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SYNOPSIS

A virus is a small biological entity that resides within the cells
of hosts. During the infection, the virus replicates within the
host's cell and produces thousands of identical copies of the
original. Since the discovery of plant virus in tobacco plants
by Dmitri Ivanovsky's 1892 and animal virus in cattle
(aphthovirus) by Martinus Beijerinck in 1898, the number is
continuously growing with the identification of more than
6,000 viruses. They exhibit all life forms, such as animals,
plants, bacteria, and fungi. Viruses are prone to recombination
through which they can exchange genes between or within to
increase genetic diversity and maintains evolution. Host range
differed from virus to virus, which classified them as narrow
host range having species-specific host such as smallpox
virus, infect only humans or broad host range, such as rabies,

a virus that can infect different species of mammals.

The broad host range includes zoonotic diseases, which are
defined as infections that are naturally transmitted from
animals to humans. Zoonotic pathogens have diverse
taxonomic groups like viruses, bacteria, fungi, and protozoa,
which cause 75% of emerging human infectious diseases.
Some examples include the highly pathogenic avian influenza
(HPAI) virus, severe acute respiratory syndrome coronavirus
(SARS-CoV), and the Ebola virus. Animals are generally used
as a common source for food, dairy, clothing, companions,
guards, research, and learning. That increases the chance of
contact by which pathogens from carrier host transferred to
susceptible animal and cause infection. There are growing
calls for integrated ‘One Health’ approaches to controlling

zoonotic diseases. This approach brought together veterinary,
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ecological, conservation, and human medical perspectives to
address several problems like emerging diseases, food
security, and preservation of endangered animals. We followed
this approach to decipher viral infectious agents related to
zoonosis, food security, and companion animals during our

study.
2. Objective

The present study aims to achieve three broad "One Health" objectives by
studying incidence of emergence of pathogens associated with following

scenarios.

1. Zoonotic viral diseases
2. Food security

3. Companion animal

1. Zoonotic viral diseases

1.1 The prevalence and epidemiological analysis of Orf virus from

Eastern India.

1.2 Development of microsatellite markers within the Orf virus to

decipher viral strain.

1.3 Complete genome characterization of first Indian Orf virus through

next-generation sequencing (NGS).
2. Food security

2.1 Emergence of the fowlpox virus and pigeonpox virus were identified

through epidemiology.

2.2 Molecular marker development for these viruses.
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2.3 Complete genome analysis of Indian fowlpox virus utilizing NGS

platform.
3. Companion animal
3.1 Complete genome analysis of Indian pigeonpox virus.

3.2 Comprehensive analysis of Simple Sequence Repeats in

Picornaviruses.

4. Summary of thesis work

Chapter 1: Review of literature regarding infectious viral
diseases, zoonosis, and one health approach. This chapter
describes a detailed review of the literature regarding the
zoonotic potential of several viruses. This portion also
elaborates on one health's niches and its importance to control
infectious disease, food security, companion animal, and
maintaining a healthy environment. Additionally, we have
insight into the epidemiological surveillance of virus outbreak
location, implementation of molecular markers for viral strain
demarcation, and utilization of next-generation sequencing

strategies to decipher the complete genome of viruses.

Chapter 2: Material and method. This chapter highlights the
materials, methodology, and principles involved in conducting
the research studies. Additionally, this chapter briefs about the
basic principle of wvarious techniques used for virus
identification, complete genome characterization using
various genomics tools. It describes the techniques such as
Polymerase Chain Reaction (PCR), Cycle sequencing
reaction, Sanger sequencing, Next-generation sequencing

(NGS) technology along with their fundamentals to decipher
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virus  biology. Furthermore, the bioinformatics and
computational tools to identify molecular markers such as
microsatellite followed by polymorphism analysis in the viral
genome and several population genetics and assembly
software like Bio edit, MAFFT, MEGA, BWA, DNasp were
described in this chapter.

Chapter 3: Molecular characterization, comparative and
evolutionary analysis of the recent Orf outbreaks among
goats in the Eastern part of India (Odisha). This chapter
elucidated the epidemiological characteristics of a zoonotic
virus, Orf (ORFV), the causative agent of contagious ecthyma
disease that primarily occurs within small ruminants and
animal handlers. We surveyed the fifteen outbreak locations of
eastern India during this study and collected clinical samples
from infected goats. Total DNA was extracted and screened
with the universal PCR primers to confirm the respective
virus. Further amplification using gene-specific primers
targeting fragments of ORFVOI11, ORFV020, ORFV059,
ORFV108 genes, followed by sequencing and GenBank
submission to get accession numbers. The comparative
genomics approach was deployed to construct the gene-
specific phylogenetic tree and evolutionary parameters of this
virus, suggesting that the viral strain was closely related to
Chinese isolates. The evolutionary study revealed the
purifying selection is maintaining the heterogeneity within the

viral strain.

Chapter 4: Development of microsatellite markers within
the Orf virus to decipher viral strain. Genome-wide in-
silico investigation of microsatellites markers within the Orf

virus (ORFV) genome, the etiological agent of contagious
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ecthyma disease has been accomplished to decipher the type,
distribution, and potential role in the genome evolution,
during this study. We have scrutinized eleven ORFV strains
during this study, which showed the existence of 1,036-1,181
microsatellites or Simple Sequence Repeats (SSRs) per strain.
Further analysis deciphered residence of 83-107 compound

SSRs (CSSRs) per genome.

Classified microsatellites indicate that the dinucleotide
(76.9%) SSRs to be predominant in comparison with
trinucleotide (17.7%), mononucleotide (4.9%), tetranucleotide
(0.4%), and hexanucleotide (0.2%) repeat. Other parameters
like Relative Abundance (RA) and Relative Density (RD) of
those microsatellites differed between 7.6-8.4 and 53.0-59.5
bp/kb. In compound microsatellites, the RA and RD varied
from 0.6-0.8 and 12.1-17.0 bp/kb. Regression analysis
revealed all parameters such as the incident of microsatellites,
RA, and RD remarkably correlated with the GC content. But
in the case of genome size, excluding the incidence of
microsatellites, all other parameters were non-significantly
correlated. Almost all compound microsatellites were made up
of two SSRs, which showed unbiased to a particular motif.
Motif duplication pattern, like, (C)-x-(C), (TG)-x-(TG), (AT)-
x-(AT), (TC)- x-(TC) and self-complementary cSSRs, such as
(GC)-x-(CG), (TC)-x-(AG), (GT)-x-(CA) and (TC)-x-(AG)
were noticed during the study. Finally, in-silico polymorphism
was evaluated, followed by in-vitro validation utilizing PCR
and sequencing analysis. The thirteen polymorphic
microsatellite markers developed during this investigation
were characterized by mapping with the GenBank database.
The outcome of this study suggests that these microsatellites



could be a tool for strain demarcation, genetic diversity

estimation, and evolutionary analysis of the virus.

Chapter 5: Recombination may drive the emergence of
Orf virus diversity: Evidence from the first complete
genome of Indian Orf virus and comparative genomic
analysis. We have explored the 2017 ORFV outbreak within
goats in Madhya Pradesh, a state of central India, during this
study. The outbreak was distinguished by a moderate
morbidity rate (up to 20%) with a lack of mortality.
Phylogenetic  analysis  deciphered the transboundary
perspective of the virus by indicating its correlation with a
distinct geographical location. We elucidated the draft genome
of this viral strain, named Ind/MP, and carry out a
comparative genomic analysis. The Ind/MP complete genome
was having 139,807 bp with GC content 63.7%. The genome
was made up of 132 open reading frames (ORFs) flanked by
inverted terminal repeats (ITRs) of 3,910 bp at both ends with
terminal BamHI sites and conserved telomere resolution
sequences. Population genetic indices like nucleotide diversity
(), selection pressure analysis (0=dN/dS), etc., indicate that
the ORFV inhabit under purifying selection. Like Simple
Sequence Repeats (SSRs) and compound SSRs (cSSRs), the
versatile molecular markers were prevalent within the
functional protein region, having the value 70% and 67%. A
sum of forty recombination incidents was recognized. Ind/MP
strain actively contributed to 21 events indicating the
potentiality of this strain for recombination to generate new

variants.

Chapter 6: The emergence of subclades Al and A3

Avipoxviruses in India. In this chapter, we described the



surveillance report of outbreaks of Avipoxvirus (APV)
infected domestic chickens and pigeons belong to the Eastern
Indian state of Odisha during the years 2010-2018. Analyzing
typical lesions over the body, followed by molecular
techniques, the overall morbidity was observed 18%-19.23%
and 16.92%-23% in chickens and pigeons, respectively. PCR
amplicons were intending the viral P4b core protein-coding
gene and the DNA polymerase gene confirmed APV strains
within 10 birds. Phylogenetic analysis of two genes evident
the circulating strains were members of APV clade A. The
subclade analysis deciphered the introduction of Al and A3
subclades in Indian chickens and pigeons, respectively. This
study reveals APV's presence in eastern Indian birds (Odisha)
and utilization of the polymerase gene for the first time to

elucidate the spreading clades of Indian APVs.

Chapter 7: Genome-wide identification  and
characterization of microsatellite markers within Avipox
virus. In this chapter, we conducted a genome-wide analysis
to decipher the type; distribution pattern of eight complete
genomes derived from the Avipox virus genus, the causative
agent of pox like lesions above 300 avian species and one of
the major diseases for the extinction of endangered avian
species as well a severe economic threat to livelihood. The in-
silico screening deciphered the existence of 1531-2473 SSRs
per strain. In the case of compound SSRs (cSSRs), the value
opted 83-107 per genome. Our analysis indicates that the
dinucleotide (53.85%) repeats are the most abundant, followed
by mononucleotide (34.20%), trinucleotide (11.11%),
tetranucleotide (0.61%), pentanucleotide (0.11%) and
hexanucleotide (0.11%) repeats. The specific parameters like
Relative Abundance (RA) and Relative Density (RD) of
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microsatellites ranged within 6.87-8.12 and 45.8-53.58 bp/kb.
The analysis of RA and RD value of compound microsatellites
resulted between 0.5-0.71 and 9.39-12.92 bp/kb, respectively.
The analysis of motif composition of cSSR revealed that most
of the compound microsatellite was made up of two
microsatellites, with some unique duplicated pattern of motif
like, (TA)-x-(TA), (TCA)-x-(TCA), etc. and self-
complementary motifs, as (TA)-x-(AT). Finally, we have
validated forty sets of compound microsatellite markers
through the in-vitro approach utilizing clinical specimens,
followed by mapping the sequencing product with the
database through comparative genomics approaches.

Chapter 8: Complete genome analysis of Indian fowlpox
virus utilizing NGS platform. For the first time, we have
deciphered the complete genome sequence of a fowlpox virus
of Indian origin through a next-generation sequencing
platform and utilize a comparative genomics approach to
decipher more about this virus biology. The NextSeq 500
NGS generated a total of ~2.16 GB of quality data with
7,303,963 numbers of quality reads. The previously published
complete genome isolate fowlpox virus (Acc. No-AF198100)
was used as the reference genome, to which the sequence
generated through NGS mapped and assembled. The
assembled genome of this novel virus exhibited 260,066 bp in
length. A lower percentage of GC content (28.5) was observed
in this newly assembled genome, in comparison to fowlpox
virus (30.83), shearwater pox virus (30.23), canarypox virus
(30.37), and turkeypox virus (29.78) but similar to other APV
such as pigeonpox virus, flamingo pox virus, magpiepox virus
and penguinpox virus. The extreme left nucleotide was

considered as base 1, and the beginning region of the Inverted
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Terminal Repeats (ITRs), which consists of a total length
9350 bp.

Chapter 9: Complete genome analysis of Indian pigeonpox
virus. The emergence of poxviruses has a severe health
hazard to both domestic and free-ranging wild birds regardless
of their age and sex due to its exorbitant contagious property,
which influences both the economic and conservation aspects.
The NextSeq 500 NGS generated a total of ~2.72 GB of
quality data with 9,541,974 numbers of quality reads. A lower
percentage of GC content (29.5) was observed in this newly
assembled genome, in comparison to other Avipox viruses.
The extreme left nucleotide was considered as base 1, and the
beginning region of the Inverted Terminal Repeats (ITRS),
which consists of total length 4688 bp. The ITR spanned
throughout PPV-001 to PPV-004a and PPV-256 to PPV-259.
A number of recombination events were overlapped within
intergenic (events 5, 7, 8, 9, 13, 16, and 20), hypothetical
protein (events 1, 2, 3 17, and 18), transcription factor VLTF
(events 6 and 12), ankyrin repeat protein (events 15 and 21).
Out of 21, potential recombination events, 15 events include
PPV/Ind as recombinant, minor, and significant parental
sequences. The recombinant PPV/Ind (event 7, 8) were
observed within the intergenic region, using KX857215
(SWPV-2), (MK903864) (crusty tissue/MGP) as a minor
parent and MF766431 (16069 trachea 170323), KJ859677
(PSan92) as a major parent.

Chapter 10: Comprehensive analysis of Simple Sequence
Repeats in Picornaviruses. Genome-wide identification of
Simple Sequence Repeats (SSRs) of Picorna viruses was

carried out to investigate type, distribution, and potential role
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in genome evolution. Investigation on 88 Picornavirus species
revealed the presence of 2,488 SSRs and 100 compound
SSRs. The relative abundance and relative density of SSR
varied between 1.953 bp/kb-5.763 bp/kb and 13.39 bp/kb-
45.02 bp/kb, while that of ¢SSR ranged from 0.108bp/kb-
0.636bp/kb and 1.36bp/kb-26.84bp/kb. Regression analysis
revealed a significant correlation of genome size and GC
content with the incidence of SSRs. Duplication pattern of
motifs, like (C)-x-(C), (TG)-x-(TG), etc.,, and self-
complementary motifs, such as (GC)-x-(CG), (TC)-x-(AG),
etc. were observed in cSSR. Polymorphism analysis revealed
that most of the cSSR were prone to instability, followed by
consensus motifs. Finally, recombination analysis revealed
that the breakpoints were rich in dinucleotide repeat,
especially GT. However, further experimental validation is
needed to elucidate the correlation between recombination

hotspots and microsatellites.

Chapter 11: Scope of the thesis work and the future
perspective. We investigated a handful of disease outbreaks
through a molecular surveillance approach during the study.
One of the important aspects of the investigation was to attend
to emerging neglected pathogens, which gave us valuable
information regarding many endemic animal viruses prevalent
across India. While working with Orf, fowlpox, and
pegionpox viruses, we deciphered the presence of molecular
markers such as microsatellite and validated those using
clinical samples. These molecular markers can be used to
construct a multiplex panel, followed by genotyping to
evaluate virus evolution. However, further molecular,

evolutionary and genetic analysis of larger sample size and the
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wider geographical area would provide a clear understanding
of emerging patterns of viral pathogens. Finally, we revealed
the complete genome of several poxviruses that would help
develop effective vaccine candidates and several other future

research applications.
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Chapter 1

1. Introduction
1.1 Viruses

Viruses, considered one of the most diverse microorganisms,
usually act as infectious agents with genetic material inside a
coat protein. The virus always requires a living system, such
as humans, animals, plants, or even bacteria, for its growth
and proliferation. This character is considered an ‘obligate
intracellular parasite' [1]. After the initial discovery of tobacco
mosaic virus (TMV) in plant by Dmitri Ivanovsky in 1892 and
foot and mouth disease virus (FMDV), in cattle by Martinus
Beijerinck in 1898, the number of discovery of new viruses is
increasing continuously with the identification of more than
6,000 viruses [2]. Viruses are prone to recombination through
which they can exchange genes between or within to increase
genetic diversity and maintains evolution [3]. Host range
differes from virus to virus, which classified them as a narrow
host range with a species-specific host such as smallpox virus,
infecting only humans [4] or broad host range such as rabies

virus (RV) that can infect different mammal species [5].

The size of viruses varied from nanometers in nodamura virus
to micrometers in mimivirus. The shapes vary from
icosahedral in rhinovirus, filamentous in potyvirus, head-tail
conformation in  T7  Dbacteriophages etc.  While
morphologically, it differs from having an envelope; the
capsid structure may vary, contain spikes in the outer
membrane, etc. Their replication procedure and replication
site vary. For example most RNA viruses prefer the host

cytoplasm to replicate and assemble. In contrast, most of the
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DNA viruses make use of the host nucleus for the same.
Viruses are classified based on different criteria, but the most
conventional and widely accepted classification system is the
Baltimore classification discussed below [6].

1.1.1 Baltimore classification of viruses

Unlike other organisms, the viruses lack a common ancestor,
which leads to increased difficulties in categorizing them [7].
In 1971, considering the genomic composition (DNA or
RNA), strandedness (single-stranded or double-stranded),
sense or polarity (positive or negative), replication method,
David Baltimore suggested the classification of the known
viruses into specific viral families [8] (Figure 1.1).
Concerning the Baltimore classification, virus families

classified into seven broad categories mentioned below:

1. Category I: Double-stranded (ds) DNA virus (e.g., Vaccinia

virus)

2. Category Il Single-stranded (ss) DNA virus (e.g., human

bocavirus)

3. Category IlI: Double-stranded (ds) RNA virus (e.g.,

Bluetongue virus)

4. Category IV: Single-stranded (ss) positive-sense (+ve)
RNA virus (e.g., West Nile virus)

5. Category V: Single-stranded (ss) negative-sense (-ve) RNA

virus (e.g., Rift Valley fever virus)

6. Category VI: Single-stranded (ss) RNA having DNA
intermediate with the help of reverse transcriptase enzyme

(e.g., Feline immunodeficiency virus)



7. Category VII: Double-stranded DNA (ds) having RNA
intermediate with the help of reverse transcriptase enzyme

(e.g., Hepatitis B virus).

The replication process differs from one another in which they
utilize their genomes to synthesis the viral mRNA that
translates to proteins. For example, the ds DNA virus, ds RNA
virus, or ss -ve RNA virus directly transcribe their genome
into mRNA. In contrast, the other four groups of viruses'
genomic material go through certain intermediate stages to
make the mRNA.

The International Committee on Taxonomy of Virus (ICTV)
classifies and categorizes recorded viral species into different
hierarchical ranks [2]. The present update from ICTV
classified the known viruses into 55 orders, eight suborders,
168 families, 1421 genera, 6590 species (Virus Taxonomy:
2019).
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Figure 1.1: Schematic diagram representing the Baltimore
classification of viruses depending on their genome
organization and mode of replication. It consists of three
groups of viruses. These groups are further classified as ds:
double-stranded, ss: single-stranded, -: negative sense, +:
positive sense, RT: reverse transcription depending upon the

intermediate steps of MRNA synthesis.



1.1.2 Virus evolution

Virus evolution usually deals with how virus respods to host
immune responses, antiviral stresses, etc in due course of
time. Molecular mechanisms, such as mutations,
recombination, and reassortment, leading to insertion,
deletion, synonymous or nonsynonymous mutations viral
genome, gain or loss of genes, change in reading frames are
part of the evolutionary process. Usually, the RNA viruses are
more inclined towards mutation than the DNA viruses due to
differences in proofreading activity of DNA/RNA polymerase
enzymes. The average rates of misincorporation of the
nucleotide bases during RNA synthesis may range from 10*
to 10° in RNA viruses, which is almost one mutation per
genome in each replication cycle [9]. In contrast, the DNA
viruses' mutation rate is lower as they have robost
proofreading and mismatch repair mechanisms. Therefore, it
IS quite apparent that newly emerging and re-emerging viruses
belong to RNA viruses. The change in genome sequence can
be beneficial to the virus by enhancing the adaptability in the
changing environment but may sometimes result in harmful

consequences, leading to virus extinction [10].
1.1.3 Viral diseases

Viruses infect almost all living organisms. The severity of
viral infection usually depends upon the virus type and host
immune system. In most cases, the viral infection activates the
host immune response and kills the infected cells to stops viral
proliferation. For example, in vesicular stomatitis virus
(VSV), a cytopathic virus that damages the cell by expressing
pro-apoptotic proteins [11]. Few pathogenic virus-like

chicken-pox viruses lie in dormant (latent) condition, in which
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virus replication ceases and waits for favorable conditions to
increase [12]. Interestingly, some viruses like Muvirus encode
the gene integrase through which they insert the viral genome
into the host genetic makeup [13].

Viral diseases are of great concern to all living organisms.
Plant viral diseases caused by Tobacco mosaic virus (TMV),
African cassava mosaic virus (ACMV), Potato virus X (PVX),
etc., mostly affect crop production and subsequent economic
losses [14]. Certain animal viruses, such as the Hantavirus,
Hendra virus, Menangle virus, Equine morbillivirus, etc.,
affect animal health and often result in a heavy toll on the
animal husbandry sector [15, 16]. The situation aggravates as
some of these animal viruses have a zoonotic potential and

can jump off the host barrier to infect humans.
1.1.4 The One health concept

One health is described as a combined effort of multiple
disciplines like pharmaceutical, veterinary medicine,
scientific, and non-scientific people working locally,
nationally, and internationally to improve human and animal
health as well as the ecosystem [17]. Within this approach,
collaboration occurs among multidisciplinary professionals,
such as veterinarians, physicians, wildlife experts,
environmental researchers, public health personnel, and many
others [18]. The One Health concept began by introducing the
One Medicine theme by Rudolf Virchow, a German physician
during the 19" century. He introduced the term "zoonosis"

was also introduced by him.

Latter, Sir William Osler, James Steele, Canadian physician

and pathologist laid the foundation of veterinary public health



at the Centers for Disease Control (CDC) in the USA. One
health facilitates health through multidisciplinary study and
regulation among all animals to address complex public health
problems. Examples of such complex issues include emerging
infectious diseases, food safety, and climate change. An
‘'umbrella’ symbol recently created by Swedish One Health
cooperation with the One Health Initiative, which encircles all
relevant aspects. Several scientific domains are represented
under one health's umbrella, such as public health,
environmental  chemistry, veterinary science, human
medication, and the environment. One health approach forms
a scientific surrounding where lab facilities are shared by
physicians, microbiologists, veterinarians, and access to
samples among themselves. The examples may include tissue,
blood, saliva, or any information, which could be tedious,
costly, and ethically complex to collect. Therefore, we need to
emphasise a few terms used to elucidate one health (Figure
1.2).

These are:
1.1.4.1 Zoonosis
1.1.4.2 Food safety

1.1.4.3 Companion animals
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Figure 1.2: One health umbrella: The umbrella illustrating
various niches of One health and their interaction to solve

critical problems.
1.1.4.1 Zoonosis

According to the World Health Organization (WHO) and the
Food and Agricultural Organization (FAO), zoonosis is
defined as naturally transmitted disease from animals to
humans. The information regarding all zoonotic pathogens is
still unknown. Some reports recommend that 75% of
emerging human diseases occurred through zoonosis [19]. The
first zoonotic disease, rabies recorded during the eighteenth
century BC Babylonian era [20]. The emergence of plague
among the Philippians and the 'plague of Athens' considered
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classic examples of zoonotic infections. Thucydides, the
plague's survivor, narrated the symptoms like vomiting, fever,
diarrhea, headache, bleeding, rashes, and erythema, and that
lead to ulcers [21]. With regards to this issue, epidemiological
scholars tried to find out the cause of outbreaks of typhus,
smallpox, Rift Valley fever, anthrax, or dengue, those having

fever as a common symptom [21].

To evaluate the emergence of a pandemic from the starting,
one should decipher the correlation between humans and
animals. Humans contact animals primarily for food sources
by practicing hunting from the pre-historic times. The
domestication of animals corroborated a closer relationship
between humans and animals and increased the animal-source
food product. Over the past several years, these relations have
evolved to more intimacy having huge economic benefit as
well as risks to humans. Animals are predominantly used for
food, clothing, pets, guards, and research. The pathogens cross
the barrier through direct and indirect contact and spread
through ingestion, aerosol transmission, bites, and are vector-
borne [22] (Figure 1.3 & 1.4). So, understanding the
reservoirs, infection sources, and risk factors for disease

transfer can often be challenging.



Figure 1.3: Goat infected with ORFV: figure illustrating
ORFYV infection in Black Bengal goat showing lesions around

the lip recorded during the outbreak investigation.

Figure 1.4: Human Orf: Orf virus infection on the hand of a
person working in a butcher shop in Indore district, Madhya
Pradesh, India with an ulcerative lesion or nodule over the
right hand.

10



> 1.1.5.1.1 Ingestion

Ingestion or oral communication for zoonotic bacterias like
Campylobacter genus and Salmonella genus occurs when
infected food, water, and unpasteurized milk, are ingested. For
example, unpasteurized milk consumption causes the
transmission of brucellosis [23, 24] and bovine tuberculosis to
humans [25]. In Tanzania, improperly cooked meat
consumption caused Q fever [26]. Food contaminated with
fecal materials is regarded as the main route of transmission
for Salmonella bacterium [27]. In developing countries,
several zoonotic agents, like helminthes, are transmitted to
humans after consumption of undercooked pork and beef [28].
The recent outbreak of the Ebola virus in West Africa is
directly connected to wildlife as its epicenter. Even though the
pathogen's natural reservoirs remain unknown, bats are
strongly linked as potential reservoirs [29]. Wild animals are
considered as a source of zoonotic pathogens and play an
important role during zoonoses. Humans can bear the
infection when close contact with the infected animal during

bushmeat consumption [29].

Wild birds are considered as the main source of highly
pathogenic avian influenza virus from which the domestic
birds get an infection as they have efficient migratory abilities
that help them to introduce the new epidemic within poultry
[30]. After the establishment of human-to-human
transmission, it rapidly across broad geographical regions and
spread the emerging zoonotic diseases [31].
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» 1.1.5.1.2 Aerosol

Zoonotic diseases can be transmitted through air droplets,
sneezing, and coughing. Anthrax and Avian influenza-like
pathogens can be transmitted through the air. Transmission
could be possible when fluid and feces of infected animals
contaminate soil and, dried, and inhaled as dust particles.
Wool, hide, and skin of infected animals act as a source of
anthrax spores. Inhalation directly from aerosolized air brings
a common occupational hazard, where routine anthrax

livestock vaccination is not practiced [32].

» 1.1.5.1.2 Vectors

Vector-borne diseases are responsible for more than 17% of
all infectious diseases, followed by 1 million deaths annually
[33]. Tsetse fly acts as a vector for the transmission of
zoonotic pathogens such as Trypanosoma species, which
causes African sleeping sickness [34]. Another example
includes the tabanid fly that transmits bacterium Francisella
tularensis, which cause lethal pneumonia in human [35].
Rodents are primarily responsible for the Hantavirus
transmission to humans [36]. Dengue, Japanese encephalitis
virus, chikungunya that causes acute encephalitis in humans
are mosquito-borne viruses, which are transmitted to humans

through mosquito bites from infected animals [37].

> Bites and scratches

Rabies virus is considered one of the oldest viruses with

zoonotic potential. This virus usually transmits to humans
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through bites or scratches from several hosts like dogs,
raccoons, bats, cats, and monkeys [38]. However, pet dogs are
regarded as important source of rabies transmission to humans
in Africa [39].

1.1.4.2 Food Safety

The One health approach includes multiple industry sectors
such as Agriculture and Animal Husbandry and their
economic importance. Food-borne illnesses’ growing
incidences should require public awareness of food safety and
security, and  sustainability in  food  production.
Implementation of a large amount of pesticide havoc the
residue of antibiotics, toxins, and hormones from animal-
sourced foods followed by an increase of unaddressed health
issues. In India, the agricultural sector (Livestock, Forestry &
Logging, Fishing, and related farming) still employs 47% of
its workforce and contributes to 16.8% of the national GDP.
Foot and mouth disease virus (FMD), one of the devastating
viruses, usually affects all cloven-footed animals, including
cattle, goats, sheep, and pigs having high cross-species
transmission potential, thus impacting food production. An
outbreak of FMD in India had a tremendous impact on
economic repercussions and brought a loss of Rs.20, 000
Crores annually (FAO). According to the 19" Livestock
census (2019), the total poultry birds in farms/hatcheries in
India's rural and urban areas were around 214 million layers,
282 million broilers, 5 million ducks, and 10 million other
birds (Turkey, Emu, Ostrich, etc.). Avipoxvirus (APV)
infection usually infect the skin and gastrointestinal tract of
avian species and act as a major disease to the poultry industry

which can cause severe economic losses in backyard poultry
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farming by causing the reduction of egg-laying abilities in
layers and stunted growth in young birds. Morbidity and
mortality rates in fowlpox may be above 50% [40, 41].
Predominantly found in small ruminants such as sheep and
goats, one of the significant sources of meat production in
India, susceptible to infectious viral disease, such as Peste des
petits ruminants (PPR) causes gastroenteritis, oculo-nasal
discharge, and sometimes, pneumonia. The condition is
characterized by up to 100% mortality. Altogether, these viral
diseases required concrete measures to control these

infections.
1.1.4.3 Companion animal

Companion animal is considered as pet those lives in human
surroundings with household care. Pet animals are usually
treated as family members in several developed countries like
United Kingdom [42]. In the USA, dogs have gained the
highest popularity among all pet animals, whereas in Europe,
the cat contributes significant portions of all pets [43]. A
country like China, where animals were banned as pets till
1992, has recently increased pet ownership spontaneously in
few cities. During the interaction between animals live with
humans, they can exchange their emotions and benefit one
another. For the past few years, dogs and cats spend their lives
indoors with their owners having close physical contact.
Several zoonotic infectious diseases and resistant bacteria can
be transferred through direct or indirect contact with these
species [44, 45]. Pet animals shared a familiar surrounding
with their owners. They were usually responsible for food
contamination, the transmission of infectious disease, and

environmental contamination [46].
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1.2 Microsatellite marker
1.2.1 Microsatellite markers in animals

Litt and Luty first coined the microsatellite term during the
study of (TG) repeat within cardiac actin [47]. These repeats
discovered during this study were responsible for neurological
diseases in humans, and later, their utilization in the different
molecular fields made them unique molecular markers.
Microsatellites, otherwise known as simple sequence repeats
(SSRs), are defined as tandemly repeated genomic sequences,
predominantly dominated within the genomes having
increased allele polymorphism levels. These are considered as
codominant molecular markers with limited size and are
amplifiable easily by the polymerase chain reaction (PCR).
These unique features make them versatile tags followed by
their utility in various applied and fundamental biology and
medicine, comprising epidemiology, forensics science,
population and conservation genetics, molecular mapping, and
complex traits genetic analysis. Within the genome, SSRs are
attributed to maintaining DNA structure, chromatin
modification, gene expression, recombination, and cell cycle

regulation.

The occurrence of microsatellite markers in eukaryotic
genomes has been illustrated from the 1970s [48]. Since then,
its presence and distribution within yeast to vertebrate's
genome demonstrated [49]. Using the hybridization technique,
different microsatellite sequences within various organisms
evaluated utilizing the genomic DNA [50]. The classified
SSRs such as mono to hexanucleotide well-investigated
throughout the eukaryotes suggest that poly mononucleotide

SSR tracts in primates most frequent classes of SSRs [51].
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The comparative analysis of other repeats illustrated that
dinucleotides 1.5-fold higher than tri-, tetra-, penta-and
hexanucleotides vertebrates [52]. Within the human genome,
SSR was exhibited once every 6 kb, and one CA repeat type
every 30 kb [51]. However, in Japanese pufferfish, one SSR
was observed in every 1.87 kilobases (kb) of DNA, and a CA
repeat within every 6.56 kb of DNA.

SSRs ubiquitously distributed in protein-encoding and
noncoding DNA, with a higher percentage in noncoding
regions than other regions [53]. The lower frequency of
microsatellites within coding regions could elaborate as the
adverse selection act against the frameshift mutations within
the coding region [54]. In invertebrates, the frequency of di
and tetra-nucleotide motifs are 42- and 30-fold less within the
exons region compared with intronic and intergenic regions,
respectively [52]. The G+C rich motifs, such as CCG and
CAG, are the most common between trinucleotides repeat
motifs. In humans, the expansion of trinucleotides repeats
coding for polyglutamine (CAG)n, polyarginine (CGG)n and
polyproline (CCG)n, and polyalanine (GCC)n tracts within
exons of the human genome form several neurodegenerative
and neuromuscular diseases, like myotonic dystrophy,
spinocerebellar ataxia, Huntington's disease, and fragile X
syndrome [55]. The critical feature of microsatellites as a
molecular marker is their hypermutability. The estimated rate
of SSR mutation is at 10 >-107° per locus per generation [56],
greater than the mutation rate of regular nonrepetitive DNA
[57], which leads to hypervariability in species and
populations. The slippage of the DNA polymerase enzyme
and unequal recombination act as a major source of

microsatellite generation and its evolution within the genome

16



[58, 59]. Dinucleotide motifs are prone to recombination due
to their high affinity towards recombinase enzymes [60]. Like
GT, CA, CT, GA, and others, few SSR sequences may
directly influence recombination by modifying the genome
organization [60]. Microsatellite control replication in rat
cells, where DNA amplification is prohibited by a
d(GA)27xd(TC)27 tract. This sequence is represented at the
end of an amplicon by forming a loop, which acts as a stop
signal for DNA polymerase [61]. Microsatellites are
considered a codominant molecular marker as a progeny
inherits one allele from each parent through recombination.
This pattern of inheritance can be utilized for paternity testing,
construction of linkage map and Marker Assisted Selection
(MAS) in agriculturally important animals, like cattle [62], pig
[63], sheep [64], chicken [65], and fish [66] (Figure 1.5) Due
to the small size and relative stability in degraded DNA, a
panel of multiple SSR loci widely used in forensic science
[67]. Microsatellite markers are highly sensitive compare with
allozymes to evaluate the dynamics of populations,
demographic bottlenecks [68, 69, 70], effective population
sizes [71, 72, 73], and conservation genetics [74].
Polymorphic SSR marker determines the genetic diversity by
fluctuating heterozygosity and allelic diversity of a particular
population [75].
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Figure 1.5: Linkage map of chicken. Diagram illustrating a
chromosomal linkage map of chicken, where the left side
represents the distance of SSR markers in centimorgan and
the right side representing the name of microsatellite markers.
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1.2. Microsatellite markers in plants

Microsatellites represented within the plant genome with high
polymorphism ubiquitous distribution across the genome
makes them one of the versatile molecular markers for plant
genetic improvement programs [76, 77]. However, several
other  characters like low cost, high-throughput,
reproducibility, and cross-species transfer made them a
marker of choice [78]. (AT)n motif is the most abundant SSR
type in plants, whereas (AC)n motif is the most abundant in
the human genome. The human genome size (3.0 x 109 bp) is
~6.6 times larger than rice's genome size (0.45 x 109 bp) [79].
The presence of one (AC)n motif nearly every 360—450 kb in
rice genome, compared with one every 40-80 kb in the human
genome. Similarly, there is one (GA)n motif in every 225-330
kb of rice genome [80,81]. The trinucleotide motif (CGG)n
has been widespread in rice and is interspersed throughout the
genome [82]. A quantitative trait is a character that influences
several measurable phenotypic variations related to genetic
and environmental influences. Generally, quantitative traits
are pleiotropic effects governed by a number of polymorphic
genes and environmental factors. One of many quantitative
trait loci (QTLs) that contributes to a trait or a phenotype. For
this purpose, a high-density genetic map saturated by
microsatellite tags was constructed to detect QTL. The
distance between two markers usually calculated as

centimorgan (Figure 1.6).
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represents the distance of SSR markers in centimorgan and
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1.2.3 Microsatellite markers in bacteria

Microsatellites are of 1-6 bp units tandemly repeated DNA
sequences and acquired up to 5% of the total genome [83, 84].
These are classified into various types according to the
presence of repeated sequence, like (i) perfect microsatellite,
with no interruption, e.g., (AG)18 (ii) Imperfect microsatellite,
with interruption by different nucleotides,
e.g.,(TC)12GC(TC)8, and (iii)) composite microsatellite,
having two or more different motifs in tandem, e.g.,
(GA)8(TA)5. Many bacteria like the Lactobacillus genome
riched with imperfect compound SSRs within the coding
regions. Microsatellite markers were observed predominantly
in prokaryotic genomes and used to investigate population
genetics due to their polymorphism, reproductivity, and
codominance nature [85, 86]. A long stretch of tetranucleotide
abundantly present in the genome of Hi strain of Haemophilus
influenza (RAKW?20), which regulates the genes responsible
for commensal and virulence behavior [87]. In Neisseria site-
specific recombination, homologous recombination, genome
duplications increase the rate of polymorphism and control the
gene expression and regulate phase variations, promoter
activity, and gene transcription in different bacterial genomes
[88, 89]. The microsatellite markers present within
Helicobacter pylori's genome change its length through
replication slippage followed by alternating the gene's specific
function [90]. Unit mutations stimulate the formation of
Fimbriae in Haemophilus influenza in SSR sequences present

within the promoter spacing [91].
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1.2.4 Microsatellite markers in viruses

Microsatellites acted as important genomic resources in
viruses and used to discriminate several viruses, like
cytomegalovirus (CMV) [92, 93], white spot syndrome virus
(WSSV) [94, 95, 96], Herpes Simplex virus [97], Adenovirus
[98], Ostreid herpesvirus [99, 100], Marek's disease virus
[101], and Spodopteralittoralis multiple nucleopolyhedrovirus
(SpliIMNPV) [102] due to its polymorphic nature. The
functional evaluation of microsatellite repeats has been
highlighted in meno virus [103], vesicular stomatitis virus
[104], hepatitis C virus [105], and human respiratory syncytial
virus (RSV) [106]. In human papillomavirus (HPV) [107] and
Herpesviruses [108], higher relative abundance (RA) and
relative density (RD) variation was observed. Regression
analysis suggested that the number of both SSRs and cSSRs,
RA of cSSRs, was dependent on genome size but independent
of GC concentration, which was similar to that of HPV [107]
but the opposite of human immunodeficiency viruses (HIV)
[109], Potexvirus [110] Carlavirus [112] and Tobamovirus
[111]. The cSSRs percentages of Orf virus ranged from 7.9-
9.0%, which is lower compared with HIV-1, 0-24.2%
(Geminivirus, 0-27.2%, Herpesvirus, 8.1-33.3%) (Figure 1.7
& 1.8). Generally, the incidence of cSSRs decreases with an
increase in complexity [112]. Microsatellites present within
the genic region provide adaptive variation and virulence to
avian influenza virus and encephalo-myocarditis virus [113,
114]. Recently, a microsatellite present in HSV-1
glycoprotein coding region US4 was utilized for strain
demarcation [115]. A single mononucleotide repeat was able
to decipher the dynamics of transmission of human adenovirus
[98].
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1.3 Evolutions of sequencing strategies

1.3.1 First-generation sequencers

Sanger's and Maxam-Gilbert's DNA sequencing strategy were

regarded as the first-generation sequencing methods from the
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beginning of the sequencing era [116,117]. Sanger's method
sequencing technique utilized chain-terminating inhibitors,
while Maxam-Gilbert's strategy utilized the chemical
modification of nitrogenous bases and cleavage of the
nucleotide backbone [118]. Sanger's DNA sequencing
method was considered immensely popular for its comfort and
automation procedure. To date, Sanger's DNA sequencing
method acts as the gold standard for specific applications
[119]. The sequencing strategy procedure usually progresses
by amplifying templates of DNA with fluorescently labeled
chain-terminating nucleotides and capillary electrophoresis.
The camera present within the sequencer reads the signals and
provides the sequence information up to 800 bp. During larger
genome sequencing, this sequencing strategy was not suitable
due to its low throughput, higher cost, time, and labor
intensity. So, it would not be preferable for metagenomic
applications for mixed clinical samples. Thus, next-generation
sequencing technology became comparatively much faster
than classical techniques and led to discovering several
viruses and their genotype demarcation [120, 121].

1.3.2 Second-generation sequencers

The second-generation sequencing, otherwise known as Next
Generation Sequencing (NGS) overcame the Sanger
sequencers'  technological  constraints.  These  NGS
technologies were developed with many innovative
technologies advanced sequencing chemistry, microfluidics,
Bioinformatics, and imaging technologies [122]. There were
three novel second-generation sequencers named Roche,
Illumina, and Life Technologies used in metagenomic studies.

These NGS platforms can generate only short sequence reads
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in a massively parallel manner with millions to billions of
reads during a single run. The data usually developed a
gigabase (GB) of nucleotide sequence. These technologies are
otherwise known as massive parallel sequencing strategies,
but depending upon their sequencing chemistry and difference
in data output, every platform is suitable for certain specific
applications. Thus, the NGS platform is carefully chosen as
per requirements. During virus discovery, NGS platforms
producing more extended sequence read preferred over the
others. Longer sequences are useful for denovo assembly and
produce supercontigs to increase the possibility of finding out
related sequences in GenBank. Conversely, to determine
mutation and quasi-species of the virus, analysis of variants, a
platform providing quality reads with less error, and higher
depth became the choice over longer read lengths. Recently,
Illumina sequencing technology has got popularity worldwide.
It utilized sequencing by synthesis (SBS) chemistry with a
higher sequence data yield with a low cost per base [123, 124,
125, 126]. Another sequencing platform named Roche 454
amplifies DNA by emulsion PCR, generating DNA clones
using a single template and sequencing through sequencing-
by-synthesis chemistry. This technology can produce long
reads with a high error rate in homopolymers (127, 128). The
NGS reads have higher error rates than generally Sanger
sequencers, requiring sophisticated bioinformatics tools and
statistical measures prior to data processing and assembly
[129]. To increase ease of application, several benchtops
forms different NGS platforms were recently developed and
named 454 GS Junior (Roche) and MiSeq (lllumina) [130].
Apart from these two, the third type of NGS platform from

Life Technologies known as the SOLID is commercially
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available, having a complexity of data processing and
assembly compared to others [131]. The sequencing chemistry
utilized sequencing by ligation. However, SOLID is
considered a reliable NGS strategy for the de-novo assembly

of mammalian genomes [131].

1.3.3 Third-generation sequencers

Recently NGS technology evolves as “third-generation™
sequencing, which produces longer reads measured in
kilobases than other sequencing platforms, which have
relatively short reads. The read length was produced during
the third generation. It includes the lon Torrent (Life
Technologies), Single-Molecule Real-Time technology SMRT
(Pacific Biosciences), and the Nanopore sequencing
technology (Oxford Nanopore Technologies). These
sequencers are differed from the rest by two main features: (1)
template amplification is not required before sequencing and
cost (2) the signal is recorded in real-time, i.e., at the time of
enzymatic action. The lon Torrent sequencing chemistry is
based on pH-dependent semiconductors and does not need
fluorescence or chemiluminescence image scanning, resulting
development of a cost and time effective sequencing platform.
During nucleotide incorporation into the DNA, a proton is
released, which causes a change in voltage and subsequently
is detected by the microfluidic chip [130, 132].

Except for lon Torrent, the rest of the third-generation
sequencing platforms are relatively recent and still need
rigorous evaluation. The SMRT technology single can be

sequenced the DNA fragments up to 7 kb, having of 3-4 kb
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average read length [133, 134]. The sequencing chemistry of
SMRT cells includes Zero-Mode waveguides incorporated
with a single set of enzymes and templates. The enzyme
inserts a nucleotide into the complementary strand during their
action, cleaving off fluorescent dye linked with the nucleotide,

and this fluorescent signal is captured.

A nanopore is a tiny biopore with a diameter in nanoscale and
involves a heptameric transmembrane channela- (oHL)
derived from Staphylococcus aureus. This protein can bear
high voltage and current (up to 100 mV, 100 pA). When a
DNA fragment is crossed through the channel of haemolysin,
the current is varied depending upon the size difference
between deoxyribonucleoside monophosphate (SNMP). The
contrast of current is observed by electrophysiological
techniques, followed by identification dNMP. The Nanopore
sequencing chemistry is devoid of
fluorescence/chemiluminescence and less sensitive to

temperature and other conditions.

Among the wvarious NGS technology available today,
selecting the most appropriate depends upon the project goal
followed by their correct application. During a metagenomic
project, the unavailability of a reference genome leads to a de-
novo assembly for virus discovery. Such an assembly requires
a high throughput computational tool with longer reads with
high coverage. When the reference genome is available, the
short reads could be implemented for metagenome analysis
[129]. The Illumina technology is the most widely used
platform for virus discovery through de novo assembly or

mapping with reference genome due to its considerable read

27



length and lower error rate among the entire NGS platform

available to date.
1.4 Aim of the thesis

The present study aims to achieve three broad "One Health"
objectives by studying the emergence of pathogens associated
with the following scenarios.

1. Zoonotic viral diseases
2. Food security

3. Companion animal

1. Zoonotic viral diseases

1.1 Molecular characterization, comparative and evolutionary
analysis of the recent Orf outbreaks among goats in the
Eastern part of India (Odisha).

1.2 Development of microsatellite markers within the Orf

virus to decipher viral strain.

1.3 Recombination may drive the emergence of Orf virus
diversity: Evidence from the first complete genome of Indian

Orf virus and comparative genomic analysis.
2. Food security

2.1. The emergence of subclades Al and A3 Avipoxviruses in

India.

2.2. Genome-wide identification and characterization of

microsatellite markers within the Avipox virus.

2.3. Complete genome analysis of Indian fowlpox virus

utilizing NGS platform.
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3. Companion animal
3.1. Complete genome analysis of Indian pigeonpox virus.

3.2. Comprehensive analysis of simple sequence repeats in

Picornaviruses.
1.5 Organization of the thesis

The entire thesis is broken down into eleven different

chapters. The organization of the chapters is discussed below

Chapter 1: Review of literature regarding infectious viral

diseases, zoonosis, and one health approach.

This chapter describes a detailed review of the literature
regarding the zoonotic potential of several viruses. This
portion also elaborates on one health's niches and its
importance to control infectious disease, food security,
companion animal, and maintaining a healthy environment.
Additionally, we give insight into the epidemiological
surveillance of virus outbreak location, implementation of
molecular markers for viral strain demarcation, and utilization
of next-generation sequencing strategies to decipher the

complete genome of viruses.

Chapter 2: This includes the details of the materials and
methods used during the present study. It includes a brief

description of the major techniques involved in the findings.

Chapter 3: Molecular characterization, comparative and
evolutionary analysis of the recent Orf outbreaks among
goats in the Eastern part of India (Odisha). This chapter
elucidated the epidemiological characteristics of a zoonotic
virus, Orf (ORFV), the causative agent of Contagious ecthyma
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disease that primarily occurs within small ruminants and
animal handlers. We surveyed the fifteen outbreak locations of
eastern India during this study and collected clinical samples
from infected goats. Total DNA was extracted and screened
with the universal PCR primers to confirm the respective
virus. Further amplification using gene-specific primers
targeting fragments of ORFV011, ORFV020, ORFVO059,
ORFV108 genes, followed by sequencing and GenBank
submission to get accession numbers. The comparative
genomics approach was deployed to construct the gene-
specific phylogenetic tree and evolutionary parameters of this
virus, suggesting that the viral strain is closely related to
Chinese isolates. The evolutionary study revealed the
purifying selection is maintaining the heterogeneity within the

viral strain.

Chapter 4: Development of microsatellite markers within
the Orf virus to decipher viral strain. Genome-wide/in-
silico investigation of microsatellites markers within ORFV
genome, the etiological agent of contagious ecthyma disease,
has been accomplished to decipher the type, distribution, and
its potential role in the genome evolution, during this study.
We have scrutinized eleven ORFV strains during this study,
which showed the existence of 1,036-1,181 microsatellites per
strain. Further analysis deciphered residence of 83-107
compound SSRs (cSSRs) per genome. Finally, in-silico
polymorphism was evaluated, followed by in-vitro validation
utilizing PCR and sequencing analysis. The thirteen
polymorphic microsatellite markers developed during this
investigation were characterized by mapping with the
GenBank database. The outcome of this study suggests that

these microsatellites could be a tool for strain demarcation,
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genetic diversity estimation, and evolutionary analysis of the

virus.

Chapter 5: Recombination may drive the emergence of
Orf virus diversity: Evidence from the first complete
genome of Indian Orf virus and comparative genomic
analysis. We have explored the 2017 ORFV outbreak within
goats in Madhya Pradesh, a central India state, during this
study. Phylogenetic analysis deciphered the transboundary
perspective of the virus by indicating its correlation with a
distinct geographical location. We elucidated this viral strain's
complete genome, named Ind/MP, and carry out a
comparative genomic analysis. The Ind/MP complete genome
was having 139,807 bp with GC content 63.7%. The genome
was made up of 132 open reading frames (ORFs) flanked by
inverted terminal repeats (ITRs) of 3,910 bp at both ends with
terminal BamHI sites and conserved telomere resolution
sequences. A sum of forty recombination incidents was
recognized. Ind/MP strain actively contributed to twenty-one
events indicating this strain's potential for recombination to

generate new variants.

Chapter 6: The emergence of subclades Al and A3
avipoxviruses in India. In this chapter, we described the
surveillance report of outbreaks of avipoxvirus (APV) infected
domestic chickens and pigeons belongs to the eastern Indian
state of Odisha during the years 2010-2018. PCR amplicons
and phylogenetic analysis using the viral P4b core protein and
the DNA polymerase gene confirmed the APV strains and
suggested the introduction of Al and A3 subclades in Indian
chickens and pigeons, respectively. This study reveals APV's

presence in eastern Indian birds (Odisha) and the polymerase
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gene's utilization for the first time to elucidate the spreading
clades of Indian APVs.

Chapter 7: Genome-wide identification and
characterization of microsatellite markers within the
Avipox virus. In this chapter, we conducted a genome-wide
analysis to decipher the type; distribution pattern of eight
complete genomes derived from the Avipox virus genus, the
causative agent of pox like lesions above 300 avian species
and one of the major diseases for the extinction of endangered
avian species as well a severe economic threat to livelihood.
The in-silico screening deciphered the existence of 1531-2473
SSRs per strain. In the case of compound SSRs (cSSRs), the
value opted 83-107 per genome. Finally, we have validated
forty sets of compound microsatellite markers through the in-
vitro approach utilizing clinical specimens, followed by
mapping the sequencing product with the database through
comparative genomics approaches.

Chapter 8: Complete genome analysis of Indian fowlpox
virus utilizing NGS platform. For the first time, we have
deciphered the complete genome sequence of a fowlpox virus
of Indian origin through a next-generation sequencing
platform and utilize a comparative genomics approach to
solve more about this virus biology. The NextSeq 500 NGS
generated a total of ~2.16 GB of quality data with 7,303,963
numbers of quality reads. The previously published complete
genome isolate fowlpox virus (Acc. No- AF198100) was used
as the reference genome, to which the sequence generated
through NGS mapped and assembled. The assembled genome
of this novel virus exhibited 260,066 bp in length with a lower

percentage of GC content (28.5) in comparison to fowlpox
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virus (30.83), shearwater pox virus (30.23), canarypox virus
(30.37), and turkeypox virus (29.78)

Chapter 9: Complete genome analysis of Indian pigeonpox
virus. The emergence of poxviruses has a severe health
hazard to domestic and free-ranging wild birds regardless of
their age and sex due to its exorbitant contagious property,
which influences both the economic and conservation aspects.
The NextSeq 500 NGS generated a total of ~2.72 GB of
quality data with 9,541,974 numbers of quality reads. The
extreme left nucleotide was considered base 1, and the
beginning region of the Inverted Terminal Repeats (ITRS),
which consists of a total length of 4688 bp. The ITR spanned
throughout PPV-001 to PPV-004a and PPV-256 to PPV-259.
A number of recombination events were overlapped within
intergenic (events 5, 7, 8, 9, 13, 16, and 20), hypothetical
protein (events 1, 2, 3 17 and 18), transcription factor VLTF
(events 6 and 12), ankyrin repeat protein (events 15 and 21).

