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Summary
Sequencing methods have improved rapidly since the first versions of
the Sanger techniques, facilitating the development of very powerful
tools for detecting and identifying various pathogens, such as viruses,
bacteria and other microbes. The ongoing development of highthroughput sequencing (HTS; also known as next-generation
sequencing) technologies has resulted in a dramatic reduction in DNA
sequencing costs, making the technology more accessible to the
average laboratory. In this White Paper of the World Organisation for
Animal Health (OIE) Collaborating Centre for the Biotechnologybased Diagnosis of Infectious Diseases in Veterinary Medicine
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(Uppsala, Sweden), several approaches and examples of HTS are
summarised, and their diagnostic applicability is briefly discussed.
Selected future aspects of HTS are outlined, including the need for
bioinformatic resources, with a focus on improving the diagnosis and
control of infectious diseases in veterinary medicine.
Keywords
Aetiology – Detection of viruses and bacteria – Diagnosis – Emerging
viruses and bacteria – High-throughput sequencing – Metagenomics –
Next-generation sequencing.

Introduction
During recent decades, the rapid development and wide application of
novel molecular techniques have resulted in a steady advance in
diagnostics and in studies of the infection biology of animal diseases.
The capability to detect and identify infectious agents, based on the
presence of their nucleic acid molecules in clinical samples, has been
exploited by various methods in molecular diagnostics, including
nucleic acid hybridisation, amplification methods and nucleotide
sequencing.
Several examples of rapid developments in biotechnology-based
diagnostics, with a special focus on the various methods of nucleic
acid hybridisation and amplification (1, 2, 3, 4), have been reported
and summarised in previous reviews from the World Organisation for
Animal Health (OIE) Collaborating Centre for Biotechnology-based
Diagnosis of Infectious Diseases in Veterinary Medicine in Uppsala,
Sweden. The Collaborating Centre is a partnership between the
institutes of the authors of the present paper, i.e. the Swedish National
Veterinary Institute (SVA) and the Swedish University for
Agricultural Sciences (SLU). The introduction of various DNA
sequencing technologies has allowed the direct detection,
investigation and characterisation of the genome sequences of various
infectious agents, including elucidation of their role, relatedness and
evolutionary aspects related to various scenarios of infection biology
and disease development. Furthermore, insights from comparative
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sequencing studies on the genomes, exomes or transcriptomes of
healthy and diseased cells and organisms are now providing more
powerful diagnostic opportunities, as well as improved classification,
forecasting and therapy selection for many infectious illnesses.
The importance of nucleotide sequencing was fully realised after the
establishment of the Sanger method (5). For the past 35 years, this
technology has been the dominant approach for DNA sequencing. It
enabled the first viral genomes to be sequenced (6), and also laid the
foundation for the development of polymerase chain reaction (PCR),
which is the best-known and most successfully implemented
diagnostic molecular technology to date (7, 8).
Since the first versions of the Sanger techniques, sequencing methods
have rapidly improved, generating very powerful tools for detecting
and identifying various pathogens, such as viruses, bacteria and other
microbes. An important step in this development was the introduction
of automated multicapillary-based instruments, using fluorophore
labelling with multi-spectral imaging, later referred to as ‘firstgeneration sequencing’ platforms (9). This type of Sanger sequencing
is still extensively used in laboratories around the world and is a frontline diagnostic tool for virus characterisation, including pathotyping
and phylogenetic analysis.
The OIE has actively supported the early adoption and use of these
molecular techniques in the field of veterinary medicine through the
OIE Reference Laboratories and by the establishment of OIE
Collaborating Centres, with a strong focus on biotechnology-based
diagnosis in veterinary medicine.
The ‘first-generation sequencing’ approaches have opened up new
pathways for the detection and identification of various pathogens,
host–pathogen interactions and the evolution of infectious agents.
However, attempts to sequence larger genomes, such as the whole
genomes of various animal species, using multicapillary sequencing,
have encountered considerable bottlenecks in throughput, scalability,
speed and resolution. This has spurred the development of new
sequencing technologies (10, 11).
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The subsequent major technological advances in cyclic-array
sequencing gave rise to what is known as ‘second-generation
sequencing’ (SGS) or ‘next-generation sequencing’ (NGS). These
technologies involve iterative cycles during which the sequences of
DNA features, which have been immobilised to constant locations on
a solid substrate, are determined, one base position at a time, using
enzymatic manipulation and imaging-based data collection (12, 13).
Today, there are several different NGS platforms with tailored
protocols and approaches to template preparation and sequencing that
determine the type of data produced.
The 454 FLX pyrosequencing platform (13) was established as the
high-throughput method of choice for discovery and de novo assembly
of novel microorganisms (14, 15, 16). In addition to having the
longest read lengths, which simplifies de novo assembly, this was also
the first NGS platform on the market, becoming available in 2005. In
2007, the 454 FLX system was followed by the Genome Analyser
developed by Illumina/Solexa (17).
The field has since developed rapidly, as a result of the continuous
improvement and refinement of existing systems and the release of
completely new platforms, such as the Ion Torrent Personal Genome
Machine (PGM). As a consequence, the efficiency and throughput of
DNA sequencing are now increasing at a rate even faster than that
projected by Moore’s law for computing power (a doubling every two
years) (18, 19). This has also resulted in a dramatic reduction in DNA
sequencing costs, making the technology more accessible to the
average laboratory (Fig. 1).
Recently, a new generation of single-molecule sequencing
technologies, termed ‘third-generation sequencing’ (TGS), has
emerged, as summarised, for example, in the review article of Schadt
et al. (20).
In this White Paper of the OIE, several approaches and examples of
high-throughput sequencing (HTS) are summarised, and their
diagnostic applicability is discussed briefly. Selected future aspects of
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HTS are also outlined, with a focus on improved diagnosis and control
of infectious diseases in veterinary medicine.

