Currently, there is no licensed vaccine available against TTSuV. In one study, pigs 
immunised with a combination of DNA (at 3 and 5 weeks of age) and protein (at 
7  weeks of age) vaccines against TTSuVk2a developed specific antibodies and 
showed a significant reduction of TTSuVk2a viremia during natural infection 
(Jiménez-Melsió et  al. 2015). However, DNA loads of the other TTSuV species 
were not affected by the vaccination strategy.
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Chapter 6
Teschovirus

Yashpal Singh Malik, Sudipta Bhat, Anastasia N. Vlasova, Fun-In Wang, 
Nadia Touil, Souvik Ghosh, Kuldeep Dhama, Mahendra Pal Yadav, 
and Raj Kumar Singh

Abstract Teschoviruses are emerging pathogens, belonging to the family 
Picornaviridae, and infects porcine population only. Among all, porcine teschovi-
ruses (PTVs) are of high prominence leading to clinical illness and consequent eco-
nomic loss to the livestock sector. These are associated with extremely lethal 
non-suppurative polioencephalomyelitis (Teschen disease) and are distributed world 
over. Its milder form, Talfan disease, inflicts low morbidity and mortality and general 
clinical disease. The first epizootics of Teschen disease occurred in 1929  in the 
Czech Republic. Mature virions are small (23–30 nm) and stable in environmental 
conditions (pH range 2–9, heat, lipid solvents). Genetic variations in the major 
 surface protein, VP1, lead to the evolution of several new types. As of now, 13 
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 genotypes in PTV are approved, namely PTV-1–13. Among all, PTV-1 is highly 
virulent and causes severe mortality and morbidity in the porcine population, domes-
tic as well as wild. Ingestion is the main spreading route of infection, though intra-
nasal infection and virus secretion in the urine are also noted. Along with encephalitis, 
PTVs are also responsible for reproductive disorders, diarrhoea, pneumonia, pericar-
ditis and myocarditis. PTVs are also found as co-infection with several bacterial, 
viral and parasitic pathogens. Several conventional and modern diagnostics tools are 
available for their detection. Alternative of serological typing, VP1 and VP2 gene-
based molecular typing is now preferred to know the epidemiological pattern. 
Although initially vaccines were used for its eradication in Europe, due to the spo-
radic reports of mild PTV infection in several countries, the approach was discontin-
ued. Moreover, due to the presence of multiple serotypes, developing a multivalent 
PTV vaccine to protect against all strains is a major challenge.

Keywords Teschoviruses · Encephalomyelitis · Mortality · Economical loss · 
Mutation · Genotypes · Diagnosis · Epidemiology · Vaccine

6.1  Preamble

Teschovirus is also known by several other names including Teschen disease, Talfan 
disease, poliomyelitis suum, benign enzootic paresis, Klobauk disease and conta-
gious porcine paralysis. Teschovirus-induced encephalitis in pigs was first narrated 
as Teschen disease, a virulent extremely lethal polioencephalomyelitis with high 
mortality, in the township of Teschen in the Czech Republic over 90 years ago, in 
1929 (Trefny 1930). Porcine Teschovirus (PTV) is detected ubiquitously in the pig 
population worldwide (Knowles 2015). While the majority of infections are sub-
clinical, there are several clinical conditions which affect different body systems, 
including nervous (polioencephalomyelitis), reproductive, enteric, respiratory and 
integumentary. From 1929 to 1950s, severe PTV outbreaks have been reported in 
European and neighbouring countries (Knowles 2015). Afterwards, the disease 
became very rare and disappeared from Western Europe. Lately, two fresh PTV 
outbreaks occurred in 2009  in Haiti and subsequently in 2011  in Canada (Deng 
et al. 2012; Salles et al. 2011). To date, 13 different types of PTV are noted, and 
additional types of PTV-14–22 proposed, circulating throughout the world (Knowles 
2015). Different PTV types are associated with a variety of clinical symptoms in 
their natural hosts (pig and wild boar). PTV-1 is considered as one of the most viru-
lent viruses responsible for fatal outbreaks in pigs of all age groups. Nowadays, less 
pathogenic strains are commonly found in most swine populations causing asymp-
tomatic infections in young animals.
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6.2  Epidemiology of the Disease

6.2.1  The Causative Agent

6.2.1.1  Classification

Until 1999, porcine teschoviruses (PTVs) assigned to the genus Enterovirus, known 
as porcine enteroviruses (PEVs) (family: Picornaviridae, order: Picornavirales). 
PEVs are classified into three genetic groups: (1) PEV types 1–7 and 11–13, (2) 
PEV type 8 and (3) PEV types 9 and 10. Before reclassification, the original 11 PEV 
serotypes were divided into three subgroups (I, II and III) based on physicochemical 
properties, serological assays, types of cytopathic effect (CPE) produced in the por-
cine kidney (PK) cells and diverse cell culture host ranges (Knowles et al. 1979). In 
1999, more recently complete genome analysis of available PEV group I (former 
PEV1–7 and PEV11–13) sequences revealed that they were different from other 
Enteroviruses. Based on the genetic differences they were classified as a new genus, 
Teschovirus containing a single species PTV (the name was derived from Teschen 
disease) of multiple serotypes (Kaku et al. 2001; Zell et al. 2001). The species name 
is also renamed to Teschovirus A to remove the ambiguity reference to natural host, 
but the virus name remains PTV.  Lately, nine additional genetic types in PTVs 
(PTV-14–PTV-22) from China are proposed (Yang et al. 2018). Most severe clinical 
disease (teschovirus encephalomyelitis) relates to PTV-1, whereas other types are 
associated with a milder form of the disease (Talfan disease).

6.2.1.2  Virus Characteristics and Genome Organisation

PTV virions are small (25–30 nm) and non-enveloped. Icosahedral capsid is com-
posed of 60 protomers, each of which consists of three surface proteins (VP1, 2 and 
3) and one inner protein (VP4). Mutations in the surface protein sequences lead to 
diversity in protomers, which is responsible for the idiosyncrasies such as antigenic-
ity, receptor recognition, buoyant density and pH stability.

The viral genome contains a 7.1  kb positive-sense single-stranded RNA that 
codes for a single long open reading frame (ORF) of a polyprotein, which is further 
processed to form 12 individual viral proteins. Genome linked with a Vpg protein at 
5′ end followed by 5′ noncoding region (NCR), a leader protein (L), four structural 
proteins (VP1–4) and seven non-structural proteins (2A–C, 3A–D), 3′ NCR and 
poly A tail (Fig. 6.1). Among the four structural proteins, VP1 is the most important 
for molecular epidemiology and genotyping. Neutralising epitope(s) primarily 
reside in VP1, although VP2 is also involved.
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6.2.1.3  Virion Resistance

Mature PTV virions are very stable and can resist several environmental conditions 
including a pH range of 2–9 and further in liquid manure it remains viable for a long 
time. Heat, lipid solvents and several disinfectants are not able to inactivate PTV 
virions (Derbyshire and Arkell 1971). In the presence of halide ions, sodium chlo-
rite, heat and 70% ethanol inactivate PTV effectively.

6.2.1.4  Serotypes/Strain Variability

PTVs have 13 known genotypes based on diversity of VP1 gene sequence or 
through cross-neutralisation tests. PTV serotypes 1–10 were previously known as 
porcine enterovirus group I. Former PEV-1–7 have been renamed PTV-1–7, and 
PEV-11–13 were designated as PTV-8–10 (Kaku et al. 2001). In 2011, PTV-12 
was identified for the first time in Spanish pig population, which is presumed to be 
the result of VP1 gene mutation (Cano-Gomez et al. 2011). Likewise, PTV-13 was 
for the first time detected in faeces of wild boar in Hungary (Boros et al. 2012). 
Very recently, nine more genotypes (PTV-14–22) of PTV have been proposed 
from a study in China in 2018. However, these strains remain unverified by sero-
logical methods (Yang et al. 2018). Negative selection and homologous recombi-
nation are two significant causes of genetic diversity in structural and non-structural 
genes served as the major driving mechanisms of PTV evolution (Lin et al. 2012). 
Two-step evolution is observed in PTVs (Zell et al. 2001). The first step led to the 
generation of three groups that have undergone further diversification and emer-
gence of 13 distinct serotypes (Fig. 6.2). Another feature regarding evolutionary 
changes of PTVs is the gradual changes in their virulence, generating less patho-
genic variants.

Fig. 6.1 A schematic representation of Teschovirus genome structure. The genes, viz. VPg 
(genome-linked viral protein), NCR (noncoding RNA), L (leader protein), VP (viral protein), P1 
(structural protein), P2–P3 (non-structural protein), pro (protease), hel (helicase) and pol (poly-
merase) arrangements, are shown
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6.2.2  Host Species

The only known host for the PTVs is the porcine but wild boars were also found to 
be infected with PTV. Still, limited literature is available related to wild suid suscep-
tibility (Cano-Gómez et  al. 2013). Growing (suckling or weaned) pigs are more 
prone to infection with PTV.

6.2.3  Geographical Distribution

The mild form of PTV-associated encephalomyelitis is reported throughout the 
world, whereas the fatal teschovirus encephalomyelitis is presently a rare disease, 
with most recent outbreaks reported in Madagascar and Central and Eastern Europe. 
Outbreaks of teschovirus encephalomyelitis have been recorded in the World 
Organisation for Animal Health (OIE) during 1996, 1999 and 2005 by Belarus; in 
2002–2004 by Moldavia; in 2002 by Romania; in 2004 by Russia; in 1996–2005 by 
Ukraine; in 1997 and 2000–2002 by Latvia; in 1996–2000, 2002 and 2004–2005 by 
Madagascar; in 2001 by Uganda; in 2002 by Japan; in 2000 and 2004 by Taiwan; 
and in 2009 and 2011 by Haiti and Canada, respectively (Fig. 6.3).
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Fig. 6.2 Unrooted maximum-likelihood phylogenetic tree based on VP1 amino acid sequences of 
the representative members of the 13 PTV types. The tree was developed using Splits Tree4 pro-
gramme (Huson and Bryant 2006)
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6.2.4  Mortality and Morbidity

All age groups of commercial porcine populations are ubiquitously infected, and 
sometimes enzootic or endemic. The milder form, Talfan disease, leads to low mor-
bidity and mortality and in general clinical disease is limited to younger and post- 
weaning animals. Higher mortality is presumably associated with a virgin epidemic, 
where the porcine populations have no antibody and the invaded strains have at least 
moderate virulence, such as the recent outbreak in Haiti in 2009, wherein 40% mor-
tality and 60% morbidity were reported (Deng et al. 2012). In 2011, Canada reported 
100% mortality (Salles et al. 2011).

6.2.5  Transmission

Ingestion is the commonest route of PTV infection, and intestinal tract and associ-
ated lymph nodes are the main multiplication sites. The virus shedding occurs in the 
faeces and oral secretions of convalescent animals for up to 7 weeks. Due to the 
stable nature, PTVs resist in the environment for more than 5 months at 15 °C and 
readily spread on fomites (Horak et  al. 2016). Intranasal infection is also highly 
suggested (Chiu et al. 2013, 2014) as PTVs detected in the cranial cerebrum, includ-
ing the olfactory bulb. Urinary shedding of infectious PTV virion also proved as a 
potent transmission in the endemic field situation and slurry (faeces mixed with 
urine) makes the survival and transmission easier (Tsai et al. 2016). Till date, no 
zoonotic transmissions have been reported.

Fig. 6.3 A worldwide map of porcine Teschovirus detection is depicted (red-coloured) based on 
the published reports on the disease in different parts of the world

Y. S. Malik et al.



129

6.3  Pathogenesis

After ingestion through the oral route, PTVs primarily replicate in the tonsils and 
intestinal tract. Tonsils have an important role in virus entry, survival and shed-
ding of infections. Viruses are known to replicate to relatively higher titres in 
large intestine and ileum than the other portions of the intestine (Long 1985; 
Chiu et al. 2013).

All the virulent strains are known to spread through blood and access to the cen-
tral nervous system (CNS). One to two days post-infection (dpi) is characterised by 
increased body temperature and later by diarrhoea. Both flaccid and spastic paraly-
sis are reported by 10–11 dpi (Long 1985). Respiratory paralysis (asphyxiation) is 
the main cause of death of affected animals (Knowles 2015). Experimental infec-
tion in pigs through the intranasal route can develop CNS signs. In reproductive 
disorders, the virus is thought to reach the placenta via the blood. Experimental 
infection in pregnant gilts through nasal and oral route has resulted in foetal infec-
tion (Chiu et al. 2014).

6.4  Clinical Signs

Subclinical diseases are most common with PTV infections. Clinical signs varied 
with the virulence of different serotypes and are mainly associated with highly viru-
lent PTV-1. Co-infections by several serotypes are frequent. The incubation period 
for teschovirus encephalomyelitis is 14  days (Knowles 2015). In experimentally 
infected piglets, the highly virulent ‘Zabreh’ strain of PTV-1 produces clinical signs 
in 5–7 days.

In teschovirus encephalomyelitis before paralysis/paresis, several clinical signs 
are observed which include fever, anorexia, listlessness and locomotor ataxia. As 
early as 2–3 dpi, caudal ataxia is seen to be leading which progresses to paresis or 
paralysis. Commonly, 3–4 days after the onset of clinical symptoms, death occurs 
(Yamada et al. 2014). Polioencephalomyelitis rarely progresses to complete paraly-
sis. SMEDI syndrome (stillbirth [S], mummified foetus [M], embryonic death [ED], 
infertility [I]) is associated with reproductive disorders (Dunne et al. 1965). Similar 
reproductive syndromes are also associated with parvovirus infection, which occurs 
more commonly than PTV. The infection causes embryonic death and mummifica-
tion in early to mid-gestation (40–70 days) but at later stages it may result in still-
birth (Lin et al. 2012). Experimental and field infection also reported the link with 
abortion (Kirkbride and McAdaragh 1978). Though isolation of virus is done from 
the male reproductive tract, experimental intrauterine inoculation of sperm contain-
ing virus did not infect embryos or prevent conception. However, virus isolation was 
reported both from healthy and diarrhoeic pigs, but experimentally PTVs can induce 
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diarrhoea in a host (free from other pathogens). There are not many reports available 
on respiratory infections caused by PTVs. Recently a congenital microphthalmic 
syndrome in a pig with typical non-suppurative myelitis in the lumbar spinal cord 
from the Czech Republic has been reported (Andrysikova et al. 2018). Table 6.1 
shows the association of some serotypes with specific disease conditions but many 
serotypes are not related to any clinical signs.

6.5  Diagnosis

6.5.1  History

The affected pigs showing fever, followed by ataxia and paralysis/paresis, are sug-
gestive of PTV infection. If there are gilts or sows with stillborn or mummified 
foetuses it is suggestive of PTV-induced reproductive disorder.

6.5.2  Samples to Collect

In all the diagnostic tests, the brain and spinal cord are the most preferred samples, 
except in serology (Alexandersen et  al. 2012). Histopathologic lesions are found 
mainly in the cerebrum, cerebellum, diencephalon, medulla oblongata, cervical and 
lumbar spinal cords. Samples from pigs that died very recently or were sacrificed for 
necropsy are ideal for virus isolation. Paired serum samples are preferred for assessing 
seroconversions by either virus neutralisation or ELISA (Hübschle et al. 1983).

Table 6.1 Natural or 
experimental clinical 
syndromes associated with 
porcine Teschovirus infection 
(Alexandersen et al. 2012)

Syndrome Associated PTV serotypes

Polioencephalomyelitis PTV-1, PTV-2, PTV-3, PTV-5, 
PTV-12, PTV-13

Reproductive disorders PTV-1, PTV-3, PTV-6
Diarrhoea PTV-1, PTV-2, PTV-3, PTV-5
Pneumonia PTV-1, PTV-2, PTV-3
Pericarditis and myocarditis PTV-2, PTV-3
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6.5.3  Post-mortem Lesions

No gross lesions are associated with PTV-induced polioencephalomyelitis. 
Throughout the CNS non-suppurative polioencephalomyelitis with perivascular lym-
phocytic cuffing is usually found upon histological examination of affected tissues. 
Neuronal degeneration (swelling, chromatolysis and necrosis) and axonal degenera-
tion are often present in the late stages of disease (Yamada et  al. 2007). Grossly, 
pericarditis is serofibrinous with a cloudy pericardial effusion that quickly forms a 
coagulum upon standing. Occasionally focal myocardial necrosis with cellular infil-
trate is also present.

6.5.4  Virus Isolation

Porcine origin primary and secondary kidney cells are very susceptible to PTV and 
mostly used for isolation. The virus also replicates well in some established cell 
lines, like IBRS-2 (porcine kidney cells). The cultured PTVs have been identified 
with virus neutralisation (VN) or immunofluorescence antibody (IFA) assays 
(Knowles 2015). VN and IFA assays are time consuming and, respectively, take 72 
and 12 h.

6.5.5  Nucleic Acid Detection

The gold standard test for the PTV diagnosis is the detection of the nucleic acids. 
‘Palmquist RT-PCR’ enables the detection and differentiation of PTV from porcine 
sapeloviruses (PSVs) with a single primer pair and multiplex ‘Zell RT-PCR’ with 
three primer pairs can differentiate among PTV, PSV and porcine enteroviruses 
(PEVs) (Palmquist et al. 2002; Zell et al. 2000). These RT-PCR tests are very spe-
cific, sensitive and rapid, and do not cross-react with pseudorabies virus, porcine 
reproductive and respiratory syndrome virus (PRRSV), porcine parvovirus, porcine 
coronavirus, porcine reovirus or picorna-like virus.

A rapid detection system using reverse transcription loop-mediated isothermal 
amplification (RT-LAMP) was developed in China (Wang et al. 2011). The nucleic 
acid-based multiplex PCR assay for the detection of common porcine viral infec-
tions was developed for easy detection of viral diseases. A probe-based real-time 
RT-PCR reports high sensitivity and specificity, allowing a detection limit of ten 
copies (Zhang et al. 2013).
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As there are several types of PTV exit all over the world, the genotyping of PTVs 
has a great impact on understanding the epidemiology of PTVs. The neutralising 
epitopes identified in both VP1 and VP2 are used for typing and molecular epidemi-
ology of PTVs. Some of the details of primers and targeted gene are mentioned in 
Table 6.2.

6.5.6  Antibody Detection

PTV is a ubiquitous virus; therefore, a single positive serological test does not 
indicate the presence of the infection. However, clinical signs associated with 
a four- fold rise in antibody titre in paired serum samples are considered posi-
tive for PTV.  An ELISA is also available for detection and typing of PTV 
infections.

Table 6.2 RT-PCR assays used for detection and genotyping of PTVs

Assays Primer sequences
Targeted 
gene References

RT-PCR 5′-AGTTTTGGATTATCTTGTGCCC-3′ 5′NTR Zell et al. (2000)
5′-CCAGCCGCGACCCTGTCAGGCAGCAC-3′

nRT-PCR 5′-TGAAAGACCTGCTCTGGCGCGAG-3′
5′-GCTGGTGGGCCCCAGAGAAATCTC-3′

Duplex PCR 
for PTV and 
PSV

5′-GTGGCGACAGGGTACAGAAGAG-3 5′UTR Palmquist et al. 
(2002)5′-GGCCAGCCGCGACCCTGTCAG-3′

RT-PCR 
(PTV-1 
specific)

ATGCCTTTGAGACCTGTTAATGA VP3-VP1 
of PTV-1

Zell et al. (2000)
CAACATTAGTCATCTTTGTAATTGT

RT-PCR 
(genotyping)

GCATCHAAYGARAAYCC VP1 La Rosa et al. 
(2006)CCAAAYCCAAARTCYTG

RT-PCR 
(genotyping)

CACCARYTGCTTAARTGYKGTTGG VP2 Kaku et al. (2007)
CACAGGGTTGCTGAAGARTTTGT

RT-LAMP CACATCAATGACACGGGTTTTCCC 3DPol Wang et al. (2011)
TCGCCTTCTTTCACAAGAATCCCG

Multiplex 
RT-PCR 
(PTV, 
PRRSV, 
CSFV)

GTGGCGACAGGGTACAGAAGAG 5′UTR Liu et al. (2011)
GGCCAGCCGCGACCCTGTCAG

Real-time 
RT-PCR

5′-CTCCTGACTGGGCAATGGG-3′ 5′UTR Zhang et al. 
(2013)5′-TGTCAGGCAGCACAAGTCCA-3′
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6.5.7  Differential Diagnosis

The PTV disease needs to be differentiated from the following disease:

Viral diseases Pseudorabies (Aujeszky’s disease)
Classical swine fever (hog cholera, acute form)
Japanese encephalitis
Haemagglutinating encephalomyelitis
Rabies
Porcine reproductive and respiratory syndrome (PRRS) virus (highly virulent 
strains)

Bacterial 
diseases

Meningoencephalitis induced by Streptococcus suis
Oedema disease induced by Escherichia coli enterotoxemia

Poisonings Salt (water deprivation), lead, insecticides

6.6  Prevention and Control

As with most viral infections, control measures for PTV depend upon prevention 
rather than treatment. Hosts infected with a mild form of PTV may survive if their 
appetite returns after the transient paresis phase. Teschovirus encephalomyelitis 
needs reporting to the authorities (Knowles 2015; http://www.oie.int/animal-health-
in-the-world/information-on-aquatic-and-terrestrial-animal-diseases/).

6.6.1  Immunity

IgG and IgM antibody-mediated humoral immune response is the primary anti-
PTV immune response. IgA antibodies generated within the intestinal tract have 
shown to be protective when the virus enters orally. Persistent virus infection may 
develop in the intestinal tract due to failure of antibody production. Maternal anti-
bodies are effective to prevent viremia and transplacental spread of PTV.  PTVs 
spread slowly through intrauterine causing foetal deaths at different developmental 
stages (Wang and Pensaert 1989). Foetal anti-PTV antibodies are mainly IgM type 
followed by IgG, which starts developing by 70 days and matures by 90 days (Wang 
et  al. 1973). These antibodies can protect the foetus from infection during this 
stage. Maternal antibody acquired from colostrum can protect after weaning (Wang 
and Pensaert 1989).
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6.6.2  Cross-Protection

Antibody-mediated immunity has a more important role in protection against PTV- 
induced disease (Alexandersen et al. 2012). Due to high PTV serotype/genotype 
diversity, cross-protection is not likely to occur.

6.6.3  Preventive Measures

Successful control methods for PTV-induced encephalomyelitis include movement 
controls, quarantine, slaughter and ring vaccination.

 (a) Vaccines: Commercial attenuated and inactivated vaccines were available in 
central Europe and Madagascar during the higher incidence of clinical disease 
of PTVs but discontinued later as the disease became rare. As the disease is 
caused by several PTV serotypes, developing a vaccine from multiple serotypes 
is quite challenging. Vaccination may be economical to control the virulent 
form of Teschen disease and to protect valuable breeder stocks, sows or pigs.

 (b) Restrictions in imports from PTV-affected countries could help in limiting the 
spread of the virulent PTV-1 strain. Quarantine and slaughter would likely be 
effective control measures.

 (c) Introduce new breeding stock into the unit more than 1 month before breeding 
to expose them to enzootic or endemic PTV strains and allow the development 
of immunity.

 (d) Closed-herd system reduces the risk of introducing extraneous viruses, but it is 
not possible to eliminate this risk since the relatively resistant PTVs transmit by 
a variety of fomites.
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Chapter 7
Animal Flaviviruses

Shailendra K. Saxena, Swatantra Kumar, and Amrita Haikerwal

Abstract The burden of Flavivirus has made the whole world susceptible towards 
its infection. Japanese encephalitis virus (JEV) is the causative agent of Japanese 
encephalitis, a paediatric disease causing mortality and morbidity in children but 
is not limited to them. Animals are playing a crucial role in Flavivirus life cycle 
such as pigs are amplifying host for JEV and migratory birds are reservoirs for 
WNV. The resurgence of JEV majorly occurs at the time of ambient temperature 
and precipitation facilitating favourable breeding habitats of mosquitoes generally 
in paddy fields. WNV also causes neurological diseases like encephalitis in 
humans and mostly in horses. Despite the differences in pathogenesis and tropism, 
flaviviruses exhibit similarity in the overall genome organisation. CD209, C-type 
lectin receptor, also known as DC-SIGN, is crucial for virus attachment both for 
JEV and WNV. Host immune response during Flavivirus infection involves both 
innate and adaptive immune responses for clearance of the virus. Several vaccine 
candidates are available for human use; however, vaccine for livestock is 
 underdeveloped. To improve the life expectancy of animals live attenuated virus or 
 inactivated virus is used for the vaccination. This chapter majorly focuses on 
 replication cycle, incidences, and prevalence in livestock, transmission cycle, risk 
factors, immunobiology, diagnostics, prevention, and control strategies.

Keywords Flavivirus · Japanese encephalitis virus · West Nile virus · 
Transmission cycle · Immunobiology and risk factors
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Abbreviations

CDC Centres for Disease Control and Prevention
DCs Dendritic cells
DENV Dengue virus
JEV Japanese encephalitis virus
MIF Macrophage migration inhibitory factor
NTPase Nucleotide 5′ triphosphatase
PRNT Plaque reduction neutralisation assay
TNF-α Tumour necrosis factor alpha
WHO World Health Organization
WNV West Nile virus
YFV Yellow fever virus

7.1  Preamble

Vector-borne viruses from Flaviviridae family are the leading cause of disease and 
death among animals and humans. Flavivirus, Pestivirus, and Hepacivirus are the 
three categorised genus under Flaviviridae (Simmonds et  al. 2017). The term 
“Flavivirus” is originated from the Latin word flavus means yellow defining  jaundice 
caused by yellow fever virus. More than 70 viruses have been classified as Flavivirus, 
where 16 are tick borne, 40 are mosquito borne, and rest do not possess known 
 vectors (Mukhopadhyay et al. 2005). Most prominent mosquito-borne flaviviruses 
are Japanese encephalitis virus (JEV), Zika virus (ZIKV), dengue virus (DENV), 
West Nile virus (WNV), and yellow fever virus (YFV). Flaviviruses can be divided 
into distinct serological groups such as DENV serogroup, JEV serogroup, and less 
serological cohesive YFV groups. Based on molecular phylogenetics, Flaviviruses 
can be further subdivided into clades, clusters, and species (Kuno et  al. 1998). 
Flaviviruses are also categorised as neurotropic viruses infecting the central nervous 
system with prominent neurological impairment as encephalitis in case of JEV 
(Solomon 2004) and DENV (Garg et al. 2017) while Guillain–Barré syndrome and 
microcephaly during ZIKV infection in humans (Broutet et al. 2016). Animals are 
playing a crucial role in Flavivirus life cycle such as pigs are amplifying hosts for 
JEV (Mansfield et  al. 2017) and migratory birds are virus reservoirs for WNV 
(Pérez-Ramírez et al. 2014).

Despite the differences in pathogenesis and tropism, flaviviruses exhibit simi-
larity in overall genome organisation though they have differences in translation 
 mechanism (Neufeldt et  al. 2018). The size of the Flavivirus virions is about 
500 Å in diameter that comprises an ~11 kb single positive-sense RNA strand 
genome sheltered within capsid protein and enclosed by 180 copies of envelope 
glycoproteins.
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The flaviviral genome has a single open reading frame encoding a long polyprotein 
of 3400 amino acids with type 1 cap on the 5′ end. The N-terminus of the  polypeptide 
is devoted to structural protein synthesis—capsid (C), pre-membrane (PrM), and 
envelope (E) which constitute the virus particle—whereas the remainder of the 
genome is dedicated for seven non-structural proteins—NS1, NS2A, NS2B, NS3, 
NS4A, NS4B, and NS5 (Fig. 7.1). NS1 protein is a secretory in flaviviruses (Muller 
and Young 2013), and NS2A is crucial in the early replication process and generation 
of infectious particles. The NS2B acts as a cofactor and helps in the NS3 recruitment 
to the ER membranes (Li et al. 2016). NS3 possesses more than one activity with 
protease, nucleotide 5′ triphosphatase (NTPase), and helicase activity (Li et al. 2014). 
NS4A has a membrane curvature-inducing activity and is an integral membrane 
 protein (Miller and Krijnse-Locker 2008) whereas NS4B has no enzymatic activity 
though it’s crucial for virus replication by interacting with NS3 (Apte-Sengupta et al. 
2014). The N-terminal of NS5 has guanine-N7- methyltransferase, guanylyltransfer-
ase, and nucleoside-2-O-methyltransferase activity responsible for methylation of the 
viral genome and 5 RNA capping. The C-terminal domain of NS5 has RNA-dependent 
RNA polymerase (RdRp) and causes viral RNA synthesis (Zou et al. 2011).

7.2  Flavivirus Replication

Upon ingestion of blood meal by infected mosquito bites, Flavivirus enters into 
primary host cells such as skin dendritic cells during JEV/WNV infection (Lannes 
et al. 2017). The attachment factors or receptors are required for binding of virions 
on the target cells following interaction with secondary receptors for internalisation. 
CD209, C-type lectin receptor (DC-SIGN), is crucial for virus attachment both for 
JEV and WNV (Wang et al. 2016). Flavivirus enters into the host cells via clathrin- 
mediated endocytosis, exposing the virus to acidic endosomal compartments that 
results in viral and endosomal membrane fusion due to conformational rearrange-
ment of envelope glycoproteins (Nour et al. 2013). The fusion of the membranes 
induces viral RNA release into the cytoplasm, which undergoes cap-dependent 
translation via ribosomes at rough endoplasmic reticular membrane leading to 
 polypeptide synthesis. The polyprotein is processed into three structural and seven 

Fig. 7.1 Flavivirus genome. Flavivirus genome is ~10.5 kb long encoding three structural  proteins: 
capsid (C), premembrane (prM), and envelope (E) and seven non-structural proteins: NS1, NS2A, 
NS2B, NS3, NS4A, NS4B, and NS5. The genome comprises untranslated region (UTR) at 3′ and 
5′ ends. The flavivirus RNA undergoes cap-dependent translation via rough endoplasmic reticulum 
(RER)
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 non- structural proteins by viral proteases and host signal peptidases. The cleaved 
proteins are associated with the intracellular membrane of ER where the 
 non- structural proteins coordinate the invaginations of the ER membrane and the 
sites of RNA amplification via negative-strand RNA (−) (RNA) synthesis (Paul and 
Bartenschlager 2015). The generated (+) RNA strand by viral replicase complex 
will be encapsulated in viral particles via virus encapsidation process following 
budding into the ER lumen, which occurs in the regions opposite to the replication 
sites (Shi and Suzuki 2018). Maturation of virus results in cleavage of prM to M via 
furin, a Golgi apparatus-resident protease (Fig. 7.2). Infectious mature viruses exit 
the cells via a conventional process known as egress (Murray et al. 2008).

7.3  Japanese Encephalitis Virus

7.3.1  Origin of Japanese Encephalitis Virus

JEV is a positive-sense single-stranded RNA virus from genus Flavivirus and family 
Flaviviridae. A phylogenetic study reveals the origin of JEV in the area of Malay 
Archipelago from the ancestral virus (Solomon et al. 2003). Evolution of JEV has 
probably transpired 1000 years ago into various genotypes (I–V) and subsequently 
widespread across Asia. The first case of Japanese encephalitis (JE) with the clinical 
presentation was reported in 1871 in Japan, and afterwards, around half a century later, 
more than 6000 clinical cases were identified (WHO 2019). Consequently,  several 
outbreaks have been reported in the years 1927, 1934, and 1935. The  aetiological 
agent was isolated from the human brain in 1935 and 10 years later was proven as JEV 
when the isolate was transfected into monkey (Erlanger et al. 2009). The first case of 
JE in several countries was reported such as Korea in 1933; China in 1940; the 
Philippines in 1950; Malaysia in 1952; and India in 1955. In 1938, the life cycle of 
JEV has been demonstrated with the involvement of wading birds, Culex tritaenio-
rhynchus, as a vector and pigs as amplifying host (van den Hurk et al. 2009).

7.3.2  Genotype of JEV

JEV can be categorised into five genotypes as GI–GV (Schuh et al. 2014). The most 
predominant genotype is GIII which is widely distributed among Asian countries as 
Japan, People’s Republic of China, South Korea, Taiwan, the Philippines, India, 
Nepal, and Sri Lanka. Nonetheless, in the past decades, the GI has replaced the GIII 
in several countries, including China, South Korea, and Thailand (Fulmali et al. 2011). 
Furthermore, GI has been categorised into GI-a prevalent in mostly tropical regions, 
and GI-b reported in temperate regions. The GV has re-emerged after around 60 years 
of undetected virus circulation (Schuh et  al. 2013a). GIV has been confined to 
Indonesia only, and the reason remains undefined (Schuh et al. 2013b) (Fig. 7.3).
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7.3.3  Incidence and Prevalence of JEV in Livestock

JEV is a zoonotic viral infectious disease and is the foremost cause of viral 
 encephalitis in Southeast Asia, East Asia, and Australia with approximately 68,000 
clinical cases and 24,000 deaths yearly (Campbell et  al. 2011). According to the 
World Health Organization (WHO), 24 countries in the Western Pacific Regions and 
Southeast Asia have endemic JEV transmission, and about 3 billion people are at risk 
for JEV infection (WHO 2019). The epidemic and endemic areas of JE are described 
to have the prevalence of the extensive host range. A systemic review of the global 
epidemiology of human JEV infection suggests that the actual incidence of JE is 
approximately ten times elevated than the WHO reports (Wang and Liang 2015). 
Surveillance systems monitoring the viremia profiles of domestic animals are imper-
ative for understanding the host range, vector transmission, and ecological distribu-
tion of JEV. Seroprevalence of JE in livestock animals in Malaysia shows highest 
seropositivity in dogs and pigs (Kumar et al. 2018). An epidemiological survey of JE 
incidence in China shows the highest seropositivity in pigs (Zhang et  al. 2017). 

Fig. 7.3 Geographical distribution of JEV genotypes: GIII is widely distributed among Asian 
countries as Japan, People’s Republic of China, South Korea, Taiwan, the Philippines, India, 
Nepal, and Sri Lanka. In the past decades, the GI has replaced the GIII in several countries 
 including China, South Korea, and Thailand and GIV has been confined to Indonesia only
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Periodic cases of JE in equine have been documented in diverse  countries where the 
mortality rate ranges from 5% to 30%. The epidemiological data of Korea shows the 
variable incidence rate among the domestic animals where wild birds represent 
86.7%, cattle shows 51.7%, horse shows 49.7%, and goat shows 12.1% incident rate 
(Wang and Liang 2015). Similar surveillance programme of JE shows 10% seroposi-
tivity among equines in different regions of India (Gulati et al. 2011).

7.3.4  Transmission of JEV

Frequent cases of human JEV infection in the endemic areas can be associated with 
intense pig husbandry and agricultural rice fields, which describe the pig-associated 
rural cycle of JEV infection (Su et al. 2014). Pigs play a crucial role in the JEV life 
cycle where it acts as amplifying hosts with a high level of viremia (Cappelle et al. 
2016). The clinical presentations of JEV infection among the host are diverse as 
mild symptoms represented by pigs, and severe disease reported in human and horse 
delineating the dead-end host (Fig. 7.4) (Impoinvil et al. 2013).

Moreover, another vertebrate such as dogs, ducks, reptiles, and chickens shows 
higher seroprevalence, suggesting the diverse host range of JEV (Oliveira et  al. 
2017). JEV is primarily transmitted through infected mosquito bites where Culex 
tritaeniorhynchus, Culex vishnui, and Culex pseudovishnui are the most significant 
mosquito species. Vertical transmission of JEV entails other species of mosquitoes 

Fig. 7.4 Flavivirus transmission. Transmission cycle initiates with an infected mosquito biting 
(Culex sp.) to the amplifying hosts. Pigs and egrets act as the amplifying host and reservoir for JEV 
whereas wandering birds are the amplifying host and reservoir for WNV. Human and horse are the 
dead-end hosts in both the transmission cycle
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including Culex annulus, Culex pipiens, Aedes albopictus, and Aedes togoi (Rosen 
et al. 1989). The association between mosquito and water birds defines the ecologi-
cal perspectives of JEV and is known as a bird-associated life cycle. The prevalence 
of JE in the low-pig-density areas over other livestock suggests the importance of 
diverse host range for virus transmission. The role of domesticated birds in the virus 
transmission is significant where ducks and chickens represent sufficient viremia to 
infect mosquitoes (Lord et al. 2015). Furthermore, under experimental conditions, 
the infected Culex tritaeniorhynchus choose to feed cattle over pigs, and it has also 
been demonstrated in the natural infection of JEV in India (Philip Samuel et  al. 
2008). Vector-free transmission of JEV has been demonstrated where oronasal 
secretions from pigs make others susceptible to virus infection (Ricklin et al. 2016a).

7.3.5  Risk Factors Associated with JEV Infection

The geographic expansion of JE indicates that around 50% of the world population 
is living in JE endemic areas. The emergence of JE can be explained by several 
biological, ecological, and socioeconomic factors. Biological factors include vector 
population dynamics, sero-cross-reactivity with other flaviviruses, and vector-free 
transmission (Kilpatrick and Randolph 2012). Ecological factors include diverse 
agricultural practices, increased mean summer temperatures, increased migration of 
water birds, and increased pig farming (Tian et  al. 2015). The role of seasonal 
 variability is imperative in Taiwan, where the occurrence of JE cases intensifies 
between May and August during 1991–2005 (Lin et al. 2017).

Similarly, seasonal rainfall is responsible for an increase in the mosquito 
 population and can be correlated with the modulation of various meteorological 
parameters (Ramesh et  al. 2015). Socioeconomic factors include international 
travel, inadequate public health systems, and peri-urban growth (Luo et al. 1995). 
Apart from the mentioned risk factors, the absence of effective mass vaccination 
programme in the endemic areas may result in the emergence of JE cases.

7.3.6  Immunobiology of JEV

Host immune response during JEV infection involves both innate and adaptive immune 
responses for clearance of the virus. Humoral immune response has been well  established, 
whereas cell-mediated immune response is the current area of research worldwide. The 
role of T cell for the effective maintenance of  antibody- mediated response suggests the 
association of humoral and cell-mediated immunity to prevent immunopathogenesis and 
to understand the persistence of JEV in CNS (Larena et  al. 2011). Ironically, the 
 host-mediated immune response against the virus is critically responsible for clinical 
pathology, which is termed as encephalitis. In several studies neutralising antibodies have 
been demonstrated to be protective against JEV infection. However, antibody-mediated 
immune response is protective in case of anti-NS1 IgG1 antibodies (Li et  al. 2012). 
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During the acute period of JEV infection, neutralising  antibodies are responsible for the 
abolishment of viral replication and viral spread whereas these antibodies are known to 
reduce the cytopathic effect in the chronic infection resulting in low tissue damage. 
Greater extent of antigenic resemblance among flaviviruses causes the antibody-depen-
dent enhancement of infection (Pierson et al. 2008).

The involvement of lymphocyte during JEV infection in humans has been 
 identified; however, the precise role is not well established and is the current area of 
research worldwide. Adoptive intracerebral inoculation of JEV-primed T cells along 
with the lethal viral dose in mice suggests the involvement of T cells in protection 
(Murali-Krishna et al. 1996). Clinical studies are suggesting the principal role of 
NS3 viral proteins for eliciting the CD8+ and CD4+ T-cell responses. The rationale 
behind CD8+ and CD4+ T-cell responses in JEV-infected individuals reveals the 
source of antigens from the amino acid sequences ranging from 193 to 324 (Kumar 
et al. 2004). A recent study using a synthetic peptide library suggesting the human 
T memory cell response during JEV infection is differentially targeted. The CD8+ 
T-cell response is predominant in healthy donors exposed with JEV, whereas the 
CD4+ T-cell response shows dominance in recovered JE patients (Turtle et al. 2016).

Furthermore, the function of IFN-γ in the host defence mechanism during viral 
infection and T cells is involved in the IFN-γ production for clearance of virus from 
CNS (Larena et al. 2013). Also, the microenvironment of cytokines during early JEV 
infection plays a crucial role in the host immune response. Dendritic cells (Dcs) are 
the principal source of proinflammatory cytokines and upon JEV infection Dcs 
secrete higher levels of IL-8, IL-6, and TNF-α and more efficiently expand the 
 pre-existing Treg cells (Gupta et al. 2014). To establish a successful infection, JEV 
modulates both the adaptive and innate immune responses. The viral genome 
encodes 3400-amino acid-long polyprotein which undergoes  processing via virus 
proteases and host signalase and gives rise to three structural and seven non- structural 
proteins. The viral proteins are involved in modulating the host defence mechanisms, 
and the incidents are characterised as the viral immunopathogenesis (Kumar et al. 
2016). The immunopathogenesis of JEV in animals is not well understood; however, 
studies on pigs are suggesting that the viral tropism is not limited to the CNS only; 
rather it involves secondary lymphoid organs as well (Ricklin et al. 2016b).

7.3.7  Diagnostics for JEV Infection

JEV infection in most of the animals is asymptomatic that creates challenges for 
 identification and prevalence of JEV in livestock population. Various aspects of 
 diagnosis are taken into consideration which combines the clinical, serological, and 
pathological evaluation of infection (Table 7.1). The perfect diagnosis in equines can 
be achieved upon isolation of virus from the CNS tissue of infected horse (WHA 
2016). In vitro isolation of virus involves primary cell culture and secondary cell 
lines for the propagation of isolated virus samples. Plaque assay can be utilised for 
determination of viral titre and infectivity rate and pathogenicity of the isolated 
strain. The handling of the infectious samples should be processed under biosafety 
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level 3 laboratories. The serology-based diagnosis is unreliable and may result in 
false-positive data due to sero-cross-reactivity among flaviviruses or previous expo-
sure of animals to JEV infection (Hobson-Peters 2012). Therefore, the serological 
based diagnosis has to be validated in the context of viral titre. The plaque reduction 
neutralisation assay (PRNT) is considered to be an effective serological based 
 diagnosis for JEV infection in animals (OIE 2012).

Furthermore, ELISAs can be utilised where IgM-specific antibodies can be 
detected for an acute case of JEV infection (Litzba et al. 2010). In animals, the anti-
 NS1 antibody can be detected to differentiate the natural infection and vaccinated 
animals (Konishi et al. 2006). One of the most common diagnostic platforms is the 
nucleic acid-based detection of JEV. The three available nucleic acid-based assays 
are reverse transcription polymerase chain reaction, real-time PCR, and reverse 
transcription loop-mediated isothermal amplification (RT-LAMP). All the three 
assays are highly specific in case of detection of JEV in blood sample (Dhanze et al. 
2015). All the genotypes show at least 12% of sequence variation, and some of the 
nucleotide-based assays have been developed to differentiate among the genotypes, 
specifically GI and GIII by using RT-PCR (Chen et al. 2014).

Table 7.1 JEV and WNV diagnosis

S. 
no. Test Detects

JEV diagnosis

1 ELISA JEV antigen
2 PRNT assay Titre of neutralising antibody
3 Indirect immunofluorescence test (IIFT) Specific reactivity of antibodies with 

viral antigen
4 Haemagglutination inhibition (HI) test Detect and quantify the concentration 

of virus by titration
5 Complement fixation test (CFT) Antibody titre against viral antigen
6 Reverse transcription-polymerase chain reaction 

(RT-PCR)
Viral RNA

7 Reverse transcription-loop-mediated isothermal 
amplification
(RT-LAMP) assay

Virions

WNV diagnosis

1 VecTOR test Viral antigen
2 Antigen capture ELISA Viral antigen
3 Rapid analyte measurement platform (RAMP) Viral antigen
4 Virus isolation in suckling mouse Infectious virus
5 Virus isolation in Vero cell culture Infectious virus
6 Conventional RT-PCR Viral RNA
7 Nucleic acid sequence-based amplification 

(NASBA)
Viral RNA

8 TaqMan (real-time RT-PCR) Viral RNA
9 Reverse transcription-loop-mediated isothermal 

amplification (RT-LAMP)
Viral RNA
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7.3.8  Prevention and Control Strategies for JE

Several vaccine candidates (Table 7.2) are available for human use; however,  vaccine 
for livestock is underdeveloped. Live attenuated virus or inactivated virus is adminis-
tered to improve the life expectancy of animals. Anyang300 (live attenuated vaccine) 
has been administered in the swine in South Korea from the last 30 years, which 
shows the reduction of JE in the swine (Nah et al. 2015). Another approach utilises 
the DNA vaccine encoding viral structural proteins or DNA vaccine has been used in 

Table 7.2 JEV and WNV vaccines

S. 
no. Vaccine name Status

Human/
animal Remark

JEV vaccine

1 Anyang300 vaccine Available Animals Live JEV vaccine using 
Anyang300 strain

2 JEV G1 vaccine Clinical trial, phase I Animals Inactivated JEV G1 
(KV1899 strain) containing 
recombinant porcine 
GM-CSF

3 JENCEVAC Phase III trial completed Human Mouse brain purified 
inactivated JE vaccine

4 IXIARO Based on SA-14-14-2, 
approved for use in 
some countries

Human Vero cell-inactivated vaccine

5 ChimeriVax Based on phase I–III 
clinical trial, approved 
in some countries

Human Live, attenuated recombinant 
virus constructed from 
yellow fever (YF) 17D

6 JENVAC Phase III trial completed Human Vero cell-derived vaccine 
developed using an Indian 
strain of JEV

WNV vaccine

1 West Nile innovator Commercially available Animals Whole inactivated WNV
2 Vetera vaccine Commercially available Animals Whole inactivated WNV
3 West Nile-innovator 

DNA
Discontinued Animals Plasmid DNA PrM/E

4 Recombitek Commercially available Animals Canarypox expressing 
PrM/E

5 Prevenile Recalled Animals YF17D backbone expressing 
WNV PrM/E

6 ChimeriVax-WN02 Clinical trials, phase II Humans Chimeric YF17D backbone 
expressing WNV PrM/E

7 Chimeric WN/
DEN4-3′delta30

Clinical trials, phase I Humans Chimeric DV4 backbone 
expressing WNV PrM/E

8 Clinical trial VRC303 Clinical trials, phase I Humans Plasmid DNA expressing 
PrM/E

9 WN-80E Clinical trials, phase I Humans Soluble E lacking the 
transmembrane domain
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combination with the inactivated virus (Konishi et  al. 2000). Several imperative 
advantages are associated with this approach, such as preventing foetal abnormali-
ties, generation of immunological memory, and production of neutralising antibodies.

Furthermore, vaccination in horses shows higher efficacy in preventing the 
occurrence of disease. An alternative and effective approach is to control the vector 
population in the endemic areas for preventing the transmission of the virus (Benelli 
et al. 2016). Insecticides such as pyrethrins in the form of fogging can be applied in 
the animal housing areas, including the use of mosquito-proof screen for preventing 
access of vectors to the animals (Karunaratne and Hemingway 2000).

7.4  West Nile Virus

7.4.1  Origin of West Nile Virus

West Nile virus is a member of genus Flavivirus in family Flaviviridae and shares 
similar immunological properties with Japanese encephalitis virus and St. Louis 
encephalitis virus. The virus was first characterised as a distinct pathogen in 1937 
isolated from the blood of a febrile woman in the West Nile region of Uganda 
(Smithburn et  al. 1940). Transmission of WNV occurs between ornithophilic 
 mosquito vectors and migratory birds as primary and reservoir hosts, where humans 
and several other mammals act as incidental or dead-end hosts. With around 20% of 
symptomatic cases among humans and horses, 1% of cases in humans represent with 
neurological manifestation along with 1–10% fatality rate (Danis et al. 2011) while 
in horses 90% of cases have neurological diseases and approximately 30–40% fatal-
ity rates (Ward et  al. 2006). Thus, the distribution of WNV extended throughout 
Africa, the Middle East countries, Eurasia, and then North and South America, 
affecting the health of the public, domestic animals, and wildlife (Karabatsos 1978). 
During 1999–2001 in the United States, 149 clinical cases associated with WNV in 
humans were reported with encephalitis and meningitis, there were 814 cases of 
equine encephalitis, and 11,932 birds died with major fatality occurring in crows 
(Komar et al. 2003). ArboNET, an arboviral surveillance system governed by Centers 
for Disease Control and Prevention (CDC, USA), monitors the associated avian 
deaths, which also include WNV. Apart from a mosquito bite, the transmission route 
of WNV reported among birds might be through contact or oral transmission.

7.4.2  Incidence and Prevalence of WNV

WNV was not considered as a potential threat to public health at the time of its 
discovery; however, during the 1950s the Middle East epidemic of fever and 
encephalitis associated with WNV determined its epidemiology and ecology.  
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The clinical manifestations of WNV were identified in 1951’s Israel outbreak where 
mostly young children were infected with major symptoms like headache, abdomi-
nal pain, fever, and vomiting (Hurlbut et al. 1956). Numerous outbreaks of WNV in 
Egypt during the 1950s led to the detection of high seroprevalence rate among the 
population which instigated an extended study including sero-surveys in animals, 
WNV vector identification, and experimental infection of arthropods, birds, humans, 
and equines. These findings greatly helped in understanding the epidemiological 
and clinical aspects of WNV. Sero-surveys among animals suggested a wide range 
of hosts such as birds and other mammals including equines.

Interestingly, a finding demonstrated that the virus could be specifically isolated 
from mosquitoes and not from other arthropods, establishing mosquitoes as the 
primary vectors. In 1957, for the first time severe neurological manifestations were 
reported in an elderly group during an outbreak in Israel (Hayes and Gubler 2006). 
In 1974, South Africa outbreak patients with meningitis or encephalitis were 
reported. However, symptomatic patients with neurological manifestations were 
sporadic, and the majority of patients developed the mild febrile disease. WNV 
outbreaks occurred intermittently in Russia, India, Spain, and South Africa; 
 however, large outbreaks were insignificant in number during the late 1970s and 
1980s. In 1999, the WNV strain was detected in North America, specifically 
Queens and New  York City where more than 150 species of dead birds were 
reported WNV positive. The virus was isolated from the carcasses of dead birds, 
and the number was confirmed using WNV-specific RNA sequences. The New York 
City 1999 strain was virulent in American crows (Corvus brachyrhynchos). In 
2003, WNV strains were found to be attenuated in birds present in Texas and 
Mexico, showing phenotypic variation in WNV strains in Western countries (Davis 
et al. 2004). In the year 2006, cases of WNV have been reported in Assam, India, 
during surveillance of acute encephalitis syndrome with 11.65% of positive cases. 
Furthermore, WNV has been reported in clinical samples in West Bengal, India 
(Khatun and Chatterjee 2017).

7.4.3  Transmission of WNV

WNV transmission involves mosquito-bird-mosquito cycle where mosquitoes 
majorly belong to Culex sp. (Turell et al. 2001) (Fig. 7.3). However, in the United 
States alone, WNV has been isolated from 29 different species of mosquito belong-
ing to ten genera. Culex pipiens was abundantly found as an epizootic vector in 
birds in Northern region of the United States. Similarly, C. quinquefasciatus, 
C. nigripalpus, and C. tarsalis were the epidemic vectors of WNV in other parts of 
North America (Sardelis et al. 2001). In Africa, C. univittatus was significantly the 
most important vector of WNV transmission to human beings. WNV has been iso-
lated from both soft and hard ticks in some parts of Eastern hemisphere, yet ticks are 
not considered as an important epizootic vector. Birds are the amplifying hosts and 
are considered as natural reservoirs for WNV; 111 bird’s species were infected in 
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North America alone with WNV (Centers for Disease Control and Prevention 
(CDC) 2002). These infected avian species initially developed a high viral load to 
increase WNV transmission to feeding mosquitoes; however, these infected birds 
generally survived their viremia and generated immunity against it. However, a few 
species of the birds were reported to become ill and died. Introduction of WNV 
strains in Mediterranean and European countries was due to infected migratory 
birds. Various mammalian species are receptive of getting naturally or experimen-
tally infected with WNV.  A wide range of mammalian species such as human 
beings, few species of bats, horses, squirrels, chipmunks, cats, skunks, and rabbit 
had been naturally infected with WNV.

7.4.4  Immunobiology of WNV

With the mosquito bite, the WNV replicates for a limited time in Langerhans cells 
(LCs) of the epidermis (Garcia-Tapia et al. 2007), further infecting dendritic cells 
(DCs) in lymphoid tissues where they secrete cytokines such as INF-α and INF-β 
(Liu et al. 2006). During the transient viremia or acute phase of infection, WNV 
could also be isolated from blood. These dendritic cells also secrete tumour necrosis 
factor alpha (TNF-α) (Diamond et al. 2003), and macrophage migration inhibitory 
factor (MIF) (Arjona et al. 2007) that induces alterations in the integrity of BBB 
leading to leakage of plasma and cellular proteins in the brain, thus resulting in 
neuroinvasion of WNV.  This induces production of cytokines/chemokines and 
migration of immune cells in the brain, leading to severe inflammation and death of 
neurons, further causing the disruption of BBB and inhibiting the differentiation 
and proliferation of neural progenitors. WNV can persist in neurons for a long time 
to evoke both innate and adaptive immune response.

7.4.4.1  Innate Immune Response

With the WNV infection, LCs are activated and DCs overexpress MHC II mole-
cules, CD80, E-cadherin, and CD54 (Byrne et al. 2001). These cells within 24–48 h 
eventually migrate to draining lymph nodes, initiating activation of innate immune 
response comprising secretion of various cytokines and chemokines, complement 
system activation, proliferation of leukocytes in lymph nodes, processing, and 
 presentation of antigen to T cells. Pathogen recognition receptors (PRRs) such as 
toll- like receptors (TLR-3, TLR-7), a retinoic-acid-inducible gene I (RIG-I), and 
melanoma-differentiation-associated gene 5 (MDA5) play an important role in rec-
ognising and responding by binding with an RNA virus. Thus, their binding leads to 
stimulation of transcription factors like IFN regulatory factors (IRF) 3 and 7, and 
expression of IFN-stimulated genes (ISGs) that induce antiviral pathways to restrict 
WNV infection. IFN stimulates Janus kinase/signal transducer and activator of 
 transcription (JAK/STAT) pathway that activates various components with antiviral 
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activity against WNV (Platanias 2005). ISGs potentiate the production of IFN-β 
inhibiting viral translation. However, several non-structural viral proteins such as 
NS2A, NS2B, NS3, NS4A, NS4B, and NS5 hinder IFN signalling at multiple stages 
within the infected cell. The expression of IFN activates T cells to inhibit WNV 
infection. γδ T cells are connecting link between innate and adaptive immune 
responses that produce Th1- or Th2-type cytokines but these cells recognise a 
 limited range of antigens as compared to αβ T cells (Poccia et al. 2005). T cells (γδ) 
generate IFN-γ, which plays a pivotal role in restricting virus propagation by several 
methods such as its antiviral activity activates Th cells and overexpression of MHC- 
I, and activates phagocytic cells.

7.4.4.2  Adaptive Immunity

WNV-infected DCs activate B cell that leads to the production of immunoglobulins 
such as IgM and IgG. These immunoglobulins are specific to WNV trigger viral 
clearance from the bloodstream. WNV virions majorly comprise two antibody 
 epitopes such as pre-membrane or membrane (prM or M) and envelope (E) proteins. 
The neutralising antibodies against WNV are targeted towards envelope and subsets 
of antibodies are against prM or M protein (Nybakken et al. 2005). They inhibit the 
entry of the virus in cells by preventing viral attachment and fusion with cells. NS1, 
a non-structural glycoprotein, binds with the host cell surface receptors. A study 
reported that antibodies against NS1 when given prophylactically or in a dose- 
dependent manner protect mice from WNV encephalitis. Cytotoxic T cells play a 
significant role in immunity against the clearance of viral load from the peripheral 
system during encephalitic flavivirus infections. The cytotoxic T lymphocytes 
(CTLs) when exposed to WNV-infected cells proliferate, release cytokines, and kill 
infected cells (Camenga et al. 1974). Studies have shown that cellular and humoral 
immune response works in combination to reduce viral blood in blood and prevent 
CNS infection.