Chapter 10: Comprehensive analysis of simple sequence
repeats in Picornaviruses. Genome-wide identification of
simple sequence repeats (SSRs) of picornaviruses was carried
out to investigate type, distribution, and potential role in
genome evolution. Investigation on 88 picornavirus species
revealed the presence of 2,488 SSRs and 100 compound
SSRs. The relative abundance and relative density of SSR
varied between 1.953 bp/kb-5.763 bp/kb and 13.39 bp/kb-
45.02 bp/kb, while that of cSSR ranged from 0.108 bp/kb-
0.636 bp/kb and 1.36 bp/kb-26.84 bp/kb. Regression analysis
revealed a significant correlation of genome size and GC
content with the incidence of SSRs. Duplication pattern of
motifs, like (C)-x-(C), (TG)-x-(TG), etc.,, and self-
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complementary motifs, such as (GC)-x-(CG), (TC)-x-(AG),
etc. were observed in cSSR. Polymorphism analysis revealed
that most of the cSSR were prone to instability, followed by
consensus motifs. Finally, recombination analysis revealed
that the breakpoints were rich in dinucleotide repeat,

especially GT.

Chapter 11: Concluding remark and the future
perspective. This chapter reflects the concluding remark and
the future aspects of the thesis work.

1.6 Scope of the thesis

We investigated a handful of disease outbreaks through a
molecular surveillance approach during the study. One of the
essential aspects of the investigation was to attend to emerging
neglected pathogens, which gave us valuable information
regarding many endemic animal viruses prevalent across
India. While working with Orf, fowlpox, and pegiopox virus,
we deciphered the presence of molecular markers such as
microsatellite and validated those using clinical samples.
These molecular markers can be used to construct a multiplex
panel, followed by genotyping to evaluate virus evolution.
However, further molecular, evolutionary, and genetic
analyses of larger sample size and the wider geographical area
would clearly understand emerging viral pathogens patterns.
Finally, we revealed the complete genome of several
poxviruses that would help develop effective vaccine

candidates and several other future research applications.
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Chapter 2

2.1 Material, methods, and instrumentation

All the clinical samples were brought from outbreak areas.
DNA oligonucleotides used in the studies were purchased
from Sigma-Aldrich Chemicals Ltd. (St. Louis, MO, USA)
and Integrated DNA Technologies (lowa, United States),

respectively.

The chemical reagents used in various experiments such as
MgCI2, D20, Tris base, Boric acid, Ethylene
diaminetetraacetic acid (EDTA), DMSO, ethanol, isopropanol,
and urea, etc. were procured from Sigma-Aldrich Chemicals
Ltd. (St. Louis, MO, USA). The dNTPs used for PCR, ladder,
agarose, and Tag polymerase enzyme were also purchased
from Sigma-Aldrich Chemicals Ltd. (St. Louis, MO, USA).
The DNeasy blood and tissue purification Kits, MiniElute gel
extraction kit, and PCR purification kit were brought from
Qiagen (QIAGEN, Germany). The IlluminaTruSeq Nano
DNA Library Prep Kit and AMPure XP beads were brought
from (Invitrogen™, USA). The Vero (Cercopithecusaethiops,
CCL-81) cell lines used in the cell culture studies were
purchased from the National Centre for Cell Sciences
(NCCS). All other cell culture media and reagents included
Dulbecco's Modified Eagle's Medium (DMEM), Opti-MEM,
fetal bovine serum (FBS), phosphate buffer saline (PBS),
Trypsin enzyme, and Pen-Strep solution were procured from
Gibco Life Technologies, USA. While all the typical plastic
wares used were from Parsons Products Pvt. Ltd. (Kolkata,
India), but the plastic ware used in cell culture were
specifically from Corning (Kennebunk, USA), Molecular
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biology grade water used in various experiments to prepare
buffer and media was obtained with the help of the Sartorius

(Sartorius Corporate, Germany) water purification system.
2.2 Instrument Specifications

2.2.1 Thermal cycler

To carry out the PCR amplification, the ProFlex™ thermal
cycler was utilized (Applied Biosystem, USA). This
instrument has three blocks to carry out the PCR reaction with

different programs.
2.2.2 Gel Imaging

The gel images were visualized using the ImageQuant
LAS4000 (GE Healthcare, Biosciences Ltd, Sweden), and the
radiolabelled images were acquired using the Fuji FLA-5000
Phosphorlmager (Fujifilm, Tokyo).

2.2.3 Sanger sequencer

Applied Biosystems 3730x| has been utilized to sequence the
purified PCR product. This instrument is well versed with
advances in automation and optics with proprietary Applied
Biosystems reagents and bioinformatics tools to carry out a

wide range of genetic analysis.
2.2.4 NextSeg500 NGS platform

The Illumina® NextSeq™ 500 NGS platform enables the
sequencing of exomes, whole genomes, and transcriptomes
and supports TruSeq® and Nextera® libraries. The control
software guides you through the steps to set up a sequencing

run.
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2.2.5 D1000 ScreenTape

The D1000 ScreenTape enables the separation and analysis of
fragmented DNA and NGS libraries from 35 - 1,000 bp.
Depending on the project, we have to select D1000 and the
High Sensitivity D1000 ScreenTape assay. Both can measure
accurate and reliable sizing and quantitation. These
instruments require only 2 puL sample as input material and
have a sensitivity of 5 pg/uL per fragment. The consumables,
buffer, as well as ladder are available with the kit provided by

the manufacture.
2.3 Sample preparation and methodology
2.3.1 DNA isolation

All clinical samples were crushed in 1 ml of sterile 0.1 M PBS
and then suspended with tissue lysis buffer having proteinase
K. The mixture was kept at 56°C overnight for cell lysis.
Finally, the cell lysates were filtered by a charged column
(Qiagen). DNA was extracted from the column standard

phenol-chloroform and stored at —20°C [1].
2.3.2 PCR amplification

We needed the template, a forward primer, and a reverse
primer to carry out a PCR reaction. The PCR mix (25 pl)
having 5 pmol of each primer, 2mM dNTPs in 1x buffer with
2.5U Taq polymerase. PCR amplified products (5ul) were
loaded onto a 1.5% agarose gel in 1X TAE buffer. The image
was captured using the ImageQuant LAS 4000.
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2.3.3 Cycle Sequencing PCR

The cycle sequencing reaction requires a DNA template, a
sequencing primer, a thermal stable DNA polymerase,
deoxynucleotides (dNTPs), dideoxynucleotides (ddNTPs), and
buffer. The mixture is subjected to annealing, extension by
using fluorescent nucleotide, and denaturation in a thermal
cycler. The reactions are followed by amplification, extension,

and termination by one of the four dideoxynucleotides.
2.3.4 Preparation of NextSeq 500 Shotgun library

The paired-end sequencing library was constructed from the
QC-qualified viral DNA sample utilizing HluminaTruSeq
Nano DNA Library Prep Kit. Covaris M220 fragmented
approximately 200 ng of QC-passed DNA to produce a mean
fragment of 350 bp. Covaris shearing produces dsDNA
fragments having 3' or 5' overhangs. The fragments further
subjected to end-repair using End Repair Mix. The 3' to 5'
exonuclease activity of this mix releases the 3' overhangs, and
the 5' to 3' polymerase activity fills in the 5' overhangs,
followed by adapter ligation. This step forms a low rate of the
concatenated template formation. The ligated products were
size-selected using AMPure XP beads (Invitrogen™, USA).
The size-selected products have PCR amplified following the
program: 72 °C initial denaturations for 3 min; 95 °C
denaturation for 30 s; 12 cycles of 95 °C for 10 s, 55 °C for 30
s, and 72 °C for 30 s; and 72 °C final extension step for 5 min.
The adapters were ligated to the DNA fragments' ends,
preparing them for hybridization onto a flow cell.
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2.3.5 Quality check (QC), cluster generation, and

sequencing

The enriched libraries were analyzed on 4200 TapeStation
systems using high sensitivity D1000 Screentape as per
manufacturers' instruction. After getting the optimum
concentration, the Illumina library loaded onto NextSeq500
for cluster generation and sequencing. Paired-end sequencing
allows the template fragments to be sequenced in both the
direction. The components provided by the kit were utilized to
bind samples to complementary adaptor oligos on the paired-
end flow cell. The adaptors were designed to allow selective
cleavage of the forward strand after re-synthesis of the reverse
strand during sequencing. The copied reverse strand was
further used to sequence from the opposite end of the

fragment.
2.4 Principle behind the techniques/ methods used

2.4.1 Polymerase chain reaction (PCR)

PCR can generate a number of copies of a particular DNA
fragment. The reaction is accomplished in a reaction
containing template DNA, Taq polymerase, the primers, and
the four deoxyribonucleoside triphosphates (dNTPs) in a
suitable buffer. The reaction mixture having tubes are
subjected to a thermal cycler's heating block followed by
repetitive temperature. The reaction process is subdivided into

three steps as follows (Figure 2.1):
» The denaturation

Here, the separation of the double-strand template DNA

separate from one another by raising the temperature. A
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temperature of 94°C provided to the mixture, called
denaturation temperature, using a thermal cycler. The
hydrogen bonds present within the DNA cannot withstand this
high temperature and denatured to single-stranded DNA.

» Hybridization

This step is usually carried out between 40 to 70°C and is
called hybridization temperature. During low temperature, the
hydrogen bonds reform; this leads to hybridization of
complementary strands. The primers' size is lies between 10
and 30 oligo-nucleotides and is synthesized chemically.
Furthermore, the primers must complement both ends of the

sequence of interest to amplify the fragments 5’3’ strand.
» Elongation

The average temperature for elongation is 72°C when the
synthesis of the complementary strand occurs. At 72°C, Taq
polymerase, a derivative DNA polymerase enzyme derived
from an extremophilic bacterium, Thermus aquaticus, and
resists temperatures above 100°C. Taqg polymerase binds to
the single-stranded DNAs of primers and amplifies utilizing
the dNTPs present in the reaction mixture. In the next cycle,
the amplification product synthesized in the previous process
used as a template. It takes around 20-40 cycles to synthesize
0.1 pg of DNA during a PCR reaction. PCR can amplify
fragment size less than 6 kilobases within 2—-3 hours for a PCR

of 30 cycles.
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Figure 2.1: Principle of PCR. The figure is representing steps
of PCR such as Denaturation, Annealing, and Elongation of
specific DNA fragment during an amplification reaction.
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2.4.2 Sanger sequencing

The Sanger sequencing principles having the following steps
(Figure 2.2):

» Template preparation

Genomic DNA can be derived from animals, cell cultures, and
plants using the manual phenol-chloroform method or
QlAamp Blood Kit (QIAGEN, GmbH) kit. The PCR
amplification of the specific target sequence occurs using
genomic DNA to get sufficient copies for fluorescent DNA

sequencing before proceeding with cycle sequencing.
» Cycle sequencing

Cycle sequencing requires a DNA template, a sequencing
primer, a thermal stable DNA polymerase, nucleotides
(dNTPs), dideoxynucleotides (ddNTPs), and buffer. This
reaction uses fluorescent dyes to label the extension products.
All required components are combined in a reaction followed
by annealing, extension, and denaturation in a thermal cycler.
The sequencing reactions amplify extension products and are
terminated by one of the four dideoxynucleotides.

» Purification after cycle sequencing

The presence of unlabeled and dye-labeled nucleotide
components during cycle sequencing reaction interfere with
electrokinetic injection, electrophoresis, and data analysis.
Purification of amplification products can minimize or discard
unwanted substances. Ethanol precipitation methods are
usually followed due to their cost effectiveness. Several
commercially  available  products such as the

BigDye®XTerminator Purification Kit, spin columns, size-
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exclusion membranes, and magnetic beads are also used for

this purpose.
» Capillary electrophoresis

The capillary has an opaque, very fragile, polyamide external
coating electrophoresis except in the detection window area.
At the time of electrophoresis, the laser and detector read
samples through an uncoated window area. So the window
area remains free of dust. The polyacrylamide gel (POP6) is
usually used within the capillary during electrophoresis. The
polymer delivery system checked the presence of sufficient
polymer and the absence of bubbles or particles before the
machine's start. The presence of dust within the polymer can
make noisy data. The capillary ends were stored in the buffer
or deionized water to avoid the capillary ends to dry. The used
buffer and water and discarded daily after each set of runs.
Each capillary has the potential to run around 300 runs for
3730/3730xI instruments.
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Figure 2.2: Working principle of Sanger sequencing. The
sequencing reaction starts with primer annealing and chain
extension followed by chain termination, capillary

electrophoresis, and sequence analysis.
2.4.3 NextSeq500 next-generation sequencing

The principle of NextSeq500 NGS technology is coincidence
with capillary electrophoresis sequencing chemistry. DNA
polymerase incorporates fluorescently labeled dNTPs into a
DNA template during sequential cycles of DNA synthesis. In
each cycle, at the time of dNTP incorporation, recognized by
fluorophore excitation. The main difference is that, rather than
sequencing a single DNA fragment, NGS processed millions
of fragments in a massively parallel fashion. Most genome
projects across the world are obtained through Illumina
sequencing by synthesis (SBS) chemistry. It provides high

accuracy, a greater yield of error-free reads, and an elevated
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percentage of base calls. Illumina NGS workflows include

four basic steps (Figure 2.3):

» Library Preparation—The sequencing library is
processed through random fragmentation of the DNA or
cDNA sample, followed by 5’ and 3’ adapter ligation.
Alternatively, "tagmentation” combines the fragmented
sequence to adaptor through ligation reactions, which
greatly increases the efficiency of the library preparation.
Then the adaptor-ligated fragments are amplified through
PCR followed by gel purification.

» Cluster Generation—During cluster generation, the
library is loaded in a flow cell containing surface-bound
oligos complementary to the library adapters. The
fragments are captured over the lawn of the flow cell. The
amplification of each fragment is then amplified into
distinct, clonal clusters through bridge amplification. After
completion of cluster generation, the templates are ready
for sequencing.

» Sequencing—Illumina SBS technology utilizes a
reversible terminator—based method that detects single
bases at the time of incorporation into the DNA template.
This sequencing chemistry can identify accurate base-by-
base nucleotide sequences within repeat sequence and
homopolymers, thus reduce error rates.

» Data Analysis— The novel sequences are usually aligned
to a reference genome. During alignment, many variations
of analysis are possible, like single nucleotide
polymorphism (SNP) or insertion-deletion (indel)
identification, phylogenetic or metagenomic analysis, and

more.
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Figure 2.3: Principle behind NextSeq500 NGS. This NGS
platform generally utilizes the sequencing by synthesis (SBS)
chemistry. The sequencing reaction begins with library
preparation followed by hybridization and bridge

amplification, sequencing, and assembly.
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2.5 Bio-informatic tools and server used in the

studies

2.5.1 Molecular Evolutionary Genetics Analysis (MEGA)

MEGA is online free software, which provides tools for
analyzing DNA and protein to decipher evolutionary
perspectives [2]. Due to its vast application, many version of
this software updated from time to time to provide a better
experience. MEGA 7 is the latest version, including many
applications such as sequence alignment, evolutionary
distances estimation, phylogenetic tree construction, selection
determination, construction of likelihood trees, etc. The input
data file usually contained DNA or protein sequence with
FASTA format and .TXT extension. The output of MEGA

software comes with .MEG file.
2.5.2 BioEdit

BioEdit is a user-friendly software usually applied to check
the DNA and protein sequences [3]. The software usually
provides a well-illustrated graphical view for various projects.
The FASTA format of DNA and protein sequences act as an
input file for this software. Its application includes
automatically and manually annotation of DNA and protein
sequences, group sequences into various color, phylogenetic
tree viewer, edit ABI trace files from ABI auto sequencer
model 377, 373, and 3700, image copy/paste and bitmap, edit
both amino acid and nucleic acid sequences, reads and writes
GenBank, Fasta, NBRF/PIR, Philip 3.2 and Philip 4.
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2.5.3 DnaSP

Population genetics is a part of evolutionary biology that
evaluates the level of genetic polymorphism in natural
populations and determines the evolutionary forces (mutation,
migration, selection, and drift) that shapes the genetic pattern
in wild populations. Comparison of DNA sequences is the

ideal way to measure genetic variation in natural populations

[4].

The DnaSP (DNA Sequence Polymorphism) is a
bioinformatics tool used to address population genetics and
can estimate several measures of DNA sequence
differentiation within and between populations in non-coding,
IS synonymous or in nonsynonymous sites; gene flow, gene
conversion, recombination and linkage disequilibrium
parameters [5]. Nevertheless, DnaSP used the input formats
generated by MEGA [1], NBRF/PIR [6], NEXUS [7],
PHYLIP [8], HapMap3 Phased Haplotypes. The analysis
usually deciphers many population genetics parameters such
as  polymorphic  sites, InDel  (Insertion-Deletion)
polymorphism, DNA divergence between populations,
synonymous and nonsynonymous substitutions, codon usage
bias, gene flow, and genetic differentiation, linkage
disequilibrium etc.

2.5.4 Trimmomatic

Trimmomatic is a bioinformatics tool that can be used to trim
and crop Illlumina (FASTQ) data and remove adapters. The
adapter sequence increases the redundancy and creates
problems during sequence annotation. Trimmomatic accepts

the FASTQ files. Files having "gzip™ or "bzip2" extensions
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format are also supported by Trimmomatic. The command
line, such as ILLUMINACLIP, LEADING, TRAILING used
during this. ILLUMINACLIP command used to cut adapter
whereas LEADING and TRAILING command cut bases off

the start and end of a read, respectively.
2.5.6 Burrows-Wheeler Alignment (BWA)

BWA tool is utilized to map small reads generated by NGS
platforms like Illumina/Solexa [9]. The Burrows-Wheeler
Transform (BWT) is used [10] to get the alignment of these
short reads along the reference genomes. The mapping process
requires a small memory computer rather than a high
computational tool used during de novo assembly. BWA
produces a SAM/BAM file depending on the user's
parameters, followed by mapping with the reference genome.

2.5.7 Sequin

Sequin tool generally used to submit or edit a novel biological
sequence(s) to National Center for Biotechnology (NCBI) to
get GenBank accession number. Here the scientist is
prompted to include his/her contact information, authors'
information, and host information from which sequence
derived. The definition line describes the sequence's name and
other information. Sequin also includes nucleotides, the name
of the sources, strain, and proteins. After putting all this
information, sequin can automatically assemble a record
suitable GenBank format. The annotated record was submitted
to NCBI to get the accession number.
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2.5.8 Recombination Detection Program (RDP)

RDP is a computer program that was developed for the
identification of recombination events within aligned
nucleotide sequences. It also provides recombination
breakpoints and sequence information such as recombinant,
major and minor parents. RDP4 is the latest version of this
software which include many recombination detection
programs such as, BOOTSCAN [11], MaxChi [12],
CHIMAERA [13], 3SEQ [14], GENECONV [15], LARD
[16], and SCAN [17]. Along with the recombination hot and
cold spots identification, this software can construct the
phylogenetic tree, tests of purifying selection acting against

recombination.
2.6 Servers used in the studies

2.6.1 Imperfect Microsatellite Extractor (IMEX)

IMEx server is used for both perfect and imperfect
microsatellite identification [18]. The IMEX tool is having two
modes: as a stand-alone program and also in the form of a web
server. IMex scans the nucleotide sequence from
hexanucleotide to mononucleotide. The nucleotide sequence
having the following parameters: (a) a number of motifs; (b)
percentage imperfection within the sequences ; (¢) minimum
repeat number (n); (d) coding information. The web version
provides three different modes: basic, intermediate, and
advanced. Using IMEX, the user can evaluate the pattern of
the microsatellite, whether it contains a perfect repeat or a
combination of perfect and imperfect repeats. Server available
athttp://43.227.129.132:8008/IMEX/
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2.6.2 Expert Protein Analysis System (ExXPASYy)

The EXPASY server was developed by the Swiss Institute of
Bioinformatics (SIB), which provides various databases and
bioinformatic tools to analyze proteins and proteomics related
projects. These databases are named SWISS-PROT, SWISS-
2DPAGE, PROSITE, ENZYME, and SWISS-MODEL.
However, several proteomics tools like sequence alignment,
post-translational modification, topology prediction, and
primary, secondary, tertiary structure analysis are available on

this server at https://www.expasy.org/
2.6.3 MlcroSAtellite identification tool (MISA)

The MISA microsatellite finder is a web-based tool for the
identification of microsatellites in nucleotide sequences. It can
identify perfect as well as compound microsatellites [19].
MISA can take two types of the input file, MISA.ini file,
FASTA file having the nucleotide sequence. MISA-web
server output format in GFF3 file. MISA can take a genome
length of 2 Mb and analysis in an efficient, error-free manner.
Server available athttps://www.ipk-
gatersleben.de/en/bioinformatics-tools/marker-data/misa/

2.6.4 The Genome Annotation Transfer Utility (GATU)

Several viral genomic sequences have been deposited in
GenBank without annotations, generally limiting their value to
researchers. However, sequin can annotate some of the small
viral genome sequences, such as HIV genomes having
identical gene content [20]. But, a sequence having a larger
and variable genome like pox, sequin could not annotate.
GATU is an ideal annotation tool for those viruses, which

compare the orthologues in closely related genomes.
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Therefore it reduces the time, tidiness, and complexity of the
genome annotation procedure. It can also determine the open
reading frames (ORFs) present in the genome and save the
final annotated as a GenBank, EMBL, or XML-format. Server

available athttps://4virology.net/virology-ca-tools/gatu/
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Chapter 3
Molecular characterization, comparative and
evolutionary analysis of the recent Orf outbreaks

among goats in the Eastern part of India (Odisha)
3.1 Introduction

Contagious ecthyma or ORF is a zoonotic viral disease of
sheep, goats, and other small ruminants, which is
characterized by proliferative skin lesions in and around the
oral cavity in the form of erythematous macule, papule,
vesicle, pustule, and scab. The causative agent is the Orf virus
(ORFV), a member of the genus Parapoxvirus of
the Poxviridae family. The virus is highly contagious and is
quite stable in the environment and even remains in the
infectious form in wools, hides, and animal excreta for months
to years [1, 2]. The disease is manifested by proliferative
lesions on the mouth and muzzle that usually get resolved in
1-2 months [3]. A mammalian viral vascular endothelial
growth factor (VEGF), having similarity with viral VEGF,
was the first virulence factor, played a critical role in ORFV
pathogenesis by transcribing early during infection [4].
VEGF-E enhance epidermal and endothelial cell proliferation
by interacting with VEGF receptor-2, which helps for vascular
permeability and promote epidermal regeneration by
supplying cellular substrates for viral replication dermal
angiogenesis. Those facial scabs and oral lesions in lambs
may interfere with suckling. Lesions on the udder may
interfere in feeding neonates and often result in the
abandonment of offspring. Similarly, foot lesions can cause

transient lameness in infected animals.
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Infection progress by forming smaller, not proliferative
lessons and resolve more rapidly, usually within 2-3 weeks,
due to the absence of protective immunity for that particular
virus [1]. Orf is not normally fatal but occurs with a high
morbid rate that can be fatal to the neonates as it deprives
them of suckling milk from the infected udder or predisposes
them to secondary bacterial or fungal infections [4, 5]. The
morbidity of the disease may reach up to 100%, while the
mortality rate may reach up to 15%, primarily due to
complications of secondary infections, as mentioned earlier
[6]. There is increasing evidence of the ability of ORF to
cross-infect other species of animals other than sheep and
goats, such as camels, gazelles, reindeers, musk ox, and
Japanese serows. The virus can infect human being;
particularly those are closely associated with animal handling.
Zoonoses occur most frequently during lambing, shearing,
docking, drenching, or slaughtering of affected animals [1, 3].

Most infections in human appear in hand [7] but
occasionally seen in the face [8], nose [9], axilla [10], scalp
[11], genitals [12, 13], urethral [8], pericanthal eyelid skin,
conjunctiva, and the wound heals spontaneously [3].
However, in immune suppressive individuals, large-sized,
poorly healing lesions could remain for an extended period of
up to a couple of months [14]. This poses a significant health
risk to animal handlers and veterinarians who often get
infected by direct contact and develop painful pustular lesions
in the skins. Complications of Orf with secondary bacterial
infections are potentially life-threatening and need urgent

medical attention.
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The ORFV is a classic epitheliotropic virus, having a double-
stranded DNA genome with a higher (64%) GC content [15].
The genome of this virus consists of central conserved and
terminal variable domains. Its genome length is varied 134 to
139 kbphaving~130 putative genes, 88 of which are conserved
to Chordopoxviruses [16, 17].

Most published
phylogenetic and molecular analyses are based on highly
conserved genes such as ORFV011 and ORFV059, both of
them located at the conserved region, which can induce strong
immune responses [18, 19, 20, 21, 22]. Virus interferon
resistance gene ORFV020, ATPase gene ORFV108, encodes a
dsRNA-binding protein that inhibits the antiviral activity of
interferon [23, 24] and viral DNA packaging protein [17, 25],
respectively. These genes were used for viral strain
differentiation due to their high heterogeneity. Although the
presence of the virus has been reported throughout the world
[15, 16] as well as in India [26, 27], still a comprehensive
analysis of the molecular epidemiology ORFV isolates lack in
the prevalent strains of virus isolates from the eastern part of
India.

Although several reports from India regarding the
ORFV epidemiology suggested its ubiquitous distribution, the
eastern part (Odisha) has got less attention. To address the
virus circulation in Odisha, we have investigated two Orf
outbreaks in the year 2016. Along with three conventional
primers sets, for the first time, molecular epidemiology of any
Indian ORFV isolates was evaluated on the basis of the
ORFV020 gene, which interferes with the interferon (IFN)
response of the host and shed insight into the population

genetic dynamics of that virus worldwide. The phylogenetic
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trees were constructed by using a comparative genomic
approach, revealed that most of the isolates belong to Indian

origin with a lower nucleotide as well as haplotype diversity.

3.2 Results

3.2.1 Outbreaks description, preliminary screening, and
viral isolation

After the late monsoon, the virus infections were noticed in
different villages of Khordha, followed by the Puri district.
The morbidity rate was recorded to be 8% in each heard,
lacking no mortality or human infections at that time of
collection. Geographical information about the sample
collection site is mentioned in Table-3. 1. Typical clinical
symptoms, such as lack of energy, lethargy, weight loss,
anorexia, and cutaneous infectious pustules, or scabs on lips,
tongue or around the mouth were observed, which were
similar to other previously reported [1] (Figure 3.1). Fifteen
out of sixteen samples collected during these outbreaks were
found to be positive with the Orf 1 and Orf 2 primer [28].
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Figure 3.1: ORFV infection in Black Bengal goat.
Representative figure depicting clinical cases of ORFV
infection in Black Bengal goat having proliferative cutaneous
lesions around the lip recorded during outbreak occurred at
Khordha distrct (20.1301° N, 85.4788° E) in the year 2016.

3.2.2 PCR amplification and sequencing

The respective genes, such as ORFV011, ORFV020,
ORFV059, and ORFV108, were amplified by using both
forward and reverse sequencing primers. The amplicon
produced the band at the respective size (Table 3.2). The
amplicons were then purified, sequenced, manual edited, and
finally uploaded into Genbank. The accession numbers were
generated which ranges MG365656-MG365670, MH172306-
MH172320, MG365641-MG365655, and MG365671-
MG365685 for ORFVO011, ORFV020, ORFV059, and
ORFV108, respectively (Table 3.3).

3.2.3 Sequence analysis and Phylogenetic tree construction
3.2.3.1 ORFVO011 gene

A total of 181 ORFV strains for the ORFV011 gene which
includes 15 isolates from this study with another 166 from
Genbank having identity level, 92.9-100% and 80.7-100%,
for nucleic acid and amino acid, respectively, were used as
input to check the population genetic parameters. Out of the
781 sites (aligned nucleotide), 579 conserved, 200 variables,
137 parsimony informative, 63 singleton, and 128 haplotypes.
The Hd, m and 6 = dN/dS estimated as 0.992, 0.02541 and
0.05443, respectively (Table 3.4).

The phylogenetic analysis using MEGA 4.0 included a
neighbour-joining tree for all ORFVO011 gene present in the
database as well as the strain obtained from the present study
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(Annexure A). The reliability of the tree topology was

assessed by 1000 bootstrap replications to infer the
relationship between strains. The sequences were broadly
grouped into four; group | and group Il comprised of the
ORFV strain from India and China, group 111 comprises of the
ORFV strains from different continents such as the USA,
Uruguay, Brazil, Korea and Taiwan. Group IV consists of
only Iragq and one Indian ORFV strain. Interestingly, only one
strain of India, which was found rather than its normal host,
such as camel, present in group-1V.

Here, all Odisha isolates represent themselves in group Il
clustered with Assam isolates (JN846834). Therefore, we
assumed that the Odisha ORFV was phylogenetically closer to
the Assam strains. However, geographically, these two states
are nearby each other. So, we can expect that, during the
export of their breeds, there may be an exchange of the strains

(Figure 3.2).

Name of | Sex/ Total number of Infected animals having Total number animals
village/ age infected lessons investigated
district of Age Group Tota | Age Group | Total
of clinic <1years 1-3 years >3 years I <1]1-|>3
samplin al v i3y
g samp No. Mb No. Mb No. Mb v
le of % of % of %
Infec Infec Infec
ted ted ted
anim anim anim
als als als
Balianta | F/1.5 3 100 2 10 0 0 15 31100 30
/Khordha | years 5 100 5 71. 0 0 5112 | 0
4
Achyutp F/4 8 100 2 50 0 0 25 81410 30
ur mont 6 100 9 75 0 0 6 |12 | 0
/Khordha hs
Bidharpu | M/1.3 6 100 1 33. 0 0 15 6 130 24
r years 3
/Khordha 5 83. 3 30 0 0 6 1910
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3
Bhabanip | M/5 14 93. 3 60 0 0 30 |15 5|0 42
ur mont 3
/Khordha hs 7 53. 6 53. 0 0 131 9|0
8 8
Dhalapat | M/1.2 9 100 2 66. 0 0 12 9 131]0 24
har/Khor | years 7
dha 1 16. 0 0 0 0 6 | 6|0
7
Hare- F/1.5 10 100 2 15. 0 0 20 |10 (13| O 35
krushnap | years 4
ur 7 100 1 50 0 0 712 |1
/Khordha
Gangapa | M/1.3 5 71. 2 15. 0 0 15 71130 28
da years 4 4
/Khordha 7 100 7 100 0 0 71110
Matiapad | F/3 8 80 1 50 0 0 23 |10 2|0 30
a mont 11 91. 3 50 0 0 12|16 |0
/Khordha hs 7
Biswa- M/5 7 100 8 66. 0 0 23 71120 27
nathpur | mont 7
[Puri hs 7 100 1 100 0 0 71110
Chandan | F/1.5 15 88. 5 50 0 0 25 |17|10| O 40
pur/Puri | years 2
4 80 1 14, 0 0 5|17 |1
3
Jagan- F/1.8 5 100 5 33. 0 0 17 51115 0 30
nathpur | years 3
[Puri 3 100 4 80 0 0 3|15 ]|2
Balanga | M/2 9 100 5 50 0 0 27 9 |10] 0 50
[Puri years 7 100 4 20 0 0 7 20| 4
Berhamp | F/1.2 4 44, 1 20 0 0 16 9|15 ]|0 26
ur years 4
[Puri 7 100 4 80 0 0 71510
Bijipur M/2 7 46. 3 60 0 0 22 |15 5|0 40
[Puri years 6
11 73. 1 33. 0 0 151 3 | 2
3 3
Kantapad | F/5 12 92. 1 20 0 0 25 | 13| 5|0 30
a mont 3
[Puri hs 10 100 2 100 0 0 10/ 210

Table 3. 1: Table showing the characteristics of the animals
included in the study. The characteristics of animals used for
sample collection in the investigation and their corresponding
morbidity percentage. M=Male, F=Female, Y=years, Mb=
Morbidity.
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o MG365656 (INWOA/KhWO1/2016)
® MG365658 (INWOW/IKh/03/2016)
® MG365660 (INd/Od/IKh/05/2016)
® MG365661 (INW/OI/IKh/06/2016)
-
-

MG365665 (IN/Od/Puw01/2016)
MG365664 (INWOA/Pu01/2016)

® MG365670 (INWOW/PWO7/2016)
® MG365669 (INWOI/PWOE/2016)
® MG365668 (INWOW/PWOS/2016)
& MG3I65657 (INA/OA/KhO02/2016)
o MG365666 (INA/OAd/PWOo3/2016)
® MG3I65667 (INA/OJ/Pu/04/2016)
® MG365662 (INWOIIKh/O7/2016)
A INB8AE834 (Ind/Assarmv/09)
JQO040300 (INW/ASS/10)
A KU128534 (INA/Or/Dri-As/63G/14)
A KU1I28538 (Ind/Orf/Mg-By/1G/13)
A KU1I28532 (INA/Orf/As-LKk/24G/14)
A KT935588 (Ind/Jaga/Trip/14)
A KU1I28533 (In/Orf/As-Lk/41G/14)
Ku1l AN/ O, Gr/13)
KU1 Naro g-By 13)
KU128537 (Ind/Orf/As-Lk/32G/14)
KU128539 (Ind/Orf/As-Lk/15G/14)
pa >3 (n 04>
A KU128530 (Ind/Orf/As-Hi/13G/14)
A KU1I28531 (INWOIM/AsS-By/17G/14)
A KU128540 (IN/Orf/As-Nb/2G/13)
A DQ263305 (INA/67/04)
KF703747 (Chi/Xin/2013)
A SU903501 (INA/JS04/2007)
FJ808074 (Chi/Jiliy2008)
-~ Oc D6 (INA/79/04)
A SU1I39356 INd/ORFV/MuUkv09)
A HMAE6933 (INA/Muk/2000)
KU199831 (CHhvFJ-YT2014)
C KUS97728 (Ind/orf/iKodaikanal-1/2015)
A KUS97729 (Ind/orf/iKodaikanal-2/2015)
HQE94772 (Chin/ORFV/Gan/2009)
JNS65694 (ChiyfORFV/Xin/2011)
JQ619903 (Chi/NA1/11)
JQ904795 (Chi/JL/TL)
KCS569750 (ChyOV-HN3/12)
JQ904799 (ChiNX/YC/2010)
KJ139956 (ChvSX1/2013)

1244

-~ OO a4 05)
A KP745467 (INd/CIRG/2014)
KF953485 (ChyCIRG/2013)

KUS851936 (Chi/Chal/2015)
A <X129982 (INd/ORFV/2016)
JQO04789 (TChivvac)
KU194469 (ChvORFV/Sha/2015)
KUS23790 (Chi/OV/HLI/04/2011)
KFE772211 (ChvYL-3/2013)
JQO04797 (ChyCQ/WZ/2011)
KU976388 (Ch/LYJ/2015)
KU976389 (ChySY/2016)
KU976393 (Chi/LD/2016)

A KUS97730 (Ind/orf/Kodaikanal-3/2015)
KU884328 (ChwGuang/2015)
A KUS97734 (IN/CThiV2013)

KU976390 (Chi/YZ/2015)
KU199829 (ChvFJ-LY2014)
KU199830 (ChvFJ-MH2015)

KTO935589 (Ind/Bas/Trip/14)
—(_—LKTssssso (na/Bas/Trip/14)
A KX3IT77974 (Ind/Than/Tripura/2014)
DQ9O04351 (TavNant/2006)
EU935106 (TavHop/08)
JQ904788 (ChiYN/JIS/2011)
JQ904790 (ChiVHUB/XN 2/2010)
KFE666560 (Chi/Xin/2012)
KU199828 (Chi/FJ-LJ2015)
KU199825 (ChwFJ-FZ2015)
KU199824 (ChiFJ-FZ2014)
KF666565 (ChiXin2/2013)
KU199827 (ChvFJ-LJ2014)
l— KU976387 (ChVLYW/2015)
HQ202153 (ChvShanv2009)
JNSES5696 (ChvORFV/Sharnv2011)
JQ904798 (ChiSC/YT/2010)
HQE94773 (ChyfORFV/Liac/2010)
KJ139994 (Chi/HUb13/2013)
KU199823 (ChFJ-BF2015)
KU199826 (ChvFJ-JA2015)
KX029228 (ChvGY-AHF10/72013)
KC485343 (ChyGan/2012)
_'— JQ904786 (ChiyHUB/XN/2009)
JQV04796 (ChySCT/NC/2010)
L — GU320351 (ChVORFV/HUB/2009)
KU976392 (ChiyN>X/2015)
JQO04AT787 (ChivANH/FD/2011)
KU199832 (Ch/FJ-¥YT2015)
JQY04791 (Chi/JS/FX/2010)
JQO04792 (Chi'SC/IY/2010)
JQOO04793 (ChvGX/YB/2011)
KU97638S5 (ChwJiX/2015)
KU9S76391 (ChvZZ/2015)

_{—————— ume13800 @ramiTios)
KP728926 (Urw/UY14/07) Pe—

[ dnoagy

[[ dnoxg

JNOS80S51 (Bra/NE2/1993)

JNG613810 (Bra/NE1/1993)
EU327506 (TavTaip/07)
GQ3I28006 (Korea/ORF\V/2009)
IXO68989 (Kor/ORF/B2L-2/2010)
JIXO68988 (Kor/ORF/B2L-1/2010)
KJ137680 (USA/ORF 1205WAG)
KJ137679 (USA/ORFO611TNG)
KJ1377 14 (USA/ORFO404ARG)
KJ137715 (USA/ORFOSB06NYG)
JQV04794 (ChUySD/DY/2010)
JQ349520 (Bra/PA11/2010)
KP728917 (Uruw/UYO2/07)
KP728916 (Urw/UYO1/07)
KP728918 (UrwUYO3/07)
JNOS88052 (Bra/D/1992)

KFP998114 (ra/Al-Diwa_ 1/2013)
KP998115 (ra/Al-Diwa 2/2013)
KP998118 (Ira/AL-Najaf/2013)

KFP998119 (ra/AL-Najaf 2/2013)

KP998120 (Ira/AL-Najaf 3/2013) pra—_
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Figure 3.2: Phylogenetic trees constructed for ORFV011
based on partial nucleotide sequences retrieved from
GenBank.  Bootstrapped  maximum likelihood (ML)
phylogenetic trees were constructed with MEGA6 based on
the Tamura-Nei model for 1000 replications using aligned
sequences. Black circles represent the new isolates from
Odisha, India, mentioned in our study, while the black

triangles represent the other Indian isolates.

3.2.3.2 ORFV020 gene

Analysis of 86 ORFV strains for ORFV020 gene having
nucleotide identity 93.9-100% and amino acid similarity 84.9—
100%, resulted, 482 sites, 369 were conserved, 113 variable,
77 parsimony informative sites, 40 singletons and 86
haplotype. The Hd, = and 6 = dN/dS estimated as 0.988,
0.03679 and 0.05295, respectively (Table 3.3).

The phylogenetic tree of the ORFV020 gene revealed
that there are three groups that exist throughout the world. The
strains of India, China, Brazil, USA, UK, Greece, Argentina,
Italy, Japan represent themselves in groups. Group-1I consists
of India and China isolates, whereas group-1ll consists of the
strains of India, China, Korea, the USA, and Zambia. All
fifteen strains of the present study exist in group-111 and form
clade with China (KU199846) (Figure 3.3).
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A KUS72683 (INd/TVCC/Shuh-02/2015)
A KUST72682 (INA/TVCC/Shuh-01/2014)
KFE66563 (ChiXinjiang1/2012)
A KUS72679 (Ind/TVCC/Shuh-02/2015)
KU199849 (INd/FJ-MHZ2016)
KFEE6564 (Chi/Xinjiang2/2013)
R (ChiySX3/2013)
KFB16686 (Chiorfv-chGanSw2012)
JNSE5697 (Chi/fORFV/ShanX/2011)
EU327507 (TarNantow2009)
KU199848 (Chi/FJ-LJ2016)
KU199845 (Chi/FJ-FZ2015)
& MH172306 (INW/OAVKhWO1/2016)
MH1 72308 (Ind/Odi/iKh/03/2016)
& MH172310 (Ind/Odi/iKh/05/2016)
MH1 72319 (INn/OdvVPwWwos/2016)
MH1 72311 (INnd/Odi/Kh/06/2016)

MH172312 (Ind/Odi/Kh/07/2016)
MH1 72314 (INn/OdVPWO1/2016)
M1 72307 (Ind/Odi/IKh/02/2016)
® MH172309 (INn/OdiVKh/04/2016)
& MH172320 IN/OdUPWO7/2016)
® MH172315 (Ind/Odi/PWO02/2016)
® MH172317 IN/OdVPWO4/2016)
® MH172318 (IN/OdVPWOS/2016)
& MH172313 (INnd/Odi/Kh/08/2016)
® MH172316 INW/OAVPWO3/2016)
KU199846 (ChiFJ-JAZ016)
KU199852 (Chi/FJ-LY2014)
KU199844 (ChUFJ-FZ2014)
KU1989843 (ChiyFJ-BF2016)
KU199851 (Chi/FJ-YT2015)
KU199847 (ChU/FJ-LJ2014)

[ dnoae)

KU1 O (Chi/FJ-YT2014)
KUE72687 (INnd/MRCSG/Shuhama-02/2014)
KUS 72686 (INd/MRCSG/Shuhama-01/2014)
KUS72684 (INnd/BSF/Nishat-01/2016)
KUES72685 (INnd/BSF/Nishat-02/2015)
A KUG72681 (IN/SBF/DOachigam-01/2016)
DQ275165 (Gree/176/95/2006)
DQ275161 (Greae/30/96/2006)
DOQR76170 (Gree/12129/00)
DQ275169 (taw/661/95/2006)
DQ275168 (Gree/928/02)
A KUS72677 (Ina/TVCC/Shuhama-01/20156)
DQ275173 (ta/6126/02)

| A KUS72680 (IN/SBF/Goabal-01/2016)

A WUST72678 (INd/SBF/Goabal-02/2016)

KF927109 (Bra/SV269/11)
—L‘:KF9271 11 (Bra/SVv820/10)
KP244326 (Arg/=FPi13/1997)
JNEO3830 (Brav/D/1992)
JQ349519 (Bra/PA11/2010)
JNGO3831 (Bra/A/1980)
JNEO3828 (Bra/NE1/1993)
AB492085 (Jap/lJS081/2008)
AYAZA976 (USA/2004)
AYA424975 (USA/2004)
AYAZA4974 (USA/2004)
AJIZ22701 (UK/MRIV2001)
L KF927110 (Bra/SV581/11)
ABS22798 (Jap/HIS/2010)
KFO27108 (Bra/SV252/11)
" (ChrORFV/XinJiang/2011)
JNGO3827 (Bra/MT-06)
AY 292459 (UK/Orf-11/2016)
AIZ22702 (UK/Orf-11/2001)
KP244327 (Arg/sCho7/1997)
DQ275166 (Gree/1710/03)
AYZ278210 (USA/VaAc/2003)

KE772212 (ChryORFV/YL/2013)

4444

DQ275163 (Gree/155/95)
DQ275164 (Grea/759/01)
DQ276171 (ta/13698/03)
DQ275172 (a/7389/03)

4|— KF 726848 (ChwShihezIi3/SHZ3/2013)
DQ276167 (Gree/513/04)

[[ dnosoy

EU327508 (TavTaipi/y2009)
IXO68995 (Korea/ORF/VIRgene-3/2010)
JIXO68994 (Koreaw/ORF/VIRgene-2/2010)

GQ3I28007 (Korea/ORFV/2009)
JXO68993 (S Kor/ORF/VIRgene-1/2010)
JIXOE8O97 (S Kor/ORF/7-18-VIRgene/2011)
JIX968996 (S Kor/ORF/201 1/VIRgene)
AF380126 (USA/2003)

{ LC208800 (Zamb/ORFV/LU01/2015)

[1] dnoaey

0010
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Figure 3.3: Phylogenetic trees constructed for the ORFV020
based on partial nucleotide sequences retrieved from
GenBank. likelihood (ML)

phylogenetic trees were constructed with MEGA6 based on

Bootstrapped ~ maximum
the Tamura-Nei model for 1000 replications using aligned
sequences. Black circles represent the new isolates from
Odisha, India, mentioned in our study, while the black

triangles represent the other Indian isolates.

Primer Gene function Sequences (5'- 3") Application PCR
name product
size
Orfl Preliminary CGCAGACGTGGCTGAGTACGT PCR 140bp
screening
Orf2 TGAGCTGGTTGGCGCTGTCCT
ORFVO011- | Major envelope TCCCTGAAGCCCTATTATTTTTGTG PCR/Sequencing | 1210bp
F protein
ORFV011- GCTTGCGGGCGTT CGGACCTTC
R
ORV020-F Immuno ATGGCCTGCGAGTGCGCGTC PCR/Sequencing | 552bp
regulatory gene
ORV020-R AGCGTAATCTGGAACATCGTATGGGTA
ORFV059- | Immunodominant ACGTCATCACATGCGGGTCAGAG PCR/Sequencing | 1023bp
F envelope protein
ORFV059- CTTCCTGTTCCTGGCGGGCAT
R
ORFV108- ATPase CTCCATTTAGAGGCCGTGAG PCR/Sequencing | 1137bp
F
ORFV108- CGTGTTATGTGCCATCTTGC
R
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Table 3.2: The table consists of the primers used in our study.
The first set of primers, Orfl, and Orf2, are used for screening
and confirming the ORFV isolates. The rest of the primers are
used for amplification and sequencing of the genes, namely,
ORFV011, ORFV020, ORFV059, and ORFV108 of the ORFV.

3.2.3.3 ORFV059 gene

A total of 56 ORFV strains for the ORFV059 gene, which
includes 15 isolates from this study with another 41 from
Genbank having nucleotide and amino acid identity, 79.2-
100% and 78.6-100%, respectively. Out of the 677 sites, 472
were conserved, 87 variables, 47 parsimony-informative, 40
singletons, and 43 haplotypes. The Hd, =, 6 = dN/dS,
estimated as 0.977, 0.01982, 0.03700, respectively (Table

3.3).
Sr. | Isolate name Area of ORFV011 | ORFV020 | ORFV059 ORFV108
No. collection (Accession | (Accession | (Accession | (Accession No.)
No.) No.) No.)
1 | Od/Kh/01/2016 | Balianta MG365656 | MH172306 | MG365641 MG365671
2 | Od/Kh/02/2016 | Achyutpur MG365657 | MH172307 | MG365642 MG365672
3 | Od/Kh/03/2016 | Bidharpur MG365658 | MH172308 | MG365643 MG365673
0d/Kh/04/2016 | Bhabanipur MG365659 | MH172309 | MG365644 MG365674
5 | Od/Kh/05/2016 | Dhalapathar MG365660 | MH172310 | MG365645 MG365675
6 | Od/Kh/06/2016 | Harekrushnapur | MG365661 | MH172311 | MG365646 MG365676
7 | Od/Kh/07/2016 | Gangapada MG365662 | MH172312 | MG365647 MG365677
8 | Od/Kh/08/2016 | Matiapada MG365663 | MH172313 | MG365648 MG365678
9 | Od/Pu/01/2016 | Biswanathpur MG365664 | MH172314 | MG365649 MG365679
10 | Od/Pu/02/2016 | Chandanpur MG365665 | MH172315 | MG365650 MG365680
11 | Od/Pu/03/2016 | Jagannathpur MG365666 | MH172316 | MG365651 MG365681
12 | Od/Pu/04/2016 | Balanga MG365667 | MH172317 | MG365652 MG365682
13 | Od/Pu/05/2016 | Berhampur MG365668 | MH172318 | MG365653 MG365683
14 | Od/Pu/06/2016 | Bijipur MG365669 | MH172319 | MG365654 MG365684
15 | Od/Pu/07/2016 | Kantapada MG365670 | MH172320 | MG365655 | 86MG365685



http://villagemap.in/odisha/khordha/balipatna/2794800.html
http://villagemap.in/odisha/khordha/balugaon/2853700.html
http://villagemap.in/odisha/khordha/banapur/2869200.html
http://villagemap.in/odisha/khordha/begunia%28p%29/2738600.html
http://villagemap.in/odisha/khordha/bolagad/2732300.html
http://villagemap.in/odisha/khordha/jatani/2806500.html
http://villagemap.in/odisha/khordha/tangi%28p%29/2841400.html
http://www.onefivenine.com/india/villages/Puri/Satyabadi/Biswanathpur
http://www.onefivenine.com/india/villages/Puri/Sadar/Chandanpur
http://www.onefivenine.com/india/villages/Puri/Pipili/Jagannathpur
http://www.onefivenine.com/india/villages/Puri/Nimapada/Balanga
http://www.onefivenine.com/india/villages/Puri/Krushnaprasad/Berhampur
http://www.onefivenine.com/india/villages/Puri/Kanas/Bijipur
http://www.onefivenine.com/india/villages/Puri/Kakat-Pur/Kantapada

Table 3.3: The list of ORFV field isolates of Odisha (n=15)
characterized in this study. The table includes the isolate
name, area of collection, animal or host from where the
samples were collected, and the GenBank accession number
for the four ORFV genes, ORFV011, ORFV020, ORFV059,
and ORFV108.

The ORFV059 sequences were formed into three groups.
Group-1 and group-I11 consist of strains from India and China,
whereas the group only represents only Indian strains. The
lack of enough sequences with regards to geographical
diversification concise the knowledge of strain relationship
here. All fifteen strains examined in the present study were
placed in group-1 and group-2. Fourteen isolates lay in one
clade and close to Bangalore (KY412872), and the single
isolate (MG365649) form the clade with strains of Mukteswar
(KY412864) (Figure 3.4).
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A KY412864 (Ind/Mukteswar 59/05)

A KYa12877 (Ind/79/04)

A KY412880 (Ind/Mukteswar/2005)
A KY412879 (Ind/Jammu 23/06)

A KY412871 (Ind/Meghalaya/2003)

KU199834 (Chi/FJ-FZ2014)

KU199838 (Chi/FJ-LJ2015)

A KY412866 (Ind/Assam/2010)
KP057582 (Chi/Guizhouw/2010)
A KY412869 (Ind/Tamil Nadu/2008)

A KY412876 (Ind/Jalandhar/2007)

KU199833 (Chi/FJ-BF2015)
KU199837 (Chi/FJ-LJ2014)

KU199839 (Chi/FJ-LY2014)
KX029229 (Chi/GY-AHF 10/2013)
KX951408 (ChiyORFV/AH-FD/2016)
KU 199836 (Chi/FJ-JAZ2015)
KU 199840 (Chi/FJ-MH2015)
[ KU1998356 (Chi/FJ-FZ2015)
KU199842 (Chi/FJ-YT2015)
KU199841 (ChyFJ-YT2014)
A KY412868 (Ind/Alwar/2008)
A KY412873 (Ind/Gujrat/2006)
A KY412872 (Ind/Bangalore/2005)
® MG365641 (INd/Od/Kh/01/2016)

® MG365649 (Ind/OQd/Pu/01/2018)
® MG365643 (INd/Od/Kh/03/20186)
— @ MG365642 (Ind/Od/Kh/02/2016)
® MG365646 (Ind/Od/Kh/06/20186)
® MG365651 (Ind/Od/Pu/03/20186)

I———————— @ MG365653 (Ind/Od/Puw/05/20186)
® MG365644 (Ind/Od/Kh/04/2016)
— — ® MG365648 (Ind/Od/Kh/08/2016)
MG365654 (Ind/Od/Pu/06/2016)
MG365650 (Ind/Od/Pu/02/20186)
MG365645 (Ind/Od/Kh/05/2016)
MG365647 (Ind/Od/Kh/07/2016)
MG365652 (Ind/Od/Pu/04/2016)
MG365655 (Ind/Od/Pu/07/2016)

KF666561 (ChirXinjiang2/2013)
{ KJ139993 (Chi/HUB13/2013)

A KY412865 (Ind/Ludhiana 50/06)
4‘:|_— FJ808075 (Chi/Jilin/2008)
A KY412878 (Ind/Mysore/2010) JE—

A KY412867 (Ind/Palampur 20/06)
A KY412870 (Ind/Hyderabad/2006)
|_'— A KY412874 (Ind/Mukteswar 83/09/2009)
A KY412875 (Ind/14/06/2006)
KF703748 (Chi/Xinjiang/2013)
— JX142183 (Chi/ORFV/GanS/2010)
KF726851 (Chi/Xinjiang/SHZ1/2012)
| KC291656 (Chi/Xinjiang/2012)
JQ271535 (Chi/Jilin-Nongan/2011)
JQ619904 (Chi/NA1/11)
KC569751 (ChifOV-HN3/12)
KJ139957 (Chi/SX2/2013)

—L KP836316 (Bra/UFBA/LabViro/C8/2014)

—_—

0.0050

KP836315 (Bra/UFBA/LabViro/C1/2014)

111 dnoxy

Figure 3.4: Phylogenetic trees constructed for the ORFV058
based on partial nucleotide sequences retrieved from
GenBank.  Bootstrapped  maximum likelihood (ML)
phylogenetic trees were constructed with MEGA6 based on
the Tamura-Nei model for 1000 replications using aligned

sequences. Black circles represent the new isolates from
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Odisha, India mentioned in our study while the black triangles

represent the other Indian isolates.

