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ABSTRACT

The field of genomics has been revolutionized by next generation sequencing. NGS technology is likely to play an important 
role in the field of veterinary medicine and animal husbandry. The feasibility of sequencing genomes at a much faster rate and 
with greater precision has been made possible with the advent of newer methods. In the current review, we describe the various 
sequencing methods available and also discuss select areas of biology where application of next generation sequencing would 
open a whole new avenue in veterinary research.

Keywords: Genomics, veterinary medicine, animal husbandry, veterinary research

Evolution of Next-Generation Sequencing

The discovery of the DNA structure (Watson, 1953) and 
the subsequent advent of DNA sequencing (Sanger et al., 
1977) paved the way for the study of genomes. The DNA 
sequences of model organisms and humans were elucidated 
through various innovative techniques. However, it was the 
next-generation sequencing (NGS) methodologies which 
accelerated the field of genomics. In the mid-2000’s, the 
pyrosequencing-based approach was introduced, and over 
the years, the cost and time of whole-genome sequencing 
have come down drastically (Margulies et al., 2005). The 
NGS has also been instrumental in our understanding of 
health and disease at the molecular level. In this review, 
we address the merits and limitations of some of the major 
platforms of NGS and the applications thereof.

Sanger’s dideoxynucleotide chain termination method

In this classical method, the DNA polymerase is tricked 
to incorporate a modified nucleotide (dideoxynucleotides) 
with a 3’ hydrogen atom instead of 3’ hydroxyl group 
which is required for chain elongation. Once these 

dideoxynucleotides are incorporated, the DNA chain 
elongation terminates. The dNTP molecules used in the 
reaction are radio-labelled with 32P, and four dNTPs with 
one of the modified nucleotides are added per reaction. 
These samples are resolved on a polyacryamide gel and the 
images are captured on X-ray films. The major drawback 
with this method is the lack of automation. Introduction 
of thermostable DNA polymerases (Saiki et al., 1985)” D, 
florescent dye-labelled dideoxynucleotides (terminators) 
(Prober et al., 1987) and capillary sequencing (Marsh et 
al., 1997) were the major improvements of this method, 
and these facilitated the unraveling of reference genomes 
of model organisms. These modifications formed the 
foundation for NGS.

Next-Generation Sequencing (NGS)

Unlike Sanger’s sequencing, NGS is robust and does 
not rely on prior knowledge about flanking sequences or 
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cloning of the DNA fragments. The platform technologies 
available for NGS can be classified based on the 
chemistry involved, into (a) sequencing by synthesis 
and (b) sequencing by ligation and (c) Single molecule 
sequencing. The different NGS platforms are summarized 
in Table 1.

(a) Sequencing by synthesis (SBS)

In sequencing by synthesis method, DNA is fragmented 
and clonally amplified. This is termed as library 
preparation. During sequencing, addition of nucleotides 
by the polymerase generates signals which are read by the 
instrument. The SBS can be further classified as single-
nucleotide addition or cyclic reversible termination.

The single-nucleotide addition approach is followed by 454 
pyrosequencing (454 Life Sciences, Roche) and Ion Torrent 
(Life Technologies) techniques. While pyrosequencing 
method relies on the detection of bioluminescence 
signal generated due to the pyrophosphate released upon 
nucleotide incorporation (Margulies et al., 2005), the Ion 
Torrent platform detects pH change due to release of H+ 
ions during dNTP incorporation (Rothberg et al., 2011). 
Ion Torrent utilizes a semiconductor sensor rather than an 
optical sensor to detect the H+ ions released.

The cyclic reversible termination method utilizes 
cleavable fluorescent terminator molecules which block 
the chain elongation (Guo et al., 2008; Ju et al., 2006). 
Similar to Sanger’s sequencing, a mixture of all four 
native nucleotides and 3’-blocked dNTP’s are added 
each time and the unbound dNTP’s are removed by 
washing. The fluorescent signals from the surface identify 
the incorporated dNTP. The blocking group and the 
fluorophore is removed before the beginning of the new 
cycle. Illumina and GeneReader platform utilize this 
method for NGS with certain differences. While Illumina 
platform incorporates each template DNA with the 
fluorophore-tagged dNTP, the GeneReader platform uses 
adequate labelled dNTP’s to attain signal for identification 
(Smith, 2011).

(b) Sequencing by ligation

The Sequencing by Oligonucleotide Ligation and Detection 
(SOLiD) and Complete genomics platforms follow the 
sequencing by ligation approach for NGS. The labelled 

probes and anchor sequences are hybridized and ligated to 
the DNA strand. The labelled probes can be of one-base or 
two-base type. The two-base-encoded probes are utilized 
by the SOLiD platform where each fluorescent signal 
symbolizes a dinucleotide (Valouev et al., 2008). Despite 
its early popularity, the short read length of 75 bp greatly 
limited its use. The Complete genomics technology of the 
Beijing Genomics Institute utilizes a probe-anchor ligation 
approach. Here, DNA templates are enriched in solution 
by ligating it to anchor, circularization and cleavage. Three 
rounds of ligation, circularization and cleavage add four 
adapters. The rolling cycle amplification of the circular 
DNA generates concatamers called nanoballs which are 
then immobilized on a pattern flow cell and sequenced 
(Drmanac et al., 2010).