7.4.4.3  Immune Responses Within CNS

The mechanism of WNV entry into the CNS is unclear; it might involve retrograde 
axonal transport (Samuel et al. 2007) from neurons to the spinal cord or crossing of 
the blood–brain barrier (BBB) (Samuel and Diamond 2006). WNV might breach 
the BBB by infecting macrophages or endothelial cells, or disruption of BBB by 
upregulation of cytokines (TNF-α, MIF) (Wang et al. 2004). During the viral attack 
in CNS, WNV causes neuronal death or injury, specifically in targeted regions like 
spinal cord neurons, cortical neurons, midbrain neurons, and cerebellar neurons. 
Within the cerebellum, WNV mediates a regional upregulation of CXCL10, which 
attracts the T cells with CXCR3 receptors, i.e. CD8+ T cells to reduce the viral load 
(Zhang et al. 2008). Various studies in mice have reported that chemokines CCL3–5 
bind to CCR5 receptor and are highly induced within the brain; in an experiment 
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targeted deletion of CCR5 led to decreased trafficking of leukocytes, increased viral 
load, and neuronal deaths. However, there is a limited understanding of T-cell 
 infiltration in perivascular space during WNV encephalitis (Bouffard et al. 2004).

7.4.5  Diagnostics for WNV

WNV is considered as a threat to public health. Thus accurate surveillance of a 
number of human and animal cases is imperative. Various serological diagnostic 
methods have been developed for detection of WNV in human cases, as well as in 
mosquitoes and non-human vertebrate hosts. Infections with WNV and other 
 arboviruses that cause encephalitis are mostly asymptomatic or non-specific, as 
 several pathogens could be responsible for such clinical symptoms or manifesta-
tions. Laboratory-based diagnostic tests should be considered for the differentially 
diagnosed pathogens. Numerous diagnostic tests are available for the detection of 
WNV from blood, serum, CSF, and tissue of human, other mammals, birds, and 
reptiles (Centers for Disease Control and Prevention 2013). The confirmatory test 
for WNV identification is the IgM assay, which presently could be detected by four 
commercially available FDA-approved kits. Numerous tests are available to detect 
WNV, WNV proteins, or WNV RNA from human samples, and few of them could 
be used in other vertebrates and mosquitoes for its detection (Table 7.1).

7.4.6  Risk Factors Associated with WNV Infection

The risk factors contributing towards amplification of WNV are dependent on  climate 
conditions, including the optimum level of rainfall, precipitation and ambient tem-
perature, and geographic distribution of mosquito vectors. Several studies have 
 confirmed the correlation among ambient temperature, precipitation, and  rising num-
ber of Culex pipiens population (Paz and Albersheim 2008). Heavy rainfall and floods 
destroy the breeding habitats of mosquitoes from stagnant water whereas in drought 
condition WNV transmission increases as birds (amplifying host) and mosquitoes 
share the same water sources during its scarcity. On the other hand, risk factors asso-
ciated with clinical manifestations and diagnosis for WNV infections are critical as 
the infection is mostly asymptomatic. Only 1% of cases of WNV in humans are 
characterised by neurological sequelae such as meningitis, acute flaccid paralysis, 
and encephalitis (Gray and Webb 2014). The diagnosis of WNV infection could be 
challenging as its clinical manifestation resembles with various other viruses such as 
Japanese encephalitis virus, Kunjin, and St. Louis encephalitis. Specific tests based 
on IgM and IgG antibodies verify the identity of the virus. Several risk factors are 
host specific such as in conditions of comorbidity with hepatitis C infection, history 
of cardiovascular diseases, immunosuppression, and chronic renal diseases are 
mostly vulnerable to WNV infections. Immigration of infected individuals may also 
be one of the reasons for the spreading of WNV infection in new regions.
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7.4.7  Prevention and Control for WNV

Prevention and control of zoonotic arboviral diseases could be accomplished by 
establishing a comprehensive, integrated vector management (IVM) programme. A 
robust surveillance system to monitor the abundance of infected adult mosquitoes 
and larval mosquitoes is manifested to control the rising infection rate due to 
 vectors. The source or habitat of mosquitoes should be modified to reduce their 
number. Application of mosquito repellents, impregnated mosquito nets, larvivo-
rous fishes, oils, space sprayers, and insecticides, in addition to prevention of water 
logging, solid waste management, and disinfection of pits, leads to a reduction in 
point source of mosquito production (Haikerwal et al. 2017). The most promising 
method to prevent WNV infection is vaccination in both animals and humans. 
However, there is no commercially available licensed vaccine (Brandler and Tangy 
2013). West Nile vaccines for animals are commercially available for horses and 
other mammals. Human vaccines could be subcategorised as vaccines under clinical 
trials (Table  7.2) and preclinical trials. Various vaccine candidates are under 
 preclinical trials and are tested in animal models such as subunit vaccine, DNA 
 vaccine, inactivated virus vaccines, recombinant viral vector vaccines, chimeric 
vaccines, and live attenuated vaccines.

7.5  Conclusions

The burden of Flavivirus has made the whole world susceptible to its infection. 
Thus a detailed discussion is carried out regarding JEV and WNV; most promi-
nently they are prevalent in Southeast Asian countries and Western countries, 
respectively. Various important characteristics, such as the background of the virus, 
incidence and prevalence, transmission cycle, immunobiology, diagnostics, risk 
factors, and prevention and control, were examined to understand the complexity of 
these viruses. JEV is the causative agent of Japanese encephalitis, a paediatric 
 disease causing mortality and morbidity in children but not limited to them. The 
surveillance systems have reported cases of JEV infection in animals such as pigs, 
equine, wild birds, cattle, and goat. The resurgence of JEV majorly occurs at the 
time of ambient temperature and precipitation facilitating favourable breeding hab-
itats of mosquitoes generally in paddy fields. The transmission cycle of JEV 
involves pigs as the amplification host, water and migratory birds as the reservoirs, 
and  vector mosquitoes. Similar to JEV, WNV also causes neurological diseases like 
encephalitis in humans and mostly in horses. Transmission of WNV occurs between 
ornithophilic mosquito vectors and migratory birds as primary and reservoir hosts, 
where humans and several other mammals act as incidental or dead-end hosts. 
Thus, the surveillance system has detected a large number of avian hosts of 
WNV. These infected migratory birds had spread the virus from Uganda to Middle 
Eastern countries, then Europe, and North American countries. Both viruses could 
coexist due to structural similarities. Thus, the emergence of these viruses with a 
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wide range of vector population and establishment of virus in new geographic 
places could be prevented by considering all the factors and an internationally 
 collaborative approach.

7.6  Future Perspectives

Globalisation, deforestation, climate change, global trade, and travel, expanding the 
human population, and microbial evolution are the leading causes of emergence and 
resurgence of these flaviviruses. The natural as well as anthropogenic cause of 
 vector establishment needs to be uprooted. Currently, breeding places of mosqui-
toes are not limited to temperate, tropical, or subtropical regions; globalisation 
 leading to advanced transportation has brought the whole world at risk of Flavivirus 
infection. The prevention and control programme of zoonotic arboviral diseases 
could be accomplished by establishing a comprehensive integrated vector manage-
ment programme. A robust surveillance system to monitor the abundance of infected 
adult mosquitoes and larval mosquitoes could be manifested to control the rising 
infection rate. The source or habitat of mosquitoes should be modified to reduce 
their number. Application of mosquito repellents, impregnated mosquito nets, larvi-
vorous fishes, oils, space sprayers, and insecticides, in addition to prevention of 
water logging, solid waste management, and disinfection of pits, leads to a reduc-
tion in point source of mosquito production. The most promising method to prevent 
WNV and JEV infection is vaccination in both animals and humans. West Nile 
vaccines and JEV vaccines for animals are commercially available for horses and 
other mammals. Nevertheless, to mitigate these diseases, we must compressively 
understand the immunobiology and pathogenesis of flaviviruses in various hosts, 
including the natural host/reservoir animals.
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Chapter 8
Orbiviruses

Sushila Maan, Manjunatha N. Belaganahalli, Narender S. Maan, 
Houssam Attoui, and Peter P. C. Mertens

Abstract The family Reoviridae contains 15 genera with the genus Orbivirus 
being the largest of the currently classified ones. It contains Bluetongue virus (the 
Orbivirus type species), 27 virus species with bluetongue virus as type species and 
(at least) 8 currently unclassified ‘orbiviruses’. With a few exceptions, the orbiviruses 
infect, replicate in and are transmitted by ticks, mosquitoes, Culicoides or other 
blood-sucking insect vectors like phlebotomine flies. Collectively, they infect a 
 varied vertebrate host species, including humans, domesticated and wild ruminants, 
felines, canines, equines, marsupials, sloths, bats and birds. Bluetongue virus 
(BTV), epizootic haemorrhagic disease virus (EHDV) and African horse sickness 
virus (AHSV) are the most economically important orbiviruses, based on their 
global impact on ruminant-based livestock industries (BTV and EHDV), and on 
horses primarily in Africa (AHSV). Complete genome sequences are currently 
accessible for 27 formally recognised species of Orbivirus, a complete reference 
database and comprehensive phylogenetic analysis for the entire genus Orbivirus, 
to  further appreciate the taxonomic relationships, epidemiology, replication 
 mechanisms and evolutionary process of these viruses. The phylogenetic trees show 
branching patterns of orbiviruses as per their vector grouping, supporting the 
assumption that they have evolved with their vectors through ‘co-speciation’. These 
analyses helped identification of novel Orbivirus species and grouped the previously 
unclassified viruses into existing species. The bioinformatic analyses suggest that 
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the evolution of orbiviruses has occurred at a slower rate than other RNA arbovi-
ruses and non-vector-borne reoviruses.

Keywords Orbivirus · Bluetongue virus · BTV · Double-stranded (ds) RNA · 
Sequencing · FLAC · Anchor-primer · Reassortment · Second- and third- 
generation sequencing · Sequence database

8.1  Preamble

The orbiviruses are a big cluster of dsRNA viruses and classified within the genus 
Orbivirus, family Reoviridae. Twenty-seven discrete Orbivirus species have been 
documented by the International Committee for the Taxonomy of Viruses (ICTV), 
containing a total of over 161 distinct serotypes. Based primarily on studies of the 
orbivirus type species, bluetongue virus, the orbiviruses are approximately 
60–80 nm in diameter, spherical in appearance, containing a 10-segmented genome 
(Mertens et al. 2005b). The orbiviruses are ‘real’ arboviruses (they replicate in both 
their arthropod vectors and vertebrate hosts) and are transmitted by haematopha-
gous arthropod vectors, comprising Culicoides, ticks, sandflies and mosquitoes 
(although vectors for some orbiviruses have not yet been identified). Some orbivi-
ruses can also be transmitted vertically by their vertebrate hosts, or horizontally via 
an oral track (Batten et al. 2014; Menzies et al. 2008; Prasad et al. 2007).

Collectively the orbiviruses have a varied host choice including humans, domes-
ticated and wild ruminants, felines, canines, equines, marsupials, sloths, bats and 
birds. Although some orbiviruses can infect humans, they include several species 
that are primarily responsible for many economically important diseases of domesti-
cated and wild animals, comprising bluetongue virus (BTV), African horse sickness 
virus (AHSV), epizootic haemorrhagic disease virus (EHDV) and equine encephalo-
sis virus (EEV). Some orbiviruses that infect wildlife species may also influence the 
sustainability of wild animal populations. The ability of the orbiviruses to replicate 
in diverse groups of vectors and hosts, along with large numbers of viruses (sero-
types), may help to explain their ubiquity in different ecosystems. They may there-
fore also pose a greater risk of ‘emergence’ than other genera of viruses.

The introduction of orbiviruses into disease-free areas and naive populations of 
susceptible host species can cause high levels of morbidity and mortality. This was 
demonstrated by an outbreak of BTV-8  in northern Europe in 2006 (Elbers et  al. 
2008a; Wilson et al. 2007), by tammar wallaby sudden death syndrome caused by 
Eubenangee viruses, and by epidemic blindness in kangaroos caused by Wallal and 
Warrego viruses (Hooper et al. 1999; Reddacliff et al. 1999). In addition, novel orbi-
viruses like Middle Point orbivirus (MPOV) (Cowled et al. 2007) and Stretch Lagoon 
orbiviruses (SLOV) have been confirmed serologically in domestic animals and 
equines in Australia (Cowled et al. 2009), suggesting that these viruses are likely to 
‘emerge’ as great threats to domesticated animal and human health. However, it is also 
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possible that along with the orbiviruses that have already been recognised, further new 
and unclassified orbiviruses could emerge to cause significant problems.

8.2  Orbivirus History

The Book of Exodus describes the fifth plague of Egypt as a very severe ‘plague of 
livestock’. This is possibly the first record of a real epizootic, which could have been 
caused by orbiviruses (Marr and Malloy 1996).

A French biologist Francois de Vaillanthad first described bluetongue (BT) as a 
disease in cattle and sheep in the late eighteenth century and named it as ‘tong-sikte’ 
(Gutsche 1979). However, the first detailed scientific descriptions of clinical signs 
in sheep were given by Hutcheon (1902). Spreull (1902) initially named the disease 
as ‘malarial catarrhal fever’ but later he suggested changing the name of the disease 
to ‘bluetongue’ (BT) due to the cyanotic appearance of the mouth and tongue in 
some of the more severely affected sheep (Spreull 1905). The first confirmed BT 
outbreak other than Africa occurred in Cyprus in 1943, with very high mortality 
rates in the naive sheep population, though there are reports of unconfirmed out-
breaks in Cyprus since 1924 (Gambles 1949; Polydorou 1985).

Another important orbiviral disease is African horse sickness (AHS) that has 
caused an epidemic in Yemen during 1327 (Moule 1896). The virus is expected to 
have come from Africa (Theal 1899). AHSV has probably been present in South 
Africa from very old times, although the disease AHS was first recognised in 1719, 
killing over 1700 animals (Henning 1956). AHS can have very high case fatality 
rates (>95%) and is thought to have prevented the use of horses by early Dutch set-
tlers in southern Africa, during the seventeenth and eighteenth centuries. Until 
recently, AHSV was confined mainly to sub-Saharan Africa, in zebra, its primary 
wildlife host. However, periodic incursions have also been seen in North Africa, and 
the Iberian and Arabian peninsulas. During the period 1959–1961, the virus has 
been detected in countries of the Middle East and Asia, causing heavy mortality in 
horses (Mellor and Hamblin 2004; Rafyi 1961).

Epizootic haemorrhagic disease (EHD) had been present in wild ruminants 
throughout the south-eastern USA since 1890, and was known among woods men 
and hunters as ‘blacktongue’ but was first officially identified in 1955 from a fatal 
epizootic in white-tailed deer (Odocoileus virginianus) (Shope et al. 1955).

8.3  Classification/Taxonomy of Orbivirus

After 1950, many bluetongue-like viruses were isolated, either from vertebrate 
hosts or from insect vectors, and were often named after the location of their first 
isolation (Karabatsos 1985). In 1971, Murphy et al. (1971) and Borden et al. (1971b) 
concluded that the taxonomic parameters (morphological, physicochemical and 
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serological) of these bluetongue-related viruses were distinct from those of other 
arthropod-borne viruses and any other recognised virus group, suggesting that col-
lectively they represent a new and distinct group. The surface structure of the orbi-
virus core particle is visible by negatively stained electron microscopy (EM), as a 
series of ‘doughnut’-shaped capsomeres interlocked with each other (Borden et al. 
1971b; Murphy et al. 1971). Therefore, the name ‘Orbivirus’ (in Latin ‘orbis’ mean 
‘ring’ or ‘circle’) was proposed for the new genus of ‘bluetongue-like’ arthropod- 
borne viruses, with bluetongue virus as the ‘type’ virus (Borden et al. 1971b). Later, 
in 1976 the International Committee on Taxonomy of Viruses (ICTV) officially rec-
ognised the genus Orbivirus (Fenner 1976) and Bluetongue virus, the economically 
most important member of the genus, remains as the ‘type’ species.

The genus Orbivirus represents one of 15 genera in the family Reoviridae. The 
family Reoviridae contains icosahedral viruses, with genomes comprised of 9–12 
linear segments of dsRNA, and a total genome size of 19–32 kb (Table 8.1) (Attoui 
et al. 2005b; Mertens et al. 2005a). The genera within the family Reoviridae are 
grouped into two subfamilies, namely the Spinareovirinae (Latin, Spina meaning 
‘thorn’ or ‘spike’) and Sedoreovirinae (Latin Sedo meaning ‘smooth’), based on the 
presence or absence of ‘turrets’ or ‘spikes’ on the surface of the viral subcore ‘T2’ 
layer. The genus Orbivirus which belongs to subfamily Sedoreovirinae is the largest 
genus within the family Reoviridae and currently contains 22 recognised virus spe-
cies, as well as 13 unclassified ‘orbiviruses’ (Cowled et al. 2007, 2009; Karabatsos 
1985; Mertens et al. 2005b). Viruses classified within each Orbivirus species share 
common antigens that are detectable by complement fixation (CF), agar gel immu-
nodiffusion (AGID), fluorescent antibody (FA) tests or enzyme-linked immunosor-
bent assays (ELISA) (Gorman et  al. 1983; Mertens et  al. 2005b). Serological 
cross-reactions, due to shared common antigens, formed an initial basis for the divi-
sion of different orbivirus isolates into distinct ‘serogroups’ (Borden et al. 1971a; 
Della-Porta 1985; Moore and Lee 1972), which equate to the different virus species 
currently recognised by the International Committee for the Taxonomy of Viruses 
(ICTV) (Mertens et al. 2005b). However, in some cases, e.g. between the BTV and 
EHDV serogroups, a low-level or ‘one-way’ cross-reaction has been observed in 
some serological assays, and in cross-hybridisation studies (Della-Porta et al. 1985; 
Huismans et al. 1979; Moore 1974), making serological identification of individual 
viruses for diagnosis and classification difficult (Borden et al. 1971b; Della-Porta 
et al. 1985; Moore 1974; Moore and Lee 1972).

As virus ‘species’ is the most fundamental taxonomic category in all biological 
classifications, the ICTV has set a number of different ‘polythetic parameters’ for 
identification of different genera and species in the Reoviridae family (Attoui et al. 
2011; Mertens et al. 2005b; van Regenmortel and Mahy 2004). The primary determi-
nant of virus species in the family Reoviridae is an ability to exchange genome seg-
ments between different strains during co-infection (a process known as reassortment), 
thereby generating viable progeny viruses. However, in the absence of reassortment 
data of specific reovirus strains, other parameters either singly or in combination can 
be used to identify members of the same virus species. The members of different spe-
cies have therefore been identified by other parameters, including serological cross-
reactions between conserved viral proteins; similarities in conserved RNAs and 
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Table 8.1 The genera of the family Reoviridae

Genus Structure

No. of genome 
segments 
(genome size)

No. of species 
(+ unassigned 
species) Hosts [vectors]

Spinareovirinae
Aquareovirus Turreted 11 (~23.7 kb) 6 (+5) Molluscs, finfish, Crustacea
Coltivirus Turreted 12 (~29 kb) 2 (+1) Mammals (including humans) 

[ticks]
Cypovirus Turreted 10 (~24.8– 

33.3 kb)a

21 (+2) Insects (Lepidoptera, Diptera 
and Hymenoptera), a single 
isolate was reported from a 
freshwater daphnid

Dinovernavirus Turreted 9 (~23.35 kb) 1 Mosquitoes
Fijivirus Turreted 10 (~28.7 kb) 5 Plants (Graminae, Liliaceae) 

(delphacid planthoppers)
Idnoreovirus Turreted 10 +1b 

(~25.1 kb)
5 (+1) Insects (Hymenoptera)

Mycoreovirus Turreted 11 or 12 
(~24.4 kb)

3 Fungi

Oryzavirus Turreted 10 (~26.1 kb) 2 Plants (Gramineae) 
[delphacid planthoppers]

Orthoreovirus Turreted 10 (~23.5 kb) 5 Birds, reptiles, mammals
Sedoreovirinae
Cardoreovirus Non- 

turreted
12 (~20.15 kb) 1 (+2) Crabs

Orbivirus Non- 
turreted

10 (~19.2 kb) 22 (+14) Mammals (including 
humans), birds [Culicoides, 
mosquitoes, phlebotomines, 
ticks]

Mimoreovirus Non- 
turreted

11 (~25.56 kb) 1 Phytoplankton

Phytoreovirus Non- 
turreted

12 (~25.1 kb) 3 (+1) Plants (Cicadellid leafhoppers)

Rotavirus Non- 
turreted

11 (~18.5 kb) 5 (+2) Birds, mammals

Seadornavirus Non- 
turreted

12 (~21 kb) 3 Mammals (including humans) 
[mosquitoes]

Unassigned 
reoviruses

10, 11 or 12 5

aIn some cases, the size of the genome for different Cypovirus species was estimated only by elec-
trophoretic analyses
bIndividual Idnoreovirus particles may contain a 11th genome segment depending on the sex and 
ploidy of the host wasp from which they are derived. Reproduced with some modification from 
Attoui et al. (2009a)
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proteins, which can be detected by sequence analyses; or RNA cross-hybridisation. 
Within each Orbivirus species and to a lesser extent within each genus conserved ter-
mini (hexanucleotides) exist on the all genome segments. Similarities in the migration 
patterns of the viral genome segments during electrophoresis (in agarose gels) reflect 
their relative sizes which are conserved within each Orbivirus species. Similarities in 
host range, clinical signs and identity of insect vector species can also help to identify 
viruses within the different virus species. Each of the Orbivirus species also contains 
several distinct virus serotypes, which can be identified by the specificity of their reac-
tions in serum or virus neutralisation tests (SNT or VNT), thereby also confirming 
their virus species (Gould and Eaton 1990; Mertens et al. 2005b). Sequence compari-
sons, based on cross- hybridisation of conserved genome segments, or RT-PCR-based 
assays (e.g. Seg-1, encoding the viral polymerase, or Seg-3, encoding the sub-core 
shell T2 protein), have been used to identify related orbiviruses. Based on these crite-
ria, until very recently, 22 Orbivirus species have been recognised together with 15 
unassigned viruses that may denote additional new species (Attoui et al. 2011; Cowled 
et al. 2009; Martins et al. 2007; Mertens et al. 2005b; Vieira Cde et al. 2009).

However, with the recent development of more rapid and reliable sequencing 
technologies, and creation of relevant databases, phylogenetic comparisons of 
nucleotide sequences of ‘conserved’ genes with those of previously characterised 
viruses have become a primary method for identifying novel viruses, including 
novel orbivirus isolates (Anthony et al. 2007; Aradaib 2009; Aradaib et al. 2009; 
Attoui et  al. 2005a; Belaganahalli 2012; Cowled et  al. 2007; Maan et  al. 2011c, 
2012; Shaw et al. 2007) (Table 8.2). These studies have provided information con-
cerning the classification of Orbivirus species and have identified virus topotypes 
(geographic variants), which could not be generated by earlier serological assays. 
Phylogenetic comparisons of the more variable genome segments, encoding the 
outer capsid proteins, have also helped to identify and provide information concern-
ing the distinct serotypes, within each of the Orbivirus species (Table 8.2) (Anthony 
et al. 2009c; Maan et al. 2007).

8.4  Properties of the Orbiviruses

8.4.1  Physicochemical and Physical Properties 
of the Orbiviruses

The molecular weight (Mr) of orbivirus particle is ~10.8 × 107 and that of ‘core’ is 
~6.7 × 107. The buoyant densities in CsCl are 1.36 and 1.40 g/cm3 for virions and 
cores. The S20W is 550S (virions) and 470S (cores) (Mertens et al. 2005b). Orbiviruses 
are comparatively resistant to treatment with detergents and solvents, though their 
sensitivity varies for specific detergents and with virus species. Sodium dodecyl 
sulphate usually disrupts the virus particle and destroys infectivity (Gorman 1978; 
Mertens et al. 2005b). Orbivirus infectivity is stable at pH 8–9, but virions exhibit a 
marked decrease in infectivity outside the pH range of 6.5–10.2, due to the loss of 
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Sl. 
no.

Species Abbrevi
a�on

No. of 
seroty
pes

Yeara Vertebrate hosts Vectors

1 African Horse sickness 
virus

AHSV 9 1899 Equines and dog Culicoides spp.

2 Bluetongue virus BTV 26 1905 Domestic and wild ruminants Culicoides spp.
3 Changuinola virus CGLV 12 1960 Sloth, armadello, anteater, rodents 

and Human (Mosquito catcher)
Phlebotomines flies

4 Chenuda virus CNUV 7 1954
5 Chobar Gorge virus CGV 2 1970 Bats (isolation) and domestic 

animals (serology)
Ticks

6 Corriparta virus CORV 6 1960 Shorebird. Human and domestic 
fowls (serology)

Culex mosquitoes

7 Epizoo�c haemorrhagic 
disease virus

EHDV 7 1955 White tailed deer, cattle Culicoides spp.

8 Equine encephalosis 
virus

EEV 7 1967 Equines Culicoides spp.

9 Eubenangee virus EUBV 4 1963 Kangaroos, wallabies and cattle Mosquiotes and 
Culicoides spp.

10 Great island virus GIV 34b 1971 Seabirds, domestic animals, horses 
and humans

Ticks

11 Ieri virus IERIV 3 1955 Birds Mosquitoes
12 Lebombo virus LEBV 1 1956 Man, rodent Mosquitoes
13 Orungo virus ORUV 4 1959 Man (isolation), sheep, cattle, goat 

and camels (serology)
Mosquitoes

14 Palyam virus PALV 13 1956 Domestic and wild ruminants Culicoides, 
Mosquitoes and 
ticks

15 Peruvian horse sickness 
virus

PHSV 1 1997 Horse Mosquitoes

16 St Croix river virus SCRV 1 1994 Ticks? Ticks
17 Uma�lla virus UMAV 4 1969 Birds Mosquitoes
18 Warrego virus WARV 3 1969 Marsupials (isolation) and cattle 

(serology)
Culicoides spp.
mosquitoes

19 Wallal virus WALV 3 1970 Marsupials Culicoides spp.
20 Wad Medani virus WMV 2 1952 Domestic animals and rodents Ticks
21 Wongorr virus WGRV 8 1970 Cattle and marsupials Culicoides spp.

Mosquitoes
22 Yunnan orbivirus YUOV 2 1997 Cattle, sheep and donkeys Mosquitoes
23 Kemorovo virusc KEMV 2 1962 Human, birds, horses, cattle, 

seabirds and small mammals
Ticks

24 Pata virusc PATAV 1 1968 Unknown hosts Mosquitoes or 
Culicoides?

25 Andasibe  virusc ANDV 1 1979 Unknown hosts Mosquitoes
26 Japanaut virusc JAPV 1 1965 Bats and some unknown hosts Mosquitoes
27 Matucare virusc MATV 1 1963 Unknown hosts Ticks

Tenta�ve species
1 Codajas virus COV 1984 Unknown hosts Mosquitoes
2 Ife virus IFEV 1971 Bats, rodents, birds, ruminants Mosquitoes

Table 8.2 List of Orbivirus species

(continued)
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outer coat proteins, particularly at the lower pH range (Mertens et al. 2005b). At 
even lower pH values (less than 5.0), virions are progressively disrupted, and at 
pH 3.0 virus infectivity is abolished (Mertens et al. 2005b). Orbiviruses can be dis-
tinguished from orthoreoviruses and rotaviruses by their acid lability, slight solvent 
sensitivity and serological properties (Borden et  al. 1971b; Gorman 1978; Roy 
2005). Orbiviruses stored at 4 °C in 0.1 M Tris–HCl pH 8.0 can maintain high levels 
of infectivity for 1 year. However, at 60 °C virus infectivity is rapidly inactivated. 
Freezing disrupts virus particle, thereby reducing its infectivity by about 90% 
(Mertens et al. 2005b). Freeze-drying with an appropriate combination of sugars, 
including trehalose, will also stabilise the virus, preventing loss of infectivity at 
high temperatures, even up to 100 °C. The distinctive physicochemical properties of 
these viruses include (1) the segmented dsRNA genome, (2) relative resistance to 
deoxycholate and lipid solvents and (3) lability at acidic pH.

8.4.2  Biological Properties of the Orbiviruses

Based primarily on studies of bluetongue virus, the replication of orbiviruses in 
most mammalian cell lines is usually lytic with cytopathic effect (CPE) (Karabatsos 
1985; Mertens et al. 1987). Virus particles are released from infected mammalian 
cells either by extrusion by cell membrane damage or by budding, which results in 
the formation of membrane-enveloped virus particles (MEVP) (Celma and Roy 
2009; Hyatt et al. 1989, 1993; Mertens et al. 2005b). The virus can also cause cell 
death and lysis, releasing the intracellular virus from mammalian cells. However, in 
a range of insect cell cultures, BTV replicates with no widespread cell lysis or cyto-
pathic effect (CPE) (Mertens et al. 1996, 2005b). The mechanism by which they 
leave insect cells is less certain but appears to involve the small viral membrane 
protein NS3 (encoded by Seg-10) (Hyatt et al. 1989, 1993).

Infectious subviral particles (ISVPs), in which VP2 is cleaved, can be generated 
by enzymatic treatment of BTV with chymotrypsin or trypsin (Mertens et al. 1987, 
1996). These ISVPs have significantly higher specific infectivity for insect cell 
lines: KC cells (from Culicoides sonorensis) and C6/36 cells (derived from Aedes 
albopictus) than for mammalian cells (BHK-21) (Mertens et  al. 1987, 1996). 

aYear of first isolation of prototype serotype in the species. Novel species identified in this study 
are highlighted in purple colour. Kemerovo species, highlighted in green colour is classified as 
distinct species based on Belhouchet et al. (2010) and Dilcher et al. (2012)
bKEMV and TRBV are removed from Great Island virus species
cSpecies identified recently (Belaganahalli 2012)

Table 8.2 (continued)

3 Itupiranga virus ITUV 1976 Unknown hosts Mosquitoes
4 Kammavanpettai virus KMPV 1963 Birds Unknown
5 Lake Clarendon virus LCV 1981 Birds, cattle (serology) Ticks
6 Breu Branco virus 1988 Unknown Mosquitoes
7 Minacu virus 1996 Unknown hosts Mosquitoes
8 Golok virus 1981 Unknown hosts Mosquitoes
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As opposed to intact purified virus these BTV ISVPs don’t have haemagglutinating 
activity as well as cannot aggregate but have significantly higher infectivity for adult 
vector insects and insect vector cell lines (KC cells) (Mertens et al. 2005b). The 
orbivirus core particle also has much higher infectivity for insect cells (KC cells) 
than for mammalian cells (Mertens et al. 1996).

8.5  Orbivirus Genome and Their Encoded Proteins

The orbivirus genome comprises of ten linear dsRNA segments ranging in size from 
~3.9 to ~0.8  kb (segments 1–10), and is packaged in exactly equimolar ratios 
(Huismans et al. 1979; Mertens et al. 2005b; Verwoerd et al. 1970). In contrast, the 
separation of the dsRNA genome segments during polyacrylamide gel electrophoresis 
(PAGE) is only partly dependent on molecular weight but is also influenced by the 
primary nucleotide sequence and RNA structure, while separation during AGE is 
solely dependent on molecular weight (Maan 2004). This system can be used to pro-
duce an AGE ‘electropherotype’ which is characteristic for an individual Orbivirus 
species, reflecting a high level of conservation in the sizes/molecular weights of the 
individual genome segments (Belaganahalli et  al. 2015; Gonzalez and Knudson 
1988). The BTV genome segments can be assigned to the proteins they encode based 
upon their consistent migration in 1% agarose gels and translation of denatured 
dsRNA in vitro (Mertens et al. 1984).

The hexanucleotide termini are often fully conserved within isolates of each 
Orbivirus species but show less conservation between different Orbivirus species 
(Mertens and Diprose 2004; Mertens and Sangar 1985; Mertens et al. 2005b; Rao 
et al. 1983). The first and last two nucleotides of each orbivirus genome segment are 
inverted complements, which may be involved in controlling the efficiency of viral 
mRNA translation (Roy 1989).

Recent studies have identified short segment-specific conserved regions thought 
to be involved in cross-hybridisation between different genome segments during 
genome assembly and virus replication (Boyce et al. 2016).

Like other Reoviridae family members, most of the orbivirus genome segments 
are considered to be monocistronic. However, Seg-10 of BTV encodes two related 
proteins (NS3 and NS3a) starting at different in-frame initiation codons (French 
et al. 1989; Mertens et al. 1984, 2005b; Wade-Evans 1990; Wade-Evans et al. 1992; 
Wu et  al. 1992). Small non-structural proteins are also translated from alternate 
ORFs on Seg-9 and Seg-10, generating NS4 and NS5 proteins, respectively 
(Belhouchet et al. 2010; Ratinier et al. 2016; Stewart et al. 2015).

Twelve distinct virus-specific proteins have been identified in orbivirus-infected 
cells (Belhouchet et al. 2011; Gorman et al. 1981, 1983; Ratinier et al. 2011). There 
are seven BTV structural proteins (VP1–VP7) (organised as a three-layered icosa-
hedral capsid structure) and five distinct non-structural proteins (NS1–NS5) 
(Belhouchet et al. 2011; Mertens et al. 2005b; Stewart et al. 2015; Stewart and Roy 
2010; Verwoerd et  al. 1972). VP1–VP7 structural proteins are encoded by BTV 
genome segments-1, -2, -3, -4, -6, -7 and -9, respectively, while the non-structural 
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proteins (NS1–NS5) are encoded by Seg-5, -8, -10, -9 and -10, respectively 
(Belhouchet et al. 2011; Huismans 1979; Huismans et al. 1979; Mecham and Dean 
1988; Mertens et al. 1984, 2005b; Owens et al. 2004; Ratinier et al. 2011; Verwoerd 
et al. 1972).

The orbivirus structural proteins play many different and important functions 
during virus replication, including receptor binding and cell entry; transcription, 
capping and methylation of viral mRNA; capsid formation; genome encapsidation; 
and −ve-strand RNA synthesis (Owens et  al. 2004). Two of the seven structural 
proteins (VP2 and VP5) make up the outer capsid. The specificity of interactions of 
these outer capsid proteins (especially VP2) with neutralising antibodies determines 
the virus serotype (Huismans et al. 1987; Inumaru and Roy 1987). Consequently, 
VP2 and VP5 are both highly variable showing amino acid (aa) sequence variations, 
particularly in VP2 that correlates with virus serotype (Maan et al. 2007).

VP3 and VP7 form the inner (sub-core) and outer layers of the BTV core parti-
cle. The self-assembly of 120 copies of VP3 to form the innermost sub-core capsid 
shell determines the overall size and conformation of the outer layers of the virus 
particle (Grimes et  al. 1998; Mertens and Diprose 2004). VP3 is also an RNA- 
binding protein, interacting with the viral RNA genome and with remaining minor 
structural proteins (VP1, VP4 and VP6). Seven hundred eighty copies of VP7 are 
arranged as the core surface layer, outside the VP3 sub-core layer (Grimes et al. 
1995). VP7 is also an immunodominant and serogroup-specific antigen, represent-
ing a prime target for serogroup/species- or type-specific serological assays (Gumm 
and Newman 1982; Huismans and Erasmus 1981). VP7 can also bind dsRNA and 
can mediate cell entry (in the absence of VP2 and VP5), resulting in a high specific 
infectivity of BTV core particles for insect cells (Diprose et al. 2002; Huismans and 
Erasmus 1981; Mertens et al. 1996).

The orbivirus transcriptase enzyme complex consists of VP1, VP4 and VP6 
(packaged as up to 12 copies within the central space of the virus core), together 
with the genomic dsRNAs (Stewart and Roy 2010). VP1 is the viral RNA-dependant 
RNA polymerase (RdRp), VP4 is a capping enzyme and transmethylase (CaP) and 
VP6 is a helicase (Hel). Each of these minor proteins is highly conserved (de Waal 
and Huismans 2005; Mertens and Diprose 2004; Ramadevi et al. 1998; Ramadevi 
and Roy 1998; Stauber et al. 1997).

All of the BTV non-structural proteins (NS) (present in infected cells) are thought 
to play important roles in virus replication, intracellular sorting and transport, 
genome packaging, capsid assembly, virus release and control of cellular responses 
to infection (Owens et al. 2004; Roy 1996; Kusari and Roy 1986; Mertens et al. 
1984; Sangar and Mertens 1983). NS1 is expressed at high levels in infected cells 
and forms tubules that become attached to the intermediate filaments of the cyto-
skeleton and are characteristic of orbivirus infections, which is shown by Eaton 
et al. (1988). Therefore, NS1 is also identified as the ‘tubule’ protein (TuP). Tubules 
may have a direct role in virus transport, regulation of viral gene expression, cellular 
pathogenesis and morphogenesis (Boyce et  al. 2012; Huismans 1979; Huismans 
and Els 1979; Owens et al. 2004; Urakawa and Roy 1988).
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NS2 is a single-stranded (ss) RNA-binding protein and is the only virus-specific 
phosphoprotein, forming a major component of the viral inclusion body (VIB), the 
site of virus assembly (Theron et al. 1996a, b; Thomas et al. 1990; Uitenweerde 
et al. 1995). NS2 is an ATPase and is thought to have roles in RNA packaging and 
translation (Butan and Tucker 2010; Taraporewala et al. 2001). NS2, which is phos-
phorylated by protein kinase 2, found in the cell cytoplasm, aggregates to form VIB, 
while unphosphorylated NS2 remains dispersed. It has been suggested that NS2 
may play a role in shuttling viral mRNAs between the VIB (where they are synthe-
sised) and the host cell cytoplasm for translation, depending on its phosphoryla-
tion state.

NS3 and NS3a are both translated from different in-frame initiation sites on a 
single ORF of Seg-10. They have been connected with determination of viru-
lence, vector competence and virus egress particularly from infected insect cells, 
where they are abundantly synthesised (Celma and Roy 2009, 2011; Hyatt et al. 
1993; Martin et al. 1998; O’Hara et al. 1998). NS3 is only poorly translated if at 
all in mammalian cells and was originally identified only after in vitro translation 
of Seg-10 (Mertens et  al. 1984). NS3 and NS3a are both membrane proteins. 
They have two hydrophobic transmembrane domains, and in AHSV it is the sec-
ond most variable protein after VP2 (Bansal et al. 1998; Jensen and Wilson 1995; 
van Niekerk et al. 2001).

Recently, two novel non-structural proteins (NS4 and NS5) have been identified. 
NS4, which is encoded from an alternate, overlapping ORF of Seg-9, has nucleolar 
localisation signals and appears to play a role in combatting the innate immune response, 
although its importance is not yet fully elucidated (Belhouchet et al. 2011; Ratinier 
et al. 2011). It was also suggested that BTV NS4 plays a role in counteracting host 
antiviral responses during BTV-8 infection (Belhouchet et al. 2011; Ratinier et al. 2011).

8.6  Structure of the Orbiviruses

BTV has been studied extensively at the molecular, genetic and structural levels, 
and exemplifies the most characterised orbivirus (Maclachlan et al. 2009; Mellor 
et al. 2009; Osburn 1994; Roy 2008; Stuart and Grimes 2006). In contrast to the 
characteristic and indistinct appearance of the outer capsid when viewed by nega-
tive staining and electron microscopy (EM), cryo-electron microscopy (cryo-EM) 
and image analysis of BTV reveal a well-ordered outer shell that differs markedly 
from other known reoviruses (Els and Verwoerd 1969; Hewat et al. 1992b; Nason 
et al. 2004).

The BTV outer capsid has icosahedral symmetry and exhibits a unique organisa-
tion made up of two distinct motifs: 60 ‘triskelions’ formed by trimers of VP2 and 
120 globular structures formed by trimers of VP5 (Hassan et al. 2001; Hassan and 
Roy 1999; Nason et al. 2004). The VP5 trimers sit neatly centred above each of the 
six-membered rings of VP7 trimers in the outer layer of the BTV core, while the ‘sail-
shaped’ spikes of the VP2 triskelion motifs are located above 180 of the VP7 trimers 
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and cover all of them. VP2 and VP5 together form a continuous layer around the inner 
shell, except for 12 holes on the five-fold axes (Hewat et al. 1992a, b). The interac-
tions between VP5 and VP7 are extensive and may be relatively strong, while the 
interactions between VP2 and VP7 are less extensive and may be weaker, suggesting 
that assembly of VP5 precedes that of VP2. VP2 is also removed more easily from the 
surface of the particle. However, the classical theory of ‘quasi-equivalence’ does not 
strictly allow a triangulation number of 2 (T = 2) for the structure and assembly of 
icosahedral viruses (Caspar and Klug 1962). It has therefore also been proposed (as 
an alternative) that the inner layer of the reoviruses is arranged with T = 1 symmetry, 
as 60 dimers of the sub-core protein (λ1 (Hel) of orthoreovirus) (Reinisch et al. 2000). 
However, the sub-core shell protein, VP3 of BTV, also appears to be arranged as 12 
‘dish-shaped’ decamers, one centred at each of the 12 five-fold axes of symmetry of 
the icosahedral particle, which interact and assemble to form the entire sub-core shell 
via their zigzag outer edges (Grimes et al. 1998).

A novel principle called ‘geometric quasi-equivalence’ has therefore been pro-
jected to elucidate the formation of virus particles assembled in this manner (Grimes 
et al. 1998). This feature of the BTV sub-core seems to be shared by many other 
dsRNA viruses, particularly the other reoviruses, and appears to indicate a shared 
solution to specific problems related with packaging and replication of dsRNA 
genomes and possibly a common ancestry.

In contrast, the T = 13 symmetry of the VP7 core surface layer denotes a ‘typical’ 
example of quasi-equivalence (Grimes et al. 1998; Mertens 2001; Mertens and Attoui 
2009). The majority of the BTV core surface layer is composed of ring- shaped cap-
somers composed of six trimers of the core lattice protein VP7. Rings composed of 
five trimers of VP7 allow the core surface layer to curve around the sub-core, to 
‘complete’ and ‘close’ the icosahedral core surface shell. In cells infected with the 
related AHSV, VP7 can assemble to form large, flat hexagonal arrays that are com-
posed entirely of six-membered rings of VP7 (Burroughs et al. 1994).

The inner surface of the sub-core shell/T2 proteins interacts with the viral genome 
segments and with the transcriptase complexes (TCs) that are situated at the five-
fold axes of the icosahedral structure. The TCs are composed of the three minor 
structural proteins, VP1 (Pol) (Urakawa et al. 1989), VP4 (CaP) (Ramadevi et al. 
1998; Ramadevi and Roy 1998) and VP6 (Hel) (Stauber et al. 1997). The viral RNA-
dependent RNA polymerase (RdRp) and viral capping enzyme (VP4) are associated 
with the interior base of channels that extend through the centre of the pentamers, 
i.e. the fivefold axes of the core (Patton and Spencer 2000; Ramadevi et al. 1998).

The TCs appear to fit into spaces in the packaged RNA layers (Gouet et al. 1999). 
Crystallographic and cryo-EM analysis of multiple reoviruses has shown that the 
dsRNA genome is arranged as partially ordered concentric layers in a liquid crystal 
structure in the core (Gouet et al. 1999; Prasad et al. 1996; Reinisch et al. 2000). 
This would retain the RNA molecules in a highly organised and closely packed 
form but still allow a high level of flexibility and movement within the particle. It 
has also been suggested that each segment may exist as a tightly wound spiral 
around one of the 12 RdRp-capping complexes at the five-fold axes of the core 
(Gouet et al. 1999).
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The icosahedral nature of the core restricts the number of RdRp-capping com-
plexes to a maximum of 12, possibly restricting the maximum number of segments 
to 12. Indeed, since most reoviruses contain less than 12 segments, some of the 12 
potential sites in the core may be unoccupied by TCs and dsRNA segments (Patton 
and Spencer 2000).

The structural organisation of the transcriptionally active reovirus core particle 
suggests that only a single mRNA species would be synthesised by each RNA seg-
ment/TC complex and then be exported via the ‘channel’ situated at the adjacent 
five-fold axes of the core structure. The independent functioning of each of the 
polymerase units of the core is reflected by the production of the different mRNAs 
in approximately (but not exactly) equal amounts by weight. In contrast, the genome 
segments are packaged in exactly equimolar levels during RNA replication (Patton 
and Spencer 2000). The non-equimolar synthesis of the different mRNAs reflects a 
near-constant rate of RNA chain elongation for each segment but more rapid com-
pletion and re-initiation of the smaller transcripts, leading to their synthesis in larger 
relative molar amounts (Mertens and Diprose 2004; Patton and Spencer 2000).

Despite their similarities at high magnification, certain ultrastructural features 
differ between the different Orbivirus species. For example, viral tubules (com-
posed of NS1) from AHSV are 18  nm wide, whereas tubules from EHDV are 
54  nm wide and tubules from BTV are 68  nm wide (Huismans and Els 1979). 
Gould and Hyatt (1994) reported that differences can also be seen between differ-
ent strains within a single species and that the arrangement of tubules can also vary 
between different orbiviruses. They demonstrated that tubules of BTV-1 (Australia) 
are arranged in bundles, whereas those of BTV-10 (USA) are aligned in parallel 
arrays. However, the diameter of virions is highly dependent on the method of 
sample  preparation and size as determined by EM is considered as an unreliable 
diagnostic feature (Gould and Hyatt 1994). Since the tubule protein NS1 is highly 
conserved within each geographic region and does not vary with serotype, these 
variations in appearance or organisation may reflect the larger sequence variations 
that exist between different topotypes of BTV or EHDV, rather than between dif-
ferent serotypes within the same geographic region/topotype (Anthony et al. 2009b; 
Maan et al. 2010b).

8.7  Orbivirus Infection and Replication

Studies on BTV have shown that the orbiviruses can replicate in several insect and 
mammalian cell types (Darpel 2007). In insects, BTV (and other orbiviruses) that are 
ingested as part of a viraemic blood meal can infect the midgut epithelium (DeMaula 
et al. 2002; Mellor 2000). After an initial round of replication, the virus is released 
through the basal laminar into the insect’s haemocoel, where it is disseminated and 
can infect secondary organs involving the salivary glands. Further, replication of 
virus in the salivary glands is thought to release virus into the salivary ducts, where 
it can be injected into the host along with saliva proteins during the next blood meal 
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(Anthony 2007; Darpel et al. 2011; Mellor 2000; Mellor and Boorman 1995; Mellor 
et al. 2000). The replication of BTV in mammalian cell cultures usually results in a 
shut-off of protein synthesis, cell cycle arrest and virus release by budding and by 
lysis, usually leading to widespread CPE and cell death within 48–72 h postinfection 
(Beaton et al. 2002; Owens et al. 2004; Shaw et al. 2013). However, gamma delta T 
cells and dendritic cells can become persistently infected with BTV, do not exhibit 
shut-off of host-cell protein synthesis and may play a significant role in the move-
ment, dissemination and persistence of BTV within the vertebrate host (Hemati et al. 
2009; Mertens and Attoui 2009; Takamatsu et al. 2003).

Insect cells get persistently infected with orbiviruses, with mildly noticeable 
cytopathology and slower release of virus compared to mammalian cells. These is 
also an absence for shut-off of host cell protein synthesis, although, after an extended 
period, viral protein synthesis and virus particle assembly may slow and even cease, 
possibly due to immune responses such as ‘silencing’.

The virus release mechanisms in insect cells involving cell membrane penetra-
tion or fusion of vacuoles containing multiple virus particles with the cell mem-
brane appear to be mediated by NS3 (Fu et al. 1999; Hyatt et al. 1993; Mellor 2000).

The replication of BTV is summarised in Fig. 8.1. Outer capsid protein VP2 of 
BTV-10 mediates virion attachment to the cell surface and subsequent internalisa-

Fig. 8.1 BTV and other orbivirus replication cycle. In summary, the virus binds to the surface via 
VP2 and is internalised. Transcription and translation occur to produce viral mRNAs and proteins. 
Progeny particles are assembled, the dsRNA segments of the genome are generated through nega-
tive-strand RNA synthesis and then outer capsid proteins are added before the progeny virions are 
released from the cell, either via a disrupted membrane or by budding (reproduced with permission 
from Mertens 2001)
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tion via clathrin-dependent endocytic pathway (Forzan et al. 2007; Hassan and Roy 
1999; Mertens 2001). However, recent studies with BTV-1 indicate that entry does 
not consistently involve the clathrin-dependent pathway and can also be mediated 
by macropinocytosis (Gold et al. 2010). The low-pH environment of the endosome 
dissociates VP2 and induces conformation changes and extension of the VP5 fusion 
protein, causing penetration of the endosomal membrane, delivering the transcrip-
tionally active core into the cell cytoplasm (Forzan et al. 2004). BTV core particles 
can also bind to cells (particularly insect cells) via the VP7 trimers on the core sur-
face (Mertens et al. 1996; Schwartz-Cornil et al. 2008). Within the core, VP1 (RdRp) 
repeatedly and simultaneously transcribes all ten genome segments into mRNA 
copies (Boyce et al. 2004; Diprose et al. 2001). The newly synthesised mRNAs are 
capped by the guanylyl-transferase and transmethylase activities of VP4 (Sutton 
et al. 2007) and then extruded through pores in the VP3 (T2) layer at the five-fold 
axes (Mertens and Diprose 2004).

The cytoplasm of Orbivirus-infected cells contains large granular matrices known 
as ‘viral inclusion bodies’ (VIBs) containing large amounts of viral RNA, non-struc-
tural viral protein NS2 (ViP) and protein components of the virus core, as well as 
nascent progeny virus particles (Brookes et  al. 1993). Late in infection, the NS2 
proteins are located mainly around the periphery of the VIB, suggesting an exchange 
between the VIB and the host cell cytoplasm, possibly suggesting a role in the trans-
port of viral mRNAs. The ten-messenger or positive-sense RNAs synthesised by the 
parental virus core act as templates for the synthesis of the viral proteins and can also 
interact with the nascent virus particles within VIBs, acting as templates for negative 
RNA strand synthesis during RNA packaging (Diprose et al. 2001).

In the persistently infected insect vector cells, VIBs gradually increase in size, 
but may eventually become devoid of virus particles, suggesting that cellular 
defences may prevent further virus replication (Mertens 2001; Mertens and Attoui 
2009). Viral mRNAs are synthesised by parental or progeny core particles within 
the VIB and act as templates for viral protein synthesis. They also become associ-
ated as groups of ten mRNAs (one for each segment) with the nascent virus parti-
cles, via a poorly understood assembly mechanism that appears to involve specific 
short sequences that are complementary between different pairs of segments (Boyce 
et al. 2016). The mRNAs are encapsidated, involving interactions with the helicase 
VP6, the ssRNA-binding NS2 protein, VP1 and VP4 (Kar et al. 2007). The nascent 
particles are subsequently thought to mature via a process that involves the addition 
of core surface protein VP7 (T13) and synthesis of negative RNA strands (by VP1) 
to produce the dsRNA segments (Boyce et al. 2004).

It has been suggested that each dsRNA segment individually associates with a 
different transcription complex (VP1, VP4 and VP6) located at the inner side of VP3 
along a fivefold axis, making a ‘flower shape’ in cryo-electron microscopy (Nason 
et al. 2004; Schwartz-Cornil et al. 2008).

In the event of superinfection by two different BTVs (serotypes or strains), 
exchange/reassortment of genome segments can occur, which may be due to the 
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fusion of different VIBs formed by different incoming parental viral particles 
(Schwartz-Cornil et  al. 2008). Some genome segments appear to be exchanged 
more often than others (Gould and Hyatt 1994), which may reflect functional con-
straints that require certain segments to be ‘paired’. Although assembly of the VP3 
sub-core shell provides a scaffold, dictating the size and organisation of the rest of 
the virus particle, it is relatively fragile and unstable. However, the addition of VP7 
trimers generates the more stable core particle, which effectively masks the viral 
dsRNA from the host-cell cytoplasm, preventing activation of dsRNA-dependent 
defence mechanisms. The newly formed cores then transcribe additional mRNAs 
(Schwartz-Cornil et al. 2008).

The outer capsid components (VP2 and VP5) are added as the progeny particles 
leave the VIBs to enter the host cell cytoplasm, forming the fully mature progeny 
virions. Mature particles are transported within the cytoplasm, perhaps on microtu-
bules, involving VP2/vimentin interactions (Bhattacharya et al. 2007). Release of 
virions from the infected cell can occur via cell membrane destabilisation mediated 
by the NS3 viroporin activity (Han and Harty 2004). This mechanism may be more 
important in insect cells where NS3/3a synthesises at much higher levels than in 
mammalian cell (Guirakhoo et al. 1995). In some mammalian cells (e.g. BHK21 
cells) the BTV particles can exit via budding or as a result of cell death and lysis 
(Mertens 2001; Schwartz-Cornil et al. 2008).

8.8  Epidemiology and Disease of Orbiviruses

Orbiviruses replicate and cause variable diseases both in their mammalian and arthro-
pod hosts, although they don’t have significant detrimental effect on the vectors, 
which get persistently infected (Fu et al. 1999; Anthony 2007; Attoui et al. 2009a).

BTV, EHDV and AHSV are presently the most significant orbiviruses causing dis-
eases in domestic and wild ruminants and equines, respectively, which are OIE listed 
(Maclachlan and Guthrie 2010; OIE 2010b). However, other orbiviruses are also 
potentially important, either regionally or globally (involving equine encephalosis 
virus (EEV), Palyam virus (PALV) and Peruvian horse sickness virus (PHSV)). At 
present, BTV has worldwide distribution involving ever-growing new serotypes 
(Hofmann et al. 2008; Maan et al. 2011b). It is anticipated that there might be many 
other unexplored arboviruses and other orbiviruses in certain endemic regions such as 
South America.

8.8.1  Bluetongue Virus

BTV is infectious to a wide range of ruminants, but the overt and severe disease is 
primarily seen in improved naive populations of sheep breeds (e.g. Polled Dorset) 
and in some species of deer (e.g. brocket deer and white-tailed deer) (Mellor 1994). 
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BTV has been reported to infect certain carnivorous species, by injection or via an 
oral route (Alexander et al. 1994; Brown et al. 1996; Oura and El Harrak 2011). 
Although BTV is transmitted primarily by Culicoides biting midges multiple sero-
types have also been isolated from a single sample of bull semen, suggesting the 
testes as an immunoprivileged site of infection and persistence. Heifers can be 
infected through insemination with BTV-infected sperm (Bowen et al. 1983; Luedke 
et al. 1977). BTV transmission through oral and transplacental (vertical transmis-
sion) route has been reported in European cattle infected with BTV-8 (Backx et al. 
2009; Santman-Berends et al. 2010b).