Parameters ORFVO011 ORFV020 ORFV059 ORFV108
Full length of the gene in bp 1137 552 1050 1098
Number of sequence analysed 179 86 58 38
Total aligned nucleotide sites 781 482 677 770
Number of Haplotypes 128 86 43 28
Conserved nucleotides 579 379 472 714
Variable nucleotides 202 113 87 56
Partimony informative nucleotides 137 77 47 27
Haplotype diversity 0.992 0.988 0.977 0.966
Nucleotide diversity 0.02541 0.03679 0.01982 0.01129
O (per site) 0.05443 0.05295 0.037 0.01793
Nutrality tests D -1.694 -1.0281 -1.6247 -1.3378
Significance NS NS NS NS

Table 3.4: Table enlists the different population genetic
parameters estimated for ORFV globally.

3.2.3.2 ORFV108 gene

By analyzing 38 ORFV strains for the ORFV108 gene,
including 23 from Genbank having nucleotide and amino acid
identity, 97.9-100% and 93.3-100%, respectively, resulted in
770 sites (nucleotides). Among them, 714 conserved 56
variables, 27 parsimony-informative, 29 singletons, and 28
haplotypes. The Hd and = and 6 = dN/dS estimated as 0.966,
0.01129 and 0.01793, respectively (Table-3.4).

Due to the lack the of enough reference sequence of
ORFV108 gene in GenBank, all analyzed sequences represent
themselves in one group. The phylogeny revealed that 14
isolates of the present study exist in one clade and were
closely related to Meghalaya (JN183073), which was part of
Assam. Only a single isolate (MG365639) of the present study
was grouped with strains of Ludhiana (JN183072). As most of
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the strains are related to Assam, it makes a clear sense like

ORFV011 gene fragment analysis (Figure 3.5).

A JIN183064 (Ind/Alwar ATPase/2008)
l A JIN183071 (Ind/Guj/2006)
A JIN183073 (Ind/Megha/2003)
—— @ MG365671 (Ind/Od/Kh/01/2016)
——— @ MG365685 (Ind/Od/Pu/07/2016)
® MG365672 (Ind/Od/Kh/02/2016)
® MG365678 (Ind/Od/Kh/08/2016)
@ MG365675 (Ind/Od/Kh/05/2016)
L | —— @ MG365684 (Ind/Od/Pu/06/2016)
@ MG365674 (Ind/Od/Kh/04/2016)
—— @ MG365677 (Ind/Od/Kh/07/2016)
i ® MG365679 (Ind/Od/Pu/01/2016)
L—— @ MG365676 (Ind/Od/Kh/06/2016)
® MG365680 (Ind/Od/Pu/02/2016)
® MG365681 (Ind/Od/Pu/03/2016)
@ MG365682 (Ind/Od/Pu/04/2016)
® MG365683 (Ind/Od/Pu/05/2016)
® MG365673 (Ind/Od/Kh/03/2016)
A JIN183069 (Ind/Assam/2010)

[{i A JIN183070 (Ind/Bang/2005)
ﬂ A JIN183074 (Ind/Muktes 59/05)
EU327509 (TaiyNan/2007)

[ dnois)

A JIN183067 (Ind/Orissa 14/06)

A IN183072 (Ind/Ludh/20086)

KT438531 (Chi/Adet/O01/2012)

KT438536 (EthvAmba Gio/C02/2012)
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Figure 3.5: Phylogenetic trees constructed for the ORFV108
based on partial nucleotide sequences retrieved from
GenBank.  Bootstrapped  maximum likelihood (ML)
phylogenetic trees were constructed with MEGA6 based on
the Tamura-Nei model for 1000 replications using aligned
sequences. Black circles represent the new isolates from
Odisha, India, mentioned in our study, while the black

triangles represent the other Indian isolates.
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3.3 Discussion

ORFV is an environmentally stable, highly contagious, and
transboundary pathogen that affects other small ruminants.
The virus has the ability to spread into disease-free areas by
sharing pasture lands, migratory patterns, improper husbandry
practices, and the intimate contact between the affected and
the susceptible animals (sheep and goat). In India, contagious
ecthyma is endemic, and it has been reported in both sheep
and goats now and then from different agro-climatic regions
[27]. Given this, continued epidemiological surveillance and
monitoring can reduce ORFV outbreaks and arrest their
further spread. This study provides identification,
phylogenetic information of ORFV strains and their molecular

evolution globally.

In recent years, a few studies using DnaSP have reported high
haplotype diversity values in plant RNA virus populations
[29], but these studies were mostly focused on Tajima's D
similarly. In the present study, haplotype number and
frequency analysis using DnaSP showed that there was
considerable haplotype diversity in the individual genes.

Among the four genes, Hd and = ranged from 0.966 to 0.992
and 0.01129 to 0.03679, respectively (Table 3.4). The
ORFV011 population had the highest Hd (0.992), followed by
ORFV020 (0.988), ORFV059 (0.977), and ORFV108 (0.966),
respectively. In the case of nucleotide diversity, the gene
ORFV20 (0.03679) has the highest value, followed by
ORFV011 (0.02541), ORFV059 (0.01982), and ORFV108
(0.01129). These values are a sensitive index of the genetic
diversity of a population [29]. Interestingly, having a larger
sample size variation between the analyzed genes (Table-3.4),
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still, a mere difference is observed between haplotype
diversity. In the case of nucleotide diversity, having less than
half of the sequences of the ORFV01l1 gene, ORFV020
resulted in the highest value of nucleotide diversity.
According to Garcia-Arenal et al.,, 2001, many RNA and
DNA plant viruses exhibiting nucleotide diversity lower than
0.070 in diverse genomic regions have a low genetic variation
[30]. In our study, all genes having nucleotide diversity lower
than 0.070, suggesting that there is little variation exists within
the isolates. However, our assumption is very much similar to
the Esposito et al., 2006, while studying the evolution of the
Variola (Smallpox) Virus [31]. The low diversity should assist
the development of targeted, efficacious antiviral drug
development in eradicating the disease.

Selection pressure analyses showed that ORFVO011,
ORFV020, ORFV059, ORFV108 genes were under purifying
selection with (dN/dS) values 0.05443, 0.05295, 0.037,
0.01793, and, respectively. No positively selected site was
found in any of the four genes studied. This result coincides
with the evolution study of avipoxvirus [31]. The synonymous
and nonsynonymous mutations drive the selection pressure to
fluctuate the evolution rate. The positive selection for genes
involved in virulence and played a major role in for host-
pathogen interaction [33]. Indeed, a positive selection of
viruses could also contribute to an increase of substitution
rate, which can be observed either for viruses inducing a
strong host immune response or for those which have been the
object of vaccination [34]. ORFV vaccination is not
systematic worldwide, thus making selection pressure
assessment difficult. Except for vaccination, several other

circumstances like ecological and epidemiological factors
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should be further investigated for a proper understanding of
the observed selection phenomenon [32].

Tajima's D test is based on the differences between the
numbers of segregating sites and the average number of
nucleotide differences. Tajima’s D test of neutrality was
performed on the four genes to evaluate whether the sequence
variant distribution followed the model of neutral evolution.
The significantly negative value obtained (Table-3.4)
(statistical significance P < 0.001) confirms that purifying
selection is acting on the part of the ORFV genome studied.
Statistically significant negative values were obtained for
Tajima's suggesting that this viral group may be undergoing a
period of evolutionary expansion.

The molecular phylogenetic tree illustrates here to
prove that most of the Indian strain is closely related to China
as they exist in the same group. This result is very much
similar to the previous result [27]. However, it is difficult to
determine the precise route through which those Chinese
strains were introduced in India. The report regarding the
outbreaks in Odisha is very rare. Most of the analyzed genes
(ORFV011 and ORFV0108) of this outbreak samples
represent that they are similar to Assam isolates. As Assam
geographically nearer to Odisha, one can assume that during
the transportation of breeds, that virus may be transferred.
However, there is some heterogeneity observed in some genes
(ORFV020 and ORFV059) that suggest a close relation of that
virus with Chinese and Bangalore strains. How these mixed
populations exist in a single pool is an important question to
address in our future research. The absence of uniform
sampling may result in that ambiguity, which needs further

validation by doing extensive sampling and sequencing from
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the different geographical regions of India. ORFV undergo
genetic recombination during which many nonessential genes
may be deleted, or new host genes may be acquired, leading to
the generation of new variants in the population [35, 36]. To
investigate whether recombination plays a crucial role in virus
evolution, it needs, increases the genomic resources of that
particular virus in the NCBI database by doing several
complete genome sequences of that particular virus, as, still a
complete genome of ORFV is not reported in Indian point of
view. Due to heterogenicity, it is difficult to develop an
effective vaccine is lacking in that virus. Our findings provide
evidence of genetic variation in circulating ORFV strains in
India, which may contribute to an improved understanding of
ORFV epidemiology to develop a proper vaccine. Our search
for clues into the evolution of ORFV is provocative, but it
remains limited because the repository represents a somewhat

unsystematic collection.

3.4 Materials and methods

3.4.1 Sample and outbreak data collection

In October and Nov 2016, two outbreaks were noticed at two
districts of Odisha in the geographical locations of Khordha
(Phulnakhara) (20.1301° N, 85.4788° E) and Puri (Nimapara)
(19.8510° N, 85.7256° E) districts. Scab tissue samples were
collected from the animals (goats) presented to veterinary
clinics at both infective and recovery/convalescent phases.
Upon collection of the scabs, simultaneous treatment of
infected wounds was done with 2% boro glycerine and
parenteral application of Enrofloxacin@ 5mg/kg IM as
prescribed by veterinarians. The samples were collected
randomly from eight animals spread in the eight different
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villages of each district mentioned earlier. Briefly, about 5gm
of tissue samples were collected from each animal and placed
in a labeled sterile universal tube containing phosphate-
buffered saline (PBS), pH 7.2 supplemented with antibiotics
and antifungal reagents. Samples were immediately
transferred into a cold box and then stored at —20 °C until

further processing and laboratory analysis.

3.4.2 DNA isolation and PCR

Briefly, samples collected from the vesicular lesions around
the lower lip from the affected animals were triturated in
sterile 0.1 M PBS. The homogenized sample was then treated
with tissue lysis buffer containing proteinase K, and the
mixture was incubated at 56° C overnight for further cell lysis.
Finally, the mixture was passed through a charged column
(QUAGEN, USA), and DNA was purified from the column by
using the standard phenol-chloroform method as described by
Sambrook et al., 1989 and stored at -20° C until further use
[37].

3.4.3 Primer design and preliminary screening by PCR

To confirm the presence of ORFV, all samples were screened
by PCR using ORFV-specific primes as mentioned by
Toferson et al.,, 2002 to get the band atl40bp. After
preliminary screening, the positive samples were amplified
using ORFV011, ORFV20, ORFV059, and ORFV108 genes
coding for the viral major envelope protein, interferon
resistance gene, immune dominant envelope protein, and
ATPase, respectively, followed by Sangers sequencing. All

sets of primers used are listed in Table-3.2.
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3.4.4 Amplification and sequencing of fragments
containing the ORFV011l, ORFV020, ORFV059, and
ORFV108 genes

Molecular characterization was conducted by using a partial
fragment of ORFV011, ORFV20, ORFV059, and ORFV108
genes. The PCR reaction was conducted in a reaction volume
of 25 pL containing 500 nM forward primer and reverse
primer, using Taq polymerase as per the supplier’s instruction
(NEB). The thermal cycling conditions for all genes were as
follows: initial denaturation at 95°C for 5 min, followed by 35
cycles at 95 °C for 50 s, annealing at 55 °C for 60 s and
extension at 72 °C for 90 s with a final extension at 72 °C for
7 min. The same protocol was used for all, except the
ORFV011 gene, where the annealing temperature was at set
52°C. For each PCR run, a negative control consisting of DI
water instead of the template DNA was included. Aliquots of
the PCR products were checked using gel-electrophoresis on a
1.5 % agarose gel stained with ethidium bromide. The DNA
from the PCR products was extracted using a gel extraction kit
(Invitrogen, USA) according to the manufacturer's
instructions. Automated nucleotide sequencing was performed
using a 3730XL DNA analyzer (Applied Biosystems, USA).

3.4.5 Estimation of population genetics parameters

Multiple nucleotide sequence alignments were performed
using CLUSTALW in Bioedit 7.4 to analyze the presence of
heterogeneity in terms of nucleotide as well as amino acid
[38]. To elucidate The ORFV evolution, we retrieved all
sequences of respective genes present in GenBank to measure
several population genetics parameters such as haplotype

diversity (Hd), nucleotide diversity (m), selection pressure (),
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and neutrality test (D). Aligned sequences were assessed using
DnaSP software (version 5.10.01) to evaluate all the above-
said parameters [39]. To assess selection pressure imposed
upon ORFV protein-coding regions, non-synonymous (dN)
and synonymous (dS) substitution rates and their associated
ratios (6 = dN/dS) were estimated for each segment by using
the bootstrap method with 100 replicates under the Kumar
method in DnaSP. Bootstrapped maximum likelihood (ML)
phylogenetic trees were constructed with MEGAG6 based on
the Tamura-Nei model for 1000 replications using aligned
sequences, excluding primer sequences to establish
phylogenetic relations among ORFV sequences [40]. To infer
the neutrality test, Tajima's D, based on the differences
between the numbers of segregating sites and the average
number of nucleotide differences, was evaluated in those

genes.

3.5 Conclusion

The conclusions in this present study may be informative with
regards to genotype classification of that less studied
etiological agent, which will pave the path to improve the

strategy for disease prevention and possible eradication.
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Chapter 4
Comparative analyses, distribution, and
characterization of microsatellites in Orf virus
genome

4.1 Introduction

Contagious ecthyma or Orf is a zoonotic viral disease of
sheep, goats, and other small ruminants, characterized by
proliferative skin lesions in and around the oral cavity in the
form of erythematous macule, papule, vesicle, pustule, and
scabs. The causative agent is the Orf virus (ORFV), a member
of the genus Parapoxvirus of the Poxviridae family. The virus
is highly contagious, quite stable in the environment, and
remains in the infectious form in wools or animal excreta for
months to years [1]. The disease is manifested by proliferative
lesions on the mouth and muzzle that usually get resolved in
1-2 months [2]. These facial scabs and oral lesions in lambs
may interfere with suckling, while lesions on the udder may
interfere in feeding neonates. Often foot lesions cause
transient lameness in the infected animals, and together all
these results in poor health and loss of body weight. Lesions
progress through all clinical stages but are generally non-
proliferative and usually resolve within 2-3 weeks. ORFV
specific antibodies do not seem to confer protective immunity,
although the 1gG2 isotype is believed to provide some defense
against ORFV infection [3]. As 1gG2 is not secreted in the
colostrum of ruminants, lamb and kids don’t get the required
protection [5]. However, Orf is normally non-fatal but often
comes with high morbidity (up to 100%) that can be life-
threatening to the neonates by interfering with the suckling of

milk from the infected udder or predisposing the animals to
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secondary bacterial or fungal infections [6]. For these reasons,
the mortality rate may reach up to 15% [7]. There is
increasing evidence of ORFV to cross-infect other species of
animals such as camels, gazelles, reindeers, musk ox, and

Japanese serows [3].

The virus can infect humans, particularly those who are
closely associated with animal handling. Zoonosis occurs
most frequently during lambing, shearing, docking, drenching,
or slaughtering of affected animals [1, 3]. Orf infections in
human appear in hand [8] but occasionally seen in the face
[9], nose [10], axilla [11], scalp [12], genitals [13, 14],
urethral [9], and pericanthal eyelid skin and the wound heals
spontaneously. However, in immunosuppressive individuals,
large-sized poorly healing lesions could remain for an
extended period up to a couple of months [15]. This poses a
significant health risk to animal-handlers and veterinarians
who often get infected by direct contact and develop painful
pustular lesions in the skins. Complications of Orf with
secondary bacterial infections are potentially life-threatening
and need urgent medical attention.

The ORFV is a classic epitheliotropic virus, having a double-
stranded DNA genome with a higher (64%) GC content [16].
The genome consists of central conserved and terminal
variable domains with sizes varying from 134 to 139 kbp
having ~130 putative genes, 88 of which are conserved to
Chordopoxviruses [17, 18]. Having such a devastating
character, this virus has got less attention in terms of genomic
information, which is evident from the availability of only
eleven complete genome sequences worldwide. Although
several conserved genomic regions such as, envelope protein
B2L (ORFV011), FIL (ORFV059) and A32L (ORFV108)
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were used for ORFV identification and phylogenetic tree
construction [19]. Still, there is a lack of clarity regarding the
real diversity of ORFV due to the absence of a reliable system
for virus identification, which consists of hypermutable
regions such as microsatellites rather than conventional

conserved genes.

Simple sequence repeats (SSRs), also known as
microsatellites, refer to mono-, di-, tri-, tetra-, penta- and
hexanucleotide sequence units that are repeated in tandem in a
genome [20]. Those short motifs of DNA are distributed
ubiquitously in the genome of eukaryotes [21], and
prokaryotes [22], and are regarded as the most variable type of
DNA sequence within the viral genome [23, 24]. The
microsatellites may be classified as either simple or
compound, depending on the constituent of nucleotide
sequences. The interruptions present in microsatellite will give
rise to interrupted pure, compound, interrupted compound,
complex and interrupted complex types. Two or more
microsatellites resides directly adjacent to each other to form
compound microsatellites by interruption of repeats [25]. Due
to their unique characteristics, these SSRs play a major role in
meiotic recombination [26, 27, 28], the evolution of species
[29], genome mapping [30], differentiation of viral strains
[31], studying population genetics [32] and secondary
structure formation [33]. Many studies have highlighted the
presence of microsatellite repeats in viruses, such as
menovirus [34], vesicular stomatitis virus [35], hepatitis C
virus [36], and human respiratory syncytial virus [37]. Here,
we report for the first time a comparative analysis of

microsatellites with respect to the abundance, distribution,
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composition, and polymorphism of SSRs within ORFV
through the in silico approach, followed by the development
and characterization of thirteen microsatellites markers. Using
these tools, we further tested its usefulness by screening viral
genome from an ORFV outbreak and constructing a
concatenated phylogenetic tree, which elucidated that the
investigated virus is closely related to the Chinese isolate.
These markers could be used as a tool for making multiplex
PCR assays for virus identification, strain demarcation, and

evolutionary analysis.

4.2 Results

4.2.1 Distribution of SSRs and cSSRs in ORFV genome

Our study revealed a large number of SSRs scattered
throughout the ORFV genomes varying from 1038 to 1181 in
number, with an average of 1092 per genome. The RA and
RD ranged from 7.6-8.4 and 53.0-59.5, respectively, in the
analyzed ORFV genomes. However, in other DNA viruses
such as Human Papilloma Viruses (HPVs), the RA and RD
ranged from 3.6-8.3 and 23.9-59.1 [47]. In the case of
Herpesviruses, RA and RD occurred to be 4.1-13.3 and 26.9-
102.9 [48]. On examining the SSR unit size classes,
dinucleotide repeats were found to be most abundant (76.9%),
followed by trinucleotide (17.7%) and mononucleotide repeats
(4.9%) in all the genomes. Tetranucleotide and hexanucleotide
repeats were the least in number and represented 0.4% and
0.2% within the ORFV genome, respectively. There were no
SSRs with pentanucleotide repeats observed in the ORFV
genome. Approximately 90% and 10% of microsatellite

motifs were distributed within coding and noncoding regions.

108



Among the noncoding region, 4.8% are present in the UTR
while 5.4% in the intergenic regions, where functional protein
and hypothetical protein occupied 68.8% and 21%,
respectively (Figure 4.1). The genome-wide scan revealed the
presence of 83-107 cSSRs with an average of 93 occurrences
per genome. In the case of compound microsatellite, the
calculated RA and RD ranged from 0.6-0.8 and 12.1-17.0.
However, in other DNA viruses such as HPVs, RA and RD
exhibited 0-1.2 and 0-27.3, whereas, in Herpesviruses, the RA
and RD occurred 0.1-1.8 and 2.2-35.1 [47, 48].
Approximately 89.5% and 10.5% of microsatellite motifs
were distributed within coding or noncoding regions. Among
the noncoding region, 5.0% were represented in the UTR
while 5.5% in the intergenic region, where functional protein
and hypothetical protein occupied 60.7% and 28.8%,
respectively (Figure 4.2).

UTR Intergenic
5% Region

Ay

Hypothetical
21%
/

Functional
69%

Figure 4.1: Pie-chart illustrating the percentage of
differential distribution of SSR within coding (UTR and
intergenic  region) and non-coding (functional and

hypothetical proteins) regions of ORFV genome.
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UTR Intergenic
Region
l 5%

Figure 4.2: Pie-chart illustrating the percentage of
differential distribution of cSSR within coding (UTR and
intergenic  region) and non-coding (functional and

hypothetical proteins) regions of ORFV genome.

The percentage of individual microsatellites being part of
compound microsatellite (cSSR%) ranged from 7.9-9.0 (Table
4.1). Based on the dMAX value, the maximum distance
between any two adjacent microsatellites, and if the distance
separating two microsatellites is less than or equivalent to
dMAX, than microsatellites are classified as ¢SSR [49]. To
determine the impact of dMAX, all the studied genome
sequences were chosen to determine the variability of cSSR
with increasing dMAX. The value of dAMAX was set between
10 and 100 by Microsatellite Identification Search Analysis
(MISA) [50]. Our analysis revealed an overall increase in the
number of cSSRs with higher dMAX value and attained a
plateau (Figure 4.3).
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Sr. Acc. no. Names Year of Size Country Host GC Total RA RD Total cRA cRD % of
No of the strain (bp) content no of no cSSR
strains isolation (%) SSRs of
CSSRs
S1 | AY386264 oV- 2004 139962 USA Goat 63.44 1181 8.43 59.5 107 0.76 16.98 9.06
SA00
S2 | AY386263 | OV-1A82 2004 137241 USA Lamb 64.33 1089 7.93 55.66 98 0.67 1451 8.99
S3 | DQ184476 Nz2 2006 137820 New Sheep 64.34 1082 7.85 55.42 95 0.68 14.11 8.78
Zealand
S4 | HM133903 D1701 2011 134038 | Germany Sheep 63.69 1038 7.74 54.34 83 0.61 12.13 7.99
S5 | KF234407 NA1l 2015 137080 China Sheep 63.63 1049 7.65 53.54 87 0.63 12.78 8.29
S6 | KP010353 YX 2015 138231 China Goat 63.75 1099 7.95 55.4 90 0.65 12.89 8.18
S7 | KP010354 GO 2018 139866 China Goat 63.6 1114 7.96 55.61 97 0.69 13.81 8.7
S8 KP010355 NP 2015 132111 China Goat 63.76 1054 7.97 56.02 86 0.65 12.8 8.15
S9 KP010356 SJ1 2015 139112 China Goat 63.63 1126 8.09 57.01 99 0.71 13.74 8.79
S1 KY053526 OV- 2012 136643 China Sheep 63.67 1036 7.58 53.04 84 0.61 12.31 8.18
0 HN3/12
S1 | MG712417 SY17 2016 140413 China Sheep 63.81 1087 7.74 54.28 92 0.65 12.97 8.46
1
Table 4.1: Overview of microsatellites in ORFV complete
genome sequences.
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Figure 4.3: Frequency of cSSR in relation to varying dMAX

(10-100) across eleven ORFVcomplete genomes represented
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on the right side of the graph. A higher cSSR incidence was

observed with increasing dMAX in the genomes.

4.2.2 Genomic parameters influencing SSR and cSSR

distribution

We tested for the correlation between genome size and GC
content with the incidence, RA, RD of SSR and cSSR. Except
incidence (R? = 0.6162 P >0.05), all other parameters such
asRA and RD of SSRs had no correlation (R?=0.002374,
P >0.05; R?=0.18, P <0.05) with the genome size and GC
content (R>= 0.09377 P <0.05R?=0.00126, P> 0.05;
R%2=0.08129, P <0.05). The regression analysis of cSSR
showed significant correlation with the incidence
(R?=0.6483, P > 0.05) and RA (R? =0.4823, P >0.05) while
displayed non-significant correlation with RD (R? = 0.3759,
P <0.05). On the contrary, the GC content was weakly
correlated with the number (R?=0.02903, P > 0.05), RD
(R?=0.004839, P < 0.05) and RA (R?=0.03917, P < 0.05) of
CSSR.

4.2.3 The frequency of classified repeat types

The overall frequency of mononucleotide repeats A/T
(64.1%), dinucleotide repeat motif CG/GC (81.6%) were the
most prevalent than poly G/C (35.9%), GA/TC (5.0%),
AC/GT(4.5%), AG/CT (3.9%), CA/TG (3.6%) and AT/TA
(1.4%), respectively. Analysis of the classified tri-repeat types
revealed that the ORFV genome had 30 types of trinucleotide
from which CGC/GCG, GCC/GGC, CAG/CTG, AGC/GCT,
CCG/CGG were abundantly present, exhibiting 18.2%,
14.5%, 6.3%, 6.2%, and 6.3%, respectively. The most

common tetra and hexanucleotide repeats were CGAG/CTCG
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(34.9%), ACTC/IGAGT (18.6%), GTGA/TCAC (9.3%) and
AGTTAC/GTAACT (15.0%), ACACTC/GAGTGT (15.0%),
respectively. However, the accession specific analysis
illustrated that the frequency of mono, di, tri repeats varied
from each other (Figure 4.4 A-C).

szeERsxEss W

aws® "

Figure 4.4 A-C: Distribution of different motifs of mono, di,
and tri microsatellite in the different genomes of ORFV.

4.2.4 Motif complexity of compound microsatellite

Compound microsatellites (cSSRs) are composed of two or
more adjacent individual microsatellites. Generally, cSSR
having the pattern like, ml-xn-m2, ml-xn-m2-xn-m3 are
considered as ‘2-microsatellite’ and ‘3-microsatellite’,
respectively [49]. Majority of cSSRs were composed of two
motifs, followed by tri, tetra, and penta motifs. Interestingly,

two long stretches of cSSR were composed of identical motifs
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repeated 12 times, which were exclusively found in the
genome of AY386264. The CTG-CAG compound
microsatellite composed of self-complementary motifs has
been proposed to be created by recombination [51]. However,
our study showed no such compound microsatellites which
contained self-complementary motifs, suggesting that these
compound microsatellites were not likely to be derived from
recombination. Motifs exhibiting the form [m1]n-xn-[m2]n
can be termed as SSR-couples and are represented the
maximum time in the genome. In this study, SSR couples,
such as (CG)-x-(GC), (GC)-x-(GC), (GC)-x-(CGC), (GT)-x-
(GC), (GC)-x-(CG), (CT)-x-(C) were presented in all analyzed
genome. A number of self-complementary motifs such as
(CG)3-x1-(GC)3,(CG)4-x1-(GC)3,(CG)3-x7-(GC)3,(CG)3-
x0-(GC)3,(GC)3-x8-(CG)3,(CG)3-x7-(CG)3,(GC)3-x0-
(CG)3,(CG)3-x4-(GC)3 have been observed in ORFV, which
played a pivotal role in secondary structure formation. Motif
duplication is one of the phenomena in which a similar motif
is located on both ends of the spacer sequence, for example,
(CA)N-(X)y-(CA)z. About 22.1% of the total cCSSR were made
up of duplicated sequences having the motif pattern (GC)-x-
(GC),(CG)-x-(CG), (GA)-x-(GA),(CA)-x-(CA),(CT)-x-
(CT),(TC)-x-(TC),(CA)-x-(CA)-x-(CA),(A)-x-(A),(AG)-x-
(AG)-x-(AG)-x-(AG)-x-(AG)-x-(AG)3-x-(AG)-x1-(AG)-x-
(AG)-x-(AG)-x-(AG)-x-(AG)-x-(AG),(AG)-x-(AG),(C)-x-
(©),(CA)-x-(CA), and (CT)-x-(CT)-x-(CT)-x-(CT)-x-(CT)-x-
(CT)-x-(CT)-x-(CT)-x-(CT)-x-(CT)-x-(CT)-x-(CT)-x-(CT).
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4.2.5 ldentification of polymorphic microsatellite through

in silico approach

For a polymorphic microsatellite, the length of the repeat
block should be non-identical with that of the other sequences
in the database, and this length difference must be a multiple
of the repeat unit [20, 31, 52]. For the identification of
polymorphic microsatellite, eleven strains of ORFV were
used, where (AY386264) acted as the reference. A total
thirteen number of polymorphic microsatellites were
observed; among these, two were observed within the
hypothetical protein, three in the intergenic regions, and the
rest eight in the protein-coding/genic regions. The
polymorphic genic region containing the microsatellites
encodes several important proteins such as Ankyrin repeat
protein (ANK protein), DNA-binding phosphoprotein, virion
core protein, Granulocyte-Macrophage Colony Stimulating
Factor (GM-CSF), Interleukin 10 protein (IL-10protein),
Putative serine/threonine- protein kinase protein (Table 4.2).
The Circos map provides a clear vision regarding the SSR and
cSSR distribution and other related details in ORFV (OV-
SA00) genome (Figure 4.5).
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Figure 4.5: Circos Plot showing the Genome size, CDS,
Distribution of SSR, selected SSR markers, cSSR, and GC
content in ORFV (OV-SA00) genome. From outer track to
inner track: Genome size, CDS, SSR, selected SSR markers
(Black lines within the SSR), cSSR, and GC content.
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Table 4.2: Characteristics of the 13 microsatellite markers

developed for the ORFV.
Primer Sequence Expected Target Functional ORF Position | Temp | No. of
Name size (bp) repeat region of the in (°C) | variants
genome genome
ORFV- | F-CACCACCATTAACACCACCA 166 (CA)s Hypothetical | ORF005 | 4974- 55 2
SSR-1 | R-AAAGGGTTCGCAAGTACACC protein 4979
ORFV- | F-GACCGTGGCGAGATCCAC 159 (GGC)s Ankyrin repeat | ORF008 | 7290- 55 2
SSR-2 | R-CACCCTTATTGCCATTCAGC protein 7298
ORFV- | F-ATCTTTATGGGCGCTGAATG 151 (A)7 Intergenic 7406- 56 3
SSR-3 | R-CCCAGTGTAGAGGCCAATTC region 7412
ORFV- | F-ATGAGCACAATGCAGACCAG 130 (CG)s Hypothetical | ORFO015 | 13445- | 58 2
SSR-4 | R-GAGCAGACACTGCCTACGAC protein 13450
ORFV- | F-TCAAAGTCCTCGTCCGAGTT 168 (TAC)3 DNA-binding | ORF032 | 34352- 56 2
SSR-5 | R-CACATTCACCGAGGAGCAG phosphoprotein 34360
ORFV- | F-ATGACCTAGAGCCCGTGGAC 172 (GAG)s3 Virion core ORF088 | 93996- | 55 2
SSR-6 | R-GAGCAGGTCATTCGTGGAG protein 94004
ORFV- | F-GCCGCCACTACTTCAGAAAC 200 (Ms Intergenic 117434- | 60 2
SSR-7 | R-CTAGAGCCAGCGCAGGTACA region 117439
ORFV- | F-TTTACGTGAAGGCGTTCCT 159 (A)s GM-CSF/IL-2 | ORF117 | 118261- | 58 2
SSR-8 | R-TGAGGCACTTCCTGGACATC inhibition 118266
factor-like
protein
ORFV- | F-TTCCTAGGTGCGTTCAGAGG 155 (CAC)3 Ankyrin repeat | ORF121 | 121158- | 54 2
SSR-9 | R-GAGCTGTCGGGGATCTCG protein 121166
ORFV- | F-TCACTACGAGACCCCTGACC 164 (C)s Ankyrin repeat | ORF121 | 121625- | 61 2
SSR- R-AGTGCTTCATTGGGAAGTCG protein 121630
10
ORFV- | F- 156 (AGT)s IL-10-like ORF127 | 128736- | 57 2
SSR- CACAGATGCGTATTGTGTTGAG protein 128744
11 R-
TTCAGTTGGTCTTTCATCTGGA
ORFV- | F-AGTTATCGGTCGGATTCTCG 150 (AGTTAC)s Intergenic 129259- | 55 3
SSR- R- region 129276
12 GCGCAATACGAGAGTGAACA
ORFV- | F-GTTCTCCCGCTGGATAAATG 160 (CGC)3 Putative ORF130 | 134033- | 55 2
SSR- R- serine/threonine 134041
13 CGAGGAAGACGTCGTACAGC protein kinase
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4.2.6 Development and characterization of SSR markers

All clinical samples collected during the outbreak were found
to be positive for ORFV tested by producing the desired PCR
amplicon size of 140bp (Figure 4.6). We chose all thirteen
polymorphic markers to validate in vitro. Hence, PCR was set
with each primer sets to amplify DNA isolated from a positive
clinical sample. The SSR name, primer sequences, expected
size, targeted motif, functional region, protein motif position,
gene, ORF number, and annealing temperature, were
summarized in Table 2. All the SSR markers produced
reliable and reproducible PCR products with the expected
molecular size (Figure 4.7). The amplified SSRs were further
characterized by sequencing, mapping with the GenBank
database through BLASTn and BLASTX. The results of
BLASTnN alignment revealed a 100% of query coverage and a
high identity percentage (91-100%) between the respective
sequencing product and their equivalent genes from the
published OV-SAO00 isolate genome sequence. The results of
BLASTx alignment revealed various degrees of query
coverage (38-96%) and a high identity percentage (91—100%)
with their equivalent amino acid sequences (Table 4.3). The
concatenated phylogenetic tree showed the ORFV of our
study closely related to Chinese isolate (MG712417) (Figure
4.8). We observed the presence of 2-3 alleles within ORFV

genomes.
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Figure 4.6: Clinical samples evaluation by universal OFRV
primers. Electrophoresis gel showing the PCR amplicon of
four suspected ORFV clinical samples collected from Black
Bengal goats. M: 100 bp DNA ladder,; -C: Negative controls
(PCR using nuclease-free water as DNA template); 1-4:

Clinical samples
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SSR BLASTN BLASTX

Query E Ident | Query E Identit

cover value ity cover value y
ORFV- 100% 6.00E | 96% | 52% 0.41 91%
SSR-1 -81
ORFV- 100% 5.00E | 100 81% 2.00E- | 100%
SSR-2 -76 % 19
ORFV- 100% 2.00E | 91% | Intergeni | Interge | Interge
SSR-3 -50 c nic nic
ORFV- 100% 5.00E | 100 96% 1.00E- | 100%
SSR-4 -60 % 18
ORFV- 100% 6.00E | 99% | 55% 3.00E- | 100%
SSR-5 -80 12
ORFV- 100% 1.00E | 95% | 41% 6.00E- | 100%
SSR-6 -67 05
ORFV- 100% 2.00E | 97% | Intergeni | Interge | Interge
SSR-7 -85 c nic nic
ORFV- 100% 5.00E | 92% | 65% 2.00E- | 100%
SSR-8 -65 18
ORFV- 100% 4.00E | 97% | 67% 5.00E- | 100%
SSR-9 -67 17
ORFV- 100% 6.00E | 99% | 71% 2.00E- | 100%
SSR-10 -75 07
ORFV- 100% 2.00E | 99% | 98% 9.00E- | 100%
SSR-11 -74 30
ORFV- 100% 2.00E | 92% | Intergeni | Interge | Interge
SSR-12 -78 c nic nic
ORFV- 100% 3.00E | 100 | 38% 1.00E- | 100%
SSR-13 -23 % 15

Table 4.3: Alignment of the 13 sequenced microsatellite

markers (partial) against the complete genome present in the
NCBI database.
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Figure 4.7: Clinical samples validation using SSR markers.

Electrophoresis gel showing the PCR amplicon of the
developed SSR markers in ORFV. SSR markersfrom SSR1 to
SSR13; M: 50bp DNA ladder,; -C: Negative controls (PCR

using nuclease-free water as DNA template).

" USAlowallamb-AY 386264
China/Songyuan/sheep-MGT12417
_n: A India/Odishalgoat
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# Germany/sheep-HM133003

4 New Zealand/sheep-DQ184476
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China/Fujian/goat-KP010353

52 —: China/Fujianigoat-KP010354
74 China/Fujian/goat-KP010355
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21

Figure 4.8: The concatenated phylogenetic tree was
constructed using the bootstrap consensus tree building
method of neighbor-joining with bootstrap value 500 using
MEGA 5. The black triangle represents the ORFV isolates of
the present investigation showing its relationship with eleven
global strains.
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4.3 Discussion

Microsatellites, otherwise known as Short Tandem Repeats
(STRs) or Variable Number of Tandem Repeats (VNTRS), are
being used to discriminate various viruses, such as human
cytomegalovirus (hnCMV) [23, 24], white spot syndrome virus
(WSSV) [53-58], Herpes Simplex Virus Type 1 [31, 59],
Herpes Simplex Virus type 2 [60], Herpesvirus 3 [61],
Herpesvirus 6 [62], Adenovirus [63], Ostreidherpesvirus 1
[64, 65], Marek’s disease virus 1 [66], and Spodopteralittoralis
multiple nucleopolyhedrovirus (SpliMNPV) [67] due to its
polymorphic in nature. To get insight into the microsatellite in
ORFV, we have employed a comparative genomics approach
for development and characterization through in silico and in
vitro analysis and validated our findings using sample
collected from the recent Orf outbreak for the first time.

The specific parameters, such as its incidence, RA, and RD of
SSR and ¢SSR in ORFV genomes, show abundance variations
compared to their genome size and GC content due to the
heterogeneity of ORFVs. Until now, limited full-length ORF
genomes exist in the database. Based on our analysis, we
observed little variation in RA and RD in ORFV. However, in
other viruses such as HPVs [47] and Herpes viruses [48],
higher variation in RA and RD were reported. The large
variation with the parameters was not observed in ORFV,
probably due to a lack of enough size difference in the
genome. However, few complete genome sequences are
available for this virus, in comparison to HPV and herpes
viruses, which act as a constraint to get the optimal range.
Correlation analysis confirmed that incidence of both SSR and
cSSR, RA of cSSR were dependent on genome size but
independent of GC content, which was similar to that of HPV
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[47], but opposite to HIV [68], potexvirus, carlavirus, and
tobamovirus [69-71]. The distribution of microsatellite in the
viral genome is pathogen-specific rather than host-specific.
The increase of cSSR is predominant when dMAX approaches
10-90bp and further decreases with the increase of dmax
(Figure 4.3). This may be due to the occurrence of SSR in the
overlapping region of increasing dMAX. We have observed
ORFV have more SSR within coding regions than noncoding
regions in comparison with other DNA virus, such as herpes
simplex virus. This might be due to higher relaxed selection
pressure on coding regions in comparison to non-coding
region in the respective virus.

The ¢SSR percentages of ORFV ranges from 7.9 -9.0 %,
which is lower in comparison to HIV-1, 0-24.2% [68],
gemini virus, 0-27.2% [72], herpes virus, 8.1-33.3% [48].
Generally, the number of compound microsatellites decreases
with an increase in complexity [73]. Moreover, the lack of
sufficient genomic resources from diverse geographical
locations may contribute to a stagnant range of cSSR%. In
ORFV, 22.1% of cSSRs were composed of similar motifs,
probably contributed by genome duplication. Some study
suggests that genome duplication may be helpful for the repeat
tendency mechanism [74] which promotes the expansion of
genome size such as yeast [75].

In ORFV genomes, the poly A/T repeats were significantly
more prevalent than poly G/C repeats, similar to eukaryotic
and prokaryotic genomes [21, 76]. The presence of
mononucleotide repeats in Mengovirus and
encephalomyocarditis virus affect virus growth in murine cell
culture [77]. In the case of ORFV, its significance needs

further validation. In this study, we also observed the
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microsatellite having polymorphism in poly A/T (ORF117),
poly C/G (ORF121), within the important immune-regulatory
genes, such as granulocyte-macrophage colony-stimulating
factor (GM-CSF) and ANK protein, respectively. GM-CSF
secreted by a variety of cell types triggers neutrophil,
monocyte, and eosinophil myelopoiesis and stimulates early
events in immune responses, controlling the differentiation
and function of antigen-presenting dendritic cells. IL-2 isa T-
cell-derived lymphokine that stimulates T-cell and NK cell
activation and proliferation and activated-B-cell proliferation
[78, 79]. ANK protein leads to down-regulation of Hypoxia-
Induced factor (HIF) activity and regulates energy
metabolism, angiogenesis, the apoptotic cascade, the NFk-B
signaling pathway, and cell cycle regulation [80]. The
functional effects of this polymorphism in these regions
require further investigations.

Dinucleotide AT/TA is more prevalent in most of the ORFV
genomes, similar to that of DNA viruses such as HPVs [47],
Caulimoviruses, Geminiviruses [52, 81]. AT/TA repeat could
form Z conformation or other alternative secondary DNA to
facilitate the recombination activity [82, 83]. In our study, the
polymorphism within dinucleotide (AC/CA)3 and (CG/CG)3
observed within the hypothetical protein. Dinucleotide repeats
have the highest slippage rate as compared to any other type
of repeats [81]. Among 257 viral genomes examined in a
published study, the highest number of dinucleotide SSRs
were found when compared to the other types [84].
Dinucleotide repeats are also speculated to be recombination
hot spots [85, 86]. In the present study, the presence of higher
dinucleotide repeats over tri-nucleotide repeats suggests a

possible role of hosts in the evolution of dinucleotide repeats
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within poxvirus genomes. Inconsistency frequency of SSR in
different accession of the same virus may be attributed to
instability because of a higher slippage rate [87].

Trinucleotide motif ATA/ITAA/AAT or ATT/TTAI/TAT were
most prevalent in most genomes of poxvirus, whereas in other
DNA virus GAG/AGA was most prevalent in HPVs and
AAG/GAA in DNA A and caulimoviruses. The higher density
of trinucleotide repeats was observed compared to any other
repeat type within coding regions of eukaryotic and
prokaryotic genomes [33]. Interestingly, dynamic mutations
within trinucleotide repeat responsible for the development of
some diseases in humans [88], as well as viral enzymes that
interfere Pathogenicity of the Influenza Virus [89]. Our study
revealed the presence of tri-nucleotide CGC/GCG and
GCC/GGC repeats to be most prevalent than others. The
trinucleotide  polymorphism was observed in some
immunoregulatory genes such as ANK protein (GGC/GCC)3
(ORFO008), IL-10 protein (AGT/ACT)z (ORF127) and
structural genes virion core protein (GAG/CTC)s, Putative
serine/threonine-protein kinase (CGC/GCG)s, which needs
further functional evaluation.

Three polymorphic SSRs such as (A/T)7, (T/A)s,
(AGTTAC/GTAACT)3 were observed within non-coding
regions. The microsatellite present within the non-coding
reasons was evolutionarily neutral and can be utilized as an
excellent molecular marker [31]. Finally, we have
characterized those polymorphic markers present at non-genic
as well as coding (genic) regions. These genic microsatellites,
however, may provide adaptive variation important to viral
evolution and genetic variability, perhaps similar to the

functionally important mononucleotide runs found in VSV
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[35] and respiratory syncytial virus [37] and virulence of avian
influenza virus encephalo-myocarditis virus [90, 91]. It is
noteworthy to mention that, recently, microsatellite present in
HSV-1 glycoprotein coding region US4 was useful for strain
differentiation. The concatenated tree, which was constructed
utilizing sequence information of characterized markers,
confirmed that the ORFV of present study is closely related to
Chinese isolate (MG712417). Our previous report, as well as
several other studies, observed a similar pattern of relationship
[19, 92]. We speculate that transboundary and cross-species
transfer of ORFV isolates could have resulted in this, as India
is geographically adjacent to China. It is interesting to observe
the presence of a number of the alleles (2-3) within ORFV
genomes indicate the existence of polymorphism within
microsatellites, which could act as a useful tool to estimate the
diversity [61]. Using a single repeated mononucleotide was
able to follow the dynamics of transmission of a human
adenovirus during an epidemic [63]. Therefore, microsatellites
constitute a potential powerful tool for epidemiological studies
of the transmission routes and evolution of ORFV and other
related poxviruses. This study provides an important new type
of molecular markers useful to investigate questions not only
related to epidemiology but also for deciphering the diversity
of the virus. However, the characterized microsatellites of the
present study are not biased to the particular strain, which
indicates the presence of recombinant strains circulating
within the Indian subcontinent. This information is not
concrete, which requires validation by several whole-genome
sequence analysis of ORFV isolates of Indian origin. So far,

our understanding of the functional and evolutionary role of
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microsatellites in ORFV biology is limited, which needs

further in-depth evaluation and possible implementation.

4.4 Materials and methods

4.4.1 Genome sequences

The publicly available eleven complete genome sequences of
ORFV isolates obtained from the NCBI database
(www.ncbi.nlm.nih.gov) were used for genome-wide in silico
microsatellites analysis. To compare genomic sequences of
different lengths, we calculated the Relative Density (RD) and
Relative Abundance (RA) values. RD is defined as the total
length (bp) contributed by each microsatellite per kilobase
(kb) of sequence analyzed, whereas; RA is the number of
microsatellites present per kb of the genome (kb). Among all
the strains, we have chosen OV-SA00 (Acc. number:
AY386264) as the reference to evaluate the polymorphism of
microsatellites through in silico approach as well as the
development of SSRs for Indian origin ORFV (Table 4.1).

4.4.2 Microsatellite identification, investigation, and
statistical analysis

For identification of perfect mono, di, tri, tetra, penta, hexa as
well as compound microsatellite, IMEx software [38] was
utilized. Microsatellites from genomes were extracted using
the ‘Advance-Mode’ of IMEx using the parameters previously
used for RNA viruses [39, 40] and DNA viruses [41]. The
parameters used were as follows: type of repeat: perfect;
repeat size: all; minimum repeat number: 6, 3, 3, 3, 3, 3 for
mono, di, tri, tetra, penta, and hexanucleotide repeats,
respectively. The maximum distance allowed between any
two SSRs (dMAX) is 10 nucleotides. Other parameters were
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used as default. Compound microsatellites (cCSSR) were not

standardized in order to determine real composition.

4.4.3 Multiple sequence alignment and identification of
polymorphic SSRs

The microsatellites of OV-SA00 were considered for the
identification of polymorphic microsatellites as well as
consensus motifs. Sequences were first transferred to BioEdit
version 7.2.5 software [42] and aligned by CLUSTAL W [43]
module and checked manually for the presence of
polymorphism. The Circos plot was generated using the
Circos software to map the genome size, CDS, SSR
distribution, ¢SSR distribution, and GC content in ORFV
(OV-SA00) genome.

4.4.4 Sample and outbreak data collection

The study did not involve experiments on live vertebrates.
Rather, samples were collected from the diseased goats
(showing the symptoms of Orf) those reported for veterinary
care. Veterinary professionals did sample collection as
routine. In October and November 2017, an outbreak of
ORFV was noticed within Black Bengal goats in the Eastern-
Indian state of Odisha with the geographical location, Cuttack
(20.4625° N, 85.8830° E). Tissue samples in the form of scabs
from four suspected goats were collected at both infective and
recovery/convalescent phase and simultaneously treated for
wounds with 2% boro glycerine and parenteral application of
Enrofloxacin @ 5mg/kg IM (Figure 4.9). 5g of tissue samples
were collected from each animal and subsequently dissolved
in phosphate-buffered saline (PBS) of pH 7.2 added with
antibiotics and antifungal supplements in a labeled sterile
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tube. The homogenized samples were then treated with tissue
lysis buffer containing proteinase K, and the mixture was
incubated at 56° C overnight. Finally, the mixture was passed
through a column, and DNA was purified from the column by
using the standard phenol-chloroform method as described by
Sambrook et al., 1989, and stored at -20° C until further use.
The four suspected samples collected during these outbreaks
produced the expected fragment size of 140bp using ORFV
specific PCR primers orfl and orf244 having nucleotide
sequences  Orfl:  cgcagacgtggctgagtacgt and  Orf2:
tgagctggttggcegctgtect, which confirmed the presence of the

Virus.
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Figure 4.9: ORFV infection in goat. Representative figure

depicting clinical cases of ORFV infection in Black Bengal
goat having proliferative lesions around the lip recorded in

the study area.
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4.4.5 Development of polymorphic SSRs

The polymorphic microsatellites identified through in silico
approach were further validated through in vitro approach
using one ORFV positive clinical sample. Motifs located
within defined flanking regions were PCR amplified using
specially designed SSR-PCR primer pairs by Primer3Plus web
tool (http://Iwww.bioinformatics.nl/cgi-
bin/primer3plus/primer3plus.cgi/). The primer length was kept
between 18 and 22 bp with product size in the range of 130-
200 bp. For proper annealing to the template DNA, the
annealing temperature was adjusted between 54 and 61 °C.
The thermal cycling conditions for all genes were as follows:
initial denaturation step at 95 °C for 5 min, with 35 cycles of
denaturation at 95 °C for 50s, with varying annealing
temperature for each set of primers (55-61 °C) and extension
step at 72 °C for 90s with a final extension at 72 °C for 7 min.
PCR amplification was performed in a Thermal Cycler system
2720 (Applied Biosystems, USA). The amplified products
were resolved by electrophoresis in a 3% agarose gel. The
PCR amplified products, stained with ethidium bromide were
visualized and photographed using a Gel Doc™ XR+ System
with Image Lab™ Software (Bio-Rad®). Subsequently, the
amplified products were purified using QIAquick®
purification kit (QIAGEN, USA), and the purified fragments
were sent for sequencing using a 3100 ABI sequencer
(Applied Biosystems, USA) as described by Sanger et al.,
1977 [45]. All sequences obtained were analyzed and verified

twice in each direction.
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4.4.6 Sequencing data analysis and phylogenetic tree
construction

The sequencing results of the developed SSR markers were
aligned by using discontiguous-MegaBLAST to identify
specific regions among the reads (microsatellites) within the
ORFV genome [46]. Next, the sequencing results were
subjected to the BLASTx analysis, which compares
translational products of the nucleotide query sequence to
protein  databases (http://www.ncbi. nlm.nih.gov). A
concatenated phylogenetic tree was constructed using the
bootstrap consensus tree building method of neighbor-joining
with bootstrap value 500 through MEGA 5 to elucidate the
genetic relationship of outbreak sample with the global strains
of ORFV.

4.5 Conclusion

The study of microsatellites in the ORFV genome is the first
step towards a better understanding of the nature, function,
and evolutionary biology of the species. Our preliminary
results can be considered as a useful tool in the study of
ORFV strain demarcation, diversity estimation, and
evolutionary analysis. Our next strategy is to characterize
several ORFV strain complete genome from Indian origin
through next-generation sequencing to get a better insight into
genome organization, development a suitable multiplex panel,
which can be utilized as an effective tool for virus
identification, genotyping, and evolutionary analysis of that

respective virus.
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Chapter 5

Recombination drives the emergence of Orf virus
diversity: Evidence from the first complete
genome of Indian Orf virus and comparative

genomic analysis

5.1 Introduction

Orf or contagious ecthyma is otherwise known as contagious
pustular dermatitis, is a neglected zoonotic disease caused by
the Orf virus (ORFV), a member of the genus parapoxvirus. It
primarily affects the sheep and goats, occasionally other
ruminants and wild animals, as well as animal handlers,
veterinarians, and para veterinarians [1, 2]. The virus is
extremely contagious and can exist within the animals' wool
and feces for several years [2]. The infection is exhibited with
the presence of intensified skin wounds with exacerbated
blisters throughout the buccal cavity, often leading to weight
loss and anorexia. Ulcers are usually large, proliferative, have
2-4 mm raised crusts, and normally disappear within two
months [3]. Severe symptoms are characterized by the
expansion of lesions, pneumonia, and arthritis in goats [4].
Early-stage diagnosis may be difficult due to the asymptotic
nature of the pathology [4]. The morbidity rate often reaches
up t0100%, resulting in emaciation in adults, and kids, thereby
negatively affecting the herd economy [2]. Animal handlers
are prone to the zoonotic potential of this virus. The
Orfzoonoses are often manifested in the form of unbearable
pustules on hands that can expand to other body parts such as

genitals and face of affected persons [5-8].