High-throughput sequencing as a diagnostic tool
As demonstrated by several peer-reviewed articles, HTS has shown
great potential in the detection and discovery of novel pathogens (see
‘Examples of the application of high-throughput sequencing in
veterinary diagnostic microbiology’, below). In this regard, it is
common to distinguish between the spread of known infections to new
areas and/or the emergence of completely novel, ‘unknown’
pathogens. Contrary to earlier techniques, HTS is unbiased and reports
all nucleotide sequences present in the original sample. However, as
with earlier techniques, the lower limit for detection is still ultimately
determined by the abundance of pathogens in relation to host
background material. By enabling deeper sequencing to be performed
more quickly and cheaply, the continuing development of HTS
techniques is also continuing to improve the likelihood of detecting
low copy-number pathogens (21). In addition, sampling, sample
preparation and enrichment protocols have all been demonstrated to
have dramatic effects on the outcome of HTS-based diagnostics (22),
and thus should each be considered as integral steps in the overall
detection scheme (Fig. 2). Since proper sampling of diagnostic
specimens is a key issue for all laboratory investigations of an animal
disease, the subject has already been extensively covered in the OIE
Manual of Diagnostic Tests and Vaccines for Terrestrial Animals and
Manual of Diagnostic Tests for Aquatic Animals (23, 24). Besides the
general rule that the samples collected should be representative of the
condition being investigated, downstream analysis and interpretation
rely on the inclusion of contextual metadata. As argued by the
Genomic Standards Consortium (www.gensc.org), with sequencing
costs for complete microbial and viral genomes steadily decreasing,
the associated contextual information is increasingly valuable (25).
Sample preparation
Most sample preparation and enrichment protocols are composed of
several individual steps, including homogenisation, filtration,
04122013-00020-EN
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ultracentrifugation and nuclease treatment, as well as nucleic acid
extraction and purification followed by amplification. These steps are
outlined briefly below.
Depending on the nature of the starting material, i.e. type of tissue,
blood or other body fluids, it may first be necessary to homogenise,
fractionise or dilute a representative amount of the original sample.
This can be performed according to existing protocols for other
purposes or applications, and it is important to remember that the
choice of procedure can affect the final outcome, due to differences in
host cell disruption and preservation of intact pathogens (22). It is
therefore advisable to find a homogenisation procedure optimised for
each sample matrix rather than a one-fits-all solution (26). Regardless
of the initial procedure, centrifugation of the homogenates and fluids
followed by microfiltration is an effective method to separate free and
released pathogens from larger particles, such as cellular debris.
To purify and concentrate virus particles, ultracentrifugation has
proven to be a reliable method, especially in combination with density
gradients (27, 28). Even though a standard, full-sized ultracentrifuge is
not readily available in all laboratories, smaller facilities might still
consider a benchtop version, if dealing with large quantities of smallvolume samples.
Nuclease treatment is a widely used enrichment method for viral
nucleic acid, and can be applied directly to filtered material or as a
complement to ultracentrifugation. Deoxyribonuclease (DNase) and
ribonuclease (RNase) are used in combination or alone to remove host
contaminants by exploiting the protection from digestion afforded by
the virus capsid (29, 30). Even though this is a powerful method to
remove the majority of host-derived sequence contaminants, the
material extracted after nuclease treatment is often present in such
small quantities that amplification is required before sequencing.
Various sequence-independent amplification strategies have been
employed, and the two most widespread are phi29 polymerase-based
multiple displacement amplification (31) and random PCR, using
modified
versions
of
sequence-independent,
single-primer
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amplification (SISPA) (30, 32). Although a combined approach with
nuclease treatment and amplification has been demonstrated to be
very effective, care should be taken since nuclease treatment might
destroy free microbial and viral nucleic acid if the samples are old or
not well preserved. There is also a possibility that the amplification
method can introduce a bias (33), which is of less concern for
pathogen detection but may influence the recovery of whole-genome
sequences.
For non-culturable bacteria, phi29 polymerase-based amplification has
been used successfully to obtain sufficient quantities of DNA for
sequencing (34). However, 16S ribosomal RNA (rRNA) gene deep
sequencing has proven more useful than random amplification for
metagenomics studies of microbial communities. In this approach,
primers designed for conserved regions in the bacterial 16S rRNA
gene are fused with adaptors and barcodes and used to generate PCR
products. With the incorporation of adaptors and barcodes, the
products already constitute a sequencing library (see ‘Library
construction and sequencing’, below), and can be directly used for
sequencing (35). The HTS of PCR products for specific loci is
commonly referred to as amplicon sequencing and can also be used as
a powerful tool for the detection and identification of viruses and
other microorganisms (36).
Library construction and sequencing
Most existing HTS platforms require the viral genomic sequences
(directly as DNA or reverse-transcribed RNA) in the samples to be
converted into sequencing libraries suitable for subsequent cluster
generation and sequencing. This process usually consists of four main
steps:
– fragmentation of DNA, performed by mechanical or enzymatic
shearing
– end-repair, modification and ligation of adapters, which enable
amplification of the sheared DNA by adapter-specific primers