BTV infection in cattle, goats and many wild ruminant species is classically 
asymptomatic or subclinical (Barratt-Boyes and MacLachlan 1995; Parsonson 
1990; Verwoerd and Erasmus 2004) and cattle are often regarded as a silent or res-
ervoir hosts, maintaining and spreading the virus, possibly through vertical trans-
mission and overwintering (Darpel et al. 2009; Luedke et al. 1977; Nevill 1971; 
Santman-Berends et al. 2010a, b). However, in 2007, severe (fatal) clinical disease 
was also observed with low frequency in cattle infected with BTV-8 (Elbers et al. 
2008a, 2009), including high fever (reaching 42 °C), nasal discharge, despair, heavy 
salivation, lameness, haemorrhaging of the coronary bands (coronitis), increased 
respiration, oral lesions, swollen muzzle and necrosis of the tongue (‘bluetongue’) 
(Gard et  al. 1987; MacLachlan 1994; Maclachlan et  al. 2009; Moulton 1961; 
Verwoerd and Erasmus 2004). Early prenatal infection in cattle can lead to failed 
pregnancies, or embryonic death resulting in abortions or stillbirths (Osburn 1994; 
Tabachnick et al. 1996). However, later infections in utero can lead to teratogenic 
effects (including dummy calves) and viraemia at birth (Darpel et al. 2009).

The introduction of orbiviruses into disease-free naive population of susceptible 
animals can cause high levels of morbidity and mortality (Elbers et  al. 2008b; 
Wilson et al. 2007), as demonstrated by the outbreak caused by BTV-8 in northern 
Europe during 2006 (Maan et al. 2008). The economic significance of BT has led to 
mandatory restraints on the transport of ruminants, their germplasm and other ani-
mal products from BT-endemic countries or regions to BT-free areas (Darpel et al. 
2007; OIE 2007, 2010a; Osburn 1994). These trade restrictions due to outbreaks of 
BT and AHS cause heavy financial burden.

Worldwide and periodic dispersal of the orbiviruses concurs with the distribution 
of their biological vectors, which are affected by climate conditions (Purse et al. 
2005; Wilson et al. 2009a). Recent outbreaks of BTV in Europe have been linked to 
climate changes in the region (Purse et al. 2005, 2008) suggesting an increased risk 
from other arboviruses (particularly other orbiviruses) that are transmitted by the 
same Culicoides vectors (e.g. AHSV and EHDV) (Attoui et al. 2009a; Gale et al. 
2010). Simultaneous infection of bluetongue and peste-des-petits ruminants (PPRV) 
has been reported in India (Maan et al. 2018). The emergence of orbiviruses into 
new regions depends on the capability of the virus involved to infect and be trans-
mitted by resident vector populations. Recently, some orbiviruses have extended 
their global distribution and it is becoming more difficult to foresee which vectors 
are capable of carrying specific orbiviruses worldwide.
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The vectors of BTV (Culicoides species) are most active between 18 and 29 °C 
and a comparatively small increase in temperature in this effective range can raise 
their activity and numbers, effectively increasing their efficiency as vectors. The 
distribution of bluetongue is essentially limited between 50° North and 30° South in 
America and between 40° North and 35° South in the remaining part of the world. 
The outbreaks of BTV in southern and central Europe after 2006 are among the 
strongest paradigms of disease circulation being disturbed by climate change. 
Increases in average temperatures in the region have led to changes in the dispersal 
of C. imicola (one of the main BTV vector species) in the region. Also novel vector 
species populations in central and northern Europe, beyond the distribution limits of 
C. imicola, have been colonised as vectors for BTV, since 2006, allowing BT out-
breaks to spread for the first time in these regions.

8.8.2  Epizootic Haemorrhagic Disease Virus

EHDV is closely related to BTV, and they are both transmitted by similar Culicoides 
spp. EHDV is prevalent worldwide (Maclachlan and Guthrie 2010). Cattle are 
asymptomatic reservoirs for EHDV (Gibbs and Lawman 1977; Uren 1986). 
However, an outbreak of Ibaraki (caused by a strain of EHDV-2) killed >39,000 
cattle during 1959 in Japan (Anthony 2007). Since then EHDV has been isolated 
from North America (USA), South America (Guyana and Suriname), Israel, the 
Caribbean countries (Jamaica, Antigua, Barbados, Grenada, Trinidad and Tobago), 
Australia, Japan (Ibaraki virus) and Africa (Bahrain, Sudan, Oman, Algeria and 
Morocco) (Attoui et al. 2009a).

Latest outbreaks in cattle (during 2004–2009) in Israel, North Africa, USA and 
Reunion Island have increased the economic importance of EHDV (Anthony et al. 
2009c). Clinical EHD has also been observed in wild ungulates (white-tailed deer, 
mule deer, bighorn sheep and pronghorn antelope) (Hoff et  al. 1973; Hoff and 
Trainer 1974; Karstad et al. 1961; Noon et al. 2002a, b; Shope et al. 1955). Further 
outbreaks of EHDV with significant morbidity and mortality in cattle have been 
reported since the outbreak of Ibaraki virus in Japan during 1959 (Abdy et al. 1999; 
McLaughlin et al. 2003; Ohashi et al. 2002; Omori et al. 1969a, b).

The clinical signs of EHD include high fever, anorexia, respiratory distress, 
facial oedema extending up to neck and tongue, conjunctivitis, excessive salivation 
and nasal discharge, and haemorrhages in skin, heart, gastrointestinal tract and 
mucous membranes. Occasionally the tongue may become cyanotic, and the disease 
was known locally as ‘blacktongue’ in the USA. Classical findings in dead animals 
include bloody diarrhoea and/or haematuria and dehydration (Maclachlan and 
Guthrie 2010; Savini et al. 2011).
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8.8.3  African Horse Sickness Virus

AHS is an ancient disease that was initially recognised as early as 1657, but the big 
initial outbreak occurred in 1719 in Southern Africa followed by several others dur-
ing 1854–1855 killing over 70,000 horses (Mellor and Hamblin 2004). AHSV-9 is 
most prevalent and has been causing all epidemics outside Africa (Attoui et  al. 
2009a; Mellor and Boorman 1995). The only exception is the Spanish-Portuguese 
outbreak that occurred in 1987–1990, which was due to AHSV-4, resulting from the 
importation of infected zebra from Namibia (Mellor and Boorman 1995; Sanchez- 
Vizcaino 2004). As BTV and AHSV have similar vectors responsible for their trans-
mission, the recent outbreaks of BT across southern, central and northern Europe 
suggest that this entire region should now be regarded as ‘at-risk’ to any future 
African horse sickness outbreaks, although the vector competence of vector popula-
tions in different geographic regions may vary for different strains of either BTV 
or AHSV.

AHS is usually peracute to acute and in naive animals can cause >95% mortality. 
Horses are more susceptible than mules, while African donkeys and zebras can act 
as reservoirs for the virus (Maclachlan and Guthrie 2010). AHS is characterised by 
high temperature, inappetence, oedema of the lungs, subcutaneous and intermuscu-
lar tissues, transudation into body cavities and haemorrhages of the serosal surfaces 
(Maclachlan and Guthrie 2010).

Dogs don’t seem to play any major role in the epidemiology of AHS but can get 
infected with a highly fatal form of AHS mainly due to ingestion of infected carcass 
material from horses (Bevan 1911; McIntosh 1955; Van Rensberg et  al. 1981). 
There is also serological evidence for widespread infections of other African carni-
vore species (Alexander et al. 1995). Apart from zebra, no other wildlife species or 
domesticated animal has been shown to play a substantial role in the epidemiology 
of AHS (Barnard 1997; Davies and Otieno 1977). Unlike some strains of BTV, 
AHSV infection is not known to cause reproductive problems in pregnant mares 
(Maclachlan and Guthrie 2010).

8.8.4  Equine Encephalosis Virus

Equine encephalosis (EE) is generally a mild infection of horses (Guthrie et  al. 
2009). Equine encephalosis virus (EEV) was first identified in 1967, in southern 
African horse, and is enzootic in Africa. After 1967, seasonal outbreaks of EE took 
an epidemic proportions in southern Africa (Theodoridis et al. 1979). Early abor-
tion during the first few months of gestation due to EEV infection can potentially 
lead to a misdiagnosis as infertility in a mare (Attoui et al. 2009a). The disease was 
referred to as ‘equine ephemeral fever’ by Sir Arnold Theiler in the early 1900s 
(Theiler 1910). EEV has recently occurred for the first time in Israel, causing 
pyrexia, unrest, anorexia, increased breathing, congestion of mucosae and oedema 
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of the face, neck and legs, but with no detectable increase in mortality (Maclachlan 
and Guthrie 2010; Mildenberg et  al. 2009). Recently, EEV was first reported in 
India (Yadav et al. 2018).

8.8.5  Peruvian Horse Sickness Virus

Peruvian horse sickness virus (PHSV) is a mosquito-transmitted orbivirus isolated 
in 1997 from a horse that died of encephalitis in South America (Attoui et al. 2009b). 
The virus was also isolated from cattle, sheep and dogs. A closely related virus was 
consequently isolated from diseased horses in the Northern Territory of Australia 
during 1999 (Elsey virus, ELSV). The epidemiology of this virus is poorly under-
stood, and it is unclear how nearly identical viruses are present in such far-off 
regions of the world.

8.8.6  Palyam Virus

Palyam viruses have been associated with infections of domesticated animals (cattle 
and goats) and a variety of haematophagous arthropod vectors distributed in the 
tropical and subtropical regions of the world. The pathogenicity of this serogroup 
had not been well studied, although restrictions were imposed by the USDA to pre-
vent work on Nyabira virus (a serotype of Palyam serogroup), which is regarded as 
a potential pathogen of livestock (Swanepoel and Blackburn 1976; Whistler and 
Swanepoel 1988). However, several members of the Palyam serogroup have been 
isolated recurrently from aborted bovine foetuses. An epizootic of congenital abnor-
malities in calves caused by Chuzan virus was also observed in Japan (1985–1986; 
Goto et al. 1988a, b; Miura et al. 1988a, b). Chuzan virus was later isolated from 
native Korean goats, indicating that it has a more extended host and geographical 
range, and may pose a future threat to domesticated livestock (Yang et al. 2008). 
Although Chuzan virus was isolated on several more occasions from 1987 to 1996, 
there have been no further major outbreaks of the disease, although small-scale 
sporadic disease outbreaks have occurred in the Kyushu district in the late 1990s 
(Yamakawa et al. 2000).

8.8.7  Eubenangee Virus

The species Eubenangee virus (EUBV) includes arthropod-borne orbiviruses that 
have been associated with sudden deaths and high mortality rates in tammar walla-
bies and kangaroos in Australia (Kirkland 2005; Rose et al. 2000, 2012). Tilligerry 
virus (TILV) was isolated along with Ross River virus, which is the causative agent 
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of the epidemic polyarthritis at Nelson Bay in Australia (Marshall et al. 1980). The 
disease producing a potential of Tilligerry virus has not been fully explored, but 
such viruses should be considered during the investigation of diseases of unknown 
aetiology (Marshall et al. 1980).

8.8.8  Wallal Virus and Warrego Virus

The Wallal virus (WALV) and Warrego virus (WARV) species include viruses that 
have caused epidemic blindness in kangaroos in South Eastern Australia (Hooper 
et al. 1999; Reddacliff et al. 1999). Both viruses were isolated in 1994 from popula-
tions of western grey kangaroos (Macropus fuliginosus), red kangaroos (Macropus 
rufus), eastern grey kangaroos (Macropus giganteus) and euros or wallaroo 
(Macropus robustus) in Australia. These animals suffered from blindness due to 
non-suppurative choroiditis, retinal degeneration, inflammation and secondary 
degeneration of the optic nerve (Hooper et al. 1999; Reddacliff et al. 1999).

8.8.9  Yunnan Orbivirus

In 1997, Yunnan orbivirus (YUOV) was first isolated from mosquitoes in China 
(Attoui et al. 2005a; Okamoto et al. 2010). YUOV is closely related to Rioja virus 
(RIOV), which was isolated along with PHSV in Peru during 1997 (Attoui et al. 
2009b). These two viruses have been grouped into the same species, Yunnan orbivi-
rus (Attoui et al. 2009b).

In 1998, Middle Point orbivirus (MPOV) was isolated in Australia from healthy 
cattle and was characterised in 2007 (Cowled et al. 2007). MPOV and YUOV belong 
to the same virus species as indicated by high amino acid identity (96%) in their 
VP2 (T2) protein. Therefore YUOV and PHSV both have a widely separated circu-
lation (South America, China and Australia) with the unknown point of origin.

8.8.10  Changuinola Virus

Changuinola virus (CGLV) is one of the 12 identified serotypes in the Changuinola 
virus species and was isolated from the blood of a human, presenting mild febrile 
illness (Gorman et al. 1983; Karabatsos 1985). The virus was also isolated from 
phlebotomine sandflies in Panama, and antibodies were detected in rodents. CGLV 
replicates in insect cell lines with no CPE and is pathogenic for newborn mice or 
hamsters following intra-cerebral inoculation (Karabatsos 1985). Although virus- 
specific antibodies were also detected in rodents and other mammals, the prevalence 
of human infection has not been studied.
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8.8.11  Corriparta Virus

Corriparta virus (CORV) was isolated from Culex mosquitoes in Australia in 1960 
(Doherty et  al. 1963). Later serologically related viruses were isolated from 
Australia, Africa and South America (Gonzalez and Knudson 1987). Neutralising 
antibodies to CORV have been detected in domestic and wild birds, cattle, marsu-
pials, horses and human (Boughton et  al. 1990; Doherty et  al. 1963, 1970; 
Whitehead et al. 1968).

8.8.12  Ieri Virus

Ieri virus (IERIV) was first isolated in 1955 from a pool of female Psorophora albi-
pes mosquitoes gathered from evergreen season forest in Trinidad. The virus was 
successfully isolated in mice brain and BHK cells (Spence et al. 1967). This species 
contains three serotypes Ieri virus (IERIV), Arkonam virus (ARKV) and Gomoka 
virus (GOMV). ARKV was first isolated in 1957 from a pool of mosquitoes col-
lected in India, and the evidence of neutralising antibodies against this virus in 
human was also reported (Dandawate and Shope 1975). Later, the virus was also 
isolated from mosquitoes collected from Sri Lanka (Peiris et al. 1994). GOMV was 
first isolated from mosquitoes collected in 1970 at equatorial forest in the Central 
African Republic, and the virus was also isolated from birds (Karabatsos 1985). 
This indicated that IERIV viruses have the potential to infect birds and humans.

8.8.13  Great Island Virus

Great Island species members are tick-borne and have been isolated from birds 
(Mertens et al. 2000). More than 20 strains of Kemerovo virus were isolated from 
blood and cerebrospinal fluid (CSF) of human patients with meningoencephalitis 
in the Kemerovo region of Russia and Ixodes persulcatus ticks in 1962 (Monath 
and Guirakhoo 1996). Some Great Island virus (GIV) species, including Kemerovo 
virus (KEMV), Lipovnik virus (LPV) and Tribec viruses (TRBV), have been 
responsible for fever or neurological infection of humans, in the former USSR 
(Kemerovo) and Central Europe (Lipovnik and Tribec) (Belhouchet et al. 2010; 
Dilcher et al. 2012; Libikova et al. 1970, 1978). Lipovnik and Tribec viruses were 
associated with ‘central European encephalitis’ (CEE), with >50% of CEE 
patients having antibodies to Lipovnik virus (LPV) (Attoui et al. 2009a; Libikova 
et al. 1978; Monath and Guirakhoo 1996). LPV is also supposed to be associated 
in some chronic neurological diseases and multiple sclerosis. Greater than 20 
strains of Kemerovo virus were isolated in 1962 from the Kemerovo area of 
Russia from Ixodes persulcatus ticks and from individuals with meningoencepha-
litis. The virus, which was also isolated from birds, can infect Vero or BHK-21 
cells (Attoui et al. 2009a).
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8.8.14  Chenuda Virus

Antibodies against a Kemerovo-related virus were detected in Oklahoma and Texas, 
in patients with ‘Oklahoma tick fever’. Sixgun City virus is one of the seven tick- 
borne serotypes of the Chenuda virus species (CNUV-1 to CNUV-7) that have been 
isolated from birds (Mertens et al. 2000). Several Oklahoma tick fever patients also 
had antibodies to Sixgun City virus, together with antibodies to Kemerovo virus, 
although no virus was isolated. However, virus isolation was not performed, and the 
precise cause of the fever is therefore not definitively known (Fields et al. 1985; 
Monath and Guirakhoo 1996).

8.8.15  Lebombo Virus

Lebombo virus-1 (LEBV-1), the only known serotype of the Lebombo virus species, 
was isolated in Ibadan and Nigeria, in 1968, from a child with fever (Attoui et al. 
2009a; Fields et al. 1985; Monath and Guirakhoo 1996). It is pathogenic for suck-
ling mice and has been isolated from both rodents and mosquitoes (Mansonia and 
Aedes species) in Africa (Fields et  al. 1985). The virus replicates in C6/36 cells 
(noCPE) and in Vero and LLC-MK2 cells.

8.8.16  Orungo Virus

The species Orungo virus (ORUV) has four distinct serotypes (ORUV-1 to ORUV-4), 
isolated from Anopheles, Aedes and Culex mosquitoes (Fields et al. 1985). ORUV 
was first isolated in Uganda during 1959 from the blood of a human patient with 
initial symptoms of fever and diarrhoea (Mohd Jaafar et al. 2014). ORUV is widely 
distributed in Africa in humans, ruminants, monkeys and  mosquitoes (Attoui et al. 
2009a; Fields et  al. 1985; Monath and Guirakhoo 1996). This virus causes lethal 
encephalitis in suckling mice and hamsters and replicates in adult Aedes aegypti 
mosquitoes after intrathoracic inoculation (Karabatsos 1985). High rates of co-infec-
tion of this virus with yellow fever have been reported, showing their similar topo-
graphical distribution and transmission by Aedes mosquitoes (Attoui et al. 2009a).

8.8.17  Other Orbiviruses

Stretch Lagoon orbivirus (SLOV) was originally isolated from a pool of mosquitoes 
collected in 2002 in Australia. Antibodies to SLOV have been detected in horses, 
donkeys and goats (Cowled et al. 2009). This virus was also isolated from the mos-
quitoes collected near urban areas of eastern Australia (Jansen et al. 2009). Minacu 
virus (from South America) was first isolated in Brazil in 1996. Pathogenesis stud-
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ies in mice showed extensive neuro- and viscerotropisms (Martins et al. 2007). In 
1988, the Breu Branco virus (also from South America) was isolated from a pool of 
mosquitoes, and genetic characterisation suggests that it may also represent a differ-
ent Orbivirus species (Vieira Cde et al. 2009). Published data indicated that a large 
number of other uncharacterised orbiviruses exist in South America, particularly in 
the Amazonian rainforests, an area that contains recognised centres of biodiversity. 
Initial studies also suggested that several of these viruses are likely to represent 
further new species (Tables 8.1 and 2). Some of the bat-originated orbiviruses (Ife, 
Japanaut, Fomede and Chobar Gorge viruses) may have the potential to ‘emerge’ as 
major threats to human and livestock population (Calisher et al. 2006).

Many emerging viruses are zoonotic (Wang and Crameri 2014). They can be 
transmitted from wild or domestic reservoir animals to humans, either by insect 
vectors or by exposure to the droppings or tissues of infected animals. Several orbi-
viruses have been isolated from humans (Brown et  al. 1991; Karabatsos 1985; 
Libikova et al. 1970, 1978).

8.9  Relationships Among Orbiviruses

8.9.1  Serological Relationships of the Orbivirus Species

The orbiviruses are a diverse group that has been differentiated into 27 distinct spe-
cies that also represent distinct serological groups, with no common ‘generic’ anti-
gens. Some of the orbivirus proteins are highly conserved, sharing common 
antigens/epitopes within each group that can be detected in complement fixation 
(CF) tests, fluorescent antibody (FA) tests and ELISA (Mertens et  al. 2005b; 
Verwoerd et al. 1979). The core surface ‘T13’ protein (VP7 of BTV) is recognised 
as ‘immunodominant’ and is the major serogroup-specific antigen of some Orbivirus 
species (Gumm and Newman 1982), and has therefore provided a primary target for 
the development of serogroup-specific serological diagnostic assays (Gumm and 
Newman 1982; Huismans and Erasmus 1981). However, low-level or one-way 
cross-reactions have been observed among some of the more closely related but 
distinct Orbivirus species in ELISA, CF and agar gel precipitation tests (e.g. 
between BTV, EHDV and EUBV) (Borden et al. 1971b; Gorman 1979; Gorman and 
Taylor 1978; Moore 1974; Moore and Lee 1972). This cross-reactivity has been 
used as a measure of the evolutionary distance between the different species 
(Gorman 1986). However, partly due to difficulties in obtaining reference antisera 
to all of the recognised Orbivirus species, some virus isolates have not been assigned 
to recognised serogroups/species by serological methods, and therefore remain as 
‘unclassified’ viruses within the genus (Gorman et al. 1983; Karabatsos 1985).

In many Orbivirus species/serogroups, multiple distinct ‘serotypes’ have been 
demarcated, based on the specificity of reactions in serological neutralisation tests 
that target the outer surface proteins of the virus (VP2 and VP5 of BTV). These 
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important diagnostic tools include ‘virus neutralisation tests’ (VNT) (based on the 
ability of a specific virus isolate to be neutralised by reference antisera to known 
serotypes) and ‘serum neutralisation tests’ (SNT) (based on the ability of antiserum 
from a previously infected or immunised animal to neutralise reference strains of 
known serotypes). Using these methods, distinct serotypes have been identified for 
BTV, AHSV, CGLV, KEMV, PALV and CORV (Dandawate 1974; Dandawate et al. 
1969; Davies and Blackburn 1971; Gonzalez and Knudson 1987; Gorman 1979; 
Hamblin et al. 1991; House et al. 1990; Karabatsos 1985; Libikova and Buckley 
1971; Myers et al. 1971; Travassos da Rosa et al. 1984).

The cell attachment and outer capsid protein, VP2 of BTV, contains major neu-
tralisation determinants. However, the smaller outer capsid protein VP5 of BTV, 
which is involved in membrane penetration during cell entry, also contains some 
neutralising epitopes and may influence serotype, possibly through conformational 
interactions with VP2 (Cowley and Gorman 1989, 1990; DeMaula et  al. 2000; 
Mertens et al. 1989). VP2 of BTV is approximately twice the size of the cell attach-
ment protein of some tick-borne orbiviruses, suggesting that it is the product of a 
concatemerisation event during the evolution of BTV and other closely related 
(Culicoides transmitted) orbiviruses (Anthony et al. 2011; Dilcher et al. 2012). In 
this context neutralising epitopes have been identified within the amino-terminal 
half of VP2, several of which appear to be shared between AHSV, BTV and EHDV 
(Bentley et  al. 2000; Martinez-Torrecuadrada and Casal 1995; Martinez- 
Torrecuadrada et al. 2001).

8.9.2  The Genetic Relatedness of Different Orbiviruses

Serological assays cannot be used to quantitatively determine the genetic closeness 
of different orbiviruses in individual genome segments. CF tests which have been 
used in serogroup detection and identification are limited to antigenic site compari-
son on a restricted number of virus proteins. SNT determines the relatedness of 
relevant epitopes, corresponding to only part of the genes encoding the cell attach-
ment proteins. However, comparisons of orbivirus genome segments by RNA-RNA 
hybridisation, oligonucleotide mapping and particularly sequencing and phyloge-
netic analysis can provide accurate and quantitative evaluations of genetic related-
ness in every genome segment. This can be used to reveal the extent and degree of 
genetic diversity between specific orbivirus strains and species.

The consistent pattern of genome segment migration during AGE for members 
of a single Orbivirus species is also reflected by a greater level of sequence conser-
vation between members of the same species, than with the members of other dis-
tinct Orbivirus species (Gonzalez and Knudson 1988; Mecham and Johnson 2005). 
However, significant differences in RNA migration patterns have been observed 
within the EHDV species (Anthony et al. 2009a). These include a smaller Seg-9 in 
the eastern strains as compared to the western topotype strains (generating a migra-
tion pattern for Seg-7, -8 and -9 that is more similar to BTV in the eastern strains).
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Similarities in electropherotype can exist between members of distinct but 
related species/serogroups (Gorman et al. 1981; Mertens et al. 2005b). However, 
there is as yet no single study that compares the PAGE and/or AGE electropherotype 
for representative isolates of all Orbivirus species.

The variability in the genome segment sizes of the Culicoides-borne orbiviruses 
(CBOs), mosquito-borne orbiviruses (MBOs) and tick-borne orbiviruses (TBOs) has 
been documented earlier (Attoui et  al. 2005a, 2009b; Belaganahalli et  al. 2011; 
Belhouchet et al. 2010; Moss et al. 1992). In contrast to the CBOs and TBOs, which 
have distinct but broadly conserved electropherotypes after 1% AGE (with either 
3-3-4 or 2-4-4 patterns, respectively), the MBOs showed much more variable migra-
tion patterns in their small, medium and large segments, suggesting greater variation 
in the sizes of cognate genome segment and proteins. The only exception is ORUV, 
which has an RNA migration pattern similar to that of the CBOs, suggesting that it 
could also be transmitted by Culicoides. The TBOs such as CGV, CNUV and WMV 
as a group exhibited a 2-4-4 (2-4-3-1) pattern although each serogroup/species has a 
distinct pattern. Although the genome segments of some MBOs also exhibit a 2-4-4 
pattern, their grouping and genome size are different from that of the TBOs. The tick-
borne orbiviruses can, therefore, be differentiated from insect-borne orbiviruses 
(IBOs) (mosquito and Culicoides) based on their distinct 1% AGE electropherotype.

Sequence differences and size heterogeneities between the different Orbivirus 
species have been acquired by a combination of insertions, deletions, reassortment, 
recombination and concatemerisation events, over a very long period of time 
(Anthony et al. 2009a, c; 2011; Cao et al. 2008; He et al. 2010; Hundley et al. 1987; 
Murao et al. 1996; Troupin et al. 2011). The extent of this heterogeneity is illus-
trated by differences between the TBOs and CBOs, where OC1 of the TBOs is 
approximately half the size of OC1 of CBOs. Therefore, it is possible that OC1 of 
CBO is the result of gene duplication event of OC1 of a TBO, suggesting the TBOs 
as ancestors of the CBOs (Belhouchet et al. 2010; Dilcher et al. 2012). This also 
suggests that the observed change in the size of OC1 may be associated in some way 
with the change in vector specificity. Different levels of sequence variation suggest 
that selection acts with differing intensities on the different orbivirus genes. The 
orbivirus OC1 exhibits the highest variability both within and between species and 
is therefore likely to be under the highest level of selective pressure, as suggested 
for EHDV (Anthony et al. 2009c).

8.9.3  Phylogenetic Relationships Between the Different 
Orbivirus Species

8.9.3.1  Phylogenetic Relationship Based on Sub-core T2 Protein

In all of the tick-borne orbiviruses [GIV, SCRV, PHSV, YUOV and CORV], the sub- 
core shell ‘T2’ protein is recognised as VP2 rather than as VP3. The VP3 (T2) and 
VP2 (T2) groups form two discrete phylogenetic lineages, the insect-borne group 

S. Maan et al.



187

and tick-borne group, respectively (Attoui et al. 2009b; Moss et al. 1992; Parkes and 
Gould 1996). The genome coding assignments of BTV and GIV are equivalent for 
genome segments 1, 7, 8, 9 and 10. The GIV genome segments 2, 3, 4, 5 and 6 are 
homologous to segments 3, 4, 6, 2 and 5 of BTV, respectively (Attoui et al. 2009a; 
Belhouchet et al. 2010; Moss et al. 1987, 1992).

The aa sequence of the orbivirus T2 protein (seg-3/VP3 of BTV) determines the 
conformation and structure of the virus particle and shows a high level of sequence 
identity (>83%) within each Orbivirus species (Attoui et  al. 2001, 2009a; 
Belaganahalli et al. 2011; Belhouchet et al. 2010). The genome segment encoding 
the T2 protein being most conserved regions can be used to identify various 
Orbivirus species (serogroups) (Attoui et al. 2001, 2009a); it has therefore taken 
some priority in sequencing efforts (Attoui et al. 2001, 2005a, 2009b; Cowled et al. 
2007, 2009; Maan et al. 2008; Pritchard et al. 1995). Consequently, the T2 gene 
sequence is the only sequence available for several orbiviruses in GenBank (and 
partial sequences are available for WALV, WGRV, EUBV and CORV) (Belaganahalli 
et  al. 2011; Belhouchet et  al. 2010). Therefore, T2 is a logical starting point in 
sequencing novel orbiviruses to determine their virus species (Attoui et al. 2001; 
Belhouchet et al. 2010; Pritchard et al. 1995).

8.9.3.2  Phylogenetic Relationship Based on VP1 (Pol or RdRp) Protein

The genome segment encoding the viral polymerase (Seg-1/VP1 of BTV) is also 
very highly conserved. It is therefore also a useful region to target for sequencing 
and phylogenetic comparison at a family/genus/species level since all viruses within 
the family Reoviridae have a homologous gene. Phylogenetic analysis of the amino 
acid sequences of the viral RdRp groups turreted and non-turreted viruses in sepa-
rate clusters. The orbiviruses are grouped as separate cluster showing >30% aa iden-
tity in their polymerase, 13–15% aa identity to other non-turreted genera and <8% 
identity to the turreted viruses (Attoui et al. 2009a).

The RdRp amino acid sequence has been determined for members of several 
Orbivirus species, including BTV, EHDV, AHSV, PALV (Chuzan strain), YUOV, 
PHSV, EEV and SCRV. A phylogenetic tree built with the RdRp sequences suggests 
that SCRV is closest to an ancestral virus from which all other orbiviruses origi-
nated (Attoui et al. 2009a).

8.9.3.3  Phylogenetic Relationship Based on Outer Capsid Proteins

The genes encoding the orbivirus outer coat proteins are highly variable and may 
show partial or high levels of serotype-specific variability (as shown for VP2 and 
VP5 of BTV, and VP3 (OC1) of some other viruses). Studies which included com-
plete nucleotide sequence analysis of BTV Seg-2 from different serotypes have 
confirmed that the variations detected correlate with virus serotype (Maan et  al. 
2007), providing data for the development of type-specific molecular assays 
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(Mertens et al. 2007). Phylogenetic analysis of Seg-2 sequences from strains within 
individual BTV serotypes has also identified differences that are associated with the 
topographical origins of these viruses. These differences divide BTV strains into 
‘eastern’ and ‘western’ groups or ‘Seg-2 topotypes’, with evidence of further divi-
sion into geographical subgroups (Maan et al. 2007; Mertens et al. 2007). These 
studies and novel assay systems have helped to detect 11 distinct serotypes of BTV 
(1, 2, 4, 6, 8, 9, 11, 14, 16, 25 and 27) that have recently invaded or been detected 
in Europe, along with their routes of entry (http://www.reoviridae.org/dsRNA_
virus_proteins/ReoID/BTV-mol-epidem.htm).

Up-to-date molecular phylogenetics provides a better and quantitative evaluation 
of the taxonomic relationships of the orbiviruses both within and between virus spe-
cies (Anthony 2007; Anthony et al. 2009c; Attoui et al. 2001, 2005a; Belaganahalli 
et al. 2011; Belhouchet et al. 2010; Maan et al. 2007).

The phylogenetic trees (Figs. 8.2 and 8.3) show typical branching arrangements 
that reflect vector grouping. Previous phylogenetic analysis of the orbivirus VP1(Pol) 
sequence and arthropod sequences (using mitochondrial genes) indicated that the 
tick-borne viruses provided a familial root for the insect-borne viruses (Attoui et al. 
2009a; Belhouchet et al. 2010) supporting the assumption that orbiviruses evolve 
along with their vectors through the process known as ‘co-speciation’. Analyses 
concerning codon bias and genome composition will strengthen this hypothesis.

The amino acid sequence identities for all proteins were calculated for all orbivi-
ruses, using p-distance and pairwise deletion parameter (Table 8.3). These values 
may have implications for the assignment of these viruses to vector groups 
(Belaganahalli 2012).

8.9.4  Evolutionary Relationship of the Orbiviruses

It has been suggested that different orbiviruses are related, having been derived 
originally from a single common ancestor. However, they have acquired multiple 
point mutations, insertions, deletions and duplications (concatemerisations), over a 
very long period. This has divided the orbiviruses into distinct species, topotypes, 
serotypes, lineages and other groupings that can be identified by sequencing and 
phylogenetic analyses (Attoui et  al. 2009a). The evolutionary feat of the RNA 
viruses may be due to their highly mutable genomes and reassortment, giving them 
the ability to incorporate different positive mutations in different genome segments, 
within a single virus genome. RNA viruses can also generate genetic variability by 
generation of defective interfering (DI) RNAs, homologous and non-homologous 
recombination, insertion, duplications, deletion and concatemerisation events 
(Anthony et al. 2011; Bonneau et al. 2001; Eaton and Gould 1987; Mohd Jaafar 
et al. 2008; Qiu and Scholthof 2001), helping them to adapt to different environ-
ments and econiches (Domingo and Holland 1997; Elena and Sanjuan 2005; Fields 
and Joklik 1969).

S. Maan et al.

http://www.reoviridae.org/dsRNA_virus_proteins/ReoID/BTV-mol-epidem.htm
http://www.reoviridae.org/dsRNA_virus_proteins/ReoID/BTV-mol-epidem.htm


189

There is little information on the molecular evolutionary rate of the dsRNA 
viruses, including the orbiviruses. Bayesian evolutionary estimates of BTV suggest 
that Seg-2, -3, -6, and -10 have evolved at the mean rate of 6.9–0.52 × 10−4 substitu-
tions/site/year (subs/site/year) which is lower than +ve-sense RNA viruses 
(24.2–3.3 × 10−4 subs/site/year) and non-vector-borne dsRNA viruses of the family 
Reoviridae (19.3–8.4 × 10−4 substitutions/site/year), though they are comparable to 
other vector-borne –ve-sense ssRNA viruses (12.3–0.7 × 10−4 subs/site/year) (Carpi 
et al. 2010; Hanada et al. 2004).

However, studies on tick-borne viruses of the genus Coltivirus, family Reoviridae, 
suggested that they have evolved at the rate of 10−8 to 10−9 subs/site/year which is 
similar to rates seen for dsDNA genomes (Attoui et  al. 2002a, b; Holland et  al. 
1982). This indicates that the tick-borne viruses evolve more slowly than other 
arthropod-borne viruses, possibly due to the ability of ticks to lay dormant for long 
periods, potentially reducing the virus replication frequency, further helping to 
reduce the rate of change (Attoui et al. 2002b).
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Fig. 8.2 Neighbour-joining phylogenetic tree showing grouping of orbivirus VP1 amino acid 
sequences. The tree was generated using distance matrices and the p-distance determination algo-
rithm in MEGA 5 (1000 bootstrap replicates) (Tamura et al. 2011). The numbers at nodes indicate 
bootstrap confidence values after 1000 replications. Virus names are shown in red (represents 
novel species), green (grouped into existing species) and blue font and are sequenced recently 
(Belaganahalli 2012). ‘(e)’ and ‘(w)’ indicate eastern and western strains, respectively
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Table 8.3 Suggested cut-off amino acid identity values for classification of Orbivirus species

Protein Minimum % aa identity within species Maximum % aa identity between species

VP1 79a (between KEMV and TRBV) 73.5 (bt BTV and EHDV)
OCP1 22.1 (Maan et al. 2010b) 29.28 (bt PATAV and BTV)
T2 87.8 (Maan et al. 2010b) 82.8a (bt GIV and KEMV)
CaP (VP4) 80.1 (Maan et al. 2010b) 66.46 (bt BTV and EHDV)
NS1 (TuP) 76.6 (Maan et al. 2010b) 58.8a (bt TRBV and GIV)
OCP2 (VP5) 54.2 (Maan et al. 2010b) 63.43 (bt BTV and EHDV)
T13 79.9b 77.6a (bt TRBV and GIV)
NS2 (ViP) 67.7 (Maan et al. 2010b) 57.5a (bt TRBV and GIV)
Hel (VP6) 53.1 (Maan et al. 2010b) 48.7a (bt TRBV and GIV)
NS3 63.7 (van Niekerk et al. 2001) 59.29 (bt PATAV and BTV)

bt = between
aValues were taken from Belhouchet et al. (2010) and Dilcher et al. (2012)
bValue calculated based on available BTV sequences
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It has been suggested that the stabilising effect of dsRNA (over ssRNA), a 
requirement of host alternation, intracellular encapsidation of the dsRNA genome 
within a transcriptionally active core (to avoid exposure of their genetic material to 
the cytoplasm of the infected cell) and reduced viral replication frequency due to 
persistent infection of hosts/vectors during its enzootic cycle, collectively imposes 
strong purifying selection pressure on the viral genome segments that could affect 
the overall rate of evolution (Carpi et al. 2010).

The need for intramolecular base-pairing of the viral mRNAs, to maintain spe-
cific structures required for translation, packaging, replication and other functions, 
may also serve to reduce the rate at which even neutral mutations can be accumu-
lated. The segmented nature of the virus genome may in itself provide some protec-
tion against the potentially damaging effects of a high mutation rate and its potential 
to reduce overall virus ‘fitness’. By breaking the genome into distinct pieces, there 
is a reduction in the target size for lethal mutations. Reassortment and high rates of 
selection (with bottlenecks, such as provided during transmission to and from 
arthropod vectors) would rapidly remove non-viable progeny viruses, and could 
specifically remove segments containing deleterious mutations from the virus 
population.

Despite these constraints, high levels of genetic variations have been observed in 
some Orbivirus species (Bonneau et al. 2000, 2001; de Mattos et al. 1996; Gould 
and Pritchard 1991). Some changes reflect adaptation in response to selective pres-
sures, particularly in proteins such as VP2 and VP5 of BTV (which are targeted by 
the host’s immune system), and VP7 and possibly NS3 which may have a role in 
infection of insects and insect cells (Bonneau et al. 2001; Carpi et al. 2010).

The evolutionary dynamics of the arboviruses are influenced by the number, vol-
ume and delay between the blood meals during the arthropod life span, as well as by 
host range, vector range and potential for vertical transmission (Cook and Holmes 
2006; Zanotto et al. 1996). The mosquito-borne arboviruses evolve approximately 
2.5 times faster than tick-borne arboviruses (Gould et al. 2003; Zanotto et al. 1995). 
This may reflect a significantly slower virus turnover in ticks due to their longer life 
cycle (2–5 years), the potential for long periods of inactivity and a limited number 
of blood meal (three blood meals per life cycle). In contrast, the mosquitoes have a 
shorter life span and take several blood meals (Gould et al. 2003). Also, the titre of 
mosquito-borne viruses increases very rapidly in both vector and hosts during their 
sylvatic replication cycle. The entire replication cycle and transmission of the 
mosquito- borne arboviruses are far more dynamic (i.e. a greater number of replica-
tion cycles) than in ticks, which contributes to their increased rate of evolution.

The ecology of Culicoides and phlebotomine flies is similar to that of the mos-
quitoes (they are all insects), and it is therefore considered likely that the evolution 
rate of the viruses that they transmit would also be similar. Bayesian analysis of the 
orbiviruses also shows that insect-borne orbiviruses evolve two times faster than 
tick-borne orbiviruses.
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8.10  Orbivirus Diagnosis

8.10.1  Virological and Immunological (Serological) 
Approaches

Diagnosis of Orbivirus conventionally involved virus isolation followed by their 
serological characterisation. However, these assays can be slow in generating 
results, which can be sometimes unreliable (Akita et  al. 1992; Tabachnick et  al. 
1996; Wade-Evans et al. 1990; Prasad et al. 2000).

Virus isolation has previously involved intra-cerebral inoculation into newborn 
mice, or intravenous injection of embryonated chicken eggs, followed by passage in 
cell culture (Karabatsos 1985). However, recent studies have shown a high level of 
success in the direct isolation of Culicoides-transmitted orbiviruses in KC cells 
(derived from the North American vector species Culicoides sonorensis). These 
cells are also highly tolerant of blood or blood cells, possibly reflecting their deriva-
tion from a haematophagous insect species, facilitating the recovery of even low- 
titre viruses directly from viraemic blood samples. Direct isolation in cell culture 
also reduces the use of animals in experimental studies supporting the objectives of 
the ‘three Rs’ (replacement, refinement and reduction of the use of animals in 
research).

Virus species-specific (serogroup-specific) diagnosis of orbiviruses initially 
involved virus isolation, CF or FA tests for virus antigen detection, and CF or agar 
gel immunodiffusion (AGID) tests for antibody detection (Boulanger et al. 1967; 
Della-Porta et al. 1983; Jochim and Chow 1969; Pearson and Jochim 1979). ELISA 
was subsequently developed for both virus-specific antigen (Crafford et al. 2003; 
Hawkes et al. 2000; Hosseini et al. 1998; Thevasagayam et al. 1996) and antibody 
detection (Afshar 1994; Afshar et  al. 1987, 1997; Crafford et  al. 2011; Hamblin 
et al. 1990; Thevasagayam et al. 1995). Neutralisation assays (VNT or SNT) can be 
used for identification of virus serotype for diagnostic confirmation (Blackburn and 
Swanepoel 1988; House et al. 1990; Howell et al. 1970; Parker et al. 1975).

Serological methods, such as ELISA, can be used to identify orbivirus-specific 
antibodies in endemic or outbreak areas, or to monitor infection and seroconversion 
in sentinel herds (Anderson 1984; Batten et al. 2009; Crafford et al. 2011; Laviada 
et al. 1992, 1995; OIE 2008). However, the widespread use of vaccination (as seen 
during the outbreaks caused by BTV-1 and -8 in northern Europe) precludes surveil-
lance using serological assays to detect virus-specific antibodies, as both live vac-
cines and the current inactivated vaccines produce antibodies to all of the structural 
and the non-structural viral proteins. Although attempts have been made to design a 
‘DIVA’ assay (to distinguish infected from vaccinated animals) based on non- 
structural proteins (Barros et al. 2009; Laviada et al. 1995), the results obtained are 
unreliable and may reflect differences in the serological properties of these proteins 
between the specific vaccine and field strains tested, rather than generalised differ-
entiation between vaccination and infection.
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Earlier diagnostic tools to detect and identify the different orbiviruses were 
based on serology, needed resources (reference strains and antisera for all viruses), 
time (often taking weeks to complete) and considerable effort before the final con-
firmation. In the event of an outbreak, these requirements and resulting delays 
made it difficult to take immediate preventive measures, such as selection and 
deployment of appropriate vaccines. However, genetic characterisation of repre-
sentative strains of the different Orbivirus species (including closely related iso-
lates within individual species) provides a basis to understand their genetic 
relationships and to design differential diagnostic tests.

Complete genomes of many isolates of BTV, EHDV and AHSV have been char-
acterised with high priority because of their economic importance. Sequence data-
bases for these viruses have helped the development of quick and dependable 
molecular diagnostic assays for serogroup and serotype determination (Aguero 
et al. 2008; Anthony et al. 2007; Bremer and Viljoen 1998; Fernandez-Pinero et al. 
2009; Maan et al. 2010a, 2011a, 2012; Mertens et al. 2007; Orru et al. 2006; Shaw 
et al. 2007). Correlations of the OC1 sequence with serotype (Anthony et al. 2009c; 
Maan et al. 2007); RdRp sequence with genus, species and topotype (Attoui et al. 
2005a; Belaganahalli et al. 2011; Belhouchet et al. 2010); and T2 sequences with 
species and topotype (Attoui et  al. 2001, 2005a; Nomikou et  al. 2009; Pritchard 
et al. 1995) have been established for the different orbiviruses. Sequence data has 
therefore been recognised as a vital tool for the taxonomic classification and reclas-
sification of the orbiviruses at genus, species, serotype and topotype levels (Attoui 
et al. 2005a; Maan et al. 2007, 2010b; Mertens et al. 2005b).

8.10.2  Molecular Approaches to Virus Identification 
and Diagnosis

Recent advances in molecular and sequencing techniques have helped in the develop-
ment of very precise, sensitive, quick and reproducible diagnostic tools for the identi-
fication of orbiviruses. Nucleic acid hybridisation techniques were originally used for 
detection of orbiviruses (Brown et al. 1988a, b; de Mattos et al. 1989; Gonzalez and 
Knudson 1987, 1988; Gould 1988; Huismans and Cloete 1987; Koekemoer and Dijk 
2004; Mohammed et al. 1996; Roy et al. 1985; Squire et al. 1985a, b; Venter et al. 
1991; Zientara et al. 1998). Both radioactive and non- radioactive methods were used 
to label nucleic acid probes for use in these hybridisation assays (Akita et al. 1993).

Detection methods for orbivirus RNA, based on RT-PCR, were established in 
1990 (Dangler et al. 1990). Various additional amendments of these methods were 
later developed (Katz et  al. 1993; MacLachlan et  al. 1994). More fast and more 
subtle diagnostic assays for both orbivirus species and individual serotypes were 
developed at the beginning of the twenty-first century based on RT-PCR (Anthony 
et al. 2007; Aradaib et al. 2003, 2005, 2009; Billinis et al. 2001; Maan et al. 2010a; 
Zientara et al. 2002; Palacios et al. 2011; Prasad et al. 1999).
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Many ‘conventional’ RT-PCR assays require agarose gel electrophoresis to 
detect and identify the amplified cDNA products. This makes the assay labour 
intensive and increases the possibility of post-PCR contamination of samples unless 
strict procedures are adhered to. In contrast, real-time RT-PCR assays use a sealed- 
tube setup and detection methods, significantly increasing throughput and reducing 
contamination risks. Therefore, many serogroup- and type-specific real-time 
RT-PCR assays have now been invented based on different segments for different 
orbiviruses (Batten et al. 2010; Hoffmann et al. 2009; Jimenez-Clavero et al. 2006; 
Monaco et al. 2011; Orru et al. 2006; Quan et al. 2010; Rodriguez-Sanchez et al. 
2008; Shaw et al. 2007; Toussaint et al. 2007; Wilson et al. 2009b, c). Phylogenetic 
studies confirmed that sequence differences in Seg-2 are associated with BTV sero-
type, which was used to develop type-specific RT-PCR assays for BTV (Mertens 
et al. 2007). These analyses and recently developed sequencing technologies have 
helped in the identification of additional serotype incursions into newer geographi-
cal areas (Hofmann et al. 2008; Maan et al. 2011b). In addition these databases can 
also be used to trace the movement, origins and parental strains of viruses (Anthony 
et  al. 2009a, 2010; Batten et  al. 2008; Maan et  al. 2008, 2010b; Nomikou et  al. 
2009; Oura 2011; Ozkul et al. 2009).

8.11  Immunology of Orbiviruses

Comparatively few studies on the immune response to the type species of Orbivirus 
the bluetongue virus have been available; hence there is limited knowledge about 
viral and mammalian host interactions which is needed for the development of 
effective vaccines.

BTV-infected ruminants develop numerous antiviral immune responses. These 
include serogroup-specific antibodies directed against several of the more conserved 
virus proteins, e.g. VP7, an immunodominant protein.

Neutralising antibodies raised against single serotype of BTV (serotype-specific 
antibodies) usually protect against homologous BTV strain challenge. However, 
sequential infection with BTV serotypes generates a broader spectrum of cross- 
reactive neutralising antibody responses. But concurrent inoculation with three dif-
ferent BTV serotypes did not raise heterotypic antibodies and resulted in the 
replication of two of the three administered serotypes. Therefore, vaccination by 
live attenuated polyvalent vaccines may not develop an immune response against 
some of the inoculated serotypes.

Studies on cellular immune responses against BTV are very limited. Bluetongue 
virus can proficiently induce IFN in vitro and in vivo (MacLachlan and Thompson 
1985). However, the influence of the IFN response on virus clearance and adaptive 
immune responses is unknown. Animals infected with BTV or EHDV develop lym-
phopenia (Ellis et al. 1990; Quist et al. 1997).

Cytotoxic T cells (CTLs) are vital for defence against intracellular pathogens.
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Anti-BTV CTLs (having serotype cross-reactivity) have been demonstrated in 
BTV-infected mice (Jeggo and Wardley 1982, 1985) and sheep. The cross-reactivity 
of BTV-infected sheep T cells did not correlate with the cross-reactions shown by 
neutralising antibodies, which may be due to the recognition of short, linear pep-
tides by T cells via the MHC pathway while neutralising antibodies primarily rec-
ognise conformational epitopes (Takamatsu and Jeggo 1989).

Major ovine recognition antigens for CTLs are BTV NS1, and VP2 to a lesser 
extent. VP5, VP7 and NS3 proteins are the minor antigens (Andrew et al. 1995; 
Janardhana et al. 1999; Jones et al. 1997).

8.12  Emergence and Re-emergence of Orbiviruses

Arboviruses including orbiviruses and other pathogens are emerging and re- 
emerging. But in today’s world, the major difference is that emergence and spread-
ing of arboviruses are faster and geographically extensive, mainly due to massive 
global trade and transportation, adaptation of arthropod vectors to urbanisation, fail-
ure to contain mosquito population density increases and land perturbation (Gould 
et al. 2017).

8.13  Surveillance, Prevention and Control of Orbiviruses

The surveillance strategies should be fit for the purpose and should incorporate 
appropriate diagnostic approaches. The disease control and prevention of orbivi-
ruses, particularly at the international level, should be as per the severity of disease 
and based on risk/cost-benefit assessment (Papadopoulos et al. 2009).

8.14  Conclusions

The genus Orbivirus includes viruses that are transmitted by Culicoides, phleboto-
mines, mosquitoes and ticks. This is similar to the flaviviruses, which represent a 
paradigm for the evolution of other arboviruses concerning their mode of transmis-
sion (Cook and Holmes 2006) providing understandings into the source and trans-
mission of emerging and re-emerging viruses. Similarly, the orbiviruses present a 
practical model to study the evolution of vector-borne segmented genome dsRNA 
viruses and their mode of transmission.

The sequence analyses of the orbiviruses have allowed us to draw the following 
conclusions: (1) The genus Orbivirus is monophyletic (Figs. 8.2 and 8.3) and SCRV 
roots all other orbiviruses. (2) Culicoides-, mosquito- and tick-borne orbiviruses 
represent separate phylogenetic lineages. Phlebotomine-borne viruses group with 

8 Orbiviruses



196

the Culicoides-borne viruses. (3) Phylogenies (trees) relating to the orbiviruses, 
constructed based on different genes, were almost entirely congruently implying 
that orbiviruses within each species maintain a certain degree of homology in all of 
their genome segments and proteins, which does not allow reassortment between 
species (possible evidence of functional constraints). (4) VP1 gene contains suffi-
cient phylogenetic signals to identify topotype and classification of orbivirus both at 
species and genus levels. (5) Maintenance of conservation at both species and genus 
levels suggests that VP1 of the orbiviruses is a suitable candidate for molecular 
evolutionary studies of the orbiviruses. (6) Orbiviruses have evolved along with 
their vectors, which transmit them, a phenomenon called as co-speciation.
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Chapter 9
Equine Influenza Virus

Nitin Virmani, S. Pavulraj, B. C. Bera, Taruna Anand, R. K. Singh, 
and B. N. Tripathi

Abstract Equine influenza (EI), commonly known as ‘horse flu,’ is a major respi-
ratory disease of equines caused by equine influenza virus (EIV) and has huge 
economic implications. The disease is characterised by pyrexia, anorexia, depres-
sion, dyspnoea, dry hacking cough and serous nasal discharge many a times fol-
lowed by secondary bacterial pneumonia. Morbidity in the naive population may 
reach up to 60–90% although mortality may vary. Two subtypes of influenza A 
virus, viz. H7N7 and H3N8, were known to cause the disease in horses. However, 
outbreaks due to H7N7 have not been recorded in the last three decades. The 
H3N8 prototype was isolated from Miami in 1963 and circulated globally as a 
pre-divergent lineage till 1987. Further, the virus made two distinct lineages—
European and American—out of which American lineage further diversified into 
Florida, Kentucky and Argentina, with current outbreaks occurring globally due to 
clade 1 and clade 2 viruses belonging to Florida sublineage. Equine influenza 
virus has jumped species and has been reported in canines, swine, camels and 
cats. One of the most effective ways to prevent equine influenza, is vaccina-
tion along with standstill in case of infection in premises/area. The control of the 
disease is mainly focused on vaccine strategies for generating robust antibody 
responses against the major surface glycoproteins, particularly HA. Despite vac-
cination, EIV is circulating and responsible for epizootics in recent years. This is 
attributed to continual antigenic variation in the surface glycoproteins. Antigenic 
and genetic drift (the accumulation of point mutations) in the gene encoding for 
the HA and NA epitopes helps the virus to evade the protective humoral immune 
system of the host and leads to failure of vaccine, thus warranting repeated har-
monisation of vaccine strains. A BALB/c mice model was established by NRCE, 
India, for detail investigation of EIV pathogenicity and quick efficacy testing of 
inactivated vaccine. Currently, available EI vaccines include inactivated whole 
virus vaccines, subunit vaccines and modified live vaccines. A strong correlation 
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has been observed between humoral immunity level and protective immunity 
against infection with antigenically homologous viruses in challenge studies. 
Along with vaccination, standstill with regard to the movement of horses and 
other biosecurity measures are a must to control the spread of equine influenza.

Keywords Equine influenza · Influenza A virus · EIV · Genome · Clinical signs · 
Pathology · Immunobiology · Detection · Vaccines

9.1  Preamble

Equine influenza (EI) is a highly contagious acute respiratory disease of equines 
caused by equine influenza virus (EIV). The EIV is responsible for two-third of viral 
respiratory infections in horses associated with huge economic impact (Mumford 
et al. 1998; Singh et al. 2018). The disease is called as ‘horse flu’ and ‘Newmarket 
Cough’ and characterised by pyrexia, anorexia, depression, dyspnoea, dry hacking 
cough and serous nasal discharge followed by secondary bacterial pneumonia 
(Gerber 1970). Morbidity in the naive population may reach up to 60–90%, and 
mortality with confirmed infection has ranged from 1% to 20%. Higher mortality 
rates are observed in foals and malnourished, immune- compromised, old and 
stressed equids and donkeys (Paillot et  al. 2006; Waghmare et  al. 2010). First 
recorded outbreak of EI was reported in 1872 in the USA and is known by ‘great 
epizootic of 1872,’ although causative agent was not isolated at that time (McClure, 
1998). EIV was first isolated from horse with respiratory signs in Prague in 1956, 
which revealed a novel influenza virus causing infection only in equines (Sovinova 
et al. 1958) and the virus was subtyped as H7N7. The retrospective serological anal-
ysis suggested that the same subtype of the virus was also circulated among equine 
population in Europe before 1956 (Beveridge 1965). Later in 1963, horses in 
America suffered from respiratory illness caused by different subtype of influenza 
virus, which was antigenically dissimilar with H7N7, and the virus was designated 
as H3N8. The H3N8 prototype was isolated from Miami in 1963 (Waddell et al. 
1963). Till the end of the 1970s, EI infections in horses were caused by both H7N7 
and H3N8 subtype of viruses. However, the H7N7 virus is no longer in circulation 
(Webster, 1993) since the last 35 years, and it is H3N8 subtype that continues to 
circulate and causes disease world over. EI outbreaks were continuously being 
reported from different countries of the world in spite of routine vaccination since 
the 1960s (Bryans et  al. 1966). The disease outbreaks predominantly have been 
recorded among naive and unvaccinated population globally and frequently reported 
in last few years from Argentina, Brazil, Canada, Chile, China, Dominican Republic, 
France, Germany, Ireland, India, Mongolia, Sweden, UAE, the UK, the USA and 
Uruguay (OIE 2019). Equine influenza virus was believed to restrict in equids only 
but recently species jumping of EIV was observed from equines to other novel hosts 
as reported in canines (Crawford et al. 2005; Yamanaka et al. 2009; Kirkland et al. 
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2010), swine (Tu et al. 2009) and camels (Yondon et al. 2014). Recent studies also 
showed that cats are also susceptible to EIV infection (Su et al. 2014). One of the 
most effective ways to prevent viral diseases, including equine influenza, is vaccina-
tion. The control of the disease is mainly focused on vaccine strategies for generat-
ing robust antibody responses against the surface glycoproteins, particularly HA 
(Daly et  al. 2011). HA is the major surface protein of influenza A viruses and a 
recognised key antigen in the host response to influenza virus in both natural infec-
tion and vaccination. Despite vaccination, EIV has been circulating and responsible 
for epizootics in recent years. This is attributed to continual antigenic variation in the 
surface glycoproteins. Antigenic and genetic drift (the accumulation of point muta-
tions) in the gene encoding for the HA and NA epitopes helps the virus to evade the 
protective humoral immune system of the host and leads to failure of vaccine. Thus, 
active research on EIV is the main focus of the scientists globally for deciphering the 
disease pathogenesis, evolution of the virus and development of the effective vac-
cines for generating both humoral and cellular immunity for control of the disease.