(c) Single-molecule sequencing

Two platforms produce real-time reads with single-
molecule. The Pacific Biosciences platform employs 
phospho-linked fluorescent nucleotides which upon 
incorporation produce signals monitored through a zero-
mode waveguide detector (Eid et al., 2009). The Oxford 
Nanopore Technology introduced the fourth-generation 
DNA sequencing technology. Unlike other platforms, the 
nanopore sequencer does not hybridize or incorporate 
labelled dNTP. The native single-stranded DNA is passed 
through a protein pore in the presence of electric current. 
The DNA translocation into the pore causes a block in 
the voltage which is measured. The shift in the voltage 
is characteristic of particular DNA sequence in the pore. 
About ~70 bp per second can be sequenced using this 
system. Latest addition to the nanopore technology is the 
CsgG bacterial amyloid secretion pore based sequencer 
with higher sequencing accuracy (Brown and Clarke, 
2016), achieving DNA translocation rate upto 250 bases 
per second (Carter and Hussain, 2017). Both Nanopore 
and Pacific Biosciences platform technologies can read 
10 to 100 kb of single-stranded DNA, but error rates are 
also higher with both the platforms. However, in nanopore 
sequencing technology the addition of specific hairpin 
adapter to join the two DNA increase the accuracy of 
the reads. Even though error rates are higher than other 
platforms, the nanopore sequencer is a portable and low-
cost equipment, besides other advantages such as rapidity 
of library preparation and real-time data generation.
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Table 1: Comparison of different NGS platforms

Platforms Read Length Throughput Run time
Sequence by synthesis

Illumina 25 to 300 bp 540 Mb to 900 
Gb

4 hours to 11 
days

454- Life Sciences 400 to 700 bp 
average reads 35 to 700 Mb 10 to 23 

hours
Sequence by ligation
SOLiD 50 to 75 bp 80 to 160 Gb 6 to 10 days
Complete genomics 
technology 50 to 100 bp 160 to 320 Gb 24 hours

Single-molecule real-time long reads

Pacific Biosciences 8 to 12 Kb 500 Mb to 7 
Gb 0.5 to 6 hours

Oxford Nanopore Up to 200 Kb Up to 1.5 Gb 50 minutes to 
48 hours

Table adapted from (Goodwin et al., 2016).

Application of NGS in Veterinary Science

The high-throughput sequencing data generated by the 
various platform technologies are unbiased as it reports 
the sequence of all nucleotides present in the original 
sample. It can be applied in multiple ways in veterinary 
science which are mentioned below.

Conservation of animals

India is a diverse country with a wide variety of domestic 
and wild animals. The diversity in the germplasm may be 
one of the reason for disease resistance and other desired 
characters observed in indigenous breeds. Whole genome 
sequencing of domestic and wild animal species can help 
record their genetic information and conserve the native 
breeds for the future. Sequence data with other gene 
manipulation techniques like CRISPR-Cas9 may help 
in improving production of indigenous breeds without 
losing genetic diversity. Unlike PCR based methods (An 
et al., 2007; Marin et al., 2009), NGS is a sequence-
independent detection technique and can be used for 
forensic identification of endangered animals.

Characterization of gut microbiota of bovine and other 
ruminants

Our knowledge about the diversity of the microorganisms 
present in the rumen is limited because most of them cannot 

be isolated and cultured under laboratory conditions. 
Rumen microbiota consists of obligate anaerobic fungi, 
bacteria and protozoa. Till date, six genera (Neocallimastix, 
Piromyces, Caecomyces, Orpinomyces, Anaeromyces, 
and Cyllamyces) of obligate anaerobic fungi have been 
isolated from rumen (Ho, 1995; Ozkose, 2001), with 
only two reports on Cyllamyces species (Ozkose, 2001; 
Sridhar, 2007). Different NGS platforms were utilized to 
assess the rumen microbial community in cows. While 
most of the studies were related to the rumen bacterial 
diversity (Edrington et al., 2012; Jami et al., 2013; Zhou 
et al., 2017), very few of them studied the composition of 
rumen fungal community (Dill-McFarland et al., 2017). 
Identification and characterization of rumen microbiota 
will help in developing better nutritional systems.

Vaccine industry

The NGS data could be of help at different levels in vaccine 
industry. In case of bacterial vaccines, the whole genome 
sequencing can establish the identity of the bacterial strain 
used in the vaccine. Bacterial strains can also be verified 
for batch-to-batch consistency as well as to validate the 
absence of extraneous agents.

When compared to bacterial vaccines, NGS has a wider 
application in viral vaccines. First, the vaccine material 
is supposed to be devoid of anything other than the 
antigenic material. To avoid the unintentional introduction 
of adventitious agents in the vaccine manufacturing 
process, detailed characterization of seed stocks, final 
bulk and formulated vaccine is necessary (Kumar et al., 
2012). Specifically, these materials must be free from 
adventitious agents such as bacteria, fungi, mycoplasma/
spiroplasma, mycobacteria, rickettsia, protozoa, parasites, 
transmissible spongiform encephalopathy (TSE) 
agents and viruses. Despite following stringent quality 
protocols, contamination of vaccines with extraneous 
agents can happen. Notable among these are (a) simian 
virus-40 contamination of the poliovirus and adenovirus 
vaccines (Geissler et al., 1985; Hilleman, 1998; Lewis, 
1998; Sangar et al., 1999), (b) bacteriophage (φV−1) 
contamination in poliovirus vaccine and measles, mumps 
and rubella (MMR) vaccine (Haselkorn et al., 1978), (c) 
reverse transcriptase activity in MMR vaccine (Pyra et 
al., 1994; WHO, 1998), (d) bovine viral diarrhea virus 
in mumps, mumps and measles, and MMR vaccines 
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(Studer et al., 2002), (e) avian retroviruses in yellow fever 
vaccine (Hussain et al., 2003), (f) avian leucosis virus 
in measles and mumps vaccine (Tsang et al., 1999), (d) 
porcine circovirus 1 contamination of rotavirus vaccine 
(Victoria et al., 2010). Several veterinary vaccines have 
been reported to be contaminated with adventitious agents 
such as (a) feline endogenous retrovirus in feline and 
canine attenuated vaccines (Yoshikawa et al., 2014), (b) 
reticuloendotheliosis virus in Marek’s disease vaccine 
(Takagi et al., 1996), (c) bovine viral diarrhoea virus in 
swine fever vaccines (Wensvoort and Terpstra, 1988), and 
(d) bluetongue virus in canine vaccines (Akita et al., 1994; 
Evermann et al., 1994; Wilbur et al., 1994), lumpy skin 
disease and sheep pox vaccines (Bumbarov et al., 2016). 
Apart from identifying the adventitious agents, NGS can 
also establish the identity of the vaccine stains.