147



The current report investigates the ORFV epidemic reported
in the Black Bengal goats of India. The Black Bengal is an
impressive, small body-sized goat breed with distinctive
properties such as superb chevon quality, early breeding age,
and higher reproductive rate. It performs well in moist, humid,
and sub-humid hot climatic conditions [9]. In many tropical
countries, sheep and goats seem to be an excellent source for
quality meat, dairy products, and wool. The contagious
ecthyma primarily caused by the incidence of ORFV followed
by secondary bacterial and fungal invasion act as a major
constrain for goat searing with a significant economic loss.
ORFV outbreaks are being reported across many countries
over the past years [10-12]. Since 1999, ORFV outbreaks are
observed across different Indian states, majorly in Assam [13],
Tripura [14], Odisha [15], Uttarakhand [16], Uttar Pradesh
[17], Kashmir Himalayas [18], and Tamil Nadu [19].

The ORFV genome consists of a double-stranded DNA
(dsDNA), accommodating almost 130 distinctive genes.
Genes in the central region are relatively more conserved and
involved in mature virion formation and virus replication. In
contrast, genes in the terminal regions are more variable and
are often attributed to the virulence, immune modulation, and
high frequency of gene recombination [20, 21]. Despite its
global distribution, only fourteen complete genomes
information are available so far. Information regarding ORFV
epidemiology, particularly in central India, is limited. The
absence of a complete genome sequence of the Indian isolates
makes it difficult to comprehend genetic analysis and thus
hinders further functional studies. We, therefore, performed
molecular detection of ORFV isolates prevalent in central

India and thereby, for the first time, performed the complete
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genome analysis of the circulating strain. Using next-
generation sequencing (NGS) platform and comparative
genomics approaches, we report recombination events along
with the phylogenetic and evolutionary status of the identified
Indian ORFV isolate.

5.2 Results

5.2.1 Clinical gross pathological changes

Affected animals showed characteristics of Orf lesions such as
papules, pustules, and scabs around their lips. Infected goats
showed ulcerated or proliferative lesions in the epidermis
around the lips. Other pathological indications include
anorexia, weight loss, and the appearance of proliferative
papillomatous nodules. All infected animals got recovered
within 21 to 30 days after the onset of clinical signs. The herd
morbidity of the outbreak was recorded by about 20% (n=50)
with no mortality. None of the animal handlers of the farm got

infected with the virus.

5.2.2 Virus conformation through PCR and sequencing

The ORFV presence was first PCR-verified by four sets of
primers targeting ORFV011, ORFV020, ORFV059, and
ORFV108 genes. All ten samples produced the expected DNA
size. Since samples were collected from an unvaccinated herd,
we assume that there is a single strain circulating in the herd.
Hence, we sequenced a representative sample and submitted
the information to GenBank. Subsequently, gene-specific
phylogenetic trees were constructed to infer the genetic
relationship and transboundary potential of the circulating
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strain by comparing within the country and with other global
isolates (Figure 5.1 A-D).

Nucleotide BLAST and phylogenetic analysis based on these
four genes confirmed that the present isolate has 99%-100%
similarity  with the  earlier published Indian
isolatelnd/Od/Kh/01/2016 [15]. At the global level, the
maximum similarity was observed with China/NP/2011,
China/FJ-YT2015, China/HuB13/2013, and USA/ORFD/2003
isolates. The concatenated phylogenetic tree analysis indicated
that the present isolate Ind/MP/2017 (Ind/MP) is closely
related to the China/G0O/2012 (Chi/GO) (KP010354) isolate;
thus it was further considered as the reference genome for
mapping and mutations analysis (Figure 5.2)
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Figure 5.1 A-D: Phylogenetic trees constructed based on the
four ORFV genes, namely ORFV011, ORFV020, ORFV059,
and ORFV108. The phylogenetic relationship was constructed
by the GTR model of the maximum-likelihood method using
MEGA 6.0 software. Numbers at the branching points indicate
the bootstrap support calculated for 1,000 replicates (A)
ORFV011, (B) ORFV020, (C) ORFV059, and (D) ORFV108
based on partial nucleotide sequences. The black triangle

represents the new isolate mentioned in our study.
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Figure 5.2: Construction of concatenated phylogenetic tree
to determine reference genome. Concatenated DNA sequences
comprising ORFV011, ORFV020, ORFV059, and ORFV108
genes of ORFV were used to construct a phylogenetic tree
with bootstrap value 1000 using the GTR model of maximum
likelihood method. The black triangle represents the ORFV
isolate of the present investigation showing its close
relationship with the strain KP010354, which is considered as

the reference.
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5.2.3 NGS output and structural analysis of ORFV

On average, ~2.31 GB of high-quality data was generated with
7,934,711 numbers of qualities reads by NextSeq 500 NGS
platform. These sequences were aligned with Chi/GOstrain of
ORFV, and subsequently, the reference-based assembly was
done by using BWA MEM (version 0.7.17). The total length
of the assembled genome exhibited 139,807bp in length, and
the assigned NCBI accession number is MT332357. Like
other PPV genomes, the genome possessed a high (63.7%)
G+C  content. The genome's left-most nucleotide was
arbitrarily designated as base 1, and the starting point of the
Inverted Terminal Repeats (ITRs), which spanned throughout
ORFV001 and ORFV134 having a total length of 3,910bp.
Each ITR is composed of a terminal BamHI site. Telomere
resolution motifs are composed of TAAAT, followed by a
spacer sequence, ACCCGACC, and six T residues, which
form the terminal hairpin loop (Figure 5.3). Using NCBI’s
ORF Finder tool and NCBI’s BLAST (Basic Local Alignment
Search Tool), we obtained 132 ORFs for a distinct set of
genes. Among these, 65 genes orientated positively and rest
67 have a negative orientation (Figure 5.4). Genes were
numbered according to the method described by Delhon et al.
[22] and Mercer et al. [23] in which the newly recognized
genes (12.5 and 107.5) were also observed. The BLASTN and
BLASTP results for ORFs varied from 63.85% to 100% and
22.73% to 100% with the existing complete genomes of other
ORFV GenBank data.
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Figure 5.3: Analysis of ITR-ends of ORFV. (A) The left end

(5°) sequence alignment of 14 complete ORFV genomes

consists of a terminal BamHI site (green box) along with
telomere resolution motifs (red box) (ATTTTTT-N(8)-TAAAT).

(B) The right end (3°) sequence alignment of 14 complete

ORFV genomes consists of a terminal BamHI site (green box

along with telomere resolution motifs (red box) (ATTTTTT-

N(8)-TAAAT).
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Figure 5.4: Circos plot illustrating complete genome of the
Ind/MP ORFYV strain. Schematic presentation of the complete
genome: from outer to inner track: ORFV genome size with
1Kb division, genes on a negative-strand (black), genes on a
positive-strand (red), SSRs, cSSRs, Synonymous mutation,
Nonsynonymous mutation. These mutations, along with SSRs
and cSSR, were ubiquitously present throughout the genome

irrespective of gene orientation.
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5.2.4. Mutations, DNA polymorphism, and evolutionary
analysis

In comparison to the reference genome Chi/GO, our analysis
showed nearly 488 unique mutations in the current isolate.
Among all the predicted genes, 106 coding regions showed
substitution mutations, while 26 genes lacked any mutation
(Table 5.1). These observed mutations led to both
synonymous and nonsynonymous amino acid substitutions.
The highest number of synonymous and nonsynonymous
amino acid substitutions was recorded in RNA helicase NPH-
I, RNA-polymerase subunit RPO147, virion core protein P4a
precursor and EEV maturation protein, Poly (A)-polymerase
catalytic subunit PAPL, NF-kappa pathway inhibitor, DNA-
binding protein, Ankyrin/F-box protein, respectively. Besides
these, several other predicted proteins contained synonymous
as well as non-synonymous mutations that support the notion
of maintaining the heterogeneity and virulence of this
pathogen. Using DnaSP, we observed 11,545 numbers of
polymorphic sites within the ORFV genome. The nucleotide
diversity (m) and haplotype diversity (Hd) were observed to be
0.02815 and 1.000, respectively. Selection pressure analysis
(6=dN/dS), with a value of 0.02911 revealed that ORFV
resides under purifying selection. Tajima's D test of neutrality
resulted in a significant negative value (-0.14928), suggesting
that this virus might be undergoing a period of evolutionary

expansion.
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Gene Gene product Number Number unique Non-synonymous
unique non-synonymous substitutions
synonymous substitutions
substitutions
ORFV001 hypothetical protein 0 0 0
ORFV002 NF-kappa-p65 acetylation 0 0 0
inhibitor
ORFV005 hypothetical protein 1 Lys**—Gln
ORFV007 dUTPase 1 Thri—Met
ORFV008 Ankyrin/F-box protein 10 2 Asn'®—Asp, Thr**®—Ala
ORFV009 hypothetical protein 10 2 Val'*—Leu, Ala®®—Thr
ORFV010 EEV maturation protein 10 3 Asn®®—Asp, Val?*—Met,
Thr3®>Ala
ORFV011 EEV envelope 6 1 Ser®—Gly
phospholipase
ORFV012 hypothetical protein 3 0
ORFV012.5 hypothetical protein 1 1 Val**—Leu
ORFV013 hypothetical protein 1 0
ORFV014 RING-H2 motif protein 4 0
ORFV015 hypothetical protein 4 1 Thré®—Ala
ORFV016 hypothetical protein 2 3 Ser'®—Gly, Ile'®—Met,
Tyr'®®—His
ORFV017 DNA-binding 0 0
phosophoprotein
ORFVO018 Poly(A)-polymerase 1 3 Ala*®*—-Glu, Cys'?—Arg,
catalytic subunit PAPL 1le¥>>Val
ORFV019 hypothetical protein 11
ORFV020 DsRNA-binding, interferon 1
resistance
ORFV021 RNA-polymerase subunit 0 0
RPO30
ORFV022 Pox virus E6 proteins
ORFV023 Membrane protein
ORFV024 NF-kappa pathway Phe?’—Ser, Ser**—Gly,
inhibitor Lys*—Glu
ORFV025 DNA-polymerase 10 Thr8%—Ala, Ser®°—Ala
ORFV026 ERV/|ALR-like protein 0 0
(IMV redox protein)
ORFV027 Virion core protein Asp”®—Glu,
ORFV028 DNA-binding protein 3 Thri?l— Ala, Tle3%—Met,
Ser™—Ala
ORFV029 hypothetical protein 8 2 ThrE— Tle, GIn®"—Arg,
ORFV030 | DNA-binding virion protein 7 0
ORFV031 hypothetical protein 0 0
ORFV032 DNA-binding 5 1 Met¥— Ile

phosphoprotein
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ORFV033 IMV membrane protein 0
ORFV034 Telomere-binding protein 1 Leu?—Met
ORFV035 Virion core protease 6 0
ORFV036 RNA helicase NPH-11 15 0
ORFV037 Zn-protease, virion 6 0
morphogenesis
ORFV039 hypothetical protein 0
ORFV038 Late transcription 0
elongation factor
ORFV040 Glutaredoxin-like protein 0 0
ORFV041 hypothetical protein Glut®—-Ala
ORFV042 RNA-polymerase subunit 0 0
RPO7
ORFV043 hypothetical protein 2
ORFV044 Virion core protein
ORFV045 Late transcription factor 2
VLTF-1
ORFV046 Myristylated protein 5 Thr'2® > Ala, Ala?*—-Glu
ORFV047 Myristylated IMV envelope
protein
ORFV048 hypothetical protein 0
ORFV049 hypothetical protein Arg?®—Ser, Val'**—Met,
Sert®Gly
ORFV050 DNA-binding virion core 2 2 Arg'®—Lys, Glu®¢— Asp
protein VP8
ORFV051 Membrane protein 1 Se™5—Ala
ORFV052 IMV membrane protein Val**—Ala
ORFV053 Poly(A)-polymerase small 0
subunit VP39 PAPS
ORFV054 RNA-polymerase subunit 2 0
RPO22
ORFV055 Late membrane protein 3
ORFV056 RNA-polymerase subunit 13
RPO147
ORFVO057 | Tyrosine phosphatase, virus 2 0
assembly
ORFV058 IMV, viral entry 0
ORFV059 | Immunodominant envelope 4 Thri''—Ala
protein
ORFV060 RNA-polymerase 2 1 Ser®®—Gly
associated protein RAP94
ORFV061 Late transcription factor 2 2 Asp®—Glu, Asp**—Glu
VLTF4
ORFV062 DNA topoisomerase type |
ORFV063 hypothetical protein 2
ORFV064 mRNA capping enzyme 11
large subunit
ORFV065 Virion protein 1 0
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ORFV066 Virion protein 1 0
ORFV067 Uracil DNA glycosidase 1 1 Thr®—Pro
ORFV068 NTPase 2 2
ORFV069 Early transcription factor 3 3
ORFV070 RNA-polymerase subunit 0 2 Met®2—Leu, Asp®’—Tyr
RPO18
ORFV071 NPH-PPH downregulator 3 0
(NTP
pyrophosphohydrolase)
ORFV072 Transcription termination 5 0
factor NPH-I
ORFV073 hypothetical protein GIn'?—Arg
ORFV074 mRNA capping enzyme 0
small subunit
ORFV075 Rifampicin resistance 0 0
protein
ORFVO076 Late transcription factor 0 0
VLTF2
ORFVO077 Late transcription factor 0 0
VLTF3
ORFV078 Thioredoxin-like protein 0
ORFV079 Virion core protein P4b
precursor
ORFV080 Virion core protein Val'®—Ala
ORFV081 RNA-polymerase subunit 0 0
RPO19
ORFV082 hypothetical protein 5
ORFV083 Early transcription factor 15
ORFV084 Intermediate transcription 1
factor VITF-3
ORFV085 Late virion membrane 0 0
protein
ORFV086 Virion core protein P4a 13 2 Ser®l—Ala, Thr?°—Ala
precursor
ORFV087 Virion formation 0 0
ORFV088 Virion core protein 4 1 Gly?**—Ser
ORFV089 Virion membrane protein 1 0
ORFV090 IMV phosphorylated 0 0
membrane protein
ORFV091 IMV membrane protein 1 0
ORFV(092 hypothetical protein 1 1 Thré?—Ala
ORFV093 Myristylated protein 3 0
ORFV094 phosphorylated IMV 2 0
membrane protein
ORFV095 DNA helicase 0
ORFV096 Zn-finger protein 0
ORFV098 hypothetical protein

159




ORFV097 DNA-polymerase 2 1 Ser?0—Ala
processivity factor
ORFV099 Holliday junction resolvase 1
ORFV100 Intermediate transcription 1
factor VITF-3
ORFV101 RNA-polymerase subunit 7 0
RPO132
ORFV102 A-type inclusion 3 0
protein/fusion peptide
hybrid
ORFV103 A-type inclusion protein 0 0
ORFV104 Viral fusion peptide 3 0
ORFV105 IMV surface protein 2 0
ORFV106 RNA-polymerase subunit 2 0
RPO35
ORFV107 Virion morphogenesis 0
ORFV107.5 hypothetical protein 0
ORFV108 DNA packaging 3 0
protein|ATPase
ORFV109 EEV glycoprotein 0 0
ORFV110 EEV glycoprotein 0 0
ORFV111 hypothetical protein 2 2 Thr8®—Ala, Ala'?®—Ser
ORFV112 chemokine binding protein 3 1 Asp¥’—Glu
ORFV113 hypothetical protein 0 0
ORFV114 hypothetical protein 7 0
ORFV115 hypothetical protein 2 0
ORFV116 hypothetical protein 0 1 Thr¥®>—Ala
ORFV117 GM-CSF|IL-2 inhibition 4 0
factor
ORFV118 hypothetical protein 1 0
ORFV119 hypothetical protein 1 0
ORFV120 hypothetical protein 1 1 Phe'®—Leu
ORFV121 NF-kappa pathway 4 1 Glu?®—Asp
inhibitor
ORFV122 hypothetical protein 6 0
ORFV123 Ankyri/F-box protein 5 GInY—Arg, Val*®*—Ala,
116 —Met
ORFV124 hypothetical protein 6 5 Gly?**—-Ser, Ala®?—Val,
Thr¥¥l>Cys,
ORFV125 Apoptosis inhibitor 2 0
ORFV126 Ankyrin/F-box protein 1 0
ORFV127 IL-10-like protein 1 1 Alal®—Val
ORFV128 Ankyrin/F-box protein 7 2 Ala?®— Asp, Leu*?’—Pro
ORFV129 Ankyrin/F-box protein 7 0
ORFV130 Serine/threonine protein 3 1 Glu®—Asp

kinase
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ORFV131 Membrane protein 2 1 Serl®—Gly
ORFV132 VEGF-like protein 3 1 Leu’—lIle, Asp®—Glu,

Thr*—-Val
ORFV134 hypothetical protein 0 0

Table 5.1: Mutational analysis ORF isolates. The numbers of
unique synonymous and unique nonsynonymous amino acid
substitutions across all isolates sequenced for this study are
presented in the table. Individual nonsynonymous
substitutions are also shown in the column on the right of the
table.

5.2.5 Microsatellite and tandem repeat detection analysis

Our study revealed 1,108 and 94 numbers of SSRs and cSSR
scattered throughout the ORFV genome. The ORFV genome
is rich mostly with dinucleotide repeats (76.5%), followed by
trinucleotide (18.14%), and mononucleotide repeats (5.14%).
The hexanucleotide SSR repeats were most scarcely present
and constituted only 0.18% of the ORFV genome (Figure 5.5).
While the tetranucleotide and penta- nucleotide SSR repeats
were observed in the ORFV genome. If we look into the
microsatellite distribution among the coding and noncoding
regions, around 89% SSR motifs were present within the
coding and 11% in the noncoding regions, respectively.
Focusing more into the SSR distribution in the noncoding
region, 4% were distributed within the UTR and 6% in the
intergenic regions. Among the coding region constituting the
functional proteins and hypothetical proteins, 70% was
occupied by the functional ones and 19% by the hypothetical
proteins. In the case of cSSR, 88% of the motifs were present
in the coding regions and 12% in the non-coding regions.

Within the non-coding region, UTR comprised 5.0% of the
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cSSRs, and intergenic regions comprised 6% of the total cSSR
motifs. cSSR distribution in the coding region was categorized
as 67% among the functional proteins and 21% among the
hypothetical (predicted) proteins.
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Figure 5.5: Classification of SSR distribution in ORFV
genome. Distribution of different motifs of SSRs within ORFV
genomes. Dinucleotide repeats were found to be the most
abundant, followed by trinucleotide and mononucleotide
repeats in the reported genome. Among the di and
trinucleotide repeats, CG/GC and CGC/GCG having the

highest number among all classified repeats.

5.2.6 Phylogenetic and recombination analysis

A phylogenetic tree based on the complete genomic sequences
of 19 poxvirus strains was constructed to reveal the genetic
relationship of the present strain with other PPVs and
Orthopoxvirus. It revealed that six ORFV strains originating
in goats and eight strains belonging to sheep formed two
separate clades except for Ger/D1701 with 61-100% bootstrap
support. The present ORFV strain showed a close relationship
with Chi/GO and USA/ORFD isolates. Our analysis also
showed that all ORFVs were more closely related to PPVs
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(PCPVs and BPSV) than to Orthopoxvirus (MPVs) (Figure
5.6). We observed a total of 40 potential recombination events
with significant P-values detected across the ORFV genomes
(Table 5.2). A number of recombination events were
overlapped within RNA-polymerase subunit (events 1, 17 and
37), Ankyrin/F-box protein (events 4, 5 and 6), hypothetical
protein (events 11, 19, 25, 26 and 40) and UTR region (events
3,9, 10, 14, 23, 31 and 38). Out of 40, potential recombination
events, 21 events include Ind/MP as recombinant, minor, and
major parental sequences. The recombinant Ind/MP (event 30,
31, 39) were observed within hypothetical proteins, UTR and
A-type inclusion protein, using USA/OV-IA82, Chi/SY17,
Chi/GZ, Chi/NA1/11 as a minor parent and Chi/NP, Chi/GO,
Chi/YX, Chi/GOGer/D1701 as a major parent. The Ind/MP
strain acts as minor and major parental sequences within a
total of 12 and 6 events for the generation of recombinant
sequences Chi/YX, Chi/CL17, Chi/GZ,NZ/NZ2, USA/OV-
IA82, and Chi/YX, Chi/SJ1, Ger/D1701, Chi/NP,
respectively.
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KPO10356 (China/SJ1/2012)
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Figure 5.6: Comparison of PPVs by constructing Phylogenetic

tree. Nineteen complete genome sequences, including the terminal

repetitions, were aligned to construct a phylogenetic tree with

bootstrap value 1000 using the GTR model of the maximum

likelihood method. The black triangle represents the ORFV isolates

of the present investigation showing its relationship with fourteen

global strains.

Recombination BP* BP* Recombinant Recombinant Minor Major Detection P-value
event startin end in gene in ORFV sequence(s) parental parental methods
number Ind/MP | Ind/MP sequence(s) | sequence(s)
ORFV ORFV
1 102311 | 105339 | RNA-polymerase Chi/YX Ger/D1701 Chi/NP RGBMCST 6.93E-
subunit RPO132 316
Ind/MP
Chi/GO
USA/ORFD
2 108034 | 109113 | A-type inclusion Chi/YX NZ/NZ2 Ind/MP RGBMCST 6.54E-
protein 36
Chi/CL17 Chi/GO
Chi/SY17 USA/ORFD
Chi/Gz
USA/OV-
1A82
Chi/NA1/11
Chi/OV-
HN3/12
3 1207 1668 UTR Chi/CL17 Ind/MP NZ/NZ2 RGBMCST 6.53E-
68
Chi/lGz Chi/GO
Chi/NP Chi/NA1/11
ChifyYX Chi/OV-
HN3/12
Chi/sJ1
4 132207 | 134268 Ankyrin/F-box Chi/CL17 Chi/GO USA/OV- RGC 2.78E-
protein 1A82 38
Chi/GZ Ind/MP Chi/NA1/11
Chi/NP Chi/OV-
HN3/12
Chi/YX Chi/sJ1
5 130127 | 131711 Ankyrin/F-box Ger/D1701 Chi/Gz RGBMCST 5.57E-
protein 11
Chi/CL17
Chi/SY17
Chi/NA1/11
Chi/OV-
HN3/12
6 130025 130883 Ankyrin/F-box USA/OV- Unknown NZ/NZ2 RGBMCST 9.78E-
protein 1A82 (ChilG2Z) 15
7 134408 134735 VEGF-like Chi/Gz Ind/MP Chi/CL17 RGBMCST 7.42E-
protein 29
8 43796 46928 Virion core Chi/CL17 Chi/GO Chi/sy17 RGC 6.56E-
protein 10
9 6793 9301 UTR Chi/CL17 ChifyYX Chi/SY17 RGBMCS 7.68E-
15
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Chi/GO

10 6694 9265 UTR Chi/Gz Chi/YX Chi/sy17 RGBMCST 7.86E-
10
Chi/GO
11 119339 | 121370 hypothetical Chi/CL17 Chi/YX Chi/Gz RGBMCST | 9.86E-
protein 11
12 2839 5566 UTR Ger/D1701 Chi/NA1/11 | USA/ORFD RBMC 9.36E-
09
USA/OV-
1A82
NZ/NZ2
Chi/OV-
HN3/12
13 113590 | 114703 chemokine Chi/Gz USA/ORFD Chi/CL17 RGBMCS 9.50E-
binding protein 20
Ind/MP Chi/sy17
Chi/GO
Chi/YX
14 2381 2683 UTR Chi/sj1 Chi/Gz Ind/MP RBMCST 5.10E-
18
Chi/CL17
Chi/sy17
15 81359 82959 | Thioredoxin-like Chi/CL17 Chi/YX Chi/sy17 RGBMCST | 5.93E-
protein 07
Chi/GO
16 44481 44785 | RNA-polymerase | USA/ORFD Ger/D1701 Chi/YX RGBMCST 7.95E-
subunit RPO7 04
Chi/GO
Chi/NP
USA/OV-
1A82
17 102268 | 105087 | RNA-polymerase NZ/NZ2 Ger/D1701 | Chi/NA1/11 RMCT 5.04E-
subunit RPO132 09
Ind/MP Chi/OV-
HN3/12
18 38787 41928 RNA helicase Ger/D1701 USA/OV- USA/ORFD RBMCS 5.91E-
NPH-11,Zn- 1A82 08
protease
NZ/NZ2 Ind/MP
Chi/GO
Chi/NP
Chi/sJ1
19 13159 14477 hypothetical Chi/Gz Chi/YX Chi/sy17 RGBMCST | 5.06E-
protein 04
Chi/GO
Chi/NP
20 15309 16345 DNA-binding Chi/Gz Chi/YX Chi/CL17 RGBMCS 5.72E-
phosophoprotein 14
Chi/GO
21 59685 60433 | Immunodominant | Ger/D1701 Chi/lGz ChifyYX GBMCS 6.45E-
envelope protein 13
Chi/CL17 Chi/NP
Chi/sy17
22 109850 | 110870 Virion Chi/NP Chi/Gz Chi/sJ1 RGBMCST | 7.99E-
morphogenesis 08
protein,
hypothetical Chi/CL17 Ind/MP
protein
Chi/sy17
23 1672 2991 UTR Chi/CL17 Chi/Gz Chi/sy17 RGMCS 8.26E-
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09

24 29748 30996 DNA-binding Chi/Gz Chi/SJ1 Chi/CL17 RGBMCS 5.95E-
protein 04
Chi/SY17
25 112618 | 113071 hypothetical Chi/Gz Ind/MP Chi/CL17 RGMST 5.64E-
protein 06
Chi/GO
Chi/lYX Chi/OV-
HN3/12
26 119241 | 120473 hypothetical Chi/Gz Chi/SJ1 Chi/SY17 RBMCS 7.12E-
protein 07
27 26828 27986 | DNA-polymerase Chi/Gz Chi/SJ1 Chi/SY17 RGBMCS 5.20E-
04
IMV redox Ind/MP
protein
28 81188 82997 | Thioredoxin-like Chi/Gz Chi/SJ1 Chi/SY17 RBMCS 7.99E-
protein 03
29 39578 40476 RNA helicase Chi/Gz USA/ORFD Chi/SY17 RGBMCS 5.03E-
NPH-11 03
30 44373 45334 hypothetical Ind/MP USA/OV- Chi/NP RGBMT 8.96E-
protein 1A82 09
Chi/SY17 Chi/GO
31 5293 6693 UTR Ind/MP Chi/lGz ChifYX RGBMCST 5.07E-
03
USA/OV- Chi/GO
1A82
32 126180 | 126569 Apoptosis Chi/CL17 Chi/SJ1 Chi/Gz GBT 6.56E-
inhibitor 05
Chi/NP Chi/sy17
Chi/YX
33 117522 | 117772 GM-CSF/IL-2 Chi/Gz Ind/MP Chi/CL17 GBT 3.59E-
inhibition factor 02
Chi/SY17
NZ/NZ2
34 97779 101729 | Zn-finger protein Chi/CL17 ChifYX Chi/OV- RBMCT 9.87E-
HN3/12 03
DNA-polymerase NZ/NZ2 Ind/MP Chi/NAl/11
processivity
factor
Holliday junction Chi/GO
resolvase
Chi/SJ1
Ger/D1701
35 65150 67860 mRNA capping USA/OV- Ind/MP Chi/NA1/11 RBMT 5.94E-
enzyme large 1A82 05
subunit
Chi/OV-
HN3/12
36 24856 26088 | DNA-polymerase Chi/Gz Ind/MP NZ/NZ2 RBS 2.65E-
02
37 105045 | 105144 | RNA-polymerase | Ger/D1701 Chi/NA1/11 Chi/NP RGMC 7.09E-
subunit RPO132 04
Chi/OV- Ind/MP
HN3/12
Chi/GO
USA/ORFD
38 7733 8471 UTR USA/OV- Ger/D1701 | Chi/NA1/11 RBT 8.35E-
1A82 04
Chi/OV-
HN3/12
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39 105510 | 106144 | A-type inclusion Ind/MP Chi/NA1/11 | Ger/D1701 RBM 7.49E-
protein 03
Chi/GO
40 14917 RING-H2 motif NZ/NZ2 Ind/MP Chi/NA1/11 RBT 5.64E-
protein 03
hypothetical USA/OV-
protein 1A82

Table 5.2: Predicted potential recombination events between
ORFV. Details recombination events detected between ORFV
isolates were analyzed in this study using the RDP4 program.
Detection method coding R, G, B, M, C, S, P, L, and T
represents methods RDP, GENECONV, Bootscan, MaxChi,
Chimaera, SiScan, PhylPro, LARD, and 3Seq, respectively.
The P-value for the detection method is shown in bold. To
emphasize the recombination potential of Indian isolate,
(Ind/MP) has been bold. Ind/MP strain consists of 21
potential events in which it acts as recombinant, minor, and

major parental sequences.
5.3 Discussion

Although several reports suggest ORFV prevalence in India,
limited information exists on isolates from central India. We
characterized the ORFV isolate from the central Indian state
of Madhya Pradesh by utilizing conserved partial genes
analysis of ORFV011, ORFV020, ORFV059, and ORFV108.
We observed a moderate rate of morbidity (20%) and no
mortality during this outbreak, similar to the previous report
of ORFV outbreak in the North-Eastern state of Assam, India
[13]. The sequence and phylogenetic analysis is revealed 99-
100% nucleotide similarities with the ORFV isolate of Odisha,
a state of Eastern India. The global comparison was consistent
with the previous study showing its closeness with the
Chinese ORFV strains [17]. This indicates the transboundary
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potential of the present virus isolates to spread to the
neighboring states or countries. We speculate that trade
exchange and transport can be a potential route to establish the
epidemiological linkage between the strains isolated from the

two distinct geographical areas.

Despite the high number of outbreaks reported from India, no
complete genome and associated genomic information are
available. Ours is the first ORFV complete genome sequence
report from India. NGS was performed with DNA isolated
from the clinical samples, similar to the recently adopted
strategy reported in other poxviruses, such as seal
parapoxvirus (SePPV) [24], canidalphaherpesvirus 1 (CHV-
1) [25], kangaroopox virus (KPV) [25]. The Chi/GO strain
was assigned as the reference genome based on constructing a
concatenated phylogenetic tree using all the fourteen complete
genomes. All these features were relatively the same as the
previously published ORFV genome around the world [26,
27]. Like other poxviruses, ORFV genomes contain a large
central coding region bound by two identical inverted terminal
repeat (ITR) regions [28, 29]. The current isolate was
observed to have the ITRs of 3910 bp length and span
throughout the ORFV001 and ORFV134 with conserved
telomere resolution sequences at both ends of its genome,

consistent with the previous report [30].

Amino acid substitutions within the immune regulatory genes
may have altered clinical manifestation and refined antiviral
response evaluation [31, 32]. We observed that the highest
number of nonsynonymous substitutions within immune
regulatory genes such as NF-kappa pathway inhibitor, and

Ankyrin/F-box protein, etc. These mutations are likely to
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maintain the heterogeneity and mimicked the virulence of this
pathogen. Selection pressure analysis (6=dN/dS) obtained the
value 0.02911 suggested that ORFV be under purifying
selection. A similar pattern of 6 value was obtained from
recently studied Avipoxvirus (APV) and ORFV partial genes,
which ranged 0.065 -0.200 [15, 33, 34]. This confirmed dN
and Ds impel selection pressure to alter the rate of evolution.

Due to its polymorphic nature, microsatellites, otherwise
known as Short Tandem Repeats (STRs) or Variable Number
of Tandem Repeats (VNTRs), are being used for strain
demarcation and estimation of evolutionary distance. Such
approaches are being in place for a number of viruses such as
human cytomegalovirus (hCMV) [35], white spot syndrome
virus (WSSV) [36], Herpes Simplex Virus type 2 [37],
Adenovirus [38]. The distribution of classified repeats
suggests that dinucleotide GC/CG is more prevalent in most of
the ORFV genomes, similar to other DNA viruses like HPVs
[39], Caulimoviruses [40], Geminiviruses [41]. Di-nucleotide
repeat could form Z-conformation or other alternative
secondary DNA to facilitate the recombination activity [42].
Here, the presence of higher dinucleotide relative to tri-
nucleotide repeats suggests a possible host role in the
evolution of dinucleotide repeats within poxvirus genomes.
By using a single mononucleotide repeat, Houng et al., could
follow the transmission dynamics of a human adenovirus
during an epidemic [38]. Therefore, these microsatellites
could potentially be wused as a powerful tool for

epidemiological and evolutionary studies for ORFV.

The phylogenetic tree (of the complete genome) showed the
six goat ORFVs and eight sheep ORFVs formed distinctly
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separate branches except for Ger/D1701. Interestingly, this
result slightly deviated from recently studied phylogenetic
analysis based on the complete genome, which forms two
host-specific clades [7, 27]. However, our analysis, in
comparison to the previous study, showed an increase in the
heterogeneity and inability to maintain the perfection of the
host-specific clade. This kind of ambiguity was also observed
during phylodynamic analysis of the parapoxvirus genus in
Mexico (2007-2011), where Ger/D1701, with several other
isolates, exhibited a separate clade rather than host-specific
clade [34]. Viruses undergo genetic recombination to form
new variants in the population by deleting many of their non-
essential genes or by acquiring new host genes [20]. Viral
genome sequencing elucidates that recombination plays a vital
role in understanding human and animal pathogens' evolution,
including Vaccinia and Variolaviruses [43, 44]. Remarkably,
the comparative genomics approach of ORFV complete
genome provides evidence of extensive recombination among
the virus. Although several attempts were made to identify
recombination events, the lack of complete genome sequences
made this study exercise unsuccessful [26]. However, in this
study, we identified forty potential recombination events
where Ind/MP actively participated in more than 50% of
events by forming recombinant as well as major and minor
parents. Thus, the Ind/MP strain has the potential to evolve via
homologous or non-homologous site-specific recombination

and can act as a major or minor parent to form new variants.
5.4 Materials and Methods

5.4.1 Goat herds and tissue collection
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The study area is located in the Dhar district of Madhya
Pradesh, a central Indian state (75.30E, 22.59 N). Samples
were collected from a private farm during January 2017.
Samples (n=10) were collected from goats aged between one
to eleven months, showing typical Orf skin lesions on their
lips, and stored at —80 °C for virus isolation and further
analysis. Samples were collected from a single herd of
unvaccinated goats housed together, and therefore likely to

have the same viral strain.

5.4.2 DNA extraction and virus conformation

Total genomic DNA was isolated from the skin tissue
according to the protocol described by Sarker et al. 2017 using
the DNeasy Blood and tissue purification Kits (QIAGEN,
Germany) [25]. A total of 25mg of tissue was aseptically
dissected, and chopped and transferred into a microcentrifuge
tube. After centrifugation for 2minutes at 800xg, the
supernatants were subsequently filtered through Spm
centrifuge filters (Millipore) and used for viral DNA isolation.
The filtrates were RNase A treated by incubating the tube at
56 °C for 10min. The viral genomic nucleic (DNA) acids were
subsequently extracted wusing Qiagen binding columns
(QIAGEN, Germany).

The viral presence was confirmed by PCR utilizing four sets
of primers targeting ORFV011, ORFV020, ORFV059, and
ORFV108, commonly known as B2L, E3L, F1L, and A32L.
The PCR amplified DNA was purified using the MiniElute gel
extraction kit (QIAGEN, Germany) and sent for Sanger
sequencing [45]. Prior to NGS, we analyzed four partial gene
sequences to get a clear picture of the intra- and inter-strain

relationships and constructed a gene-specific phylogenetic
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tree. This exercise facilitated the understanding of the
transboundary potential and helped us determine the reference
genome for mapping, assembly, and mutational analysis. For
this, we retrieved sequences ofB2L (ORFVO011l), E3L
(ORFV020), F1IL (ORFV059), and A32L (ORFV108) genes
from GenBank. All phylogenetic trees were constructed using
the general-time-reversible (GTR) substitution model for the
maximum likelihood (ML) phylogeny with 1,000 bootstrap
values using MEGA 6.0 [25, 46]. We also constructed a
concatenated phylogenetic tree by taking these genes along
with the homologous sequences of complete genomes to
determine the reference genome. Virus isolation was
attempted bypassing clinical samples in African green monkey
kidney (Vero) cells and primary lamb testicle cell line [10,
47]. However, the virus could not be recovered until the sixth
blind passage. So, we moved ahead with the NGS experiment
by isolating viral DNA directly from the clinical samples [24,
25, 48, 49].

5.4.3 Library construction and Illumina NextSeq500
sequencing

The paired-end sequencing library was prepared from the QC-
passed viral DNA sample using IlluminaTruSeq Nano DNA
Library Prep Kit. Approximately 200 ng of QC-passed DNA
was fragmented by Covaris M220 to generate a mean
fragment distribution of 350bp. Covaris shearing generates
dsDNA fragments with 3' or 5’ overhangs. The fragments were
then subjected to end-repair. This process converts the
overhangs resulting from fragmentation into blunt ends using
End Repair Mix. The 3' to 5' exonuclease activity of this mix
removes the 3' overhangs, and the 5' to 3' polymerase activity

fills in the 5' overhangs followed by adapter ligation to the
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fragments. This strategy ensures a low rate of chimera
(concatenated template) formation. The ligated products were
size-selected using AMPure XP beads (Invitrogen™, USA).
The size-selected products were PCR amplified following
temperature cycling profile: 72 °C initial denaturation for 3
min; 95 °C denaturation for 30 s; 12 cycles of 95 °C for 10 s,
55 °C for 30 s, and 72 °C for 30 s; and 72 °C final extension
step for 5min with the index primer as described in the kit
protocol. Indexing adapters were ligated to the ends of the
DNA fragments, preparing them for hybridization onto a flow
cell. The PCR enriched library was analyzed on the 4200 Tape
Station system (Agilent Technologies) using high sensitivity
D1000 Screen tape as per the manufacturer’s instructions.
Cluster generation and sequencing of the pooled DNA-library
was performed as paired-end on NextSeq500 sequencing

chemistry according to the manufacturer’s instructions.

5.4.4 Raw sequence data processing, mapping, assembly,
and genome annotations

The sequenced raw data were processed to obtain high-quality
clean reads using the Trimmomatic v0.38 platform to remove
adapter sequences, ambiguous reads, and host sequences [50].
The high-quality reads were aligned to the reference genome
using BWA MEM software (version 0.7.17) [51]. Consensus
sequences were extracted using SAM tools [52]. The ORFV
genome was annotated using GATU to capture all the
potential open reading frames (ORFs) [53]. Intergenic regions
were further checked for the presence of ORFs using the
BWA MEM analysis tool (version 0.7.17). All the ORFs were
subsequently extracted into a FASTA file, and similarity
searches, including nucleotide (BLASTN) and protein
(BLASTP), were performed. Annotation of ORFs as potential
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genes were established based on shared significant sequence
similarity to the known viral or cellular genes (BLAST E
value<e-4) or contained a putative conserved domain as
predicted by BLASTP. The final ORFV annotations were
evaluated with other globally available ORFV isolates to
determine the correct methionine start site, assign the proper

stop codons, assign the truncation, and validate overlaps.

5.4.5 Mutations, DNA polymorphism, and evolutionary
analysis

Mutations were identified in the newly assembled genome by
manually comparing with the reference genome, utilizing the
BioEdit and ExPaSy tools. This led to the identification of
unique nucleotide mutations with  synonymous or
nonsynonymous amino acid changes. Next, by taking into
account all the fourteen available complete genome
sequences, we investigated for identification of polymorphic
sites and different evolutionary indices like haplotype (gene)
diversity, nucleotide diversity (m), selection pressure (0),
Tajima’'s D or neutrality test utilizing DnaSP. The impact of
selection pressure over ORFV was measured by considering
the ratio (6=dN/dS) of nonsynonymous (dN) and synonymous
(dS) substitution employing DnaSP with a bootstrap value of
100 replicates. The Tajima's D or neutrality test was evaluated
using the number of polymorphic sites and the standard
differences within the nucleotide number [54].

5.4.6 Detection of Simple Sequence Repeats (SSRs) or
Microsatellites
Identification of perfect mono, di, tri, tetra, penta, hexa as well

as compound microsatellites was made by IMEx software
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[55]. Microsatellites from genomes were extracted using the
‘Advance-Mode’ of IMEx using the parameters previously
used for RNA viruses [56] and DNA viruses [57]. The
parameters used were as follows: type of repeat: perfect;
repeat size: all; minimum repeat number: 6, 3, 3, 3, 3, 3 for
mono, di, tri, tetra, penta, and hexanucleotide repeats,
respectively. The maximum distance allowed between any
two SSRs (dMAX) was 10 nucleotides. Other parameters were
used as default. Compound microsatellites (cSSR) were not

standardized in order to determine real composition.

5.4.7 Phylogenetic and recombination analysis

We retrieved fourteen available ORFV complete genome
sequences for the GenBank database. Additionally, five
sequences of Parapoxvirus (PPV) and Orthopoxvirus,
consisting of two Pseudocowpoxvirus (PCPV), one Bovine
papular stomatitis virus (BPSV), and two Monkeypox virus
(MPV), respectively, were retrieved from the GenBank. These
sequences were aligned by using MAFTT (version 7) [58] and
then manually edited using the BioEdit (version 7.2) [59] tool.
MEGA 6 was used to create a phylogenetic tree based on the
GTR substitution model for the ML phylogeny with 1000
bootstrap [46]. To understand the source of genetic variation
among all the ORFV complete genomes, we looked for
evidence of recombination using the RDP, GENECONYV,
Bootscan, MaxChi, Chimaera, Siscan, PhylPro, LARD, and
3Seq methods contained in the RDP4 program [60]. Events
that were detected by at least three of the aforesaid methods
with  significant p-values were considered plausible

recombinant events.
5.5 Conclusion
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In conclusion, we report the complete genome of circulating
ORFV isolate from central India. Additionally, we estimated
the transboundary and evolutionary potential of this isolate.
Subsequently, by in-depth analysis through a comparative
genomic approach, we propose future recombination events to
drive ORFV evolution and generation of new isolates in the
region and globally. We hope that the current genomic
information would be greatly useful for further understanding
of ORFV biology, epidemiology, and research carried in front

of diagnosis and vaccine development.
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Chapter 6

The emergence of subclade Al and A3

Avipoxviruses in India

6.1 Introduction

The Poxviridae family comprises enveloped DNA viruses that
have a characteristic brick-shaped or ovoid morphology. The
Poxviridae family is divided into two subfamilies,
Entomopoxvirinae, and Chordopoxvirinae, which infect
insects and chordates, respectively [1, 2]. Within the
Chordopoxvirinae subfamily, Avipoxvirus (APV) is the only
characterized genus known to infect a wide range of avian
species with a worldwide distribution [3, 4]. Infected birds
manifest disease in two major forms. The first is a milder
cutaneous form (dry form), characterized by proliferative
nodular skin lesions on the featherless parts of the skin and is
self-limiting. The second is a diphtheritic form, characterized
by fibrino-necrotic lesions that appear in the upper respiratory
and gastrointestinal tracts of birds, and is often fatal [2].
Avipoxvirus infection can cause economic losses to the
poultry farming industry due to a reduction in egg production,
reduced growth rates, blindness, and death. Viral transmission
occurs through direct or, indirect contact, either passing

through broken skin or more commonly, by insect bites [5].
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APV infection can reduce breeding success and thus pose a
risk to small and endangered populations, particularly to

island bird species [6, 7, 8].

The Avipoxvirus genome consists of a fairly large double-
stranded DNA sequence (130-375 kbp) that encodes
approximately 150-330 proteins [9, 10]. The genome
transcription is temporally regulated, where the early gene
products assist genome replication, encode virulence factors
such as ankyrin repeat gene family protein (ANK), interleukin
binding protein, CAL/C10L-like gene family protein, and B-
cell lymphoma protein (Bcl-2) and the late gene products,
typically contribute to viral assembly [11, 12]. The diagnosis
of Avipoxvirus is primarily performed by histopathological
examination of characteristic skin lesions corroborated by
virus isolation on the chorioallantoic membrane (CAM) of
embryonated chicken eggs or cell cultures. Recently,
molecular biological methods such as PCR have emerged as a
gold standard technique for routine Avipoxvirus diagnosis.
The highly conserved loci of the viral genome, such as the
gene encoding the P4b core protein (FPV167) and the viral
DNA polymerase (FPV094), are targeted for PCR-based
diagnosis as well as phylogenetic analysis [13-17]. A
phylogenetic tree constructed based on these loci revealed that
Avipoxviruses cluster into three major clades, A, B, and C,
with clades A and B being subdivided further into Al, A2,
A3, A4, Bl, and B2 [14, 2, 18]. Recently, two additional
clades, D and E, were observed containing one and two
isolates of APV, respectively; these findings motivated us to
evaluate the presence of different viral clades and subclades

circulating throughout India [9, 16, 18].
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In India, the re-emergence of Avipoxviruses in various avian
species, such as fowl, turkey, pigeon, duck, quail, peacock,
golden pheasant, and silver pheasant, manifests with high
morbidity and mortality [19-22]. In the majority of cases,
diagnosis is based on histopathological examination of
diseased birds rather than molecular detection. Despite having
such high economic and ecological importance, Avipoxvirus
has received limited attention regarding its epidemiology and
preventive measures. In this study, Avipoxvirus DNA
recovered from infected wild birds from the Eastern Indian
state of Odisha during the years 2010-2018 were analyzed.
The outbreaks were characterized by the presence of
cutaneous lesions on featherless parts of the birds with varying
rates of morbidity and mortality. Fragments of the viral P4b
core protein and the DNA polymerase genes were PCR
amplified and sequenced. Subsequently, phylogenetic trees
were constructed to compare the sequences with those of
previously reported global strains to better understand the
emergence of circulating strains in India. This is the first
molecular characterization of Avipoxvirus strains in the
Eastern Indian state of Odisha that is based on the conserved
DNA polymerase gene. Our results show the emergence of
subclades Al and A3 in Indian chickens and pigeons,
respectively. The present study highlights the Avipoxvirus
diversity, which could facilitate the development of strategies

for disease prevention and possible eradication.

6.2 Results

6.2.1 Clinical pathology
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A total of 1280 birds were investigated showing symptoms for
APV infection, in which the morbidity ranged from 18-19.2%
and 16.9-23% in chickens and pigeons, respectively (Figure
6.1). A high mortality rate of 47.3-52.7% in chickens and
39.13-92% in pigeons was observed. Geographical
location/district-wise morbidity and mortality rates are
presented in Table 6.2. Further histopathological investigation
revealed the cause of death to be most commonly associated
with anorexia and respiratory distress followed by weight loss.
The highest morbidity and mortality was observed in the 0-8
weeks age group (Table 6.1), followed by the 9-20 weeks age
group, and was lowest in adult birds.

Sr. | Disease Host Geographic Coordinates Year of P4b DNA pol

No. species area from of virus (Accession | (Accession

outbreaks outbreak | numbers) numbers)

1 Fowl Chicken Subarnapur 19.17124°N,84.653809°E 2010 MH721409 | MH830343
pox (Gallus
gallus)

2 Fowl Chicken Ganjam 19.388201°N,85.049004°E 2011 MH721410 | MH830344
pox (Gallus
gallus)

3 Fowl Chicken Kundhamal 20.10807°N,84.041670°E 2012 MH721411 | MH830345
pox (Gallus
gallus)

4 | Pigeon Pigeon Dhenkanal 20.662901°N,85.597900°E 2010 MH721412 | MH830346
pox (Columba
livia)

5 Pigeon Pigeon Bhadrak 21.058273°N,86.495842°E 2013 MH721413 | MH830347
pox (Columba
livia)

6 Pigeon Pigeon Puri 19.80044°N,85.826752°E 2014 MH721414 | MH830348
pox (Columba
livia)

7 | Pigeon Pigeon Sambalpur 21.466871°N,83.981171°E 2016 MH721415 | MH830349
pox (Columba
livia)

8 | Pigeon Pigeon Khordha 20.1863°N,85.622597°E 2017 MH721416 | MHB830350
pox (Columba
livia)

9 | Pigeon Pigeon Nabarangpur | 19.150709°N,82.601067°E 2018 MH721417 | MH830351
pox (Columba

190




livia)
Pigeon Pigeon Boudh 20.8382°N,84.322403°E 2018 MH721418 | MH830352
pox (Columba
livia)

Table 6.1: Details of Avipoxvirus-infected domestic birds and
the location of the samples collected in this study.

Sr. | Disea | Geogr No. of host investigated No. of host affected (morbidity No. of host died (mortality %)
No. se aphic %)
arealy
ear of
sampl
ing
Chicks | Growe | Adult | Tota | Chicks | Grow | Adult | Tota | Chicks | Growe | Adults | Total
or rs S | or ers S | or rs (>20
Squabs | (9-20 | (>20 Squabs | (9-20 | (>20 Squabs | (9-20 | W)
(0- w) w) 0- |W) W) 0- |W)
8W) 8W) 8W)
1 Fowl | Subar 113 77 10 200 25 10 1 36 18 1 0 19 (52.7)
pox | napur (22.1) | (12.9) | (10.0) | (18. | (72.0) | (10.0)
/2010 0)
2 Fowl | Ganja 79 41 20 | 130 20 5 0 25 12 0 0 12
pox | m/ (25.3) | (121 (19. | (60.0) (48.0)
2011 9) 2)
3 Fowl | Kund 30 47 23 | 100 15 4 0 19 9 0 0 9
pox | hamal (50.0) | (8.5) | (8.6) | (19. | (60.0) (47.3)
/2012 0)
4 Pigeo | Dhen 64 36 70 | 170 25 7 6 38 18 2 0 20
npox | kanal/ (39.0) | (19.4) | (8.5) | (22. | (72.0) | (28.5) (52.6)
2010 3)
5 Pigeo | Bhadr 35 55 10 | 100 10 10 3 23 6 3 0 9
npox | ak/ (28.5) | (18.1) | (30.0) | (23. | (60.0) | (30.0) (39.1)
2013 0)
6 Pigeo | Puri/ 40 40 50 | 130 14 6 2 22 10 1 1 12
npox | 2014 (35.0) | (15.0) | (4.0) | (16. | (71.4) | (16.6) | (50.0) | (54.5)
9)
7 Pigeo | Samb 73 12 10 |90 14 2 2 18 13 1 0 15
n pox | alpur/ (19.1) | (16.6) | (20.0) | (20. | (92.8) | (50.0) (83.3)
2016 0)
8 Pigeo | Khor 92 13 15 | 120 25 0 0 25 23 0 0 23
n pox | dha/ (27.1) (20. | (92.0) (92.0)
2017 8)
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9 | Pigeo | Nabar 77 23 15 | 115 20 0 0 20 18 0 18
n pox | angpu (25.9) (17. | (90.0) (90.0)
r/201 3)
8
10 | Pigeo | Boud 69 37 19 | 125 12 8 3 23 9 2 11
npox | h/ (17.3) | (21.6) | (15.7) | (18. | (75.0) | (25.0) (47.8)
2018 4)

Table 6.2: Table showing the characteristics of the birds
included in the study with their corresponding morbidity and

mortality percentage (W=Weeks).