9.2  Biology of Influenza Virus

EIV belongs to the Orthomyxoviridae family containing five genera, viz. influenza 
A, B and C virus; thogotovirus; and isavirus (Cox and Subbarao 2000; Lamb and 
Krug 2001). Influenza viruses are broadly classified into type A, B and C based on 
the antigenic differences in nucleocapsid (NP) and matrix (M) proteins. Influenza A 
viruses cause infection in horses, humans, poultry, swine, rarely dogs, seals, mink 
and whales; influenza B infections are associated only in human with few case 
reports in seals and infections with influenza C virus have been reported in both 
humans and swine. All the above-said viruses are transmitted by aerosol and droplet 
infection. Thogotovirus is transmitted by ticks and produces diseases rarely in live-
stock as well as humans. Infectious salmon anaemia virus is the sole member of the 
genus and is a virus causing disease in Atlantic salmon fish (MacLachlan 2011). The 
genome of influenza A virus (IAV) is segmented RNA of about 13.6 kb containing 
eight separate single-stranded, negative-sense RNA segments enclosed in a lipid 
envelope. The IAV genome encodes for 12 distinct proteins, viz. haemagglutinin 
(HA), neuraminidase (NA), nucleoprotein (NP), viral polymerase proteins (PA, 
PA-X, PB1, PB1-F2 and PB2), matrix 1 (M1), matrix 2 (M2), nonstructural protein 
1 (NS1) and nuclear export protein (NEP) (Chen et al., 2001, Jagger et al., 2012). 
IAVs are further classified into different subtypes based on antigenic relationships 
of their surface glycoproteins, namely haemagglutinin (H1-H18) which is rod- 
shaped homotrimers and neuraminidase (N1-N11) homotetramer with mushroom 
shape. The H18 and N11 subtypes were recently identified in a fruit bat (Artibeus 
planirostris) from Peru (Tong et al. 2013). The shape of the IAVs may vary from 
spherical (with a diameter of 80–120 nm) to filamentous. The outer structure of 
virus consists of a lipid bilayer with two glycoproteins—HA (responsible for bind-
ing with a receptor on host cells) and NA (directs release of virus from infected cells 
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and spreading). The two matrix proteins (M1 and M2) support the envelope struc-
ture of the IAVs. Each segment of IAVs is packaged with polymerase proteins, and 
helically arranged multiple copies of nucleoprotein to form rod-shaped ribonucleo-
protein (RNP) complex, which is the core structure of the virus. Three polymerase 
proteins, viz. PB1, PB2 and PA proteins, interact with each other to form the RNA- 
dependent RNA polymerase complex, which controls the replication of the virus. 
This polymerase protein complex is also associated with the nucleocapsid. The 
RNP is a transcriptionally active complex, which leads to transcription of messen-
ger RNAs (mRNAs) and synthesis of complementary RNAs (cRNAs) which acts as 
a template for the production of nascent viral RNAs (vRNAs). The newly produced 
negative-sense viral RNAs are incorporated into progeny viruses. The NS1 protein 
plays a vital role in RNA transport, splicing, translation and subverting host immune 
response, whereas NEP is involved in the nuclear export of virion RNAs (Paillot 
et al. 2006). The lack of proofreading activity of the viral RNA-dependent RNA 
polymerases causes error-prone replication of virus which leads to the antigenic and 
genetic drift (the accumulation of point mutations) in the HA gene and thereby 
generation of new virus strains.

9.3  Epidemiology and Evolution of EIV

EI is endemic in Europe and North America and is of major economic significance 
(Cullinane and Newton 2013). EI has not yet been reported in island countries like 
New Zealand and Iceland. Epizootics of EI have been reported at frequent intervals 
in various parts of the world like South Africa in 1986 and 2003 (Guthrie 2006), 
India in 1987 and 2008 (Virmani et al. 2008; Singh et al. 2018), China in 1989 (Guo 
et  al., 1992), Hong Kong in 1992 (Powell et  al. 1995), China in 2007–2008, 
Mongolia in 2007 and 2011, Uruguay in 2012 (Acosta et al. 2012) and Pakistan in 
2015–2016 (Khan et al. 2017), multifocal outbreaks in Europe in 2018–19. Australia 
had the EI-free status till 2007 when the country suffered from a huge outbreak of 
disease, and more than 50,000 horses were affected. The disease was, however, 
eradicated from the country within 4 months of first outbreak (Cowled et al. 2009). 
Disease control and eradication strategies do not include destroying of animals. In 
Australia EI outbreak was effectively controlled by movement control and follow-
ing strict biosecurity measures.

All age group of horses are susceptible to infection, including newborn foals. 
Immunocompromised horses are at higher risk of developing diseases. The higher 
prevalence is noticed between the age group of 2 and 6 months (Nyaga et al. 1980). 
Outbreaks are commonly observed at the time of yearling sale, transport of horses 
for racing and other movements (Cullinane and Newton 2013; Daly et al. 2011). 
Transmission of EIV takes place through both direct and indirect ways. Naive 
infected horse sheds the virus in nasal secretions after 24 h following exposure, and 
it continues up to 10 days (Myers and Wilson 2006). An infected horse can spread 
the virus up to 32  metres through its forceful cough (Miller 1965). Aerosolised 
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equine influenza can be taken by wind up to several kilometres (km) such as more 
than 8  km as reported in South Africa (Huntington 1990), 3.2  km in Jamaica 
(Dalglish 1992) and 5 km in Australia (Firestone et al. 2011). Indirectly, EIV spreads 
through fomites such as equipment, vehicles and personnel (Guthrie et al. 1999). 
International movement of horses for racing and breeding is important in the spread 
of influenza throughout the world (Powell et  al. 1995; Mumford 1999; Wernery 
et al. 1999).

Influenza viruses are continuously evolving by processes like the accumulation 
of single-point mutations, reassortment and species jumping (Webster 2002). Due 
to the lack of proofreading function of RNA polymerase, influenza viruses continu-
ously accumulate mutations in their genome. These mutations may be silent or may 
alter virulence or pathogenicity of the virus. Continuous accumulation of single- 
point mutations in surface glycoproteins over a long period produces structural and 
antigenic differences which affect vaccine efficacy adversely (Nakajima et al. 2005). 
Antigenic evolutions are mainly due to immune selection and other factors involved 
in virus adaptation in a new host. At least four antigenic changes in two different 
antigenic sites of HA gene are required for significant antigenic drift in case of 
human influenza A virus (Wilson and Cox 1990). One or more mutations in any of 
five major antigenic sites of the gene coding for HA1 glycoprotein of the virus lead 
to failure of circulating antibodies to recognise virus produced by vaccination or 
infection (Wiley and Skehel 1987; Daly et al. 2003). In influenza viruses, antigenic 
variations are very common in both HA and NA genes due to constant exposure to 
the immune system of the host (Webster and Laver 1975) leading to new isolated 
results in an influenza outbreak in every 5–7 years in a different part of the world.

Segmented natures of the influenza viruses allow genetic reassortment by ran-
dom shuffling of the genome during superinfection, and progeny virus will receive 
genome segments from both parents and emerge as new subtypes (antigenic shifts). 
Influenza A virus is known for rapid evolution in aberrant hosts of different species 
even though they are in evolutionary stasis in the natural reservoir—aquatic birds. 
In H3N8 viruses, the rate of evolution is much slower than the human influenza 
virus. Some viruses have been circulating for more than 25 years without much 
antigenic and genetic variations (Guo et al. 1992); this phenomenon is known as 
‘frozen evolution’ (Endo et al. 1992).

Two different subtypes of EIV, H7N7 and H3N8 were associated with acute 
respiratory disease in equines. H7N7 was first recognised in 1956 in Eastern Europe 
(Sovinova et al. 1958), but not reported after the 1970s, and is thought to be extinct 
from the equine population (Webster and Thomas 1993). Infection due to H3N8 
subtype was first reported in 1963 in Florida (Waddell et al. 1963); since then, it 
caused outbreaks in every part of the world, and current EI outbreaks are caused 
only by virus belonging to H3N8. These viruses are more stable than human influ-
enza viruses but still undergo antigenic drift periodically due to point mutations in 
HA and NA genes leading to a substantial change in the antigenicity of the virus 
(Cullinane and Newton 2013). A/equine/Miami/63 and Fontainebleau/76 are early 
prototypes of these viruses in the 1960s and 1970–1980s, respectively. Phylogenetic 
analysis of HA gene revealed that in 1980s H3N8 EIVs diverged into two distinct 
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types of lineages named as American-like and European-like lineages based on the 
place of isolation (Daly et al. 1996). But later both viruses co-circulated without any 
geographical limitation. American- and European-like lineage prototype viruses 
differ from each other in nine residues of HA antigenic regions throughout the 
length A–D. No cross protection was noticed in between two lineages’ virus infec-
tion/vaccination, so both lineages were included in vaccines (Daly et al. 1996, 2004; 
Yates and Mumford 2000; Mumford et al. 2003). American lineage further evolved 
into three distinct sublineages, namely Florida, Kentucky and Argentina (Lai et al. 
2004), out of which Florida sublineage was predominant. Further, Florida sublin-
eage diverged into two antigenically distinct clades (i.e. clade 1 and clade 2) (Bryant 
et al. 2009). Florida clade 1 virus is predominant in America, but has caused out-
breaks in Asia (Japan), Australia, Africa and Europe (Cullinane and Newton 2013; 
Yamanaka et  al. 2008). Clade 2 viruses predominate in Europe but have caused 
large outbreaks in Asian countries, namely Mongolia (2007), China (2007–2008) 
and India (2008–2009) (Virmani et al. 2010a; Qi et al. 2010; Yondon et al. 2013). 
From 2013 to 2015, UK, Germany and Italy had majority of the outbreaks due to 
Florida clade 2 viruses; however, in few of the outbreaks the viruses from the UK 
had changed in HA at position 144 (A144V) in amino acid sequence while viruses 
from Germany and Italy had changes at position 179 (I179V) (Rash et al. 2017). 
Chile had an outbreak due to Florida clade 1 virus in 2011–2012, which spread to 
many countries in South America (Perglione et  al. 2016). During the year 2015, 
Malaysia had an outbreak with Florida clade 1 virus (Gahan et al. 2019). In the year 
2018–2019, many countries in Europe including the UK, France, Germany, Ireland, 
the Netherlands, Denmark, Sweden and Belgium had major outbreaks of equine 
influenza with a virus belonging to Florida clade 1 origin (Animal Health Trust 
2019. https://www.aht.org.uk/wp-content/uploads/2019/04/Equiflunet-outbreaks-
to-15-April 2019.pdf).

The host adaptation of influenza viruses is influenced by the genomic composi-
tion as well as codon usage pattern because of complete viral replication depen-
dency on the host cellular system. Few studies have highlighted the role of 
synonymous codon usage in the overall adaptation of EIV in hosts. The codon usage 
bias in overall EIV genome is lower and primarily influenced by nucleotide compo-
sition, mutation pressure and natural selection (Kumar et al. 2016). Further, codon 
usage also highlighted the underlying factor for the extinction of H7N7 subtype due 
to greater bias in codon usage, less mutation pressure and lower adaptation to tRNA 
pool specific to equine host in comparison to H3N8 subtype (Kumar et al. 2016). In 
another study, the influence of various evolutionary factors has been analysed for 
polymerase genes of equine influenza virus (Bera et  al. 2017). The polymerase 
genes play an important role in host adaptation and pathogenesis due to their direct 
involvement in virus replication, transcription and host transmission. Similar to the 
codon usage pattern of the EIV genome, polymerase genes also have a lower bias in 
codon usage. The natural selection is the main factor for codon usage and evolution 
of these genes; however, other factors such as nucleotide composition, mutation 
pressure, hydrophobicity and aromaticity also influence the codon usage (Bera 
et al. 2017).
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9.4  Species Involved

Host range determinant for influenza A virus is polygenic in nature and requires a 
balanced function of HA and NA proteins along with internal proteins. It also 
depends on receptor distribution on the host, especially type of linkage to galactose 
on the host cell surface. EIV preferentially binds to N-acetylneuraminic acid α-2,3- 
galactose (NeuAc α-2,3-Gal) linkage on sialyloligosaccharides on the host cell 
before entry (Lee and Saif 2009) which is predominant in equine upper respiratory 
tract, especially in epithelial cells, goblet cells and nasal glandular epithelium of 
nasal mucosa, tracheal and bronchiolar epithelial cells of lower respiratory tract 
(Scocco and Pedini 2008). Similar receptor present in birds and separate H3N8 
strain are established, but no equine disease was reported by bird strain virus with 
the exception of China in 1989 where avian-like influenza A virus (A/eq/Jilin/1/89 
[H3N8]) caused an outbreak in horses with 20% mortality (Guo et al. 1991). Horses, 
donkeys and mules are the regular target species for EIV and considered as an iso-
lated or dead-end reservoir hosts for EI viruses. However, recently, in 2004, EIV has 
shown species jumping into canines (Crawford et al. 2005). Interspecies transmis-
sion of influenza A virus depends on many factors like the interaction between dif-
ferent host species and presence of appropriate receptors (α2,3-sialic acid linkage) 
on the respiratory tract of novel host for attachment of HA to respiratory tract epi-
thelial cells.

As we know, cell line derived from canine renal tissue—Madin-Darby canine 
kidney cells (MDCK)—supports growth of EIV due to presence of cell surface 
α-2,3 sialic acid residues (Kovbasnjuk and Spring 2000) and has played a role 
of workhorse in EIV propagation and diagnosis, however, EIV infection was not 
observed in canine even though it has similar α2,3-sialic acid residues in the upper 
respiratory tract. At the beginning of 2004 virus crossed species barrier from equine 
to dogs in Florida, where 8 greyhounds suffered from fatal haemorrhagic-tracheitis, 
bronchopneumonia and pleuritis and 22 dogs experienced infection and showed 
seroconversion which was confirmed by virus isolation (Crawford et  al. 2005). 
Further few more incidences were reported in greyhounds and pet dogs at the end of 
2004–2007 in the USA (Payungporn et al. 2008). Phylogenetic analysis of HA gene 
of canine isolates revealed a close relationship with each other with common ances-
tor origin from Florida lineage of equine H3N8 strain circulated in the 1990s. 
Retrospective studies revealed that H3N8 virus was responsible for the infection in 
foxhound dogs which showed respiratory signs in the UK in 2002 (Daly et al. 2008) 
and initial transmission to dogs might have occured in 1998–2003 (Payungporn 
et al. 2008). Transmission of EIV to dogs has been reported in recent EI outbreak in 
Australia in 2007 (Kirkland et al. 2010). The predominance of α2,3 receptors on 
canine tracheal epithelial cells (Daly et al. 2008) may be responsible for infection in 
canines, but why infection in canines was not reported before 2004 is not clear. It 
may have been overlooked for kennel cough syndrome. However, EIVs circulating 
currently may be transferrable to dogs (Daly et al. 2011). Totally six isolates have 
been isolated from canines, viz. A/canine/Jacksonville/2005, A/canine/Miami/2005, 
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A/canine/Florida/242/2003, A/canine/Florida/43/2004, A/canine/Texas/2004 and 
A/canine/Iowa/2005 (Crawford et al. 2005; Yoon et al. 2005). All these six canine 
isolates had five conserved amino acid substitutions in H3 haemagglutinin differen-
tiating them from equine influenza viruses. These conserved substitutions are N54K, 
N83S, W222L, I328T and N483T, which can be considered as a signature of the 
circulating CIV H3 haemagglutinin.

In addition to equids and dogs, two viruses isolated from pigs showing respira-
tory signs in China in 2005 and 2006 belonged to the EIV, subtype H3N8. Sequencing 
studies of HA revealed close resemblances of the current virus with European lin-
eage virus circulated in the 1990s (Tu et al. 2009). Later in 2012, nasal swab col-
lected from one camel was positive for H3N8 EIV in Mongolia. However, no 
clinical signs or subsequent spread among camels was reported (Yondon et al. 2014).

9.5  History of Equine Influenza

EI-like disease has been reported in history several times. First well-known out-
break of EI occurred in 1872  in North America, popularly known as ‘The Great 
Epizootic of 1872,’ that devastated equine population with 100% morbidity and 
mortality ranging from 1% to 10% (McClure, 1998). EIV was isolated from Sweden 
and Eastern Europe in 1955–1956 for the first time and belongs to subtype 
H7N7—A/eq/Prague/56 (Sovinova et  al. 1958; Tumova and Sovinova-Fiserova 
1959). The retrospective serological analysis revealed that these viruses circulated 
in America and Europe before its original virus detection (Doll 1961). Virus subtype 
belonging to H3N8 was first reported in Miami and the strain was A/eq/Miami/63 
(Waddell et al. 1963). Till the end of the 1970s, both H7N7 and H3N8 strains were 
circulated in the equine population and produced diseases. EI caused by H7N7 
strain was not reported in the last 35 years and considered to be extinct (Webster 
1993). In recent times, Clade 1 and Clade 2 of Florida sublineage of EIV/H3N8 are 
circulating in horses globally. In Europe and North America, the disease is endemic 
(Cullinane and Newton 2013). The EI epizootics have been reported in various 
countries like South Africa in 1986 and in 2003 (Guthrie 2006); India in 1987 and 
2008 (Virmani et al. 2008); China in 1989 (Guo et al., 1992); Hong Kong in 1992 
(Powell et al. 1995); China in 2007–2008; Mongolia in 2007 and 2011; Uruguay in 
2012 (Acosta et al. 2012); and Pakistan in 2015–2016 (Khan et al. 2017) that caused 
huge economic losses. Australia had a major outbreak in 2007, affecting more than 
50,000 horses, and the disease had been eradicated from the country (Cowled 
et al. 2009).
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9.6  EI in India

In India, there has been a report of EI-like disease in equines that originated from 
Kolkata after importation of horses from Australia and spread across the country in 
between the period of April and September 1915. The disease was suspected as EI 
because of its contagious nature, short incubation period, febrile illness, respiratory 
involvement and rapid recovery after rest. A total of 16,921 cases were reported 
with 893 deaths, but the actual causative agent could not be isolated (Williams 
1924). Another incidence of respiratory disease in horses similar to EI was reported 
by Manjrekar et al. (1965) in which about 400 horses from Royal Western India Turf 
Club, Mumbai, were involved. The causative agent was not isolated from any of the 
infected animal. This coughing outbreak ‘Newmarket Cough’ started in the last 
week of October 1964 and continued till December 1964.

India had obnoxious experience with EI in 1987 when more than 83,000 equines 
suffered from the disease in northern states (Uppal and Yadav 1987). Equines 
imported from France during this period were found to be the source of entry of 
infection to India. Two virus isolates, namely A/eq/Bhiwani/87 and A/eq/
Ludhiana/87, were confirmed in an outbreak (Uppal et al. 1989). Whole virus adju-
vanted killed vaccine using A/equi-2/Ludhiana/87 was prepared indigenously and 
used (Gupta et al. 1993). After 1987, no other EI outbreak was observed till 2008 for 
20 years (Virmani et al, 2010a) , except detection of antibodies against A/Equine-2 in 
some parts of the country which might be due to vaccine titres.

The disease again re-emerged in India in June 2008 and nidus of disease was the 
northernmost state of the country, Jammu and Kashmir. The disease further spread 
to 14 states of the country (Virmani et al. 2008, 2010a, b). The virus isolates belong 
to subtype H3N8 and are named as A/eq/Jammu-Katra/08, A/eq/Mysore/08 and A/
eq/Ahamadabad/09 based on place of isolation. Phylogenetic analysis of the HA 
gene confirmed the virus related to clade 2 of the Florida sublineage in American 
lineage (H3N8) (Virmani et al. 2010a). Phylogenetic analysis of the M gene in all 
isolates shared 98.41% and 99.54% homology with other clade 2 viruses of Asian 
origin for M1 and M2 amino acid (aa) sequences, respectively. In addition, 3 and 4 
unique aa residue changes, respectively, in M1 and M2 proteins in all Asian isolates 
along with Chinese and Mongolian isolates were noticed (Virmani et  al. 2011). 
Continuous serosurveillance and monitoring and preventive measures carried out by 
the National Research Centre on Equines, Hisar, Haryana, in India led to control of 
the disease in the country, and the last case was reported in July 2009.

9.7  Pathogenesis

The incubation period for EI ranges between 18 h and 5 days as negatively corre-
lated with the dose of virus challenge. EIV produces lesions in the entire respiratory 
tract, especially lower respiratory tract after binding to α2,3-sialic acid receptors 
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with the help of HA (Muranaka et al. 2010). To have access to cellular receptors, 
EIV cleaves sialic acid residues in mucus with the help of NA protein which allows 
their access to cell surface receptors that leads to the increase in mobility of the 
virus and favours secondary bacterial infections (Patterson-Kane et  al. 2008). 
Following virus attachment, internalisation takes place by receptor-mediated endo-
cytosis (Eierhoff et al. 2010). Irreversible conformational changes in HA take place 
after acidification in endosome (Sieczkarski and Whittaker 2002). The fusion of 
viral and cellular membrane allows the release of viral RNPs into cell cytoplasm 
which is then transported to the nucleus for the synthesis of mRNA. Nucleus syn-
thesis of complementary RNA and viral RNA undergoes association with the help 
of proteins like NS1 and NP (Lee and Saif 2009). Newly synthesised viral proteins, 
viz. M1, HA and NA, are produced in membrane-bound form and undergo various 
conformational changes during transport in the endoplasmic reticulum and Golgi 
bodies (Bosch et al. 1981). Budding of virions takes place by clustering of HA and 
NA on cell surface membrane (lipid raft domain) (Wang et al. 2007). M1 will bind 
to cytoplasmic tails of HA and NA which causes docking of vRNPs. The polymeri-
sation of M1 causes elongation of budding virions with localisation of vRNPs to 
one corner. Membrane scission of complete virion takes place with the help of M2 
protein. At last, fully formed infectious virion particles are released into the luminal 
surface of mucosa (Rossman et al. 2010; Rossman and Lamb 2011).

Viral infection damages ciliated epithelium and leads to reduced tracheal clear-
ance (Willoughby et al. 1992). Interaction of NA in the clearing of sialic acid resi-
dues in mucosa favours viral attachment and secondary bacterial infection. It is a 
very good example of virus–bacteria synergism (Lopez 2007).

The molecular mechanism behind how the influenza virus kills the cells was lit-
tle understood. Influenza virus infection in mammalian cells triggers apoptosis and 
causes a cytopathic effect (Takizawa et al. 1993). In vitro study of EIV in MDCK 
explored some basic mechanisms of pathogenesis. The infected MDCK cells cause 
cellular oxidative stress and induce stress-related transcription factors like c-jun/
Ap-1, which is associated with apoptosis and cell death. EIV also induces cellular 
expression of cytokine TGF-β1, which can induce apoptosis upon higher expression 
of the cytokine. The growth inhibition by TGF-β is mediated by activation of JNK/
SAPK pathway. TGF-β activates JNK and stimulates JNK phosphorylation of 
c-JUN, which induces apoptosis. Inhibition of TGF-B1 by neutralising antibodies 
attenuates apoptosis induced by EIV through attenuated c-JUN/AP1 upregulation. 
The role of c-JUN and TGF-β1 in the induction of apoptosis was evaluated by anti-
oxidant NAC, which leads to overexpression of BCL2 (anti-apoptotic gene). Use of 
antioxidant drugs like carvedilol showed strong inhibition of EIV-infected MDCK 
cell death. Influenza virus surface protein HA stimulates transcription factor NF-κB 
and NA protein can directly activate TGF-β. C-Jun/AP-1 and NF-κB activation are 
both mediated by the concentration of reactive oxygen species (ROS). These factors 
target the genes for cytokines such as TNF-α and TGF-β. The higher level of the 
cytokines has a cytotoxic effect on cells. It has also been reported that influenza 
virus activates Fas gene, which is associated with apoptosis. Surprisingly, the NS 
gene product of influenza virus has around 50% similarity with Fas gene antigen 
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over a 68-amino acid cytoplasmic domain region of Fas protein. It was thought that 
NS protein might have an important role in apoptosis induced by the influenza virus. 
EIV infection also stimulates multiple caspases in connection with JNK/SAPK acti-
vation and apoptosis. EIV might be playing a similar mechanism of activation of 
various signalling pathways and apoptosis for the pathogenesis of EIV infection in 
equines to that observed in EIV-infected MDCK cells (Chengbin et al. 2001).

9.8  Risk Factors

Few studies revealed that male is more susceptible to infection than female. It may 
be due to the immunosuppressive action of testosterone in males than oestrogens in 
females (Nuria et al. 2007). So females develop rapid protective humoral and cell- 
mediated immune response followed by infection than males. All age groups and 
breeds of equines are susceptible to infection. However, the disease is common 
among young horses of less than 2 years old. Though mortality is uncommon, death 
due to secondary bacterial infection following influenza virus infection is observed 
in old and immune-compromised horses.

Further, death of 50 EI-infected animals was reported during the outbreak in India 
in which animals were 14 km uphill in inclement weather condition, and the cause 
for the death was EI-associated secondary bacterial infections (Virmani et al. 2010a, 
b). Outbreaks of the disease can occur throughout the year; however, most of the 
outbreaks were associated with yearling sale, animal fair, racing/breeding move-
ment, overcrowding and unrestricted movements (Wilson 1993; Virmani et al. 2010a, 
b). Upon infection, infected animals develop protective antibody titre against homol-
ogous strain, and the immunity persists for 1 year, which may confer partial protec-
tion against hetero-virus strain. Horses with partial protective titre may not suffer 
from a severe form of infection but may silently shed the viruses, pose the risk of 
infection to naive horses in the stud and also induce antigenic drift (Paillot, 2014).

9.9  Clinical Signs

Clinical signs and severity of the diseases in equines are dependent on the strain of 
the virus and the immune status of the host (Mumford et al. 1990). A severe form of 
clinical disease has been observed in naive unvaccinated horses (Daly et al. 2011). 
Clinical signs appear as early as 24 h following infection, characterised by a bipha-
sic febrile illness, dyspnoea, persistent dry and harsh cough and serous nasal dis-
charge (Muranaka et  al. 2012). Subsequently, the initial serous nasal discharge 
becomes mucopurulent between 3 and 4  days. The second peak of pyrexia  is 
observed around a week after a primary illness. Other variable clinical signs include 
anorexia, depression, myalgia and enlargement of respiratory-associated lymph 
nodes (leads to tachypnoea) and limb oedema. Few unusual cases exhibit signs of 
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encephalitis and myocarditis. However, involvement of EIV as a cause needs to be 
elucidated (Daly et al. 2006). Haematological and biochemical changes are non- 
specific and include anaemia, leucopenia, lymphopenia and mild hypoalbuminae-
mia. Clinical signs may persist for 7–14 days in uncomplicated infections, but the 
cough may persist up to 21 days following infection (Newton et al. 2006). Secondary 
bacterial pneumonia commonly observed with EI is characterised by pulmonary 
consolidations. Morbidity may reach up to 100% in most of the outbreaks under 
favourable conditions; however, mortality is rare and commonly observed in foals, 
old horses and animals living in inclement climatic conditions due to bacterial bron-
chial and interstitial pneumonia. Naive infected animals may shed influenza viruses 
in nasal discharge for at least 4–6 days. No carrier state is observed for EI infection 
in equine. Vaccinated animals or animals exposed to EI during last season may suf-
fer from less severe infection according to immune status. Partially protected ani-
mals still shed the viruses in nasal discharge without showing visible clinical signs 
and play a major role in virus persistence in the environment.

9.10  Pathological Findings

As death due to EI infection is rare, only limited information is available regarding 
pathologic findings of natural EI infection in equines. Further, few experimental 
infection studies were preformed in equine to uncover complete viral pathogenesis. 
Natural/experimental infection of EIV shows gross lesions restricted to respiratory 
organs and associated lymph nodes. Common findings are hyperaemia of the nasal 
mucosa and serous nasal secretions and acute phase with mild swelling of retropha-
ryngeal and pulmonary lymph nodes. Petechial haemorrhage and mucopurulent 
exudate in trachea and bronchi with interstitial oedema can be seen in a portion of 
the affected lung after a week of infection. Hepatisation/consolidation of the lung 
due to secondary bacterial pneumonia appears 2 weeks after exposure.

Histopathological lesions are limited to the upper respiratory tract in early infec-
tion. Rhinitis and tracheitis are characterised by epithelial degeneration and necro-
sis with loss of ciliated epithelium, reduction in goblet cell numbers and moderate 
lymphocytic infiltration in lamina propria. More severe tracheal lesions can be seen 
in the terminal portion. Lesions are extended to bronchioles and alveoli at 7 days 
after infection. Marked epithelial hyperplasia, squamous metaplasia; proliferation 
of type 2 pneumocytes and suppurative bronchopneumonia with pulmonary oedema; 
and proliferation of neutrophils, macrophages and necrotic epithelial cells were 
found to be filling bronchiole and lung parenchyma (Begg et al. 2011). Severe tra-
cheitis and bronchitis with epithelial hyperplasia, squamous metaplasia with short 
villi and small goblet cells are observed at 14 days after infection. Infiltration of 
neutrophils can be observed in lamina propria of bronchial and bronchiolar epithe-
lium. Subsequently, bronchopneumonia develops in response to secondary bacterial 
infection mainly caused by Streptococcus zooepidemicus, Streptococcus equi, 

N. Virmani et al.



227

Actinobacillus equuli, Bordetella bronchiseptica, etc., which causes damage to cili-
ated epithelium and goblet cells. Extensive infiltration of neutrophils and alveolar 
macrophages in alveoli, fibrin exudate, pulmonary oedema and marked prolifera-
tion of type 2 pneumocytes are also observed. Reactive lymphocytic hyperplasia is 
found in all respiratory-associated lymph node in all stages of infection (Muranaka 
et al. 2012).

A BALB/c mice model was established for detailed investigation of EIV patho-
genicity and quick efficacy testing of inactivated vaccine (Pavulraj et  al. 2015, 
2017) at NRCE, India. For pathogenicity study, the BALB/c mice were inoculated 
intranasally with EIV (H3N8) belonging to clade 2 of Florida sublineage and moni-
tored for the establishment of infection and associated parameters. EIV-infected 
mice showed clinical signs, viz. loss in body weights, lethargy, dyspnoea, etc., 
between 3 and 5 days which was further commensurate with lesions observed in the 
respiratory tract including rhinitis, tracheitis, bronchitis, bronchiolitis, alveolitis and 
diffuse interstitial pneumonia. The active viral infection in the upper and lower 
respiratory tract was demonstrated through transmission electron microscopy, 
immunohistochemistry, virus quantification by titration and qRT-PCR. Serological 
investigation showed a higher level of serum lactate dehydrogenase and seroconver-
sion. The overall disease progression pattern, pathological lesions and virus recov-
ery from nasal washings and lungs of infected mice were comparable to natural and 
experimental EIV infection in equines. Subsequently, established EIV mice model 
was utilized for efficacy testing of inactivated EIV vaccine through sequential eval-
uation of serology, clinical signs, gross and histopathology lesions with grading, 
immunohistochemistry and virus quantification. Immunisation of mice generated 
protective HAI and SRH antibody titre after two boosters and generated balanced 
Th1/Th2 responses. Upon EIV challenge, immunised mice were well protected as 
evident by a significant rise in serum antibody titre, with mild clinical signs, early 
recovery, lower gross and histopathological lesion score, less severe intensity of 
viral antigen distribution, restricted virus replication in the respiratory tract and less 
virus detection in nasal washes for short duration. Vaccinated mice showed only the 
congestion of lung parenchyma without consolidation. The findings have estab-
lished that BALB/c mice could be used as small animal model for studying EIV 
(H3N8) infection and will have immense potential for dissecting viral pathogenesis, 
vaccine efficacy studies, preliminary screening of vaccine candidates and antiviral 
therapeutics against EIV.

9.11  Cell-Mediated Immunity

Stimulation of cell-mediated immune response following EIV infection and/or vac-
cination has not been investigated in detail. Complete protection against EI infec-
tion in ponies which did not have EIV-specific SRH antibody in serum at the time 
of infection correlates with supportive role of another arm of the immune system—
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cell-mediated immunity (CMI). The previous study revealed that whole EIV vac-
cine adjuvanted with aluminium hydroxide or aluminium phosphate was unable to 
stimulate cytotoxic T lymphocytes (CTL) (Hannant et al. 1994). Adjuvant of choice 
in vaccine plays an essential role in the stimulation of immune response towards 
CMI and/or HMI. Aluminium hydroxide is well known to stimulate Th2 response, 
which results in inducing HMI rather than CMI (Lindblad 2004). ISCOM matrix- 
based adjuvanted EIV vaccine induces strong CMI response characterised by T-cell 
proliferation and an increase in the percent of EIV-specific CTL (Paillot and Prowse 
2012). Stimulation of CMI responses following vaccination with Duvaxyn IE-T 
Plus has also been reported recently (Paillot et al. 2013), in which percent of cells 
positive for IFN-gamma synthesis was considered as CMI marker. Percentage of 
EIV-specific IFN-gamma-producing cells was measured prior to and 3 weeks fol-
lowing the first vaccination, and 2 weeks after each first and second booster vaccine. 
Increase in the percent of specific IFN-gamma-producing cells was observed in 
immunised ponies when compared with pre- and post-immunisation level and in 
control ponies. Also, stimulation of CMI response characterised by strong IFN- 
gamma response and HMI has been reported in mice following immunisation with 
Carbopol 974P-based vaccine. However, the protective role of CTL response during 
EIV infection is yet to be understood and is an essential component for the develop-
ment of better vaccines.

9.12  Zoonotic Potential

EIV binds to α2,3-sialic acid receptor on the cell surface for entry into the cells 
before replication. In contrast, airway epithelial cells in a human contain α2,6-sialic 
acid receptor. Absence of specific receptors on the cell surface does not exclude the 
possibilities of cross-species transmission as observed during highly pathogenic 
avian influenza (HPAI) H5N1 outbreak in human beings. However, H5 of these 
HPAI has special multi-basic amino acids at the cleavage site of HA, which is not 
the case with HA protein of H3 viruses. Few EIV experimental challenge studies in 
human volunteers demonstrated the possibilities of human infection with the equine 
H3N8 virus. Though seroconversion has been observed in humans following virus 
challenge, no clinical signs were observed (Kasel et al. 1965, 1969; Alford et al. 
1967). Recently, the serological response against EIV infection has been reported in 
persons in contact with equines in Iowa. However, no virus could be isolated (Larson 
et al. 2015). It is worthy of mentioning here that though observational studies sup-
port the evidence of human infection with EIV, the results need to be interpreted 
with caution. Serological response against H3N8 EIV should not be confused 
because of pre-existing antibodies against another subtype of human H3 viruses or 
vaccination in humans.
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9.13  Treatment

There is no specific treatment available for EI, and the treatment is given as sup-
portive care based on clinical signs which include adequate rest. Broad-spectrum 
antibiotics (to avoid secondary bacterial complications), anti-histamines and non-
steroidal anti-inflammatory drugs (to a reduced inflammatory response in respira-
tory tract) are choices of treatment approach. Infected animal nutrition and hydration 
status may help in quick recovery. Adequate rest (for at least 3–4-week or 1-week 
rest per each day of sickness) is necessary for a speedy recovery. Preliminary stud-
ies performed regarding antiviral treatment of EI in equines with amantadine and 
rimantadine (targeting the transmembrane domain of the M2 ion channel protein) 
upon oral administration showed promising results; further, zanamivir and oseltami-
vir (NA inhibitors) showed antiviral activity against EIV in vitro. Only a few studies 
were carried out regarding antiviral therapies in equines. However, the results were 
promising. Difficulty in performing clinical trial or challenge experiments in equines 
due to cost, labour, need of special premises, etc. make progress slow.

9.14  Control of Outbreaks

Duration of virus shedding from an infected animal depends upon the strain of the 
virus and immune status of animal. Virus shedding may occur from 3 to 8 days 
(Ragni-Alunni and Zande 2009; Daly et al. 2007; Paillot et al. 2008) and rarely up 
to 12 days (Paillot et al. 2013). It is important to vaccinate all the animals irrespec-
tive of their previous vaccination schedule after the early diagnosis of influenza 
outbreak (blanket vaccination) to mitigate (Nuria et al. 2007). Basic outbreak con-
tainment strategies followed in Australia 2007 EI outbreak were movement restric-
tions, public awareness and communication, zoning of the areas based on risk, 
laboratory testing, disease tracing and surveillance, enhanced biosecurity measures 
to prevent spreading and emergency vaccination. Out of the above said, movement 
restriction played an immense role in disease containment and eradication of EI 
from Australia in 5 months. Role of vaccination in outbreak containment needs fur-
ther extensive research (Cowled et al. 2009). EIV can be easily inactivated by sun-
light, UV rays, heat, cold and common disinfectants (Yadav et  al. 1993). So, 
routinely used disinfectants can be used in studs during EI outbreaks to prevent 
subsequent virus spread through fomites.
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9.15  Prevention and Vaccination

Countries like the UK follow mandatory vaccination for race horses since 1981 
after the outbreak in 1979 (Elton and Bryant 2011). Polyvalent inactivated whole 
virus vaccine against EI was developed early in 1966 by Bryans and co-workers 
(Bryans et al. 1966) based on the experience of human influenza vaccines and fur-
ther by many other workers (Petermann et al. 1970; Burki and Sibalin 1973; Frerichs 
et al. 1973). Currently available EI vaccine contains inactivated whole virus with 
adjuvants like oil, alhydrogel, carbomer or subunit vaccines like ISCOMs or 
micelles combined with Quil A (Table 9.1). Vaccines with adjuvants like aluminium 
phosphate or hydroxide induce durable antibody response up to 16–20 weeks. The 
schedule consists of two doses of primary vaccine 4–6 weeks apart followed by 
repeating the vaccine annually or after checking the SRH/HI titres in serum. 
Homologous virus challenge in vaccinated animals always induces a high level of 
humoral immune response and confers the highest level of protective immunity, 
unlike with heterologous virus challenge (Mumford and Wood 1992). SRH anti-
body levels between >120 mm2 and >154 mm2 confer complete protection against 
experimental nebulised aerosol virus challenge in ponies (Mumford and Wood 
1992), which was later confirmed through field studies during a natural disease 
outbreak. The animals with pre-infection SRH antibody levels of >140 mm2 did not 
develop any clinical signs during infection or were seroconverted as detected by 
nucleoprotein-based antigen ELISA (Townsend et al. 1999; Newton et al. 2000). It 
was well documented that the SRH antibody levels of >80 mm2 can confer protec-
tion against clinical infection (Mumford et al. 1988, 1990). Protection against EIV 
infection is in absolute correlation with antibody response/titre (Park et al. 2003; 
Paillot et  al. 2013). Experimental EIV challenge studies on ponies revealed the 
highest levels of SRH antibody titre associated with fewer virus shedding (ELISA) 
and fewer copies of viral RNA shedding (qRT-PCR) through nostrils. On the other 
side, ponies, which had lower levels of SRH antibody titre, showed higher virus 
shedding and more copies of viral RNA shedding. Protection against antigenically 
different virus challenge in vaccinated/immunised animals may require much higher 
levels of SRH antibody titre to confer similar protection level against antigenically 
similar viruses (Nuria et al. 2007; Paillot et al. 2013).

Protective immunity following natural infection persists for a longer duration 
even after SRH antibodies vanish in the host (Hannant et al. 1988a, b). Natural virus 
infection in host induces long-lasting immunity, which is characterised by the pro-
duction of IgA antibody at the local mucosa level along with IgGa and IgGb (Nelson 
et al. 1998). On the other hand, the immune response elicited following inactivated 
whole virus vaccine immunisation is characterised by IgGa, IgGb and IgG(T) anti-
bodies with almost no IgA response at mucosa (Wilson et al. 2001). Taken together, 
productive virus infection is mandatory for the production of specific mucosal IgA 
antibody (Lunn et al. 1999). Besides, CMI characterised by CTL responses is gener-
ally observed only after natural virus infection except for recently developed 
 vaccines as described earlier due to the fact of differences in antigen processing and 
presentation (Hannant et al. 1989).
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Table 9.1 Currently available EI vaccines

Type Vaccine Company Vaccine strain
Nature of 
vaccine Adjuvant

Whole 
virus

Duvaxyn™ 
IE T Plus

Elanco 
Animal 
Health

A/eq/Suffolk/89 (H3N8)
A/eq/Newmarket1/93 
(H3N8)
A/eq/Prague/56 (H7N7)

Inactivated Carbopol 
934P and 
Aluminium 
hydroxide

Calvenza®-03 
EIV

Boehringer 
Ingelheim 
Animal 
Health

A/eq/Newmarket/2/93 
(H3N8), A/eq/
Kentucky/2/95 (H3N8), 
A/eq/Ohio/03 (H3N8)

Inactivated Carbimmune

Equilis 
Prequenza 
(updated 
2013)

MSD 
Animal 
Health

A/eq/Newmarket/2/93 
(H3N8), A/eq/South 
Africa/4/03 (H3N8)

Inactivated ISCOM- 
Matrix

Equip F Zoetis A/eq/Borlänge/91(H3N8), 
A/eq/Kentucky/98 
(H3N8), A/eq/
Newmarket/77 (H7N7)

Inactivated Quil A, 
Aluminium 
Phosphate

Fluvac 
Innovator

Zoetis A/eq/Kentucky/97 
(H3N8)

Inactivated MetaStim®

Equip™ F Pfizer Ltd. A/eq/Newmarket/77 
(H7N7), A/eq/
Borlänge/91 (H3N8),  
A/eq/Kentucky/98 
(H3N8)

Inactivated Quil A

Subunit Equilis 
Prequenza Te

MSD 
Animal 
Health

A/eq/South 
Africa/4/03(H3N8), A/eq/
Newmarket/2/93(H3N8) 
and Tetanus toxoid

Subunit HA Purified 
saponin

Viral- 
vector 
based

PROTEQ 
FLU™

Merial 
Animal 
Health Ltd.

A/eq/Ohio/03  
(H3N8), A/eq/
Richmond/1/07 (H3N8)

Inactivated 
recombinant 
canary 
pox-HA 
subunit

Carbomer

Modified 
live EIV

Flu Avert® 
I.N.

Intervet/
Schering- 
Plough 
Animal 
Health 
(USA)

A/eq/Kentucky/91 
(H3N8)

Attenuated, 
cold- 
adapted 
whole EIV

NA

Inadequate protection or suboptimal immune response is the well-known phe-
nomenon in which majority of the immunised horses are unable to produce an opti-
mal immune response, and the population remains vulnerable to the infection. 
Though the exact reasons behind suboptimal immune response in horses remain 
unknown, it was suggested to measure SRH antibody levels in horses following 
immunisation to achieve optimum protection at the population level (Gildea et al. 
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2011). Further, it may pave the way to identify poor responders and to optimise the 
vaccination schedules. Early vaccination in the presence of maternally derived anti-
body (MDA) adversely influences the risk of susceptibility to EI in the later part of 
life. Vaccination should be done beyond 6 months of age after the decline of MDA 
(Nuria et al. 2007). In spite of vaccination, several vaccine breakdowns have been 
noticed in the past like 2004 in Croatia (Barbic et al. 2009) and 2005 in Italy (Vito 
Martella et al. 2007), due to mismatch of vaccine and outbreak strain. The potency 
of a vaccine, adjuvants, schedule of vaccination and surveillance for antigenic drift 
are the current focus of study.
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Chapter 10
Schmallenberg Virus

S. B. Sudhakar, P. N. Gandhale, F. Singh, A. A. Raut, A. Mishra, 
D. D. Kulkarni, and V. P. Singh

Abstract Schmallenberg virus (SBV) infection is an emerging infectious disease 
of ruminants first discovered in summer 2011 applying metagenomic tools in North- 
Western Europe and which caused an epidemic proportion and later in the other 
European countries. It is an enveloped, negative-sense, segmented, single-stranded 
RNA virus, of the Simbu serogroup, Orthobunyavirus genus and the Bunyaviridae 
family, and is arthropod-borne. SBV affects mostly wild and domestic ruminants 
but has got no zoonotic potential and is horizontally spread by various species of 
Culicoides biting midges. Transplacental transmission can occur during the early 
part of pregnancy in ruminants after placentomes have been formed and cause tera-
togenic effects. Schmallenberg virus has also been found to be shed in the semen of 
cattle and sheep. SBV infection is usually asymptomatic in adult cattle, sheep and 
goats. The disease is characterised by fever, reduced milk production and diarrhoea 
in cattle and abortions, stillbirths and foetal abnormalities in sheep and goats when 
infection of the dam occurs at a critical period of gestation. In response, various 
molecular and serological tests and inactivated vaccines have been developed rap-
idly to diagnose and monitor the disease. Schmallenberg virus infections can have 
an all-round effect on production and considerable economic impact. This chapter 
details the updated knowledge on the discovery, epidemiology, impact, clinical 
symptoms, molecular characteristics and diagnostic techniques and the possibilities 
for preventing infections.
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10.1  Preamble

Schmallenberg virus infection is an emerging threat, first noticed in dairy cattle in 
the border region of Dutch and Germany where in summer and autumn 2011 a 
unique syndrome characterised by high body temperature, diarrhoea and fall in milk 
yield was detected. Investigation for common causes was tested negative, and the 
aetiology of the syndrome was subsequently identified using metagenomic tools 
and isolated by cell culture technique. The name Schmallenberg virus is given to 
this agent as it was first isolated from tissue samples from Schmallenberg in 
Germany (Hoffmann et al. 2012). Since then, this virus has transmitted to various 
countries in Europe. SBV is a novel vector-borne orthobunyavirus of Simbu sero-
group, member of Bunyaviridae family, and transmitted through Culicoides biting 
midges and also crosses the placenta and causes teratogenic effects with extremely 
negligible risk for public health. Currently, viruses belonging to the Simbu sero-
group reported from Asia, Africa and Australia and the World Organisation for 
Animal Health (OIE) have not been classified as notifiable. The virus mainly affects 
domestic ruminants and causes congenital malformations, stillbirth in lambs and 
goat kids as well as in calves, and abortion (Hoffmann et al. 2012; Bayrou et al. 
2014; Peperkamp et al. 2015). The epizootic spread was affirmed in wild ruminants 
(EFSA 2014). In northern Europe, a significant economic loss was documented due 
to large-scale SBV outbreak. Consequently, restrictions were imposed on the trade 
of livestock and its products across the borders (Hoffmann et al. 2012).

Since the first identification of SBV in 2011 considerable information has been 
acquired about virus origin, emergence, epidemiology, molecular virology, clinical 
signs, pathogenesis, diagnosis, vaccine development, seroprevalence, potential for 
further outbreaks and re-emergence and the economic impact of this disease 
which has been compiled in this chapter and is based on the analysis of the research 
conducted and the already existing data reported so far on this in scientific journals 
and Web-based reporting tools.

10.2  History

An unknown disease syndrome in dairy cows was observed in Germany in the year 
2011 where herd morbidities were 20–70% and recovery occurred in a few days. At 
the same time, similar cases with severe scouring were also identified in the 
Netherlands (Hoffmann et al. 2012; Tarlinton et al. 2012; Bilk et al. 2012; Elbers 
et al. 2012; EFSA 2012; Beer et al. 2013; Tarlinton and Daly 2013).

In the later part of the year, abortions and stillbirths among newborn lambs but 
also in goats and cattle along with some dystocia in mature animals were also 
observed in the Netherlands, Germany and Belgium (van den Brom et al. 2012). In 
the subsequent year 2012, during February, mid-March, May and August months 
various outbreaks had been reported from Belgium, Denmark, France, Germany, 
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Italy, Luxembourg, the Netherlands, Spain, Switzerland and the United Kingdom. 
Sheep farms were highly infected, followed by cattle and goat farms. The initial 
cases of congenital abnormalities were investigated in detail, and all suspected aeti-
ological agents were ruled out, and by using metagenomic analysis a new virus was 
isolated and identified. By metagenomic and full-length sequence analysis, this new 
virus has shown resemblance to three viruses which were identified in cattle from 
Japan: Aino virus, Shamonda virus and Akabane virus of the genus Orthobunyavirus 
viruses and Bunyaviridae family (Hoffmann et al. 2012; van den Brom et al. 2012). 
This agent was subsequently named Schmallenberg virus based on the place of 
its origin.

In Germany, before this event, there was not a single evidence of SBV protein 
and RNA based on a retrospective study from 1961 to 2010 in ruminants (Gerhauser 
et al. 2014). In another study in Turkey, 1 buffalo in 2006 and 12 cows and 1 buffalo 
sample in 2007 were found positive by antibody ELISA test. However, the viral 
nucleic acid was only identified in June 2012 (Azkur et al. 2013). Furthermore, in 
the year 2012, in Mozambique, seropositive sheep, goats and cattle were detected 
(Blomstrom et al. 2014).

10.3  Disease

Disease in adult cattle causes inapparent or subclinical symptoms (Hoffmann et al. 
2012; Schulz et al. 2014). The incubation period ranges from 1 to 4 days, and virae-
mic stage is very short (1–6 days) which is followed by decreased appetite, high 
body temperature during high vector activity (more than 40 °C), loss of body condi-
tion, reduced milk production (up to 50%) and diarrhoea, followed by recovery 
within a few days (Hoffmann et al. 2012; Laloy et al. 2015; Lechner et al. 2017). 
The virus affects equally both the genders (Wernike et al. 2013b).

There may not be any clinical symptoms in adult sheep and goats except for the 
increased risk of abortions and congenital malformations in offspring. However, 
some sheep may show very mild clinical signs such as diarrhoea, lethargy, depres-
sion, snotty nose and fever (Wernike et al. 2013c; Helmer et al. 2013).

It is a reproductive disorder where dams are capable of transmitting the virus to 
the foetus, if they get an infection during a certain period of gestation, and develop 
severe congenital abnormality categorised as arthrogryposis hydranencephaly syn-
drome (AHS). This includes premature birth, mummified foetuses, stillbirth, dis-
proportionate metatarsus, bent limbs and fixed joints, severe torticollis, ankylosis, 
flattened skull and brachygnathia inferior (van den Brom et al. 2012; Gelagay et al. 
2018). When more than one offspring are infected in utero, only one of them may 
show clinical symptoms or arthrogryposis may be shown in one and neurological 
disease in the other. In another situation, one of the twins can be malformed, and 
the other is viable or only shows delayed growth (van den Brom et al. 2012; Wernike 
et al. 2014).
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The neurological form is manifested by amaurosis, ataxia and/or behavioural 
abnormalities, recumbency, an inability to suck and occasionally fits (“dummy syn-
drome”), tetany, paresis, swimming and circling movements. The affected newborn 
mostly shows multiple malformations of the vertebral column (torticollis, lordosis, 
kyphosis and scoliosis). Calves are most frequently affected by torticollis and lambs 
by scoliosis (Bayrou et al. 2014; Peperkamp et al. 2014). Besides the malforma-
tions, the body weight of the newborn calves is significantly less (Bayrou et al. 2014).

10.4  Post-mortem Findings

The gross lesions are characterised by arthrogryposis, brachygnathia inferior, and 
malformations of the vertebral column and central nervous system which include 
cerebellar hypoplasia hydranencephaly, hydrocephalus, porencephaly, micromyelia 
and subcutaneous oedema (calves) (van den Brom et al. 2012). The CNS lesions are 
characterised by cavity formation in white matter, loss of neurons in the cerebrum 
and cerebellum cortex, nuclei of brainstem and gray columns of the spinal cord. 
Lambs are more severely affected than calves (Peperkamp et al. 2014; Laloy et al. 
2017). Additionally, in case of in utero-infected lambs and calves, the tendons of the 
affected joints appear smaller, and the related muscles show a change in colour and 
loss in mass (Bayrou et al. 2014).

10.5  Impacts

Various factors set the impact of the disease, for example, the number of congeni-
tally abnormal lambs, lower milking periods and stage of gestation in which the 
infection took place (Wuthrich et  al. 2016). The direct impact of the disease on 
adult animals incorporates a rise in body temperature, diarrhoea and decreased 
milk yield as well as non-pregnancy, repeat breeding, abortion and fatal dystocia. 
During certain gestational stages, there is a chance of complications featuring 
deformation and loss of newborn. The vertical transmission during the first half of 
gestation has the highest visible impact (Hoffmann et al. 2012; Elbers et al. 2012; 
Bilk et al. 2012; EFSA 2012; Tarlinton et al. 2012; Wernike et al. 2013a; Tarlinton 
and Daly 2013). During 2012, the observed direct impact was the consequence of 
the spread of the virus into a host population which was naive. Other consequences 
of SBV infection are the treatment costs or calving and lambing complications 
besides the cost of buying the replacement stock to compensate the reproductive 
losses along with unsold replacement animals, as well as restrictions on the move-
ment (Alarcon et al. 2014).

Although the immediate financial impact of this infection in the ruminants is 
limited, the appearance of this virus has a major economic impact on international 
trade and has caused considerable damage to export due to imposed restrictions on 
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the import of livestock products, such as embryos, semen and live animals from 
affected countries. Such restrictions on trades have caused considerable financial 
losses in Europe. During 2011 and 2012, the purebred animals’ export value 
declined by 20%, and in 2012 the bovine semen trade declined by 11–26%, corre-
sponding to 8.9 million doses (EFSA 2014).

At the individual farm level, the impact ranges from minimal to more than 50% 
losses of young animals (Helmer et al. 2013). In general, the effect of SBV is more 
on sheep farms experiencing increased numbers of abortions, lamb mortality, dys-
tocia, malformations and lower fertility rate.

In cattle farms, the financial losses owing to the fall in milk yield and return to 
service are bigger than the congenitally malformed calves (EFSA 2012; Beer et al. 
2013). Effect of the virus on domestic goats is lesser than sheep. However, heavy 
financial loss up to 50% was registered in affected goat farms due to kid’s mortality 
and fall in milk yield (Helmer et al. 2013). Wuthrich et al. (2016) conducted a study 
in an SBV-infected standardised farm and calculated that the mean loss was 1338 
EUR, which at the national scale may be low, but the high fluctuations in losses 
were observed between farms so that particular farms might have experienced con-
siderable losses (8333 EUR).

10.6  Virus

Within the family Bunyaviridae, the largest genus Orthobunyavirus is divided into 
18 serogroups and the Simbu serogroup holds more than 25 viruses including SBV 
and is classified into seven species (Simbu virus, Akabane virus, Oropouche virus, 
Shamonda virus, Sathuperi virus, Shuni virus and Manzanilla virus) on the basis of 
cross-neutralisation tests and cross-haemagglutination inhibition tests (Goller et al. 
2012; Yanase et al. 2012; Hoffmann et al. 2012; Plyusnin et al. 2012).