Reversion to virulence is one of the major concerns with 
live attenuated vaccines. Different nucleic acid tests are 
used to identify the virulent markers in vaccine stains. In 
general, limited data is generated using nucleic acid based 
techniques i.e., Mutant Analysis by PCR and Restriction 
Enzyme Cleavage (MAPREC) test for poliovirus. NGS 
methods are applied to determine the mutations necessary 
for attenuation of poliovirus (Victoria et al., 2010). 
Similar methods can be used to detect virulent markers in 
vaccine viruses to improve the safety of vaccines. Several 
attenuated vaccines are employed for veterinary use, and 
their characterization by NGS can improve vaccine safety.

Diagnosis of infectious diseases and monitoring of 
outbreaks

Identification of infectious disease etiology is generally 
done by microscopy, microbiological, virological, 
immunological or molecular methods. Compared to 
the other methods, molecular methods have higher 
sensitivity and specificity. However, knowledge about 
genome sequence of the etiological agent is a prerequisite 
to use molecular methods such as PCR or RT-PCR. For 
differential diagnosis by classical methods, several tests 
need to be done to confirm the etiological agent. In 
addition, availability of reagents such as special media, 
cell lines, antibodies, primers, and availability of validated 
methods are the major constrains in diagnosis of infectious 
agents. Quick and accurate diagnosis is important during 
disease outbreaks to devise strategies to control the spread 

of the disease in question. Unlike classical methods of 
diagnosis, where availability of agent-specific diagnostics 
is a prerequisite, NGS is a generic method that can be 
applied to identify any type of infectious agent i.e., viruses, 
bacteria, fungus, protozoa.

NGS is a highly sensitive method for pathogen identification 
typing. We have used Ion torrent platform to sequence 
RNA and DNA isolated from pharyngeal mucosa during 
a disease outbreak investigation in commercial poultry. 
Apart from genome sequence of the causative agents, we 
could identify the genomes of some of the live vaccines 
used in poultry, several bacteriophages, and viruses of fish 
and maize. The latter two genomes probably originated 
from the poultry feed (unpublished data), and demonstrate 
the power of this technology in diagnostics. This makes 
NGS a more suitable test for identification of disease 
causing agents.

NGS is also helpful in identification of mixed infections 
especially of those that reduce production or are 
immunosuppressive with no clear clinical symptoms. For 
example, pyrosequencing of DNA from post-weaning 
multisystemic wasting syndrome (PWMS) affected pig 
lymph node samples revealed the presence of torque teno 
virus and a novel boca-like parvovirus apart from the 
causative agent porcine circovirus 2 (Blomstrom et al., 
2010; Blomstrom et al., 2009). These complex conditions 
necessitate the regular use of NGS to establish concrete 
relation between pathogens and disease. Further, NGS is a 
good technology to identify, characterize and understand 
the epidemiology of non-cultivable infectious agents such 
as Jaagsiekte, a retrovirus of sheep.

We regularly isolate and type bluetongue virus (BTV) from 
field samples through conventional cell culture and RT-
PCR, respectively. Many times, we encounter difficulty in 
typing BTV isolates due to infections with mixed serotypes 
and emergence of a new variant which cannot be typed 
using the primers designed to identify the serotype by RT-
PCR. There are 27 BTV serotypes identified until now and 
geographical variants called topotypes are present within 
a serotype. The genomic variation due to diverse serotypes 
and topotypes adds to the complexity of typing (Reddy 
et al., 2016). We routinely use NGS for typing of BTV 
isolates which could not be typed due to lack of reagents. 
Now, NGS is becoming popular to identify new serotypes, 
topotypes, variants and reassortants (Boyle et al., 2012; 
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Chand et al., 2016; Lorusso et al., 2014; Minakshi et al., 
2012; Nomikou et al., 2015; Rao et al., 2013; Rao et al., 
2012b; Schulz et al., 2016; Yang et al., 2012).

In the Indian context, emergence of nephropathogenic avian 
infectious bronchitis virus (Bayry et al., 2005), porcine 
circovirus2 (Karuppannan et al., 2016), re-emerging BTV 
serotypes (Hemadri et al., 2016; Krishnajyothi et al., 
2016; Rao et al., 2016), avian influenza (Bhat et al., 2017; 
Nagarajan et al., 2017) and new variants of foot and mouth 
disease virus (Mahapatra et al., 2016; Rudreshappa et al., 
2012; Yuvaraj et al., 2013), and porcine respiratory and 
reproductive syndrome virus (PRRSV) (Rajkhowa et al., 
2015) are some examples where NGS would have helped.

Antimicrobial resistance to antibiotics is seen as one of 
the greatest threats in Human and veterinary practice. 
Bacteria can genetically evolve by introducing mutations 
in genes that encode proteins that are targets for antibiotics 
and by acquiring foreign DNA coding for resistance 
determinants. Various NGS methods were applied to 
detect antibiotic resistance markers in Escherichia coli, 
Bacillus anthracis, Yersinia pestis, Francisella tularensis 
and Mycobacterium tuberculosis (Daum et al., 2012; 
Stefan et al., 2016; Veenemans et al., 2014). Using NGS 
data for detection of the many genes involved in antibiotic 
resistance/ sensitivity of different strains. Species/ general 
of bacteria present in a clinical sample yields far more 
information from a single test than other methods like 
culture, biochemical identification, PCR, microarrays 
and traditional antibiograms and does not require prior 
knowledge of the resistance phenotype of the isolate(s). 
However, for most species of bacteria, insufficient 
data about antibiotic resistance/ sensitivity genes and 
mechanism involved is known and hence, data need to 
be generated to use NGS-inferred antibiotic resistance/ 
sensitivity to guide clinical decisions (Ellington et al., 
2017). The current cost and speed of NGS is prohibitive 
to use NGS for testing genotypic antibiograms. However, 
with the advent of faster and affordable NGS methods like 
Nanopore, it is possible to identify antibiotic resistance 
markers in clinical samples that can help in therapeutic 
decisions in critical cases (ONT, 2017).

Although NGS cannot be used as routine test for disease 
diagnosis due to cost and time required, it will become 
an unavoidable alternative at least for identification of 
the pathogen. With the development of new portable and 

affordable nanopore technology of NGS, it is possible to 
use this technology as routine diagnostic test in the near 
future.