6.2.2 Phylogenetic analysis of the P4b (FPV 167) and DNA
polymerase (FPV094) gene

Initial PCR screening for positive samples was performed
with primers targeting the P4b and DNA polymerase gene
(Figure 6.2 A-B). Subsequently, loci comprising fragments of
368bp (P4b) and 520 bp (DNA polymerase) nucleotides were
used for the phylogenetic analysis. For P4b gene phylogenetic
tree construction, all 85 available Avipoxvirus isolates
stemming from 49 different bird species were retrieved from
GenBank, while for DNA polymerase, all 39 available
sequences obtained from 23 different bird species were
analyzed. Trees were constructed using three different
methods, such as neighbor-joining (NJ), maximum likelihood
(ML), and Bayesian, based on the alignment of the
concatenated, P4b, and DNA polymerase gene sequences.
Based on bootstrap and posterior probability values the
Bayesian trees were considered to be the most reliable,
followed by the NJ and ML trees (Figure 6.3). The
concatenated tree topology exhibited the presence of three
clades, A, B, and C followed by subclades A1-A7 and B1-B2.
However, we have noticed a mixed subclade A2 and A3

during our investigation. To get a clear picture of subclade
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distribution, we choose the Bayesian approach to construct a
gene-specific phylogenetic tree using the P4b gene (Figure
6.4) and DNA polymerase gene (Figure 6.5). The P4b
phylogenetic tree results showed the presence of five clades,
A, B, C, D, and E, with subclades A1-A7 and B1-B3 among
the global circulates (Figure 6.4), while phylogenetic tree
based on DNA polymerase gene indicates the presence of four
clades such as A, B, C, and E with subclade A1-A7 and B1-
B2 These minor differences in the clade and subclade
distribution  between concatenated and gene-specific
phylogeny were also reported by Gyuranecz et al., 2013 [14]
while studying the worldwide phylogenetic relationship of
APVs, Importantly, all isolates of this study grouped into
clade A. In the subclade analysis, three samples of APVs
(collected from infected chicken in this study) grouped into
clade Al along with some previously reported Indian isolates
collected from infected golden pheasant (HM481402),
sparrow (HM481407), chicken (KF548036), and peacock
(HM481405). However, several other non-Indian isolates also
grouped into subclade Al, including APVs isolated from
chicken (Mozambique, Tanzania, China, Portugal, Nigeria,
UK, France, Europe, Hungary, Egypt, and USA), turkey
(Egypt, Iran, USA, and Italy), parrot (Chile), macQueens
bustard (UAE), blue-eared pheasant (Hungary) and paradise
shelduck, variable oystercatcher, black robin, shore plover
from New Zealand. The percentage of nucleotide similarity of
all isolates analyzed from different species was 99.80-100%
identical to each other.

Samples collected
from pigeons in this study grouped in subclade A2, along with

other previously reported APVs from pigeons (MF496043 and
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DQ873811) and chicken (DQ873810) in India. Several other
global APV isolates collected from turkey (Mozambique, UK,
and Italy), pigeon (UK, Egypt, and South Africa), dove
(Hungary), Indian peafowl (Hungary), macQueens bustard
(UAE), grey partridge (Italy), gyrfalcon (ltaly), canary (Italy)
along with the booted eagle, red kite, red-legged partridge
from Spain were also grouped into the A2 subclade. The
percentage nucleotide identity of each locus revealed that all
isolates collected from different species were identical to each
other in a species-specific manner, with 99.39-100%

similarity.

The phylogenetic tree based on the DNA polymerase gene
showed the presence of four clades, A, B, C, and E, with
subclades A1-A7 and B1-B2 (Figure 6.5). The isolates in this
study grouped into clade A. Further subclade analysis showed
that Avipoxvirus isolates of chickens grouped into subclade
Al along with several other global isolates, including APVs
isolated from chicken (Mozambique, Hungary, France, Brazil,
and Egypt), turkey (USA), parrot (Chile), blue-eared pheasant
(Hungary)  with  99.84-100%  nucleotide  similarity.
Interestingly, samples collected from infected pigeons
grouped into subclade A3, along with previously reported
global isolates such as those of great bustard (Spain), oriental
turtle doves from South Korea, and feral pigeons of South
Africa. The percentage nucleotide identity of each locus
revealed that all isolates investigated here were identical to
each other in a species-specific manner, with 99.08-100%

similarity.
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Figure 6.1: Figure illustrating clinical cases of FPV infection
in chickens showing lesions around the beak, eye lids and
featherless part of the body during the outbreak investigation.

Figure 6.2 A-B: PCR confirmation of avipoxvirus genes: (a)
The left panel shows the PCR amplification of the P4b gene
from the ten APV isolates in this study. The last lane
represents the marker (100 bp), while the second to last lane
represents the negative control, i.e., no template. (b) The right
panel shows the PCR amplification of the DNA polymerase
gene from the ten APV isolates in this study. The last lane
represents the marker (100 bp), while the second to last lane
represents the negative control, i.e., no template.
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MF766430 (Chicken-France/2016)
MH734528 (Merriams turkey-USA/2015)
MGT8T394/MH237842 (Chicken-Mozambique/2017)
KC017962/KC017867 (Chicken-HawaiilUSA/1998)
KC017960/KC017850 (Chicken-Hungary/2003) A1l
KC017961/KC017866 (Turkey-Nevada/USA/2005)
KC017964/KC017851 (Blue-eared pheasant-Hungary/2005)
A MH721409/1H830343 (Chicken-Subarnapur/Odishafindia/2010)
A MH721410/MH820244 (Chicken-Ganjam/Odishallndia/2011)
A MHT21411/MH830345 (Chicken-Kundhamal/Odisha/india’2012) |
KCO017976/KC017891 (Booted eagle-Spain/2000) ]
KCO017977/KC017892 (Red-legged partridge-Spain/2000)
KCO017978/KC017893 (Red kite-Spain/2003)
KCO017979/KC017894 (Booted eagle-Spain/2003)

(

(

96/64/65

100/100/100

99/100/99|

KCO017980/KC017895 (Red-legged partridge-Spain/2002)
MG787396/MH237843 (Turkey-Mozambique/2017)
KC017975/KC017857 (Indian peafowl-Hungary/2003)

100/100/99 | A HHT21412MHE30346 (Pigeon DhenkanallQdishaindiar2010)  [A2
100 & MH721414/MHB30348 (Pigeon-PurifOdishalindia’2014) & |Clade A
| A MHT21415MHg30340

100/75/72)

>

Pigeon-Sambalpur/Qdisha/india/2016) 3

A VH721418/MH830350 (Pigeon-Khordha/Odishalindia/2017)

100
152 A H721418/MH830352 (Pigeon-Boudh/Odishalindia’2018)
145 A MH721413/1MH830347 (Pigeon-Bhadrak/Odisha/lndia/2013)

100/98/85 85/63/57|1 & WH721417/MHB30351 (Pigeon-Nabarangpur/Odishalindia/2018)
KC017972/KC017886 (Oriental turtle dove-South Korea)
KCO17973/KC017887 (Oriental turtle dove-South Korea)
100/100/100 ¢ . )
100 KCO17974/KC017890 (Great bustard-Spain/2003)
KCO18008/KC017860 (Hawk-Hungary/2003
[ ( garyi2003) | o
100/100/100 100/100/1001- KC018010/KC017896 (Red Kite-Spain/2000)

KC018000/KC017912 (Mourning dove-Wisconsin/USA/1987)
A6
100/1001100! KC018002/KC017913 (Canada goose-USAH992)
100/100/100, KC017993/KC017908 (Red head duck-WisconsinUSAI1981) | 5 5
KC017995/KC017909 (Trumpeter swan-Wisconsin/USA/1989)]

100/100/100 KC017988/KC017858 (Peregrine falcon-Hungary/2005) Ad
KC017989/KC017859 (Red-footed falcon-Hungary/2007)

100/100/100 KCO1EO14/KCOWEGB(Canary—HawaH/USA/1996]B1 = ]
100/100/100 KC180581KC017863 (Golden eagle-Spain/2000)
wmuﬁwcwm (European starling-Maryland/USA/1967) Clade B
— KC018065/KC017955 (European starling-Maryland/USA/1985) B2

100/100/100, AMO50383/KCO17849 (Farrot-UK)
TKCO180B/KCO17925 (Parrot-ew YorkUSA/1980)

Clade C

0.050

Figure 6.3: Phylogenetic tree construction for avipoxvirus
isolates. Concatenated DNA sequences comprising P4b and
DNA polymerase genes Avipoxviruses were used to construct
a phylogenetic tree with posterior probability values of the
Bayesian trees (1,000 replicates), neighbor-joining, and
maximum likelihood bootstrap values (1,000 replicates). The
left side of the branch points having some numeric, which
represents the Bayesian posterior probability values/
neighbor-joining bootstrap values/ maximum likelihood
bootstrap values and subclades, labeled according to the
nomenclature of Mapaco et al. 2018 and Offerman et al.,
2013. The number of substitutions per site was represented in
the scale.
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AMDSE0377 (Chicken-UK/2006)
MG787394 (Chicken-Mozambique/2017)
MF766430 (Chicken-France/2016)
MHT34528 (Merriams turkey-USA/2015)
KU522210 (Turkey-Iran/2015)
KR534326 (Turkey-Egypt2013)
KCO17963 (Parrot-Chile/2004)
KM874727 (Chicken-Portugal/2013)
KP9B7214 (Chicken-Nigeria/2013)
MH721408 (Chicken-Subarnapur/Odisha/lndia/2010)
MH721410 (Chicken-Ganjam/Odisha/ndia/2011)
MHT21411 (Chicken-Kundhamal/Odisha/india/2012)
HMA481407 (Sparrow-India/2008)
HM481406 (Silver pheasant-India/2008)
HM481405 (Peacock-India/2008)
HM481402 (Golden pheasant-India/2008)
KF548036 (Chicken-India/2013)
AMOS0380 (Chicken-Europe) A1
Q180201 (Grey partridge-ltaly)
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Q221268 (Canary-aly)
HQ701718 (South Island saddleback-New Zealand/2006)
HQ701718 (Paradise shelduck-New Zealand/2008)
HQ701720 (Variable oystercatcher-New Zealand/1992)
HQ701721 (Black robin-New Zealand/2005)
HQ701722 (North Island Robin-New Zealand/2002)
HQ711987 (North Island saddleback-New Zealand/2004)
HQ711989 (Shore plover-New Zealand/2007)
KCO017982 (Chicken-Hawai/USA/1996)
KG017960 (Chicken-Hungary/2003)
JQO65839 (Turkey-Egypu2011)
IX464821 (Chicken-Egypt/2011)
KC017961 (Turkey-Nevada/USA/2005)
KCO017964 (Blue-eared pheasant-Hungary/2005)
HQ701723 (Song thrush-New Zealand/2002)
LKO21663 (MacQueens bustard-UAE/2011)
HQ701724 (Silvereye-New Zealand/2007)
HQTO1717 (Shore plover-New Zealand/2007)
KF 722863 (Chickens-Tanzania/2011)
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MHO81351 (Quail-Mozambique/2018)
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Q180208 (Canary-Haly)
GQ180210 (Gyrfalcon-taly)
JQBB5840 (Pigeon-Egypt/2011)
KGO017976 (Booted eagle-Spain/2000)
KCO17977 (Red-legged partridge-Spaini2000)
KCO17978 (Red kite-Spain/2003)
KG017979 (Booted eagle-Spain/2003)
KCD17980 (Red-legged partridge-Spain/2002)
KGB21561 (Feral pigeon-Port Elizabeth/South Africa)
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MH721414 (Pigeon-PuriOdisha/india/2014)
MHT21415 (Pigeon-Sambalpur/Odisha/india/2016)
MHT721418 (Pigeon-Khordha/Odisha/ndia/z017)
MH721418 (Pigeon-Boudh/Odishalindia/2018)
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r KC017976 (indian peafowl-Hungary/2003)
o7 A MH721413 (Pigeon-Bhadrak/Odisha/india/2013)
A MHT721417 (Pigeon-Mabarangpur/Odishafindia’2018)|
KG821560 (Feral pigeon- Port Elizabeth-South Africa)]
104 KC017972 (Oriental turtle dove-South Korea) =
KC017973 (Oriental turtle dove-Sauth Korea) A
KCD17974 (Great bustard-Spain/2003) A3
AMOS0376 (Falcon-UAE) 3
AMO50392 (Black-browed Albatross-UKK) S
HQ701713 (New Zealand pigeon-New Zealand/2002) |&>
100 KC018008 (Hawk-Hungary/2003) A7
KC018010 (Red Kite-Spain/2000)
KC018000 (Mouming dove-WisconsinUSAT1967)] o g
100 KC018002 (Canada goose-USA/1992)
94 KC017093 (Red head duck-WisconsinlUSA1991) | o g

100! KC017995 (Trumpeter swan-Wisconsin/USA/1989)
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Figure 6.4: The phylogenetic tree of nucleotide sequences for
the P4b core protein gene of the APV isolates. Black circles
represent the APVs previously isolated in India; black
triangles represent the isolates of the current study.
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Figure 6.5: The phylogenetic tree of nucleotide sequences for

the DNA polymerase gene of the APV isolates (current

isolates are marked with black triangles).
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6.3 Discussion

Avipoxviruses often cross species barriers, which could be
one of the reasons for the presence of these viruses in both
domesticated and wild birds. Among the various fatal viral
diseases, APV infection causes significant mortality in
domesticated birds, second only to Newcastle disease virus
infection, which causes the most fatalities [23]. In the present
study, Avipoxviruses were detected in two different genera of
birds from ten geographically distinct regions of Odisha over a
period of eight years, and the pathology, morbidity, and
mortality were assessed. Our study revealed that the
morbidity/mortality percentage in APV infections is similar to
the previous reports, in which rates were found to be more
than 50% [24-26]. However, our results differed from the
recently studied Avipox outbreak, in which the percentages
varied from 17-18% and 41-45%, respectively [27]. The
difference in severity may be due to the presence of higher
chicks or squabs population (0-8W) within the study group
[28, 29]. The highest incidence of morbidity and mortality was
recorded in the younger population (0-8 weeks old chicks or
squabs), followed by growers (9-20 W) and adults (>20 W).
This is probably due to the absence of maternal antibodies in
the chicks or squabs [30, 31] or due to overall underdeveloped
immune systems. As most of the poultry farmers in this region
did not adopt vaccination, this might have contributed towards
higher susceptibility and severity of the disease [32]. The viral
presence was confirmed by PCR amplification of two loci
containing the P4b core protein and the DNA polymerase
gene. BLAST and phylogenetic analysis revealed species-
specific matches of 100% nucleotide similarity within the
collected virus samples. This finding indicates that
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geographically restricted isolates are stabilized over time.
Earlier reports on Avipoxvirus classified them into three
major clades, A, B, and C, with subclades Al, A2, A3, B1,
and B2 [20]. However, recently, two important clades (D and
E), as well as subclades A1-A7 and B1-B3, have emerged [ 9,
16-18]. Following this nomenclature, we observed that three
FPV isolates in this study, along with similar Indian isolates,
including strains isolated from endangered birds derived from
GenBank, formed a robust Al subclade. Other isolates from
chicken (Mozambique, Tanzania, China, Portugal, Nigeria,
UK, France, Europe, Hungary, Egypt, and USA), turkey
(Egypt Iran, USA, and lItaly), parrot (Chile), macQueens
bustard (UAE), Blue-eared pheasant (Hungary) and paradise
shelduck, variable oystercatcher, black robin, shore plover
from New Zealand also grouped into this subclade. We
observed that the hosts of the order Galliformes primarily
harbored the Al subclade, which is similar to the findings
reported by Gyuranecz et al., 2013 [14] and Jarmin et al., 2006
[14, 2]. Although subclade Al was previously reported in
India [20], the host species were observed to be endangered
wild birds sampled from the Indian states of Andhra Pradesh,
Karnataka, and Maharashtra. In this study, for the first time,
we report the presence of subclade Al in domesticated and
economically important bird species of India. We speculate
that transboundary and cross-species transfer of APV isolates
could have resulted into this, as Odisha is geographically
adjacent to Andhra Pradesh. Similarly, it is interesting to note
that the chicken isolates collected from India and China have
100% nucleotide similarity and are grouped into the same
subclade, which may share a common origin. However,

further in-depth genetic characterization is required to confirm
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this origin as well as the similarity in virulence and mortality
rates. The remaining seven isolates derived from pigeons
exhibited 99.39-100% similarity with the virus isolates from a
pigeon (UK, Egypt, and South Africa), turkey (Mozambique,
UK, and lItaly), dove (Hungary), Indian peafowl (Hungary),
macQueens bustard (UAE), grey partridge (ltaly), gyrfalcon
(Italy), canary (ltaly) along with the booted eagle, red Kite,
red-legged partridge from Spain, and grouped into subclade
AZ2. Interestingly, our observation is consistent with the earlier
report [33].

The DNA polymerase gene is used as a marker for the
molecular characterization of APV isolates [14, 16, 17]. For
this reason, we performed a phylogenetic analysis with the
DNA polymerase gene for the first time with Indian isolates.
All three FPV isolates in our study, along with other strains
derived from chicken (Mozambique, Hungary, France, Brazil,
and Egypt), turkey (USA), parrot (Chile), blue-eared pheasant
(Hungary), formed a robust Al subclade based on the
polymerase gene sequence with 99.84-100% nucleotide
similarity. In contrast, the pigeon pox isolates were grouped
into subclade A3, along with those of great bustard (Spain),
oriental turtle doves, and feral pigeons from South Korea and
South Africa, respectively, with 99.08-100% nucleotide
identity. Previously, Offerman et al., reported the presence of
subclade A3 in African pigeons [33]. For the first time, the
present study shows the existence of the A3 subclade in Indian
pigeons. Several studies have shown that APVs from the same
species of bird form different subclades [2]. Our study
observed a similar pattern of subclade distribution, where the
phylogenetic tree-based on the P4b and polymerase genes of

pigeonpox virus from two different subclades, A2 and A3,
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respectively. This type of ambiguity has been observed in
many studies due to the complicated nature of the host range
of APV [2]. APVs undergo genetic recombination during
which many non-essential genes may be deleted, or new host
genes may be acquired, leading to the generation of new
variants in the population [14]. To investigate whether
recombination plays a crucial role in APV evolution in India,
we need to utilize genomic resources with complete genome
sequence information from a large population. Currently, not a
single complete APV genome has been reported from India,
which restricts our ability to assess the evolution of APV in
the Indian subcontinent.

6.4 Materials and methods

6.4.1 Sample and outbreak data collection

Skin or scab samples from the comb, eyelids, and beak from
suspected Avipoxvirus-infected birds were collected from ten
outbreaks, which occurred in diverse geographical locations in
Odisha, India, during the years 2010-2018. In this
surveillance, 1280 birds were investigated, followed by a
collection of 249 suspected tissue samples from unvaccinated
backyard farms having a cutaneous infection. The primary
symptoms of infection comprised of dehydration, anorexia,
emaciation, weight loss, stunted growth, decreased egg
production, and in certain cases, birds faced blindness due to
blepharitis and conjunctivitis. Infected tissue samples (5 Q)
were transferred to sterile phosphate-buffered saline (PBS),
pH 7.2 supplemented with antibiotics and antifungal reagents,
and stored at —20 °C until needed for further processing and

laboratory analysis.
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6.4.2 DNA isolation

Briefly, all suspected tissue samples were homogenized in 1
ml of sterile 0.1 M PBS and then treated with tissue lysis
buffer containing proteinase K, and the mixture was incubated
at 56°C overnight for cell lysis. Finally, the cell lysates were
passed through a charged column (Qiagen, USA), and DNA
was eluted from the column by using the previously described
standard phenol-chloroform and stored at -20°C until further
use [34].

6.4.3 PCR amplification

The P4b core protein fragment was amplified by the primers,
For: 5CAG CAG GTG CTA AAC AA3' and Rev: 5'CGG
TAG CTT AAC GCC GAA TAZ'; the DNA polymerase gene
fragment amplification was performed with For: 5CGC CGC
ATC TAC TTA TC3', and Rev: 5'CCA CAC AGC GCC ATT
CAT TA3' [14]. The PCR mixture (25 pL) contained 5 pmol
of each primer, 2 mMMdNTPs in 1x buffer supplemented with
2.5 U Taqg polymerase as per the supplier's instructions (NEB).
The thermal cycling conditions were as follows: initial
denaturation at 95°C for 5 min, followed by 35 cycles of
denaturation at 95 °C for 50 s, annealing at 55 °C for 60 s,
extension at 72 °C for 90 s and a final extension at 72 °C for 7
min. PCR amplified products (5 puL) were loaded onto a 1.5%
agarose gel. Samples collected from a single flock of chicken
or pigeons housed together in a particular location during the
outbreak were grouped together, which resulted in three FPV
and seven PPV groups. PCR was done from the samples
representative of the group, and respective amplicons were
gel-purified by using a PureLink quick gel extraction Kit

(Invitrogen, USA) and sequenced commercially.
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6.4.4 DNA sequence analysis of the P4b and DNA

polymerase genes

Phylogenetic analyses were performed separately for the P4b
and DNA polymerase gene sequences. DNA sequences were
initially edited by BioEdit v7.0.5 and submitted to the
GenBank database under the accession numbers listed in
Table 6.1. The other isolates of APVs were downloaded from
the GenBank database and then aligned using CLUSTAL X
(Annexure B). Phylogenetic trees were constructed
individually and for concatenated, P4b, and DNA polymerase
gene sequences. Trees were generated using three methods:
neighbour-joining (NJ), maximum likelihood (ML), and the
Bayesian approach. To choose the best model of evolution,
jModelTest was used [35]. According to Akaike's information
criterion, the best suitable model for the P4b, and the
concatenated sequences were noted to be transitional model
TPM1uf+G, while that for DNA polymerase gene, a gamma
distribution (GTR+G) was found to be the best. The gamma
rates for the three gene sequences were as follows:
concatenated = 0.3612, P4b = 0.3680 and polymerase =
0.8700. The NJ and ML analysis in MEGA 6.0 was done with
a bootstrapped for 1000 with the respective model [36].
Bayesian analysis in MrBayes 3.1 was run for 1 to 2.5 million
generations, with sampling at every 100" generation until
model convergence was achieved [37]. Further, clade
subdivisions were performed according to the methods

described in previous reports [14, 17].
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6.5 Conclusion

Since APVs have a wide host range, it is difficult to develop

an effective preventive strategy because detailed knowledge of

viral isolates is lacking. Our findings provide evidence of

circulating APV strains in India, which may contribute to a

better understanding of APV epidemiology to aid the

development of effective vaccines in the near future.
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Chapter 7

Genome-wide identification and characterization

of microsatellite markers within the Avipox virus

7.1 Introduction

The Poxvirus family consists of enveloped DNA viruses
having distinguished brick-shaped or ovoid architecture that
replicates within the cytoplasm. The genus Avipox virus
(APV), derived from the subfamily Chordopoxvirinae, infects
more than 300 bird species globally [1, 2]. There are eight
complete APV genomic sequences available in GenBank
derived from different species, such as fowlpox virus (FWPV)
[3], canarypox virus (CNPV) [4], pigeonpox virus (FeP2),
penguinpox virus (PEPV) [5], turkeypox virus (TKPV) [6],
shearwaterpox viruses (SWPV) [7], flamingopox virus
(FGPV) [8], and magpiepox virus (MPPV) [9]. Two
significant forms of infection usually are observed in the
birds. The most common is the moderate cutaneous form (dry
form), manifested by small rounded warts like skin lesions
present over the body's unfeathered parts. The second is the
diphtheritic form, which generally infects the upper portion of
the respiratory and gastrointestinal systems with higher
mortality rates [10]. Infection often shrinks egg production,
results in stunted growth, anopia, fatality, and severely impact
farm economics. Transmission occurs through direct contacts,
such as passing respective pathogens through skin aberration
or indirectly by insect bites [11]. With perspective to critically
endangered and endangered bird species, APV infection can
reduce breeding success and thus possess a risk of extinction
[12].
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The APV genome consists of a double-stranded DNA
sequence ranged between 130-375 kbp, which encodes
approximately 150-330 proteins [6]. The genome encodes
early genes that regulate viral replications well as virulence
factors. These include C-type lectin protein, B-cell lymphoma
2 (Bcl-2 protein), serpin, semaphorin, and the late gene
expression such as virion assembly protein, putative 1IVM
membrane protein maintain the viral assembly [5]. The
histopathological characterization of skin lesions or cell
culture methods used to conform to the virus's presence.
Molecular detection includes the PCR technique utilizing
conserved loci of the viral genome, namely, P4b core protein
(FPV167) and the viral DNA polymerase (FPV094) [13]. As
these genes were derived from the conserved region, these

could not help to mitigate strain diversity.

Microsatellites refer to mono to hexanucleotide repeated
sequence units ubiquitously distributed in eukaryotic [14] and
prokaryotic genome [15], including that of viruses [16].
Depending on the nucleotide sequence composition, the SSRs
termed as either simple or compound. The interruptions within
the simple microsatellite lead to an interrupted pure,
interrupted compound, complex, and interrupted complex.
Two microsatellites close to one another generate compound
microsatellites due to repeats' interruption [17]. The SSRs
govern a vital role in the genome, as recombination during
meiosis [18], species evolution [19], mapping of the genome
[20], viral strains demarcation [21, 22], and population
genetics analysis [23]. Evidence suggests the microsatellites
are well present in the viral genome. These include human
cytomegalovirus (hCMV) [24], white spot syndrome virus
(WSSV) [25], Adenovirus [26], Spodoptera littoralis multiple
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nucleopolyhedrovirus [27] (SpliMNPV), and Salmon gill
poxvirus [28]. Here we report for the first time on comparative
analysis, abundance, distribution, and composition of SSRs
within APV through an in-silico approach. Following this
development, we characterized forty compound microsatellite
markers in two species. Thus these markers could be used as a
tool for virus identification, strain demarcation, and the

respective virus's evolutionary study.
7.2 Results

7.2.1 Distribution of SSRs and cSSR in APV Genome

During this study, we observed microsatellites spanned along
the entire APV genomes with a ranged 1531-2473 and an
average of 2082. The RA and RD varied from 6.87-8.12 and
45.8-53.58, respectively (Table 7.1). On examining the SSR
unit size classes, di-nucleotide repeats were found to be most
abundant (53.85%), followed by mononucleotide (34.20%)
and trinucleotide (11.11%) repeats in all the genomes.
Tetranucleotide, pentanucleotide, and hexanucleotide repeats
were the least in number and represented 0.61%, 0.11%, and
0.11% within the APV genomes, respectively. Approximately
79.75% and 20.25% of microsatellite motifs were distributed
within coding or noncoding regions, respectively. Among the
noncoding region, 1.07% is present in UTR, while 19.18% in
the intergenic region, where functional protein and
hypothetical protein occupied 65.02% and 14.72%,
respectively. The incidence of compound microsatellites
number ranged from 135-198, with an average of 164
occurring in each genome. The compound microsatellite's RA
and RD values ranged from 0.5-0.71 and 9.39-12.92,
respectively. Approximately 73.12% and 26.88% of
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microsatellite  motifs were distributed within coding or

noncoding

regions,

respectively. Among the noncoding

region, 0.76% is present in UTR, while 26.12% in the
intergenic region, where functional protein and hypothetical

protein occupied 58.49% and 14.62%, respectively (Figure 7.1

A-B).
Sr. | Virus species | Acc. no. Strain Size Country | GC Total | RA | RD Total | cRA | cRD | % of
No. (bp) (%) no of no of ¢SSR
SSR Cssr

S1 | Fowlpox virus | MF766431 | 16069-Trachea 288539 | France 30.83 | 2001 | 6.93 | 458 | 146 |05 |9.39 | 7.29

S2 | Pigeonpox NC024447 | FeP2 282356 | South 29.52 | 2013 | 7.12 | 47.95 | 157 | 0.55 | 10.86 | 7.79
virus Africa

S3 | Turkeypox NC028238 | TKPV-HU1124 | 188534 | Hungary | 29.78 | 1531 | 8.12 | 53,58 | 135 | 0.71 | 12.92 | 8.81
virus

S4 | Shearwaterpox | KX857215 | SWPV-2 351108 | Australia | 30.23 | 2439 | 6.94 | 46.67 | 188 | 0.53 | 10.23 | 7.7
virus

S5 | Flamingopox NC036582 | FGPVKDO09 293123 | South 29.46 | 2027 | 6.91 | 46.67 | 153 | 0.52 | 9.85 | 7.54
virus Africa

S6 | Canarypox MG760432 | FMV15SnBuPox | 359853 | Canada | 30.37 | 2473 | 6.87 | 46.24 | 198 | 0.55 | 10.31 | 8
virus

S7 Magpiepox N/A 293226 | Australia | 29.59 | 2057 | 7.01 | 46.87 | 178 | 0.6 | 11.46 | 8.65
virus MK903864

S8 | Penguinpox KJ859677 | PSan92 306862 | South 295 | 2119 | 6.9 | 46.21 | 158 | 051 | 9.71 | 7.47
virus Africa

Table 7.1: Overview of SSRs within various species of APV

complete genome sequences and their parameters obtained

during this study.
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Figure 7.1 A-B: Distribution of SSR and cSSR within AVP
genome. A. Graphical representation showing the distribution
of SSRs and cSSR within the different genomic locations,

including the noncoding and coding regions.

A varied range of cSSR% percentage observed within the
APV genome ranges from 7.29-8.81 (Table 7.1). To reveal the
effect of dMAX, all the APV genome sequences of this study
utilized to calculate the difference of incidence cSSR with
increasing dMAX. The dMAX was estimated from 10 and 100
by Microsatellite Identification Search Analysis (MISA) [29].
It resulted in an elevation in the incidence of compound
microsatellites with an increase in dMAX value but decreased

after a certain point (Figure 7.2).
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Magpiepox virus ( MK903864)

Fowlpox virus (MF766431)

Flamingopox virus (NC036582)

Canarypox virus (MG760432)

0 5 10 15 20 25 30
= dMax 100 m dMax 90 = dMax 80 mdMax 70 = dMax 60
= dMax 50 dMax 40 = dMax 30 = dMax 20 mdMax 10

Figure 7.2: Effect of dMAX. Percentage of compound
microsatellite differed with various dMAX values (10-100).
The accession number of each species of the APV genus is
mentioned on the right side of the graph. An increased
incidence of compound microsatellite was observed with a
higher value of dMAX.

7.2.2 Frequency of classified repeat types

The overall frequency of mononucleotide repeats was 34.20%
for A/T, while that of C/G was 0.33%. In case of the
dinucleotide repeat motif, AT/TA (43.80%) were the most
prevalent than AG/CT repeats (5.55%), AC/GT(4.23%) and
CG/GC (0.27%). Analysis of the classified tri-repeat types
revealed that the APV genome had 10 types of trinucleotide
from which AAT/ATT, ATC/ATG, AAG/CTT, ACT/AGT,
AAC/GTT, ACC/GGT, AGG/CCT, AGCI/CTG, ACG/CGT,
and CCG/CGG were abundantly present exhibiting 5.90%,
1.60%, 1.44%, 1.02%, 0.54%, 0.18%, 0.15%, 0.14%, 0.13%,
and 0.01% respectively. The prevalent tetranucleotide repeats
were  AAAT/ATTT (0.22%), AAGT/ACTT (0.06%),
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AATT/AATT (0.06%), ACAT/ATGT (0.06%), AAAG/CTTT
(0.05%), AACT/AGTT (0.05%), AGAT/ATCT (0.03%),
ATCC/ATGG (0.02%), AAAC/GTTT (0.01%), AATC/ATTG
(0.01%), AACC/GGTT (0.01%), AAGG/CCTT (0.01%),
AATG/ATTC (0.01%), ACCT/AGGT (0.01%), and
ATGC/ATGC (0.01%). The penta and hexanucleotide repeats
present in the AVP genomes were AAAAT/ATTTT,
AAATT/AATTT, AAAAG/CTTTT, AATAT/ATATT,
AATGT/ACATT, AGGGG/CCCCT, AAAGAT/ATCTTT,

AAATAT/ATATTT, AAATGG/ATTTCC,
AAGAAT/ATTCTT, AAGATG/ATCTTC,
AAGGGT/ACCCTT, AAGTAT/ACTTAT,
AATCAT/ATGATT, AATGAT/ATCATT,
ACGGAG/CCGTCT, AGATAT/ATATCT,

AGGCGG/CCGCCT, ATATGC/ATATGC respectively but
were very sparsely populated. However, the accession specific
analysis illustrated that, the frequency of mono, di, tri repeats

were varied from each other (Figure 7.3 A-C).
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Figure 7.3 A-C: Distribution of classified microsatellites
among APV genomes. (A) Distribution pattern of
mononucleotide SSRs within APV genomes, (B) distribution
pattern of dinucleotide SSRs within APV genomes, and (C)
distribution pattern of trinucleotide SSRs within APV

genomes.
7.2.3 Motif complexity of compound microsatellites

cSSRs usually consist of more than two individual
microsatellites  close  together.  According to their
microsatellite constituents, these are classified as '2-
microsatellite’ or '3-microsatellite’ having the pattern like m1-
xn-m2/m1-xn-m2-xn-m3 [30]. The cSSRs of APV genomes
majorly consists of two motifs, which contribute 99% of total
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CSSR, followed by tri and tetra motifs. Evidence suggests that
the ¢SSR, CTG-CAG composed of self-complementary
motifs, has evolved through the process of recombination
[31]. However, such a cSSRmotif was not observed during our
study, indicating the lack of correlation between
recombination processes with the ¢SSR formation. Motifs
with maximum representation within the genome have the
pattern [m1]n-xn-[m2]n termed as SSR-couples. We observed
microsatellite couples, like(TA)sz-x-(TC)s,(TAA)z-X-(TAT)z,
(AG)3-x-(AT)s, (TC)3-x-(TA)3, (AG)s-x-(AT)3, (GC)s-x-
(GA)3, (AT)3-x-(AG)3, (TA)z-x-(TAT)swithin the analyzed
genome. Self-complementary cSSR  like(AT)3-x1-(TA)s,
(AT)3-x0-(TA)3, (TA)3-x6-(AT)s, (TA)3-x5-(AT)z, (TA)z-x7-
(AT)3, (TA)s-Xx0-(AT)3, (AT)z-x9-(TA)3, (AT)z-x6-(TA)3,
(AG)3-x1-(TC)s observed within APV, those leads to the
formation of secondary structure within the genome. Motif
composition like (CA)n-(X)y-(CA)z resembled duplication
phenomena in which a similar motif is located on both ends of
the spacer sequence. About 0.92% of the total cSSR were
made up of duplicated sequences having the motif pattern
(TA)3-x5-(TA)3,(T)6-x2-(T)9, (AT)3-x1-(AT)3, (AT)3-x8-
(AT)3, (T)6-x5-(T)6, (TA)3-x7-(TA)3, (A)6-x6-(A)6, (T)7-
x2-(T)7, (ATC)3-x3-(ATC)3-x3-(ATC)3-x3-(ATC)3, (AG)3-
x9-(AG)3, (A)10-x7-(A)6, (TCA)3-x3-(TCA)3, (T)6-x2-(T)9.
The Circos map generated here in Figure 7.4 clears showcases
the distribution pattern of the SSRs and cSSRs within the
selected APV genomes.
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Figure 7.4: Circos map construction. Circos plot
demonstrating the genome-wide study of SSRs and cSSRs
across eight different species of Avipoxvirus. From outer to
inner ring: Species, Genome size, Genes, SSRs, SSRs
frequency/1kbs, cSSRs, developed cSSR markers, and GC

content.
7.2.4 Development and characterization of cSSR markers

We have targeted the development and characterization of
compound microsatellites during this study due to their higher
polymorphic rate [32]. So, randomly twenty sets of cSSR
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markers were chosen from FPV and PPVand validate in vitro
by amplifying each primer sets with the respective isolate
collected during our previous study [13]. The compound
microsatellites' name, sequence information of the primer,
annealing temperature, expected product size, ORF, and
selected motif summarized in Table 7.2. Each tested primer
pairs form an amplicon having expected size bands within the
agarose gel (Figure 7.5). These amplicons further verified
through nucleotide sequencing, followed by the utilization of
BLASTNn and BLASTXx for mapping. BLASTNn tool deciphered
66-100% coverage of query with a high percentage of identity
(88-100%) within sequencing reads of the present study and
the existing APV complete genome's respective genes.
Intriguingly, we have identified PPV SSR 15 showing
polymorphism with the other strain like penguinpox virus,
pegionpox virus, and flamingopox virus having an additional
T (Figure 7.6). BLASTXx analysis showed query coverage 44—
100% with an elevated percentage of identity (62—100%) with
the respective genes' amino acid sequences (Table 7.3). The
concatenated phylogenetic tree builds by using the neighbor-
joining method with bootstrap value 1000 of MEGA 7
revealed that the FPV and PPV are closely related to each
other and with 99% similarity Feral pigeon belonging to South
Africa (NC024447) (Figure 7.7).
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Primer sequence

Positio

Expected

Name (Bememmemmeee 3) (Motif) length n Gene Size (bp)
G protein-coupled
: = |[TTCCGATACCATGG| (A)8-x1-(TA)3- | 31785- -
FPV-SSR1-F ATGAAC X5-(A)6 31810 recegﬁg{efia;]mlly 197
TTTTTGTATAATTC
FPV-SSRIR| GTCAAAGGTTTTT
TGATATACAACCC 35736- alkaline
FPV-SSR2-F CCGAACC (AT)3X-()T | 35753 phosphodiesterase 212
AAGAATGCATAAG
FPV-SSRZR| ™ cGATGAAGA
GCTACGTGAATAG 40274- . .
FPV-SSR3-F GCGCTTT (AT)3-x5-(T)7 40291 ankyrin repeat protein| 228
AAAAGACGATAAA
FPV-SSR3R | GeATATACAGCA
CAACCTTCTGTTTC 44260- . . .
FPV-SSR4-F ATCTACGG (AT)3-x1-(AT)3 44277 | SErpin family protein 243
TTCTTCTTTATGCG
FPV-SSR4-R CGTTGA
ccpe_p | GCGATATTACACG | (GAT)3-x3- | 51043- |  semaphorin-like
FPV-SSRS-F| " GraTTACCAAA (TA)3 | 51060 protein 247
TGTTGTGAGCCAG
FPV-SSR5-R AATGTCC
TAAACGATCCCTTC 54222- | rifampicin resistance
FPV-SSR6-F AGGAAA (TA)SX8-(TC)3 | ‘54941 | protein N3L 214
GCATTGAGAGTGG
FPV-SSRE-R| ™ TaGGTCTAAA
TCCAAGGTAGCTA 62434-
FPV-SSR7-F | " T roAToAGS | AD3X1-(M6 | &) NTPase 186
TACGGGCAAGACA
FPV-SSR7-R TTGACAG
CGGTGTTAGGTAC 77928- N1R/p28 family
FPV-SSR8-F AAACTCCAT (T)6-X9-(A)6 | 77949 protein 231
AAGGGCATTGATG
FPV-SSR8-R AGTCAAGA
TCATTCGCTAACGA 81938- putative
FPV-SSRO-F GGATCA (AT)3-x4-(AT)3 | g1953 metalloprotease 179
GCGCTTTTGGTATT
FPV-SSR9-R CATGGT
FPV-SSR10- | TGAACGGCGTTAA 83774- .
£ GAACCTC (AT)3-x2-(T)7 83788 RNA helicase NPH-1I| 216
FPV-SSR10- | CGATTCCAAAGCG
R TATACAGA
FPV-SSR11- [CTATTGCGACGCTT 88186- . .
L CGTTTT (GT)3-x8-(T)7 88206 thymidine kinase 201
FPV-SSR11- [TATCGAACTCCATT
R CCGTGT
FPV-SSR12- | GCCAAAAACGGGT 93089- | putative virion core
F TACATTG (N7x2-(N7 | 93104 protein 225
FPV-SSR12- |GCATTACCGTGTGC
R TGAATG
FPV-SSR13- | TGATGCGACGGAA 94305-
E ACAGTTA (AAT)3-x9-(T)6 94328 DNA polymerase 245
FPV-SSR13- [ TTACCGTGGCTTCC
R AATGTT
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FPV-SSR14-

GTCTCAGTACCCG

107530-

variola B22R family

F GCATCAT (AT)3-x8-(TC)3 |1 7549 protein 217
FPV-SSR14- [CATCGGGTATTATC
R GCGTCT
FPV-SSR15- [TCCATCATCTACCG oE 119237-| poly(A) polymerase
F AATACCAA (T)6-X5-(A)9 119256 large subunit 193
FPV-SSR15- | TTTCGCGTGTTTCT
R GTTTTG
FPV-SSR16- [TCGAGCGATATTCC 130170-| EEV maturation
F TGTATCC (AT)3-X0-(A)8 |130183 protein 2371
FPV-SSR16- [TCAGTGCCGGTTTT
R ACAATG
FPV-SSR17- | TGGGAGAAACTGT (GT)3-x2-  |158345-| V-type Ig domain 190
F CTTGCAT (GAA)4 158364 | containing protein
FPV-SSR17- [CCGTCGCATATATC
R CACTTG
FPV-SSR18- | CGCCGCTAATTAC 169249-| RNA polymerase
F ACAAAGA | WBX6-(TAM 169968 | subunitRPO163 | 24
FPV-SSR18- [CATGGGATTAGTTT
R CGTCCAA
FPV-SSR19- | CCAAGGGAGAAGA 1. 178894-| mRNA capping
F TTCTACAACA (TA)A-XI-(AT)3 178908 | enzyme large subunit 209
FPV-SSR19- [ TTCAACGCTTCCGT
R TGAGAT
FPV-SSR20- [CCATCCTCAATTAG 182371- . .
- CGTTGT (AT)3-x3-(AT)3 182385 p28-like protein 234
FPV-SSR20- | TGTAAAGCCTCAA
R ACCCACA
TCGTCCTTGTTATC 16487- . . .
PPV-SSR1-F GTAGGATTC (AT)3-x-1-(T)6 16497 | S€PIN family protein 238
TCATTAAATTGATA
PPV-SSRIR | ACAGCAATGAG
i = |GCAGACATTTTTGA|  (AC)3-x5- 33608- . .
PPV-SSR2-F GCCGTTA (CTT)3 33627 ankyrin repeat protein| 222
AATTATACCATAC
PPV-SSRZR | ATAATGGCCTGT
CGGATATCGCGGC 44579- alkaline
PPV-SSR3-F AATAATA (AT)3-X4-(T)6 | 44504 phosphodiesterase 214
ACCGCTATGGATC
PPV-SSR3-R ACGGATA
TTTGGTACGATGGT 50775- . . .
PPV-SSR4-F TGATACAGA (T)8-x0-(AT)3 50788 | SErPIn family protein 184
TTTATGCGCGTTGG
PPV-SSR4-R GTAAAT
CAGGAGGAGACAT 51898- .
PPV-SSR5-F AGAAGCTTTG (AT)3-x7-(TG)3 51916 DNA ligase 250
AGAAATGCAATTC
PPV-SSR5-R CTGATTGG
i | TGCACCGGAAGTA | (TA)3-x2-(A)6- | 62537- | NPH-1 transcription
PPV-SSR6-F ATGAAAG x8-(A)7 62565 | termination factor 249
GCCGACAAACATA
PPV-SSROR| " 1CAGTTTATTAT
i £ |GAGGATTTGTTACC v 65599- | V-type Ig domain
PPV-SSR7-F AGTTAAAGCA (TA)3-x2-(T)6 65612 protein 192
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GTAAAAGCAGCAC

PPV-SSR7-R CACGTCA
CACAAAGAAATGA 67183- | early transcription
PPV-SSR8-F| rerreTaTTATCTT (TA)3-x8-(T)6 67202 factor VETF 161
CGGACGTTGTATTA
PPV-SSR8-R GGAGAGC
] = |TCGTATACGCCATT| (TAT)3-x6- |70177-| DNA replication
PPV-SSR9-F AAGAAATTG (CA)3-x5-(CA)3| 70208 protein 232
GAGGAGAGTATCT
PPV-SSR9-R | AGTTTGGCTTAAA
A
PPV-SSR10- | TTTTTGTGATGGGT| (AGT)3-x6- | 77504- glutathione 207
F TGCGTA (TA)3 77524 peroxidase
PPV-SSR10- | GGACCAGGTACAT
R CTCCCAGT
PPV-SSR11- [TTGATGACATTTGA 80295- . .
r TCATCGTT (T)6-x8-(TA)3 80314 virion protein 200
PPV-SSR11- [CATCCAACGTTGTC
R TGTCCT
PPV-SSR12- | GGACAAGCCTTTA 84858- | N1R/p28 family
F ATGGCAAC (N6-x7-(16 | 54876 protein 242
PPV-SSR12- |GGGTTTTTCCTAGC
R ATTGCAC
PPV-SSR13- | TATGCAAACGACG 87512- | transforming growth
F TGCATTC (AT)3-x4-(TA)3 | 7597 factor B 218
PPV-SSR13- | AAGAAGCTTTTAG
R GTGTTGGTGA
PPV-SSR14- | AATTTTCCTTGGTT 89239-
= GAAGAATG (AT)3-x4-(AT)3 89254 metalloprotease 230
PPV-SSR14- | TTTGGATCTGTTTC
R TGGTGTAAAA
PPV-SSR15- |ACGTCCTCTACCGG|(T)6-x7-(T)6-x7-| 90978- DNA/RNA 246
F GTTTCT (AC)3 91009 | helicase/NPH-11
PPV-SSR15- | AAATATTCGTACG
R ATTCCAAAGC
PPV-SSR16- | AAACCAAAAACGG 100399-| sulfhydryl oxidase
F GCTACG (M7x2-M7 00414 ERV1 230
PPV-SSR16- | AAAGCATTACCGT
R GCTCTGAA
PPV-SSR17- | AAACCAAAAACGG | (CA)3-x8-(T)6- [111336- . .
= GCTACG X5-(AC)3 111366 B22R family protein 230
PPV-SSR17- | AAAGCATTACCGT
R GCTCTGAA
PPV-SSR18- | TGAACAACCAATA 136869-| . . .
L CTTTCATCGTT (A)6-x5-(T)6 136885 virion release protein 204
PPV-SSR18- [ TCAGAATTATTATT
R GGGGGTTC
PPV-SSR19- [CTATTGGGCTCGGT 156830-| DNA-binding virion
F AGTTGC (GC)3-x7-(GA)3 156848 core VP8 154
PPV-SSR19- [CTCCCGCCGCTATT
R ATTTC
PPV-SSR20- | CGGACAGATTGTG 162754-| RNA polymerase
F TACGGTAA (A)E-x6-(TA)4 162773| subunit RPO147 248
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Table 7.2: The characteristics of forty compound SSR
developed using a clinical sample.

F QI f !

-~

Figure 7.5: Microsatellite markers development using clinical
samples of APV. Validation of compound microsatellites
primers using a clinical sample. M:100 bp DNA ladder; -C:
Negative controls (PCR using nuclease-free water as DNA
template). (a) Fowlpox virus (FPV SSR1-FPV SSR10) (b)
Fowlpox virus (FPV SSR11-FPV SSR20) (c) Pigeonpox virus
(PPV SSR1-PPV SSR10) (d) Pigeonpox virus (PPV SSR11-
PPV SSR20).
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SSR 15 1 GGTATTTTACCATGTATTATTATAAAATCTATATCAGAATTTCTTTTTTTCTAGATATTT 60
FELEEEE e e eee e e e e e e e e e e b Leeeee tee rerrnnd

KI801920 90935 GGTATTTTACCATGTATTATTATAAAATCTATATCAGAGTTAC-TTTTTTCTAGATATTT 90993
SSR 15 61 TTTATAACTTACACACTGGAGAAACAGAAGGCTAAAAATAATATTCCACACATACCATTT 120

R R N N A e e A R NN N AR Ry
KJ801920 90994 TTTATAACTTACACACTG- AGAAACAG- ATGCTAAAAATAATATTCCACACATACCATTT 91051
SSR 15 121 CTAGGGTTTACACCAGTTAAGAATAATTCGAAATATATTTTTTTTTTTCTTCTTCAATAT 180

RN A A e e e e A R e A R AR
KJ801920 91052 CTA- GGTTTACACCAGTTAAGAGTAGT-CG -- ATATG-TTTTTTTTTTCTTCTTCTATAT 91106
SSR 15 181 ACGCTTT 187

I
KJ801920 91107 ACGCTTT 91113

Figure 7.6: BLAST analysis depicts that the tested PPV SSR
15 (marked yellow) shows polymorphism with the other strain
like pigeonpox virus isolate FeP2 (KJ801920) having an
additional T.

BLASTN BLASTX

SSRs Query Query
cover cover

E value |[ldentity E value | ldentity

FPV-SSR1 | 98% | 8.00E-67 | 99% 49% | 7.00E-10 100%

FPV-SSR2 | 100% | 3.00E-99 | 98% 96% | 1.00E-25 100%

FPV-SSR3 | 100% | 1.00E-84 | 100% | 98% | 2.00E-31 100%

FPV-SSR4 | 100% | 2.00E-74 | 97% 83% | 4.00E-23 96%

FPV-SSR5 | 98% | 6.00E-89 | 99% 78% | 2.00E-31 70%

FPV-SSR6 | 100% | 1.00E-76 | 100% | 90% | 1.00E-27 96%

FPV-SSR7 | 66% | 1.00E-54 | 88% 63% | 3.00E-12 79%

FPV-SSR8 | 100% | 6.00E-69 | 95% 54% | 2.00E-11 91%

FPV-SSR9 | 100% | 1.00E-44 | 95% 60% | 4.00E-07 100%

FPV-SSR10 | 100% | 1.00E-78 | 99% 95% | 4.00E-30 100%

FPV-SSR11 | 100% | 9.00E-66 | 99% 67% | 2.00E-16 | 100%

FPV-SSR12 | 100% | 1.00E-84 | 100% | 78% | 2.00E-25 100%

FPV-SSR13| 100% | 2.00E-95 | 99% 99% | 7.00E-36 100%

FPV-SSR14 | 100% | 3.00E-79 | 100% | 97% | 5.00E-29 100%

FPV-SSR15| 100% | 4.00E-64 | 99% 26% | 7.00E-04 62%

FPV-SSR16 | 100% | 2.00E-91 | 99% 96% | 4.00E-32 98%

FPV-SSR17| 100% | 1.00E-67 | 100% | 100% | 5.00E-23 100%

FPV-SSR18 | 100% | 1.00E-77 | 99% 98% | 8.00E-29 96%

FPV-SSR19 | 100% | 7.00E-74 | 100% | 100% | 2.00E-27 100%

FPV-SSR20 | 100% | 2.00E-89 | 100% | 98% | 2.00E-34 | 100%

PPV-SSR1 | 100% | 1.00E-90 | 99% 88% | 1.00E-29 98%

PPV-SSR2 | 100% | 3.00E-79 | 99% 89% | 5.00E-19 94%

PPV-SSR3 | 100% | 1.00E-84 | 100% | 77% | 1.00E-20 100%

PPV-SSR4 | 100% | 1.00E-64 | 99% 94% | 9.00E-22 100%
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PPV-SSR5 | 100% | 2.00E-69 | 93% 44% | 1.00E-04 79%

PPV-SSR6 | 100% | 1.00E-91 | 99% 65% | 4.00E-19 100%

PPV-SSR7 | 100% | 6.00E-61 | 99% 87% | 1.00E-10 100%

PPV-SSR8 | 92% | 8.00E-34 | 93% 64% | 9.00E-08 | 100%

PPV-SSR9 | 100% | 8.00E-87 | 100% | 98% | 8.00E-33 | 100%

PPV-SSR10 | 100% | 2.00E-69 | 98% 80% | 2.00E-19 91%

PPV-SSR11 | 100% | 2.00E-69 | 99% 94% | 3.00E-25 100%

PPV-SSR12 | 100% | 2.00E-88 | 98% 88% | 7.00E-23 81%

PPV-SSR13 | 100% | 2.00E-74 | 98% 99% | 1.00E-27 96%

PPV-SSR14 | 100% | 1.00E-84 | 99% 97% | 1.00E-29 95%

PPV-SSR15 | 100% | 3.00E-61 | 91% 73% | 6.00E-06 63%

PPV-SSR16 | 100% | 2.00E-88 | 99% 80% | 4.00E-28 | 100%

PPV-SSR17 | 100% | 1.00E-84 | 99% 50% | 1.00E-11 | 100%

PPV-SSR18 | 100% | 5.00E-69 | 99% 93% | 7.00E-21 96%

PPV-SSR19 | 100% | 4.00E-43 | 99% 87% | 3.00E-11 100%

PPV-SSR20 | 100% | 4.00E-91 | 99% 99% | 2.00E-32 94%

Table 7.3: Characterization of forty cSSR markers against the
NCBI database.