SBV is an enveloped, spherical (with a diameter ranging 80–120 nm having short 
surface projections), three-segmented, single-stranded, negative-sense RNA virus. 
The envelope holds the large (L), medium (M) and small (S) genome segments and 
forms a panhandle structure using complementary non-coding bases at the end of 
the segment. These complexes are consociated to a few copies of L polymerase and 
many copies of the N protein to make ribonucleoproteins (RNPs), the infectious 
viral particles (Tilston et al. 2017). The L segment codes for an essential protein the 
viral RNA-dependent RNA polymerase (RdRp) L protein which is accountable for 
the replication and transcription of the viruses (Kraatz et al. 2018).

The M segment codes for a precursor polyprotein which is co-translationally 
cleaved by cellular proteases into two surface glycoproteins (Gn and Gc) and a non- 
structural protein (NSm). Together, Gn and Gc form heterodimeric complexes 
responsible for virus entry into cells and function as antigenic determinants and are 
identified by neutralising antibodies whereas NSm protein’s role is not fully known, 
but this protein appears to be involved in the assembly of virus particles. In general, 
among the S, M and L segments, the M RNA segment is highly variable. Natural 
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genetic reassortment is responsible for the emergence of new virus strains with a 
prospective change in their host range, virulence and antigenicity.

The S segment codes for the nucleocapsid protein (N) as well as another small 
non-structural protein (NSs) in an overlapping ORF. The primary function of this 
protein is to encapsidate the viral genome and protect its disintegration in the cells 
and it is also necessary for viral RNA transcription and replication. The N protein is 
the highly available protein in the virion and infected host cells. Therefore, it is 
mostly used for molecular and serological identification of SBV (Bilk et al. 2012) 
and is the major SBV antigen responsible for complement fixation (Goller et al. 
2012; Yanase et  al. 2012) and also modulates the host innate immune response 
(Elliott et al. 2013).

10.7  Resistance to Physical and Chemical Action

The virus loses its infectivity at 50–60 °C temperatures in 30 min. Exposure to com-
mon disinfectants such as 2% glutaraldehyde, 1% sodium hypochlorite, formalde-
hyde and 70% ethanol affects the viral virulence and virus does not sustain outside 
the vector or host for long term (OIE 2017).

10.8  Phylogeny

After the discovery of this virus, the full genome was sequenced by Hoffmann et al. 
(2012) and the S (830 nucleotides), M (4415 nucleotides) and L (6865 nucleotides) 
segments were compared with other Orthobunyaviruses and they observed that the 
small segment was 97% similar to Shamonda virus; the medium segment was 71% 
similar to Aino virus; and the large segment was 69% similar to Akabane virus, all 
detected in cattle of Japan. Rooting upon such observations, Schmallenberg virus 
was placed in the Simbu serogroup as Shamonda-like virus.

Later, Yanase et al. (2012) advocated that SBV emerged as a result of reassortant 
phenomena between Sathuperi and Shamonda viruses with the small and large seg-
ments emerging from Shamonda virus and the medium segment emerging from 
Douglas and Sathuperi virus. Afterwards, almost complete genome sequences were 
ascertained for nine viruses of the five species in the Simbu serogroups (i.e. species 
Shamonda virus (Sango virus, Peaton virus and Shamonda virus), species Sathuperi 
virus (Douglas virus and Sathuperi virus), species Shuni virus (Shuni virus and 
Aino virus), species Akabane virus (Sabo virus) and species Simbu virus (Simbu 
virus)). Upon phylogenetic analysis, it was observed that Schmallenberg virus 
belongs to the species Sathuperi virus and possibly is not a reassortant virus and as 
a fact may be an ancestor to Shamonda virus, which itself is a reassortant with small 
and large segments from Schmallenberg virus and medium segment from an 
unspecified virus. This conclusion is also assisted by a serological examination 
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wherein Douglas and Sathuperi viruses are neutralised by anti-SBV serum, but not 
the Shamonda virus (Goller et al. 2012).

10.9  Epidemiology of Disease

10.9.1  Incidence and Prevalence

Since its first appearance in north-western Europe (Hoffmann et al. 2012), SBV has 
extended over considerable parts of Europe. SBV infections have been spotted in 
Germany, the Netherlands and Belgium (seroprevalence up to 99.8%), the United 
Kingdom, France (seroprevalence up to 90%), Italy, Luxembourg, Spain, Italy, 
Denmark, Estonia, Ethiopia (seroprevalence up to 56.6%), Northern Ireland, 
Switzerland, Norway, Austria, Sweden, Finland, Poland and Turkey (Elbers et al. 
2012; Azkur et al. 2013; Afonso et al. 2014; Gelagay et al. 2018). After the initial 
epidemic in 2011–2013, possible recirculation of virus has been reported from sev-
eral countries, including Germany (Wernike et al. 2015a), Belgium (Delooz et al. 
2016) and England and Wales (APHA 2017). Orthobunyaviruses in the Simbu sero-
group are identified in Africa, Asia, Australia and the Middle East. Serological stud-
ies have shown SBV antibody-positive results from African countries. Since viruses 
of the Simbu serogroup are spotted in many locations of Africa and due to the para-
mount issue of cross-reactivity, Mathew et al. (2015) inferred that the seropositivity 
in ELISA might be due to other viruses of the Simbu serogroup instead of 
SBV. Likewise, Sathuperi virus (Simbu serogroup) was in the first place to be iso-
lated in India from a pool of Culex vishnui mosquitoes and later in Nigeria from 
dairy cattle and pools of Culicoides spp. (Dandawate et  al. 1969; Causey et  al. 
1972). Another member of Simbu serogroup, Kaikalur virus, was isolated from a 
pool of Culex tritaeniorhynchus mosquitoes collected from Krishna district, India 
(Rodrigues et  al. 1977). Because of very close two-way cross-reaction, Kaikalur 
and Aino viruses are considered identical or varieties of a single virus.

Among cattle, younger animals had lower prevalence than adult (Gelagay et al. 
2018). However, Elbers et al. (2012) have not found any age-related difference in 
seroprevalence in the Netherlands.

10.9.2  Risk Factors

Hitherto, not a single human case has been reported from any country. Thus, the 
public health risk of SBV should be deemed to be negligible. Simbu serogroup does 
not have zoonotic implication except Oropouche virus, which causes severe flulike 
symptoms in humans.
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Nevertheless, SBV was expanding and overcame the European boundary. 
Availability of vectors, reservoirs and susceptible host populations will facilitate it 
to spread further and/or become endemic as well as determines its persistence. 
Every fresh batch of animals significantly introduces fresh susceptible hosts. The 
rate of mixing of a new susceptible host with the existing population will determine 
the duration and amplitude of inter-annual epidemic cycles. This also depends on 
herd replacement rates, level of vaccination and durations of immunity. The rate of 
restocking may vary based on farm management and production systems. In farm 
enterprises, the regular replacement rate is 20 or 25%, which gives rise to a substan-
tial number of susceptible hosts in a herd annually.

Furthermore, before the introduction of the breeding male(s), if naive females 
are infected, no unfavourable effects are to be expected. But infection during early 
pregnancy results in early embryonic death and dams become repeat breeders. 
Nonetheless, in the next pregnancy, normal results may be expected. When animal 
health status and meteorological settings become favourable for the vectors and 
virus, also when a substantial number of the hosts become susceptible, especially at 
the boundary of the endemic area, the virus can re-emerge.

10.10  Transmission

10.10.1  Susceptible Species

Since the first detection of SBV, the existence of viral RNA and/or antibodies has 
been investigated in a variety of animals and found that domestic ruminants (cattle, 
sheep and goats) and multiple wild (alpacas, Anatolian water buffalo, elk, bison, red 
deer, fallow deer, roe deer, sika deer, muntjac, chamois, moufflons and wild boar) 
and zoo species (bongo, babirusa, banteng, Congo buffalo, European bison, gaur, 
gemsbok, greater kudu, Grevy’s zebra, moose, Nile lechwe, Nubian goat, onager, 
reindeer, roan antelope, scimitar-horned oryx, sitatunga and yak) are susceptible to 
SBV (EFSA 2014). Among domestic ruminants, it is observed that susceptibility of 
goats is lesser than cattle and sheep.

There is a report indicating that dogs may be infected with SBV and pregnant 
females show teratogenic effects, but this is possibly a rare phenomenon (Sailleau 
et al. 2013). Virus infection in pigs has also been reported where it induces serocon-
version but does not involve its epizootiology (Poskin et al. 2014). Infection in cam-
elids is also reported (Wernike et al. 2012).
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10.10.2  Horizontal Transmission

The virus does not spread through direct contact. The oral route is also not the prob-
able way of spread. Experimental injection by subcutaneous route in cattle 
(Hoffmann et al. 2012; Wernike et al. 2013b), sheep (Wernike et al. 2013c; Martinelle 
et al. 2017) and goats (Laloy et al. 2015) and intradermal route in sheep (Martinelle 
et al. 2017) results in viraemia.

10.10.3  Vector

The SBV is also transmitted by Culicoides biting midges, principally members of 
the Culicoides obsoletus complex, but other Culicoides spp. are also capable of 
spreading, (Culicoides chiopterus, Culicoides dewulfi, Culicoides scoticus, C. puli-
caris); they are active 1 h before sunrise and sunset (Hoffmann et al. 2012; Bilk 
et al. 2012; Elbers et al. 2012; Tarlinton et al. 2012; Beer et al. 2013; Wernike et al. 
2013a; Tarlinton and Daly 2013).

10.10.4  Vertical Transmission

Vertical transmission is of great significance as SBV gets across the placenta. 
Transplacental infection occurs when the first placentome appears till the foetus 
becomes immunocompetent, days 30–150 post-conception in bovine (Bayrou et al. 
2014) and days 28–56 post-conception in ovine and caprine (Helmer et al. 2013; 
Laloy et al. 2017). The clinical manifestation is highly dependent on the age of the 
foetus (Bayrou et al. 2014). When the dam is infected during the early stage of preg-
nancy, it can result in foetal death, lower fertility and stillbirth. But if infected later 
in pregnancy, developed immune system of the foetus is capable of resisting the 
virus; however mummification, stillbirth and abortion can also occur (Helmer et al. 
2013). Infected offspring does not show viraemia, and there is no evidence of virus 
transmission from the infected progeny to vectors (EFSA 2014).

10.10.5  Semen

The virus can be secreted in the semen of infected animals, and viral nucleic acid 
has been identified both in the plasma and cell fraction of semen (Kesik and Larska 
2016). Semen containing SBV is not likely to infect embryo, but if the dam gets 
viraemic, vector transmission may occur (Schulz et al. 2014).
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10.11  Immunopathobiology

There is not much information on the immune response and duration of immunity 
following the infection. An innate immune response takes place immediately after 
the infection in cattle (Wernike et al. 2013b). Nevertheless, SBV alters the innate 
immune response of the host by suppressing interferon production at the transcrip-
tion level, particularly mediated by NSs protein. This protein behaves like a viru-
lence factor and antagonises IFN likely by suppressing cellular metabolism. Thus, 
the innate immune response of the host is vanquished, and effective replication of 
the virus takes place (Elliott et  al. 2013). Seroconversion in cattle occurs after 
8–14 days of infection and remains for more than 3 years in naturally infected cows; 
therefore, a long-standing immunity can be anticipated, but in experimentally 
infected cattle immunity lasted for at least 8 weeks which was able to prevent rein-
fection (Wernike et al. 2013b; Elbers et al. 2014; Schulz et al. 2014; Wernike et al. 
2015b). Seroconversion in sheep takes place after 6–22 days of infection and lasts 
for at least 15 months and in goats between 7 and 14 days after infection (Wernike 
et al. 2013c; Poskin et al. 2015; Laloy et al. 2015). Colostrum feeding is the only 
way of transferring maternal antibodies to calves, which remains for 5–6 months as 
the transplacental transfer does not take place in ruminants (Elbers et  al. 2014). 
Furthermore, foetuses are capable of producing neutralising antibodies and are also 
identified in stillborn or aborted calves and lambs. However, if the foetus is immu-
nocompetent, clinical signs are not visible at birth in case of in utero infection.

10.12  Diagnostics

Clinical diagnosis is usually done through observing clinical evidence of the dis-
ease, which may be different in different species. Various laboratory procedures 
have been described to detect the SBV infections which include (i) real-time reverse 
transcriptase PCR, (ii) neutralisation and indirect immunofluorescence assays, (iii) 
ELISA and (iv) isolation and identification of the virus by cell culture technique.

10.12.1  Sample Collection

Schmallenberg virus remains present for a longer time in infected foetuses than 
adult live animals (4–6 days) and can be detected in malformed newborns (Laloy 
et al. 2017). From an acutely infected animal, viral nucleic acid could be identified 
in mesenteric lymph nodes, spleen as well as semen for a long period. Placenta and 
amniotic fluid are also materials of choice for diagnosis (Bilk et al. 2012).
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From acutely infected adults, samples of whole blood in EDTA and serum should 
be collected and properly packaged and shipped to the designated laboratory under 
the cold chain. Samples from aborted foetuses or newborn animals may be collected 
for histopathology (fixed central nervous system, including spinal cord), serology 
and virological investigations. Brain sample, ideally cerebrum and cerebellum as 
well as central nervous system, lymphatic organs and blood from dead animals and 
pre-colostrum blood, serum and meconium samples from live animals should be 
collected and properly packaged and shipped to the designated laboratory under the 
cold chain (OIE 2017).

10.12.2  Nucleic Acid Detection

Real-time quantitative reverse transcription PCR is a reliable detection method for 
viral nucleic acids (L or S segment of the viral genome) in clinical samples. For this 
purpose, RT-qPCR assay is developed by the FLI (Bilk et  al. 2012; Hoffmann 
et al. 2012).

10.12.3  Virus Isolation in Cell Culture

Virus isolation can be performed from blood collected at the height of temperature 
from diseased adult animals and from the dead foetus and its brain (Laloy et al. 
2017). The virus can be propagated in various cell lines originated from different 
animal species and humans like Vero cells, sheep choroid plexus cells, bovine foetal 
aorta endothelial cells, human 293T, Madin-Darby canine kidney cells and baby 
hamster kidney-21 cells and BSR cells or insect KC (Culicoides variipennis larvae) 
and it induces cytopathic effect (CPE) in most of these cell lines. Among these cell 
lines, sheep choroid plexus cells were found most sensitive for SBV propagation 
(Hoffmann et al. 2012; Wernike et al. 2013c; Ilchmann et al. 2017).

10.12.4  Serological Test

The SBV seroprevalence and also the serological status of the individual animal may 
be determined using virus neutralisation, immunofluorescence assays and ELISA 
techniques (Loeffen et al. 2012). The gold standard test for SBV diagnosis is virus 
neutralisation test (VNT) having almost 100% sensitivity and specificity (Loeffen 
et  al. 2012). In spite of the fact that cross-reactions within Simbu serogroup of 
viruses have been reported, the enzyme-linked immunosorbent assay is a most sen-
sitive, specific, sturdy and approved technique for anti-SBV antibody detection and 
can be employed for surveillance studies. Bulk milk antibody tests are available and 
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can be used for surveillance as they indicate herd-level exposure (Hoffmann et al. 
2012; Tarlinton et al. 2012; EFSA 2012; Elbers et al. 2012; Bilk et al. 2012; Beer 
et al. 2013; Tarlinton and Daly 2013). Both ELISA and RT-qPCR kits are commer-
cially available. For multispecies serum or plasma viral antibody detection, competi-
tive ELISA kits are commercially available (ID Screen® Schmallenberg virus 
Competition Multi-species, IDvet Laboratories, Montpellier, France) 

10.12.5  Differential Diagnosis

Differential diagnosis of the disease is important as SBV infection does not show 
conclusive clinical symptoms in adults; therefore, all potential causes of high body 
temperature, liquid faecal discharge, lower milk yield stillbirth and abortion must be 
considered such as bovine viral diarrhoea (BVD), border disease (BD) and other 
pestiviruses, bovine herpesvirus 1 and other herpesviruses, bovine ephemeral fever, 
epizootic haemorrhagic disease (EHD), foot and mouth disease (FMD), bluetongue, 
Rift Valley fever (RVF), and toxic substances, e.g. Veratrum californicum and 
Lupinus spp. However, Cache Valley virus, Orthobunyavirus infections (Akabane), 
genetic factors (e.g. spider lamb syndrome), toxic substances and nutritional defi-
ciencies (e.g. gestational protein deficiency, manganese) must also be taken into 
consideration while investigating the congenital malformations.

10.13  Prevention and Control

As it is a viral infection, presently, there is no therapy available for this disease; 
hence, supportive care is an only reliable option for intervention. The direct impact of 
this disease can be mitigated by the use of a potent vaccine, or by avoiding the risk of 
pregnancy when vector activity is high. Different inactivated vaccines have been for-
mulated and successfully tested (Wernike et al. 2013c; Hechinger et al. 2014), and 
two of them, SBVvax (Merial 2013) and Bovilis SBV (MSD Animal Health n.d.), 
have been given provisional permission to the market in the United Kingdom and 
France. As per the manufacturer’s instruction, the vaccination regime for the large 
animal is two injections at 28-day interval, and for sheep only one injection is ade-
quate where immunity develops within 3 weeks. Vaccination before the breeding sea-
son is the most efficient measure to prevent infection. After vaccination, anti-SBV 
antibodies develop in a previously uninfected host which protect the foetus from tera-
togenic effects, once the animal is pregnant, by inhibiting transplacental infection.

Furthermore, the vaccine also protects susceptible animals from sickness and 
purportedly prevents further transmission of the vector (Tarlinton et al. 2012). DNA 
immunisation can raise multiple Th response and antibody response. So far, no 
DNA vaccine is available for this disease. For the development of a prospective 
DNA vaccine, both the nucleoprotein and the putative GC ectodomain gene have 
been targeted (Boshra et al. 2017).
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One feasible alternative is to control the midge vectors by implementing the 
procedure like use of insecticides/larvicide and pathogens to natural dwelling where 
they grow and removal of larva breeding enclosures through environmental interfer-
ence; adult midges may be controlled by treating either resting sites such as live-
stock house or its body with insecticides and repellents, e.g. pyrethroids and host 
kairomones (Carpenter et al. 2008).

Besides, the naive animals or herds with low within-herd seroprevalence can be 
protected by the improved breeding system. The breeding period may be planned in 
such a fashion where it falls in late autumn and Culicoides spp. are scarce; the ani-
mals may be kept mostly inside house, all of the sunsets to sunrise. To protect ani-
mals during pregnancy, a susceptible individual may also be shifted to the endemic 
zone soon enough to raise acquired immunity (Helmer et al. 2013). In calves, mater-
nal antibodies disappear in 5–6 months but in adults specific antibodies persist for a 
minimum of 2 years (Elbers et al. 2014). Movement restrictions are not imposed as 
this is not a notifiable disease.
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Crimean-Congo Haemorrhagic Fever Virus
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Abstract Crimean-Congo haemorrhagic fever virus belongs to genus Nairovirus, 
of family Bunyaviridae. It is a tick-borne virus, classified as a BSL4 agent. The 
genome is a tripartite, single-stranded RNA. The virus has been reported from 
45 countries in the world. However, the viruses isolated from different regions of 
the world show considerable genetic diversity. The geographic distribution of 
CCHF concurs with Ixodid ticks mostly of genus Hyalomma. The ticks transmit 
the virus to mammals, causing transient viremia. However, ticks remain infected 
throughout their lifetime. The infection in livestock is asymptomatic but plays a 
crucial role in the transmission, amplification and perpetuation of the virus. It 
causes severe haemorrhagic fever in humans. High mortality has been observed 
in healthcare workers due to nosocomial infections arising as a result of contact 
with infected blood or body secretions from patients. Pathogenesis includes 
endothelial damage and immune response impairment, leading to multiple-organ 
failure and shock. Delayed type I interferon induction, inhibition of maturation 
of antigen-presenting cells and weak antibody response cause uncontrolled rep-
lication of the virus. The laboratory confirmation of the CCHFV is done by virus 
isolation, genome detection is done by RT-PCR and, RT-qPCR, virus detection 
is done by antigen capture ELISA while  antibody detection  is done  by 
ELISA. Currently, there are no licensed vaccines or approved therapeutics for 
CCHF. Continuous surveillance of animals, with regular control of tick infesta-
tion in livestock, in conjunction with prophylactic measures in high-risk human 
populations, is required for control of CCHF infection.
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11.1  Preamble

Crimean-Congo haemorrhagic fever virus (CCHFV) is a tick-borne, zoonotic virus 
that causes acute, haemorrhagic fever with case fatality up to 40% in humans. The 
infection in wild and domestic animals is asymptomatic. The disease was first 
observed between 1944 and 1945, in Russian soldiers who assisted the farmers in 
Crimea at the end of World War II. The disease was named Crimean haemorrhagic 
fever. Epidemics continued to occur in Astrakhan between 1953 and 1968, in Rostov 
Oblast between 1963 and 1971 of former USSR and in Bulgaria between 1953 and 
1973. The virus was isolated by intra-cerebral inoculations in suckling mice in 1967 
by the technique known then as the newborn white mice technique (Hoogstraal 
1979). On the other hand, Congo fever virus was isolated from the blood of a patient 
in the Belgian Congo of Africa in 1959. Later in 1969 a collaborative study between 
the Soviet and American groups confirmed that this etiological agent was antigeni-
cally identical with that of the Congo fever virus (Casals 1969). The virus was 
renamed by linking the two names, as Crimean-Congo haemorrhagic fever virus 
in 1973.

The geographic range of CCHFV is known to be the most extensive of the tick- 
borne viruses relevant to human health and is now identified as a public health 
problem in Eastern Europe, Asia, the Middle East and Africa. The virus is main-
tained in nature in Ixodid ticks mostly of genus Hyalomma by trans-ovarial and 
trans-stadial transmission. Apart from tick bites, the disease can be transmitted from 
animals to humans through contact with blood and meat of viremic animals. High 
case fatality in humans, along with symptomless infection in animals, makes diffi-
cult to manage this zoonotic disease. The gravity of Crimean-Congo haemorrhagic 
fever (CCHF) in humans is further enhanced by the occurrence of nosocomial trans-
mission and in-house transmission from human to human (Watts et al. 2005). The 
increase in the tick population and their global spread as a result of climate change, 
expanding farming and trading practices, are amongst the major causes for the 
spread of CCHF to newer areas of the world like Turkey, Greece and India. CCHFV 
is recognised as a possible agent of bioterrorism (Sidwell and Smee 2003). Its 
potential as a biological weapon has been studied in Iraq, and aerosolisation has 
been done for potential dissemination of the virus (Zilinskas 1997; Bronze 
et al. 2002).

Presently, only supportive and preventative strategies are used to control the 
spread of the infection as there are no approved vaccines for CCHF (Papa et al. 
2015). Under such situations and owing to the high case fatality rates, CCHFV is 
classified as a biosafety level 4 (BSL4) agent. Reliable and robust diagnostics, 
which can promptly and accurately diagnose CCHF during the first few days of 
infection, are very critical for successful management of disease as well as for pre-
venting nosocomial transmissions. Being a BSL4 agent, CCHFV isolation cannot 
be done in routine clinical laboratories. Molecular diagnostics are increasingly 
being used for rapid and reliable detection of the virus in clinical samples. The 
enormous genetic variability, along with the potential for recombination and 
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 reassortment in CCHFV, is one of the major bottlenecks in the development of vac-
cines and diagnostics.

11.2  Genome Organisation

CCHFV belongs to the genus Nairovirus, which is one of the five genera belonging 
to the family Bunyaviridae (Schmaljohn and Nichol 2007). There are 32 members 
in Nairovirus genus, transmitted by Ixodid ticks, and CCHFV is the most important 
and widespread virus amongst them (World Health Organization 2011). The CCHF 
virions are enveloped and spherical measuring about 80–120 nanometres (nm) in 
diameter, though pleomorphic forms are commonly observed.

The CCHFV genome is a tripartite, single-stranded RNA with 17,100–22,800 
nucleotides. The three segments of the genome are small (S), medium (M) and large 
(L) (Fig. 11.1). The complementary base pairing in the ends of three segments forms 
three individual non-covalently closed circular stable RNAs. Complementary non-
coding regions (NCRs) which serve as viral promoter regions are present at 5′ and 3′ 
ends in all the three segments; S, M and L are conserved within the genera. These 
NCRs have nine terminal nucleotides which are conserved between nairoviruses 
(5′-UCUCAAAGA and 3′-AGAGUUUCU). The complete NCR sequence is required 
for initiation of replication, transcription, encapsidation and packaging of virions. 
The complete NCR sequences differ between the viral gene segments and are neces-
sary for binding of viral RNA-dependent-RNA polymerase (L protein) and initiate 
replication and transcription of viral genomes (Zivcec et al. 2016).

The S segment is approximately 1.6 kb in size, which is comparable to other 
bunyaviruses and has one ORF in a negative orientation that codes for the viral 
nucleoprotein (NP). This nucleoprotein encapsidates the viral RNA genome into 
ribonucleoprotein particles forming helical structures (Fig. 11.1). The second ORF 
in the S segment is in opposite orientation with respect to nucleoprotein ORF and 
codes for a non-structural protein (NSS) indicating an ambisense nature of this seg-
ment (Barnwal et al. 2015). There is ambisense coding by S segment in other bun-
yaviruses too, but in CCHF it is by overlapping coding regions, whereas in other 
bunyaviruses it is separated by intergenic region which acts as a transcription termi-
nation signal (Albariño et  al. 2007). The M segment is approximately 5.4  kb in 
length, which is considerably larger than other members of the Bunyavirus genera. 
It encodes for envelope glycoproteins GN and GC as well as non-structural protein 
(NSm) (Bergeron et al. 2007). The entry of the virus into the cell is facilitated by the 
viral glycoproteins GN and GC (Fig. 11.1). These virally encoded membrane proteins 
are targeted by neutralising antibodies. The L segment encodes the 4000-amino 
acid-long, 448 kDa RNA-dependent RNA polymerase RdRp. This segment has a 
single ORF and is 12 kb long, which is larger than the L segment of other bunyavi-
ruses (Fig. 11.1) (Honig et al. 2004).
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11.3  Genetic Diversity

Like all other viruses with segmented genomes, CCHFV also has ample potential of 
segment reassortment (Hewson et al. 2004). Reassortments are more common in the 
M compared to the S and L segments. Large-scale genome sequence analysis has 
confirmed the occurrence of recombination in the S segment. However, the evidence 
of recombination in M and L segments is ambiguous (Lukashev 2005). Consequently, 
the CCHF viruses isolated from different regions of the world show considerable 
genetic diversity. Across the globe, the genetic variation in the nucleotide sequence 
of S, M and L segment is 20%, 31% and 22%, respectively. The variation at the 
amino acid levels of the N protein, GPC and L protein is 8%, 27% and 10%, respec-
tively (Deyde et al. 2006). However, the overall lengths of RNA segments, ORF 
lengths and important motifs like the RNA polymerase core domains are well con-
served. The rate of evolution of S, M and L segments has been estimated to be 
1.09 × 10−4, 1.52 × 10−4 and 0.58 × 10−4 substitutions/site/year (Carroll et al. 2010).

The S segment has been extensively sequenced and more than 62 full-length S 
segment sequences are available in NCBI database. The virus is grouped into seven 
clades based on the phylogenetic analysis of this segment. Clade I includes isolates 
from West Africa, clade II includes Central African isolates, Clade III has isolates of 
South Africa and West Africa, Clade IV includes the isolates from the Middle East 
and Asia, Clade V includes the isolates of Europe as well as Turkey and clade VI 
includes the isolates of Greece (Hewson et al. 2004). Clade IV is segregated into 
Asia 1 and Asia 2 subgroups with the Indian isolates forming a separate cluster 
under Asia 2 which has the isolates of Far-East Asia including China, Uzbekistan 
and Tajikistan. The Indian isolates share 98.5% nucleotide and 99.5% amino acid 
identity with the Tajikistan virus. The isolates from neighbouring Pakistan are clus-
tered under Asia 1 subgroup (Yadav et al. 2013) (Fig. 11.2).

The analysis concerning the L segment sequence gives a phylogenetic tree simi-
lar to that of S segment. The genetic diversity regarding the M segment RNA is of 
immense importance. Though limited numbers of full-length M segment sequences 
are available, there are evident differences in the phylogenetic tree as compared to 
that of S segment. The Chinese strains 79121 and 7001 cluster into West Africa 
clade I and some South African strains SPU415/85 and SPU97/85 move into clade 
IV. An additional clade VII with Mauritania is detected only with the M segment. 

Fig. 11.1 (continued) by the viral nucleoprotein (NP). Associated with each vRNP complex is the 
viral RNA-dependent RNA polymerase (RdRp, L protein). Together, vRNA, NP and RdRp form 
three non-covalently bonded circular genomic ribonucleoprotein complexes (RNP) of three vRNA 
segments in each virion particle. (b) S segment: It is a single-stranded, ambisense vRNA, of approx-
imately 1.6 kb, having conserved 3′ and 5′ NCRs indicated as hatched boxes. In negative sense it 
codes for structural nucleoprotein whereas in positive sense codes for non-structural S protein 
(NSS). (c) M segment: It is a single-stranded, negative- sense vRNA, of approximately 5.4 kb, hav-
ing conserved 3′ and 5′ NCRs indicated as hatched boxes. It codes for single precursor glycopro-
tein, which is processed by proteolytic cleavage to form two mature viral glycoproteins Gn and Gc. 
(d) L segment: It is a single-stranded, negative-sense viral RNA, of approximately 12.1 kb, having 
conserved 3′ and 5′ NCRs indicated as hatched boxes. It codes for single large protein, viral RNA-
dependent RNA polymerase (RdRp) 
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There are also changes in clustering patterns within clades V and III. These studies 
are a clear indication that reassortments are more frequent in the M segment as com-
pared to the S and L segments (Hewson et al. 2004; Lukashev 2005).

Concerning the timeline of CCHFV evolution, the genetic variability of CCHFV 
is suitable for analysis by the relaxed clock model rather than the more conventional 
constant molecular clock model. A large amount of sequence variation indicates 
that though CCHFV was identified in the 1940s it is an ancient virus. The most 
recent common ancestor (MRCA) of these viruses is estimated to have existed 
around 1599–1100 BC. The MRCA of the virus dates to 3198 years, 3560 years and 
7358 years before present based on S, M and L segments, respectively. Amongst the 
lineages with multiple sequence representatives, clade IV is the farthest in time, and 
clade VI is one of the earliest offshoots of CCHFV (Carroll et al. 2010).

Overall the genetic diversity study when projected onto the geographic distribu-
tion of the virus reveals that related viruses are found in geographically apart terri-
tories like those found in South Africa and West Africa or Iraq and China. On the 
other hand, multiple genetic lineages are also found in the same geographic area as 

Fig. 11.2 Phylogenetic relationship of CCHF viruses with reference to viruses circulating in India 
based on full-length S segment sequences. Maximum-likelihood trees with 1000 bootstrap repli-
cates were inferred using MEGA5. Phylogenetic tree constructed from 26 complete S segment 
nucleotides. Brackets indicate the virus genetic clades and their geographic distribution
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clade I and III viruses in West Africa. This has been explained with the movement 
of livestock by trade, movement of infected ticks by migratory birds or movement 
of infected migratory birds themselves. It is also suggested that probably CCHFV is 
an older virus than what it is known to be under modern virology (Chen 2013).

The kind of genetic diversity seen in case of CCHFV is unusual for any tick- 
borne virus because tick-borne viruses have to maintain fitness both in the arthropod 
vector and the vertebrate amplifying host; this is referred to as a double filter. 
However, in case of CCHFV, the double filter may not be effective because the ver-
tebrate host is not very critical for the maintenance of the virus as the virus shows 
effective trans-ovarian and trans-stadial transmission in the ticks. The ability of the 
virus to maintain high fitness in the tick-vertebrate-tick cycle is supported by the 
presence of three M segment reassortants from a very wide region namely Iran, 
Tajikistan and Afghanistan throughout 33 years, i.e. from 1976 to 2006 (Chen 2013). 
Irrespective of the driving factors for the genetic diversity of CCHFV in nature, 
owing to its vast genetic diversity, the complete genome sequence including all three 
segments should be used for drawing any molecular epidemiological inference at 
least for the key strains. Inferences drawn with only a single segment sequence or 
incomplete genome sequence may lead to development as well as application of 
inefficient serodiagnostics and vaccines.

11.4  Epidemiology

The CCHF infection in animals is asymptomatic, but it causes severe hemorrhagic 
fever in humans. Viremia in livestock is transient and of low intensity but plays a cru-
cial role in the life cycle of ticks, transmission, amplification and perpetuation of the 
virus and hence is important from an epidemiology point of view. The CCHFV covers 
the greatest geographic range of any tick-borne virus and virus isolation and/or disease 
has been reported from more than 45 countries corresponding with the south of the 50° 
parallel north (World Health Organization, Regional Office for South-East Asia 2014; 
Centers for Disease Control and Prevention 2018). The range of vertebrate and inver-
tebrate animals involved in the viral-tick life cycle, numerous environmental factors 
playing a role in tick survival and abundance, spread of the virus to previously unaf-
fected areas due to the legal or illegal animal trade or through bird migration, more 
than one route of transmission to humans and various educational, cultural, and behav-
ioural parameters make the epidemiology of CCHF complex and unique (Papa et al. 
2015). Based on sero-epidemiological studies in enzootic countries, various domestic 
animals could be asymptomatically infected with the virus. The enzootic tick-verte-
brate-tick cycle of CCHFV maintenance mostly coincides with tick abundance and 
seroprevalence  in animals, and thus animals heavily infested with ticks were more 
likely to be CCHFV seropositive (Adam et al. 2013; Ibrahim et al. 2015). As cattle, in 
general, are highly infested with Hyalomma ticks than those found on small rumi-
nants, they are most sensitive indicators of low-level CCHFV circulation (Camicas 
et al. 1990). Detection of CCHFV antibodies in domestic animals has been important 
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in identifying hotspots for the localisation of CCHFV foci and increased risk for 
human infection and initial evidence of circulating virus (Spengler et al. 2016).

11.4.1  India

India is surrounded by CCHF-affected countries and thus at high risk for CCHF. Because 
of the complex border with adjoining countries coupled with animal/human move-
ment across the border, the risk of CCHFV being passed to the Indian subcontinent 
was evident. Even though the first confirmed case of the disease was reported in 2011 
(Mishra et al. 2011), CCHFV could be demonstrated in retrospective human samples 
collected in February 2010 (Mourya et al. 2012). Since then regular sporadic CCHF 
outbreaks/cases transmitted either by ticks via livestock or nosocomial infections were 
reported from Gujarat, Rajasthan and Uttar Pradesh.

A couple of studies documented the presence of anti-CCHFV antibodies in dif-
ferent animal species, well before the first laboratory confirmed an outbreak of 
CCHF in 2010/2011. A study by Shanmugam et al. (1976) analysed 656 sera from 
goat (n = 186), sheep (n = 149), horse (n = 282), cow (n = 25), bulls (n = 12) and 
buffaloes (n = 02) by AGPT indicating percent seropositivity of 16.1, 1.1 and 0.7 in 
goat, horses and sheep, respectively. Rodrigues et al. (1986) also analysed sheep 
(n = 38), goat (n = 75), cattle (n = 66), buffalo (n = 23), horse (n = 16), donkey 
(n = 06), mule (n = 64) and camel (n = 03) sera from Jammu and Kashmir but did 
not find evidence of CCHFV activity. In recent past, livestock sera collected from 
abattoirs of Rajasthan (n  =  34), Maharashtra (n  =  132) and North West Bengal 
(n = 73) were screened for the presence of antibodies wherein buffalo (n = 1), goat 
(n  =  3) and sheep (n  =  6) from Rajasthan were positive (Mourya et  al. 2012). 
Moreover, none of the 61 sera samples of 10 migratory bird species at the Keoladeo 
Ghana National Park Bharatpur, Rajasthan, was positive for anti-CCHFV antibod-
ies (Ghosh et al. 1978).

After the first report, multiple serological studies documented the presence of 
anti-CCHFV antibodies in India. While screening for the CCHFV in ticks and ani-
mals in Gujarat, 66 of 305 serum samples of domestic animals were positive for 
anti-CCHFV antibodies (Mourya et al. 2012). In continuation, Mourya et al. (2014) 
tested a total of 1226 sera of bovines (n = 711), goat (n = 279) and sheep (n = 236) 
from 15 districts of Gujarat reporting 12.09%, 41.21% and 33.62% seropositivity in 
bovine, goat and sheep, respectively. The cross-sectional serosurvey spanning 22 
states and 1 union territory comprising 5636 sera from bovine, goat and sheep 
revealed seropositivity of 5.43% and 10.99% in bovines and sheep/goats, respec-
tively (Mourya et al. 2015).

A. A. Raut et al.



263

11.4.2  World

Across the globe, many domestic animal species including buffalo, camels, cattle, 
sheep, goats, horses, pigs, dogs, chickens, ostriches and wild species have been 
investigated for the anti-CCHFV antibodies. However, cattle are the most often stud-
ied species, followed by sheep and goats. South Africa and Zimbabwe together have 
reported the largest sample size of cattle so far, comprising almost 9430 sera with 
percent positivity of 28 and 45, respectively (Swanepoel et al. 1987). Few countries 
have also reported high seroprevalence in animals with seropositivity of 79.1% in 
cattle (Afghanistan), 75.0% sheep (Afghanistan), 66.0% goats (Turkey), 58.8% 
horses (Iraq), 39.5% donkeys (Tajikistan) and 26% camels (Spengler et al. 2016).

Variation in abiotic factors such as season, increased mean temperature, nor-
malised difference vegetation index (NDVI) and habitat fragmentation may also 
increase the incidence of CCHF in humans and CCHFV seroprevalence in animals. 
Vescio et al. (2012) found that warmer temperatures in the autumn before the case- 
reporting year had an increased probability of reporting zero CCHF cases.

About companion animals, studies are very limited and hence could not be inter-
preted. However, antibodies to CCHFV were reported in 5.9% of dogs (Shepherd 
et al. 1987). The association between human CCHF cases and ticks collected from 
livestock and dogs was also studied, wherein R. evertsievertsi ticks from sheep were 
CCHFV positive, but none of the R. sanguineus ticks collected from dogs was posi-
tive (Nabeth et al. 2004). However, additional data on companion animals and asso-
ciated vector species will aid in more clearly evaluating the role of companion 
animals in the ecology of CCHFV.

11.4.3  Wild Animals

The consistent and high seroprevalence was observed in hares (3–22%), buffalo 
(10–20%) and rhinoceroses (40–68%). The seropositivity was also detected in 
several hedgehogs, viz. Erinaceus europaeus and Hemiechinus auritus, with an 
infestation of larval and nymphal H. marginatum ticks during the peak season of 
immature tick activity. Though the role of hedgehogs in enzootic maintenance 
depends on species, H. auritus could develop viremia upon experimental infection 
and might be a natural CCHFV reservoir while serving as a source of CCHFV for 
ticks. However, European hedgehog, E. europaeus, did not produce viremia after 
experimental infection maybe due to reduced susceptibility to infection or effi-
cient viral clearance (Spengler et al. 2016). Few studies have also reported anti-
bodies to CCHFV or related Nairoviruses in the mammalian order Chiroptera. 
Earlier Tkachenko et al. (1969) and Saidi et al. (1975) have documented evidence 
of anti-CCHFV antibodies in sera of two bat species in France and greater mouse-
eared bat and the common noctule in Iran. Recently, 1135 sera from 16 different 
bat species collected from Congo, Gabon, Ghana, Germany and Panama were ana-
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lysed using a CCHFV glycoprotein- based indirect immunofluorescence test (IIFT) 
and antibodies were identified in 10.0% of bat sera. The seropositivity of 
3.6–42.9% in cave-dwelling bats and 0.6–7.1% in foliage-living bats suggests that 
they might be playing a role in the life cycle and geographic dispersal of CCHFV 
(Müller et al. 2016).

11.4.4  Birds

The birds infested with CCHFV-infected ticks are a major concern regarding the 
regional spread of the virus as many birds are important hosts for Hyalomma ticks 
and can efficiently transport ticks over long distances. Although an increase in 
CCHF cases was also correlated with increased rook populations, CCHFV infection 
and presence or absence of antibodies in avian species remain unclear. In spite of 
investigation of numerous species, the majority of serosurveys of wild avian species 
did not show any serological evidence of CCHFV infection. This absence of vire-
mia is contrasting, as many species support CCHFV-infected ticks whereas CCHFV 
could replicate in red-billed hornbill (T. erythrorhynchus) without viremia and act 
as a source of infection to other ticks. Though domestic chickens were refractory to 
CCHFV infection, 0.2% CCHFV seroprevalence was reported in chickens and 
ducks. This absence of detectable anti-CCHFV antibodies in birds may be due to 
assay sensitivity as most of the serological surveys on birds were based on the 
AGDP test, and the AGDP test is less sensitive than the RPHI or IFA tests. 
Nevertheless, the absence of antibody response in birds is not general as ostriches 
appear to be an exception amongst birds in harbouring CCHFV and might be trans-
mitting to humans (Spengler et al. 2016).

11.5  Transmission

The geographic distribution of CCHF concurs with Ixodid ticks, particularly those 
of the genus Hyalomma. Although CCHFV has been isolated from more than 30 
tick species, few are competent as vector and the global distribution of the disease 
is solely associated with Hyalomma ticks (Estrada-Pena et  al. 2007). Hyalomma 
ticks favour dry climates and arid types of vegetation coupled with abundant mam-
mals supporting the life cycle. Given the wide distribution of the animals which act 
as a host for the Hyalomma ticks, and the favourable climatic and ecologic  conditions 
across many countries, the incidences of CCHF may increase geographically 
over time.

The ticks transmit the virus to mammals and the resulting viremia in mammals is 
transient, but ticks remain infected throughout their lifetimes; they are therefore the 
true natural reservoirs. Because humans are not a source of infection for ticks, they 
are only accidental, dead-end hosts for the virus (Bente et al. 2013). In the enzootic 
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cycle of transmission, variable seroprevalence is often associated with competent 
vector dispersion, their host preference and tick load on a particular animal species. 
With Hyalomma being the most competent vector, the endemic transmission is 
found only where these are present, and epizootic transmission occurs during their 
periods of increased abundance and activity (Spengler et al. 2016).

Humans acquire infection by the bite of or by crushing an infected tick against 
bare skin. The infection can also be acquired by percutaneous and permucosal 
routes, and contact with infected animal blood or tissues. Few studies have also 
reported possible aerosol and sexual transmission, but further research is warranted 
(Al-Abri et al. 2017). While investigating human CCHF cases, domestic and peri- 
domestic animal species are often implicated as a source of CCHFV.  Several 
instances have recognised sheep as very important CCHFV reservoirs in certain 
enzootic regions and often epidemiologically linked to human cases. Livestock and 
abattoir workers and persons involved in backyard slaughtering in enzootic areas 
remain at an increased risk of infection. As such, increased CCHFV seropositivity 
in livestock often corresponds to the CCHF cases in humans with exposure to live-
stock, especially those who handle blood and organs from infected livestock 
(Spengler et al. 2016).

High mortality has also been observed in healthcare workers due to nosocomial 
infections arising as a result of contact with infected blood or body secretions from 
patients. The lack of rapid and sensitive early diagnostics poses the highest risk of 
nosocomial transmission to healthcare personnel, where transmission due to splash 
and needle-stick injuries has occurred in the absence of adequate personal protec-
tive equipment (Al-Abri et al. 2017).

11.6  Immunopathobiology

11.6.1  Incubation Period

The incubation period of the disease ranges from 3 days to 1 week, depending on 
the route of transmission and amount of the inoculum. The length is shorter for 
infections by tick bite or livestock contact compared to nosocomial infections 
(Vorou et al. 2007). Amount of virus and route of entry may affect the severity of the 
disease. Infections acquired through tick bites are comparatively less lethal than 
nosocomially transmitted infections; this could be due to the lower amount of inoc-
ulum through tick bites (Chinikar et al. 2010; Whitehouse 2004).

11.6.2  Clinical Signs in Animals

The disease in animals is asymptomatic. Replication of CCHF virus in experimen-
tally inoculated sheep and cattle with a mild increase in body temperature and no 
evidence of clinical disease was reported. The viremic phase is relatively short, and 
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antibodies are detectable shortly after the viremic phase. Antibody prevalence in 
adult livestock (cattle, sheep and goat) species in endemic regions can be more 
than 50%.

11.6.3  Clinical Signs in Humans 

Initial symptoms are vague and usually characterised by sudden onset of fever, 
headache, myalgia, weakness, nausea and vomiting lasting for up to 3  days or 
more. Wide range of clinical symptoms from asymptomatic or mild infections to 
severe disease and death were reported (Bodur et al. 2012). Haemorrhagic manifes-
tations develop 3–6 days after the onset of the illness in severe cases. Other signs 
like splenomegaly and hepatomegaly were observed in one-third of the infected 
patients. Leukopenia, thrombocytopenia, elevated liver enzymes and prolonged 
bleeding times are the main laboratory features of CCHF (Vorou et al. 2007; Cevik 
et al. 2008; Hatipoglu et al. 2010). Affected patients recover by 2–3 weeks after the 
onset of disease; symptoms like lethargy, dizziness and weakness may persist more 
than a year (Whitehouse 2004). The case fatality rate of CCHF ranges between 5% 
and 40%, depending on the geographic region and route of virus entry (Yilmaz 
et al. 2009). Multiple organ failure due to severe anaemia, dehydration and shock 
is considered as one of the important causes of death. The prognosis or outcome of 
the disease depends on the amount of the virus in the blood, platelet counts, liver 
enzyme levels, bleeding time, fibrinogen levels and gastrointestinal bleeding 
(Cevik et al. 2008; Hatipoglu et al. 2010).

11.6.4  Pathogenesis

CCHF pathogenesis is poorly understood due to the necessity of handling the virus 
in BSL-4 laboratories and lack of proper animal models. It involves virus entry, dis-
semination, endothelial damage and vascular leakage. The main contributors of 
pathogenesis are endothelial cells (ECs) and immune cells.

11.6.5  Entry of Virus

The primary barrier for viral entry is epithelium which may be overcome by a tick 
bite. After a tick bite, the virus attaches to the attachment proteins in the basolateral 
compartment of endothelial cells and virus is released into the bloodstream for sys-
temic dissemination (Connolly-Andersen 2010). The entry of the virus into host 
cells is mediated by the interaction between envelope glycoprotein and cell-surface 
receptors probably nucleolin in humans (Xiao et al. 2011).
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11.6.6  Dissemination

After virus entry through a tick bite or other routes, virus replication takes place in 
resident tissue macrophages and dendritic cells. Release into the blood facilitates 
the dissemination of the virus to regional lymph nodes, spleen and other organs 
leading to systemic spread of the disease (Connolly-Andersen 2010). The liver is 
considered as an important target organ; lack of basement membrane could help in 
easier viral entry into the hepatocytes (Connolly-Andersen 2010). Involvement of 
the brain is also reported at a later stage of the infection (Bente et  al. 2010). 
Transmission of the virus to the cerebrospinal fluid (CSF) may be due to increased 
vascular permeability by cytokine release and subsequently disruption of the blood–
CSF barrier (Kang and McGavern 2010).

11.6.7  Endothelial Cell (EC) Damage and Vascular Leakage

Endothelium appears to be a major target of CCHFV, which is indicated by patho-
logical characteristics such as haemorrhage and increased vascular permeability 
(Bodur et al. 2010b; Burt et al. 1997; Ozturk et al. 2010). ECs play a very important 
role in initiating inflammatory response such as chemotaxis, leucocyte attachment, 
vascular permeability, diapedesis into inflamed areas and initiation of the innate and 
adaptive immune response to an infection via the release of chemical mediators 
(Connolly-Andersen et  al. 2011). The intrinsic coagulation cascade is activated 
either by the virus directly or indirectly by virus-induced endothelial damage or 
through host-derived soluble mediators (Connolly-Andersen et  al. 2011). 
Upregulation of soluble molecules like E-selectin, vascular cell adhesion molecule-
 1 (VCAM-1) and intercellular adhesion molecule-1 (ICAM-1) in CCHFV-infected 
ECs favours the increased adhesion of leukocytes in response to inflammatory medi-
ators (Connolly-Andersen et  al. 2011). These soluble adhesion molecules can be 
used as biomarkers to assess the endothelial activation, vascular damage and sever-
ity of disease (Bodur et al. 2010b; Ozturk et al. 2010). One of the main contributors 
of CCHF pathogenesis and disease progression is cytokine release. The proinflam-
matory cytokines, interleukin (IL) IL-1, IL-6, IL-8 and IL-10 and tumour necrosis 
factor-α (TNF-α) play an important role in mediating the pathogenesis and immune 
response of the disease. Although macrophages and dendritic cells are major sources 
of cytokines, ECs are also found to release molecules upon infection (Connolly-
Andersen et  al. 2011). Expression of ICAM-1  in ECs is in turn mediated by the 
release of cytokines and other soluble mediators from CCHFV-infected DCs 
(Schnittler and Feldmann, 2003; Connolly-Andersen et al. 2011). TNF-α was found 
to be a crucial cytokine in the activation of ECs (Connolly-Andersen 2010). Increased 
serum proinflammatory cytokines IL-6, IL-8 and IL-10 and TNF-ɑ levels are impli-
cated as important prognostic factors in CCHF patients (Bente et al. 2010; Saksida 
et  al. 2010). In severe cases, immune dysregulation and excessive release of the 
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cytokines (cytokinemia) lead to increased vascular permeability, vasodilatation, 
multiple organ failure and shock (Connolly-Andersen 2010). Thus, CCHF patho-
genesis largely involves the events related to immune dysregulation and cytokine 
storm leading to a systemic vascular collapse. The positive correlation between the 
viral load, endothelial activation and cytokine release is frequently observed in 
CCHF-affected patients.

11.6.8  Impairment of Immune Response

The non-specific immune response, i.e. innate immune response, is the first defence 
against viruses. CCHFV paralyses the innate immune system and delays the specific 
immune response which targets the virus replication and clearance (Bente et al. 2010; 
Saksida et al. 2010; Peyrefitte et al. 2010). The CCHFV utilises different strategies to 
tackle the immune response. Interferons (IFNs) (IFN-α and -β) play an important role 
in limiting the spread of viral infection by their antiviral response. Activation of the 
innate immune system by the molecules produced during viral replication leads to the 
induction of interferon regulatory factor-3 (IRF-3) which in turn induces type I IFN 
secretion (Andersson et  al. 2008). Delayed induction of interferons is one of the 
important strategies used by CCHFV to manipulate the host defence mechanism. INF-
induced MxA protein expression has been reported to interact with nucleocapsid pro-
tein and reduces the replication (Andersson et al. 2008). The mechanism of paralysing 
IFN response seems to be human specific as CCHFV infection did not develop in 
immune-competent mice, but rapid development of the disease leading to death was 
observed in immunodeficient mice (Bente et al. 2010). The specific adaptive immune 
response is mainly elicited by the production of a specific antibody for the antigen. In 
CCHFV infection, antibody response is usually undetectable and sufficient antibody 
against the virus is an important indicator of survival of the infected patients. As in the 
case of other viral diseases, the reverse relationship is observed between specific anti-
body level and viral load (Saksida et al. 2010). It is speculated that insufficient anti-
body response in CCHFV infection is due to blockage of complete maturation of 
antigen- presenting cells, namely dendritic cells and macrophages (Bente et al. 2010; 
Peyrefitte et al. 2010). Lymphocytes and natural killer (NK) cells are an important part 
of both innate and adaptive immune response against viruses in the detection of 
infected cell and lysis. Depletion of immune cells like NK cells. T and B lymphocytes 
is a common feature reported in CCHFV-infected patients (Yilmaz et al. 2009). The 
studies on CCHF in a mouse model showed an increase in NK and T and B lympho-
cytes on the first day of infection due to increased production of cytokines in an early 
phase, but later the significant depletion and lymphopenia due to excessive apoptosis 
of lymphocytes (Bente et al. 2010; Geisbert et al. 2000). Thus CCHFV dysregulates 
both innate and adaptive immune response for its replication.
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11.6.9  Haemophagocytosis

Hyper-activation of monocytes and macrophages leads to excessive phagocytosis, 
which results in severe cytopenia associated with fever, splenomegaly and haemo-
phagocytosis in bone marrow, also called as a haemophagocytic syndrome. It is 
reported in 50% of the CCHFV-infected patients with severe bleeding (Tasdelen 
Fisgin et al. 2008). Hence, it is also considered as one of the mechanisms of patho-
genesis in CCHFV infection in humans.

11.6.10  Impairment of Haemostasis and Coagulation

Extensive bleeding is one of the important signs of CCHF, which is effected primar-
ily by impairment of haemostasis through thrombocytes and disruption of ECs and 
secondly by immune-mediated cell injury (Chen and Cosgriff 2000). Hence, dis-
seminated intravascular coagulation (van Gorp et al. 1999), thrombocytopenia and 
prolonged prothrombin time (Cevik et al. 2008) are considered as important fea-
tures in assessing the prognosis of the disease.

11.6.11  Histopathology

Histopathological lesions are mainly observed in the liver as a varying degree of 
hepatocellular necrosis in multiple foci, Kupffer cell hyperplasia, fatty change and 
periportal mononuclear infiltration. The necrotic areas are usually marked by 
haemorrhage and associated with the Councilman bodies in the liver (Burt et al. 
1997). The damage in liver correlates with an elevation of liver enzymes, namely 
alanine aminotransferase (ALT) and aspartate aminotransferase (AST) (Cevik 
et al. 2008; Hatipoglu et al. 2010). In the spleen, lymphoid depletion accompanied 
by necrosis and karyorrhexis of lymphocytes is reported (Bente et  al. 2010). 
Apoptosis in liver and spleen is frequently reported in severe CCHFV-infected 
patients (Rodrigues et al. 2012). Other lesions include alveolar damage; intra-alve-
olar and intestinal haemorrhage is also reported (Burt et al. 1997). CCHFV antigen 
is usually demonstrated in hepatocytes, Kupffer cells and endothelial cells of liver 
and spleen (Bente et al. 2010).

In summary, the pathogenesis of the disease is orchestrated by endothelial dam-
age and immune response impairment (Fig. 11.3). The sequence of events that occur 
during the pathogenesis viz. increased the release of cytokines, activation of endo-
thelial cells, and vasodilation leading to multiple organ failure and shock. Delayed 
type I interferon induction, inhibition of maturation of antigen-presenting cells and 
weak antibody response cause uncontrolled replication of the virus.

11 Crimean-Congo Haemorrhagic Fever Virus



270

F
ig

. 1
1.

3 
Se

qu
en

ce
 o

f 
ev

en
ts

 d
ur

in
g 

C
C

H
FV

 p
at

ho
ge

ne
si

s

A. A. Raut et al.



271

11.7  Diagnostics

The non-specific clinical symptoms in the early phase of CCHF are similar to other 
viral haemorrhagic fevers (VHFs); therefore, confirmatory diagnosis relies mainly 
on laboratory testing. CCHFV being BSL-4 agent, isolation of virus is limited to the 
laboratories with the highest level of biocontainment facilities. The samples can 
also be tested in non-BSL-4 laboratories using molecular tests only after the inacti-
vation of the biological specimen.