Identification of exotic diseases

Diseases can spread from one country to another through 
various routes and one of the controllable routes is the 
import of animals and animal products. To control disease 
spread by movement of animals and animal products, 
countries implement import protocols mostly guided by 
World Organization for Animal Health (OIE). As per the 
OIE terrestrial animal health code, the live animal imports 
require the health certificate of the animals for diseases 
(mostly infectious diseases) from the exporting county. To 
control transboundary movement of diseases, pre-export 
testing and post-import quarantine is being practiced by 
most of the countries. Most of these tests are serology- 
or nucleic acid-based. In case of RNA viruses, where 
nucleic acid diversity is more, primers designed for one 
geographical area may not detect the viruses from other 
geographical area (Maan et al., 2012a; Mertens et al., 
2007; Reddy et al., 2016). Apart from that, the test needs 
to be done against pathogens. For example, import of 
live pigs into India requires the pre-export screening of 
the animals for African swine fever, porcine brucellosis, 
classical swine fever, porcine respiratory and reproductive 
syndrome, porcine epidemic diarrhoea virus, porcine 
delta corona virus, transmissible gastroenteritis, swine 
vesicular disease, swine influenza A virus, Tescho virus 
encephalomyelitis, and Aujeszky’s disease (DAHD, 
2017).The animals are quarantined in India for 30 days 
and observed for any symptoms of disease before handing 
it over to the consignee.

Despite pre-import and post quarantine tests, several 
incidences of entry and establishment of causative agents 
from other countries are reported from India. These 
include exotic serotypes and topotypes of BTV (Gollapalli 
et al., 2012; Maan et al., 2012b; Rao et al., 2016; Rao et 
al., 2012a; Susmitha et al., 2012), and highly pathogenic 
strain of PRRSV similar to Chinese isolates, (Rajkhowa et 
al., 2015). Currently, lumpy skin disease (LSD) is being 
considered as one of the future threats to Indian livestock 
industry. LSD, once considered as African disease, has 
now spread to throughout the middle-eastern countries 
in the last quarter century (Ali et al., 1990; House et al., 
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1990; OIE, 2017; Yeruham et al., 1995) and affected 
some of the European and central Asian countries (OIE, 
2017). Recent reports of LSD positive samples from some 
districts of Odisha (OIE, 2019) is a cause of concern. 
There is an immediate need for an effective control and 
advanced surveillance measure to contain the spread of 
the disease. LSDV, the causative agent of LSD is closely 
related to sheep pox and goat pox viruses and it is difficult 
to differentiate these viruses by PCR-based or serological 
methods. It is further complicated by the presence of 
a clinically similar disease called pseudo-lumpy skin 
disease (PLSD) caused by bovine herpesvirus-2. We 
have used NGS to identify BHV-2 from skin samples of 
cattle affected with PLSD and successfully identified the 
causative agent, and similar methods can be used to screen 
suspected samples for quick and accurate diagnosis.

Recent reports of African swine fever (ASF) outbreaks from 
various Asian countries (OIE, 2019) pose a threat to India. 
The current wave of ASF started from China in August 
2018. By 2019, the outbreaks of ASF were recorded from 
Mongolia (in January), Vietnam (in February), Cambodia 
(in April), Lao PDR (in June) and Myanmar (in August). 
India shares its eastern border with Myanmar, there are 
chances that the African swine fever (ASF) may seep in 
to the north-eastern states of India. As the pig population 
is more in the north-eastern states of India, the advent of 
ASF will have substantial economic impact.

Introduction of new pathogens into a naïve population 
may cause huge economic losses and it is important to 
identify and contain the exotic diseases before they get 
established and spread through the length and breadth of 
the country. Here, NGS has a clear advantage over other 
classical methods of pathogen identification due to its 
speed, sensitivity and generic nature.

CONCLUSION

NGS technology is likely to play an important role in the 
field of veterinary medicine and animal husbandry. In 
veterinary services, NGS is expected to play a vital role in 
disease diagnosis and control. Although most of the current 
NGS technologies are expensive to establish and require 
highly skilled molecular biologists and bioinformaticians, 
advent of technologies like Nanopore, which is fast 
and portable may become a disruptive technology in 
veterinary and medical diagnosis, replacing most of the 

current technologies being used in this field. This portable 
platform has played a crucial role in the monitoring of 
outbreaks of Salmonella enterica (Quick et al., 2015) 
and Ebola hemorrhagic fever (Quick et al., 2016). Unlike 
platforms such as Illumina, sequence error rates are higher 
in nanopore-based sequencing, but for the purpose of 
diagnosis, errors in sequence are tolerable provided the 
test could precisely identify the causative agent. With the 
traits of a cost-effective, rapid and portable alternative for 
DNA sequencing, technologies like nanopore sequencing 
will be necessary for disease monitoring and diagnostic 
laboratory sooner or later.

REFERENCES

Akita, G.Y., Ianconescu, M., MacLachlan, N.J. and Osburn, 
B.I. 1994. Bluetongue disease in dogs associated with 
contaminated vaccine. Vet. Rec., 134: 283-284.

Ali, A.A., Esmat, M., Attia, H., Selim, A. and Abdel-Hamid, 
Y.M. 1990. Clinical and pathological studies on lumpy skin 
disease in Egypt. Vet. Rec., 127: 549-550.

An, J., Lee, M.Y., Min, M.S., Lee, M.H. and Lee, H. 2007. A 
molecular genetic approach for species identification of 
mammals and sex determination of birds in a forensic case 
of poaching from South Korea. Forensic Sci. Int., 167: 59-61.

Bayry, J., Goudar, M.S., Nighot, P.K., Kshirsagar, S.G., Ladman, 
B.S., Gelb, J., Jr., Ghalsasi, G.R. and Kolte, G.N. 2005. 
Emergence of a nephropathogenic avian infectious bronchitis 
virus with a novel genotype in India. J. Clin. Microbiol., 43: 
916-918.

Bhat, S., Nagarajan, S., Kumar, M., Murugkar, H.V., 
Kalaiyarasu, S., Venkatesh, G. and Tosh, C. 2017. Antigenic 
characterization of H5N1 highly pathogenic avian influenza 
viruses isolated from poultry in India, 2006-2015. Arch. 
Virol., 162: 487-494.