74 AY318871.1/ATCC VR-111
MG760432.1/FMV15SnBuPox/Canada
KX857215.1/SWPV-2/Australia
MK903864.1/Australia
KX857216.1/SWPV-1/Australia
KP728110.2/TKPV-HU1124/2011/Hungary
MG702259.1/282E4/China
MF678796.1/FGPVKDO09/South Africa
KJ859677.1/PSan92/South Africa

NC 024447 1/FeP2/South Africa

A Indian PPV Isolate

@ Indian FPV Isolate

MF766431.1/16069 trachea 170323/France
— MF766430.1/16055 trachea 170512/France
L MF766432.1/16117 scab 170512/France
MH709124.1/FWPV-MN00.2/USA

— AF198100.1/USA

L— Fws76866.1

E MH719203.1/FWPV-SD15-670.1/USA

CQ970871.1
MH709125.1/FWPV-MN00.1/USA
AJ581527.1/HP1-438 Munich
MH734528.1/FWPV-SD15-670.2/USA
DD211553.1

Figure 7.7: Construction of a concatenated phylogenetic tree.

A consensus phylogenetic tree constructed using a
concatenated sequence of microsatellites by the neighbor-

joining method with bootstrap value 1000 of MEGA7. During
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the study, the clinical isolate represented a black triangle and

black circle showing its relationship and Feral pigeon strain.
7.3 Discussion

APV is regarded as a stable, extremely contagious virus,
having transboundary potential that can profoundly impact
livelihood. Once introduced to a new geographic area, APV
can quickly spread among individuals lacking proper
husbandry practices and elevated stocking densities that lead
to close contact within infected and susceptible individuals.
As continuously, the outbreak of APV reported from India in
different birds from diverse geographical regions for decades
[33, 13, 34]. That influences us to investigate the viral
genome, followed by specific molecular markers to monitor

epidemiological surveillance and prevent its spread.

Microsatellite markers act as a genomic fingerprint, well
studied within the animal [35, 36, 37], plant [38, 39], yeast
[40, 18, 41], bacteria [42, 43]. Although few reports suggest
its existence within the virus long ago, it got less attention
than other organisms [32]. Since the past decade, using the in-
silico approach, molecular markers in many familiar viruses
are extensively analyzed. These include Human
Immunodeficiency Virus [44], Ebolavirus [45], Hepatitis C
virus [46], Human papillomavirus [47], Caulimoviruses [48]
as well as their application within Ostreid herpesvirus 1 [49],
HSV-1 [50], Alphaherpesviruses [51], Cyprinid herpesvirus-3
[52], Herpes Simplex Virus 2 [21], pseudorabies virus [53],
Salmon Gill Poxvirus [28], Orf virus [54]. This motivated us
to perform in-depth in-silico analysis followed by their
validation of these markers through a comparative genomics

approach within APV for the first time.
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The specific parameters, such as the range of RA, ranged from
6.87-8.12 and RD from 45.8-53.58 in analyzed APV genomes.
In other poxviruses like HPV, RA, RD ranged from 3.62-8.34,
23.95-59.15, respectively, while in herpesviruses, the value
obtained 4.13-13.31 and 26.92-102.91 [55]. During the
analysis of cRA, cRD varies from 0.5-0.71, 9.39-12.92
respectively within analyzed APV genomes, whereas, in other
DNA viruses such as HPV and herpesviruses it ranged from 0-
1.26, 0-27.3 and 0.16-1.82, 2.21-35.10, respectively [55, 47].
A lower percentage of cSSR (7.29- 8.81%) obtained in
comparison to the herpes virus, 8.12-33.31% [55], HPV, 0-
15.15% [47]. The absence of major differences among the
parameters indicating the similarity of the genomic
complexity within the virus derived from the APVgenus. In
APV, 0.92% of cSSRs are composed of similar motifs,
probably contributed by genome duplication. Some studies
suggest genome duplication acquisition of new or more
complex transcription regulation mechanisms [56]. An
increased percentage of cSSR observed with increasing
dMAX until 90bp and further decrease (Figure 7.2). It might
be possible due to an increase in the overlapping region of
SSR with a higher dAMAX value.

In APV genomes, the poly(A/T) repeats were significantly
higher in all APV genome than poly(G/C) repeats, which
expresses similar pattern in eukaryotic and prokaryotic
genomes [57, 58]. Interestingly, we have observed a
mononucleotide SSR showing polymorphism against SSR 15

with related species.

Di-nucleotide AT/TA is more prevalent in all analyzed AVP

genomes, similar to that of DNA viruses such as HPV [47],
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caulimovirus [59], geminiviruses [60]. Di-nucleotide repeats
have the highest slippage rate than any other type of
repetitions[61]. Among 257 viral genomes examined in a
published study, the highest number of di-nucleotide SSRs
found compared to the other types [62]. Di-nucleotide repeats
speculated to be recombination hot spots [63, 64]. In the
present study, the presence of more di-nucleotide repeats over
tri-nucleotide repeats suggests a possible role of hosts in the
evolution of di-nucleotide repeats within poxvirus genomes.
Inconsistency frequency of SSR in different accessions of the
same virus was attributed to genome instability because of a
higher slippage rate [65]. Trinucleotide motif AAT/ATT
followed by ATC/ATG, and AAG/CTT were most prevalent
in most genomes of APV, whereas in other DNA virus
GAG/AGA was most prevalent in HPV and AAG/GAA in
DNA A and caulimovirus. The higher density of trinucleotide
repeats observed compared to any other repeat type within the
eukaryotic and prokaryotic genomes [66]. Interestingly,
dynamic mutations within the trinucleotide repeat responsible
for the development of diseases [67]. Intracellular mature
virions (IMV), essential for virus replication in cell culture,
predominantly exist within the intact cell's cytoplasm and are
only released upon cell lysis. Microsatellites controlled
several cellular functions, such as replication, recombination,
repair mechanisms, and sequence diversity drives adaptive
forces [68]. As a result of this, pathogens gain the ability to
utilize SSRs to frustrate the host immune system to enhance
their antigenic variability [62]. It would be interesting to
decipher the polymorphism's functional outcome related to

these genes within the APV genome.
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Compared to the simple microsatellites, compound
microsatellites have a higher slippage rate/polymorphism,
which infer for strain identification and evolutionary
estimation in several viruses such as Herpes simplex virus
[21] and Adenovirus [26]. Recently, a compound
microsatellite within begomovirus genomes suggests that the
cSSRsignificantly correlated with recombination hot spots
[69]. These fundamental reasons influence us to target cSSR
for development and characterization within the AVP genome.
During our study, all the cSSR chose amplified perfectly,
followed by dendrogram construction, suggesting that these
markers can be an efficient tool for strain identification.

7.4 Materials and methods

7.4.1 Genome sequences

Eight complete genome sequences belonging to one strain of
each species were selected randomly from APV from a
publicly available database (www.ncbi.nlm.nih.gov). These
sequences are used for genome-wide microsatellites
identification through the in-silico approach. The relative
density (RD) and relative abundance (RA) values estimated by
the net acquisition of microsatellites (total bp) within the viral
genome and the number of SSR present per kb within the viral
genome (Table 7.1).

7.4.2 Microsatellite identification, investigation, and

statistical analysis

The perfect mono to hexa SSRs and cSSR identified utilizing
the IMEx server [70]. The ‘Advance-Mode’ of IMEx server
used having parameters similar to the previous report for DNA
viruses [13] and RNA viruses [59]. The parameters included:
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repeat types: perfect; with minimum repeat number: 6, 3, 3, 3,
3, 3 for mono, di, tri, tetra, penta, and hexanucleotide repeats,
respectively. The distance within two microsatellites (dAMAX)
was fixed to ten nucleotides during the analysis. The rest of
the parameters are used as default. Similar parameters were
implemented to decipher compound microsatellites (CSSR)

composition.
7.4.3 Microsatellite PCR analysis and sequencing

A compound microsatellite was used as an excellent choice to
utilize as a molecular marker due to the high polymorphic
nature [17, 32]. So, twenty sets of compound microsatellites
markers were randomly chosen from FPV and PPV.
Primer3Plus web tool (http://www.bioinformatics.nl/cgi-
bin/primer3plus/primer3plus.cgi/) with the target to specific
motif used to design the primer pairs having unique flanking
regions. The primers' length kept between 18 and 22 bp with
varied product sizes ranging from 154 to 250 bp. These cSSR
primers further examined through an in-vitro approach using
one fowlpox virus isolate (FPV/Sub-Od-4b/01) and one
pigeon pox isolate (PPV/Dhe-Od-4b/01), recently reported
from our study [13]. The PCR conditions for all cSSR were
set as follows: initial denaturation step at 95°C for 5 min, 35
cycles denaturation 95 °C for 50 s, annealing (54-62°C) for
each cSSR primer, extension step at 72 °C for 90 s and the
final extension cycle at 72 °C for 7 min (Table 7.2). The
amplicons were resolved through electrophoresis using a 3%
agarose gel stained with ethidium bromide and run at 90 V
followed by the image's capture using iBright CL750 Imaging
System (Invitrogen, USA). The amplicons, further purified
using PureLink™ PCR Purification Kit (Invitrogen, USA)
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followed by nucleotide sequencing twice in each direction
using 3100 ABI sequencers (Applied Biosystems, USA) [71]

7.4.4 Sequencing data analysis and construction of the

phylogenetic tree

The sequencing result further validated comparing with the
genome of APV present in the GenBank by using
discontiguous-MegaBLAST [72] followed by polymorphism
analysis. To decipher the nucleotide query's translational
products, the sequencing product was subjected to the
BLASTx analysis  (http://www.ncbi. nlm.nih.gov). A
consensus phylogenetic tree was constructed utilizing a
concatenated sequence of microsatellites. The homologous
sequence obtained during mapping, followed by the neighbor-
joining method with bootstrap value 500 of MEGA 5 to reveal
the genetic relation of those clinical samples with other APV.
The Circos software was used to generate the Circos map
depicting different parameters, including genome size, CDS,
GC content, SSRs, and cSSRs distribution among the
designated APV genomes.

7.5 Conclusion

In conclusion, the comprehensive analysis of AVP's SSRs is a
first step to deciphering the type, distribution, and possible
implications within viral species. During this study, the
markers developed can be used as suitable multiplex PCR
panels to solve virus genotype and evolutionary status by
using geographically diverse clinical samples. This
introductory study needs further evaluation by doing

continuous outbreak surveillance, followed by constructing a
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useful genotyping assay utilizing these microsatellites to

evaluate clinical samples.
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Chapter 8
Complete genome analysis of Indian fowlpox virus

8.1 Introduction

Fowlpox virus (FPV) is a species that belongs to the Avipox
virus genus (APV), infects chickens, and has a worldwide
distribution, including India [1, 2]. It has a significant
economic impact worldwide, with a drop in egg production
and stunted growth rates in chickens. The disease is
manifested by a high rate of mortality and morbidity [3]. The
severity of this disease usually depends upon the susceptibility
of the host, degree of virulence, and positions of the infection
[4]. Two forms of infection are associated depending on the
routes of infection. The cutaneous form is most common and
visualized on beak or featherless area and form scab for
secondary bacterial infection. The second type of infection is
severe diphtheric, form involves droplet infection of the
mucous membranes of the mouth and infects the respiratory
system, followed by cause death by asphyxiation [5]. The
disease spread by various means like viral vectors such as
arthropods like mosquitoes, mites, flies, through the air from
diseased birds and intake of contaminated food or water [6].
Although vaccination with live-attenuated viruses (FPV) is
used to control this disease [7], the lack of efficacy and its
immune response suggest improving proper vaccine
candidates [8]. The virus accomplished abortive replication in
mammalian cells and was therefore used as host range-

restricted mammalian expression vectors [9].

The general structure of APVs is oval-shaped, covered with a
lipid membrane, centrally located conserves regions, and

variable terminal inverted repeats [10]. The genome contains
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double-stranded DNA, ranged from 240-365 kb and low G +
C content (30 to 40 %). The virus usually replicates within the
cytoplasm of the infected cells and contains 259-359 genes.
Depending upon the expression of the putative promoter of
genes, those were classified as E, early; I, intermediate; L, late

genes and control the virus biology in a synchronized manner.

This virus can persist in the hot, humid climate and withstand
for a long period in the environment resulted in reinfection in
the similar farms [11]. A number of reports suggest the
presence of this virus throughout India and have a great
impact on socio- economic status of the farmers [12, 1]. The
lack of enough surveillance, as well as vaccine failure in
India, indicates the absence of enough genomic resources of
those corroborated the re-emergence of the viral species. Thus
in the present study, for the first time, we have deciphered the
complete genome sequence of a fowlpox virus of Indian origin
through next generation sequencing platform and utilize a
comparative genomics approach to decipher more about this

virus biology.

8.2 Results
8.2.1 NGS output and general features of Indian FPV

The NextSeq 500 NGS generated a total of ~2.16 GB of
quality data with 7,303,963 numbers of quality reads. The
previously published complete genome isolate fowlpox virus
(Acc. No- AF198100) was used as the reference genome. The
sequence generated through NGS mapped with the reference
and assembled. The newly assembled viral genome exhibited
260,066 bp in length. A lower percentage of GC content
(28.5) was observed in this newly assembled genome, in

comparison to other APV, such as Shearwater pox virus
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(30.23), Canarypox virus (30.37), Turkeypox virus (29.78).
The FPV viral genome encodes 255 putative genes. As seen in
other poxviruses, the FPV genome contains a central coding
region bounded by two identical inverted terminal repeat

(ITR) regions of approximately 9350bp each end.

8.2.2 Phylogenetic and recombination analysis

The present FPV strain showed a close relationship with other
FPV around the world (Acc. No-AF198100 and MF766431) .
We observed a total of 10 potential recombination events with
significant P-values detected across the APV genomes (Table
8.2). A number of recombination events were overlapped
within intergenic (events 5, 7, 8, 9, and 10), hypothetical
protein (events 1, 2, and 3), transcription factor VLTF (events
6), thymidylate kinase (events 4). Out of 10 potential
recombination events, 3 events include FPV/Ind act as

recombinant and major parental sequences.

MH719203/FWPV
MH734528/FWPV
52 | MH709124/FWPY
MFT66432/FWPYV
MF786430/FWPY
KPT28110/TKPY
AF198100/FFPV
A FPVindia/2011
MF766431/FWPV
KJB801920/FeP2
| KXB57215/SWPV-2
100 | KX85T216/SWPV-1

100

=

0.0s0
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Figure 8.1: Phylogenetic relationship between Indian FPV
and other APVs. The General Time Reversible (GTR) model of
MEGAG was used to create a phylogenetic tree based on the

Maximum likelihood (ML) phylogeny with 500 bootstraps. The

abbreviations and GenBank accession details for seven core

protein sequences of the selected AVPs have used pigeonpox
virus (FeP2; KJ801920), fowlpox virus (FWPV; AF198100,
MF766430-32, MH709124, MH719203, and MH734528),
shearwaterpox virus 1 (SWPV-1; KX857216), shearwaterpox
virus 2 (SWPV-2; KX857215).

Recombi | Begi | End | Recomb Minor Major
nation n inant Recombi | Parental | Parental Detect
Event genein | nant Sequen | Sequence( | ion
PPV Sequenc | ce(s) S) Metho
e(s) ds
1 159 | 163 | hypothe | KX8572 | MF766 | KJ801920 | RGB
807 | 207 | tical 15 430 (FeP2) MCS
protein | (SWPV-
2)
2 151 | 162 | hypothe | KP7281 | MF766 | KJ801920 | RGB
374 | 969 | tical 10 430 (FeP2) MCS
protein
3 157 | 175 | hypothe | MF7664 | KX857 | FPV/Ind RGB
308 | 063 | tical 30 215 MC
protein (Swpv
_2)
4 152 | 173 | thymidy | MF7664 | (MF766 | KP72811 | RGB
172 | 452 | late 30 430 0 MCS
kinase
5 160 | 179 | Intergen | KP7281 | KX857 | MF76643 | RGB
331 | 564 | ic 10 215 0 MCS
Region (SWPV
_2)
6 185 | transcri | MF7664 | KX857 | KP72811 | RBM
170 | 060 | ption 30 215 0 Cs
353 factor (SWPV
VLTF-1 -2)
7 181 Intergen | FPV/Ind | KX857 MF76643 | RGB
151 | 593 | ic 215 0 MS
329 Region (Sswpv
-2)
8 Intergen | KJ80192 | MF766 | KP72811 | RGS
180 | 194 | ic 0 (FeP2) | 430 0
979 | 098 | Region
9 159 165 Intergen | MF7664 | KX857 FPV/Ind RGB
642 | 067 | ic 30 215 MCS
Region (Swpv
-2)
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10 220 | 251 Intergen | KP7281 | KX857 | MF76643 | RGB
608 | 225 | ic 10 215 0 MCS
Region (SWPV
-2)

Table 8.1: Predicted potential recombination events between
FPV/Ind. Details recombination events detected between FPV
isolates were analyzed in this study using the RDP4 program.
Detection method coding R, G, B, M, C, S, P, L, and T
represents methods RDP, GENECONV, Bootscan, MaxChi,
Chimaera, SiScan, PhylPro, LARD, and 3Seq, respectively.

The P-value for the detection method is shown in bold.

8.3 Discussion

Despite a number of outbreaks reported from India, no
complete genome and associated genomic information are
available for fowlpox virus [1, 13]. In this study, we have
elucidated the first complete genome of FPV directly from
clinical samples using the NGS platform. Most of the features
of this complete genome similar to the previously published
FPV genome with some difference. Usually, all pox viruses
retain a central coding region guarded by two identical
inverted terminal repeat (ITR) regions. The present isolate was
also bear the ITRs of 9350 bp and arranged in sense and

antisense orientation.

The concatenated phylogenetic tree analysis demonstrated that
the strain is closely related with the FPV strain of the USA
(Figure 8.1). We speculate that trade exchange and transport
can be a potential route to establish the epidemiological
linkage between the strains isolated from the two distinct
geographical areas. Although we have no evidence of the
reservoir host of this FPV/Ind, mosquitoes are believed to play
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a part in mechanical transmission within this wild bird

population [14].

The comparative genomics of FPV with other APV complete
genomes provides evidence of recombination among the virus.
Although several attempts were made to identify
recombination events, the lack of complete genome sequences
made this study exercise unsuccessful. However, in this study,
we identified ten potential recombination events where
FPV/Ind actively participated in 30% of events by forming
recombinant as well as major parents. Thus, the FPV/Ind
strain has the potential to evolve via homologous or non-
homologous site-specific recombination and can act as a

major or minor parent to form new variants.
8.4 Materials and methods

8.4.1 Nucleic acid extraction

To decipher the complete genome sequence of Indian FPV,
we have utilized the isolates FPV/Ganjam/Ind previously
identified from our lab. The extraction of nucleic acid from
infected scab samples was performed by using DNeasy blood
and tissue purification Kits (QIAGEN, USA) with some
modification established by Sarker et al., 2017. The quality
and quantity of DNA checked with 1% agarose gel followed
by nanodrop estimation. Finally, 250 ng of genomic DNA
send for library construction for the respective next-generation

sequencing platform.

8.4.2 Library construction and Illumina NextSeq500

sequencing
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The genomic DNA revived earlier was QC was checked,
followed by paired-end sequencing library using TruSeq Nano
DNA Library Prep Kit. The fragmentation of that DNA
occurred through the Covaris M220 shearing method to obtain
the fragment of 350bp with 3' or 5' overhangs followed by end
repair by using the End Repair Mix provided within the Kit.
Then adaptors were ligated to the fragments having a low rate
of concatenated formation. The size selection of those ligated
products conducted through AMPure XP beads (Invitrogen,
USA). The selected ligation product further PCR amplified to
enrich the amplicons by using the program 72° C initial
denaturation for 3 min; 95 °C denaturation for 30 s; 12 cycles
of 95 °C for 10 s, 55 °C for 30 s, and 72 °C for 30 s; and 72
°C final extension step for 5 min recommended by
manufactures’ protocol. The enriched genomic enriched
library prepared through PCR amplification was further
validated by the 4200 Tape Station system (Agilent
Technologies). Cluster formation, followed by sequencing of
the enriched library, was obtained through paired-end
sequencing chemistry on the NextSeq500 sequencing

platform.

8.4.3 Raw sequence data processing, mapping, assembly,

and genome annotations

The raw data generated through the NGS platform was further
cleaned by Trimmomatic v0.38 to eliminate noisy or
ambiguous reads, adapter, and host sequence [15]. The quality
reads further mapped to reference sequence utilizing BWA
MEM software (version 0.7.17) [16]. The extraction of
consensus reads Along with Denovo assembly was performed
using SAM tools [17]. GATU was used to identify possible
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Open reading frames (ORFs) as well as genome annotation
[18]. To decipher the intergenic region along with the
presence of ORFs within them BWA MEM analysis tool
(version 0.7.17) was utilized. The presences of possible genes
or ORFs were identified depending upon the significant
sequence similarity with known cellular or viral proteins.
However, the annotation was completed through the
comparative genomics approach with the published reference
genome to organize proper start and stop codons, overlap

regions, site of truncation.
8.4.4 Phylogenetic and recombination analysis

To infer evolutionary relationship of present virus with other
APVs, a phylogenetic tree was constructed. The representative
complete genome of APVs was downloaded from GenBank.
MAFTT (version 7) was used to align these complete
genomes, followed by manually editing by BioEdit (version
7.2) tool [19]. The General Time Reversible (GTR) model of
MEGAG6 was used to create a phylogenetic tree based on for
the Maximum likelihood (ML) phylogeny with 500
bootstraps. To get an insight into the role of recombination the
evolution of FPV within the species of APVs, we verified all
possible major parents, minor parents recombinant, and the
region associated with the hotspot of recombination by using
the RDP, GENECONV, Bootscan, MaxChi, Chimaera,
Siscan, PhylPro, LARD and 3Seq methods of RDP4 program
[20]. Parameters had a significant p-value within three of the

methods referred to as a possible recombinant event.

8.5 Conclusion
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In conclusion, we report the first complete genome of FPV
isolate from India. Utilizing a comparative genomic approach,
we deciphered the presence of recombination within Avipox
viruses, and the presence isolate taking an active role during
recombination events. The current genomic resource would be
greatly useful for further understanding of FPV biology,
epidemiology, and research carried in the front of diagnosis

and vaccine development.
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Chapter 9

Complete genome analysis of Indian pigeonpox
virus

9.1 Introduction

The emergence of the pox virus has a serious health hazard to
both domestic as well as free-ranging wild birds regardless of
their age and sex due to its exorbitant contagious property,
which influences both the economic and conservation aspects
[1]. Recently, the International Union for Conservation of
Nature (IUCN) reported the existence of more than 11,000
avian species, with 773 endangered and critically endangered
species in 2016 [2]. Pox-like infections have been reported
among wild and domestic bird species globally derived from
20 orders, which includes 76 families having 329 avian
species across the globe, caused by a group of viruses named
as family Avipox viruses (APVs) [3, 4]. Although
antigenically and immunologically, these viruses were distinct
from one another, the cross-relation within the broad host
range arose the complications for viral strain demarcation
distinguishable from each other complication arose to mitigate
the viral strain due to broad host range. However, the virus
nomenclature is usually determined according to the host from
which the virus is derived. A few of the examples included the
fowlpox virus (FWPV), turkeypox virus (TKPV), pigeonpox
virus (PGPV), canarypox virus (CNPV), etc.

APVs, present throughout the globe, is the causative agent of
highly transmissible avian pox disease, which spread by
various means like viral vectors such as arthropods like
mosquitoes, mites, flies, through the air from diseased birds

and intake of contaminated food or water [5, 6]. The
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incubation time generally differed from 4-10 days according
to the host. The severity of this disease usually depends upon
the susceptibility of the host, degree of virulence, and
positions of the infection [7]. As this virus can resist the hot,
humid climate and withstand for a long period in the
environment, resulting in repetition of infection in similar
farms frequently due to poor management practices [8]. The
severity of the infection generally depends upon two forms of
the disease. The first one is mild cutaneous lesions (dry form),
rarely fatal in comparison to the second form, such as
diphtheric (wet) form. The secondary bacterial and fungal
infection increases the rate of morbidity and mortality (up to
60%) by forming the painful lessons around the eye, beak
respiratory track that interfere with eating, respiration, and
vision [9, 10]. This disease has a great impact on the socio-
economic of small backyard farmers due to economic losses
as the infection influence the drop in egg production, stunted
growth, impaired fertility, and peak in mortality rate [9].
Within threatened or endangered species, poxvirus infection
leads to a decrease their ability to care for the young ones and

increases the chance of predation [10].

APVs belongs to DNA viruses having enveloped lipid
membrane, oval-shaped with the particle size 270 x 350 nm
and centrally located conserves regions and variable terminal
inverted repeats [11]. The typical genome organization
consists of double- stranded DNA, which is the largest among
all poxviruses having genome size from 260-365 kb and low
G + C content (30 to 40 %), that replicates within the
cytoplasm of the infected cells and contains 259-359 genes,
which is higher in comparison to other orthopoxviruses such

as vaccinia, cowpox, and monkeypox. Depending upon the
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expression of the putative promoter of genes, those were
classified as E, early; |, intermediate; L, late genes and control
the virus biology in a synchronized manner. Due to its large
genome size with the stable central region and host range-
restricted to avian species increase the efficacy to produce
recombinant vaccines for foot and mouth disease virus,

Influenza and HIV.

Although a number of reports suggest the emergence of
Avipoxvirus worldwide [13, 14], including India causing
infection in fowl, turkey, pigeon, duck, and quail with high
morbidity and mortality, still a long way to move to decipher
this complex range of viruses [15, 16, 17]. The lack of enough
surveillance, as well as vaccine failure in India, indicates the
absence of enough genomic resources of those corroborated
the re-emergence of the viral species. To do so, we have taken
the pigeonpox virus into our consideration as it is an
infectious agent to Indian pigeons, which are utilized as a food
source, sport (racing), show animals, and household pets. For
the first time, we have deciphered the complete genome
sequence of a pigeonpox virus of Indian origin through a next-
genertion sequencing platform and utilize a comparative

genomics approach to decipher more about this virus biology.
9.2 Results

9.2.1 NGS output and general features of Indian PPV

The NextSeq 500 NGS generated a total of ~2.72 GB of
quality data with 9,541,974 numbers of quality reads. The
previously published complete genome isolate Pigeonpox
virus FeP2 (Acc. No-NC_024447) was used as the reference

genome, to which the sequence generated through NGS
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mapped and assembled. The assembled genome of this novel
virus exhibited 280058 bp in length. A lower percentage of
GC content (29.5) was observed in this newly assembled
genome, in comparison to fowlpox virus (30.83), shearwater
pox virus (30.23), canarypox virus (30.37), turkeypox virus
(29.78) but similar to other APV such as pigeonpox virus,
Flamingo pox virus, magpiepox virus and penguinpox virus.
The extreme left nucleotide was considered as base 1, and the
beginning region of the Inverted Terminal Repeats (ITRS),
which consists of a total length 4688 bp. The ITR spanned
throughout PPV-001 to PPV-004a and PPV _256 to PPV _259.
Using NCBI's The ORF Finder tool of NCBI revealed the
presence of 270 ORFs, from which 11 have been annotated as
truncated and one fragmented gene, respectively. The naming
of the genes and their product were compiled based on the
report described by Offerman et al., 2014 [19].

9.2.2 Phylogenetic and recombination analysis

The present PPV strain showed a close relationship with
Pigeonpox virus FeP2 (Acc. No-NC_024447) (Figure 9.1).
We observed a total of 21 potential recombination events with
significant P-values detected across the ORFV genomes
(Table 2). A number of recombination events were overlapped
within intergenic (events 5, 7, 8, 9, 13, 16, and 20),
hypothetical protein (events 1, 2, 3 17, and 18), transcription
factor VLTF (events 6 and 12), ankyrin repeat protein (events
15 and 21). Out of 21 potential recombination events, 15
events include PPV/Pur as recombinant, minor, and major
parental sequences. The recombinant PPV/Pur (event 7, 8)
were observed within the intergenic region, using KX857215
(SWPV-2), (MK903864) (crusty tissue/MGP) as a minor

262



parent and MF766431 (16069 trachea 170323), KJ859677

(PSan92) as a major parent.

MHT19203/FWPY
MHT34528/FWPYV
a1 | MHT09124/FWPY
MF766432/FWPV
MF766430/FWPV
KPT28110/TKPV
AF198100/FFV
MFT66431/FWPV
| KJ801920/FeP2
100 | A PPVindia/2012
| KX85T215/5WPV-2
100 | KX857216/SWPV-1

100

0.0s0

Figure 9.1: Phylogenetic relationship between Indian PPV
and other AVPs. The General Time Reversible (GTR) model of
MEGA®6 was used to create a phylogenetic tree based on the
Maximum likelihood (ML) phylogeny with 500 bootstraps. The
abbreviations and GenBank accession details for seven core
protein sequences of the selected AVPs have used pigeonpox
virus (FeP2; KJ801920), fowlpox virus (FWPV; AF198100,
MF766430-32, MH709124, MH719203, and MH734528),
shearwaterpox virus 1 (SWPV-1; KX857216), shearwaterpox
virus 2 (SWPV-2; KX857215).
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Recombination Begin End Recombinant Recombinant Minor Parental Major Parental Detection
Event gene in PPV Sequence(s) Sequence(s) Sequence(s) Methods
1 147807 149207 hypothetical KX857215 (SWPV-2) MF766431 NC_024447 (FeP2) RGBMCS
protein (16069 _trachea_170323)
2 147774 149069 hypothetical KJ859677 (PSan92) MF766431 NC_024447 (FeP2) RGBMCS
protein (16069 _trachea_170323)
3 146908 147763 hypothetical MF766431 KX857215 (SWPV-2) Icl|PPV/Pur RGBMC
protein (16069 _trachea_170323)
4 149972 150352 thymidylate MF766431 (MK903864) (crusty KJ859677 (PSan92) RGBMCS
kinase (16069 _trachea_170323) tissue/MGP)
5 149731 149864 Intergenic KJ859677 (PSan92) KX857215 (SWPV-2) MF766431 RGBMCS
Region (16069 _trachea_170323)
6 150353* | 150660 transcription MF766431 KX857215 (SWPV-2) KJ859677 (PSan92) RBMCS
factor (16069_trachea_170323)
VLTF-1
7 149229* | 149493 Intergenic Icl|PPV/Pur KX857215 (SWPV-2) MF766431 RGBMS
Region (16069 _trachea_170323)
8 149079* | 149198* Intergenic NC_024447 (FeP2) (MK903864) (crusty KJ859677 (PSan92) RGS
Region tissue/MGP)
9 149642 149867 Intergenic MF766431 KX857215 (SWPV-2) Icl|PPV/Pur RGBMCS
Region (16069 _trachea_170323)
10 216208 217925 A-type NC_036582 Unknown (NC_028238) MG760432 RGBMCS
inclusion (FGPVKDO09) (TKPV-HU1124/2011) (FMV15SnBuPox)
protein
11 116559 116689 B22R family KX857215 (SWPV-2) MF766431 (MK903864) (crusty RBMS
protein (16069_trachea_170323) tissue/MGP)
12 190192 190634 transcription MF766431 (MK903864) (crusty KJ859677 (PSan92) RBMCS
factor (16069_trachea_170323) tissue/MGP)
VLTF-3
14 231177 231553 epidermal MF766431 KJ859677 (PSan92) Unknown (Icl|PPV/Pur) RBMC
growth (16069_trachea_170323)
factor-like
protein
15 11458 11573 ankyrin MF766431 (MK903864) (crusty KJ859677 (PSan92) RGBS
repeat (16069_trachea_170323) tissue/MGP)
protein
16 146746 146796 Intergenic KJ859677 (PSan92) KX857215 (SWPV-2) MF766431 RBS
Region (16069 _trachea_170323)
17 144885 145534 hypothetical KJ859677 (PSan92) Unknown (MF766431) NC_024447 (FeP2) RBM
protein
18 4833 4895 hypothetical MF766431 KX857215 (SWPV-2) Icl|PPV/Pur RBS
protein (16069 _trachea_170323)
19 100571 100962 DNA MF766431 (MK903864) (crusty NC_024447 (FeP2) RBMS
polymerase (16069 _trachea_170323) tissue/MGP)
20 149442 149469 Intergenic KJ859677 (PSan92) KX857215 (SWPV-2) MF766431 RBS
Region (16069 _trachea_170323)
21 270859 271942 ankyrin NC_036582 Unknown (NC_028238) MG760432 RMCS
repeat (FGPVKDO09) (TKPV-HU1124/2011) (FMV15SnBuPox)
protein

Table 9.1: Predicted potential recombination events between

PPV/Ind. Details recombination events detected between PPV

isolates were analyzed in this study using the RDP4 program.
Detection method coding R, G, B, M, C, S, P, L, and T
represents methods RDP, GENECONV, Bootscan, MaxChi,
Chimaera, SiScan, PhylPro, LARD, and 3Seq, respectively.

The P-value for the detection method is shown in bold.
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9.3 Discussion

Despite a number of outbreaks reported from India, no
complete genome and associated genomic information are
available [15, 16, 17, 18]. In this study, we have elucidated the
first complete genome of PPV directly from clinical samples
using the NGS platform. Most of the features of this complete
genome similar to the previously published PPV genome, with
some minor differences like the absence of one gene and
shorted ITR [19]. Usually, all poxviruses retain a central
coding region guarded by two identical inverted terminal
repeat (ITR) regions. The present isolate was also bear the
ITRs of 3910bp and arranged in sense and antisense

orientation.

The phylogenetic tree indicates the transboundary potential of
the present virus isolates to spread to a geographically distinct
country. We speculate that trade exchange and transport can
be a potential route to establish the epidemiological linkage
between the strains isolated from the two distinct geographical

areas.

The comparative genomics of PPV with other APV complete
genomes provides evidence of recombination among the virus.
Although several attempts were made to identify
recombination events, the lack of complete genome sequences
made this study exercise unsuccessful. However, in this study,
we identified 21 potential recombination events where PPV/
Ind actively participated in more than 40% of events by
forming recombinant as well as major and minor parents.
Thus, the strain has the potential to evolve via homologous or
non-homologous site-specific recombination and can act as a

major or minor parent to form new variants.
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9.4 Materials and methods

9.4.1 Nucleic acid extraction

To decipher the complete genome sequence of Indian PPV,
we have utilized the isolates PPV/Pur-Od-4b/01/Ind
previously identified from our lab. The extraction of nucleic
acid from infected scab samples was performed by using
DNeasy blood and tissue purification kits (QIAGEN, USA)
with some modifications established by Sarker et al., 2017
[20]. The quality and quantity of DNA checked with 1%
agarose gel followed by nanodrop estimation. Finally, 250ng
of genomic DNA send for library construction for respective

next-generation sequencing platform.

9.4.2 Library construction and Illumina NextSeq500
sequencing

The genomic DNA revived earlier was QC checked, followed
by paired-end sequencing library using TruSeq Nano DNA
Library Prep kit. The fragmentation of that DNA occurred
through Covaris M220 shearing method to obtain the fragment
of 350bp with 3' or 5' overhangs followed by end repair by
using End Repair Mix provided within the Kit. Then adaptors
were ligated to the fragments having a low rate of
concatenated formation. The size selection of those ligated
products conducted through AMPure XP beads (Invitrogen,
USA). The selected ligation product further PCR amplified to
enrich the amplicons by using the program 72 °C initial
denaturation for 3 min; 95 °C denaturation for 30 s; 12 cycles
of 95 °C for 10 s, 55 °C for 30 s, and 72 °C for 30 s; and 72
°C final extension step for 5 min recommended by
manufactures’ protocol. The enriched genomic enriched

library prepared through PCR amplification was further
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validated by the 4200 Tape Station system (Agilent
Technologies). Cluster formation, followed by sequencing of
the enrich library was obtained through paired-end sequencing
chemistry on NextSeq500 sequencing platform.

9.4.2 Raw sequence data processing, mapping, assembly,
and genome annotations

The raw data generated through the NGS platform was further
cleaned by Trimmomatic v0.38 to eliminate noisy or
ambiguous reads, adapter and host sequence [21]. The quality
reads further mapped to reference sequence utilizing BWA
MEM software (version 0.7.17) [22]. The extraction of
consensus readsAlongwithDenovo assembly was performed
using SAMtools [23]. GATU was used to identify possible
Open reading frames (ORFs) as well as genome annotation
[24. To decipher the intergenic region along with the presence
of ORFs within them BWA MEM analysis tool (version
0.7.17) was utilized. The presences of possible genes or ORFs
were identified depending upon the significant sequence
similarity with known cellular or viral proteins. However, the
annotation was completed through the comparative genomics
approach with the published reference genome to organize
proper start and stop codons, overlap regions, site of
truncation.

9.4.2 Phylogenetic and recombination analysis

To infer evolutionary relationship of present virus with other
APVs, a phylogenetic tree was constructed. The representative
complete genome of APVs was downloaded from GenBank.
MAFTT (version 7) was used to align these complete
genomes, followed by manually editing by BioEdit (version
7.2) tool [25]. The General Time Reversible (GTR) model of
MEGAG6 was used to create a phylogenetic tree based on the
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Maximum likelihood (ML) phylogeny with 500 bootstraps
[26]. To get an insight into the role of recombination for the
evolution of PPV within the species of APVs, we verified all
possible major parents, minor parents recombinant, and the
region associated with the hotspot of recombination by using
the RDP, GENECONV, Bootscan, MaxChi, Chimaera,
Siscan, PhylPro, LARD, and 3Seq methods of RDP4 program
[27]. Parameters with a significant p-value within three of the

methods were referred as a possible recombinant event.

9.5 Conclusion

In conclusion, we report the first draft genome of PPV isolate
from India. Utilizing, a comparative genomic approach, we
deciphered the presence of recombination within Avipox
viruses, and the presence isolate taking an active role during
recombination events. The current genomic resource would be
greatly useful for further understanding of PPV biology,
epidemiology, and research carried in the front of diagnosis

and vaccine development.
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Chapter 10

A comprehensive analysis of Simple Sequence
Repeats in Picornaviruses.

10.1 Introduction

Non-enveloped virions with icosahedral capsids characterize
the Picornaviridae family members. The capsid contains a
small, single, and positive-stranded RNA as the genome.
According to the International Committee on Taxonomy of
Virus (ICTV) 2020, the family consists of 63 genera and 147
species. The family contains a range of human and animal
pathogens such as foot and mouth disease virus (FMDV),
human enterovirus 71 (EV-71), poliovirus, etc. The
Picornavirus genome range from 7 to 8.8 kb in size and share
a typical pattern of gene arrangement. The 5' end of the
genome is covalently linked to the small viral protein VPg
(2KD size), and 3' end is polyadenylated [1, 2]. The 5' end of
the genome is further anchored by untranslated region (5!
UTR), and a 5' terminal domain; regulates viral replication
and an internal ribosomal entry site (IRES) element that
allows cap-independent translation activity [3]. The 3' UTR
contains a pseudoknot structure involved in regulating
replication and ends with a poly-A tail that is heterogeneous in
length [4]. Following virus entry to the permissible host cell,
the cap-independent translation of the viral genome results in
a precursor polyprotein synthesis. The precursor polyprotein is
further proteolytically cleaved to form several precursor
molecules and 10-12 mature proteins [5]. These include
structural proteins of the capsid (LA-1D or VP4-VP1) located
at the amino-terminal portion of the polypeptide, followed by
the nonstructural proteins (2A-2C and 3A-3D). In some
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genera, the polyprotein starts with a leader (L) peptide
followed by VPO structural protein. Upon synthesis of the
viral proteins, the genome replicated in complexes associated
with cytoplasmic membranes [6]. During viral genome
replication, viral RNA dependent RNA polymerase (RdRp)
frequently switches the template, which results in "replicative
recombination”. It not only helps to maintain not only stability
but also the variation of Picornavirus genomes. These
recombination events, coupled with mutation, generate a large
ensemble of genetically diverse genomes, contributing to the

Picornavirus evolution [7, 8].

Simple sequence repeats (SSRs), also called microsatellites,
are tandem repetitions of relatively short nucleotide motifs.
They are distributed ubiquitously in the genome of eukaryotes
and prokaryotes. SSRs are relatively rare in smaller viral
genomes [9-11]. The microsatellites may be classified as
either simple or compound, depending on the constituent of
nucleotide sequences. Two or more microsatellites reside
directly adjacent to each other form compound microsatellites,
and often, they are interrupted by other repeats [12].
Compound microsatellites have been found in diverse taxa,
including viruses, prokaryotes, and eukaryotes [13, 14]. In the
human genome, ~10% of microsatellites are categorized as
compound microsatellites. These contain some highly
polymorphic compound repeats, such as (dC-dA)n-(dG-dT)n
[15]. Eukaryotic such as Homo sapiens, Macaca mulatta, Mus
musculus, Rattus norvegicus, Ornithorhynchus anatinus,
Gallus gallus, Danio rerio, and Drosophila melanogaster
genomes show a higher frequency (4-25%) of compound

microsatellites [14]. In a similar line, HIV-I isolates show a
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different pattern of compound microsatellites distribution,
where the frequency varies from 0-24.24% for compound
microsatellites [13, 16, 17]. Further, viral genome studies have
unraveled many exciting facts about the distribution pattern,
evolution, and regulatory role of microsatellites in the viral

genome.

Length polymorphism of microsatellites may bring changes to
DNA structure and influence protein functions [18]. This
phenomenon could trigger diseases like Huntington’s disease,
dentatorubro-pallidoluysian atrophy, hereditary ataxias, and
spinobulbar muscular atrophy [18, 19]. Microsatellite
instability through recombination processes or DNA
polymerase slippage during DNA replication causes
significant genetic variation [20]. Some reports suggest that
recombination events between homologous microsatellites
generate compound microsatellites [21]. Microsatellites are
regarded as recombination hot spots, where polymerase
enzymes have a higher affinity for dinucleotide repeat
sequences [22]. Due to their unique characteristics, SSRs
plays a significant role in meiotic recombination [23, 24]. The
evolutionary role of microsatellites in various lower order
species, including that of viruses, has recently come to the
picture [25, 20]. Studies have identified the presence of
microsatellite repeats in many viruses. These include
Menovirus [26], vesicular stomatitis virus [27], hepatitis C
virus [28], and human respiratory syncytial virus [29]. In the
present study, we have systematically analyzed the
occurrence, size, density, and motif types of different simple
and compound microsatellites prevalent in picornaviruses.
We also show the correlation between different parameters

influencing the distribution of these repeats. We have
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identified the polymorphism of these microsatellites and
hypothesized their functional significance in the viral genome.
Further, the recombination breakpoints in the viral genome
were identified following the microsatellites' presence at these

sites.

10. 2 Results

10.2.1 Number, relative abundance, and relative density of
SSR in picornaviruses

Genome-wide screening of 88 available Picornavirus genomes
revealed a total of

2,488 SSRs distributed across the species (Table 10.1, Figure
10.1). On average, 30 SSRs were observed per genome. The
least incidence frequency of 14 was observed in Avisivirus C
(V11), and a maximum incidence frequency of 46 was found
in SalivirusA (V80) (Table 10.2). The RD of SSRs was
observed, ranging from 13.39 bp/kb in Avisivirus C (V11) to
45.02 bp/kb in Cardiovirus A (V13). Similarly, relative
abundance varied from a minimum of 1.953 in Avisivirus C
(V11) to a maximum of 5.763bp/kb in Parechovirus B (V69)
(Table 10.2).
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Sr. . . Isolate/ Geo Isolation | Disease
no. Genus Species Organism | Acc. No. Strain | Location Host Source Caused
Duck aalivirus Anas Abdominal
V1| Aalivirus | Aalivirus A 1 NC_023985 GL/12 China |platyrhyncho cavity Unknown
S
V2 | Ailurivirus |Ailurivirus A| Aimelvirus 1 |MF327529| gpai001 China | Unknown Faeces | Unknown
V3 | Ampivirus |Ampivirus A| Ampivirus Al NC_027214N§>/|V_|U,3101 Hungary Newt Faeces | Unknown
Bovine . S . Respiratory
V4 | Aphthovirus | rhinitis B Bovme_rhmltls NC_ 010354/ EC11 L_Jnlted Bos taurus Lungs | disease in
. B virus Kingdom
virus cattle
Equine United Respiratory
V5 rhinitis A | E9UIe MiNitis| . 1069483| D1305-03 | AT | Camelus g, | tract.
. A virus Emirates: | dromedarius disease in
virus X
Dubai horses
Foot-and- Foot-and- Cattle Foot and
V6 mouth mouth disease | AF511039 | Akesu/58 | China Cattle epithelial mouth
disease virus| virus - type O blister disease
Aquamavirus Seal Oronaso-
V7 |Aquamavirus d A picornavirus |[NC_009891| HO.02.21 | Canada | Pusahispida | pharynx, | Unknown
type 1 lymph, lung
Avihepatovir | Avihepatovir|Avihepatovirus Duck
V8 P P P KC893553| 12-01 China | Anatidae | Unknown | hepatitis
us us A A .
disease
turkey/M17
. Turkey
V9 | Avisivirus |Avisivirus A T_u_rk_ey KC465954 6- Hungary Meleagris Faeces viral
avisivirus TuASV/201 gallopavo heatitis
1/HUN P
. Tracheal .
V10 Avisivirus B| . CMCKeN Iy 004766 aac | HO"9 | Gallus gallus|and cloacal | Parhoea
picornavirus 2 Kong swab in chicken
Chicken Hong Tracheal
V11 Avisivirus C| . ) NC_024767) 45C Gallus gallus|and cloacal | Unknown
picornavirus 3| - Kong swab
V12| Bopivirus | Bopivirus A | Bopivirus A |[KM589358| TCH6 USA Bos taurus | Unknown | Unknown
By pl .
Cardiovirus |Encephalomyo pu)r/iﬁczg'gi%en Myocarditis
V13| Cardiovirus e X74312 |emcv-pv21|Germany| Unknown " and
A carditis virus from "M- .
... |encephalitis
variant
N Human .
Cardiovirus . HTCV- Homo Encephaliti
V14 B TME_V-_Ilke GU595289 UCh USA sapiens Faeces s
cardiovirus
V15 Cardiovirus | Boone 1 jne64042 | BCv-1 | usa | RS | Gnknown | Unknown
C cardiovirus 1 norvegicus
V16| Cosavirus | Cosavirus A| Cosavirus A [INC_012800HCoSV-Al| N/A s;'[?ir:r?s Faeces | Unknown
Acute
flaccid
paralysis,
V17 Cosavirus B Hur_nan NC_012801|HCoSV-B1| Pakistan Ho_mo Faeces acute
cosavirus B - sapiens diarrhoea
and acute
gastroenteri
tis
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V18 Cosavirus D | Cosavirus D |[NC_012802HCoSV-D1| Pakistan S'E:Sig‘rfs Faeces | Unknown
V19 Cosavirus E | Cosavirus E NC_012798|HCoSV-E1| Australia| ~ HOM° Stool 1 nknown
sapiens specimen
Canine Hon Canis IUpus Faecal and
V20| Dicipivirus |Cadicivirus Alpicodicistrovir NC_ 021178 209 g > up urine Unknown
Kong familiaris .
us specimen
. L CVAS8/5Z1 .
v21| Enterovirus | ENErovirus \Coxsackievirus| 1669477 27/CHN/20| China | HOMO Stool | Aseptic
A A8 12 sapiens specimen | meningitis
Hand, foot,
V22 Enterovirus B|Echovirus E14| Kp2g9441 [E14/P968/21 b | Homo Stool 17 outh
013/China sapiens specimen di
isease
Homo Acute
V23 Enterovirus C| Enterovirus C | KP793687 |Brunenders| N/A . Unknown | flaccid
sapiens .
paralysis
Acute
Enterovirus | Enterovirus Homo haemorrhag
V24 KT280503 |2011-21186| China . Unknown ic
D D68 sapiens . -
conjunctivit
is
Reproducti
Ve,
V25 Enterovirus E| Enterovirus E |KM667941 BEV/Egypt Egypt Cattle Faeces resplrato_ry,
12014 or enteric
disease in
cattle
Bovine Faecal [Respirator
V26 Enterovirus F| enterovirus |HQ663846| BJ001 China bovine P y
swabs disease
type 2
Stillbirths,
mummificat
ion of
V27 Enterovirus Poru_ne HM131607| Ch-ah-f1 | China Swine Faeces foetuses_,
G enterovirus 9 embryonic
death, and
infertility in
porcine
V28 E”terﬁ‘”“‘s Enterovirus H [NC_003988|  N/A N/A | Unknown | Unknown | Unknown
Dromedary United
V29 Enterovirus | came_l KP345887 19CC Arab .| Dromedary Faeces Unknown
enterovirus Emirates:
19CC Dubai
V30 Enterovirus J| EnterovirusJ INC_ 010415 1631 N/A Unknown | Unknown | Unknown
Enterovirus Plcorr;avmdae rodent/Ee/ PZﬁ:iygr?:Fl
V31 P INC_038989PicoV/NX2| China Rodent Unknown
K rodent/Ee/Pico| — 015 swab
VINX2015 specimens
V32 Enterovirus L Enterovirus NC_029905 SEV-gx China Macaca Faeces | Unknown
SEV-gx - mulatta
Human ATCC VR- Homo Naso- Common
V33 Rhinovirus A| . . FJ445111 USA . pharyngeal
rhinovirus Al 1559 sapiens . cold
washings
V34 Rhinovirus B Human FJ445186 |ATCC VR-| USA Homo Presumed | Common
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rhinovirus B27 1137 sapiens from cold
human
throat
washings
Hon Homo Nasozzlaryn Respiratory
V35 Rhinovirus C| Rhinovirus C | EF582387 026 g . 9 tract
Kong sapiens |aspirates of di
. isease
patients
Equus
V36| Erbovirus | Erbovirus A | EAUNe initis| ) cacio53| pa1gzs | A | S08IUS | Gounown [REspiratory
B virus 2 rabbit(Labora| infection
tory host)
turkey/M17 . .
va7| Gallivirus |GallivirusA| 1YY NG 0184006/2011/HU| Hungary | Me1€agNis | pppoag  (GaStrOINtest
gallivirus N gallopavo inal Disease
kestrel/\VO
. . . Falco cloacal
V38| Harkavirus |Harkavirus A| Falcovirus A1 [NC_026921{VE0622/20| Hungary | .. Unknown
tinnunculus | sample
13/HUN
Hepatovirus Japan: Homo
V39| Hepatovirus P A Hepatovirus A|AB279735| HAJ85-1 |Yamanas . serum Hepatitis
hi sapiens
lungs,
Hepatovirus NewEnglan livers,
V40 P B Phopivirus |NC_027818d_USA/201| USA |Phocavitulinaspleens, and Unknown
1 oral
mucosae
Hepatovirus Bat hepatovirus SMG18520 Madagasc| Miniopterus Tissue,
val P SMG18520Mi | KT452742 [Minmav201] " 2029 PIETUS | Blood and | Unknown
C ar cf. manavi
nmav2014 4 faeces
Rodent .
V42 Hepatovirus | _hepatovirus |~ 0283637R|\'>I/|i(L:Jalr(\)égi Germany [Microtusarval Bﬂiﬁufad Unknown
D  |RMU101637M| - y is
. 0 faeces
icarv2010
Rodent Tissue
Hepatovirus | hepatovirus KEF121Sig . |Sigmodonma ’
V43 = KEF121Sigma NC_038315 Mas2012 Mexico SCOtensis Blood and | Unknown
faeces
52012
Shrew Tissue
. hepatovirus KS121232S '
V44 Hepatovirus | K81212SZSOraNC_028364 orara2012 Germany |Sorexaraneus| Blood and | Unknown
faeces
ra2012
. L Bovine BHUV1/20
V45| Hunnivirus Hunmv'rUSAhungarovirus1NC—018668 08/HUN Hungary | Bos taurus Faeces | Unknown
Gastroenter
V46| Kobuvirus |Aichivirus A| Aichivirus1 [NC_001918 A846/88 N/A Ho_mo Unknown itis (the
- sapiens stomach
flu)
Gastroenter
V47 Aichivirus B| Aichivirus B NC_004421] U-1 N/A bovine Unknown itis (the
- stomach
flu)
Gastroenter
vag Aichivirus c|  POTCINe |\ ya5934g [CHIDX20L iy oig Faces | [US(the
kobuvirus 2 stomach
flu)
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Kobuvirus