The laboratory confirmation of the CCHFV is done by virus isolation, genome 
detection is done by RT-PCR and, RT-qPCR, virus detection is done by antigen 
capture ELISA and while antibody detection is done by ELISA. Mostly serum and 
blood plasma are collected as clinical materials for virus isolation and molecular 
detection. Preferably collection of blood is done in EDTA to increase the PCR effi-
ciency (Drosten et al. 2003). Tissue, saliva and urine samples are also collected as 
clinical materials for molecular investigations. The infectivity of the virus remains 
for a few days in serum samples at ambient temperature, and is therefore considered 
as the primary material for investigation (Bodur et al. 2010a).

During viremia, isolation of virus is possible for up to 12 days after onset of 
infection, where chances are more in the first week (highest titre 1–6 days) (Shepherd 
et  al. 1988). However, genome detection is possible for up to 18  days in serum 
samples. The viral RNA has been observed to  increase with time in fatal cases, 
whereas it decreases in nonfatal cases (Saksida et al. 2010).

11.7.1  Virus Isolation

The virus isolation is considered as the gold standard method for CCHF diagnosis, 
but due to the requirement of BSL-4 containment facility, sensitivity and risk 
involved make it a poor choice for routine diagnosis. Mostly, clinical materials, 
including blood and organ suspensions, are inoculated intra-cerebrally in suckling 
mice or cell culture (Vero, LLCMK2, SW-13, CER and BHK-21 cells). CCHFV 
does not produce any definite cytopathic effect. Hence, confirmation is done by 
immunofluorescence test or molecular tests. The virus can be isolated in 3.3 days 
(mean) in cell culture comparison to mean 7.7 days in mice. The inoculation in 
suckling mice is a more sensitive method than the cell culture (Shepherd et al. 1986).

11.7.2  Antigen Detection

The antigen capture ELISA is an alternative to the virus isolation for the detection 
of CCHV antigen. The assay provides results within a few hours and does not 
require containment setup if pre-inactivated samples are used. However, its sensitiv-
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ity is comparatively lower than the virus isolation and RT-PCR test (Shepherd et al. 
1988; Burt 2011). The monoclonal antibodies developed against the nucleoprotein 
(NP) gene are taken as a capture antibody for the ELISA.  The antigen capture 
ELISA is a rapid method and an alternative for the detection of illness in acute 
infection. The fatal cases of patient with higher viremia can easily be detected by 
this test. The test is unable to detect antibody-positive samples (nonfatal cases) 
which is one of its limitations (Saijo et al. 2005).

11.7.3  Molecular Diagnostics

Over the conventional tests, the detection of CCHFV by molecular tests, including 
RT-PCR and real-time reverse transcriptase PCR (RT-qPCR), provides the rapidity, 
specificity and sensitivity without the requirement of BSL-4 biocontainment facil-
ity. The well-timed availability of test results within a few hours also helps in taking 
the immediate control measures and controlling the infection. However, the molec-
ular diagnosis is dependent on the status of the sample including the collection time, 
material/organ collected, transportation, cold chain maintenance, etc. The  circulation 
of many different strains of CCHFV worldwide with the variable sequence is one of 
the major challenges for PCR-based diagnosis. The fact was also supported by an 
international quality assessment where all the 44 participating laboratories were 
found to be suboptimal in the molecular detection of CCHFV highlighting the need 
for improvement (Escadafal et al. 2012).

In 1990, the first reported conventional nested PCR assay was based on visuali-
sation of results either on the agarose gel or by southern blotting. The assay was 
prone to cross-contamination and time taking. However, the nested PCR developed 
using two sets of primer increased the sensitivity of the assay (Burt et al. 1998).

The development of RT-qPCR assays offered increased sensitivity and specific-
ity, rapidity and quantification with minimal to no cross-contamination (Table 11.1). 
The oligonucleotide primers and probes used were targeted to conserved S segment 
of CCHFV to increase the diagnostic scope of the assays for detection of all the 
circulating CCHFV strains. Amongst the many RT-qPCR-based chemistries, SYBR 
Green, TaqMan and Molecular Beacon-based RT-qPCR were developed targeting 
the NP gene of CCHFV. The first SYBR Green-based assay reported the sensitivity 
of 2779 virus genome equivalents per millilitre of plasma (Drosten et al. 2003). The 
oligo for the first TaqMan RT-qPCR assay was designed using the worldwide dis-
tributed 19 strains of CCHFV (Yapar et al. 2005). Further, qPCR assay specific for 
the detection of strains of the Balkan region was designed (Duh et al. 2006). Later 
on, TaqMan-minor groove-binding protein-based qPCR assay with more specific 
probe was developed (Garrison et  al. 2007). Multiple probe-based qPCR assays 
were also developed to detect any of the strains of CCHFV (Wolfel et al. 2007). 
Simple probe technology under the real-time PCR format was used for detection 
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and genotyping of southern African isolates of CCHFV (Kondiah et al. 2010). Since 
most of the assays failed to detect the highly divergent AP92 genotype of CCHFV, 
Atkinson et  al.  2012 demonstrated a novel single-probe-based RT-qPCR assay 
capable of detecting all known strains of CCHFV, including AP92. Also, a novel 
molecular beacon-based real-time RT-PCR assay was designed based on conserved 
N gene sequences of CCHFV strains circulating in India for specific detection of 
Indian CCHFV strains (Fig. 11.4, adapted from Kamboj et al. 2014). The molecular 
beacon-based assay was comparatively tenfold more sensitive to the previously 
introduced TaqMan assays. This assay is proposed as a cost-effective, rapid, specific 
and sensitive alternative test for the diagnosis of CCHFV infection (Kamboj et al. 
2014) (Table 11.1). 

For surveillance and primary genotyping purpose, one of the WHO reference 
laboratories successfully developed a low-density microarray using 20 different 
CCHF virus-specific capture probes and validated over confirmed clinical cases of 
CCHF from past 20 years (Wölfel et al. 2009). A high-throughput DNA sequencing 
microarray has been developed for simultaneous detection and differential diagno-
sis of various VHF viruses including CCHFV (Filippone et al. 2013). For field use, 
a non-PCR-based genome detection method was also developed using circle-to- 
circle amplification (C2CA) technology for easy and sensitive diagnosis of CCHFV 
especially for developing countries (Ke et al. 2011).

11.8  Prevention and Control

Currently, there are no licensed vaccines or approved therapeutics for CCHF. This 
has been primarily due to non-availability of suitable animal models for years, 
BSL-4 requirements and a relatively small research community focusing on 
CCHF. However, progress made in the area of prevention and control of CCHF is 
discussed here.

11.8.1  Supportive Treatment

The most important thing in the effective management of confirmed CCHF patients 
is timely administration of supportive treatment. Close monitoring of hospitalised 
patients using various laboratory tests such as white blood cell count, renal function 
tests, serum electrolytes and transaminases, and blood clotting parameters is essen-
tial. Supportive therapies in the form of transfusion of blood, plasma or platelet are 
effective when started as soon as possible. In the case of CCHF patients with refrac-
tory thrombocytopenia, intravenous immunoglobulin is advised.
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11.8.2  Antiviral Therapy

There is no approved specific antiviral drug available for the treatment of 
CCHF. However, ribavirin is the only drug that is being used for the treatment of 
CCHF.  It is a broad-spectrum synthetic purine nucleoside analogue whose exact 
mechanism of action is not fully understood. However, ribavirin has shown to 
inhibit CCHFV replication both in vivo and in vitro in a concentration-dependent 
manner. In cases of post-exposure prophylaxis, oral ribavirin has sometimes been 
used; however its efficacy still remains uncertain. Of note, meta-analysis of these 
studies suggested that ribavirin is not effective in treated patients as it did not 
improve the survival rate and shorten the hospitalisation compared to untreated 
patients (Ascioglu et al. 2011). The combination therapy (ribavirin and corticoste-
roids) might be beneficial especially when given to patients in early stage of CCHFV 
infection (Jabbari et al. 2006). Recently, Favipiravir (T-705), a new drug licensed 
for the treatment of influenza, has shown to have comparatively better efficacy in 
vivo than that of the current standard treatment of CCHF using ribavirin (Oestereich 
et al. 2014). Besides, specific immunoglobulin therapy has also been used, particu-
larly in Bulgaria, wherein plasma of convalescent CCHF patients was given intra-
muscularly for prophylactic and therapeutic purposes (Christova et al. 2009). In one 
study performed in Turkey, CCHFV hyper-immunoglobulin derived from healthy 
donors was effective as a therapeutic approach, particularly for patients carrying 
high virus load (Kubar et al. 2011). Moreover, to decide and adopt effective antiviral 
therapy for CCHF patients, there is an urgent need for the large placebo-controlled, 
prospective randomised controlled trials.

11.8.3  Vaccines

The quest for CCHF vaccine began around 1960s, and the first vaccine (classic 
Russian/Bulgarian vaccine) was developed from the brain tissue of CCHFV-infected 
sucking mice in 1970 (Papa et al. 2011). Though this vaccine was approved by the 
Soviet Ministry of Health in 1970 and Bulgaria in 1974, it did not gain widespread 
approval from the international regulatory authority because of poor immune 
response and possibility of autoimmune responses induced by myelin basic protein 
(Hemachudha et  al. 1987; Mousavi-Jazi et  al. 2012). For decades, the progress 
towards the development of vaccines was severely hampered due to the lack of a 
suitable animal model. Recent approaches for CCHF vaccine candidate develop-
ment include a DNA-based vaccine carrying the glycoprotein-encoding region of 
the CCHFV. This DNA vaccine induced neutralising antibodies in approximately 
50% of vaccinated mice (Spik et al. 2006). Another vaccine candidate utilised trans-
genic tobacco leaves expressing the CCHF viral glycoproteins that induced both 
IgG and IgA in mice (Ghiasi et al. 2011). However, protection against lethal disease 
was not tested for these two vaccines’ approach due to non-availability of a suitable 
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laboratory animal model. In the year 2010, two mouse models, namely A129 (defi-
cient in type I interferon receptor) and STAT-1 knockout mouse, have made it pos-
sible to study pathogenesis and test vaccine efficacy through a lethal challenge. 
Afterwards, a vaccine based on human serotype 5 adenoviruses (AdHu5) vector 
carrying the entire M segment of CCHFV was developed that induced both humoral 
and cellular immune response but failed to confer protection in STAT-1 knockout 
mouse model (Sahib 2010). Recently, adjuvanted subunit vaccine carrying insect 
cells expressing Gn or Gc ectodomains was shown to induce neutralising antibod-
ies, but this vaccine failed to protect STAT-1 knockout mice in a subsequent lethal 
virus challenge (Kortekaas et al. 2015). The possible reason for the failure of this 
vaccine could be non-matching glycosylation in insect cells compared to mamma-
lian cells. Another vaccine based on transcriptionally competent virus-like particles 
has also been developed, but it could protect only 40% of A129 mice despite the 
induction of strong neutralising antibody titres (Hinkula et al. 2017). Till date, the 
most promising CCHF vaccine candidate is a Modified Vaccinia Ankara (MVA) 
vector expressing the glycoprotein-encoding M segment ORF (MVA-GP). This vac-
cine induced both humoral and cellular immunity, and also provided 100% protec-
tion against CCHF virus infection in mice model (Buttigieg et al. 2014). Further, 
vaccine using the same MVA vector but carrying NP protein fails to confer protec-
tion against the lethal challenge (Dowall et  al. 2016). Nevertheless, none of the 
vaccines has reached human clinical trials so far.

11.8.4  Modes of Prevention

Effective methods to prevent CCHFV infection can be divided into two broad cat-
egories: (a) controlling CCHF in animals and ticks and (b) reducing the risk of 
infection in human. The tick-animal-tick cycle usually goes undetected, and infec-
tion in domestic animals produces non-apparent symptoms. Additionally, the tick 
vectors are widespread, and the vaccine intended to use in animals is not available. 
Therefore, the use of acaricides to control ticks is a single effective way to control 
the infection in animals.

In the case of non-availability of approved vaccine for use in human, the most 
important factor is creating awareness and educating people, especially animal han-
dlers, slaughterhouse workers, agriculture farmers and healthcare workers, about 
the measures to reduce the exposure to the virus. In general, to minimise tick expo-
sure, use of approved tick repellent, use of light-coloured protective clothing and 
avoiding visiting the endemic areas are recommended. The healthcare workers are 
prone to frequent exposure to infected blood or tissue from CCHF-infected patients, 
and therefore it is recommended to wear gloves, gowns and face masks and avoid 
close physical contact with CCHF-infected people to reduce the risk of exposure. 
Besides, proper measures to prevent illegal transportation of animals across borders 
should be in place to limit the geographical extension of CCHF.
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CCHFV infection occurrences are reported from a wide geographic area, and 
this is due to the widespread presence of the tick vectors. Owing to the impact of 
climate change, tick populations are anticipated to flourish and thus could facilitate 
the spread and occurrence of CCHFV. Intensive urban and suburban animal farming 
close to human populations along with suboptimal management practices facilitates 
the animal-to-human transmission by tick bites and exposure to infected animal 
blood and meat. One health approach including surveillance of animals, with pre-
vention and control of tick infestation in livestock along with appropriate prophy-
lactic measures in high-risk human populations, can effectively control CCHFV 
infections.
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Chapter 12
Porcine Reproductive and Respiratory 
Syndrome Virus

Tridib Kumar Rajkhowa

Abstract Porcine reproductive and respiratory syndrome (PRRS) is an economically 
important swine disease worldwide. There are two distinct antigenically different 
genotypes of porcine reproductive and respiratory syndrome virus (PRRSV): the 
European (type I) and North American (type II), which cause the same disease 
 symptoms. In the last three decades, the disease has evolved from classical form to 
most devastating highly pathogenic PRRS. Although tremendous progress has been 
made in understanding the disease, there are many unanswered questions regarding 
pathogenesis and immunobiology of PRRSV. The virus appears to use several evasion 
strategies to circumvent both innate and acquired immunity, including interference 
with antigen presentation, antibody-mediated enhancement, reduced cell surface 
expression of viral proteins and shielding of neutralising epitopes. Presently available 
vaccines are ineffective because they suffer both from the immune evasion strategies 
of the virus and the antigenic heterogeneity of field strains. Recent signs of progress 
made on viral reverse genetics, genomics and host transcriptomics, vaccinology and 
adjuvant technologies have identified new areas for control and prevention of PRRS.

Keywords Porcine reproductive and respiratory syndrome virus · PRRS · 
Pathology · Immunobiology · Diagnosis · Epidemiology · Vaccines

12.1  Preamble

The porcine reproductive and respiratory syndrome (PRRS), an acute respiratory 
disease in pigs of all ages and reproductive failure in sows, was recorded first in the 
late 1980s, in pig farms of the United States and shortly after that in Europe (Botner 
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et  al. 1997; Done et  al. 1996). This disease of unknown aetiology was initially 
known as ‘Mystery Swine Disease’ (MSD). Pigs that suffered from the disease first 
manifest acute illness including anorexia, lethargy, pyrexia, dyspnoea, cyanosis of 
extremities and often red-blue discoloration of the ears. Hence the disease was also 
named as ‘blue-eared pig disease’. Reproductive failure in sows, which includes 
stillbirths, mummifications, weak-born piglets and high pre-weaning mortality, 
occurs concurrently or soon after the acute illness (Meulenberg 2000; Rowland 
2007). Therefore the disease was also referred to as ‘porcine epidemic abortion and 
respiratory syndrome’ (PEARS) or ‘swine infertility and respiratory syndrome’ 
(SIRS) (Christianson et al. 1992; Collins et al. 1992; Wensvoort et al. 1991).

The aetiology of the disease, porcine reproductive and respiratory syndrome 
virus (PRRSV), was first isolated from the Netherlands, in 1991, and was named as 
Lelystad virus (LV) (Terpstra et al. 1991; Wensvoort et al. 1991). Shortly after that, 
the aetiology of PRRS was confirmed by isolation of the virus and experimental 
reproduction of the disease in the United States (Benfield et al. 1992; Collins et al. 
1992). The origin and independent emergence of PRRSV in two separate continents 
during the same time period are not clearly understood. The lactate dehydrogenase- 
elevating virus (LDV) in mice is generally agreed as the common ancestor for 
PRRSV (Carman et al. 1995; Hanada et al. 2005; Plagemann 2003). However, there 
is no consensus about the divergence time of PRRSV and the history of PRRSV 
before its emergence in the swine industry remains largely unknown (Forsberg 
2005; Hanada et al. 2005).

In subsequent years the PRRSV has been detected in the majority of swine- 
producing countries worldwide. The disease was recorded as subclinical infections 
to severe respiratory disease in piglets and reproductive failure in sows (Baron et al. 
1992; Dea et al. 1992; Hopper et al. 1992; Jiang et al. 2000; Plana-Duran et al. 1992; 
Shimizu et al. 1994). Some exceptionally serious PRRS outbreaks with a high fre-
quency of abortions and sow mortality have been recorded in the United States 
around 1996. Recently, China and surrounding countries have suffered from an 
extremely severe epidemic that was attributed to the emergence of a novel highly 
virulent PRRSV strain (Halbur and Bush 1997; Hurd et al. 2001; Normile 2007; 
Tian et al. 2007). Since its emergence, PRRS has resulted in huge economic losses 
in the swine industry. In the United States, the economic losses due to PRRSV have 
been roughly estimated at half a billion dollar per year (Neumann et  al. 2005; 
Holtkamp et al. 2013). Despite all the efforts to prevent and control the disease, it 
will continue to impact the global swine industry.

12.2  PRRS Virion and Genome Structure

The porcine reproductive and respiratory syndrome virus (PRRSV) belongs to the 
family Arteriviridae in the order of the Nidovirales (Gorbalenya et  al. 2006). 
Arteriviridae comprises three other viruses: equine arteritis virus (EAV), simian 
haemorrhagic fever virus (SHFV) and lactate dehydrogenase-elevating virus (LDV). 
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All these viruses have distinct host range for each one of them: pigs for PRRSV, 
horses and donkeys for EAV, monkeys for SHFV and mice for LDV (Snijder and 
Meulenberg 1998). There are two distinct antigenically different genotypes of 
PRRSV: the European (type I) and North American (type II) (Meng et al. 1995). 
Both the genotypes cause similar disease symptoms in susceptible pigs (Kapur et al. 
1996; Meng et al. 1995; Meng 2000; Meulenberg 2000; Nelsen et al. 1999; Ropp 
et al. 2004; Stadejek et al. 2006).

The PRRS virion is roughly spherical and of 50–60 nm in diameter with a  relatively 
smooth external surface (Fig. 12.1). The viral genome is packed with nucleocapsid 
proteins and surrounded by a lipid-bilayer envelope, on which surface glycoproteins 
(GPs) and membrane proteins are inserted to form the virion particles. PRRSV 
genome is approximately 15 kb in length; has a positive-stranded, 3′-polyadenylated 
molecule; and contains 11 known open reading frames (ORFs) (Table  12.1). The 
5′-end of the polycistronic genome contains ORFs 1a and 1b, which encode two large 
non-structural polyproteins, pp1a and pp1ab, with the expression of the latter depend-
ing on a −1 ribosomal frameshift signal in the ORF1a/ORF1b overlap region. 
Following their synthesis, the pp1a and pp1ab replicase polyproteins are processed 
into at least 14 non-structural proteins (NSPs) by 4 ORF1a-encoded  proteinases resid-
ing in nsp1α, nsp1β, nsp2 and nsp4. The size of ORF1a is quite variable due to the 
hypervariability in the central region of non-structural protein 2 (nsp2). A new ORF 
(TF) and −1/−2 programmed ribosomal frameshift signal were discovered recently in 
the central region of ORF1a, which expresses two novel  proteins, nsp2TF and nsp2N 
(Fang et  al. 2012; Li et  al. 2014). The 3′ end of the viral genome contains eight 
 relatively small genes. These genes have both 5′ and 3′ terminal sequences 

Fig. 12.1 Schematic representation of a PRRS virion
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Table 12.1 Porcine reproductive and respiratory syndrome virus (PRRSV) proteins and their 
functions

Sl. 
No.

Gene and 
expressed protein Protein length

Known or predicted functionGene Protein

Genotype I 
(LV, 
GenBank 
accession # 
M96262)

Genotype II 
(VR-2332, 
GenBank 
accession # 
AY150564)

1 ORF1a nsp1α 180 180 Contains papain-like cysteine protease 
(PLPα); zinc-finger protein; regulator 
of subgenomic (sg)mRNA synthesis; 
potential interferon (IFN) antagonist

nsp1β 205 203 Contains protease PLPβ; potential IFN 
antagonist

nsp2 1078 1196 Contains protease PLP2; 
deubiquitinating enzyme; potential 
IFN antagonist; transmembrane 
protein involved in membrane 
modification forming replication 
complex

2 ORF1a′ 
-TF

nsp2TFc 902 1019 Contains PLP2 domain

nsp2N∗ 733 850 Contains PLP2 domain
3 ORF1a nsp3 230 230 Transmembrane (TM) domain protein 

involved in membrane modification, 
forming replication complex

nsp4 203 204 Main serine protease (SP); apoptosis 
inducer; potential IFN antagonist

nsp5 170 170 TM protein possibly involved in 
membrane modification

nsp6 16 16 ?
nsp7α 149 149 Recombinant nsp7 is highly antigenic
nsp7β 120 110
nsp8 45 45 N-terminal domain of nsp9

4 ORF1b∗ nsp9 685 685 RNA-dependent RNA polymerase
nsp10 442 441 RNA NTPase/helicase; contains 

putative zinc-binding domain
nsp11 224 223 Uridylate-specific endoribonuclease 

(NendoU)
nsp12 152 153 ?

5 ORF2a GP2a 249 256 Minor glycosylated structural protein; 
essential for virus infectivity; 
incorporated into virion as a 
multimeric complex with GP3-4; viral 
attachment protein

(continued)
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Table 12.1 (continued)

Sl. 
No.

Gene and 
expressed protein Protein length

Known or predicted functionGene Protein

Genotype I 
(LV, 
GenBank 
accession # 
M96262)

Genotype II 
(VR-2332, 
GenBank 
accession # 
AY150564)

6 ORF2b E 70 73 Minor unglycosylated and 
myristoylated structural protein; 
essential for virus infectivity; 
incorporated into virion as a 
multimeric complex; possesses ion 
channel-like properties and may 
function as a viroporin in the envelope

7 ORF3 GP3 265 254 Minor glycosylated structural protein; 
essential for virus infectivity; highly 
antigenic and may be involved in viral 
neutralisation; incorporated into 
virions as a multimeric complex with 
GP2a and GP4; a subset of GP3 could 
be secreted as a non-virion-associated 
soluble protein

8 ORF4 GP4 183 178 Minor glycosylated structural protein; 
essential for virus infectivity; forms 
GP2a-3-4 complex to incorporate into 
virion; viral attachment protein and 
may involve in viral neutralisation

9 ORF5 GP5 201 200 Major glycosylated structural protein; 
TM protein with a variable number of 
potential N-glycosylation sites; the 
most variable structural protein; forms 
a disulphide-linked heterodimer with 
M protein

10 ORF5a ORF5a 43 41 Minor unglycosylated, hydrophobic 
structural protein; essential for virus 
viability; incorporated into virion as a 
multimeric complex

11 ORF6 M 173 174 Highly conserved major 
unglycosylated structural protein; 
GP5-M hetero-dimerisation is crucial 
for virus infectivity; plays a key role 
in virus assembly and budding

12 ORF7 N 128 123 Unglycosylated and phosphorylated 
structural protein; component of the 
viral capsid; highly antigenic; 
potential IFN antagonist
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 overlapping  with neighbouring genes, except ORF4/ORF5 of type 2 PRRSV.   
They encode four membrane-associated glycoproteins (GP2a, GP3, GP4 and GP5), 
three non-glycosylated membrane proteins (E, ORF5a and M) and a nucleocapsid 
protein (N) (Fig. 12.2).

12.3  Molecular Epidemiology of PRRSV

PRRSV emerged almost simultaneously in North America (genotype 2) and Western 
Europe (genotype 1) in the late 1980s and early 1990s, respectively (Keffaber 1989; 
Wensvoort et al. 1991). The PRRSV strains isolated from both the continents are 
strikingly different with only 55–70% nucleotide identity (Allende et  al. 1999; 
Nelsen et al. 1999). The evolutionary distance between the two lineages has led to 
the hypothesis that these two lineages have evolved separately from a very distant 
common ancestor (Plagemann 2003). Since LDV was identified as the closest 
 relative of PRRSV within the Arteriviridae family, it was hypothesised that PRRSV 
had an LDV-like ancestor circulating in rodents (Plagemann 2003). The ancestral 
PRRSV in rodents was later adapted to Eurasian wild boars, which served as an 
intermediate host that brought the virus from rodents to the domestic swine popula-
tion. It was postulated further that the divergence of the two types of PRRSV started 
from the introduction of wild boars from Europe to the United States (Plagemann 
2003; Mayer and Brisbin 1991). Following the introduction, PRRSV evolved 
 separately in the wild boar populations in Eurasia and North American continents 
before their independent introduction and establishment to the domestic pig popula-
tion (Plagemann 2003).

12.3.1  Diversity and Evolution of Type 1 PRRSV

The first type 1 PRRSV epidemic was documented in the early 1990s in Western 
Europe (Wensvoort et al. 1991). Lelystad virus, the prototype of type 1 PRRSV, 
which was isolated first in the Netherlands from the epidemic tends to form a highly 

Fig. 12.2 PRRS virus genome organisation
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homologous phylogenetic cluster (Lelystad-like) with contemporaneous samples 
from Belgium, France, Germany, Great Britain, the Netherlands and Spain (Drew 
et al. 1997; Forsberg et al. 2002; Le Gall et al. 1998; Suarez et al. 1996). However, 
Lelystad-like cluster could barely represent the diversity of type 1 PRRSV, nor 
could it be viewed as the ancestral virus type from which most of the current type 1 
PRRSV derived. The increasing sample range which was obtained after the  isolation 
of Lelystad-like viruses showed well-supported diverged clades in the phylogenetic 
analysis indicating that they were not likely to be ‘progenies’ of Lelystad-like 
PRRSV. Therefore, the evidence suggested that type 1 PRRSV was present in the 
field long before the ‘original’ epidemic in Western Europe.

Based on the ORF5 sequence divergence and phylogenetic grouping, type 1 
PRRSV was classified into four subtypes. RecentlyORF7 size polymorphism has 
been recommended as a stable and independent indicator for subtyping (Stadejek 
et al. 2008), which has also confirmed three previously identified subtypes. This 
includes a pan-Europe subtype I; a subtype II with samples from Belarus, Lithuania 
and Russia; and a subtype III mainly constituted of Belarus samples with nucleo-
protein sizes of 128, 125 and 124 amino acids, respectively (Stadejek et al. 2008). 
Although the majority of the genotype I diversity is in Europe, type 1 PRRSVs have 
been introduced now to five non-European countries, including the United States 
(Fang et al. 2007; Ropp et al. 2004), Canada (Dewey et al. 2000), South Korea (Lee 
et al. 2010), China and Thailand (Thanawongnuwech et al. 2004).

12.3.2  Diversity and Evolution of Type 2 PRRSV

VR-2332, the prototype strain of type 2 PRRSV, was isolated from the epidemic of 
the late 1980s in North America (Collins et al. 1992; Hill 1990; Keffaber 1989). A 
significant portion of US isolates from 1989 to the early 1990s were found to be 
closely related to VR-2332 (Kapur et al. 1996; Meng et al. 1995; Wesley et al. 1998; 
Shi et al. 2010). During the late summers of 1996, there were increased numbers of 
outbreaks of severe PRRS characterised by an elevated abortion rate and sow 
 mortality in southeast Iowa as well as in many other states of the United States. 
These outbreaks occurred even in vaccinated herd either with Ingelvac PRRS MLV 
alone or both Ingelvac PRRS MLV and PrimePac PRRS vaccines (Bush et al. 1999; 
Halbur and Bush 1997; Key et al. 2001). The apparent protection failure by both live 
attenuated vaccines was considered because PRRSV isolates in this epidemic were 
genetically distinct from available live attenuated vaccines at that time (Key et al. 
2001). Late in 2001, a virulent variant of PRRSV was identified in the US state of 
Minnesota (Han et al. 2006). These isolates (MN184 A, B and C) were characterised 
by three discontinuous deletions of 11, 1 and 19 amino acids in the nsp2 region of 
the replicase ORF, corresponding to VR-2332 positions 324–434, 486 and 505–523 
(Han et al. 2006). The sudden emergence of the virus is still a mystery.

Because of its original identification and major distribution in North America, 
type 2 PRRSV was also referred to as North American type PRRSV. Recent studies 

12 Porcine Reproductive and Respiratory Syndrome Virus



292

based on sequence analysis and phylogenetic reconstruction have identified three 
clades of type 2 PRRSV, which constituted mainly of North American sequences 
(one clade contained PrimePac PRRS vaccine, one contained Canadian and Thai 
sequences, and one was associated with VR-2332 and Ingelvac PRRS MLV  vaccine) 
and several highly diverse Asian clusters (Wang et al. 2008). Recent studies using 
Bayesian phylogenies, based on the entire collection (n ≅ 8500) of currently avail-
able high-quality ORF5 sequences (Shi et al. 2010), have divided type 2 PRRSV 
isolates into nine well-supported lineages, including five large clusters (n > 1000) 
and four small groups, each separated by larger than 10% genetic distance from 
neighbouring lineages. Of the nine lineages defined, seven have their diversity 
maintained by North American samples, while the remaining two are found only in 
Asian countries (Shi et al. 2010). Within the seven North American lineages, intro-
ductions to Asian and European countries were frequently observed, some resulting 
in local outbreaks (An et al. 2007; Cha et al. 2004; Chen et al. 2006; Kang et al. 
2004; Kim et al. 2009; Madsen et al. 1998; Shi et al. 2010; Thanawongnuwech et al. 
2004). Among all, lineage 5 containing Ingelvac PRRS MLV vaccine is found as 
most cosmopolitan, with viruses introduced to more than eight countries outside of 
the North American continent.

12.3.3  Emergence of Highly Pathogenic PRRSV in China

Highly pathogenic PRRS (HP-PRRS), characterised by prolonged high fever, 
 cutaneous red colorations and high mortality rate in pigs of all age group (An et al. 
2007; Tian et al. 2007; Li et al. 2007), was first detected in the summer of 2006 in 
China. The disease quickly spread to more than 20 provinces in China, causing huge 
losses to the country’s swine industry. The causative agent was later identified as a 
novel variant of PRRSV (Tian et al. 2007; Tong et al. 2007; Zhou et al. 2008) with 
the genetic marker of discontinuous deletions of 1 and 29 amino acids in the nsp2 
region of PRRSV genome. However, the genetic basis of this unusually highly 
 virulent PRRSV remains unknown. Phylogenetic reconstructions had indicated that 
the highly pathogenic PRRSV variant actually evolved from the local diversity of 
PRRSV in China (An et al. 2009; Hu et al. 2009; Zhou et al. 2008), which may be 
traced to a single introduction from North America (Shi et al. 2010). HP-PRRSV 
has subsequently spread to other Southeast Asian countries including Laos, Viet 
Nam, Cambodia, Bhutan and Myanmar, resulting in huge loss to the local pig 
 husbandries. The first outbreak of PRRS in India in the pig population of Mizoram 
was recorded in 2013 (Rajkhowa et al. 2015a). Subsequent outbreaks were reported 
in 2015, 2016 and 2017. All these outbreaks were later characterised as HP-PRRS 
(Rajkhowa et al. 2015a, b, 2016, 2018; Gogoi et al. 2017).
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12.4  Transmission, Infectivity and Pathogenesis of PRRSV

Transmission of PRRSV may occur via distance-dependent (area spread) and 
distance- independent routes. In distance-dependent route, the transmission from 
one herd to a nearby herd occurs even without active communication between the 
two farms. Various mechanisms, including aerosol (Brockmeier and Lager 2002), 
animal and insect vectors (Otake et al. 2003) and contaminated fomites (Dee et al. 
2003; Otake et al. 2003), have been proposed for area spread. Whereas in indepen-
dent distance routes, communication between the two places is often required. In 
this route, transmission can occur via the transportation of pigs, introduction of 
semen (Christopher-Hennings et al. 2008) and even vaccine usage if vaccine-related 
viruses are involved. Besides, indiscriminate needle use during drug and vaccine 
administration can facilitate iatrogenic transmission (Otake et al. 2003).

The PRRSV has a very restricted tropism for cells of the monocytic lineage, and 
the fully differentiated porcine alveolar macrophage (PAM) is the primary target 
cell (Duan et al. 1997). Also, dendritic cells were also reported to be able to support 
PRRSV replication (Loving et al. 2007). For in vitro replication, only the African 
green monkey kidney cell line MA-104 and derivatives such as MARC-145 are 
found to be fully permissive. PRRSV enters host cells through standard clathrin- 
mediated endocytosis. The viral genome is released into the cytosol following 
 endosome acidification and membrane fusion (Nauwynck et al. 1999). The major 
receptor that mediates viral internalisation and disassembly has been identified as 
CD163 (Welch and Calvert 2010). The minor structural protein, GP2a, and GP4 
mediate virus entry into susceptible host cells by interacting with CD163 (Das et al. 
2010; Welch and Calvert 2010). Following entry by receptor-mediated endocytosis 
and disassembly, genome translation yields replicase polyproteins pp1a-nsp2TF, 
pp1a-nsp2N, pp1a and pp1ab. These polyproteins are cleaved by viral internal pro-
teinases to generate at least 14 non-structural proteins, which are assembled into a 
replication and transcription complex (RTC). The RTC first engages in minus-strand 
RNA synthesis to produce both single-strand full-length and subgenomic length 
minus-strand RNAs. Subsequently, the subgenomic mRNAs serve as templates for 
the synthesis of plus-strand subgenomic mRNAs required to express the structural 
protein genes that reside in the 3′-proximal quarter of the genome. Newly generated 
RNA genomes are packaged into a nucleocapsid that becomes enveloped by bud-
ding from smooth intracellular membranes. The new virions are released from the 
cell using the exocytic pathway.

PRRSV infection can be divided into three distinct stages: acute infection, 
 persistence and extinction. Each one of this stage is unique in terms of immunol-
ogy,  virology and clinical disease. The acute infection is characterised by an acute 
 respiratory infection, during which the lung serves as a preferential site of  infection. 
PRRSV replicates mainly in macrophages and dendritic cells in the lungs and the 
upper respiratory tract, resulting in viremia by 6–12 h postinfection (pi). Despite 
the presence of circulating antibodies serum viremia may last for several weeks. 
The second stage is characterised by localisation and replication of virus primarily 
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in lymphoid organs, including tonsil and lymph nodes but not in the spleen, 
 resulting in persistent infection (Wills et al. 1997; Allende et al. 2000; Rowland 
et al. 2003). During this stage, the virus is no longer detected in blood and lungs, 
and pigs no longer exhibit overt signs of clinical disease. However, virus  replication 
in regional lymph nodes continues, which accounts for the efficient transmission of 
the virus to naive pigs via oral-nasal secretions and semen. Virus replication 
 gradually decays during the final stage of infection until the virus becomes extinct 
in the host. The replication of virus can be maintained for as long as 250 days after 
infection (Wills et al. 2003) and thereby PRRSV establishes a ‘lifelong’ infection.

12.5  Immunopathobiology of PRRSV Infection

Pigs with infection of PRRSV mount a rapid antibody response by 7–9 days postin-
fection (dpi) directed mainly to the N protein and a lesser extent to the M protein 
and the antibodies are non-neutralising (Loemba et  al. 1996). The neutralising 
 antibodies which appear typically >28 dpi are mainly directed against GP5. The 
neutralising antibodies are usually specific for the homologous strain, with lower or 
no titres of cross-neutralising antibodies against heterologous strain (Vu et al. 2011; 
Zhou et al. 2012).

12.5.1  Innate Immune Responses to PRRSV Infection

The innate immune system is the first line of host defence against viral infections. 
Adequate activation of the host innate immune system in response to viral infection 
is critical to prevent viral replication and invasion into mucosal tissues and 
 importantly in the initiation of the strong adaptive immune response to fight against 
intracellular pathogens (Koyama et al. 2008). Infection with PRRSV elicits poor 
innate and adaptive immune responses through immune modulation and results in 
incomplete viral clearance (Albina et al. 1998a, b; Renukaradhya et al. 2010).The 
NK cell is the innate lymphocyte subset that helps in non-specific clearance of any 
virus- infected cell from the body. PRRSV infection induces significant suppression 
of NK cell cytotoxic activity, which was noticed as early as 2dpi and continued for 
3–4  weeks (Renukaradhya et  al. 2010). One of the most remarkable features of 
PRRSV infection is that it fails to elicit any significant inflammatory cytokine 
expression, in particular of type I interferons, interleukin (IL)-1 and TNFα 
(Thanawongnuwech et  al. 2001; Van Reeth et  al. 1999). PRRSV elicits only a 
 minimal TNFα production, both in alveolar macrophages in vitro and in vivo at the 
site of infection (Genini et  al. 2008; Loving et  al. 2007; Lee et  al. 2004). The 
 downregulation of type I IFN, in particular of TNFα, is considered as a crucial step 
in the pathogenesis because TNFα has been shown to inhibit PRRSV replication 
(Albina et al. 1998a, b; Le Bon et al. 2001).
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PRRSV can infect both mature and immature porcine DCs (Loving et al. 2007; 
Flores-Mendoza et  al. 2008; Chang et  al. 2008; Charerntantanakul et  al. 2006b; 
Wang et al. 2007; Park et al. 2008), resulting in apoptosis; downregulation of the 
expression of CD11b/c, CD14 and CD80/86 and major histocompatibility complex 
(MHC) class I and II molecules; reduced allogeneic stimulation of T cells; and 
upregulated expression of IL-10, IL-12 and TNF-α (Genini et  al. 2008; 
 Flores- Mendoza et al. 2008; Wang et al. 2007; Park et al. 2008). In total, it was 
observed that PRRSV might dampen both innate and specific immune responses by 
altering the cytokine production of macrophages and DCs and by modifying the 
expression of molecules involved in antigen presentation. As a consequence, natural 
killer (NK) cell activation and mobilisation of cells from the acquired arm of the 
immune system are delayed, resulting in delayed neutralising antibody production, 
lymphoproliferative response and IFN-γ responses to PRRSV (Flores-Mendoza 
et al. 2008; Chang et al. 2008; Butler et al. 2008). This weak initial innate immune 
response to PRRSV contributes to the long survival of the virus in infected pigs.

12.5.2  Acquired Immunity

The level of protective immunity following PRRSV infection is a debated issue. 
Development of immunity after natural infection needs at least 3 months’ time to 
reach peak levels and does not appear to be solid enough to prevent reinfection, 
especially caused by antigenically heterologous strains (Murtaugh et  al. 2002; 
Zuckermann et al. 2007). Due to the broad genetic and antigenic variation of simul-
taneously circulating PRRSV field strains, the efficacy of humoral and cell- mediated 
immune responses is insufficient to protect under field circumstances.

Following initial PRRSV infection, antibodies are generally detected from 5 to 
14 dpi, and antibody titres increase rapidly to a maximum level around 4 weeks 
postinfection (Albina et al. 1998b; Batista et al. 2004; Diaz et al. 2005; Labarque 
et al. 2000). Immunoglobulin M (IgM) titres in serum peak around 14–21 dpi and 
then rapidly decrease to undetectable levels. Virus-specific IgG (both IgG1  
and IgG2) reaches maximum values around the third or fourth week postinfection 
and remains at high levels for months (Labarque et al. 2000; Loemba et al. 1996; 
Mulupuri et al. 2008). However, even during persistent infection, antibody titres 
and plasma cell counts ultimately decline, and secondary contact with the virus 
often does not result in an anamnestic antibody response. While the PRRSV-
specific antibody response upon infection in naive animals shows a normal course, 
a different picture arises when talking in terms of protection. PRRSV-infected 
macrophages are refractory to ADCML and most likely also to ADCC since viral 
proteins are not expressed on the cell surface, or at least not in a way rendering 
them detectable for antibodies (Costers et al. 2006).

Conversely, the interaction of antibodies with free virions likely does occur, 
since in  vitro virus neutralisation can be obtained with antisera and purified 
 antibodies, both in MARC-145 and in PAM.  Virus-neutralising antibodies as 
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measured by in  vitro seroneutralisation (SN) test however only appear very 
slowly and in low amounts upon PRRSV infection in naive animals. This delayed 
response of neutralising antibody against PRRSV has been postulated due to the 
presence of an immunodominant ‘decoy’ epitope in GP5 (aa 27–30), which may 
evoke a robust, early and non-protective immune response that masks and/or 
impairs the response to the major neutralising epitope (Ostrowski et al. 2002). An 
alternative explanation is identified as glycan-shielding effects of N-linked 
 glycosylation in GPs as  proposed for the human and simian immunodeficiency 
viruses. ‘Glycan shielding’ may be a primary mechanism to explain evasion from 
neutralising antibodies, ensuring in vivo persistence of these viruses (Wei et al. 
2003). Additionally, antibody- dependent enhancement of viral entry into target 
cells (Cancel-Tirado et al. 2004), suppression of innate immune responses (Sang 
et al. 2011) and prevention of  normal B-cell repertoire development (Butler et al. 
2014) are also identified as contributing towards poor acquired immunity against 
the PRRSV infection.

12.6  Clinical Manifestations of PRRS

The clinical disease of PRRS in a herd is primarily due to the consequence of acute 
viremia in individuals and transplacental transmission, resulting in reproductive 
failure. Clinical epidemics occur when PRRSV enters in an immunologically naive 
herd. Endemic PRRS occurs in herds that have homologous immunity to the infect-
ing strain of PRRSV and in which clinical disease is observed only in a susceptible 
subpopulation (Zimmerman et al. 2006).

The first phase of PRRS epidemics lasts for 2 or more weeks and is characterised 
by anorexia and lethargy in animals of all ages, as a result of acute viremia. Clinically 
affected animals show the high rise of body temperature (105–107 °F) and respira-
tory distress, and may have transient cutaneous hyperaemia or cyanosis on extremi-
ties. The second phase is characterised by reproductive failure in sows and high 
pre-weaning mortality in piglets, which may begin before the first one is completed 
and continues for 1–4 months.

Affected adult animals suffer from anorexia, fever and lethargy (Keffaber 1989; 
Loula 1991). Occasionally subcutaneous and hind limb oedema, nervous signs and 
skin lesions, such as purplish discoloration of the ears and vulva, are observed 
(Hopper et al. 1992; Rossow et al. 1998). PRRSV infection in adults can be fatal, 
especially in late-term gestating females. Reproductive failure in sows includes low 
conception and farrowing rates, decreasing number of live-born piglets and high 
incidence of weak-born, stillborn and mummified piglets (Zimmerman et al. 2006). 
The impact on the health status of lactating sows is similar to gestating sows. Loss 
of appetite and fever lead to agalactia, which results in starvation of the piglets or 
development of diseases that are controlled by maternal immunity such as colibacil-
losis. Pre-weaning mortality rates can exceed up to 80% in severe cases (Christianson 
et al. 1992). In boars, in addition to acute respiratory signs, there may be lack of 
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libido and variable reduction in semen quality, which includes reduced motility and 
defects in sperm (Prieto and Castro 2005; Zimmerman et al. 2006).

High pre-weaning mortality is observed in pigs born prematurely and at term 
 associated with listlessness, diarrhoea, emaciation, splay-legged posture, hyperpnoea 
and dyspnoea. Less common are tremors and paddling, anaemia and bacterial polyar-
thritis, and meningitis (Zimmerman et  al. 2006). Other clinical signs reported in 
 neonates include oedema around the eyes, conjunctivitis, blue discoloration of ears, 
bruising of the skin, diarrhoea, rough hair coats and profuse bleeding post- injection 
(Rossow 1998). The impact of PRRS virus infections in pigs after weaning can be 
highly  variable (Rossow et al. 1994). Acute PRRSV infection in post-weaned pigs is 
characterised by anorexia, lethargy, cutaneous hyperaemia, hyperpnoea and dyspnoea 
without coughing, rough hair coats and elevated mortality (Zimmerman et al. 2006).

Once introduced into a farm, PRRSV usually becomes endemic, leading to regu-
lar or occasional outbreaks of typical acute PRRS in susceptible subpopulations of 
animals, such as nursery or grower pigs and replacement gilts and boars (Stevenson 
et al. 1993; Zimmerman et al. 2006). In nursery pigs, elevations in mortality mostly 
occur in winter months, suggesting that environmental factors, such as lowered 
ambient temperature, increased range in the fluctuation of ambient temperature, 
lowered ventilation rates and elevated relative humidity, probably contribute to 
recirculation of virus and decrease in immune responses (Stevenson et al. 1993). 
The reproductive consequences depend on the number of animals infected and the 
stage of their reproductive cycle when infected. If gilts are infected, there may be 
scattered abortions, irregular returns to oestrus, non-pregnant gilts and late-term 
reproductive failure (Zimmerman et al. 2006).

12.7  Pathology of PRRS

The characteristic lesions of PRRSV are seen in young pigs affected by the respira-
tory form of the syndrome. Gross and microscopic lesions are consistently observed 
from 4 to 28 or more dpi in lung and lymph nodes, where most viral replication 
takes place. The virulence of the strain of PRRSV to which pigs are exposed 
 determines the severity and the distribution of lesions. Gross lesions are suggestive 
of PRRSV, but are not diagnostic since a variety of other viral and bacterial diseases 
can cause similar lesions. Although the presence of typical gross and microscopic 
lesions of PRRSV allows a strong presumptive diagnosis, definitive diagnosis 
always requires demonstration of PRRSV (Mengeling and Lager 2000; Zimmerman 
et al. 2006).

Interstitial pneumonia develops in the lungs of affected pigs from 3 to 28 dpi, 
with most severe lesions within 10–14 dpi. Affected lung parenchyma is resilient, 
non-collapsing, slightly firm, mottled or diffusely red-tan, rubbery and moist 
(Zimmerman et al. 2006). Microscopic thickening of alveolar septa due to  infiltration 
of macrophages, lymphocytes, plasma cells, oedema, congestion and hyperplasia of 
pneumocyte II is observed in lungs. Alveoli may contain necrotic cell debris, 
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 macrophages and serous fluid, while lymphocytes and plasma cells form cuffs 
around airways and blood vessels. Macroscopic lesions in lymph nodes are  presented 
mainly as tan to grey, enlarged and oedematous, which are often several times the 
size of normal nodes (Mengeling and Lager 2000). Microscopic lesions are 
 predominantly observed in germinal centres that appear necrotic and depleted. The 
cortices may contain small cystic spaces that are variably lined by endothelium and 
contain proteinaceous fluid, lymphocytes and multinucleate prokaryocytes. Mild-
to-moderate multifocal lymphohistiocytic vasculitis and perivascular myocarditis 
may develop in the heart. Lymphohistiocytic leukoencephalitis or encephalitis 
involving cerebellum, cerebrum and brainstem may develop in the brain. Segmental 
cuffing of blood vessels by lymphocytes and macrophages and multifocal gliosis 
may also occur. Mild periglomerular and peritubular lymphohistiocytic aggregation 
is seen in the kidney. Affected vessels have swollen endothelium, pooled 
 subendothelial proteinaceous fluid, and intramural and perivascular aggregates of 
 lymphocytes and macrophages. PRRSV-infected litters contain variable numbers of 
normal pigs, small weak pigs and dead pigs that are either fresh stillborn, autolytic 
stillborn or mummified foetuses. Gross foetal lesions include perirenal oedema, 
oedema of the splenic ligament, mesenteric oedema, ascites, hydrothorax and 
hydro- peritoneum. Segmental haemorrhagic enlargement of the umbilical cord of 
weak live-born and stillborn pigs is sometimes present (Zimmerman et al. 2006). 
Uterus of affected sows shows oedematous myometrium and endometrium with 
lymphohistiocytic perivascular cuffs. There may also be segmental lymphohistio-
cytic vasculitis in small vessels and microseparations between endometrial 
 epithelium and placental trophoblasts. In boar atrophy seminiferous tubules of the 
testicle are observed 7–25 dpi, associated with apoptosis and depletion of germ cells 
(Zimmerman et al. 2006).

12.8  Diagnosis of PRRS

A tentative diagnosis of PRRS virus infection is suggested by clinical signs of 
reproductive problems in breeding stock or respiratory disease in pigs of any age. 
Infection with PRRS virus often does not induce unique gross or microscopic 
lesions and may resemble or be obscured by lesions caused by other infectious 
agents. Therefore, definitive diagnosis of PRRS needs differential diagnosis with 
porcine parvovirus, pseudorabies virus, haemagglutinating encephalomyelitis virus, 
porcine circovirus type 2, porcine enterovirus, swine influenza virus, classical swine 
fever (hog cholera) virus, porcine cytomegalovirus and leptospirosis (Keffaber 
1989; Halbur et al. 1993, 1995; Paton et al. 1992a, b). When the clinical history and 
pathology are suggestive of PRRS, detection of viral antigens, viral genomic mate-
rial or isolation of virus from clinical specimens must be used to confirm the tenta-
tive diagnosis. Alternatively, documentation of rising serum antibodies in a time 
frame compatible with the clinical episode may support the diagnosis.
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12.8.1  Detection of Virus or Viral Antigen

The fluorescent antibody test (FA) and immunohistochemistry (IHC) test on frozen 
tissue section can be used for detecting PRRS virus antigen in tissues. Although the 
FA test is specific, it may greatly be affected by sample quality and is not always 
very sensitive. In contrast, IHC is useful for detecting the virus in formalin-fixed 
tissues. IHC is more sensitive than direct FA examination of frozen tissues. Thus, a 
definitive diagnosis can be accomplished by the detection of microscopic lesions 
characteristic of PRRS virus in conjunction with IHC or FA tests. Preferred tissues 
for these tests include lungs, lymph nodes, spleen, thymus and tonsil (Halbur et al. 
1996; Rossow et al. 1998).

Reverse transcriptase-polymerase chain reaction (RT-PCR)-based tests have been 
developed for detecting PRRSV genome in clinical specimens and are believed to be 
highly sensitive and highly specific (Benson et al. 2002; Horter et al. 2002). Since the 
virus does not need to be isolated in cell culture to detect the viral RNA, RT-PCR can 
be performed in a shorter duration of time than virus isolation. Several types of 
RT-PCR-based assays have been developed, most being designed to detect the ORF7, 
ORF6, ORF5 or ORF1b gene of PRRSV, and can be run directly on diagnostic speci-
mens (Benson et al. 2002; Chen and Plagemann 1995; Christopher- Hennings et al. 
1995a; Cook and Spatz 1998; Egli et al. 2001; Gilbert et al. 1997; Legeay et al. 1997; 
Mardassi et al. 1994; Oleksiewicz et al. 1998; Shin et al. 1997; Spagnuolo Weaver 
et al. 1998; Suarez et al. 1994; Rajkhowa et al. 2016). For added sensitivity, some 
PCR assays use a ‘nested’ procedure (RT-nPCR). Recently,  automated  fluorogenic 
PCR-based tests, such as the TaqMan™ PCR (Egli et al. 2001; Spagnuolo Weaver 
et al. 2000) or ‘molecular beacon’ PCR (Carlson et al. 2002), have been developed 
for detecting PRRS virus in clinical specimens. However, the use of PCR assays has 
become more common both for the diagnosis of PRRS and to aid in herd monitoring 
(Bierk et al. 2001; Dee et al. 2001; Horter et al. 2002; Kleiboeker et al. 2002).

12.8.2  Assays for Detection of Serum Antibodies

The enzyme-linked immunosorbent assay (ELISA), indirect fluorescent antibody 
(IFA) test, serum virus neutralisation (SVN) test and immunoperoxidase monolayer 
assay (IPMA) have all been used for the detection of antibodies specific for PRRS 
virus. The ELISA has the advantages of detecting specific antibody against North 
American and European PRRS virus strains and a fast turnaround time and is 
reported to be sensitive and specific (Albina et  al. 1992; Edwards et  al. 1994; 
Nodelijk et al. 1996; O’Connor et al. 2002; Takikawa et al. 1996). Several ELISA 
formats like an indirect ELISA using a sample-to-positive (S/P) ratio system (Yoon 
et al. 1995), an indirect ELISA using direct OD values (Albina et al. 1992; Cho et al. 
1996; Takikawa et al. 1996) and a blocking ELISA (Ferrin et al. 2002; Houben et al. 
1995; Zhou et al. 2001) have been described.
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The IFA has high specificity (99.5%) but unknown sensitivity for individual 
 animals (Yoon et al. 1992a, b). An advantage of the IFA test compared to ELISA is 
that the magnitude of the antibody titre can be determined. It can detect specific 
antibodies for 2–3 months after infection (Frey et al. 1992; Yoon et al. 1995; Bautista 
et al. 1993). The IPMA is also considered to be a highly specific and sensitive test, 
which can detect the PRRS-specific antibodies from 7 to 15 days after infection to 
2–3 months (Frey et al. 1992; Ohlinger et al. 1992; Wensvoort et al. 1991; Yoon 
et al. 1995). The relatedness of the virus strain used in the assay and the virus strain 
infecting the pig will likely affect the performance of the IPMA test (Wensvoort 
et al. 1992; Yoon et al. 1997).

The SVN test is considered as less sensitive than IFA and ELISA (Benson et al. 
2002), which is due to the fact that neutralising antibodies (the type of antibody 
detected by the SVN test) against PRRS virus develop as late as 1–2 months after 
infection (Frey et al. 1992; Goyal and Collins 1992; Minehart et al. 1992; Nelson 
et al. 1994; Yoon et al. 1995a). Therefore, SVN is best considered as a research tool 
rather than a routine diagnostic test because of its laborious nature.

12.9  Isolation of Virus

PRRS virus replicates only in two types of cells: porcine alveolar macrophages 
(PAMs) and certain African monkey kidney cell lines (Bautista et  al. 1993; Dea 
et al. 1992; Paton et al. 1992a, b; Wensvoort et al. 1991; Yoon et al. 1992b). PAMs 
are suitable for isolation of European-like PRRS virus, while North American 
PRRSV grows well in African monkey kidney cell lines like MA-104/MAC145 
(Dewey et al. 2000; Wensvoort et al. 1991). PRRSV can be isolated from a variety 
of clinical specimens (Done et al. 1996; Goyal 1993; Paton et al. 1992b; Rossow 
1998), including serum, plasma, peripheral blood mononuclear cells (i.e. buffy coat 
layer), bone marrow, tonsil, lungs, lymph nodes, thymus, spleen, heart, brain, liver, 
testis, epididymis, ductus deferens, bulbourethral gland, penile tissue, oropharyn-
geal scraping, nasal turbinate, nasal swabs, placenta, saliva, urine, faeces and semen 
(Baron et  al. 1992; Christianson et  al. 1992; Christopher Hennings et  al. 1995b, 
1998, 2001; Dea et al. 1992; Done et al. 1992; Goyal and Collins 1992; Horter et al. 
2002; Ohlinger et al. 1992; Paton et al. 1992a, b; Rossow et al. 1994, 1998). Serum, 
lung and bronchio-alveolar lavage fluid are samples of choice for isolation of PRRS 
virus in acutely infected animals. In older animals, viremia is of short duration, and 
PRRSV may be found in tissues longer than those in serum (Christopher-Hennings 
et al. 2001). For virus isolation from persistently infected animals, tonsil, oropha-
ryngeal scraping and bronchio-alveolar lavage fluid are  better samples than serum 
and lung (Christopher-Hennings et al. 2001; Horter et al. 2002). In cases of late-
term abortion and early farrowing, samples should be  collected from weak-born, 
pre-suckle pigs, rather than mummified, aborted or stillborn pigs (Done et al. 1992).
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12.10  PRRSV Vaccines

Vaccines against PRRSV were developed, registered and administered in the field, 
soon after the emergence of PRRSV.  However, despite the efficacy of certain 
 vaccines under experimental as well as field conditions, eradication of the virus was 
never obtained. This was attributed most likely due to lack of vaccine efficacy 
against genetically divergent field strains. While the currently registered vaccines 
are still broadly applied, global efforts are on to develop new and better PRRSV 
vaccines.