Blomstrom, A.L., Belak, S., Fossum, C., Fuxler, L., Wallgren, 
P. and Berg, M. 2010. Studies of porcine circovirus type 
2, porcine boca-like virus and torque teno virus indicate 
the presence of multiple viral infections in postweaning 
multisystemic wasting syndrome pigs. Virus Res., 152: 59-
64.

Blomstrom, A.L., Belak, S., Fossum, C., McKillen, J., Allan, G., 
Wallgren, P. and Berg, M. 2009. Detection of a novel porcine 
boca-like virus in the background of porcine circovirus type 2 
induced postweaning multisystemic wasting syndrome. Virus 
Res., 146: 125-129.

Boyle, D.B., Bulach, D.M., Amos-Ritchie, R., Adams, M.M., 
Walker, P.J. and Weir, R. 2012. Genomic sequences of 
Australian bluetongue virus prototype serotypes reveal global 



Application of NGS in veterinary science

Journal of Animal Research: v.9 n.6, December 2019 803

relationships and possible routes of entry into Australia. J. 
Virol., 86: 6724-6731.

Brown, C.G. and Clarke, J. 2016. Nanopore development at 
Oxford Nanopore. Nat. Biotechnol., 34: 810-811.

Bumbarov, V., Golender, N., Erster, O. and Khinich, Y. 2016. 
Detection and isolation of Bluetongue virus from commercial 
vaccine batches. Vaccine, 34: 3317-3323.

Carter, J.M. and Hussain, S. 2017. Robust long-read native 
DNA sequencing using the ONT CsgG Nanopore system. 
Wellcome Open Res., 2: 23.

Chand, K., Biswas, S.K., Sharma, G., Saxena, A., Tewari, N., 
Mahajan, S. and Pandey, A.B. 2016. Full genome sequencing 
of the bluetongue virus-1 isolate MKD20/08/Ind from goat in 
India. Braz. J. Microbiol., 47: 527-528.

DAHD 2017. Veterinary certificate for import of live swine for 
breeding purposes into India In, D.F. Department of Animal 
Husbandy, ed.

Daum, L.T., Rodriguez, J.D., Worthy, S.A., Ismail, N.A., Omar, 
S.V., Dreyer, A.W., Fourie, P.B., Hoosen, A.A., Chambers, 
J.P. and Fischer, G.W. 2012. Next-generation ion torrent 
sequencing of drug resistance mutations in Mycobacterium 
tuberculosis strains. J. Clin. Microbiol., 50: 3831-3837.

Dill-McFarland, K.A., Breaker, J.D. and Suen, G. 2017. 
Microbial succession in the gastrointestinal tract of dairy 
cows from 2 weeks to first lactation. Sci. Rep., 7: 40864.

Drmanac, R., Sparks, A.B., Callow, M.J., Halpern, A.L., Burns, 
N.L., Kermani, B.G., Carnevali, P., et al. 2010. Human 
genome sequencing using unchained base reads on self-
assembling DNA nanoarrays. Science, 327: 78-81.

Edrington, T.S., Dowd, S.E., Farrow, R.F., Hagevoort, 
G.R., Callaway, T.R., Anderson, R.C. and Nisbet, D.J. 
2012. Development of colonic microflora as assessed by 
pyrosequencing in dairy calves fed waste milk. J. Dairy Sci., 
95: 4519-4525.

Eid, J., Fehr, A., Gray, J., Luong, K., Lyle, J., Otto, G., Peluso, P., 
Rank, D., Baybayan, P., Bettman, B., Bibillo, A., Bjornson, 
K., Chaudhuri, B., Christians, F., Cicero, R., Clark, S., et al. 
2009. Real-time DNA sequencing from single polymerase 
molecules. Science, 323: 133-138.

Ellington, M.J., Ekelund, O., Aarestrup, F.M., Canton, R., 
Doumith, M., Giske, C., Grundman, H., et al. 2017. The role 
of whole genome sequencing in antimicrobial susceptibility 
testing of bacteria: report from the EUCAST Subcommittee. 
Clin. Microbiol. Infect., 23: 2-22.

Evermann, J.F., McKeirnan, A.J., Wilbur, L.A., Levings, R.L., 
Trueblood, E.S., Baldwin, T.J. and Hughbanks, F.G. 1994. 
Canine fatalities associated with the use of a modified live 
vaccine administered during late stages of pregnancy. J. Vet. 
Diagn. Invest., 6: 353-357.

Geissler, E., Konzer, P., Scherneck, S. and Zimmermann, W. 
1985. Sera collected before introduction of contaminated 
polio vaccine contain antibodies against SV40. Acta Virol., 
29: 420-423.

Gollapalli, S.R., Mallavarapu, S., Uma, M., Rao, P.P., Susmitha, 
B., Prasad, P.U., Chaitanya, P., Prasad, G., Hegde, N.R. and 
Reddy, Y.N. 2012. Sequences of genes encoding type-specific 
and group-specific antigens of an Indian isolate of bluetongue 
virus serotype 10 (BTV-10) and implications for their origin. 
Transbound Emerg. Dis., 59: 165-172.

Goodwin, S., McPherson, J.D. and McCombie, W.R. 2016. 
Coming of age: ten years of next-generation sequencing 
technologies. Nat. Rev. Genet., 17: 333-351.

Guo, J., Xu, N., Li, Z., Zhang, S., Wu, J., Kim, D.H., Sano 
Marma, M., Meng, Q., Cao, H., Li, X., Shi, S., Yu, L., 
Kalachikov, S., Russo, J.J., Turro, N.J. and Ju, J. 2008. 
Four-color DNA sequencing with 3’-O-modified nucleotide 
reversible terminators and chemically cleavable fluorescent 
dideoxynucleotides. Proc Natl. Acad Sci. U S A, 105: 9145-
9150.

Haselkorn, R., Schichman, S., Milstien, J. and Petricciani, J. 
1978. Characteristics of bacteriophage phiV-1 isolated from 
live virus vaccines. Proc. Soc. Exp. Biol. Med., 158: 383-387.