Kagoshima-

. Japan: .
Lo cattle/Kagoshi 1-22- ; Bovine
V49 Aichivirus D Ma-1-22- NC_027919K0V/2014/JKag(;shlm Bos taurus Faeces diarrhoea
KoV/2014/JPN PN
. . Oryctolagus
V50 Aichivirus E .Rabb'.t KT325852 Rabbit01/2 Hungary [cuniculus var| Faeces | Unknown
picornavirus 013/HUN q .
omestica
Bat BIMT- Miniopterusf szaygr?:fﬂ
V51 Aichivirus F| . . KJ641687 |PicoV/FJ20| China 1op Unknown
picornavirus 12 uliginosus swab
specimens
roller/SZA
.. |Kunsagivirus L L6- Coraciasgarru
V52 |Kunsagivirus A Kunsagivirus Al KC935379 Ku\V/2011/ Hungary lus Faeces | Unknown
HUN
baboon/M2|Tanzania:
Kunsagivirus . 7- Mikumi Papio
V53 c Bakunsa virus [NC_034206 KuV/1986/| National |cynocephalus Unknown | Unknown
TAN Park
V54| Limnipivirus | -MniPVirus |- Bluegill ) yog 30000 | 0a.032 | usa | LEPOMIS | Goknown | Unknown
A picornavirus macrochirus
V55 Limnipivirus| — Carp iy 053165 F37/06 | Germany [CYPTINUSCArp heart, brain o,
B picornavirus 1 io and liver
Limnipivirus Fathead Pimephales rkidney/sple
V56 g minnow  [NC_039212 FHMPV-1| USA Orflelas PMen or entire| Unknown
picornavirus viscera
Livupivirus newt/ll-5- Lissotriton
V57| Livupivirus P Livupivirus A [INC_032126] Pilis/2014/ | Hungary . Faeces | Unknown
A HUN vulgaris
Anas
V58| Megrivirus [Megrivirus A| Megrivirus A | KC663628 LY N/A  |platyrhyncho| Unknown | Unknown
S
L Picornavirus Hong .
V59 Megrivirus B HK21 NC_038957] HK21 Kong pigeon Faeces | Unknown
Harrier harrier/MR- Circus cloacal
V60 Megrivirus D| . . NC_034617/01/HUN/20| Hungary . Unknown
picornavirus 1 14 aeruginosus | sample
V61 Megrivirus E| PEN9UIN I\ g39004] KCI-Bel- | \ya  |Pygoscelisad |y on | Unknown
megrivirus P5/2015 eliae
Melegrivirus Turkey Turke
V62 g hepatitis virus [NC_021201 124 USA y liver Hepatitis
A poultry
2993D
Mischivirus Miniopterussch Miniopteruss
V63| Mischivirus reibersiipicornal JQ814851 | Unknown | China PEEIUSS| Unknown | Unknown
A ; chreibersii
virus 1
African Derril((:)crat
Mischivirus | bat icavirus PREDICT- . |Hipposideros
V64 C PREDICT- NC_026470 06105 Republic gigas oral swab | Unknown
of the
06105
Congo
SZALG- Coraciasgarru
V65| Mosavirus |Mosavirus A | Mosavirus A2 INC_023987|MoV/2011/| Hungary Iusg Faeces | Unknown
HUN
L L L chicken/Pf- Gallus cloacal | Common
V66| Orivirus Orivirus A | Orivirus A |[KM203656 CHK1/2013 Hungary gallusdomesti|  sample cold
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/HUN cus
Hon Oriental
V67| Oscivirus | Oscivirus A | Oscivirus A1 |GU182409| 007167 Kong Magpie Unknown | Unknown
9 | Robin
Respiratory
V68| Parechovirus | areehovirus)  Human 1 gy 75746 lcauzo-nn SOU | HOmO ko | O
A parechovirus 1 Korea sapiens gastrointesti
nal illness
Malformati
V69 Parechovirus| | i ngan virus | EF202833 | 87-012G | Sweden |C1SMONOMY gy | ONS:
B sglareolus intrauterine
foetal death
Hylomyscus,
suckling
Parechovirus | Sebokele virus Central newborn
V70 C 1 NC_021482 1 African mice Unknown | Unknown
Republic (Laboratory
host)
SPaV-
V71| Pasivirus | Pasivirus A | Pasivirus A | LT898442 |A/GER/LOO] N/A Unknown | Unknown | Diarrhoea
721/2014
V72| Passerivirus Passe;:wrus Passerivirus A1NC_014411] 00356 Eggg Pale Thrush | Unknown | Unknown
Avian
. . Poecivirus USA: |Black-capped keratin
V73| Poecivirus |Poecivirus A BCCH-449 KU977108 |[BCCH-449 Alaska | chickadee beak disorder
(AKD)
V74[Potamipivirug CRMIPIVITUS POMIPIVIIUS |y 1 89163|  Topy | USA: |Gasterosteus-| o ine | Unknown
A A Alaska | aculeatus
V75| Rabovirus |Rabovirus A| Rabovirus A |[NC_026314 Berlin/Jan2 Germany Rattgs Faeces | Unknown
011/0572 norvegicus
V76| Rosavirus | Rosavirus A | Rosavirus A2 INC_024070 GA7403 | Gambia sggi?r?s Faeces | Unknown
Multisyste
V77 Rosavirus B | Rosavirus B [NC_031105 RNCWO060/  Hong Rattus Unknown | . M¢
- 2091R Kong | norvegicus disseminati
on
Multisyste
V78 Rosavirus C | Rosavirus C NC_031106 RATLCIL | Hong |Rattusandam |y o | MIC
- A Kong anensis disseminati
on
V79| Sakobuvirus Sakobuvirus Felme NC_022802] FFUP1 | Portugal | Feliscatus | Unknown | Unknown
A sakobuvirus A
V80| Salivirus | Salivirus A | Salivirus A INC_012086| 02394-01 | Usa | Homo | stool jGastroenter
- sapiens specimen itis
V81| Sapelovirus AV'ar] AV'aF‘ NC_006553 TW90A N/A Unknown | Unknown | Unknown
sapelovirus | sapelovirus
Diarrhoea,
Sapelovirus Porcine polio
V82 P . NC_003987] V13 N/A Unknown | Unknown |encephalom
A sapelovirus 1 - .\
yelitis,
pneumonia
V83 Sapelovirus S'm'fm NC_004451] 2383 N/A Unknown | Unknown | Unknown
B sapelovirus 1 -
V84| Senecavirus | Senecavirus | Senecavirus A | KC667560 [11-55910-3| Canada swine brain Vesicular
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A lesions in
pigs

v8s5| Sicinivirus |Sicinivirus A| SICNVITUS P ragn665 Pt- Hungar aIISsadI:)unS]esti cloacal |} hown

CHK1/SiV CHK1/siv | oA 9T sample

Teschovirus Dominica Encephalo

V86| Teschovirus A Teschovirus A|KC667562 | 13-3064-3 n swine spinal cord | myelitis in
Republic pigs

V87| Torchivirus Torchivirus _Tortms:e KM873611| 14-04 |Germany Testudoherm Unknown | Unknown

A picornavirus anni
V88| Tremovirus | 1eMOVINUS | 1omovirus A | KF979338|  204c | MM | Gallus gallus| Unknown | ENCephalo
A Kong myelitis

Table 10.1: Overview of selected 88 species of Picornaviridae

family. The dataset includes specification of the viral strain,

specific host, geo-location, isolation source, and disease

caused.

Figure 10.1: The Circos map is representing 88 picornavirus

genomes. From the outer ring to inner: Selected picornavirus

genomes, genome size, polyprotein gene, mature proteins,
SSRs, ¢SSRs, and GC content.
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10.2.2 Number, relative abundance, and relative density of
cSSR in Picornaviruses

The genome-wide scan revealed 1-5 compound
microsatellites (cSSRs) in each analyzed sequence.
Interestingly, 26 genomes lacked any cSSR. A total of 100
cSSRs were observed in 88 genomes (Table 10.2). The RD of
cSSRs changed drastically in selected genomes, ranging from
1.36 bp/kb in Erbovirus A (V36) to 26.84 bp/kb in
Cardiovirus A (V13). Similarly, the RA varied from 0.108
bp/kb in Ampivirus A (V3) to 0.636 bp/kb in the genome of
Cardiovirus A (V13). The percentage of individual
microsatellites being part of compound microsatellite
(cSSR%) ranged from 2.439 in GallivirusA (V37) to 15.15 in

Cardiovirus A (V13) (Table 10.2).

Sr. Acc. No. Qenome GC (%) Total no|Total no] RA RD RA RD % of
No. size (bp) of SSR |of cSSR| (SSR) |(SSR) | (cSSR) | (cSSR) | ¢SSR
V1 | NC_023985 8976 43.17 29 1 3.231 | 24.06 | 0.111 2.78 3.448
V2 | MF327529 8029 45.19 29 1 3.612 |24.909| 0.125 2.49 3.448
V3 | NC_ 027214 9246 45.14 31 1 3.353 | 21.84 | 0.108 2.16 3.226
V4 | NC_010354 7556 45.55 32 0 4.235 | 33.24 | 0.000 0 0.000
V5 | KM269483 7681 47.57 38 3 4,947 | 31.62 | 0.391 7.16 7.895
V6 | AF511039 8147 53.38 24 0 2.946 | 20.6 | 0.000 0 0.000
V7 | NC_009891 6718 43.68 35 1 5.210 | 39.27 | 0.149 2.23 2.857
V8 | KCB893553 7800 43.01 38 2 4.872 | 34.47 | 0.256 3.46 5.263
V9 | KC465954 7532 44.96 23 0 3.054 | 21.1 | 0.000 0 0.000
V10 | NC_024766 7310 48.52 23 0 3.146 | 19.69 | 0.000 0 0.000
V11| NC_024767 7167 45.21 14 1 1.953 | 13.39 | 0.140 1.95 7.143
V12 | KM589358 7018 50.37 21 0 2.992 | 22.08 | 0.000 0 0.000
V13 X74312 7861 49.73 33 5 4198 | 45.02 | 0.636 | 26.84 | 15.152
V14 | GU595289 8047 43.85 20 0 2.485 | 16.89 | 0.000 0 0.000
V15| JQ864242 8530 47.74 29 1 3.400 |26.49 | 0.117 1.87 3.448
V16 | NC 012800 7632 43.75 28 0 3.669 | 27.64 | 0.000 0 0.000
V17 | NC 012801 7205 43.78 27 1 3.747 | 27.48 | 0.139 4.99 3.704
V18 | NC 012802 7215 42.47 27 1 3.742 |25.502| 0.139 291 3.703
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V19 | NC_012798 6580 41.93 26 1 3.951 | 29.93 | 0.152 1.82 3.846
V20 | NC_021178 8785 41.58 33 2 3.756 | 27.66 | 0.228 5.69 6.061
V21| KM609477 7396 47.64 21 1 2.839 | 19.06 | 0.135 2.02 4.762
V22 | KP289441 7451 47.6 27 1 3.624 | 24.15| 0.134 1.87 3.704
V23| KP793687 7507 46.09 21 0 2.797 | 28.22 | 0.000 0 0.000
V24 | KT280503 7332 41.8 24 1 3.273 | 18.67 | 0.136 2.04 4.167
V25| KM667941 7417 50.41 20 1 2.697 | 20.89 | 0.135 1.69 5.000
V26 | HQ663846 7430 50.76 18 0 2.423 | 19.77 | 0.000 0 0.000
V27 | HM131607 7390 45.27 19 1 2571 | 17.18 | 0.135 2.57 5.263
V28 | NC_003988 7374 42.93 26 2 3.526 | 29.96 | 0.271 3.25 7.692
V29 | KP345887 7441 45.39 26 0 3.494 | 26.86 | 0.000 0 0.000
V30 | NC_010415 7351 45.28 20 0 2.721 |16.99 | 0.000 0 0.000
V31| NC_038989 7805 46.09 17 0 2.178 | 16.14 | 0.000 0 0.000
V32 | NC_029905 7367 43.14 21 1 2.851 | 19.95| 0.136 2.03 4.762
V33| FJ445111 7137 37.43 31 2 4.344 |29.704| 0.280 4.2 6.452
V34 | FJ445186 7217 39.46 26 1 3.603 | 21.05| 0.139 1.66 3.846
V35| EF582387 7086 42.98 27 0 3.810 | 22.45 | 0.000 0 0.000
V36 | AF361253 8821 50.4 35 1 3.968 | 27.2 | 0.113 1.36 2.857
V37 | NC_018400 8496 48.28 41 1 4826 |32.71 | 0.118 1.41 2.439
V38 | NC_026921 8003 41.80 29 3 3.624 | 25.61 | 0.375 7.74 10.345
V39| AB279735 7478 38.2 22 1 2942 | 2245 | 0.134 2 4.545
V40 | NC_027818 7475 36.80 16 1 2.140 | 17.25| 0.134 | 1.605 6.250
V41 | KT452742 7570 38.08 34 0 4491 | 27.73 | 0.000 0 0.000
V42 | NC_028363 7656 36.10 26 2 3.396 |26.907| 0.261 5.09 7.692
V43 | NC_038315 7563 35.11 35 2 4628 | 3146 | 0.264 | 4.23 5.714
V44 | NC_028364 7810 36.71 36 1 4.609 |29.705| 0.128 1.92 2.778
V45 | NC_018668 7583 45.57 24 0 3.165 | 22.41 | 0.000 0 0.000
V46 | NC_001918 8251 58.9 45 4 5.454 | 36.59 | 0.485 6.54 8.889
VA7 | NC_004421 8374 54.6 38 2 4538 | 29.83 | 0.239 3.22 5.263
V48 | KJ452348 8124 51.82 30 0 3.693 | 25.72 | 0.000 0 0.000
V49 | NC_027919 8087 55.19 40 1 4946 | 34.87 | 0.124 2.59 2.500
V50 | KT325852 8364 55.17 35 1 4185 | 29.41 | 0.120 251 2.857
V51 | KJ641687 7435 49.37 18 0 2.421 124.209| 0.000 0 0.000
V52 | KC935379 7272 53.01 35 1 4813 | 33.69 | 0.138 247 2.857
V53 | NC_034206 7429 49.02 25 1 3.365 | 22.47 | 0.135 242 4.000
V54 | JX134222 8050 44,01 36 0 4472 | 32.79 | 0.000 0 0.000
V55 | NC_023162 7697 45.01 20 1 2.598 | 25.98 | 0.130 2.2 5.000
V56 | NC_039212 7746 45.82 18 1 2.324 | 15.87 | 0.129 1.93 5.556
V57 | NC_032126 7768 46.77 24 0 3.090 | 20.85| 0.000 0 0.000
V58 | KC663628 9700 45.26 44 0 4.536 |30.309| 0.000 0 0.000
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V59 | NC_038957 9100 47.37 34 0 3.736 | 27.36 | 0.000 0 0.000
V60 | NC_034617 8541 45,51 28 1 3.278 | 20.25 | 0.117 | 1.404 3.571
V61 | NC_039004 9702 43.22 41 3 4.226 | 29.16 | 0.309 5.66 7.317
V62 | NC_021201 9075 46.07 39 1 4.297 | 28.98 | 0.110 2.09 2.564
V63 | JQ814851 8468 47.43 38 2 4.487 | 31.52 | 0.236 3.18 5.263
V64 | NC_026470 8096 47.31 33 1 4.076 | 26.92 | 0.124 2.09 3.030
V65 | NC_023987 8398 45.47 24 0 2.858 | 21.18 | 0.000 0 0.000
V66 | KM203656 7037 49.8 29 3 4121 | 26.57 | 0.426 7.1 10.345
V67 | GU182409 7640 46.58 34 2 4.450 | 32.32 | 0.262 3.14 5.882
V68 | JX575746 7348 39.75 24 0 3.266 | 23.38 | 0.000 0 0.000
V69 | EF202833 7635 42.58 44 4 5.763 | 37.19 | 0.524 6.67 9.091
V70 | NC_021482 7537 45.75 27 4 3.582 | 23.61 | 0.530 8.35 14.815
V71| LT898442 6917 43.02 27 0 3.903 | 25.01 | 0.000 0 0.000
V72 | NC_014411 8035 57.92 26 2 3.236 | 23.26 | 0.249 3.23 7.692
V73| KU977108 7653 43.45 34 1 4443 | 29.26 | 0.131 1.56 2.941
V74 | MK189163 8532 43.33 30 1 3.516 | 27.89 | 0.117 2.1 3.333
V75| NC_026314 7853 43.23 32 1 4.074 | 28.77 | 0.127 2.54 3.125
V76 | NC_024070 8930 51.41 40 2 4479 | 2855 | 0.224 | 4.25 5.000
V77 | NC_031105 8938 50.92 34 3 3.803 | 24.83 | 0.335 7.04 8.824
V78 | NC_031106 9112 50.98 33 1 3.622 | 26.44 | 0.110 1.86 3.030
V79 | NC_022802 7807 55,51 40 1 5.124 | 35.34 | 0.128 1.53 2.500
V80 | NC_012986 7989 56.67 46 2 5.758 | 39.04 | 0.250 3.37 4.348
V81 | NC_006553 8289 42.69 35 2 4222 | 3497 | 0.241 2.89 5.714
V82 | NC_003987 7491 41.03 26 2 3471 | 22.01 | 0.267 3.6 7.692
V83 | NC_004451 8126 40.38 29 1 3.569 | 23.12 | 0.123 1.84 3.448
V84 | KC667560 7356 51.54 25 1 3.399 | 25,55 | 0.136 1.63 4.000
V85 | KT880665 9883 53.81 35 2 3.541 | 22.35 | 0.202 2.42 5.714
V86 | KC667562 7155 44.55 21 0 2.935 | 25.7 | 0.000 0 0.000
V87 | KM873611 7093 36.04 30 0 4.230 | 30.17 | 0.000 0 0.000
V88 | KF979338 6955 44.18 25 1 3.595 | 23.28 | 0.144 1.72 4.000

Table 10.2: Survey of various microsatellites (SSRs and

cSSRs) with their relative abundance, relative density, and

CSSR % in selected Picornaviridae family.

10.2.3 Effect of dMAX on ¢SSR incidence

The dMAX is the maximum distance between any two

adjacent microsatellites.

If the distance separating two
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microsatellites is less than or equivalent to dMAX, these
microsatellites are considered as cSSR [14]. To determine the
impact of dMAX, five genome sequences such as bovine
rhinitis B virus (V4), Cardiovirus A (V13), Enterovirus A
(V21), Aichivirus A (V46), Salivirus A (V80) were chosen
randomly to determine the variability of cSSR with increasing
dMAX. It is noteworthy that the dMAX value in the IMEX
software could only be set between 0 and 50 for analysis [30].
Our study revealed an overall increase in the number of cSSRs
with higher dMAX value in all selected picornaviruses except
for Enterovirus A (V21) (Figure 10.2).
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Genome analvsed

Figure 10.2: Effect of cSSR% on varying dMAX in five
different species of Picornavirus: For this analysis, IMEXx
software was used, which allowed varying the dMAX value
from 10 to 50.

10.2.4 Diversity of derived motifs

This study's derived microsatellites revealed the presence of
mono to penta-nucleotide motif throughout the genome of the
Picornaviridae family. Mono-nucleotide repeats were
exhibited predominantly next to the dinucleotide motif. A 141

mono-nucleotide repeats stretch was observed in Cardiovirus
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A (V13) (Acc. no. X74312). Poly (G/C) repeats were found to
be more prevalent than poly (A/T) repeats. Within the
dinucleotide repeats, CT/TC maintained the highest, whereas
CG/GC repeats exhibited the lowest in terms of their
distribution in the Picornaviridae. The CT/TC repeats were
approximately 4.25 times more abundant than the least
represented CG/GC repeats. The tri-nucleotide repeats were
present abundantly next to mono-nucleotide repeats and
contain 54 codon type repeats. Among them, GAA/AAG, and
CAA/AAC represent the highest coding density, codes for
glutamic acid/lysine and glutamine/asparagine, respectively.

In this study, seventeen tetra-nucleotide and six
pentanucleotide  motifs were observed among the
Picornaviruses. Among these, three tetra-nucleotide motifs
such as CTCC, TCCT, and TTAG were localized in
Aichivirus A (V46), and two pentanucleotide motifs such as
GTTAA and TTAAG were localized in Aichivirus F (V51).
Additionally, we have verified the distribution of SSRs
throughout the non-genic and genic regions. The non-genic
regions occupy 15.50% of SSR, and the rest 84.50%
contribute toward the genic region. The 3D gene, which codes
for the RdRp enzyme, contains maximum percentage
(14.80%) followed by 2C (12.39%), then by VP3 (10.33%),
which codes the protein for viral replication and capsid
formation, respectively (Figure 10.3). We further examined
the presence of mono-, di-, and tri-nucleotide repeats in the

genic and non-genic regions depicted in Figure 10.4.
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Figure 10.4: Distribution of mono-, di- and tri-nucleotide SSR

motifs (%) across coding/noncoding regions of Picornavirus.

We have searched the biasness of the class of repeats to a
genomic region. We found that the capsid protein VP4 is
biased towards (A)s repeats, which code for lysine. While
VPO, VP3, and 2A (codes for viral protease) were enriched
with polyC, which codes for proline. We surveyed the
conserved repeats at the 5' UTR and 3° UTR, which were
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enriched with polyC and polyA, respectively. Except for VPO
(helping for RNA encapsidation), the gene enriched with
dinucleotide repeats such as TC/CT, codes for serine/leucine,
and rest of the regions were highly diverse with di- as well as
tri-repeat types. The diversification of microsatellite indicates
the rapid evolution of the species to adapt to a broad range of

hosts.

10.2.5 Over and under-representation of mononucleotide
repeat

We noticed a considerable variation in the numbers of
mononucleotide repeats (=6 nt), ranging from one
(Enterovirus J, Enterovirus K, Hepatovirus D, Mosavirus A
&Tremovirus A) to 22 (Parechovirus B). The ratio between
the observed number of repeats and the expected number of
repeats also varied considerably from -7.6407 (Rhinovirus A)
to 14.8191 (Parechovirus B) (Table 10.3). Among the
analyzed sequences, approximately 72.5% showed the under-
represented distribution of MNRs. Broader host range and
virus genome type might have influenced the ratio of the
observed number of repeats to the expected number of repeats
(O/E ratio) to some degree. The Z-scores revealed the
statistical ~ significance  of  mononucleotide  repeat
representation. If the observedvalue is more than the expected
value, the Z score is assigned Z>0 and vice versa. Thus, the
greater the Z value, the higher is the statistical significance.
Kunsagivirus A with the highest Z value of 4.85 denotes the
most significant genome in terms of mononucleotide
microsatellite evolution. Some of the viruses showed an over-
representation of MNR loci compared to the expected value.
This may arise due to the co-evolution of viral SSRs with that

of the host genome.
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Sl. Observed Real Square Root of

No. Total Expected O/E O-E E Z score

V1 6 8.792490113 | 0.682401 | -2.79249 2.965213333 -0.941750154
V2 2 5.853882275 | 0.341654 | -3.85388 2.419479753 -1.592855766
V3 5 6.950827321 | 0.719339 | -1.95083 2.636442171 -0.739946942
V4 6 6.079360927 | 0.986946 | -0.07936 2.465636009 -0.032186798
V5 10 5.774709596 | 1.731689 | 4.22529 2.403062545 1.758293979
V6 3 6.305285261 | 0.475791 | -3.30529 2.511032708 -1.31630514
V7 7 5.921120397 | 1.182209 | 1.07888 2.433335241 0.443374832
V8 7 7.148990812 | 0.979159 | -0.14899 2.673759677 -0.055723337
V9 8 6.221224962 | 1.28592 | 1.778775 2.494238353 0.713153591
V10 5 6.34132674 | 0.788479 | -1.34133 2.518199107 -0.532653171
V11 4 5.67221231 | 0.705192 | -1.67221 2.381640676 -0.702126197
V12 3 6.75032156 | 0.444423 | -3.75032 2.598138095 -1.44346506
V13 9 5.738697585 1.5683 | 3.261302 2.395557886 1.361395788
V14 4 7.032841022 | 0.56876 | -3.03284 2.651950418 -1.143626593
V15 6 6.67352211 | 0.899075 | -0.67352 2.583316107 -0.260719975
V16 4 5.34522324 | 0.748332 | -1.34522 2.311973884 -0.581850534
V17 4 5.87240551 | 0.681152 | -1.87241 2.423304667 -0.772666159
V18 4 5.95257341 | 0.671978 | -1.95257 2.439789624 -0.800304006
V19 5 6.45245031 0.774899 | -1.45245 2.540167378 -0.571793151
V20 3 6.026337571 | 0.497815 | -3.02634 2.45485999 -1.232794368
V21 2 5.550081918 | 0.360355 | -3.55008 2.355861184 -1.506914729
V22 3 5.596912349 | 0.53601 | -2.59691 2.365779438 -1.097698419
V23 3 5.910549533 | 0.507567 | -2.91055 2.431162177 -1.197184441
V24 2 7.243071394 | 0.276126 | -5.24307 2.691295486 -1.948158952
V25 4 5.416504044 | 0.738484 | -1.4165 2.327338403 -0.608636906
V26 2 5.437974326 | 0.367784 | -3.43797 2.331946467 -1.474293846
V27 2 5.76785342 | 0.346749 | -3.76785 2.401635572 -1.568869759
V28 7 6.788938974 | 1.031089 | 0.211061 2.605559244 0.081004117
V29 5 6.027594892 | 0.829518 | -1.02759 2.455116065 -0.41855247
V30 1 5.98317411 | 0.167135 | -4.98317 2.446052761 -2.037230835
V31 1 5.23123021 0.19116 | -4.23123 2.287188276 -1.849970225
V32 6 6.2352211 0.962275 | -0.23522 2.497042471 -0.09419988
V33 2 9.640702298 | 0.207454 | -7.6407 3.104948035 -2.460814871
V34 4 8.380757236 | 0.477284 | -4.38076 2.894953754 -1.513239108
V35 2 6.503150558 | 0.307543 | -4.50315 2.550127557 -1.765853063
\/36 7 6.446453953 | 1.085868 | 0.553546 2.538986797 0.218018482
V37 13 6.295819278 | 2.064862 | 6.704181 2.509147122 2.671896225
V38 5 9.532580223 | 0.524517 | -4.53258 3.087487688 -1.468048032
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V39 5 6.858401211 | 0.729033 | -1.8584 2.618854943 -0.709623577
V40 2 6.87223112 | 0.291026 | -4.87223 2.621494063 -1.858570343
V41 6 9.73778124 | 0.616157 | -3.73778 3.120541818 -1.197798798
V42 1 5.73224502 | 0.174452 | -4.73225 2.39421073 -1.976536552
V43 11 5.894062032 | 1.866285 | 5.105938 2427768941 2.103139999
V44 11 6.23342312 1.76468 | 4.766577 2.496682423 1.909164272
V45 2 6.096045186 | 0.328082 | -4.09605 2.469017049 -1.658978089
V46 14 8.570159884 | 1.633575 | 5.42984 2.927483541 1.854780749
V47 5 6.795861417 | 0.735742 | -1.79586 2.606887304 -0.688891083
V48 4 6.034100908 | 0.662899 | -2.0341 2.456440699 -0.828068395
V49 11 4.32408912 | 2.543888 | 6.675911 2.079444426 3.210430054
V50 10 5.98 1.672241 4.02 2.445403852 1.643900248
V51 2 6.34 0.315457 -4.34 2.517935662 -1.723634192
V52 17 5.559061712 | 3.05807 | 11.44094 2.357766255 4.85244806

V53 11 5.234853212 | 2.101301 | 5.765147 2.28798016 2.519753838
V54 6 5.711408548 | 1.050529 | 0.288591 2.38985534 0.120756871
V55 5 6.345861415 | 0.787915 | -1.34586 2.519099326 -0.534262941
V56 2 6.36221342 | 0.314356 | -4.36221 2.522342843 -1.729429221
V57 5 6.24513412 | 0.800623 | -1.24513 2.499026635 -0.498247639
V58 9 5.2365712 1.718682 | 3.763429 2.288355567 1.644599666
V59 4 6.74127623 | 0.593359 | -2.74128 2.596396778 -1.055800197
V60 7 6.2412311 1.121574 | 0.758769 2.498245604 0.303720699
V61 6 6.8751218 0.872712 | -0.87512 2.622045347 -0.333755402
V62 2 6.5869412 0.303631 | -4.58694 2.566503692 -1.787233431
V63 6 6.391546817 | 0.93874 | -0.39155 2.528150869 -0.154874783
V64 5 6.57221347 | 0.760779 | -1.57221 2.563632866 -0.613275595
V65 1 6.783046221 | 0.147426 | -5.78305 2.604428195 -2.220466755
V66 7 6.546553953 | 1.069265 | 0.453446 2.558623449 0.177222657
V67 6 5.911408748 | 1.014986 | 0.088591 2.43133888 0.036437229
V68 3 8.356769708 | 0.35899 | -5.35677 2.890807795 -1.853035583
V69 22 7.180837653 | 3.063709 | 14.81916 2.679708501 5.530139692
V70 4 6.3652329 0.628414 | -2.36523 2.522941319 -0.937490255
V71 8 6.321524062 | 1.265518 | 1.678476 2.514264119 0.667581391
V72 7.821327733 1.1507 | 1.178672 2.796663679 0.421456565
V73 14 8.79219342 | 1.592322 | 5.207807 2.965163304 1.756330443
V74 6 5.920408748 | 1.013444 | 0.079591 2.433189008 0.032710674
V75 4 6.76219785 | 0.591524 | -2.7622 2.600422629 -1.062211126
V76 14 8.2323145 1.700615 | 5.767686 2.869201021 2.010206137
V77 13 6.5312134 1.990442 | 6.468787 2.555623877 2.531196652
V78 10 5.3423145 1.871848 | 4.657686 2.311344738 2.015140979
V79 5 6.611529168 | 0.756255 | -1.61153 2.571289398 -0.626739709
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V80 9 7.205316295 | 1.249078 | 1.794684 2.684272023 0.668592337
V8l 2 7.746547446 | 0.25818 | -5.74655 2.783262015 -2.064680729
V82 3 7.789803711 | 0.385119 | -4.7898 2.791021983 -1.716146895
V83 6 8.841380113 | 0.678627 | -2.84138 2.973445832 -0.955584959
V84 6 5.434544771 | 1.104048 | 0.565455 2.331211009 0.242558579
V85 16 7.772379513 | 2.058572 | 8.22762 2.787898763 2.951190551
V86 3 6.026337571 | 0.497815 | -3.02634 2.45485999 -1.232794368
V87 8 6.291234962 | 1.27161 | 1.708765 2.508233434 0.681262364
V88 5.968473567 | 0.167547 | -4.96847 2443045961 -2.033720874

Table 10.3: Mono-nucleotide microsatellite representation in

Picornaviridae family.

10.2.6  Motif

Picornavirus genome

complexity and polymorphism  of
Compound microsatellites (cSSRs) are termed by the presence
of two or more adjacent individual microsatellites. The
common patterns of cSSR are represented as m1-xn-m2, m1-
xnm2-xn-m3 considered as '2-microsatellite’, and '3-
microsatellite’, respectively [14]. The analysis of compound
microsatellite complexity indicated that all surveyed genomes
were rich in ‘2-microsatellite’ ¢SSR followed by a single ‘3-
microsatellite’. Among the 88 species of Picornaviridae
analyzed, the cSSR composition showed a random distribution
pattern throughout the genome. The non-coding regions
consist of 19% of the total microsatellite, while the rest, 81%,
are present in the coding regions. Within the coding regions,
VP3 occupied 14% of cSSRs, followed by 3D (13.23%) and
VP1 (10.29%) regions (Figure 10.5). The CTG-CAG
compound microsatellite composed of self-complementary
motifs has been proposed to be created by recombination [21].

However, our study showed no such motifs, suggesting these
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compound microsatellites were not likely to be derived from
recombination. The motif having the form [m1]n-xn-[m2]n
can be termed as SSR-couples, such as the compound
microsatellite  (A)6-x2-(TA)3 and (A)8-x2-(TA)S. We
identified three types of SSR couples, such as (TG)-x-(CT),
(TC)-x-(C), (CT)-x-(C) were presented twice in all analyzed
genomes. Some of the self-complementary motifs have been
observed in Picornaviridae (GC)-x-(CG), (TC)-x-(AG), (GT)-
x-(CA), and (TC)-x-(AG), which plays an important role in
secondary structure formation. Motif duplication is one ofthe
phenomena in which similar motifs are located on both ends
of the spacer sequence, for example, (CA)n-(X)y-(CA)z.
About 13.23% of the total cSSR were made up of duplicated
sequences having the motif pattern (C)-x-(C), (TG)-x-(TG),
(AT)-x-(AT), (TC)-x-(TC) and (TG)-x-(TG).

To check polymorphism, the species with more than or equal
to five strains were taken into consideration. Due to the
limitation of sequence information, 12 out of 88 species got
qualified for the detection of polymorphism. A sum of 141
sequences was analyzed to determine species-specific
consensus microsatellite motifs. We unraveled that five
species contained the species-specific consensus sequences
presented in the leader and VVP3 regions, presumably being the
most conserved microsatellite within the genome (Table 10.4).
These conserved microsatellites could be used as potential
biomarkers of virus identifications and population genetics

study.
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Figure 10.5: Differential distribution of cSSR in the
coding/noncoding region of Picornavirus.
Species (?ompoun_d Start| End | Location | (a/b) | Consensus motif
microsatellite
AV'hepzto""“S (CT)3-x-1-(T)6 |1740[1750| WVP3 | (17/9) | (CT)3-x-1-(T)6
(TGA)3-x4-(GT)3| 21522170 | VP1 | (17/5) absent
Enterovirus A (C(;&?’A;(g 2128|2145 VP3| (10/5) | (GC)3-x3-(CAA)3
Enterovirus B | (TG)3-x1-(TG)4 [ 2229 | 2243 | VP3 | (15/2) absent
Enterovirus D (G/(*:%%XS' 6251|6270 3D |(17/16)| (GAA)3-x5-(AT)3
Rhinovirus B | (AT)3-x3-(AT)3 | 604 | 618 C';'gi?]'g (12/5) absent
: (TG)3-x-3-
Hepatovirus A (GTG)3 5784 | 5795 3C (21/1) absent
Aichivirus A | (C)6-x1-(C)6 | 95 | 107 C'(\)'gi?]'g (612) absent
(C)6-x2-(C)6 | 2706 [ 2719 | VP-3 | (6/2) absent
(GC)3-x0-(CG)3 | 5371[5382| 2C (6/2) absent
(C)6-x5-(TCCT)3| 7619 | 7641 3D (6/2) absent
Parechovirus B| (GT)3-x6-(GA)3 [1760 | 1777 | VP3 (6/2) absent
(TC)3-x2-(CA)3 | 2881|2894 | VP1 | (6/2) absent
(T)8-x9-(TG)3 |3681 | 3703 2B (6/5) (T)8-x9-(TG)3

294




(A)7-x4-(TG)3 | 5964 | 5980 3C (6/2) absent
Salivirus A | (CT)3-x5-(TC)4 | 2449|2467 VP3 | (9/2) absent
(CT)3-x3-(ACT)3| 7201 | 7218 3D (9/5) | (CT)3-x3-(ACT)3
Sapelovirus A | (C)6-x7-(CTA)3 | 438 | 459 | Leader | (9/9) (C)”;ﬁg_%mﬁ
(AG)3-x3-(GT)3 | 493 | 507 | Leader | (9/8) | (AG)3-x3-(GT)3
Senecavirus A | (GT)3-x0-(TG)3 | 1205|1216 | Leader [(19/19)| (GT)3-x0-(TG)3
Sicinivirus A | (GT)3-x7-(CA)3 | 32313249 | VP3 (5/1) absent
(T)6-x6-(GT)3 |3319]3336| VP3 (5/1) absent
Tremovirus A | (TA)3-x5-(GT)3 | 4549 | 4565 3A (5/1) absent

a/b indicates the number of strains per speciesused/number of strains having cSSR

Table 10.4: The existence of the consensus motif in diverse
species of Picornaviridae family.

10.2.7 Recombination analysis

When the dataset of 141 complete genomes of 12 species was
analyzed, three species were found lacking any recombination
event. The rest of the species' recombination breakpoints were
checked with major parent and minor parent information and
their exact position in the genome. This analysis resulted in a
total of 15 breakpoints, a majority of which associated with
the structural proteins (VP4-VP1), followed by nonstructural
capsid protein (2A-2C and 3A-3D). However, the least
number of breakpoints were observed in the non-coding
regions, followed by the leader sequence. Previous studies
suggest that repetitive sequences are favored for the
recombination and act as a hotspot, owing to the high affinity
of recombinase enzymes towards dinucleotide repeats [22].
This prompted us to check the repeats within the breakpoints
present in nine species. Our results show that out of 15

breakpoints, three were devoid of any microsatellite.

In contrast, others are rich in dinucleotide repeats, which
contribute 92%, followed by 4% tri-nucleotide repeats and 4%

mono-nucleotide repeats. Among the dinucleotide repeats, the
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GT/TG prevailed at the highest (25%) followed by AG/GA
(18%), and CT/TC occurred at the least (2.2%) frequency.
However, these data were not conclusive but laid the
foundation for further research to know the relationship
between microsatellite and recombination hotspot in the

Picornavirus family.

10.2.8 Genomic parameters influencing SSR and cSSR
distribution

Regression analysis shows significant correlation of genome
size (R? = 0.258; P<0.05) and GC content (R?> = 0.055;
P<0.05) with incidence of SSR. There was no significant
correlation observed betweengenome size, relative abundance
RA (R?=0.027; P>0.05) and relative density RD (R?=0.014;
P>0.05). Similarly, GC content, relative abundance (R?
=0.020; P>0.05) and relative density (R?=0.022; P>0.05) were
also found to be non-significantly correlated (Figure 10.6 A-
B). The regression analysis of cSSR revealed no significant
correlation of incidence of ¢SSR with GC content (R?= 0.015;
P>0.05) and genome size (R?= 0.031; P>0.05). Furthermore,
genome size was also non-significantly correlated with cRA
(R?=0.007; P>0.05), cRD (R?= 0.007; P>0.05), percentage of
cSSRs (R? = 0.003; P>0.05). Similarly, no significant
correlation was observed in case of cRA (R?=0.009; P>0.05)
and cRD (R?= 0.006; P>0.05) and percentage of cSSRs (R?=
0.000; P>0.05) with GC content of cSSRs (Figure 10.7 A-B).
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Figure 10.6 A-B: Regression analysis of genomic features,

namely, the genome size (A) and GC content (B) with
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10.3 Discussion

Picornaviridae, one of the largest RNA virus family’s and
consisting of the most diverse groups of species, is taken for
study for the following reasons. Firstly, Picornaviruses have a
broad host range, many of which cause serious health hazards
to humans and animals. Secondly, these viruses bear higher
mutability properties. The higher mutation leads to create
polymorphism in the microsatellite. Thus, it can be an
excellent tool to study population genetics, evolution, and
immune evasion strategies. However, virtually no
comprehensive study of microsatellite analysis hasbeen done
in any of these viruses. Therefore, the microsatellites' analysis
and their properties provide an excellent resource for further
study of virus biology in general. For this reason, we have
analyzed 88 complete genome sequences of Picornaviruses.
As genome size is relatively small, fewer microsatellite
repeats (2488 SSRs and 100 cSSR) with incidence frequency
between 14 to 46 were observed. This incidence of
microsatellites was proportional to the genome size, as seen in
the case of Tobamovirus, having a lower number of SSRs than
potyviruses [17]. These observations come in line with the
SSRs present in other viruses such as Flavivirus (27-67SSRs)
[36] and HIV (22-48 SSRs) [13]. The RD of SSR varied from
13.39 bp/kb to 45.02 bp/kb on an average 26.29. Dinucleotide
repeats were found to be more abundant than tri-nucleotide
repeats in Picornaviruses. These indicate that dinucleotide
repeats were more liable towards instability than the rest type
of repeats, owing to a higher slippage rate. This type of
diversification of motif might act as a molecular device for
faster adaptation to environmental stresses in Picornavirus

[32]. In viruses, microsatellites were mostly accumulated in
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the coding regions, probably due to the high coding density of
the viral genome [9]. In the higher strata, the presence of SSRs
in protein-coding regions are associated with functions such as
social behavior in voles, sporulation efficiency and cell
adhesion in yeast, skeletal morphology in domestic dogs,
adaptive divergence in barley and wheat populations [32]. The
cSSR percentage of picornaviruses ranged from 0-15.15%,
which is lower in comparison to HIV-1 (0-24.24%) [13],
Geminivirus (0-27.27%) [33], Herpesvirus (8.12-33.31%) [34]
and other eukaryotic genomes (4-25%) [14]. However, the
picornaviruses cSSRs were in higher percentage compared to
that of Flavivirus (0-12.82%) [36], Potexvirus (0-11.76%)
[37], and prokaryotes such as E. coli (1.75-2.85%) [38]. It
was observed that the cSSR percentage increased with an
increase in dMAX. However, this increase was not uniform in
the five species. This indicates microsatellite distribution in
Picornavirus genomes probably has diverse patterns. Similar
observations were also made in the genome of eukaryotes and
prokaryotes [14]. Compound microsatellites present in
Picornavirus have lower complexity as compared to the
eukaryotes. The majority of cSSR consists of only two motifs.
The largest ¢SSR was composed of three motifs. The
prokaryotes show up to four cSSRs, while more than eight
CSSRs are observed in eukaryotes. This indicates that the
smaller genomes, the microsatellites are distributed far from
one another. In general, the number of compound
microsatellites decreases with an increase in complexity.
Similar results have been demonstratedin HIVV-1 genomes and
E. coli, where smaller genome sizes and higher coding density
probably were responsible for limiting the complexity of

compound microsatellites. In Picornaviruses, 13.13% of
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cSSRs were composed of similar motifs, probably the result of
genome duplication. Some study suggests that genome
duplication may be helpful for the repeat tendency
mechanism, which promotes the expansion of genome size
such as yeast [40, 41]. In the evolutionary process, the
occurrence of repeated sequences having a harmful or even
lethal effect on the host might have been eliminated as a result
of negative selection. This notion very well supports the fact
that genome sizes do not increase abruptly. On the other hand,
the SSRs showing neutral effect could be selected and fixed
by genetic drift. Some longer repeat sequences could bring
new functions to the organism, which may be beneficial for
the organism's survival and could have been positively
selected over time. The instability within the repeats creates
polymorphism, which could act as a double-edged sword to
drive adaptive variation in the genome through insertion,
deletion, and substitution mutation and evades the host
immune system. We could very well propose that the
polymorphism directly or indirectly is related to important
phenomena such as the birth or death of microsatellite. Kelkar
et al., 2008 [35] suggested that substitutions in short stretches
of repeats be the predominant cause of births of
microsatellites, whereas insertions and deletions lead to the
death phase. Most of the microsatellites were found to be
polymorphic owing to the higher mutability of Picornavirus.
Each microsatellite type has its intrinsic properties, i.e.,
conserved microsatellites acting as a fingerprint in the viral
genome to identify the viral strain. In contrast, polymorphic
microsatellite can be of importance to study population

genetic and complex evolution of the viruses.
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10.4 Materials and methods

10.4.1 Genome sequences

The ICTV (2020) classification of the Picornaviridae family
comprises 63 genera and 147 species
(http://www.ictvonline.org/virusTaxonomy). In this study, we
downloaded all 88 available complete genome sequences
representing each species from GenBank

(http://www.ncbi.nlm.nih.gov) (Table 10.1). To compare

genomic sequences of different lengths, we calculated the
relative density (RD) and relative abundance (RA) values. RD
is defined as the total length (bp) contributed by each
microsatellite per kb of sequence analyzed. In contrast, RA is
the number of microsatellites present per kb of the genome
(kb).

10.4.2 Microsatellite identification and investigation

The identification of perfect mono, di, tri, tetra, penta, hexa,
and compound microsatellites, IMEX software, was used [30].
Microsatellite information was extracted by the ‘Advance-
Mode’ of IMEx using the parameters previously utilized for
RNA viruses [37, 38]. The parameters used are as follows:
type of repeat: perfect; repeat size: all; minimum repeat
number: 6, 3, 3, 3, 3, 3 for mono, di, tri, tetra, penta, and
hexanucleotide repeats, respectively. The maximum distance
allowed between any two SSRs (dMAX) was ten nucleotides.
Other parameters were set as default. Compound
microsatellites (CSSR) were not standardized to determine the

original composition.
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10.4.3 Estimation of the number of expected

mononucleotide repeats

We randomly chose mono-nucleotide repeats to evaluate the
over or under-represented motifs in the Picornavirus genome,
compared the observed and expected number of
microsatellites. The expected number of microsatellites
composed of Mt (M is the motif of the microsatellite with
repeat number of t, and its length is L) in a genome of length
G was calculated using the formula given by de Wachter,
1981 [42]. The Z score indicates the statistical significance of

the microsatellite representation [10].

Exp (M) = f (M)t [1- f (M)] [G' (I- f (M)+2L]

G = G-tL-2L+1

Where Exp (Mt) represents the expected number of
microsatellites, and f (M) represents the probability of

microsatellites.

10.4.4 Multiple sequence alignment and identification of

polymorphic cSSR

The genomes having cSSR only were considered for
identifying polymorphic microsatellites and consensus motifs.
Species having more than five strains were considered for this
investigation. Sequences were first transferred to BioEdit
version 7.2.5 software and aligned by the CLUSTAL W

module with some manual editing [43]. Finally, the consensus

303



sequences were identified by the procedure followed by
George et al., 2015 [33].

10.4.5 Recombination analysis

To elucidate the potential recombinant sequences and their
parents (major and minor), the multiple sequence alignment
files formed above were used as input for the RDP4 package
[44]. RDP4 consists of seven recombination detection
methods such as RDP [44], GENCONV [45] BOOTSCAN
[46], MAXCHI [47], CHIMAERA [48], SiScan [49] and
3SEQ [50] used to identify recombinant strain within the
alignment. A sequence is considered a potential recombinant
only if detected as significant (with the p-value cutoff of
0.00001) by at least three methods stated above.

10.4.6 Statistical analysis

All statistical analysis was performed using Graphpad Prism
version 5 (La Jolla, CA, USA). Linear regression was used to
reveal the correlation between incidence, RA, RD of simple as
well as compound microsatellites with genome size and GC

content.

10.5 Conclusion

This study shows a clear picture of type, relative abundance,
relative density, and ubiquitous distribution pattern of
microsatellite in Picornaviruses. The higher level of
microsatellite polymorphism among Picornaviruses could be
an excellent resource to address not only population genetics
and evolution related questions but also solve the complex
mystery, such as birth or death of microsatellite. Breakpoints
of these analyzed species are rich in dinucleotide repeats,
which need further study to explore the relationship between
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recombination hotspot and microsatellite in this family.
Finally, we can postulate that in-depth experimental analysis
of SSR and cSSR in the diverse viral genome will pave the
way to reveal the complex biological features such as host-
pathogen interaction and the emergence of new epidemic

strains.
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Chapter 11
Conclusion and scope for future work

11.1 Conclusion drawn from the present work

One health approach covers a wide range of viral diseases that
have zoonotic potential as well as seriously impact the
livelihood and health of companion animals. To address those
problems, epidemiology plays a crucial role in deciphering the
distribution, pattern of evolution, and transmission of diseases
in populations. Virus transmission is corroborated by host
behavior, ecological, and environmental factors. Viral
epidemiology aims to study these factors and help to provide
an effective direction to control and prevention strategies by
investigating outbreak sources. During the outbreak
investigation one can clarify the etiology of viral diseases,
interaction of viruses with the environment, host
susceptibility, modes of transmission, and the evaluation of
vaccines and therapeutics on a large scale. For example, the
recent pandemic of COVID-19 caused by SARS-CoV-2
affects millions of human beings throughout the world, with
hundreds of thousands of fatalities. Due to ease of
communication around the globe, this virus has spread all over
the world from its epicenter, i.e., Wuhan city of China.
Epidemiologist usually implements two approaches such as
serological epidemiology and molecular epidemiology during
the investigation of a virus outbreak. In serological
epidemiology they target morbidity, mortality, age-specific
prevalence patterns, possible transmission routes, and a new
infections natural reservoir. Molecular epidemiology includes

advances in rapid sequencing techniques that have allowed
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comparison of virus genome sequences to answer many
epidemiological questions such as geographical origin;
reservoir animal species, recovery of the virus, the emergence
of a new strain, possible origins, and the sensitivity of a new
virus isolate to antiviral drugs, and monitor the spread of drug-

resistant viruses in the community.

This chapter elucidated the epidemiological characteristics of
a zoonotic Orf virus (ORFV), the causative agent of
contagious ecthyma disease that primarily occurs within small
ruminants and animal handlers. We surveyed the fifteen
outbreak locations of eastern India during this study and
collected clinical samples from infected goats. Total DNA was
extracted and screened with the universal PCR primers to
confirm the respective virus. Further amplification using gene-
specific primers targeting fragments of ORFV011, ORFV020,
ORFV059, ORFV108 genes, followed by sequencing and
GenBank submission to get accession numbers. The
comparative genomics approach was deployed to construct the
gene-specific phylogenetic tree and evolutionary parameters
of this virus, suggesting that the viral strain is closely related
to Chinese isolates. The evolutionary study revealed the
purifying selection is maintaining the heterogeneity within the

viral strain.

Genome-wide in-silico investigation of microsatellites
markers within the ORFV genome has been accomplished to
decipher the type, distribution, and potential role in the
genome evolution, during this study. We have scrutinized
eleven ORFV strains during this study, which showed the
existence of 1,036-1,181 microsatellites or Simple Sequence
Repeats (SSRs) per strain. Further analysis deciphered
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residence of 83-107 compound SSRs (CSSRs) per genome.
Almost all compound microsatellites were made up of two
SSRs, which showed unbiased to a particular motif. Motif
duplication pattern, like, (C)-x-(C), (TG)-x-(TG), (AT)-x-
(AT), (TC)- x-(TC) and self-complementary cSSRs, such as
(GC)-x-(CG), (TC)-x-(AG), (GT)-x-(CA) and (TC)-x-(AG)
were noticed during the study. Finally, in-silico polymorphism
was evaluated, followed by in-vitro validation utilizing PCR
and sequencing analysis. The thirteen polymorphic
microsatellite markers developed during this investigation
were characterized by mapping with the GenBank database.
The outcome of this study suggests that these microsatellites
could be a tool for strain demarcation, genetic diversity

estimation, and evolutionary analysis of the virus.