Presently two types of PRRSV vaccines are available for field use: modified live 
virus (MLV) or attenuated vaccines, and killed virus (KV) or inactivated vaccines. 
The MLV vaccines are generated by in vitro cell culture passage of virulent virus until 
an attenuated phenotype is achieved, while the KV vaccines are generated by chemi-
cally or physically inactivating the virulent virus and are administered in combination 
with an adjuvant, while most MLV vaccines do not use adjuvants. Both type I- and 
type II-based MLV and KV vaccines have been developed and used globally.

MLV vaccines are the most potent in inducing protection and protect pigs to a 
large extent against viremia and virus replication in lungs and lymphoid tissues 
upon homologous challenge (Sattler et al. 2018). Hence, the vaccinated animals are 
well protected against respiratory disease, reproductive failure and transplacental 
infection, caused by homologous virus (Labarque et al. 2004; Labarque et al. 2003; 
Martelli et al. 2007; Nielsen et al. 1997; Scortti et al. 2006a; Zuckermann et al. 
2007). However, the efficacy of MLV vaccines against heterologous challenge 
virus is poor. The amino acid or nucleotide identity is also not found to be a good 
predictive parameter for cross-protection against different PRRSV strains (Diaz 
et al. 2006; Labarque et al. 2003, 2004; Mengeling et al. 2003; Nodelijk et al. 2001; 
Okuda et al. 2008; van Woensel et al. 1998; Zuckermann et al. 2007). The immune 
response following MLV vaccination suffers from the same weaknesses as 
infection- induced immunity and is characterised by slow development of 
 cell-mediated immune mechanisms with virus-neutralising antibodies appearing 
very weakly. Virus-neutralising antibodies induced by MLV vaccination are often 
detected only in neutralisation tests using the vaccine virus as antigen, which 
explains to a certain extent the strain-specific protective efficacy of these vaccines 
(Charerntantanakul et al. 2006a; Meier et al. 2003; Okuda et al. 2008; Scortti et al. 
2006b; Zuckermann et al. 2007).

MLV vaccines are attenuated to such extent that they do not grow efficiently in 
macrophages anymore, and do not cause disease. However, vaccination with MLV 
vaccines still results in a certain level of virus replication in  vivo and is often 
detected in blood and lungs of (mostly with type II PRRSV) MLV-vaccinated 
 animals (Beilage et al. 2009; Diaz et al. 2006; Labarque et al. 2004; Scortti et al. 
2006b). Also, infectious virus in pregnant sows may spread to the foetuses, and in 
boars to the semen (Christopher Hennings et al. 1997; Nielsen et al. 1997; Scortti 
et  al. 2006a). This causes a major safety risk, since mutant virus variants with 
increased virulence may emerge during vaccine virus replication, and may spread to 
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negative animals. The risk of reversion to virulence was dramatically illustrated in 
Denmark during the late 1990s, where huge outbreaks of PRRSV-associated 
 reproductive disorders occurred as a result of a vaccination campaign in a PRRS-
negative swine population (Nielsen et  al. 2001; Nielsen et  al. 2002). PRRSV 
 attenuation and reversion to virulence are associated with changes in non-structural 
proteins, but the specific virulence determinants are not yet identified, which 
 compromises the targeted development of new and safe attenuated PRRSV vaccines 
(Kim and Yoon 2008; Kwon et al. 2008, 2009; Nielsen et al. 2001). Taken together, 
MLV vaccination induces adaptive immunity, highly resembling the immune 
response induced by natural infection, which leads to protection only against the 
homologous virus.

Concerning the safety aspects, KV vaccines against PRRSV may be a good 
 alternative to MLV vaccines. However, the use of KV vaccines in the field revealed 
that they induce only a moderate anamnestic antibody response upon the challenge 
of vaccinated animals and do not induce virus-specific neutralising antibodies. A 
 beneficial effect of KV vaccination on reproductive performance has been reported 
in case of challenge with the virulent vaccine virus, but KV vaccines generally do 
not influence viremia, virus replication in tissues and shedding, even not in nearly 
homologous conditions (Nielsen et al. 1997; Nilubol et al. 2004; Plana-Duran et al. 
1997; Scortti et al. 2007; Zuckermann et al. 2007). KV vaccination does not induce 
the virus-specific IFN-γ-producing cells, indicating that this type of vaccines does 
not stimulate an adaptive cell-mediated immune response (Meier et  al. 2003; 
Nilubol et al. 2004; Piras et al. 2005; Zuckermann et al. 2007).

12.11  Conclusion and Prospects

Porcine reproductive and respiratory syndrome (PRRS) has devastated the swine 
industry worldwide since its emergence in the late 1980s. In spite of exhaustive 
research in the last four decades, pathogenesis and immunobiology of PRRSV are 
not clearly understood. PRRSV replicates in macrophages, can induce prolonged 
viremia and may cause persistent infections that last for months after infection. 
During this prolonged period of persistent infection, novel phenotypic variants of 
PRRSV emerge. The virus uses several evasion strategies to escape both innate and 
acquired immunity. In particular the downregulation of type I interferon-α produc-
tion appears to interfere with the induction of acquired immunity. Because of the 
genetic diversity observed among PRRSV strains, it is unlikely that a vaccine based 
on a single strain will confer effective protection against the antigenically and 
genetically diversified field strains currently circulating in swine herds worldwide. 
Therefore, the development of PRRS vaccine that possesses high immunogenicity 
confers broad protection and is safe, but will continue to be a challenge for PRRS 
researchers in the years to come.
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Chapter 13
Peste Des Petits Ruminant Virus

Balamurugan Vinayagamurthy, Govindaraj Gurrappa Naidu, 
and Parimal Roy

Abstract The peste des petits ruminant (PPR) virus is a small ruminant morbillivi-
rus (SRMV), formerly known as PPR virus, belonging to the family Paramyxoviridae, 
and the genotype of the virus is clustered into four lineages, based on the nucleopro-
tein (N) and fusion (F) gene-based sequence and phylogenetic analysis. The PPR 
virus causes highly contagious, OIE notifiable and economically important trans-
boundary animal viral disease of domestic and wild small ruminants, known as 
“plague of small ruminant”. PPR is clinically manifested by high fever, nasal and 
ocular discharges, oral necrotising and erosive ulcers, gastroenteritis, and diarrhoea 
with respiratory distress followed by bronchopneumonia and death. The most 
important epizootiological risk parameters of PPR in sheep and goats are the intro-
duction of animals to the flock from the unknown source, along with other manage-
ment factors and rearing patterns. Though natural transmission occurs in cattle, 
buffaloes and camels, the clinical form of the disease is generally not observed. PPR 
can be diagnosed based on the clinical signs, pathological lesions and specific 
detection of the virus antigen or antibodies or genomic nucleic acid by various sero-
logical or molecular assays. With the availability of effective and safe vaccine and 
enabling of institutional mechanism, many countries implemented the vaccination 
programme to control the disease. PPR is one of the foremost constraints in enhanc-
ing the productivity of sheep and goats in developing countries, particularly affect-
ing the economy of the poor landless, and small or marginal farmers. Considering 
the importance of sheep and goats in food security and socio-economic growth, 
Food and Agricultural Organization (FAO) and the World Organisation of Animal 
Health (OIE) jointly launched an international plan for control and eradication of 
PPR by 2030. This chapter delivers structures of the PPR virus and its genome 
organisation and functions, disease transmission, epidemiology and risk factors of 
the disease, diagnosis, prevention and control measures with perspectives.
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13.1  Preamble

The husbandry of small ruminants plays an important role in maintaining the sus-
tainable livelihood of the small, marginal and landless rural farmers in underdevel-
oped and developing countries in the world. Sheep and goats are the “Any Time 
Money—ATM” of the poor landless farmers, and it generates self-employment and 
income for their livelihood throughout the year. Peste des petits ruminants (PPR), 
otherwise called as “plague of small ruminants” or “goat plague”, is concomitant 
with considerable morbidity and mortality in sheep and goats and causes a serious 
threat to the economy of the endemic countries. PPR is an acute, extremely conta-
gious, transboundary animal viral disease (TAD) of domestic sheep and goats and 
small wild ruminants. It causes severe socio-economic implications to livestock 
owners and is reported to cause an economic loss of USD 1.45–2.1 billion annually 
(OIE and FAO 2015). The disease was first reported in Côte d’Ivoire, West Africa, 
during 1942 (Gargadennec and Lalanne 1942) and then spread to other parts of 
Africa, the Arabian Peninsula, the Middle East and Asia (Balamurugan et al. 2014a; 
Muthuchelvan et al. 2015; Parida et al. 2015b; Baron et al. 2016). Clinically, PPR is 
manifested by depression, high fever, nasal and ocular discharges, oral necrotic 
ulcers, necrotising gastroenteritis, and diarrhoea with respiratory distress followed 
by bronchopneumonia.

The small ruminant morbillivirus (SRMV), otherwise known as PPR virus 
(PPRV) (Gibbs et al. 1979) (http://ictvonline.org/virusTaxonomy.asp), causes dis-
ease, and the virus is a single negative-stranded RNA genome of single genotype 
(Adombi et al. 2017) and clustered into four lineages based on the analyses of the 
nucleocapsid (N) and fusion (F) gene sequences (Shaila et al. 1996; Balamurugan 
et al. 2010b). Generally, lineages I to III circulate in Africa, while lineage IV (Asian 
lineage) circulates in Asian continents. However, a recent emergence of Asian lin-
eage IV virus in African countries (Morocco, Marmara Region of Turkey) (Banyard 
et al. 2010; Kwiatek et al. 2011) and African lineage to China (Zhou et al. 2018) 
challenges the risk of PPR being introduced to Europe as well (Kwiatek et al. 2011; 
Baazizi et al. 2017), as lately PPR outbreaks were reported in Bulgaria (Altan et al. 
2019). Therefore, the disease spread to various countries in African, Asian and 
European continents with an association of different lineages is a cause of world-
wide concern (Kwiatek et al. 2011; Balamurugan et al. 2014a; Kumar et al. 2014; 
Parida et al. 2015b; Shatar et al. 2017; Niyokwishimira et al. 2019).

Thus, the transboundary nature of SRMV is expected to accentuate the disease 
spread to wider geographical region affecting the livestock productivity, especially 
in developing and underdeveloped countries. As of today, a total of 76 countries with 
~1.7 billion of sheep and goats in Africa and Asian continents are in threat of the 
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disease (http://www.fao.org/ppr/en/). Considering the sheep and goats in food secu-
rity and socio-economic growth in the underdeveloped and developing countries of 
the globe, Food and Agricultural Organization (FAO) and the OIE jointly initiated a 
worldwide programme for control and eradication of PPR by 2030 (OIE and FAO 
2015; http://www.fao.org/news/story/en/item/282397/icode; Parida et al. 2019).

13.2  History

The first report of “small ruminants plague” was described in Ivory Coast, West 
Africa, during 1942 (Gargadennec and Lalanne 1942). They reported an epidemic 
disease in small ruminants, which was the resemblance to rinderpest (RP), without 
the involvement of in-contact cattle. After that, the disease spread to Nigeria, 
Senegal, Ghana, Sudan and other countries in Africa until 1984. Further, disease 
spread to various countries in the African and Asian continents. In India, the first 
outbreak was reported from South India during 1987 (Shaila et al. 1989) and there-
after from other parts of northern India, and as of now the disease is enzootic, and 
outbreaks are regularly occurring throughout the year (Balamurugan et al. 2014a). 
Based on the analyses of the reports of the outbreak in the National Animal Disease 
Referral Expert System (NADRES) (http://www.nadres.res.in) from 1991 to 2017, 
PPR is the topmost disease reported in sheep and goats in India (Balamurugan et al. 
2016). PPR is of snowballing status and extends its topographical spreading across 
the enzootic country. Further, evidence of infection has been reported from several 
other countries from time to time. Spread of disease to different countries in Africa, 
Asia and Southern Europe with an association of different lineages of the virus is a 
cause of animal health alarm (Kwiatek et  al. 2011; Balamurugan et  al. 2014a; 
Banyard et al. 2010), as outbreaks were reported in Bulgaria during June 2018. As of 
today, PPR is enzootic in various countries with the expansion of the range and sev-
eral outbreaks are being reported recurrently from diverse countries in Africa, Asia 
and Europe with the involvement of different lineages of virus (Banyard et al. 2015).

13.3  Peste Des Petits Ruminants Virus

PPR virus is an envelope small ruminant morbillivirus (SRMV), which belongs to 
the genus Morbillivirus in the family Paramyxoviridae and the order Mononegavirales 
(Gibbs et  al. 1979; http://ictvonline.org/virusTaxonomy.asp). On account of its 
genetic similarity with other members of the genus, PPRV is a relatively recently 
identified virus. Therefore, most of our understanding of virus structure and molec-
ular biology is based on the comparison with other morbilliviruses (Baron 2015). 
PPRV is immunologically cross-reactive with other Morbilliviruses, namely mea-
sles virus (MV), rinderpest virus (RPV), canine distemper virus (CDV), dolphin and 
porpoise morbillivirus (DMV) and phocine distemper virus (PDV) (Barrett et al. 
1993). The PPRV is pleomorphic with an envelope lipoprotein membrane and a 
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ribonucleoprotein core, which contains non-segmented single-stranded negative 
RNA genome (Haffar et al. 1999) of ≈16 kb length (Chard et al. 2008). It has an 
envelope of about 8–15  nm thickness, with spikes of 8.5–14.5  nm length. The 
herringbone- like structured ribonucleoprotein strand measures ≈4–23  nm. The 
genome follows the “rule of six” and the order of coding genes and their arrange-
ments are as follows: 3′ N–P/C/V–M–F–H–L 5′ (Bailey et al. 2005). While study-
ing the evolutionary dynamics of PPRV, an evolutionary rate of 2.61 × 106 nucleotide 
substitutions per site per day was estimated (Bao et al. 2017). Each transcriptional 
unit is separated by conserved intergenic trinucleotides. The viral genome is sepa-
rated into six transcriptional elements encoding six structural proteins (fusion (F) 
and haemagglutinin (H), matrix protein (M), nucleoprotein (N), large (L) and phos-
phoprotein (P)) and two non-structural (V, C) proteins. The N and P proteins form 
the enzyme complex in connotation with large (L) protein. Generally, morbillivi-
ruses are classified into two groups: one group comprises CDV and PDV, and 
another group consists of RPV, MV and PPRV, based on nucleotide (nt) and amino 
acid (aa) sequences of N protein (Diallo 1990). The close antigenic relationship 
between the three (N, V and H) proteins of PPRV with DMV has also been reported 
(Bailey et  al. 2005). The conserved 3′ and 5′ termini sequences of the virus are 
complementary and play an important role as regulatory elements in replication, 
transcription and packaging of the genome (Banyard et al. 2010). The PPRV leader 
sequence with 3′ UTR of N gene produces the virus genome promoter (GP) and 
similarly trailer sequence with 5′ UTR of L gene constitutes the anti-genome pro-
moter (AGP) (Muniraju et al. 2014).

13.3.1  Nucleocapsid (N) Protein

The N protein of virus is the most abundant, antigenically well-conserved and fore-
most constituent of the nucleocapsid core of virion and plays an important role in 
transcription and replication. The nucleocapsid is the much conserved immuno-
genic core protein and expressed at a high level in the infected cells as compared to 
the other viral proteins. This protein is a noble target candidate for diagnosis assay 
(Munir et al. 2013) due to its antigenic stability and contains both type-specific and 
cross-reactive epitopes. It is highly immunogenic, but nucleocapsid antibodies are 
not protective due to its internal location. The genetic diversity of the N gene 
sequences was used for classification of SRMV into different lineages by phylo-
genic analysis. The N gene is located at 3′ end of the genome and encodes for the 
most transcribed N protein among all the genes of SRMV. The N protein has 525 
amino acids (aa) and is possible to interact with other N protein (N–N interaction), 
P protein (N–P interaction) and L polymerase protein (P–L interaction) for involv-
ing in the replication of the virus. Even though sequences essential for self- assembly 
of N proteins are mapped, evidence of two domains {N-terminus (at 1–120aa) and 
central region (at 146–241aa)} was established for N–N self-assembly with a short 
peptide (at 120–145aa) essential for the stability of nucleoprotein. Recently, Ma 
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et al. (2018) identified PPRV viral synonymous codon usage at the two transition 
boundaries in PPRV N protein and suggested that tRNA abundance of host variation 
might have potential effects on the formation of the secondary structure of PPRV N 
protein. Further, the amino acids in the region (at 106–210aa) are essential for sup-
pressing the nuclear translocation of IRF3 (IFN regulatory factor 3) and IFN-β pro-
duction, and the region (at 140–400aa) of IRF3 was identified as the crucial region 
for the N protein-IRF3 interaction (Zhu et al. 2019). Therefore, PPRV N protein as 
an extremely important antagonistic viral factor that plays a vital role in the sup-
pression of IRF3 function and type I IFN production by interacting with IRF3 and 
abrogating the phosphorylation of IRF3, and interfering with the TBK1-IRF3 com-
plex formation and thereby inhibiting IFN production (Zhu et  al. 2019). Protein 
plays a vital role in the replication, as silencing of the mRNA can block the produc-
tion of transcripts and further it right away hinders the synthesis of M protein, which 
results in inhibition of virus progeny.

13.3.2  Matrix (M) Protein

It is the most conserved and one of the smallest proteins, possesses an inherent abil-
ity to bind to lipid membranes and is situated inside the viral envelope (Haffar et al. 
1999). It plays a key role in the assembly of virus and in the formation of new virion 
and release from the cells by budding as well as is adequate for assembly and release 
of virus-like particles (Wang et  al. 2017). M protein has 335aa with an MW of 
37.8 kDa. The highly conserved nature of the protein plays a critical role in the 
progeny virus formation and interacts with glycoproteins in the cell membrane. 
Further, it mediates the virus budding process favourably at specialised areas of the 
host membrane. It constitutes the internal coat of the virus envelope and acts as a 
link to connect F and H proteins with RNP core. For example, MV budding occurs 
at the apical microvilli due to greatly concentrated actin filaments, which are 
required for cellular transport. Moreover, the motif (at FMYL 50–53aa) is required 
for the localisation of the protein to enable the budding in Nipah virus as that of 
SRMV. Nevertheless, it is not well known whether these viruses share functional 
homologies. The defected M protein of MV and CDV prevents the formation of 
infectious virus, which leads to persistent infection, and Liu et al. (2015) showed 
inhibition of virus replication in vitro and increased virus-mediated fusogenicity by 
targeting mRNA of M protein by SiRNA approaches.

13.3.3  Surface Glycoproteins

The surface glycoproteins (H and F) of the virus facilitate attachment and penetra-
tion. The 137 kDa protein is coded by a conserved F gene and the highly immuno-
genic F protein have an MW of 59 kDa (Bailey et al. 2005). F protein is embedded 
in the lipid bilayer envelope as spikes (Diallo et al. 2007). The virulence of the virus 
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depends on the cleavage of F protein, which is synthesised as a precursor (F0), and 
cleaved into F1 and F2 subunits, linked by a disulphide bond. Cleavage is manda-
tory for the virus to become fusogenic and infective and F2 subunits of morbillivirus 
contain a highly conserved glycosylation NXS/T site. Though the mechanism is not 
well understood, SRMV has RRTRR (at 104–108aa) (Chard et al. 2008), which is 
recognisable by the trans-Golgi-associated furin endopeptidase reliable to the cleav-
age RRX1X2R (X1-any aa, X2—either arginine or lysine) site of morbilliviruses. 
The F1 subunit of SRMV has four conserved motifs, namely N-terminus fusion 
peptide, heptad repeat 1 and 2 and a transmembrane domain. The identically struc-
tured heptad repeats have a fusion mechanism, which is likely to play a role in bud-
ding. Further, anchoring the fusion peptide domain in the membrane and dimerisation 
of heptad repeat lead to fusion (Rahaman et al. 2003). A conserved leucine zipper 
motif (at 459–480aa in PPRV) is accountable for enabling the oligomerisation and 
fusion of the protein through the mysterious process. The F protein of virus is 
needed for penetration and cell-to-cell spread and plays a crucial role in virus- 
induced cytopathology, haemolysis (Devireddy et al. 1999) and fusion and hemifu-
sion activities (Seth and Shaila 2001).

The H protein facilitates the virus to bind to the cellar receptor, CD 150 or SLAM 
(Tatsuo et al. 2001). H and F are equally involved in the fusion activity of the F 
protein. The ORF of H protein gene (7376–9152 nucleotides) encodes at least con-
served 67 kDa H protein (haemagglutinin–neuraminidase). H protein of PPRV and 
RPV shares only 50% amino acid identity, even though both viruses have 609aa 
residues that reflects the virus specificity for cell tropism and host range. The H 
protein of the virus plays a fundamental role in the progression of viral infection and 
specific binding to the host cell membrane and generation of virus-neutralising anti-
bodies in the host. Moreover, it is the vital antigenic determinant and a major deter-
minant of cell tropism in MV and is the main cause of cross-species pathogenesis. 
Further, H protein of PPRV requires a homologous F protein for its exact function 
during replication, and it possesses haemadsorption and neuraminidase activities 
(Seth and Shaila 2001) whereas in some paramyxoviruses surface proteins can 
cause haemagglutination and can carry neuraminidase activities. In PPRV, it agglu-
tinates the erythrocytes from diverse mammalian and avian hosts, including the 
PPRV-infected cell cultures that readily haemadsorb chicken erythrocytes. Further, 
identification of epitopes and their motifs advances our understanding of the anti-
genic features of H protein of SRMV and provides a foundation for the progress of 
epitope-based diagnostic assays and multiple epitope vaccines (Yu et al. 2017).

13.3.4  Large (L) Protein

The RNA-dependent RNA polymerase is the largest, conserved and least abundant 
protein among morbilliviruses. L protein of SRMV is 2183aa long with an MW of 
247.3 kDa identical to that of rinderpest virus (Bailey et al. 2005). L protein is a 
multifunctional catalytic protein that executes transcription and replication of the 
genomic RNA, besides capping, methylation and polyadenylation of viral mRNA 
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including RNA triphosphatase (RTPase), guanylyltransferase (GTase) and methyl-
transferase activities (Ansari et al. 2019). Three functional motif sequences have 
been identified, though the direct actions of this protein are not investigated for 
PPRV (Munir et al. 2013). The binding site sequences (at 9–21aa) for P and L pro-
teins for P–L interaction are conserved in paramyxoviruses, except first valine 
amino acid in PPRV (Chard et al. 2008). Further, though significant functions of the 
protein are not yet defined, it will be possible to determine the multifunctional activ-
ities of L protein of PPRV using the reconstituted system (Yunus and Shaila 2012). 
Further, Ansari et al. (2019) identified RTPase domain in the C-terminal region (at 
1640–1840aa) of the L protein, which exhibits RTPase activity as well as RTPase- 
associated nucleotide triphosphatase activity (NTPase).

13.3.5  Phosphoprotein (P) Protein

The P, V and C proteins of morbillivirus are encoded by the overlapping ORF 
sequences of P gene (Mahapatra et al. 2003). The P protein of PPRV is least con-
served and is acidic due to the abundance of serine and threonine and undergoes 
intensive post-translational phosphorylation. The P protein has a varied length of 
amino acids from 506 to 509 among morbilliviruses, and PPRV has the longest and 
plays a role at multiple levels in both viral replication and transcription and immune 
regulation (Mahapatra et al. 2003). C-terminus of the P protein is more conserved 
than the N-terminus and is involved in the N–P interaction, which is required for 
cell cycle control, regulation of transcription and translation. The interactive motifs 
in the P protein of PPRV are conserved and required for the P–N interaction and are 
also a vital element of the polymerase complex and a key determinant of cross- 
species pathogenicity.

13.3.6  Accessory Proteins

The accessory non-structural C and V proteins are synthesised from the ORF of the 
P gene through the utilisation of alternative start codons and RNA editing mecha-
nism, respectively, in virus-infected cells. The C-terminus of C protein of morbilli-
virus is highly conserved (Mahapatra et  al. 2003) and plays a vital role in viral 
replication and also inhibits interferon-beta (IFN-β) production by blocking the 
transcription factors of IFN-β activation. This molecular machinery of C protein of 
RPV inhibition still needs further investigation. The biological function of the C 
protein is not known in PPRV, whereas in MV infection it is a virulence factor. The 
V protein of the virus is generated from mRNA of the phosphoprotein gene by add-
ing one or more non-template G residues by RNA editing. The amino acid length of 
V protein is highly variable among morbilliviruses, and the N-terminus of V protein 
shares amino acid residues to the P protein with different cysteine-rich residues at 
C-terminus. Like P protein, the V protein undertakes phosphorylation and has 60% 
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of the serine residues. The V protein plays a regulatory role in the transcription and 
replication of the virus, is a potent inhibitor of IFN and blocks IFN signalling 
through interference and suppression of STAT-mediated signalling (Ma et al. 2015).

13.3.7  Molecular Biology of Virus

The foremost elements of the host range and tissue tropism of PPRV are the cellular 
receptors. The virus uses the cellular SLAM or Ovine Nectin-4 molecule (Birch 
et al. 2013). The continuous cell line such as Vero (African green monkey kidney) 
(Lefevre and Diallo 1990), marmoset B-lymphoblastoid-B95a (Sreenivasa et  al. 
2006) and VeroNectin-4 (Fakri et al. 2016) cells can be used for isolation and propa-
gation and titration of the viruses in vitro. Pawar et al. (2008) observed that associa-
tion exists among replication of PPRV in PBMC of livestock species and the level 
of SLAM mRNA, and they inferred that the virus uses SLAM receptors of the 
unnatural host at abridged efficiencies. Generally, the virus exhibits classical cyto-
pathic effect (CPE) in infected cells, like the rounding of the cells or grape-bunch- 
clusters, vacuolation, granulation and syncytia within 3–5 days of infection. Further, 
the CPE of virus-infected PBMCs was characterised by degeneration, ballooning, 
rounding and clumping of cells without syncytia (Mondal et al. 2001), but syncytia 
were also observed in B95a cells 2–3  days postinfection (pi) (Sreenivasa et  al. 
2006). Generally, the virus is fragile and sensitive to the ether, but is comparatively 
stable at pH 5.8–10.0 and inactivated at 50 °C for 60 min (OIE 2013).

The first step in the replication cycle of the virus is the attachment on the surface 
of the cell membrane and fusion to release genetic materials into the cytoplasm. 
After the binding and entry of the virus in the endometrial epithelial cells, it intensely 
affects early cellular gene expression (Yang et al. 2018a, b). The H protein of virus 
is accountable for attachment to the sialic acid on the cell membrane (Munir et al. 
2013) surface through either SLAM or CD 150 (Pawar et  al. 2008) or nectin-4 
(Birch et  al. 2013) receptor. Attachment activates the fusion of the F protein, 
enabling a fusion of the envelope with cell membrane and release of genetic materi-
als into the cell. Replication of the morbilliviruses occurs solely in the cytoplasm of 
host cells. The viral genome is never found as naked RNA and is encapsidated by 
the N protein to form the helical ribonucleoproteins (RNP). This complex contains 
the encapsidated RNA, in conjunction with the P and L proteins, forming the mini 
replicative unit (Parida et  al., 2015b). The polymerase complex acts on the viral 
genome, binds to the genome promoter and starts transcribing short leader RNAs 
and subsequently transcribing each gene, which leads to the building up of a tran-
scriptional gradient. At certain points, the polymerase complex switches its action 
from mRNA production to full-length positive-sense RNA, which is thought to be 
linked to the accumulation of viral proteins, although the precise mechanism 
remains unclear (Parida et al. 2015a, b). Following the production of a full-length 
anti-genome RNA, the polymerase binds to the anti-genome RNA at the anti- 
genome promoter (3′) and generates nascent full-length sense genome. The synthe-
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sised viral components finally lead to viral egress from the host cell. The M protein 
of virus plays a significant role in bringing the nascent RNPs and viral glycoproteins 
to the host cell membrane, which results in the packaging, budding and release of 
nascent virions (Parida et al. 2015a, b).

Further, Chaudhary et al. (2015) observed that receptor tyrosine kinase (RTK) 
signalling regulates virus replication and PVRL4 (nectin-4), tumour-associated 
marker, plays a vital role in pathogenesis and promises its use in cancer therapies 
(Delpeut et  al. 2014). Moreover, Balamurugan et  al. (2008) proved the antiviral 
effect of aqueous extract of Acacia arabica on in vitro virus multiplication, whereas 
Khandelwal et al. (2015) reported that SNPs proficiently inhibited the multiplica-
tion of the virus. Further, Kumar et al. (2019) demonstrated that sarco/endoplasmic 
reticulum calcium-ATPase (SERCA) could regulate virus replication by using 
SERCA-specific inhibitor (Thapsigargin) to block viral entry into the target cells as 
well as synthesis of viral proteins. Further, Qi et al. (2018) investigated the roles of 
host microRNA in PPR virus replication and pathogenesis. Yang et al. (2018a, b) 
reported that virus infection in caprine endometrial epithelial cells activates an 
autophagy response, mediated by C and N proteins of the PPRV, and induced 
autophagy inhibits caspase-dependent apoptosis and thus contributes to the enhance-
ment of viral replication and maturity in host cells.

Molecular characterisation and phylogenetic analyses of different PPRV iso-
lates/strains from various countries in African and Asian continents (Padhi and Ma 
2014; Baron 2015; Banyard and Parida 2015) defined the prevalence of four lin-
eages of the virus (Shaila et al. 1996; Dhar et al. 2002). During the 1970s, lineage I 
virus was initially isolated from Nigeria and Senegal countries in West Africa and 
later from Cote d’Ivoire, Guinea, Senegal and Burkina Faso. Subsequently, lineage 
II viruses were isolated in the 1980s from different countries in West Africa (Dundon 
et al. 2018) and as of now this African lineage did not cross the Red Sea to Asian 
continents. Further, lineage III viruses have been reported from Meilig, Ethiopia, 
Yemen, Sudan, Oman and Burundi (Niyokwishimira et al. 2019), whereas the Asian 
lineage IV viruses have been reported from Arabian Peninsula, the Middle East and 
southeast part of Asia. Moreover, recently, lineage IV was also reported in African 
countries and Southern Europe (Altan et al. 2019). Further, co-circulation of differ-
ent lineages of the virus in Nigeria (Woma et al. 2016) and China (Liu 2018) with 
the emergence of lineage IV virus in Ethiopia (Muniraju et al. 2014) has also been 
reported. In India, since the first PPR report so far involves only PPRV lineage IV 
strains/isolates (Balamurugan et al. 2010b; Muthuchelvan et al. 2014), and one iso-
late of lineage III (PPR TN/92) (Shaila et al. 1996).

13.4  Prevalence of Disease

The prevalence of virus antibodies and detection of virus antigen/genome in small 
ruminants are reported from different countries in the world (Singh et al. 2004a; 
Balamurugan et al. 2011, 2012b, 2015; Khan et al. 2008; Mbyuzi et al. 2014; Gari 
et al. 2017; Balamurugan 2017; Ali et al. 2019) including cattle, buffaloes and cam-
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els (Govindarajan et  al. 1997; Abraham et  al. 2005; Balamurugan et  al. 2012a, 
2014b; Sen et al. 2014; Omani et al. 2019). The presence of PPRV antibodies in 
small and large ruminants (Abubakar et al. 2017; Woma et al. 2016) infers subclini-
cal/inapparent/non-lethal infection, as vaccination is irregularly practiced or 
restricted in the endemic settings of underdeveloped and developing countries in the 
world. Moreover, antibodies in small adult ruminant animals are not constantly 
indicative of PPR. Cattle and swine are the seroconverters to the virus, but they 
neither exhibit clinical symptoms nor transmit the infection. However, recently, 
Schulz et al. (2018) reported that suids are the likely source of infection. Moreover, 
cattle are dead-end hosts and do not play an epizootiological role in the maintenance 
and spread of the virus (Couacy-Hymann et al. 2019). All these studies revealed that 
PPR could also be transmitted from small ruminants to large ruminants and pro-
vided machinery for the survival of the virus in the environment outside the host. In 
unnatural hosts, PPRV may have a vital role to restrict the disease spread in certain 
topographical niche (Balamurugan et  al. 2012a, 2014b), where small and large 
ruminants are reared together in the farming systems (Balamurugan et al. 2014b), 
which might be due to the fortuitous of adaption and alteration in the virulence of 
the virus. However, it needs further confirmation, based on the virus survival, host 
susceptibility of the host, virus mutation, variation in the disease severity, etc.

The role of wildlife in the epizootiology of the disease has been emphasised in 
literature (Taylor 1984), especially in wildlife species (e.g. in vulnerable wild small 
ruminants (Marashi et  al. 2017), wild ungulates (Rahman et  al. 2018), wild and 
domestic animals (Li et al. 2017)) which could be of substantial significance for the 
spread of the virus. There is a likelihood of wildlife-domestic interactions for feed 
and water reservoirs through grazing pastureland (Mahapatra et al. 2015), resulting 
in the spillover of the infection to wildlife (Rahman et al. 2016). However, the defi-
nite role of the wildlife on the epizootiology of PPR remains uncertain at present 
and to be investigated (Banyard et al. 2010; Balamurugan et al. 2015). Additionally, 
the presence of PPRV antibodies in the bovines and wild ruminants besides sheep 
and goats divulges the natural transmission (Abraham et  al. 2005; Balamurugan 
et al. 2015). Moreover, the detection of PPRV in wildlife has not yet been described 
except in gazelles, camels (Khalafallaa et al. 2010; Zakian et al. 2016), wild bharal 
and chousingha (Tetracerus quadricornis), a member of the subfamily Bovinae 
(Jaisree et al. 2018). Further, PPRV in the nasal swabs of dogs by microarray screen-
ing (Ratta et  al. 2016) and detection of virus genomes in the tissue of lion 
(Balamurugan et al. 2012c) provided new insight into the possible crossing of the 
species barrier. Because of the risk of PPR, vaccination should be adopted to cir-
cumvent the virus, and the circulation between wild and domestic small ruminants.

13.5  Risk Factors

The virus primarily affects domestic sheep and goats and rarely camels and other 
wildlife. Many researchers stated that though PPRV infects small ruminants sever-
ity is more in goats (Tripathi et al. 1996; Singh et al. 2004a; Balamurugan et al. 
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2015). Even though there is no evidence of carrier state (Furley et al. 1987), the 
infected animals excrete the PPRV in the secretions and excretions from the 3rd day 
to 26th day postinfection or even up to 16 weeks after infection (Balamurugan et al. 
2006, 2010a; Liu et al. 2014; Wasee Ullah et al. 2016), and thus they play a vital role 
as a source of silent infection in the epizootiology of PPR. Toll-like receptors and 
cytokines have played a role in the differential susceptibility of species/breed to 
PPRV (Dhanasekaran et al. 2015) and analysing these factors with host genetic fac-
tors might provide further understanding on polymorphisms in the host and its sus-
ceptibility. Breed of the animals may also have a different outcome of disease 
(Lefèvre and Diallo 1990). Besides breeds, there exists a relationship between dis-
ease and age of the animals (6 months to 1 year), i.e. between the severity of the 
disease and the young animals. Young animals below 1 year of age are the signifi-
cant predictors in rural systems or pastoral settings (Huyam et al. 2014; Gitonga 
2015) and the passive immunity in offspring disappears after 4–5 months in endemic 
settings (Balamurugan et al. 2012d). Gowane et al. (2016) reported that the presence 
of maternal antibodies affects the vaccination response and inferred that the moder-
ate estimate of heritability for vaccine response predicts the selection of goats for 
the greater vaccine response.

Moreover, response to the PPR vaccine in sheep and goats is extremely variable 
and influenced by environmental and genetic constituents, including MHC class II 
(Gowane et al. 2016, 2017, 2018). In general, the species, age and sex of the animals 
and the herd size have been identified as risk factors for PPR (Teshale et al. 2018). 
Further, the seasonal incidence of PPR was associated with the movement of the 
small ruminants and climate factors. However, in enzootic settings, PPR occurs 
around the year with more frequency in the lean period (Balamurugan et al. 2011, 
2012b, 2016). Generally, small ruminants are raised by the small or marginal farm-
ers on free-range grassland, shrubs and forest areas, and these animals frequently 
travel for long distances in the lean period for the search of fodder and water, thus 
causing a considerable upsurge of PPR incidence (Balamurugan et al. 2016). Most 
researchers have related the outbreaks with the introduction of new animals from 
the strange sources to the flocks as a major risk factor. Further, Kardjadj et al. (2015) 
reported abortion and associated risk factors in small ruminants for PPR. In general, 
the epidemiological risk parameters of PPR in sheep and goats are the young ani-
mals aged between 4 months and 1 year that are being severely affected. This war-
rants the need for public awareness of biosecurity management in the flocks 
(Almeshay et al. 2017).

Feeding pattern including stall feeding and grazing was not found to be a signifi-
cant risk factor as reported (Rahman et al. 2016), although this variable has been 
considered as a risk factor for acquiring infectious diseases. However, stall feeding 
might have other management practices like the purchase of animals that upsurge 
the risk of transmission. Even though grazing was not a substantial risk factor, there 
is a quiet likelihood of domestic animal interfaces in pastures and aquatic sources 
for feed and water reservoirs for spillover of the disease. Rony et al. (2017) identi-
fied the determinants and space-time clusters of PPR while conducting hospital- 
based case-control study design and stated that vaccination should focus prior to the 
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onset of winter and monsoon on the disease hotspot areas, especially on high-risk 
groups (young animals aged 4–24 months), to raise their immunity level in the lean 
periods. Differences in PPRV seropositivity depending on species, sex, age, season 
and geographical location have previously been described (Abubakar et al. 2008). 
However, Khan et al. (2008) stated that significantly greater proportions of sero-
positive female animals were observed compared to male in their study. This may 
be related to the physiological differences between female and male, where females 
reveal some degree of infection resulting from stress due to milk production and 
pregnancies. Due to the significance of productivity potential, females sustained for 
a longer period as compared to males, thus increasing the likelihood of female ani-
mals being exposed to PPRV over time. PPRV actively circulated in the endemic 
regions and the migration of animals was the main source of spreading the disease 
in these regions (Almeshay et al. 2017).

13.6  Pathobiology

The disease occurs by the entry of the PPRV through the upper respiratory tract 
(URT) epithelial cells (Parida et al. 2015a). Pope et al. (2013) demonstrated that the 
initial site for the virus replication is within the tonsillar tissue and lymph nodes 
draining the site of inoculation. They proposed that immune cells transport the 
PPRV to lymphoid tissues where primary virus replication occurs, and then virus 
enters circulation (primary viraemia), and subsequently clinical signs appear 
according to the multiplication of the virus in the target cells/tissues (Truong et al. 
2015). The virus proliferation and its pathogenicity are relational to those of many 
epizootiological determinants of the host (Munir et al. 2013; Balamurugan et al. 
2015) including genetics and non-genetic determinants (Gowane et al. 2016, 2017). 
Kumar et al. (2004) reported the detection of the PPRV antigen in the respiratory 
epithelial syncytial cells. An affinity of the virus to the lung parenchymatous cells 
and lymphocytolysis was observed in Peyer’s patches and mesenteric lymph nodes 
and further the virus was also detected in the ileal epithelial cells as dark brown 
granules. Nevertheless, various researchers have demonstrated the viruses in vari-
ous tissues and organs, including epithelial crypts in the intestine. The details of the 
pathogenesis and involvement of immune cells during PPRV infection have been 
described (Balamurugan 2017). The transient leucocytosis was considered as a 
response to stress and immune activation and speculated the activation of B cells 
during secondary viraemia. Moreover, PPRV infection induces IFN-β weakly and 
transiently, and the virus can actively block the induction of IFN-β for protection 
(Sanz Bernardo et al. 2017). Kinetics of immune response has also been deliberated 
in vaccinated sheep and goats (Singh et al. 2004b, 2004c; Rajak et al. 2005) and 
protective antibodies persist for 3–6  years after a single vaccination (Saravanan 
et al. 2010; Zahur et al. 2014). The immunological study conducted by Rojas et al. 
(2019) indicated that F and H viral antigens are natural antibody-dependent cell- 
mediated cytotoxicity targets during infection and they stated a novel effector 
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immune mechanism against PPRV in the host that could contribute to virus clear-
ance. Both humoral and cell-mediated immune responses are involved in the 
immune suppression (Rajak et al. 2005). However, the precise mechanism of sup-
pression by the activation of the host RIG-I-like receptor (RLR) pathway has yet to 
be elucidated. Moreover, Zhu et al. (2019) demonstrated an antagonistic mechanism 
of PPRV that significantly suppressed the RLR pathway activation and type I IFN 
production by suppressing IFN-β- and IFN-stimulated gene (ISG) expression. 
Jagtap et al. (2012) reported that immunosuppressed animals had a short period of 
viraemia, and more extensive and severe disease progression with high mortality 
than the non-immunosuppressed one. Further, Mondal et al. (2001) demonstrated 
virus-induced apoptosis in PBMCs whereas Kumar et al. (2002) reported apoptotic 
lymphoid cells in PBMCs from infected animals. Nevertheless, genomic and tran-
scriptomic analysis of host and virus revealed 985 differently expressed genes and 
transcription factors modulating immune-regulatory pathways with involvement of 
genes in regulation, spliceosomal and identified apoptotic pathways that are dys-
regulated (Manjunath et  al. 2015). They identified PPRV-induced miR-21-3p, 
miR- 320a and miR-363 transcriptome, which might act cooperatively to increase 
viral pathogenesis by downregulating several immune response genes. Manjunath 
et al. (2017) predicted induction of ISGs by IRFs in an interferon-independent man-
ner to activate a strong immune response based on the transcriptome analysis and 
qRT-PCR validation. Further, Baron et  al. (2015) specified constant decrease in 
CD4+ T cells during pathogenesis in goats, while Truong et al. (2015) reported that 
the predominant sites of virus replication are the lymph nodes, lymphoid tissue and 
GI tract organs.

13.7  Transmission

For the spread of infection, the virus requires nearby contact of the infected and 
susceptible host due to the low resistance or labile of the virus outside the environ-
ment (Balamurugan 2017). During infection, substantial quantities of viruses have 
been excreted in the discharges, secretion and excretion of the infected animals that 
are the important source of infection (Balamurugan 2017). Transmission occurs 
primarily between closely contacted animals especially by direct contact with 
neighbouring animals by inhalation of the fine infectious aerosol droplets. These 
virus particles indirectly spread through contaminated water and feed troughs, bed-
ding materials, fomites, etc. This method appears to be less significant since the 
virus does not survive outside the host for a long period (Lefèvre and Diallo 1990). 
Further, trade at local marketplaces where animals from multiple sources are 
brought into close contact provides better likelihood for spread. Besides sheep and 
goats, virus transmission to wild ruminants and unnatural hosts, namely cattle, buf-
faloes, camels, swine, etc., provides outside mechanism for the survival of the virus 
(Abraham et al. 2005) and the presence of PPRV antibodies in these unnatural hosts 
and wild ruminants suggests the natural transmission (Abraham et  al. 2005; 
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Balamurugan et al. 2012a). Recently, Şevik and Oz (2019) investigated the possible 
role of the Culicoides spp. in the transmission of the virus. Even though seroconver-
sion has been reported, clinical disease/signs in these unnatural hosts have not been 
reported (Sen et al. 2014). Migrating small ruminants will often come into close 
contact with other infected animals (Singh et al. 2004a) and spread the infection. 
Kivaria et al. (2013) reported that the spread and persistence of PPRV infection with 
epizootiological patterns and predictions in developing and underdeveloped coun-
tries are required for a better understanding of transmission. Hence, animal move-
ment plays a pivotal part in the disease spread and the conservation of PPRV in the 
environment. Recently, Fournié et al. (2018) estimated the required immune popu-
lation to be more than 37% in at least 71% of rural village populations in an endemic 
setting to prevent the virus spread by fitting a metapopulation-simulating model.

13.8  Clinical Manifestations

Clinical symptoms of the disease in small ruminants are manifested by high fever, 
discharges from the eye and nasal orifices, oral necrotic ulcers, gastroenteritis, 
 diarrhoea and respiratory distress and bronchopneumonia (Balamurugan 2017). In 
camels, clinical symptoms are similar with additional manifestations of keratocon-
junctivitis and oedema of the abdomen (Omani et al. 2019). PPR manifests as either 
peracute or acute or mild forms relying on the disease severity (OIE 2013; 
Balamurugan 2017), which depends on the virulence of lineage of virus (Couacy-
Hymann et al. 2007), host, breed, age and immune status of the species, etc. PPR 
exhibits 4–5 different phases/stages during the infection, viz. (i) short incubation, 
which ranged from 3 to 10 days; (ii) prodromal feverish/febrile stage; (iii) mucosal 
stage with high fever, conjunctivitis, discharges from eye and nasal orifices 
(Fig. 13.1a, b), and erosions of the oral mucosa especially on the tongue, palate, lips 
and other parts (Fig.  13.1c); (iv) diarrhoeal phase (Fig.  13.1d), with pneumonia, 
dehydration and death; and (v) recovery phase, especially for non-fatal stage, in 
which animals develop lifelong immunity. Studies on the clinical symptoms and its 
complications in the manifestation of the disease have been discussed (Tripathi 
et al. 1996).

13.9  Diagnosis

PPR is diagnosed by specific clinical signs and characteristic pathological lesions in 
the affected animals, which include consolidation of lungs; enlarged spleen and 
intestinal mesenteric lymph nodes; streaks of haemorrhages on the mucosa of large 
intestines, etc. (Fig. 13.1e, f); and confirmative diagnosis by an array of laboratory 
techniques. A surfeit of diagnostic assays is available for the detection of either viral 
antigen or antibodies or genome. In general, the confirmatory conventional assays/
tests including the gold standard virus isolation are not rapid, are less sensitive, are 
tedious, require technical expertise and culture facilities, and may not be useful for 
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primary diagnostics. For large-scale screening of samples, ELISA has widely been 
used for monitoring and surveillance of disease or even for diagnosis. Advanced 
understanding on the biology of the virus and molecular biological techniques leads 
to the development of rapid, highly specific and sensitive molecular assays (RT-PCR, 
real-time RT-PCR, and loop-mediated isothermal amplification (LAMP) assays) for 
the detection of the viral genome. Further, point-of-care diagnostics or on-the-field 
diagnostics tool, in the less equipped laboratory settings including lateral flow assay, 

Fig. 13.1 (a–f) PPRV-infected sheep showing congestion of mucosa in the eye (reddened eye with 
mild conjunctivitis) (a); mucopurulent discharges from nostrils (b); ulcers (diphtheritic–plaques) 
and necrotic lesions in the gum (c); severe diarrhoea with solid hind quarters (Frank diarrhoea) (d); 
post-mortem lesions of PPR-affected sheep’s lungs showing congestion and consolidation of lobes 
(e); and colon showing discontinuous streaks of congestion and haemorrhages on the mucosal 
folds (f)
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has also been developed, but its usage is not up to the expected levels (Raj et al. 
2008). Further, recombinant DNA technology made the production of safe recom-
binant viral proteins easy, as a better alternative to live antigen, and its application 
as the diagnostic antigen in the immunoassay for disease diagnosis. Recently, vari-
ous modern diagnostic approaches have been developed by different researchers for 
detection of PPRV antibodies in serum and PPRV antigen/nucleic acid in the secre-
tion, blood and tissue samples including milk (Clarke et  al. 2018) and are sum-
marised in Table 13.1. Parida et al. (2019) reported that nasal swabs are the most 
suitable to sample when considering the molecular diagnosis. These diagnostics can 
be efficiently applied at different stages in the PPR control and eradication phases 
based on the resource availability and the number of samples to be screened (Libeau 
2015; Santhamani et al. 2016).

The differential diagnoses to be carried out with other diseases having similar 
clinical signs are contagious caprine pleuropneumonia (CCPP), pasteurellosis, 
bluetongue, contagious ecthyma (ORF), foot and mouth disease (FMD), etc. 
Sometimes, coexisting/concurrent or mixed infection with other viruses causing 
diseases has also been described (Balamurugan 2017; Kumar et  al. 2016; Maan 
et al. 2018; Adedeji et al. 2019; Malik et al. 2011). Hence, identification of epizo-
otiological and economically significant sets of these viruses or mixed infections 
could also support in establishing better guidelines for animal trade that could trans-
mit further infection and epizootics (Kumar et al. 2016).

13.10  Socioeconomic Impact of PPR

Sheep and goat rearing provide social, financial and economic security to landless, 
marginal and small farmers in developing and underdeveloped countries. PPR in 
sheep and goats devastates the security fabric of the farmers who are already in 
distress due to various socio-economic-climate-associated risk factors in these 
regions. Epizootics of PPR can cause 50–80% mortality in naive small ruminants. 
The disease primarily causes mortality resulting in direct production loss. Further, 
live weight loss, milk loss and few abortion cases are also visible in the affected 
flocks. To control the disease, the farmers incur expenditure for treatment and labour 
cost to nurse the infected animals. In a few cases, distress sale is also pronounced, 
especially when a larger number of animals die on the farm. Further, at the macro 
level, the ripple effect on the entire small ruminant value chain and the spillover 
effects on various livestock interlinked sectors of the economy are evident if PPR 
outbreaks occur in wider geographical locations in large numbers. Some impacts 
are direct (production loss), and some are indirect (treatment cost, distress sale, 
market restrictions, etc.). Some impacts are tangible and easy to measure, but many 
are intangible and difficult to measure. The tangible impact variables include mor-
tality, reduction in meat and milk, foregone revenue, etc. whereas intangibles 
include the reduction in functionality like asset building, diversification and income 
smoothing (de Haan et al. 2015). The consequent impacts of PPR on food access, 
consumption change, income and expenditure adjustment among the PPR-affected 
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Table 13.1 Diagnostic techniques for PPR diagnosis

Diagnostic techniques Features

Gold standard test virus isolation Primary bovine and sheep cells, Vero cell line, marmoset 
B-lymphoblastoid-B95 a, VeroNectin-4 (Fakri et al. 2016)

Virus or serum neutralisation test Using cell culture facilities
Agar gel immunodiffusion test/
counter-immunoelectrophoresis

Tentative diagnosis

Haemagglutination Simple, inexpensive and provides results within a few hours
Competitive ELISA/blocking 
ELISA/epitope-blocking ELISA

Neutralising monoclonal antibodies—MAb—H protein/N 
protein (Singh et al. 2004c; Bodjo et al. 2018)

Immuno-capture ELISA/
sandwich ELISA

Rapid differential identification and MAb—N protein 
(Singh et al. 2004b)

Indirect ELISA/combined indirect 
ELISA

PPRV antigen and polyclonal antibodies/G protein (Yousuf 
et al. 2015)

Simple and aqueous-phase 
ELISA (SNAP-ELISA)

RT-PCR/ELISA system

Immunohistochemical detection Detection of antigens within tissues
Immunoperoxidase monolayer 
assay (IPMA)

IPMA an alternative method of VNT using BHK-21 cell line 
stably expressing the goat SLAM (Zhang et al. 2016)

Dot-ELISA Using anti-M protein MAb/anti-N protein MAb
Immunofiltration/antigen- 
competition ELISA/lateral flow 
assay

Detection of antigen/antibodies in the clinical samples (Raj 
et al. 2008)

Recombinant antigen-based 
ELISA

Using N/H/F antigen (Balamurugan 2017; Basagoudanavar 
et al. 2018)

Nucleic acid hybridisation and 
RT-PCR

F gene, N gene or N and M gene in either one- or two-step 
procedure (Forsyth and Barrett 1995; Couacy-Hymann et al. 
2002; Balamurugan et al. 2006)

PCR-ELISA RT-PCR with ELISA (Saravanan et al. 2004)
Real-time RT-PCR N or M gene-based SYBR Green/TaqMan real-time RT-PCR 

either in simplex or duplex format real-time or one-step 
multiplex (Bao et al. 2008; Balamurugan et al. 2010a, e; 
Polci et al. 2015; Settypalli et al. 2016)

Loop-mediated isothermal 
amplification (LAMP)

N gene-based assay (Li et al. 2010)

Luciferase immunoprecipitation 
system (LIPS)

Rapid detection and specific differentiation of PPRV 
antibodies (Berguido et al. 2016)

Reverse transcription 
recombinase polymerase 
amplification assays (RT-RPA)

Targeting N gene sequences—conventional and real-time 
RT-RPA (Zhang et al. 2018; Li et al. 2018)

Real-time and lateral-flow strip 
RT-RPA assay

Real-time fluorescent detection by targeting the N gene of 
PPRV (Yang et al. 2017)

Lateral-flow immunoassay strip 
(LFIAS)

Fast and ultrasensitive test-strip system combining quantum 
dots (QDs) with a LFIAS using recombinant PPRV N 
protein (Cheng et al. 2017)
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flocks and effect on other social variables like women participation, employment, 
asset loss and family education also need to be assessed to know the impact holisti-
cally. Further, the impact of the PPR in smallholder’s perspective in the realm of the 
significance of small ruminants within agriculture and services is needed to imple-
ment appropriate interventions (de Haan et al. 2015). Hence, the disease cost associ-
ated with PPR is huge at the farm, regional, national and global level. PPR causes 
severe socio-economic implications to farmers and is reported to cause an estimated 
economic loss of USD 1.45–2.1 billion annually (OIE and FAO 2015).

The assessment of the impact of the disease in different countries/geographic 
regions, production environment and management types is essential for developing 
an appropriate PPR control plan for a region/country/sub-country level. It would be 
useful to convince the governments and international organisations to support and 
provide required funds to control PPR, eventually to plan and implement the global 
PPR eradication campaign. The estimated total cost for the global eradication of 
PPR is to the tune of US$3080 million (Jones et al. 2016), which includes costs 
associated with global, regional and national coordination; institutional develop-
ment, epidemiology and surveillance; establishing diagnostic laboratories, vaccina-
tion implementation, training and research; socio-economics; contingency; and 
emergency response. In India, the recent estimate by Govindaraj et  al. (2016) 
revealed loss to the tune of Rs. 1611 crore at 10% annual incidence level. The stud-
ies on the investment benefits of PPR control and eradication revealed considerable 
benefits to various stakeholders. Furthermore, eliminating PPR will benefit millions 
of landless, small and marginal farmers, in the most vulnerable societies in develop-
ing and underdeveloped countries in African and Asian continents.