Hemadri, D., Maan, S., Chanda, M.M., Rao, P.P., Putty, K., 
Krishnajyothi, Y., Reddy, G.H., Kumar, V., Batra, K., Reddy, 
Y.V., Maan, N.S., Reddy, Y.N., Singh, K.P., Shivachandra, 
S.B., Hegde, N.R., Rahman, H. and Mertens, P.P. 2016. Dual 
Infection with Bluetongue virus Serotypes and First-Time 
isolation of serotype 5 in India. Transbound Emerg. Dis., 
64(6):1912-1917.

Hilleman, M.R. 1998. Discovery of simian virus 40 (SV40) and 
its relationship to poliomyelitis virus vaccines. Dev. Biol. 
Stand., 94: 183-190.

Ho, Y.W. a. B., D.J.S. 1995. Classification of anaerobic gut 
fungi from herbivores with emphasis on rumen fungi from 
Malaysia. Mycologia, 87: 655-677.

House, J.A., Wilson, T. M., el Nakashly, S., Karim, I.A., Ismail, 
I., el Danaf, N., Moussa, A.M. and Ayoub, N.N. 1990. The 
isolation of lumpy skin disease virus and bovine herpesvirus-4 
from cattle in Egypt. J. Vet. Diagn. Invest., 2: 111-115.

Hussain, A.I., Johnson, J.A., Da Silva Freire, M. and Heneine, 
W. 2003. Identification and characterization of avian 
retroviruses in chicken embryo-derived yellow fever 
vaccines: investigation of transmission to vaccine recipients. 
J. Virol., 77: 1105-1111.

Jami, E., Israel, A., Kotser, A. and Mizrahi, I. 2013. Exploring the 
bovine rumen bacterial community from birth to adulthood. 
ISME J., 7: 1069-1079.



804 Journal of Animal Research: v.9 n.6, December 2019

Kumar et al.

Ju, J., Kim, D.H., Bi, L., Meng, Q., Bai, X., Li, Z., Li, X., 
Marma, M.S., Shi, S., Wu, J., Edwards, J.R., Romu, A. and 
Turro, N. J. 2006. Four-color DNA sequencing by synthesis 
using cleavable fluorescent nucleotide reversible terminators. 
Proc. Natl. Acad. Sci. USA, 103: 19635-19640.

Karuppannan, A.K., Ramesh, A., Reddy, Y.K., Ramesh, S., 
Mahaprabhu, R., Jaisree, S., Roy, P., Sridhar, R., Pazhanivel, 
N., Sakthivelan, S.M., Sreekumar, C., Murugan, M., 
Jaishankar, S., Gopi, H., Purushothaman, V., Kumanan, 
K. and Babu, M. 2016. Emergence of Porcine Circovirus 
2 Associated Reproductive Failure in Southern India. 
Transbound. Emerg. Dis., 63: 314-320.

Krishnajyothi, Y., Maan, S., Kandimalla, K., Maan, N.S., Tutika, 
R.B., Reddy, Y.V., Kumar, A., Mrunalini, N., Reddy, G.H., 
Putty, K., Ahmed, S.M., Reddy, Y.N., Hemadri, D., Singh, K. 
P., Mertens, P.P., Hegde, N.R. and Rao, P. P. 2016. Isolation 
of Bluetongue Virus 24 from India - An Exotic Serotype to 
Australasia. Transbound Emerg. Dis., 63: 360-364.

Kumar, D., Beach, N.M., Meng, X.J. and Hegde, N.R. 2012. 
Use of PCR-based assays for the detection of the adventitious 
agent porcine circovirus type 1 (PCV1) in vaccines, and for 
confirming the identity of cell substrates and viruses used in 
vaccine production. J. Virol. Methods, 179: 201-211.

Lewis, A.M., Jr. 1998. SV40 in adenovirus vaccines and 
adenovirus-SV40 recombinants. Dev. Biol. Stand., 94: 207-
216.

Lorusso, A., Marcacci, M., Ancora, M., Mangone, I., Leone, 
A., Marini, V., Camma, C. and Savini, G. 2014. Complete 
genome sequence of bluetongue virus serotype 1 Circulating 
in Italy, Obtained through a Fast Next-Generation Sequencing 
Protocol. Genome Announc, 2.

Maan, N.S., Maan, S., Belaganahalli, M.N., Ostlund, E.N., 
Johnson, D.J., Nomikou, K. and Mertens, P.P. 2012a. 
Identification and differentiation of the twenty six bluetongue 
virus serotypes by RT–PCR amplification of the serotype-
specific genome segment 2. PLoS One, 7: e32601.

Maan, N.S., Maan, S., Guimera, M., Pullinger, G., Singh, K.P., 
Nomikou, K., Belaganahalli, M.N. and Mertens, P.P. 2012b. 
Complete genome sequence of an isolate of bluetongue virus 
serotype 2, demonstrating circulation of a Western topotype 
in southern India. J. Virol., 86: 5404-5405.

Mahapatra, M., Statham, B., Li, Y., Hammond, J., Paton, D. 
and Parida, S. 2016. Emergence of antigenic variants within 
serotype A FMDV in the Middle East with antigenically 
critical amino acid substitutions. Vaccine, 34: 3199-3206.

Margulies, M., Egholm, M., Altman, W.E., Attiya, S., Bader, J. 
S., Bemben, L.A., Berka, J., Braverman, M.S., et al. 2005. 
Genome sequencing in microfabricated high-density picolitre 
reactors. Nature, 437: 376-380.

Marin, J.C., Saucedo, C.E., Corti, P. and Gonzalez, B.A. 2009. 
Application of DNA forensic techniques for identifying 
poached guanacos (Lama guanicoe) in Chilean Patagonia. J. 
Forensic Sci., 54: 1073-1076.

Marsh, M., Tu, O., Dolnik, V., Roach, D., Solomon, N., Bechtol, 
K., Smietana, P., Wang, L., Li, X., Cartwright, P., Marks, A., 
Barker, D., Harris, D. and Bashkin, J. 1997. High-throughput 
DNA sequencing on a capillary array electrophoresis system. 
J. Capillary Electrophor., 4: 83-89.

Mertens, P., Maan, N., Prasad, G., Samuel, A., Shaw, A., 
Potgieter, A., Anthony, S. and Maan, S. 2007. Design of 
primers and use of RT-PCR assays for typing European 
bluetongue virus isolates: differentiation of field and vaccine 
strains. J. Gen. Virol., 88: 2811-2823.