We have explored the 2017 ORFV outbreak within goats in
Madhya Pradesh, a central India state, during this study. The
outbreak was distinguished by a moderate morbidity rate (up
to 20%) with no mortality. Phylogenetic analysis deciphered
the transboundary perspective of the virus by indicating its
correlation with a distinct geographical location. We
elucidated this viral strain's complete genome, named Ind/MP,
and carry out a comparative genomic analysis. The genome
was made up of 132 open reading frames (ORFs) flanked by
inverted terminal repeats (ITRs) of 3,910 bp at both ends with
terminal BamHI sites and conserved telomere resolution
sequences. Population genetic indices like nucleotide diversity
(m), selection pressure analysis (0=dN/dS), etc., indicate that
the ORFV inhabit under purifying selection. A sum of forty
recombination incidents was recognized. Ind/MP strain
actively contributed to twenty-one events indicating this

strain's potential for recombination to generate new variants.
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In this chapter, we described the surveillance report of
outbreaks of avipoxvirus (APV) infected domestic chickens
and pigeons belongs to the Eastern Indian state of Odisha
during the years 2010-2018. Analyzing typical lesions over
the body, followed by molecular techniques, the overall
morbidity was observed 18%-19.23% and 16.92%-23% in
chickens and pigeons, respectively. PCR amplicons were
intending the viral P4b core protein-coding gene and the DNA
polymerase gene confirmed APV strains within ten birds.
Phylogenetic analysis of two genes evident the circulating
strains were members of APV clade A. The subclade analysis
deciphered the introduction of A1 and A3 subclades in Indian
chickens and pigeons, respectively. This study reveals APVs'
presence in Eastern Indian birds (Odisha) and the polymerase
gene's utilization for the first time to elucidate the spreading
clades of Indian APVs.

In this chapter, we conducted a genome-wide analysis to
decipher the type, distribution pattern of eight complete
genomes derived from the Avipox virus genus, the causative
agent of pox like lesions above 300 avian species and one of
the major diseases for the extinction of endangered avian
species as well a severe economic threat to livelihood. The in-
silico screening deciphered the existence of 1531-2473 SSRs
per strain. In the case of compound SSRs (cSSRs), the value
opted for 83-107 per genome. The analysis of motif
composition of cSSR revealed that most of the compound
microsatellite was made up of two microsatellites, with some
unique duplicated pattern of motif like, (TA)-x-(TA), (TCA)-
X-(TCA), etc. and self-complementary motifs, as (TA)-x-
(AT). Finally, we have validated forty sets of compound

microsatellite markers through the in-vitro approach utilizing
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clinical specimens, followed by mapping the sequencing
product with the database through comparative genomics
approaches. The microsatellites developed during this study
could be as a multiplex panel for strain demarcation, genetic

diversity estimation, and evolutionary analysis of the virus.

For the first time, we have deciphered the complete genome
sequence of a fowlpox virus of Indian origin through a next-
generation sequencing platform and utilize a comparative
genomics approach to solve more about this virus biology.
The NextSeq 500 NGS generated a total of ~2.16 GB of
quality data with 7,303,963 numbers of quality reads. The
previously published complete genome isolate fowlpox virus
(Acc. No- AF198100) was used as the reference genome, to
which the sequence generated through NGS mapped and
assembled. The assembled genome of this novel virus
exhibited 260,066 bp in length with a lower percentage of GC
content (28.5) in comparison to fowlpox virus (30.83),
shearwater pox virus (30.23), canarypox virus (30.37), and
turkeypox virus (29.78). This information would help to know
more about this virus biology and to develop effective vaccine
candidates.

For the first time, we also deciphered the complete genome
sequence of a pigeon pox virus of Indian origin through a
next-generation sequencing platform and utilize a comparative
genomics approach to solve more about this virus biology.
The NextSeq 500 NGS generated a total of ~2.16 GB of
quality data with 7,303,963 numbers of qualities reads. The
previously published complete genome isolate fowlpox virus
(Acc. No- NC_002188) was used as the reference genome, to

which the sequence generated through NGS mapped and
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assembled. The assembled genome of this novel virus
exhibited 250048 bp in length. A lower percentage of GC
content (29.5) was observed in this newly assembled genome,
in comparison to fowlpox virus (30.83), shearwater pox virus
(30.23), canarypox virus (30.37), and turkeypox virus (29.78)
but similar to other APV such as pigeon pox virus, flamingo
pox virus, magpiepox virus and penguinpox virus. The
extreme left nucleotide was considered base 1, and the
beginning region of the Inverted Terminal Repeats (ITRS),
which consists of a total length of 4688 bp. The ITR spanned
throughout PPV-001 to PPV-004a and PPV-256 to PPV-259.
The genome information would pave the way to develop

effective vaccine candidates for this virus.

Genome-wide identification of simple sequence repeats
(SSRs) of Picornaviruses was carried out to investigate type,
distribution, and potential role in genome evolution.
Investigation on 88 Picornavirus species revealed the presence
of 2,488 SSRs and 100 compound SSRs. Duplication pattern
of motifs, like (C)-x-(C), (TG)-x-(TG), etc.,, and self-
complementary motifs, such as (GC)-x-(CG), (TC)-x-(AG),
etc. were observed in cSSR. Polymorphism analysis revealed
that most of the cSSR were prone to instability, followed by
consensus motifs. Finally, recombination analysis revealed
that the breakpoints were rich in dinucleotide repeat,
especially GT. However, further experimental validation is
needed to elucidate the correlation between recombination

hotspots and microsatellites.
11.2 Future scope of the present work

ORFVs have a wide host range with zoonotic potential

accompiend with theat of serious economic loss to animal
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husbandry globally. Although its presence is well documents
in several reports, still a detailed information is lacking from
India. In this study, we have investigated several Orf
outbreaks followed by comparative genomics to decipher the
population genetics of this virus. Then we have developed
molecular markers as a diagnostic tool, which can be
implemented for further study. Our preliminary results can be
considered as a useful tool in the study of ORFV strain
demarcation, diversity estimation, and evolutionary analysis.
Finally, we have analyzed the complete genome of this virus
directly from the clinical samples for the first time and found
recombination modulating virus heterogeneity. We hope that
the current genomic information would be greatly useful for
further understanding of ORFV biology, epidemiology, and
research carried in front of diagnosis and vaccine
development.

Food security is always considered as a global concern.
Livelihood based on poultry acts as a major portion of
agricultural and economic importance around the world. Since
APVs have a wide host range, including chicken, it is difficult
to develop an effective preventive strategy because detailed
knowledge of viral isolates is lacking. The outbreak
investigation and phylogenetic analysis provide the emergence
of a new subclade, suggest this virus evolves rapidly. During
this study, the markers developed can be used as suitable
multiplex PCR panels to solve virus genotype and
evolutionary status by using geographically diverse clinical

samples. The complete genome of the Indian fowlpox virus
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could help to the understanding of FPV epidemiology and

effective vaccine development.

The pigeon is considered as one of the companion animals.
Pigeon pox virus usually infects the pigeon and declines the
species. To decipher this virus biology, we report the first
complete genome of PPV isolates from India.  The
comparative  genomics deciphered the presence of
recombination events within Avipox viruses. The current
genomic resource would be greatly useful for further
understanding of PPV biology. This study shows a clear
picture of type, relative abundance, relative density, and
ubiquitous  distribution  pattern of microsatellite in
picornaviruses. The higher level of microsatellite
polymorphism among picornaviruses could be an excellent
resource to address not only population genetics and evolution
related questions but also solve the complex mystery, such as
the birth or death of microsatellite. Breakpoints of these
analyzed species are rich in dinucleotide repeats, which need
further study to explore the relationship between
recombination hotspot and microsatellite in this family.
Finally, we can postulate that in-depth experimental analysis
of SSR and cSSR in the diverse viral genome will pave the
way to reveal the complex biological features such as host-
pathogen interaction and the emergence of new epidemic

strains.
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Annexure A: Published isolates of ORFV used for
phylogenetic and population genetic analysis.
Sr Isolates name Gene | Anim | Country GenBa | Reference
. name | al nk
N speci accessi
0. es on no
1 India 82/04 ORFV | goat India DQ263 | Hosamani,M
011 303 .
2 India 59/05 ORFV | goat India DQ263 | Hosamani,M
011 304 .
3 India 67/04 ORFV | sheep India DQ263 | Hosamani,M
011 305 .
4 India 79/04 ORFV | sheep India DQ263 | Hosamani,M
011 306 .
5 Nantou ORFV | goat Taiwan DQ904 | Chan,K.W.
011 351
6 Taiping ORFV | goat Taiwan EU327 | Chan,K.W.
011 506
7 Hoping ORFV | goat Taiwan EU935 | Chan,K.-W.
011 106
8 Muk/2000 ORFV | goat India HM46 | Venkatesan,
011 6933 G.
9 ORFV Assam/09 | ORFV | Capra India JIN846 Bora,D.P.
011 hircus 834
10 Assam/10 ORFV | Capra India JQ040 Bora,D.P.
011 hircus 300
11 CIRG/2013 ORFV | Capra India KF953 Kumar,N.
011 hircus 485
12 | Jaganathpara/Tripu | ORFV | Capra India KT935 | Venkatesan,
ra/l4 011 hircus 588 G.
13 Baulia ORFV | Capra India KT935 | Venkatesan,
Basti/Tripura/14 011 hircus 589 G.
14 | Basudebpara/Tripu | ORFV | Capra India KT935 | Venkatesan,
ra/l4 011 hircus 590 G.
15 Orf/As-Hj/13G ORFV | Capra India KU128 | Venkatesan,
011 hircus 530 G.
16 Orf/As-By/17G ORFV | Capra India KU128 | Venkatesan,
011 hircus 531 G.
17 Orf/As-Lk/24G ORFV | Capra India KU128 | Venkatesan,
011 hircus 532 G.
18 Orf/As-Lk/41G ORFV | Capra India KU128 | Venkatesan,
011 hircus 533 G.
19 Orf/Dri-As/63G ORFV | Capra India KU128 | Venkatesan,
011 hircus 534 G.
20 Orf/As-Sag/8G ORFV | Capra India KU128 | Venkatesan,
011 hircus 535 G.
21 ORf/Mg-By/5G ORFV | Capra India KU128 | Venkatesan,
011 hircus 536 G.
22 Orf/As-Lk/32G ORFV | Capra India KU128 | Venkatesan,
011 hircus 537 G.
23 Orf/Mg-By/1G ORFV | Capra India KU128 | Venkatesan,
011 hircus 538 G.
24 Orf/As-Lk/15G ORFV | Capra India KU128 | Venkatesan,
011 hircus 539 G.nnn
25 |  Orf/As-Nb/2G ORFV | Capra India KU128 | Venkatesan,
011 | hircus 540 G.




26 | orf/Kodaikanal-1 ORFV | sheep India KU597 Sumana,K.
011 728
27 | orf/Kodaikanal-2 | ORFV | sheep India KU597 | Sumana,K.
011 729
28 | orf/Kodaikanal-3 | ORFV | sheep India KU597 | Sumana,K.
011 730
29 | Chitradurgar/Goat- | ORFV | goat India KU597 | Sumana,K.
20 011 734
30 | ORFV/Goat/India/ | ORFV | goat India KX129 | Shivasharan
ICAR Goa 011 982 appa,N.
31 South ORFV | Capra India KX377 | Venkatesan,
Chandrapur/Tripur 011 hircus 974 G.
a/2014
32 ORFV ORFV | sheep India GU139 | Venkatesan,
Mukteswar/09 011 356 G.
33 CIRG/2014 ORFV | Goat India KP745 Kumar,N.
011 467
34 Jilin ORFV | sheep China FJ8080 Zhao,K.
011 74
35 South Korea ORFV | goat Korea GQ328 Oem,J.K.
011 006
36 | ORFV/HuB/2009/ | ORFV | goat China GU320 | Zhang,K.S.
China 011 351
37 NZz2 ORFV | Ovis China GU903 Liu,Y.
011 aries 501
38 Shanxi ORFV | goat China HQ202 Shi, X.T.
011 153
39 | ORFV/GanSu/200 | ORFV | sheep China HQ694 Cai, X.
9/China 011 772
40 | ORFV/LiaoNing/2 | ORFV | goat China HQ694 Zhang,H.
010/China 011 773
41 | ORFV/XinJiang/2 | ORFV | sheep China JN565 Li,H.
011/China 011 694
42 | ORFV/ShanXi/201 | ORFV | goat China JN565 Liu,Z.
1/China 011 696
43 NA1/11 ORFV | sheep China JQ619 Li,w.
011 903
44 HuB/XN ORFV | goat China JQ904 Zhang,K.
011 786
45 AnH/FD ORFV | goat China JQ904 Zhang,K.
011 787
46 YN/IS ORFV | goat China JQ904 Zhang,K.
011 788
47 China Vaccine ORFV | goat China JQ904 Zhang,K.
011 789
48 HuB/XN 2 ORFV | goat China JQ904 Zhang,K.
011 790
49 JS/IFX ORFV | goat China JQ904 Zhang,K.
011 791
50 SCY ORFV | goat China JQ904 Zhang,K.
011 792
51 GX/YB ORFV | goat China JQ904 Zhang,K.
011 793
52 SD/DY ORFV | sheep China JQ904 Zhang,K.
011 794
53 JL/TL ORFV | sheep China JQ904 Zhang,K.
011 795
54 SC/INC ORFV | goat China JQ904 Zhang,K.
011 796
55 CQ/wWz ORFV | goat China JQ904 Zhang,K.
011 797
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56 SCIYT ORFV | goat China JQ904 Zhang,K.
011 798

57 NX/YC ORFV | sheep China JQ904 Zhang,K.
011 799

58 | ORF/2010/B2L-1 | ORFV | goat South JX968 Oem,J.-K.
011 Korea 988

59 | ORF/2010/B2L-2 | ORFV | goat South JX968 Oem,J.-K.
011 Korea 989

60 | ORF/2010/B2L-3 | ORFV | goat South JX968 Oem,J.-K.
011 Korea 990

61 ORF/2011/B2L ORFV | goat South JX968 Oem,J.-K.
011 Korea 991

62 | ORF/2011/7-18- | ORFV | goat South JX968 Oem,J.-K.
B2L 011 Korea 992

63 Gansu ORFV | Hom China KC485 Zhang,K.
011 0 343

sapie
ns

64 OV-HN3/12 ORFV | sheep China KC569 Li,wW.
011 750

65 Xinjiangl ORFV | goat China KF666 Yang,H.
011 560

66 Xinjiang2 ORFV | goat China KF666 Yang,H.
011 565

67 Xinjiang ORFV | goat China KF703 Yang,H.
011 747

68 YL-3 ORFV | goat China KF772 Liu,F.
011 211

69 SX1 ORFV | goat China KJ139 Shang,C.
011 956

70 Hub13 ORFV | goat China KJ139 Chi,X.
011 994

71 | ORFV/Shaanxi/20 | ORFV | goat China KU194 Fu,M.Z.
15/China 011 469

72 FJ-BF2015 ORFV | goat China KU199 Lin,Y.S.
011 823

73 FJ-FZ2014 ORFV | goat China KU199 Lin,Y.S.
011 824

74 FJ-FZ2015 ORFV | goat China KU199 Lin,Y.S.
011 825

75 FJ-JA2015 ORFV | goat China KU199 Lin,Y.S.
011 826

76 FJ-LJ2014 ORFV | goat China KU199 Lin,Y.S.
011 827

77 FJ-LJ2015 ORFV | goat China KU199 Lin,Y.S.
011 828

78 FJ-LY2014 ORFV | goat China KU199 Lin,Y.S.
011 829

79 FJ-MH2015 ORFV | goat China KU199 Lin,Y.S.
011 830

80 FJ-YT2014" ORFV | goat China KU199 Lin,Y.S.
011 831

81 FJ-YT2015 ORFV | goat China KU199 LinY.S.
011 832

82 OV/HLJ/04 ORFV | goat China KU523 Lin,Y.S.
011 790

83 Chaling ORFV | black China KU851 Wang,B.
011 goat 936

84 Guangdong ORFV | black China KU884 Wang,B.
011 goat 328
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85 Hengyang ORFV | black China KU884 Wang,B.
011 goat 329
86 JX ORFV | black China KU976 Wang,B.
011 goat 385
87 LYJ ORFV | black China KU976 Wang,B.
011 goat 387
88 LYZ ORFV | black China KU976 Wang,B.
011 goat 388
89 SY ORFV | black China KU976 Wang,B.
011 goat 389
90 YZ ORFV | black China KU976 Wang,B.
011 goat 390
91 77 ORFV | black China KU976 Wang,B.
011 goat 391
92 NX ORFV | black China KU976 Wang,B.
011 goat 392
93 LD ORFV | black China KU976 Wang,B.
011 goat 393
94 GY-AHF10 ORFV | Capra China KX029 Wang,B.
011 hircus 228
(goat)
95 Al-Diwaniya.1 ORFV | camel Iraq KP998 Abd Al-
011 114 Ameer
96 Al-Diwaniya.2 ORFV | camel Iraq KP998 Abd Al-
011 115 Ameer
97 AL-Najaf.1 ORFV | camel Iraq KP998 Abd Al-
011 118 Ameer
98 AL-Najaf.2 ORFV | camel Iraq KP998 Abd Al-
011 119 Ameer
99 AL-Najaf.3 ORFV | camel Iraq KP998 Abd Al-
011 120 Ameer
10 AL-Samawa.2 ORFV | camel Iraq KP998 Abd Al-
0 011 122 Ameer
10 AL-Samawa.3 ORFV | camel Iraq KP998 Abd Al-
1 011 123 Ameer
10 ORF0611TNG ORFV | goat USA KJ137 | Velazquez-
2 011 679 Salinas
10 ORF1205WAG ORFV | goat USA KJ137 | Velazquez-
3 011 680 Salinas,L.
10 ORF0403ING ORFV | goat USA KJ137 | Velazquez-
4 011 681 Salinas,L.
10 ORF0903GAG ORFV | goat USA KJ137 | Velazquez-
5 011 682 Salinas,L.
10 | ORF0903GAG1 | ORFV | goat USA KJ137 | Velazquez-
6 011 683 Salinas,L.
10 ORF0507VRS3 ORFV | goat USA KJ137 | Velazquez-
7 011 684 Salinas,L.
10 ORF0507VRS2 ORFV | goat USA KJ137 | Velazquez-
8 011 685 Salinas,L.
10 ORF1107CHG ORFV | goat USA KJ137 | Velazquez-
9 011 686 Salinas,L.
11 ORF1108EMS ORFV | sheep USA KJ137 | Velazquez-
0 011 687 Salinas,L.
11 ORF0908SNG1 ORFV | goat USA KJ137 | Velazquez-
1 011 688 Salinas,L.
11 ORF1210GRG1 ORFV | goat USA KJ137 | Velazquez-
2 011 689 Salinas,L.
11 ORF1010CMS1 ORFV | sheep USA KJ137 | Velazquez-
3 011 690 Salinas,L.
11 ORF10100AS1 ORFV | sheep USA KJ137 | Velazquez-
4 011 691 Salinas,L.
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11 | ORF1011GRG1 ORFV | goat USA KJ137 | Velazquez-
5 011 692 Salinas,L.
11 | ORF1111GRG1 ORFV | goat USA KJ137 | Velazquez-
6 011 693 Salinas,L.
11 ORF1111SNS1 ORFV | sheep USA KJ137 | Velazquez-
7 011 694 Salinas,L.
11 ORF0907CPS1 ORFV | sheep USA KJ137 | Velazquez-
8 011 695 Salinas,L.
11 ORF0907CPS2 ORFV | sheep USA KJ137 | Velazquez-
9 011 696 Salinas,L.
12 ORF0208CAS ORFV | sheep USA KJ137 | Velazquez-
0 011 697 Salinas,L.
12 ORF10080AS ORFV | sheep USA KJ137 | Velazquez-
1 011 698 Salinas,L.
12 ORF0408VRS ORFV | sheep USA KJ137 | Velazquez-
2 011 699 Salinas,L.
12 ORF10100AS2 ORFV | sheep USA KJ137 | Velazquez-
3 011 700 Salinas,L.
12 ORF0810S0S ORFV | sheep USA KJ137 | Velazquez-
4 011 701 Salinas,L.
12 ORF0810CMS ORFV | sheep USA KJ137 | Velazquez-
5 011 702 Salinas,L.
12 ORF0810CMS ORFV | sheep USA KJ137 | Velazquez-
6 011 703 Salinas,L.
12 ORF11080AS ORFV | sheep USA KJ137 | Velazquez-
7 011 704 Salinas,L.
12 ORF0408PBS ORFV | sheep USA KJ137 | Velazquez-
8 011 705 Salinas,L.
12 ORF0806AKG ORFV | goat USA KJ137 | Velazquez-
9 011 706 Salinas,L.
13 ORF0604WVG ORFV | goat USA KJ137 | Velazquez-
0 011 707 Salinas,L.
13 ORF0604KYG ORFV | goat USA KJ137 | Velazquez-
1 011 708 Salinas,L.
13 ORF1007PRG ORFV | goat USA KJ137 | Velazquez-
2 011 709 Salinas,L.
13 ORF0406NMG ORFV | goat USA KJ137 | Velazquez-
3 011 710 Salinas,L.
13 ORF1209MSG ORFV | goat USA KJ137 | Velazquez-
4 011 711 Salinas,L.
13 ORF0403TNG ORFV | goat USA KJ137 | Velazquez-
5 011 712 Salinas,L.
13 ORFO0603VAG ORFV | goat USA KJ137 | Velazquez-
6 011 713 Salinas,L.
13 ORF0404ARG ORFV | goat USA KJ137 | Velazquez-
7 011 714 Salinas,L.
13 ORF0806NYG ORFV | goat USA KJ137 | Velazquez-
8 011 715 Salinas,L.
13 uY01/07 ORFV | sheep | Uruguay | KP728 | Olivero,N.
9 011 916
14 uY02/07 ORFV | sheep | Uruguay | KP728 Olivero,N.
0 011 917
14 uYO03/07 ORFV | sheep | Uruguay | KP728 Olivero,N.
1 011 918
14 UY05/04 ORFV | sheep | Uruguay | KP728 | Olivero,N.
2 011 919
14 uYo7/79 ORFV | sheep | Uruguay | KP728 Olivero,N.
3 011 920
14 uYO08/79 ORFV | sheep | Uruguay | KP728 Olivero,N.
4 011 921
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14 uY09/79 ORFV | sheep | Uruguay | KP728 Olivero,N.

5 011 922

14 uY11/07 ORFV | sheep | Uruguay | KP728 Olivero,N.

6 011 923

14 uY12/07 ORFV | sheep | Uruguay | KP728 Olivero,N.

7 011 924

14 UY13/08 ORFV | sheep | Uruguay | KP728 Olivero,N.

8 011 925

14 uY14/07 ORFV | sheep | Uruguay | KP728 Olivero,N.

9 011 926

15 UY15/09 ORFV | sheep | Uruguay | KP728 Olivero,N.

0 011 927

15 UY16/09 ORFV | sheep | Uruguay | KP728 Olivero,N.

1 011 928

15 uY17/09 ORFV | sheep | Uruguay | KP728 Olivero,N.

2 011 929

15 UY18a/09 ORFV | sheep | Uruguay | KP728 | Olivero,N.

3 011 930

15 UY18b/09 ORFV | sheep | Uruguay | KP728 | Olivero,N.

4 011 931

15 UY19/10 ORFV | sheep | Uruguay | KP728 | Olivero,N.

5 011 932

15 uUY20/10 ORFV | sheep | Uruguay | KP728 | Olivero,N.

6 011 933

15 UY21/10 ORFV | sheep | Uruguay | KP728 Olivero,N.

7 011 934

15 uUY23/11 ORFV | sheep | Uruguay | KP728 | Olivero,N.

8 011 935

15 uY?24/11 ORFV | sheep | Uruguay | KP728 | Olivero,N.

9 011 936

16 NE2 ORFV | goat Brazil JNO88 | Abrahao,J.S.

0 011 051

16 D ORFV | sheep Brazil JNO88 | Abrahao,J.S.

1 011 052

16 MT-05 ORFV | sheep Brazil JN613 | Abrahao,J.S.

2 011 809

16 PA1l ORFV | Capra Brazil JQ349 | de Oliveira

3 011 | hircus 520

16 NE1 ORFV | goat Brazil JN613 | Abrahao,J.S.

4 011 810

1 FJ-JA2015 VIR ORFV | goat China KU199 Lin,Y.S.
20 846

2 FJ-BF2015 VIR ORFV | goat China KU199 Lin,Y.S.
20 843

3 FJ-LY2014 VIR | ORFV | goat China KU199 Lin,Y.S.
20 852

4 FJ-YT2015 VIR | ORFV | goat China KU199 Lin,Y.S.
20 851

5 FJ-YT2015 VIR ORFV | goat China KU672 Lin,Y.S.
20 683

6 FJ-FZ2014 VIR ORFV | goat China KU199 Lin,Y.S.
20 844

7 FJ-LJ2014 VIR ORFV | goat China KU199 Lin,Y.S.
20 847

8 | TVCC/Shuhama- | ORFV | Sheep India KU672 | Ahanger,S.A

02 20 679 .

9 FJ-MH2015 ORFV | goat China KU199 Lin,Y.S.
20 849

10 SX3 ORFV | goat China KJ139 Shang,C.
20 958
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11 orfv-chGanSu ORFV | goat China KF916 Cheng,W.
20 586
12 Nantou ORFV Taiwan EU327 | Chan,K.W.
20 507
13 | TVCC/Shuhama- | ORFV | goat India KU672 | Ahanger,S.A
01/Goat 20 682 .
14 FJ-YT2014 ORFV | goat China KU199 Lin,Y.S.
20 850
15 | ORFV/ShanX/201 | ORFV | goat China JN565 Liu,Z.
1/China 20 697
16 FJ-FZ2015 ORFV | goat China KU199 Lin,Y.S.
20 845
17 Xinjiang2 ORFV | goat China KF666 Yang,H.
20 564
18 Taiping ORFV | goat China EU327 | Chan,K.W.
20 508
19 FJ-LJ2015 ORFV | goat China KU199 Lin,Y.S.
20 848
20 | ORFV/2009/Korea | ORFV | goat Korea GQ328 Oem,J.K.
20 007
21 Xinjiangl ORFV | goat China KF666 Yang,H.
20 563
22 | ORF/2010/VIRgen | ORFV | goat Korea JX968 Oem,J.-K.
e-3 20 995
23 | ORF/2010/VIRgen | ORFV | goat Korea JX968 Oem,J.-K.
e-2 20 994
24 | ORF/2010/VIRgen | ORFV | goat Korea JX968 Oem,J.-K.
e-1 20 993
25 SV269/11 ORFV | Ovis Brazil KF927 Martins,M.
20 aries 109
26 SV252/11 ORFV | Ovis Brazil KF927 Martins,M.
20 aries 108
27 ORF/2011/7-18 ORFV | goat Korea JX968 Oem,J.-K.
20 997
28 ORF/2011/VIR ORFV | goat Korea JX968 Oem,J.-K.
20 996
29 ORFV | vacci USA AY278 Guo,J.
20 ne 210
strain
30 | MRCSG/Shuhama | ORFV | sheep India KU672 | Ahanger,S.A
-02/Sheep 20 687 .
31 | MRCSG/Shuhama | ORFV | sheep India KU672 | Ahanger,S.A
-01/Sheep 20 686 .
32 BSF/Nishat- ORFV | sheep India KU672 | Ahanger,S.A
02/Sheep 20 685 .
33 BSF/Nishat- ORFV | sheep India KU672 | Ahanger,S.A
01/Sheep 20 684 .
34 | TVCC/Shuhama- | ORFV | sheep India KU672 | Ahanger,S.A
01/Sheep 20 677 .
35 HIS ORFV | Japan Japan AB522 | Inoshima,Y.
20 ese 798
serow
s
36 Orf-11 ORFV UK AY292 | Mclnnes,C.J
20 459 .
37 SBF/Dachigam- ORFV | sheep India KU672 | Ahanger,S.A
01/Sheep 20 681 .
38 sCho7 ORFV | sheep | Argentina | KP244 Peralta,A.
20 327
39 sPi13 ORFV | sheep | Argentina | KP244 Peralta,A.
20 326
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40 1JS081 ORFV | Japan Japan AB492 | Inoshima,Y.
20 ese 085
serow
s
41 Orf-11 ORFV UK AJ222 | Mclnnes,C.J
20 702 .
42 isolate D ORFV | sheep Brazil JN603 | Abrahao,J.S.
20 830
43 NE1 ORFV | goat Brazil JN603 | Abrahao,J.S.
20 828
44 MT-05 ORFV | sheep Brazil JN603 | Abrahao,J.S.
20 827
45 6126/02 ORFV Italy DQ275 | Kottaridi,C.
20 173
46 SVv820/10 ORFV | Ovis Brazil KF927 | Martins,M.
20 aries 111
47 | ORFV/XinJiang/2 | ORFV | sheep China JN565 Li,H.
011/China 20 695
48 Orf virus ORFV | takin USA AY424 Guo,J.
20 976
49 Orf virus ORFV | sheep USA AY424 Guo,J.
20 975
50 Orf virus ORFV | Goat USA AF380 Guo,J.
20 126
51 MRI Scab ORFV | goat USA AJ222 | Mclnnes,C.J
20 701 .
52 isolate 176/95 ORFV | goat Greece DQ275 | Kottaridi,C.
20 165
53 30/96 interferon ORFV | goat Kottaridi, | DQ275 | Kottaridi,C.
20 C. 161
54 SBF/Goabal- ORFV | sheep India KU672 | Ahanger,S.A
01/Sheep 20 680 .
55 SBF/Goabal- ORFV | sheep India KU672 | Ahanger,S.A
02/Sheep 20 678 .
56 SVv581/11 ORFV | Ovis Brazil KF927 Martins,M.
20 aries 110
57 ORFV | musk USA AY424 Guo,J.
20 0X 974
58 PAl1l ORFV | Capra Brazil JQ349 | de Oliveira
20 hircus 519
59 12129/00 ORFV | goat Italy DQ275 | Kottaridi,C.
20 170
60 661/95 ORFV | goat Italy DQ275 | Kottaridi,C.
20 169
61 1710/03 ORFV | goat Greece DQ275 | Kottaridi,C.
20 166
62 | ORFV/YL/2013/C | ORFV China KF772 Liu,F.
hina 20 212
63 A ORFV | goat Brazil JN603 | Abrahao,J.S.
20 831
64 7389/03 ORFV | goat Italy DQ275 | Kottaridi,C.
20 172
65 155/95 ORFV | goat Greece DQ275 | Kottaridi,C.
20 163
66 513/04 ORFV | goat Greece DQ275 | Kottaridi,C.
20 167
67 928/02 ORFV | goat Greece DQ275 | Kottaridi,C.
20 168
68 | ORFV/2015/Zamb | ORFV | Capra | Zambia:L | LC208 | Simulundu,E
ia/Lu0l 20 hircus usaka 800
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69 13598/03 ORFV | goat Italy DQ275 | Kottaridi,C.
20 171

70 759/01 ORFV | goat Greece DQ275 | Kaottaridi,C.
20 164

71 Shihezi3/SHZ3 ORFV | goat China KF726 Yang,H.
20 848

1 Feidong ORFV | goat China KX951 Yang,H.
059 408

2 Xinjiang ORFV | goat China KF703 Yang,H.
059 748

3 SX2 ORFV | goat China KJ139 Shang,C.
059 957

4 Guizhou ORFV | goat China KP0O57 Liu,A.
059 582

5 Xinjiang/SHZ1 ORFV | goat China KF726 Yang,H.
059 851

6 | ORFV/GanS/2010/ | ORFV | unkn China JX142 Jia,H.

China 059 own 183

7 Xinjiang ORFV | sheep China KC291 He,Z.
059 656

8 HuB13 ORFV | goat China KJ139 Chi,X.
059 993

9 Xinjiang2 ORFV | goat China KF666 Yang,H.
059 561

10 Jilin ORFV | sheep China FJ8080 Zhao,K.
059 75

11 FJ-YT2015 ORFV | goat China KU199 Lin,Y.S.
059 842

12 FJ-YT2014 ORFV | goat China KU199 Lin,Y.S.
059 841

13 FJ-MH2015 ORFV | goat China KU199 Lin,Y.S.
059 840

14 FJ-LY2014 ORFV | goat China KU199 Lin,Y.S.
059 839

15 FJ-LJ2015 ORFV | goat China KU199 Lin,Y.S.
059 838

16 FJ-LJ2014 ORFV | goat China KU199 Lin,Y.S.
059 837

17 FJ-JA2015 ORFV | goat China KU199 Lin,Y.S.
059 836

18 FJ-FZ2015 ORFV | goat China KU199 Lin,Y.S.
059 835

19 FJ-FZ2014 ORFV | goat China KU199 Lin,Y.S.
059 834

20 FJ-BF2015 ORFV | goat China KU199 Lin,Y.S.
059 833

21 NAL/11 ORFV | sheep China JQ619 Li,W.
059 904

22 Jilin-Nongan ORFV | sheep China JQ271 Wang,G.
059 535

23 OV-HN3/12 ORFV | sheep China KC569 Li,W.
059 751

24 GY-AHF10 ORFV | goat China KX029 Wang,G.
059 229

25 Jammu 23/06 ORFV | goat India KY412 | Yogisharadh
059 879 ya,R.

26 Mysore ORFV | sheep India KY412 | Yogisharadh
059 878 ya,R.

27 India 79/04 ORFV | sheep India KY412 | Yogisharadh
059 877 ya,R.
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28 Jalandhar ORFV | goat India KY412 | Yogisharadh
059 876 ya,R.
29 Orissa 14/06 ORFV | goat India KY412 | Yogisharadh
059 875 ya,R.
30 | Mukteswar 83/09 | ORFV | sheep India KY412 | Yogisharadh
059 874 ya,R.
31 Gujrat ORFV | goat India KY412 | Yogisharadh
059 873 ya,R.
32 Bangalore ORFV | goat India KY412 | Yogisharadh
059 872 ya,R.
33 Meghalaya ORFV | goat India KY412 | Yogisharadh
059 871 ya,R.
34 Hyderabad ORFV | goat India KY412 | Yogisharadh
059 870 ya,R.
35 Tamil Nadu ORFV | goat India KY412 | Yogisharadh
059 869 ya,R.
36 Alwar ORFV | goat India KY412 | Yogisharadh
059 868 ya,R.
37 Palampur 20/06 ORFV | goat India KY412 | Yogisharadh
059 867 ya,R.
38 Assam 2010 ORFV | goat India KY412 | Yogisharadh
059 866 ya,R.
39 Ludhiana 50/06 ORFV | goat India KY412 | Yogisharadh
059 865 ya,R.
40 | Mukteswar 59/05 | ORFV | goat India KY412 | Yogisharadh
059 864 ya,R.
41 Mukteswar ORFV | goat India KY412 | Yogisharadh
Vaccine 059 880 ya,R.
42 | Bra/lUFBA/LabVir | ORFV | goat Brazil KP836 | Tigre D.M.
0/C1/2014 059 315
43 | Bra/lUFBA/LabVir | ORFV | goat Brazil KP836 | Tigre D.M.
0/C8/2014 059 316
1 | Gondar_zuria/O04 | ORFV | sheep | Ethiopia | KT438 Gelaye,E.
/2013 108 548
2 | Gondar_zuria/C03/ | ORFV | sheep | Ethiopia | KT438 Gelaye,E.
2013 108 547
3 Orf virus isolate ORFV | goat Ethiopia | KT438 Gelaye,E.
Gondar_zuria/C02/ 108 546
2013
4 | Gondar_zuria/C01/ | ORFV | goat Ethiopia | KT438 Gelaye,E.
2013 108 545
5 | ATARC/002/2010 | ORFV | sheep | Ethiopia | KT438 Gelaye,E.
108 542
6 | ATARC/002/2008 | ORFV | sheep | Ethiopia | KT438 Gelaye,E.
108 541
7 | ATARC/O01/2010 | ORFV | sheep | Ethiopia | KT438 Gelaye,E.
108 540
8 | ATARC/0O01/2008 | ORFV | sheep | Ethiopia | KT438 Gelaye,E.
108 539
9 | Amba_Giorgis/O0 | ORFV | sheep | Ethiopia | KT438 Gelaye,E.
3/2012 108 538
10 | Amba_Giorgis/O0 | ORFV | sheep | Ethiopia | KT438 Gelaye,E.
1/2012 108 537
11 | Amba_Giorgis/CO | ORFV | sheep | Ethiopia | KT438 Gelaye,E.
2/2012 108 536
12 Adet/001/2012 ORFV | sheep | Ethiopia | KT438 Gelaye,E.
108 531
13 Tamil Nadu ORFV | sheep India JN183 | Yogisharadh
108 076 ya,R.
14 Mysore ORFV | sheep India JN183 | Yogisharadh
108 075 ya,R.
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15 | Mukteswar 59/05 | ORFV | goat India JN183 | Yogisharadh
108 074 ya,R.
16 Meghalaya ORFV | goat India JN183 | Yogisharadh
108 073 ya,R.
17 Ludhiana ORFV | goat India JN183 | Yogisharadh
108 072 ya,R.
18 Gujarat ORFV | goat India JN183 | Yogisharadh
108 071 ya,R.
19 Bangalore ORFV | goat India JN183 | Yogisharadh
108 070 ya,R.
20 Assam ORFV | goat India JN183 | Yogisharadh
108 069 ya,R.
21 Orissa 14/06 ORFV | goat India JN183 | Yogisharadh
108 067 ya,R.
22 Alwar ORFV | goat India JN183 | Yogisharadh
108 064 ya,R.
23 Nantou ORFV | goat Taiwan EU327 | Chan,K.W.
108 509
Annexure B: Published isolates of APV used for
phylogenetic analysis.
GenBank
Virus name Gene Host accession Country Authors
number
Fowlpox P4b core . .
. P . Chicken AMO050377 UK Jarmin et al., 2006
virus protein
Fowlpox P4b core . :
. P . Chicken MG787394 Mozambique Mapaco et al., 2018
virus protein
Fowlpox P4b core . .
. P . Chicken MF766430 France Croville etal., 2018
virus protein
Fowlpox P4b core Merriam's .
. P . MH734528 USA Joshi et al., 2018
virus protein Turkey
Fowlpox P4b core Norouzian et al.,
VP _ Turkey KU522210 Iran
virus protein 2016
Turkeypox | pap core Mahmoud et al.,
i Turkey KR534326 Egypt 2015
virus protein
Avipox P4b core Parrot KC017963 Chile Gyuranecz et al.,

333




virus protein 2013
Avipox :
Pabeore | oicken | KMg74727 Portugal Henriques etal,
virus protein 2016
Fov_vlpox Pab cc_)re Chicken KP987214 Nigeria Meseko et al., 2016
Virus protein
Fowlpox | Pabceore | o ow | HM481407 India Pawar et al., 2011
VIrus protein
Fowlpox | - P4b core Silver HM481406 India Pawar et al., 2011
virus protein pheasant
Fowlpox | “Pabcore | 5o ok | HM481405 India Pawar et al., 2011
Virus protein
Fowlpox | Pabcore | Golden |\, 10140 India Pawar et al., 2011
virus protein pheasant
Fov_vlpox Pab cgre Chicken KF548036 India Roy et al., 2013
Virus protein
Fov_vlpox Pab cc?re Chicken AMO050380 Europe Jarmin et al., 2006
virus protein
Fowlpox P4b core Grey Manarolla et al.,
. . . 180201 Ital
virus protein partridge Q18020 taly 2010
Fowlpox P4b core Manarolla et al.,
. . 180207 Ital
virus protein Pheasant Q18020 taly 2010
Turkeypox | P4b core Manarolla et al.,
. . k 180212 Ital
virus protein Turkey Q180 taly 2010
Fowlpox P4b core Manarolla et al.,
. . 2212 Ital
virus protein Canary cQ 69 taly 2010
Avipox
Pabcore | Southlsland | =\ 261216 | New Zealand Ha et al., 2011
virus protein saddleback
Avipox | TApcore | Paradise | 061019 | New Zealand Ha et al., 2011
protein shelduck
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virus

Avipox :
Pabcore | Variable | 261250 | New Zealand Ha et al., 2011
Virus protein | oystercatcher
Avipox
P4b cc_)re Black robin HQ701721 New Zealand Haetal., 2011
virus protein
Av_lpox P4b cc_)re North I§Iand HQ701722 New Zealand Haetal., 2011
virus protein Robin
Av_lpox P4b C(?re North Island HQ711987 New Zealand Haetal., 2011
virus protein saddleback
Avi P4b
v_|pox C(.)re Shore plover | HQ711989 New Zealand Haetal., 2011
Virus protein
Fowlpox P4b core . Gyuranecz et al.,
VirUs protein Chicken KC017960 Hungary 2013
Fowl P4b .
OWIpOX T | Chicken | Jx464821 Egypt Abdallah et al.,2013
Virus protein
Turk P4b
urkeypox O 1 Turkey Q665839 Egypt Abdallah et al.,2013
Virus protein
Turk_eypox P4b C(_)re Turkey KCO17961 Nevada/USA Gyuranecz et al.,
virus protein 2013
Fowlpox | Pabcore | oy iven | Kco17962 | Hawaiiusa | SYuraneczetal,
virus protein 2013
Avipox )
P4b C(_)re BIEE eared KCO17964 Hungary Gyura;gclzg etal.,
virus protein pheasant
Avipox
Pab cc_Jre Song thrush HQ701723 New Zealand Haetal., 2011
virus protein
Fowlpox | P4b core | MacQueen's | 163 UAE Le Loc’h et al., 2014
virus protein bustard
Avipox P4b core Silver eye HQ701724 New Zealand Haetal., 2011
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virus protein
A\{IpOX Pab cgre Shore plover | HQ701717 New Zealand Haetal., 2011
virus protein
Fovylpox Pab cgre Chicken KF722863 Tanzania Masola et al., 2013
virus protein
Fowlpox | Pabcore | pyen | HMe23675 China Li et al., 2010
virus protein
Fovylpox Pab cqre Quail MHO061351 Mozambique Mapaco et al., 2018
virus protein
Pigeonpox | P4b core Pigeon AMO050385 UK Jarmin et al., 2006
virus protein
Turkeypox | Pabcore | o o | AM050387 UK Jarmin et al., 2006
virus protein
Turkeypox | Pabcore | o oo | AMO50388 ltaly Jarmin et al., 2006
virus protein
Fowlpox P4b core Grey Manarolla et al.,
virus protein partridge Q180204 ltaly 2010
Fowlpox P4b core Manarolla et al.,
Virus orotein Canary GQ180208 Italy 2010
Fowlpox P4b core Manarolla et al.,
Virus orotein Gyrfalcon GQ180210 Italy 2010
Pigeonpox. | P4b core Pigeon Q665840 Egypt Abdallah et al., 2013
virus protein
Avipox P4 I
b C(?re Booted eagle | KC017976 Spain Gyuranecz et al.,
virus protein 2013
Avipox ;
P4b cc_Jre Red Iggged KCO17977 Spain Gyuranecz et al.,
virus protein partridge 2013
. P4b core . . Gyuranecz et al.,
Avipox protein Red kite KC017978 Spain 2013
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virus

Avipox
Pab e 1 Booted eagle | KC017979 Spain Gyuranecz etal.,
virus protein 2013
Avipox }
P4b cc_)re Red Ie_gged KC017980 Spain Gyuranecz et al.,
Virus protein partridge 2013
Pigeonpox P4b core Port Offerman et al
g : P i Feral pigeon | KC821551 | Elizabeth/South B
virus protein Africa 2013
. Cape
Fowlpox P4b core Racing KC821557 Town/South Offerman etal.,
virus protein pigeon Africa 2013
Fowlpox Pab cgre Peacock MH061352 Mozambique Mapaco et al., 2018
Virus protein
Fowl P4 .
OV.V poX b cgre Turkey MG787396 Mozambique Mapaco et al., 2018
Virus protein
Avipox P4 Cape |
b O | Rock pigeon | KCB821559 Town/South Gyuranecz et al.,
virus protein Africa 2013
Plge_onpox Pab cgre Pigeon MF496043 India Sharma et al.,2019
Virus protein
Fowlpox | P4b core | MacQueen's |, 166 UAE Le Loc’h etal., 2014
virus protein bustard
Fowl P4 : :
OWIpox beore | ~picken | DQ873810 India Yadav et al., 2006
VIrus protein
AVIpOX P4b core KC017971 Gyuranecz et al.,
. Rock-dove Hungary
virus protein 2013
Fowlpox | P4b core Pigeon DQ873811 India Yadav et al., 2006
VIrus protein
AVIpox P4b core Indian KCO17975 Hungary Gyuranecz et al.,
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virus protein peafowl 2013
Plge.onpox Pab T 1 Feral pigeon | KC821550 South Africa Offerman etal.,
virus protein 2013
Avipox :
P4b cgre Oriental KCO17972 South Korea Gyuranecz et al.,
virus protein turtle-dove 2013
Avipox .
P4b cc_)re Oriental KC017973 South Korea Gyuranecz et al.,
virus protein turtle-dove 2013
Avipox
P4b cqre bG reatd KCO17974 Spain Gyura;gclzg etal.,
virus protein ustar
Avipox P4
beore | raicon | AM0s0376 UAE Jarmin et al., 2006
virus protein
Avipox P4 BIaCk'
_ r?)tiz?rrle browed AMO050392 UK Jarmin et al., 2006
virus P Albatross
AVIpOX P4b core New
. Zealand HQ701713 New Zealand Haetal., 2011
; protein .
VIrus pigeon
Avipox
P4b cgre Hawk KC018008 Hungary Gyuranecz et al.,
virus protein 2013
Avipox
Pabcore | o oikite | KC018010 Spain Gyuranecz et al.,
virus protein 2013
Avipox :
P4b core M‘(’j”m'”g KC018000 | Wisconsin/USA Gy“raggig etal,
virus protein ove
Avipox
P4b cc_Jre Canada KC018002 | Wisconsin/USA Gyuranecz et al.,
virus protein goose 2013
. P4b core Red head . . Gyuranecz et al.,
Avipox protein duck KC017993 | Wisconsin/USA 2013
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virus
Avipox
P4b cgre Trumpeter KC017995 | Wisconsin/USA Gyuranecz et al.,
virus protein swan 2013
Avipox :
P4b cc_)re Peregrine KCO17988 Hungary Gyuranecz et al.,
Virus protein falcon 2013
Avipox }
P4b cgre Re;i Ifooted KC017989 Hungary Gyura;g;:g etal.,
virus protein alcon
Avipox
Pabceore | ary KC018014 | Hawaiijusa | Cyuraneczetal,
virus protein 2013
Avipox P4 |
b COT¢ | Golden eagle | KC018058 Spain Gyuranecz etal.,
virus protein 2013
. . P4b core .
Avipoxvirus orotein House finch DQ131896 USA Adams et al., 2005
Avipox :
Pbcore | American | 1,1 5104 USA Adams et al., 2005
virus protein crow
Avipox P4 E |
b cc?re uropean KC018063 | Maryland/USA Gyuranecz et al.,
virus protein starling 2013
Avipoxvirus | | opcore | European | o1 a065 | Marylandiusa | SYuraneczetal,
protein starling 2013
Avipox
Pab core Parrot KC018069 | New York/usa | CYuraneczetal,
virus protein 2013
Avipox
Pab core Parrot | AMO50383 UK Jarmin et al., 2006
virus protein
Turkeypox | P4b core Chicken KY312503 Mozambique Mapaco et al., 2017
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virus protein
Turk.eypox Pab cgre Turkey KP728110 Hungary Banyai et al., 2015
virus protein
Fowlpox P4b core . Manarolla et al.,
virus protein Quail GQ180200 ltaly 2010
Avipox -
DNA Blue-eared KCO17851 Hungary Gyuranecz et al.,
Virus polymerase pheasant 2013
. l.
Fov_vlpox DNA Chicken KC017850 Hungary Gyuranecz et al.,
virus polymerase 2013
l.
Turkeypox |~ DNA Turkey KCO17866 | Nevada/usa | Cvuraneczetal,
virus polymerase 2013
Fowlpox DNA Chicken | KC017867 | Hawaiijusa | Cyuraneczetal,
virus polymerase 2013
Fov_vlpox DNA Chicken MF766430 France Croville et al., 2018
virus polymerase
Fowlpox |~ DNA | Merriam's |\, 1751508 USA Joshi et al., 2018
virus polymerase Turkey
Fowlpox DNA Chicken | MK651846 Brazil Chacon etal,, 2019
virus polymerase (Unpublished)
Fov_vlpox DNA Chicken MH237842 Mozambique Mapaco et al., 2018
virus polymerase
Avipox |
IDNA Parrot KC017883 Chile Gy“raggig etal,
virus polymerase
Avipox
DNA Chicken | MH754152 Egypt Lebdah et al., 2019
vitus polymerase (Unpublished)
Avipox ;
DNA Indian KCO17857 Hungary Gyuranecz et al.,
virus polymerase peafowl 2013
Avipox DNA Red-legged | <C017892 Spain Gyuranecz et al.,
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virus polymerase | partridge 2013
Avipox
DNA Red kite | KC017893 Spain Gyuranecz etal.,
Virus polymerase 2013
Avi DNA . I
v_|pox Booted eagle | KC017894 Spain Gyuranecz et al.,
virus polymerase 2013
Avipox }
DNA Red Ie_gged KCO17895 Spain Gyuranecz et al.,
Virus polymerase | partridge 2013
Turk DNA .
ur _eypox Turkey MH237843 Mozambique Mapaco et al., 2018
virus polymerase
Avipox DNA
Quail MH237849 Mozambique Mapaco et al., 2018
virus polymerase
Avipox DNA |
Booted eagle | KC017891 Spain Gyuranecz etal.,
virus polymerase 2013
Plge_onpox DNA Feral pigeon | NCO024447 South Africa | Offerman et al., 2018
virus polymerase
Plge_onpox DNA Feral pigeon KJ801920 South Africa | Offerman et al., 2014
virus polymerase
Avipox .
DNA Oriental KC017886 South Korea Gyuranecz et al.,
virus polymerase | turtle-dove 2013
Avipox :
DNA Oriental KCO17887 South Korea Gyuranecz et al.,
virus polymerase | turtle-dove 2013
Avipox
DNA Great KCO17890 Spain Gyuranecz et al.,
virus polymerase bustard 2013
Avipox :
DNA Mourning KC017912 | Wisconsin/USA Gyuranecz et al.,
virus polymerase dove 2013
Avipox DNA Canada KC017913 | Wisconsin/USA Gyuranecz et al.,
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virus polymerase goose 2013
Avipox
DNA Hawk KC017860 Hungary Gyuranecz etal.,
virus polymerase 2013
Avipox DNA |
Redkite | KCO17896 Spain Gyuranecz et al.,
Virus polymerase 2013
Avipox
DNA Redduck | KC017908 USA Gyuranecz etal.,
virus polymerase 2013
Avipox
DNA Trumpeter KC017909 | Wisconsin/USA Gyuranecz et al.,
virus polymerase swan 2013
Avipox :
DNA Peregrine KCO17858 Hungary Gyuranecz et al.,
virus polymerase falcon 2013
Avipox )
DNA Red-footed KCO17859 Hungary Gyuranecz et al.,
virus polymerase falcon 2013
Avipox DNA |
Canary KC017869 | Hawaijusa | Cvuraneczetal,
virus polymerase 2013
Avipox DNA |
Golden eagle | KC017863 Spain Gyuranecz et al.,
virus polymerase 2013
Avipox
DNA European KC017954 Maryland/USA Gyuranecz et al.,
virus polymerase starling 2013
Avipox
DNA European KC017955 | Maryland/USA Gyuranecz et al.,
virus polymerase starling 2013
Avipox
DNA Parrot KC017849 UK Gyuranecz et al.,
virus polymerase 2013
Avipox DNA Parrot KCO17925 | New York/usa | CYuraneczetal,
polymerase 2013
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virus

Turk'eypox DNA Turkey KP728110 Hungary Banyai et al., 2015
virus polymerase

Turk'eypox DNA Turkey KY312501 Mozambique Mapaco et al., 2017
virus polymerase
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