13.11  Prevention and Control

Generally, control and eradication of the disease depend on the efficient and timely 
diagnosis, surveillance, monitoring and execution of vaccination against the disease 
in the susceptible populations. The available PPR vaccines in India (Sungri 96 
Strain) and other countries in the world (Nigeria 75/1 strain) have been widely used 
for the prevention and control of PPR in sheep and goats. However, these vaccines 
do not favour the differentiation of infected and vaccinated animals. PPR has an 
enormous impact on sheep and goat production and restricts trade in endemic coun-
tries. Therefore its prevention and control are of high priority. Implementation of 
effective prophylactic measures is highly imperative for disease control. The ter-
restrial spread of PPR along with its epidemiological parameters and ways in which 
it spreads can be abridged through the facility of diagnostic aids (Taylor 2016). 
Among the available control measures, vaccination is a recommended tool to con-
tain the disease in endemic settings. Even though isolation or quarantine and restric-
tion on the movement of animals in the affected areas limit the spread of the disease, 
it is difficult to set up at field level due to concomitant problems in underdeveloped 
and developing countries in the world. Further, in PPR enzootic countries, hygienic 
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and phytosanitary control measures are problematic to sustain. Hence, mass vacci-
nation is the only option available to control the disease effectively. Besides vacci-
nation, quarantine of newly purchased animals for 2–3 weeks, understanding the 
health condition and the origin of purchased animals, continued monitoring of ani-
mals for illness, efficient cleansing of the contaminated places with disinfectants 
including equipment and clothing, etc. will pave the way for the control of the dis-
ease. There is no specific treatment available against PPR. The treatment regime of 
affected animals includes the use of broad-spectrum antibiotics plus fluid therapy 
along with vaccination of the affected flock during the first week of an outbreak in 
endemic settings (Abubakar et al. 2017).

13.11.1  Vaccination

Control strategies vary from different countries based on the prevalence of the dis-
ease. However, the choices are limited in underdeveloped and developing countries, 
as culling out policy is not feasible, owing to various socio-economic reasons. 
Vaccination is a recommended option for prevention and control of the disease to 
avoid an immediate economic loss to the farmers (Singh et al. 2009; Singh 2011; 
Balamurugan et al. 2016). In many countries, the success of rinderpest eradication 
provided the confidence to implement a similar programme for PPR. Scientific and 
technical experts, trained veterinarians, technical and para-veterinary staff for han-
dling vaccines at various stages from production or procurement stages to vaccina-
tion in the field are paramount importance for the vaccination programme. 
Professional commitment from veterinarians and ancillary personnel involved in a 
mass immunisation programme is crucial to succeeding any vaccination programme 
(Singh et al. 2009). These prophylactic services are being gradually expanded by 
involving public-private partnership, especially the participation of non- 
governmental organisations, cooperatives and private veterinary practitioners in 
implementing and executing the disease control programme as stated (Singh et al. 
2009). Further, setting up a network cum database would be of help in developing a 
coordinated approach towards effective implementation of the control programme. 
Some of the countries have already initiated PPR control measures either through 
their resources or with the help of international agencies to augment the small 
 ruminant production (Singh and Bandyopadhyay 2015). Therefore, the launching of 
control and eradication programme appears to be a technically feasible, economi-
cally viable and practically attainable proposition (Singh et al. 2009).

PPR mass vaccination strategies include implementation of the campaign to 
achieve 80% flock immunity, by considering the dynamics population of small 
ruminants with the appearance of 30–40% naïve sheep and goat population every 
year, farming practices and agroclimatic conditions (Singh 2011; Woma et al. 2016). 
Thus, exhaustive vaccination of the whole population within a niche area in a speci-
fied period followed by vaccination of 3–4-month-old naïve animals (Singh 2011) 
is imperative to evade a window of susceptibility in newborn animals (Balamurugan 
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et al. 2012d). However, vaccination should also be targeted on the high-risk young 
ones, migratory or trade market flocks, etc. (Singh 2011); otherwise, rigorous vac-
cinations can also be done in the identified niche area to make “PPR-free zone” in 
enzootic settings. The prophylaxis and control measures, including vaccination 
strategies, planning of control and eradication programme, have been discussed in 
details (Balamurugan et al. 2016; Balamurugan 2017; Raj and Thangavelu 2015).

13.12  Perspectives

PPR is one of the transboundary animal viral diseases of small ruminants, and its 
control is essential for poverty alleviation in endemic underdeveloped and develop-
ing countries, as the existence of PPR can limit domestic and international trade and 
production. Disease epizootics affects farmers, the livestock industry and the 
national economy. However, the economic impacts of PPR are underestimated due 
to the occurrence of other diseases in mixed forms. Due to dynamic populations of 
sheep and goats, intensive vaccination needs to be carried out frequently for the 
control of the disease. As of today, PPR has been brought under control in some 
developing countries by safe and effective PPR vaccines. However, the rapid spread 
of disease in wider geographical locations necessitates the studies to be undertaken 
to understand the effect of agroclimatic changes on the disease occurrence in vari-
ous regions including the mechanism of spread and transmission dynamics of dis-
ease and analysing the association between occurrence and risk factors and the 
formulation of the suitable models for forewarning and forecasting of the disease. 
Moreover, adapting vaccination strategies to the population dynamics and the spe-
cific features of the local epidemiological settings would effect the optimised allo-
cation of limited resources and increase the likelihood of PPR eradication (Fournié 
et al. 2018). Also, national and international funding agencies’ sponsored vaccina-
tion programmes revealed that final eradication could be attained with remarkable 
swiftness aimed at the culmination of the virus transmission if the origin of the 
PPRV infection was known (Taylor 2016). Further, research is needed for develop-
ment and application of newer or latest or next-generation technologies for vaccines 
and diagnostics, but rather the cautious application of epidemiology and conven-
tional virology to provide quantitative information to support for efficient control 
and eradication of the disease promptly (Baron et  al. 2017). In the current 
RP-eradicated scenario, it gives the disease an even higher priority, as PPRV can 
infect large ruminants too. Further, FAO, OIE and other international agencies’ 
cooperation, understanding, tools and experiences now on proposal advocate that 
PPR could be controlled and eliminated far more swiftly than rinderpest.
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Chapter 14
Sapelovirus
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Abstract Sapelovirus (SPV), an emerging virus in the family Picornaviridae, is 
detected in several animal and bird species irrespective of their age. Amid all SPVs, 
porcine sapeloviruses (PSVs) are more ubiquitously present all over the world in 
porcine population. These viruses are highly stable in different environmental con-
ditions and spread easily within the susceptible animals mainly through faeco-oral 
route. Usually, PSVs cause asymptomatic infections but are also clinically associ-
ated with encephalomyelitis, respiratory distress, fertility disorders and skin 
lesions. PSV-associated outbreaks have been reported where death occurs due to 
polioencephalitis and respiratory paralysis. Till date, PSVs have been detected 
from several European and Asian countries with moderate-to-high prevalence and 
clinical course. Viral capsid proteins are immunogenic and mutations in these pro-
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teins are  responsible for the diverse nature of the viruses. Further, genomic analy-
sis shows the varied evolutionary patterns and the presence of recombination 
within PSV strains. These viruses also exist as concurrent infections with several 
enteric bacterial, viral and parasitic pathogens. Classical to modern biotechnologi-
cal assays are in use to detect PSV involving virus isolation in cell culture, immu-
nohistochemistry, conventional nucleic acid amplification techniques, quantitative 
real-time amplification assays and isothermal amplification molecular techniques. 
Till date, there is no vaccine available against PSVs.

Keywords Sapelovirus · Picornaviridae · Porcine · Encephalomyelitis · Mutation · 
Diversity · Recombination · Diagnosis · Epidemiology

14.1  Preamble

Sapeloviruses, formerly known as porcine enterovirus (PEV)-8, are ubiquitous and 
most commonly responsible for causing asymptomatic infection of the gastrointes-
tinal tract of animals. The genetic analysis revealed unique markers based on which 
PEV-8 viruses were reclassified under a new genus named Sapelovirus (Krumbholz 
et al. 2002). As on date, these viruses have been found to infect porcine, avian and 
simian species. Porcine sapelovirus (PSV)-associated clinical symptoms include 
pneumonia, reproductive defects, skin lesions, enteritis and encephalomyelitis. As 
the information available on avian sapelovirus (ASV) and simian sapelovirus (SSV) 
is limited, this chapter comprehends the information on PSV only.

14.2  Virus Characteristics

PSVs belong to the genus Sapelovirus under the family Picornaviridae. The size of 
virion particles is small (~35 nm) and they are non-enveloped possessing icosahe-
dral symmetry with a distinct surface morphology visible under the electron micro-
scope (Bai et al. 2018). Mature infectious virions are stable in the environment and 
could resist acidic pH. Furthermore, virions are not destabilised at elevated tem-
perature (60 °C for 10 min), lipid solvents and some disinfectants. Sodium chlorite 
or 70% ethanol is effective to inactivate PSV (Horak et al. 2016).The Sapelovirus 
exhibits buoyant density in CsCl of 1.32–1.34 g/cm3.
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14.3  Virus Taxonomy

The current Sapelovirus taxonomy is the result of efforts from the picorna study 
group and the International Committee on Taxonomy of Viruses (ICTV) Executive 
Committee (www.picornastudygroup.com) that are contributing their expertise to 
provide a classification scheme that is supported by verifiable data and expert con-
sensus. The genus Sapelovirus contains three species, namely Avian sapelovirus 
(ASV), Sapelovirus A (SV-A, porcine) and Sapelovirus B (SV-B, simian) (ICTV 10th 
report, https://talk.ictvonline.org/ictv-reports/ictv_online_report/positive-sense-rna-
viruses/picornavirales/w/picornaviridae/701/genus-sapelovirus). ASV and SV-A 
consist of only a single antigenically heterogenous serotype, respectively, known as 
ASV-1 and PSV-1. However, SSVs are highly divergent and are classified into three 
genetically defined Sapelovirus types as SSV-1 to SSV-3. PSV (strain csh) was first 
isolated from China in 2011 (Lan et  al. 2011). As on date, 50 complete genomic 
sequences of PSV strains have been published from China, South Korea, Japan, 
Germany, France, India and the United Kingdom (Lan et al. 2011; Chen et al. 2012; 
Schock et al. 2014; Son et al. 2014; Ray et al. 2018; Piorkowski et al. 2018; Bai et al. 
2018). Different virus strains exhibit affinity towards different target organs, as the 
PSV-csh strain (China, Shanghai) and PSV-G5 (the United Kingdom) affect mostly 
nervous system (Lan et al. 2011; Schock et al. 2014), whereas strains like KS0515, 
KS04105 and KS0552179 and Chinese PSV strain YC2011 are associated with diar-
rhoea. Notably, PSV-csh is a diarrhoeagenic strain that leads to respiratory distress 
before the onset of polioencephalomyelitis in infected animals (Lan et al. 2011).

14.4  Viral Genome

PSVs are positive-sense RNA viruses containing a genome-linked viral protein (VPg) 
at the 5′-terminus and a 3′-polyA tail. The complete genome size of the virus is 
7.5–8.3 kb, coding a single polyprotein which is further cleaved post- translationally by 
virus-encoded proteinases into 12 individual proteins, viz. a leader protein (L), four 
structural proteins (VP1-4) and seven non-structural proteins (2A-2C, 3A-3D). The 
deduced polyproteins of the Sapelovirus range from 2322 to 2521 amino acids (aa). 
The layout of a complete genome of PSV (strain V13) with the nucleotide length of 
each protein is depicted in Fig. 14.1. PSVs have unique L and 2A protein (Krumbholz 
et al. 2002). Though the exact function of these two proteins is not known yet, both are 
presumed to be a protease. All three Sapeloviruses contain Internal Ribosomal Entry 
Site (IRES) type IV. ASVs have the longer L protein (451 aa) compared to PSV (84 
aa) and SSV (88 aa). Regarding 2A protein, ASVs have very small protein (12 aa) 
whereas PSV and SSV have 226 aa and 302 aa, respectively. A species demarcation 
criteria is followed for the genus Sapelovirus that is founded on above 70% aa identity 
in the polyprotein, greater than 64% aa identity in P1 (VP4, VP2, VP3, VP1), greater 
than 70% aa identity in 2C + 3CD, a similar genome base composition which varies 
by no more than 1% and a common genome organisation (ICTV 10th report, 2018).
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14.5  Epidemiology

14.5.1  Species Affected

Sapeloviruses have been isolated from pigs, wild boars, monkeys and ducks whereas 
sapelovirus-like-specific genome has been detected in a variety of species like bats 
(several species), cats, cattle, dogs, pigeons, quails‚ and sea lions (Li et al. 2011). 
Notably, these viruses to date are not known to cause any zoonotic transmission 
to human.

14.5.2  Geographic Distribution and Strain Variability

PSVs are being detected from different parts of the world in both healthy and diar-
rhoeic piglets and regarded as emerging enteric pathogens in porcine species. The 
countries that confirmed the presence of PSVs are shown in Fig. 14.2 (Forman et al. 
1982; La Rosa et al. 2006; Buitrago et al. 2010; Lan et al. 2011; Shan et al. 2011; 
Cano-Gomez et al. 2013; Schock et al. 2014; Donin et al. 2014, 2015). The most 
immunodominant protein VP1  in the capsid of PSVs is used for estimating the 
divergence among the strains. Though only a single type of PSV-1 is present, fewer 
similarities are observed between PSV strains from different geographical regions. 
Phylogenetic analysis based on VP1 gene sequences shows that PSVs are distrib-
uted in different clusters depending upon the country of origin. Both full-length 
(855 bp) and partial-length (544 bp) VP1 genes have been used for the analysis of 
PSV diversity. The analysis based on VP1 sequences by SplitsTree4 software segre-
gates three species within the genus Sapelovirus (Fig.  14.3) in three different 
 clusters. Variations within PSV isolates are quite evident that indicates that several 
PSVs are circulating all over the world, and they are different from each other based 
on VP1 sequence. Studies from China reveal that recombinations occur between 
PSV strains, which further contribute to the antigenic diversity among PSVs. 
Recently, identification and genomic characterisation of Sapelovirus have been 
documented from France and India (Ray et  al. 2018; Piorkowski et  al. 2018; 

P1 P2 P3

VPg L VP4 VP2 VP3 VP1 2Apro 2Chel 3Cpro 3Dpol

(252) (714) (702) (855) (678) (996) (300)(314)(159)

2B 3A 3B

(66) (546) (1383)

AAPoly A

3'NCR
5'NCR

Fig. 14.1 A schematic layout of the porcine Sapelovirus genome (nucleotide lengths in base 
pair  of different genes are given as per the first isolated PSV strain V13, NC_003987). VPg 
genome-linked viral protein, NCR noncoding RNA, L leader protein, VP viral protein, P1 struc-
tural protein, P2–P3 non-structural protein, pro protease, hel helicase and pol polymerase are 
depicted in schematic diagram
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Fig. 14.2 Distribution of PSV throughout the world. The colour-shaded portions are where PSV 
incidences have been reported

Fig. 14.3 Unrooted maximum-likelihood phylogenetic tree based on partial VP1 (544 bp) nucleo-
tide sequences of the representative members of Porcine Sapelovirus PSV, Simian Sapelovirus 
SSV and Avian Sapelovirus ASV from China, Japan, England, India, the United States, Germany 
and SK (South Korea). Tree was developed using SplitsTree4 (Huson and Bryant 2006)
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Kumari et al. 2019). A Chinese study reported the recombination hotspot near 3′ of 
the VP1 gene and showed six interclades within PSV recombinant strains (Yang 
et al. 2017).

14.6  Transmission and Pathogenesis

The most common route of transmission of the virus is faecal-oral; however, due to 
its high stability the infectious virions spread through fomites also (Huang et al. 
1980; Lan et al. 2011). Several intestinal epithelial cell lines are commonly used for 
the pathogenicity and virulence studies of PSVs (Lan et al. 2013).

After ingestion through the oral route, PSVs primarily replicate in the intestinal 
tract. Receptor used by the PSV is unknown, but one recent study shows that a 
2,3-linked terminal sialic acid (SA) on the cell surface GD1a ganglioside could be 
used for PSV binding and infection as a receptor (Kim et al. 2016). Experimental 
data shows that PSV utilises caveolae-dependent endocytosis pathway for PK-15 
cell internalisation and depends upon lower pH, dynamin, Rab7 and Rab11 (Zhao 
et al. 2019). PSV strains are known to cause viremia through which they access the 
central nervous system (CNS). The incubation periods vary from 5 to 14 days.

14.7  Clinical Signs

PSVs can cause both symptomatic and asymptomatic infections in the natural field 
cases and experimentally infected piglets. Commonly, co-infections of PSV with 
other enteric pathogens like porcine kobuvirus (PKV), porcine enterovirus (PEV), 
porcine teschovirus (PTV), group A-C rotaviruses (RVA-C), porcine sapovirus 
(PSaV), porcine norovirus (PNoV), transmissible gastroenteritis coronavirus 
(TGEV), porcine epidemic diarrhoea coronavirus (PEDV), Escherichia coli and 
Salmonella spp., Lawsonia intracellularis, Brachyspira hyodysenteriae, Brachyspira 
pilosicoli, Brachyspira intermedia and Clostridium perfringens. Symptomatic man-
ifestations are mainly neurological, which include spinal cord damage, ataxia, men-
tal dullness, paresis, paralysis and a decreased response to environmental stimuli. 
Polioencephalitis in grower pigs is characterised by ataxia and paraparesis. 
Experimental infection of polioencephalitis has been documented in 50–60-day-old 
grower pigs. A novel PSV isolate from the United States was found to be associated 
with typical polioencephalomyelitis (Arruda et al. 2016). Gastroenteritis and respi-
ratory distress may also be seen with PSV-induced polioencephalomyelitis (Lan 
et al. 2011). Intravaginal inoculation at day 15 of gestation causes early embryonic 
death and foetal resorption, but when inoculated at day 30, it results in a significant 
increase in foetal death (Huang et al. 1980). PSV is also detected from intestinal 
contents of stillbirth animals from Indian pig population, which suggests the trans-
placental transmission of the virus (Kumari et al. 2019).
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14.8  Morbidity and Mortality

No specific data is available on the mortality and morbidity associated with PSV 
infection. Experimental infection through intravaginal and intrauterine route in gilts 
with PSV on day 30 of gestation results in a 94.4% foetal mortality (Huang et al. 
1980). An outbreak reported in the United States in 2016 stated 20% morbidity and 
30% case fatality rate (Arruda et al. 2016).

14.8.1  Post-mortem and Histopathology

Lesions are mainly seen in the central nervous system (CNS), consistent with the 
other neurotropic viral infection, characterised as subacute, multifocal and non- 
suppurative polioencephalomyelitis, accompanied with punctate haemorrhage and 
hyperaemia in the dura mater (Lan et al. 2011; Schock et al. 2014). Neuronal vacu-
olisation and perivascular cuffing are also commonly observed (Lan et al. 2011). 
Congestion is the most common gross lesion seen in the small intestine along with 
pronounced loss of villi with haemorrhage in the lamina propria histologically (Lan 
et al. 2011). In the case of clinical pneumonia, consolidation and multifocal haemor-
rhage are commonly seen in the lung lobes, where erythrocytes infiltrate throughout 
the interstitium and alveoli with alveolar wall thinning (Lan et al. 2011). Pathological 
lesions from naturally infected Indian pig show severe clouding, thickening and 
congestion of meninges, pleural thickening, frothy exudates in the trachea, con-
gested mesenteric lymph nodes, yellowish discolouration of liver, intestinal (ileum) 
corrugation and thickening of the intestinal mucosal fold (Kumari et al. 2019)

14.9  Diagnosis

14.9.1  Clinical History

A neurological disorder characterised by ataxia and limb paralysis, with or without 
other clinical symptoms (diarrhoea or pneumonia), is suggestive of PSV infection 
(Lan et al. 2011). The PSV-induced reproductive disorder can be suspected in litters 
with a few to several stillborn or mummified foetuses (Huang et al. 1980).
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14.9.2  Samples

Samples from live animal include faeces and blood (serum). In the case of the faecal 
sample, direct collection from the anus is preferred to avoid sample contamination. 
Spinal cord and brain are the most common preferred samples from the dead animal 
for PSV-induced CNS infection diagnosis. Other than these, liver, spleen, trachea, 
lung and intestine samples are also useful in diagnosing PSV infections. Though 
PSV has not been successfully isolated from the tissues of stillborn or mummified 
foetuses, molecular detection has been reported from stillbirth cases (Huang et al. 
1980; Kumari et al. 2019).

14.9.3  Detection of Virus, Nucleic Acid or Antigens

Routine laboratory diagnosis of PSVs mainly includes cell culture isolation and 
virus genome characterisation. Pig kidney cell-derived cell lines including EFN, 
PK-15, IBRS-2 and LLC-PK are susceptible to PSV with a cytopathic effect (CPE) 
in these cells (Sozzi et  al. 2010; Lan et  al. 2011). Additionally, monkey kidney 
(Vero) and baby hamster kidney fibroblasts (BHK-21) are also susceptible to PSVs 
where a CPE characterised by cell shrinkage, rounding and detachment is com-
monly seen after 3–5 passages. Recently, a human hepatocarcinoma cell line, PLC/
PRF/5, is normally used to isolate the hepatitis E virus, from swine faecal speci-
mens serendipitously isolated from Japanese PSV strain (Bai et al. 2018). Cultured 
PSVs are generally identified by using virus neutralisation (VN) (Sozzi et al. 2010) 
and immunofluorescence antibody (IFA) assays (Son et al. 2014). However, these 
methods are costly, less specific, labour intensive and time consuming. Several 
molecular methods like reverse transcription PCR (RT-PCR), nested reverse tran-
scription PCR (nRT-PCR) and real-time quantitative PCR have been developed for 
PSV detection (Zell et  al. 2000; Palmquist et  al. 2002; Krumbholz et  al. 2003). 
Table 14.1 depicts the list of assays with target genes and primer sequences used by 
researchers in detecting PSVs. These molecular methods are specific, sensitive and 
rapid and do not cross-react with other common pathogens of porcine diseases 
including pseudorabies virus, porcine reproductive and respiratory syndrome, por-
cine parvovirus, porcine coronavirus, porcine reovirus or picorna-like virus 
(Palmquist et al. 2002). Real-time PCR assays developed for the detection of PSVs 
from field samples could detect a range of 102–103 copies of DNA (Chen et al. 2014; 
Kumari et al. 2019). Both these real-time PCR assays utilised the TaqMan chemis-
try, which is quite specific. Another sensitive diagnostic available for PSV is reverse 
transcription loop-mediated isothermal amplification (RT-LAMP) that was devel-
oped by Wang et al. (2014) with a detection limit of ten copies of DNA. All these 
easy, rapid and sensitive diagnostics will help in better understanding of the epide-
miology of PSV and find a better way for prevention.
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14.10  Immunity

There is little information available on the immune response to PSVs. The humoral 
response is primarily based on the IgA. A study done on porcine intestinal epithelial 
cells (IPEC-J2) reveals the role of PSV infection in changing the innate immune 
response pathway (Lan et al. 2013). The study shows both upregulation (e.g. TLR3) 
and downregulations (e.g. TLR4) of several innate immune system molecules (Lan 
et  al. 2013). Maternal antibodies proved not to be protective in the case of 
 transpla cental infection (Huang et  al. 1980). Seropositive gilts when inoculated 
intrauterinely and intravaginally resulted in embryonic and foetal infection (Huang 
et al. 1980). Though maternal antibody in the colostrums is believed to be protective 
infections are found in post-weaning animals (Schock et al. 2014). As of now, there 
is no vaccine available for PSVs.

14.11  Conclusion and Prospects

Although PSV is widely distributed all over the world among the porcine population, 
detailed information is lacking about their evolutionary pattern and mechanisms driv-
ing their divergence. However, precise data about the prevalence of PSV infections and 

Table 14.1 RT-PCR assays used for detection of PSVs

Assays Primer sequence (5′–3′)
Targeted 
gene References

RT-PCR FP-CCCTGGGACGAAAGAGCCTG 5′UTR Zell et al. (2000)
RP-CCTTTAAGTAAGTAGTAAAGGG

nRT-PCR FP-CCAAGATTAGAAGTTGATTTG
RP-GGGTAGCCTGCTGATGTAGTC

Duplex PCR 
for PTV and 
PSV

FP-GTGGCGACAGGGTACAGAAGAG 5′UTR Palmquist et al. (2002)
RP-GGCCAGCCGCGACCCTGTCAG

RT-PCR 
(genotyping)

FP-AGGATGTGGTGCAAGCAAGCAT VP1 Son et al. (2014)
RP-AGGCAGCACCGTTCTGGTCAA

RT-LAMP FP-CCATACCCTACCCTCCCTTC 5′UTR Wang et al. (2014)
RP-GCCCATAGTTCACTGCCTAC

Real-time 
RT-PCR

FP-GGCAGTAGCGTGGCGAGC 5′UTR Chen et al. (2014)
RP-CTACTCTCCTGTAACCAGT
Minor 
groove-binding 
Taqman probe—CGATAGCCATGTTAGTG

Real-time 
RT-PCR

FP-GGAAACCTGGACTGGGYCT 5′UTR Kumari et al. (2018)
RP-ACACGGGCTCTCTGTTTCTT
Taqman 
probe—CCAGCCGCGACCCTATCAGG
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the genetic diversity of this virus in pigs and wild boars have been reported only in a 
limited number of countries. Moreover, the association of co- infections with other 
enteric pathogens is exactly not known which raises ambiguity in the pathogenic 
potential of PSVs. Several recent findings on recombination events between PSV 
strains emphasise to study genetic variability among PSVs.
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Chapter 15
Hepatitis E Viruses

Harsh Kumar, Nassim Kamar, Gheyath K. Nasrallah, and Dinesh Kumar

Abstract Hepatitis E virus (HEV), member of genus Orthohepevirus in the family 
Hepeviridae, is the leading cause of hepatitis E. More than 20 million cases of  hepatitis 
E virus (HEV) infection have been reported globally, out of which 3.3 million  suffered 
from symptomatic illness and 44,000 deaths were recorded. Hepatitis E is considered 
highly significant on account of its predominance in both developed and developing 
nations due to poor sanitation and low-grade drinking water. In India and Africa, the 
major cause of hepatitis E was water contaminated with faecal matter. Reports from 
East and Southeast Asia signified the role of animal reservoir, especially pigs, for 
HEV.  In Western Asia, the major cases of hepatitis E were associated with blood 
transfusion. However, in Europe and South and North America, the significant causes 
of hepatitis E were associated with the consumption of pork products. Till date, major 
rely is on the enzyme immunoassays involving antibodies for detection and diagnosis 
purpose. Still, there is a need for the improvement and development of new approaches 
and methods for diagnosing hepatitis E virus as well as developing HEV vaccines.
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15.1  Overview

Hepatitis E virus (HEV) infection has been estimated to infect >20 million people 
globally, out of which 3.3 million suffered from symptomatic illness and annually 
44,000 mortality cases were recorded in 2015 (Rein et al. 2012; WHO 2017). Being 
self-limited HEV infection gets resolved spontaneously while few patients experi-
ence symptoms like abdominal pain, anorexia, fever, jaundice and severe icteric viral 
hepatitis (Aggarwal 2011; Mirazo et al. 2014). On the other hand, old, immunosup-
pressed, HIV/AIDS-positive patients with cancer or receiving organ transplants are 
highly susceptible to HEV. Patients with chronic hepatitis E require an extended stay 
at the hospital and show a high mortality rate. During pregnancy, this infection makes 
the situation critical for both baby and mother (Navaneethan et al. 2008; Fujiwara 
et al. 2014; Poovorawan et al. 2014).

Four main genotypes of HEV (belonging to the same serotype) have been 
 identified to cause hepatitis E in humans (Emerson and Purcell 2003). Genotypes 1 
and 2 of HEV are dominantly found in humans during epidemics in low-income 
countries like those in Africa and some parts of Asia (Teshale et  al. 2010b). In 
industrialised and developing countries, genotypes 3 and 4 are usually found in 
sporadic cases of autochthonous hepatitis E (Dalton et al. 2008). Various animals 
like chicken, deer, rabbits, rats, pigs and wild boars have been reported to be 
infected by HEV (Intharasongkroh et  al. 2017). Similarly, HEV human isolates 
have shown similarity with swine strain, especially genotype 3 (Suwannakarn et al. 
2010; Temmam et  al. 2013). In developed countries like France and Japan, the 
zoonotic potential of HEV infecting humans was found to be associated with 
 ingestion of contaminated meat and pork products, and uncooked sausages 
(Intharasongkroh et al. 2017).

15.2  History of Hepatitis E

In 1980, serological tests were developed for detecting hepatitis A and B virus. 
However, samples of 1955–1956 waterborne hepatitis outbreak in New Delhi, after 
analysis with serological tests, were found to be associated with enteric non-A and -B 
hepatitis (Viswanathan 1957). A similar type of investigation was reported with a 
hepatitis outbreak which occurred in Kashmir in 1978–1979 (Khuroo 1980). The 
result of both these outbreaks showed the presence of HEV as an aetiology  mediator. 
This was the first investigation where the waterborne epidemic was associated with 
HEV (Wong et al. 1980; Teshale and Hu 2011). In 1983, a Soviet doctor, Mikhail 
Balayan, created bizarre in the medical field when non-A and -B hepatitis cases were 
investigated by him in Soviet soldiers during Afghanistan war (Balayan et al. 1983). 
He also continued his investigation in Moscow, where he prepared yoghurt contami-
nated with faecal samples of nine soldiers and ingested it during his return to Moscow 
and waited for the phenotypic symptoms. In this investigation, he experienced the 
symptoms of severe hepatitis after 35 days. He analysed his faeces and observed new 
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strains of the virus that are also affecting the liver of laboratory animals. This was the 
time when genotype 1 was first detected (Teshale and Hu 2011; Pinto et al. 2017).

Other cases of hepatitis E infections occurred in Costa Rica in 1975 (Khuroo 
1980; Khuroo et al. 2016a). In 1988, an outbreak in Somalia, Africa, was reported 
to expand to 11,000 people. In Latin America, the first detection of HEV with 
 detection of genotype 2 was reported in Mexico, during an outbreak between 1986 
and 1987 (Rendon et al. 2016; Pinto et al. 2017). On the other hand, the largest 
epidemic was reported in China between 1986 and 1988 and 120,000 people were 
confirmed with HEV caused by genotype 1 (Aye et al. 1992).

15.3  Virus Classification and Genome

According to taxonomic scheme the family Hepeviridae is divided into two genera: 
Piscihepevirus (cutthroat trout virus) and Orthohepevirus (mammalian and avian 
strains) (ICTV 2019). The genus Orthohepevirus has been divided into four species, 
Orthohepevirus A, Orthohepevirus B (infecting birds), Orthohepevirus C (infecting 
rodents, soricomorphs and carnivores) and Orthohepevirus D (infecting bats) (ICTV 
2019). The species, Orthohepevirus A, includes seven genotypes that infect humans 
(HEV1, 2, 3, 4 and 7), pigs (HEV3 and 4), rabbits (HEV3), wild boar (HEV3, 4, 5 
and 6), mongooses (HEV3), deer (HEV3), yaks (HEV4) and camels (HEV7) (ICTV 
2019). HEV is a non-enveloped virus, with 27–34 nm icosahedral capsid. This virus 
has a positive-sense, single-stranded, 7.2 kb RNA genome capped and polyadenyl-
ated at the 5′ and 3′ ends, respectively (Reyes et al. 1990; Tam et al. 1991). The three 
open reading frames (ORFs) of the HEV genome are shown in Fig.  15.1. ORF1 
translates for functional domains (1693 amino acids) of a non-structural  protein 
(Koonin et al. 1992). This functional domain contains a region of a cysteine protease, 
methyltransferase, RNA helicase as well as RNA-dependent RNA  polymerase. 
ORF2 translates for capsid protein (660 amino acids) of the virus,  playing a crucial 

5’UTR 3’UTR
7mG

7mG
7mG

MT Y Pro PPR X Hel Pol ORF2
ORF3

0 1 2 3 4 5 6 7 7.2 Kb

Poly A

Poly A

Poly AGenomic RNA 7.2Kb
Subgenomic RNA 2.2Kb

Fig. 15.1 Hepatitis E virus genome. The 5′ end of the RNA genome is capped with a 
7- methylguanosine (7 mG) and the 3′ end is polyadenylated (poly(A)). Open reading frame 1 
(ORF1) encodes non-structural proteins, including MT methyltransferase, Pro cysteine protease, 
Hel RNA helicase, Pol RNA-dependent RNA polymerase as well as Y domain, PPR proline-rich 
hinge domain, X macrodomain (adopted from Kamar et al. 2014)

15 Hepatitis E Viruses



360

role during assembly of the virus, interaction with target cells and immunogenicity 
(Li et al. 1997; He et al. 2008; Kalia et al. 2009; Xing et al. 2011). The ORF2 protein 
encodes for three linear domains: centre domain (M), shell domain (S) and protrud-
ing domain (P). The HEV dominant-neutralising epitopes are located within the P 
domain (aa 455–602) (Meng et al. 2001; Guu et al. 2009; Yamashita et al. 2009; Xing 
et al. 2010; Tang et al. 2011). ORF3 overlapping with ORF2 encodes for a minor 
protein (113–114 amino acids long) which is associated with the morphology of 
virion and its release (Graff et al. 2006; Yamada et al. 2009a; Emerson et al. 2010). 
The HEV genomes of a few topographically distinctive isolates demonstrate high 
similarity with the consensus sequence of HEV domains (Arankalle et  al. 1999). 
Four phylogenetically similar genotypes have been annotated, which are differenti-
ated based on geographical regions, as shown in Fig. 15.2. In African and Asian 
regions, HEV strains belonging to genotype 1 are more prevalent. Genotype 2 was 
identified in sole Mexican HEV strain, and rare variants of genotype 2 were also 
isolated during endemic conditions in Africa. In industrialised nations, genotype 3 
with swine and human HEV strains are common, whereas in East Asia especially 
China, Taiwan and Japan, genotype 4 represents swine HEV and human strains 
(Chandra et al. 2008). Avian HEV has been reported to show similarity with geno-
type 5, but this has not yet been confirmed (Haqshenas et al. 2001; Huang et al. 2004).

HEV-5 and -6 genotypes were reported to generally infect wild boar (Al-Sadeq 
et al. 2018). In the United Arab Emirates, a new genotype of HEV has been  identified 
and named as HEV-7 (Woo et al. 2014). HEV-7 primarily infects dromedary camels, 
as it was first found in camel faeces. However, the same viral sequence was isolated 
from the faeces of hepatitis patient, suggesting that the virus can infect both humans 
and camels (Rasche et al. 2016). Similarly, HEV-8 was identified in Bactrian camels 
in China, but until now there is no report on the detection of HEV-8 viral sequences 
in humans (Woo et al. 2016).

15.4  Host-Virus Interactions

It is believed that the severity of HEV infection depends on the host’s immune 
 system status. However, viral properties may also contribute significantly to the 
pathogenesis of HEV.  Therefore, HEV genotype is also considered as the main 
player in the severity of the disease. For instance, genotype 4 showed more severe 
symptoms of viral hepatitis than genotype 3 in infected patients. However, genotype 
1 is considered as the most severe genotypes and can lead to fulminant hepatic 
 failure and serious placental diseases (Al-sadeq et  al. 2017, 2018). The capsid 
 protein of HEV binds to a cellular receptor on the host for viral entry and initiates 
the replication. For instance, experiment on ORF2 peptide binding revealed that 
ORF2 C-terminal region might mediate HEV entry by binding to heat-shock 
 cognate protein (HSC70) that is found on the surface of the host cell receptor (Zhou 
and Emerson 2006). Furthermore, various heparan sulphate proteoglycans (HSPGs) 
have been discovered which are present on the surface of the host cells, and may 
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also act as attachment receptors generally present on the surface of the host cells 
(Kalia et al. 2009) (Fig. 15.3). That is, a truncated dimer (23 nm size) of HEV capsid 
protein (HEV 239) was able to bind to the HSPGs (He et al. 2008).

In another study, the same truncated protein was also found to interact with a 
cellular chaperone protein known as Grp78. In summary, in addition to other reports, 
the studies above demonstrated that the truncated capsid protein HEV 239 plays an 
essential role in HEV interaction with the host cell and the life cycle of HEV (Yu 
et al. 2011). The RNA of HEV gets uncoated via an unknown mechanism after entry 
of the virus into permissive cells. Geldanamycin, an inhibitor of HSP90, obstructs 
the intracellular movement of HEV239 capsid protein but is not having any effect 

Infectious HEV

a

b

c

d
h

e

g

f

HSPGs? HSC70?

HSP90/Grp78?

Translation of NSPs

Translation
ORF2 Protein

ORF1 Protein

ORF3 Protein

Assembly

Nucleus

ER

Golgi

Progeny virions

i

Transcription

Transcription

Fig. 15.3 Proposed pathogenesis of HEV. (Step a) HEV attaches to the cell surface via HSPGs, 
HSC70 or other putative attachment receptor(s) and then enters the cell via an unknown specific 
cellular receptor. (Step b) The HEV virion penetrates the membrane and enters the cells. HSP90 
and Grp78 may be involved in this transport. The virion then uncoats and releases the positive- 
sense genomic RNA into the cytoplasm of the cell. (Step c) The positive-sense genomic viral RNA 
serves as the template to translate the ORF1 non-structural polyprotein in the cytoplasm. (Step d) 
The viral RdRp synthesises an intermediate, replicative negative-sense RNA from the positive- 
sense genomic RNA that (step e) serves as the template for the production of positive-sense, 
 progeny viral genomes. (Step f) The ORF2 and ORF3 proteins are translated from the subgenomic, 
positive-stranded RNA. (Step g) The ORF2 capsid protein packages the viral genomic RNA and 
assembles new virions. (Step h) The nascent virions are transported to the cell membrane. The 
ORF3 protein facilitates the trafficking of the virion. (Step i) The nascent virions are released from 
the infected cells (adopted from Cao and Meng 2012)
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on the binding as well as the entry of capsid protein of truncated HEV239. Thus, it 
confirms that HSP90 plays a critical role in the intracellular transport of the virus 
(Zheng et al. 2010).

After viral genome uncoating and its release into the cells, 7-methylguanosine of 
the 5′-noncoding regions (NCR) present in the HEV genome directs ribosomal 
 subunit (the 40S) to start cap-dependent translation of viral genome. The viral 
 RNA- dependent RNA polymerase (RdRp) produces negative-sense, replicative RNA 
intermediate. This intermediate acts as a template for creating a positive-sense viral 
genome. It has been found that the HEV RdRp activity is important in HEV replica-
tion system. That is, the intermediate viral RNA (negative-sense) was detected within 
HEV-infected animal tissues (Nanda et al. 1994; Meng et al. 1998; Agrawal et al. 
2001; Williams et al. 2001; Graff et al. 2005a). Furthermore binding of cis- reactive 
elements (CRE) with 3′ NCR of HEV genome along with RdRp reveals the 
 importance of this interaction during HEV replication (Agrawal et al. 2001; Emerson 
et al. 2001; Graff et al. 2005a). The importance of CRE in the junction region (JR) of 
the HEV genome and its involvement in subgenomic RNA synthesis is well docu-
mented (Graff et al. 2005b; Cao et al. 2010). The subgenomic RNA is translated and 
encodes for small ORF3 protein and capsid protein of HEV.

Finally, both assembly and release mechanism of HEV is not well understood. 
However, ORF2 protein performs a leading role in the assembly and packaging of 
progeny virions. The binding domain of 76 nt present at 5′ ends of the HEV genome 
was recognised to interact with ORF2 protein and shows the importance of this 
region in the packaging of the HEV genome (Surjit et al. 2004). On the other hand, 
ORF3 protein is also considered to perform a similar function (Yamada et  al.  
2009b; Emerson et al. 2010). The ORF3 protein contains motifs that play a central 
role during discharge of membrane-bound HEV particles from infected cells 
(Nagashima et al. 2012).

15.5  Transmission and Epidemiology of HEV

Generally, the transmission of HEV takes place via the faecal-oral route (Khuroo 
1991). In developing countries, severe hepatitis E outbreaks are associated with the 
supply of faecal contaminated water (Khuroo et al. 2016b). Moreover, animal- and 
human-related HEV isolates have been reported from raw water and sewage sam-
ples (Vaidya et al. 2003; Ippagunta et al. 2007; Ishida et al. 2012; Masclaux et al. 
2013). Open defecation in fields and yards is one of the contributors of faecal con-
tamination of crops, groundwater and waterways (Gurav et al. 2007). For example, 
In India, about 300 million people defecate openly and contaminate water sources 
like rivers, wells and streams (Khuroo and Khuroo 2015). Besides this, there are 
situations where piped water supply also gets contaminated with faecal material. In 
India, cities and towns get their water supplies through pipes that are either in paral-
lel or cross over along the sewage drains (common practices). Due to the formation 
of cracks and holes in old water pipes, the sewage contaminates the piped water 
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supply with faecal contamination during scheduled intermittent water supply. 
Therefore, in India, most of the hepatitis E epidemic cases have been associated 
with this phenomenon only (Khuroo et al. 2016a, b).

HEV-3 and -4 are zoonotic and found in native pigs, sika deer and wild boar (Pavio 
et al. 2015). There are three modes of infections of these phenotypes, i.e. direct inter-
action with the contaminated environment; infected animals; and  zoonotic food-borne 
consumption (Yugo and Meng 2013). Out of above reservoirs transmission of HEV-3 
and -4 via food-borne zoonotic has been extensively studied (Izopet and Kamar 2008; 
Yugo and Meng 2013). Outbreaks of hepatitis E and indigenous cases occur due to the 
consumption of parboiled flesh of domestic pigs, sika deer and wild boar (Khuroo and 
Khuroo 2008; Miyashita et al. 2012). In Europe, a common pathway leading to wide-
spread HEV is due to consumption of Corsican figatelli sausage and eating of raw 
livers of pork purchased from the supermarket (Khuroo et al. 2016a, b).

Although the virus is predominantly transmitted through the faecal-oral route, 
other transmission routes have been identified recently, including vertical transmis-
sion (during pregnancy) and through blood transfusion. In 2004, HEV has been 
 recognised as a transfusion-transmissible infectious agent that may pose a threat to 
the blood bank supply. Interestingly, although limited data is available concerning 
the transmission of HEV through blood, transfusion-transmitted infections of HEV 
have been documented in several countries around the world such as Japan, the 
United Kingdom, France, Denmark and Saudi Arabia (Al-sadeq et  al. 2017). 
Therefore, blood transfusion has been considered as a potential cause of acute or 
chronic life-threatening HEV infections, especially in immune-compromised blood 
recipients. Despite that, there are not enough available studies yet to evaluate whether 
HEV is a considerable emergent blood pathogen for the blood supply in many coun-
tries in the world. Vertically transmitted HEV infection is known to cause acute 
hepatitis in newborn babies and had evidence of intrauterine HEV infection (Khuroo 
et al. 2009). HEV contamination (mother-to-foetus transmission) in  neonates is a 
self-restricting illness and did not cause unending viremia or delayed clinical course.

Table 15.1 Hepatitis E cases in India from 2009 to 2018 based on hospital findings

Year No. of cases reported No. of deaths Suspected cases No. of deaths

2009a 0 0 152 3
2010 153 0 1102 3
2011 2750 4 2246 15
2012 3526 8 1641 6
2013 1153 1 400 0
2014 1097 12 746 0
2015 4460 26 145 0
2016 13,997 112 90 0
2017 1611 1 120 1
2018 353 0 255 0

Compiled from source: http://www.idsp.nic.in
aData has been included from 25th week
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As per the Integrated Disease Surveillance Programme (IDSP), India, report 
from 2009 to 2018, an aggregate of 29,100 cases of hepatitis E were reported and 
out of these 164 deaths occurred. Similarly, 6897 cases of suspected hepatitis have 
additionally been reported from India with 28 death cases, as shown in Table 15.1 
(IDSP 2019). In all the cases, polluted drinking water with faecal containment was 
the primary reason for flare-ups, and anti-HEV IgM was well established in patients’ 
blood serum. Various studies in the South and Southeast Asian countries confirmed 
the existence of genotypes 3 and 4 isolated from animals and animal food products 
(Kumar et al. 2019). However, in Western Asian countries, blood-borne hepatitis E 
was the main cause of infection (Hesamizadeh et  al. 2016; Parsa et  al. 2016; 
Nasrallah et al. 2017). In Europe, the number of hepatitis E cases has exponentially 
increased from 514 to 5617 in 10 years (2005–2015) (Aspinall et al. 2017). HEV 
genotype 3 is associated with indigenous cases, and in some cases the same geno-
type was found in European pork products. On the other hand, travel cases were 
related to genotype 1 or 4 (Aspinall et al. 2017).

In Chad, Kenya, Somalia, Sudan and Uganda (parts of Africa), an outbreak of 
hepatitis E infection has been recorded among the people living in shelters and 
 refugee camps due to limited access to clean water and proper sanitary conditions. 
These peoples were highly vulnerable to HEV infection because malnutrition and 
crowded living exposed them to higher risk and infection due to a suppressed 
immune system (Teshale et al. 2010a).

Genotypes 1–3 of HEV have been documented in humans and animals in 
Argentina (HEV-3), Brazil (HEV-3), Colombia (HEV-3), Mexico (HEV-2, only 
humans), the United States (HEV-3), Uruguay (HEV-1 and HEV-3) and Venezuela 
(HEV-1 and HEV-3) (Melgaço et al. 2018). In Canada genotype 3 has been reported 
in the pork meat marketed in the retail shops and overall HEV rate was found to be 
47% in pork pâtés and 10.5% in raw pork liver (Mykytczuk et al. 2017).

15.6  HEV and Zoonoses

Researchers have also started investigating different animal species for HEV mark-
ers, as it is known that HEV infection follows a symptomatic route. Till now, only 
HEV-3 and -4 have been identified in pigs globally. In the same way, both HEV-3 
and -4 were discovered in boars and pigs in Japan (Takahashi et al. 2004, 2014). In 
addition to this, reports published from China and Japan revealed the presence of 
both HEV-3 and -4, but on the contrary the published report from the United States 
showed the presence of HEV-3 only in domestic and wild pigs (Pauli et al. 2015).

Moreover, HEV was detected in pork liver as well as other products which were 
commercially available for consumption in the United Kingdom, the United States, 
Germany and Japan (Pauli et  al. 2015). HEV sample collected from rabbits of 
 different countries like China, France and the United States, on phylogenetic 
 analysis, showed high similarity with HEV-3. In addition, the phylogenetic analysis 
also revealed that rabbit HEV (rbHEV) has the potential to infect humans also 
(Izopet et al. 2012).
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The HEV-like sequence obtained from rats of Germany phylogenetically was 
found to be a distinct genotype from HEV-1 to -4. Hence it was categorised into a 
separate group (Johne et al. 2010). Further, research conducted on the rats of the 
United States showed comparable HEV sequences (Purcell et  al. 2011). 
Phylogenetical evaluation of different rat isolates confirmed the high variability of 
HEV sequence in contrast to HEV-1 to -4 (Mulyanto et  al. 2013). These results 
prompted rat HEV to be categorised in Orthohepevirus or Rocavirus genus (Johne 
et al. 2014; Smith et al. 2014).

Interestingly, the experiment conducted on the horses of Egypt showed 13% of 
horses with antibodies against HEV and, moreover, three sequences showed high 
proximity with HEV-1 sequences (i.e. Egyptian human genotype) (Saad et al. 2007). 
In Australia and the United States, the hepatitis-splenomegaly syndrome has been 
recorded in chicken, and serological and genetic analysis showed the relation of 
avian HEV (aHEV) with human HEV (Payne et al. 1999; Haqshenas et al. 2001). 
Apart from this, HEV found in bats of Japan on BLASTn showed high similarity 
with German strain. Although the researcher reported the geographical distribution 
of HEV of bats with the different bat species, it failed to interlink the presence of a 
similar strain of HEV in Japan and Germany (Kobayashi et al. 2018).

In Japan, serum samples were also collected from mongooses to examine the 
presence of HEV antibodies with the help of ELISA and RT-PCR. The ELISA result 
revealed that only 8.3% of mongooses possessed antibodies against HEV, and RNA 
RT-PCR was not conducted. This study further proclaimed that mongooses should 
not be considered as the main HEV zoonotic reservoir (Li et al. 2006). But later 
study found the existence of HEV genotype 3  in wild mongoose and mongoose- 
derived HEV sequences were very similar to pigs (Nidaira et al. 2012).

15.7  Diagnosis of HEV

Various approaches, including demonstrative and diagnostic procedures, were applied 
for confirming and collecting information on HEV. Elevated values of liver parameters 
at routine intervals, including ALT (alanine aminotransferase), AST (aspartate amino-
transferase), bilirubin, gamma-glutamyl transpeptidase and soluble phosphate, are 
some of non-specific markers of liver damage by HEV (Aggarwal and Jameel 2011). 
Immune electron microscopy (IEM) identifies HEV infection like particles in faecal 
samples, and these particles were precipitated with a native antibody to recover HEV 
from sera (Dienstag et al. 1976). HEV antigen can also be detected in liver biopsy tis-
sue utilising immune fluorescence microscopy where HEV particles absorbed with 
fluorescent-labelled anti-HEV IgG antibody and complex are observed under a micro-
scope equipped with the epifluorescent gadget (Krawczynski and Bradley 1989). The 
various approaches used for identification of HEV are shown in Fig. 15.4.

Patients’ initial diagnosis, timely collection of faeces or serum samples, and suit-
able processing determine the precision of methods used for HEV RNA detection. 
In acute hepatitis E, the HEV RNA is usually detected during weeks 2–6 of illness 
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in serum and 3–8 weeks in stool (Al-sadeq et al. 2017, 2018). The detection of viral 
RNA in biological samples is the gold standard for the identification of severe HEV 
hepatitis as nucleic acid amplification techniques (NATs) can precisely recognise 
active infection (Huang et al. 2010). Generally, NAT-based identifications are not 
available at common diagnostic research centres, and it requires specialised trained 
human resources for analysis of samples (Mirazo et al. 2014). Over time, NAT tests 
based on reverse transcription followed by PCR, reverse transcription loop- mediated 
isothermal amplification and real-time PCR are currently used for detection of HEV 
RNA in stool and serum samples. NAT assays have been designed and optimised 
broadly to detect four HEV genotypes of human (Jothikumar et al. 2006; Gyarmati 
et al. 2007; Lan et al. 2009).

The in-house tests used for HEV nucleic acid detection show high variability in 
in vitro conditions (Baylis et al. 2011). Multiplex RT-PCR (single step) was used for 
detecting non-hepatitis A–C and HEV RNA present in the sera of infected patients. 
In this method, the consensus regions of all the viral genomes were used as a target 
sequence for amplification, and this method is considered rapid, sensitive and repro-
ducible (Irshad et al. 2013).

A very little information was available regarding immunological aspects of the 
HEV infection until responses and patterns of antibodies acting against HEV were 
recognised and studied. The sensitivity and specificity of various commercial 
ELISA kits used for diagnosis of HEV infection are shown in Table 15.2. Anti-HEV 

METHODS OF DIAGNOSIS 
OF HEV INFECTION

Loop-mediated isothermal 
amplification, RT-PCR, Real-Time-

RT-PCR, Nested RT-PCR,  
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Fig. 15.4 Various approaches used for the diagnosis of hepatitis E virus (adapted from Kumar 
et al. 2019)
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IgM appeared during severe HEV infection and was detectable after 4 days when 
symptoms of jaundice first appeared and held on for up to 5 months (Favorov et al. 
1992). Generally, 90% of patients suffering from severe hepatitis E infection show 
detectable anti-HEV IgM after 14 days of infection, and in contrast to anti-HEV 
IgG antibodies are noticeable soon after the occurrence of anti-HEV IgM (Favorov 
et al. 1992). The way these two classes of antibodies develop at the same time in 
severe HEV infection makes it hard to diagnose the infection. Therefore, common 
immunoassays for anti-HEV IgM are only effective at 90–97% level, showing false- 
positive effects up to 10% and some of these results also show false-negative results 
with genotype 1 strain-infected patients (Herremans et al. 2007; Legrand-Abravanel 
et  al. 2009; Drobeniuc et  al. 2010). In commercial HEV serological test, ORF2, 
ORF3 antigens and immunodominant peptides are commonly utilised for recognis-
ing antibodies (IgA, IgM and IgG) effective against HEV (Takahashi et al. 2005; 
Zhang et al. 2009b). Sometimes the cross-serological reactivity of different viruses 
with HEV has also been linked with hepatitis infection (Hyams et al. 2014). The 
condition of the patient during serological testing is another limiting factor for HEV 
infection detection as sometimes during infection the seroconversion to HEV anti-
bodies gets delayed or stopped. In such cases, quantiferon assay provides rapid 
results against HEV infection (Brown et al. 2016). In this assay, 616 overlapping 
peptides spanning open reading frames [ORFs 1–3] (i.e. genotype 3a peptide 
library) were used in IFN-γ (interferon-gamma) T-cell ELISpot assay.

15.8  Prevention and Vaccines

Providing clean water and improved sanitary conditions are the two most important 
preventive measures during HEV outbreaks. Implementation of these strategies on 
time is also quite challenging, especially when an epidemic occurs (Teshale and Hu 
2011). Therefore, there is a need to develop a valid vaccine for regulating and reduc-
ing the chances of hepatitis E infection. Two hepatitis E immunisations have been 
used in clinical preliminaries, and the first of these, rHEV5, was produced by 
GlaxoSmithKline (GSK, Rixensart, Belgium) (Li et  al. 2015). The trails of the 
rHEV5 were conducted on Nepalese army persons, but the vaccine has not shown 
any protection after one dose. However, vaccination with two doses may provide 
protection, but research failed to provide firm results (Shrestha et al. 2007).

On the other hand, HEV 239 (exchange name Hecolin®) was prepared by Innovax 
(Xiamen, China) (Zhang et al. 2009a; Zhu et al. 2010; Wu et al. 2012). HEV 239 
was authorised in China in 2012, and Hecolin® is available in the Chinese market for 
use in individuals of more than 16 years of age. However, uses in other countries are 
still under approval (Park 2012; Riedmann 2012). This recombinant vaccine is 
highly effective as antigenically conserved nature of HEV exhibits only single 
 serotype, which is found to be protective for all four HEV genotypes (HEV-1–4) 
(Melgaço et al. 2018).
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Chinese Center for Disease Control and Prevention is using Internet framework 
to gather post-showcasing unfriendly responses without any worries with the 
immunisation. Considering that only China has experience with vaccination against 
hepatitis E, and HEV infection has remained a health problem, the cost- effectiveness 
of the HEV vaccine has been debated a lot. The Hecolin HEV 239 vaccine from 
Xiamen Innovax Biotech costs around USD 17.60–41.70 per dose, which is less 
expensive than hepatitis A vaccine (USD 23.21 per dose) (Riedmann 2012; Zhao 
et al. 2016). As immunisation can reduce the cost of hospitalisation and treatment, 
the launch of the hepatitis E vaccine could be a cost-effective intervention in the 
vaccine market. Still, the information is lacking in some areas, such as paediatric 
subjects (<16 years old), the elderly persons (>65 years old), pregnant ladies, peo-
ple with hidden liver sicknesses or immunosuppressed individuals. These groups 
face a more prominent danger of HEV infection and are in high need of this vaccine 
(Li et al. 2015).

15.9  Conclusions and Prospects

Worldwide, HEV is considered to be the chief cause of non-A and -B enterically 
transmitted severe viral hepatitis. In the developing countries, the major reason for 
the widespread occurrence of this disease is poor sanitation conditions. However, in 
developed nations, zoonotic and blood transfusions are the main reasons for HEV 
infections. In epidemic conditions, the first step for preventing HEV infections is to 
have good-quality drinking water and proper sanitary conditions for human waste 
disposal. Different serological and molecular detection methods have been devel-
oped for robust detection of HEV infection by detecting HEV antigens, HEV 
 antibody or RNA in patient’s sera. Each technique has advantages and disadvan-
tages compared to other approaches used in HEV detection. Detection of HEV RNA 
remains the standard gold method, and considerable improvements in vaccination 
and treatment have been achieved, but still limitations are there that bound the 
 success of complete elimination of HEV.
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