Minakshi, P., Singh, R., Ranjan, K., Kumar, P., Joshi, C.G., 
Reddy, Y.K. and Prasad, G. 2012. Complete genome sequence 
of bluetongue virus serotype 16 of goat origin from India. J. 
Virol., 86: 8337-8338.

Nagarajan, S., Kumar, M., Murugkar, H.V., Tripathi, S., Shukla, 
S., Agarwal, S., Dubey, G., Nagi, R.S., Singh, V.P. and 
Tosh, C. 2017. Novel Reassortant Highly Pathogenic Avian 
Influenza (H5N8) Virus in Zoos, India. Emerg. Infect. Dis., 
23: 717-719.

Nomikou, K., Hughes, J., Wash, R., Kellam, P., Breard, 
E., Zientara, S., Palmarini, M., Biek, R. and Mertens, P. 
2015. Widespread reassortment shapes the evolution and 
epidemiology of bluetongue virus following European 
invasion. PLoS Pathog., 11: e1005056.

OIE 2017. World Animal Health Information Database (WAHID) 
Interface. In, (World Organization of Animal Health (OIE)).

OIE 2019. World Animal Health Information Database (WAHID) 
Interface. In, (World Organization of Animal Health (OIE)).

ONT 2017. Real-time detection of antibiotic-resistance genes 
using Oxford Nanopore Technologies’ MinION. In https://
nanoporetech.com/publications/real-time-detection-
antibiotic-resistance-genes-using-oxford-nanopore-
technologies, (Oxford Nanopore Technology).

Ozkose, B.J.T., David R Davies, Gareth W Griffith and Michael 
K Theodorou 2001. Cyllamyces aberensis gen.nov. sp.nov., 
a new anaerobic gut fungus with branched sporangiophores 
isolated from cattle. Canadian J. Botany, 79: 666-673.

Prober, J.M., Trainor, G.L., Dam, R.J., Hobbs, F.W., Robertson, 
C.W., Zagursky, R.J., Cocuzza, A.J., Jensen, M.A. and 
Baumeister, K. 1987. A system for rapid DNA sequencing 
with fluorescent chain-terminating dideoxynucleotides. 
Science, 238: 336-341.

Pyra, H., Boni, J. and Schupbach, J. 1994. Ultrasensitive 
retrovirus detection by a reverse transcriptase assay based on 
product enhancement. Proc. Natl. Acad. Sci. USA, 91: 1544-
1548.



Application of NGS in veterinary science

Journal of Animal Research: v.9 n.6, December 2019 805

Quick, J., Ashton, P., Calus, S., Chatt, C., Gossain, S., Hawker, J., 
Nair, S., Neal, K., Nye, K., Peters, T., De Pinna, E., Robinson, 
E., Struthers, K., Webber, M., Catto, A., Dallman, T. J., 
Hawkey, P. and Loman, N. J. 2015. Rapid draft sequencing 
and real-time nanopore sequencing in a hospital outbreak of 
Salmonella. Genome Biol., 16: 114.

Quick, J., Loman, N.J., Duraffour, S., Simpson, J.T., Severi, 
E., Cowley, L., Bore, J.A., et al. 2016. Real-time, portable 
genome sequencing for Ebola surveillance. Nature, 530: 228-
232.

Rajkhowa, T.K., Jagan Mohanarao, G., Gogoi, A., Hauhnar, 
L. and Isaac, L. 2015. Porcine reproductive and respiratory 
syndrome virus (PRRSV) from the first outbreak of India 
shows close relationship with the highly pathogenic variant 
of China. Vet. Q., 35: 186-193.

Rao, P., Hegde, N., Reddy, Y., Krishnajyothi, Y., Reddy, Y., 
Susmitha, B., Gollapalli, S., Putty, K. and Reddy, G. 2016. 
Epidemiology of bluetongue in India. Transbound. Emerg. 
Dis., 63.

Rao, P.P., Hegde, N.R. and Reddy, Y.N. 2012a. Intercontinental 
movement of bluetongue virus and potential consequences to 
trade. J. Virol., 86: 8341-8341.

Rao, P.P., Reddy, Y.N., Ganesh, K., Nair, S.G., Niranjan, V. and 
Hegde, N. R. 2013. Deep sequencing as a method of typing 
bluetongue virus isolates. J. Virol. Methods, 193: 314-319.

Rao, P.P., Reddy, Y.N. and Hegde, N.R. 2012b. Complete genome 
sequence of bluetongue virus serotype 9: implications for 
serotyping. J. Virol., 86: 8333-8333.

Reddy, Y., Krishnajyothi, Y., Susmitha, B., Devi, B., 
Brundavanam, Y., Gollapalli, S., Karunasri, N., Sonali, 
B., Kavitha, K. and Patil, S. 2016. Molecular typing of 
bluetongue viruses isolated over a decade in South India. 
Transbound. Emerg. Dis., 63.

Rothberg, J.M., Hinz, W., Rearick, T.M., Schultz, J., Mileski, 
W., Davey, M., Leamon, J.H., Johnson, K., et al. 2011. 
An integrated semiconductor device enabling non-optical 
genome sequencing. Nature, 475: 348-352.

Rudreshappa, A.G., Sanyal, A., Mohapatra, J.K., Subramaniam, 
S., De, A., Das, B., Singanallur, N.B., Jangam, A.K., 
Muthukrishnan, M., Villuppanoor, S.A. and Pattnaik, B. 
2012. Emergence of antigenic variants with in serotype A 
foot and mouth disease virus in India and evaluation of a new 
vaccine candidate panel. Vet. Microbiol., 158: 405-409.

Saiki, R.K., Scharf, S., Faloona, F., Mullis, K.B., Horn, G.T., 
Erlich, H.A. and Arnheim, N. 1985. Enzymatic amplification 
of beta-globin genomic sequences and restriction site analysis 
for diagnosis of sickle cell anemia. Science, 230: 1350-1354.

Sangar, D., Pipkin, P.A., Wood, D.J. and Minor, P.D. 1999. 
Examination of poliovirus vaccine preparations for SV40 
sequences. Biologicals, 27: 1-10.

Sanger, F., Nicklen, S. and Coulson, A.R. 1977. DNA sequencing 
with chain-terminating inhibitors. Proc. Natl. Acad. Sci. 
USA., 74: 5463-5467.

Schulz, C., Breard, E., Sailleau, C., Jenckel, M., Viarouge, C., 
Vitour, D., Palmarini, M., Gallois, M., Hoper, D., Hoffmann, 
B., Beer, M. and Zientara, S. 2016. Bluetongue virus serotype 
27: detection and characterization of two novel variants in 
Corsica, France. J. Gen. Virol., 97: 2073-2083.

Smith, D.R. and K.McKernan 2011. Methods of producing and 
sequencing modified polynucleotides. In, U. Patent, ed. (US).

Sridhar, M., Kumar, D., Anandan, S., Prasad, C.S. and Sampath, 
K.T. 2007. First report of occurrence and prevalence of 
Cyllamyces genus- a putative anaerobic gut fungus, in Indian 
cattle and buffaloes. Current Science, 92 1356-1358.

Stefan, C.P., Koehler, J.W. and Minogue, T.D. 2016. Targeted 
next-generation sequencing for the detection of ciprofloxacin 
resistance markers using molecular inversion probes. Sci. 
Rep., 6: 25904.

Studer, E., Bertoni, G. and Candrian, U. 2002. Detection and 
characterization of pestivirus contaminations in human live 
viral vaccines. Biologicals, 30: 289-296.

Susmitha, B., Sudheer, D., Rao, P.P., Uma, M., Prasad, G., 
Minakshi, P., Hegde, N.R. and Reddy, Y.N. 2012. Evidence 
of bluetongue virus serotype 21 (BTV-21) divergence. Virus 
Genes, 44: 466-469.

Takagi, M., Ishikawa, K., Nagai, H., Sasaki, T., Gotoh, K. and 
Koyama, H. 1996. Detection of contamination of vaccines 
with the reticuloendotheliosis virus by reverse transcriptase 
polymerase chain reaction (RT-PCR). Virus Res., 40: 113-
121.

Tsang, S.X., Switzer, W.M., Shanmugam, V., Johnson, J.A., 
Goldsmith, C., Wright, A., Fadly, A., Thea, D., Jaffe, H., 
Folks, T.M. and Heneine, W. 1999. Evidence of avian leukosis 
virus subgroup E and endogenous avian virus in measles and 
mumps vaccines derived from chicken cells: investigation of 
transmission to vaccine recipients. J. Virol., 73: 5843-5851.

Valouev, A., Ichikawa, J., Tonthat, T., Stuart, J., Ranade, S., 
Peckham, H., Zeng, K., Malek, J.A., Costa, G., McKernan, 
K., Sidow, A., Fire, A. and Johnson, S.M. 2008. A high-
resolution, nucleosome position map of C. elegans reveals 
a lack of universal sequence-dictated positioning. Genome 
Res., 18: 1051-1063.

Veenemans, J., Overdevest, I.T., Snelders, E., Willemsen, I., 
Hendriks, Y., Adesokan, A., Doran, G., Bruso, S., Rolfe, A., 
Pettersson, A. and Kluytmans, J.A. 2014. Next-generation 
sequencing for typing and detection of resistance genes: 
performance of a new commercial method during an outbreak 
of extended-spectrum-beta-lactamase-producing Escherichia 
coli. J. Clin. Microbiol., 52: 2454-2460.



806 Journal of Animal Research: v.9 n.6, December 2019

Kumar et al.

Victoria, J.G., Wang, C., Jones, M.S., Jaing, C., McLoughlin, 
K., Gardner, S. and Delwart, E.L. 2010. Viral nucleic acids in 
live-attenuated vaccines: detection of minority variants and 
an adventitious virus. J. Virol., 84: 6033-6040.

Watson, J.D.C., F.H. 1953. The structure of DNA. Cold Spring 
Harb. Symp. Quant. Biol., 18: 123–131.

Wensvoort, G. and Terpstra, C. 1988. Bovine viral diarrhoea 
virus infections in piglets born to sows vaccinated against 
swine fever with contaminated vaccine. Res. Vet. Sci., 45: 
143-148.

WHO. 1998. Reverse transcriptase activity in chicken-cell 
derived vaccines; July 1998, Vol 73.

Wilbur, L.A., Evermann, J.F., Levings, R.L., Stoll, I.R., Starling, 
D.E., Spillers, C.A., Gustafson, G.A. and McKeirnan, A. J. 
1994. Abortion and death in pregnant bitches associated with 
a canine vaccine contaminated with bluetongue virus. J. Am. 
Vet. Med. Assoc., 204: 1762-1765.

Yang, H., Zhu, J., Li, H., Xiao, L., Wang, J., Li, N., Zhang, N. 
and Kirkland, P.D. 2012. Full genome sequence of bluetongue 
virus serotype 4 from China. J. Virol., 86: 13122-13123.

Yeruham, I., Nir, O., Braverman, Y., Davidson, M., Grinstein, 
H., Haymovitch, M. and Zamir, O. 1995. Spread of lumpy 
skin disease in Israeli dairy herds. Vet. Rec., 137: 91-93.

Yoshikawa, R., Shimode, S., Sakaguchi, S. and Miyazawa, T. 
2014. Contamination of live attenuated vaccines with an 
infectious feline endogenous retrovirus (RD-114 virus). 
Arch. Virol., 159: 399-404.

Yuvaraj, S., Madhanmohan, M., Nagendrakumar, S.B., Kumar, 
R., Subramanian, B.M., Mohapatra, J.K., Sanyal, A., 
Pattnaik, B. and Srinivasan, V.A. 2013. Genetic and antigenic 
characterization of Indian foot-and-mouth disease virus 
serotype O isolates collected during the period 2001 to 2012. 
Infect. Genet. Evol., 13: 109-115.

Zhou, Z., Fang, L., Meng, Q., Li, S., Chai, S., Liu, S. and 
Schonewille, J.T. 2017. Assessment of Ruminal Bacterial 
and Archaeal Community Structure in Yak (Bos grunniens). 
Front. Microbiol., 8: 179.