04122013-00020-EN

7/60

Rev. sci. tech. Off. int. Epiz., 32 (3)

– size selection of DNA molecules with a certain optimal length for
the current application or instrument
– enrichment of adapter‐ligated DNA by PCR (37).
The last step is only necessary if the amount of starting material is
small and has been observed to introduce amplification-based artefacts
(38). In addition, by adding specific short sequence tags (indexes)
during the construction of multiple libraries, it is possible to pool
libraries for increased throughput and reduced costs. The necessary
reagents for preparing a sequencing library can often be purchased as
platform-specific commercial kits.
The prepared sequencing library fragments are then usually
immobilised on a solid support for clonal amplification in a platformdependent manner to generate separate clusters of DNA copies. The
distinctive sequencing strategies of the main commercial HTS
platforms currently available, as well as their application areas, are
described briefly below and are also summarised in Table I, together
with other properties of interest, such as running time and sequence
data output.
454 pyrosequencing (Roche)
The 454 pyrosequencing technology is based on emulsion PCR
(emPCR), for clonal amplification of single library fragments on
beads inside aqueous reaction bubbles, in combination with a
sequencing-by-synthesis approach. The DNA-containing beads are
loaded into individual wells on a PicoTiterPlate, which is subjected to
a cyclic flow of sequentially added nucleotide reagents. When a
polymerase-mediated incorporation event occurs, a chemiluminescent
enzyme generates an observable light signal that is recorded by a
charge-coupled device (CCD) camera (13). There are currently two
platforms on the market using this technology, the GS FLX system
and the GS Junior system. While the latest GS FLX system can now
generate around 700 megabases (Mb) of sequence data with read
lengths of up to 1,000 base pairs (bp) in a day, it is still associated
with high running costs and is most commonly used by larger
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sequencing facilities. The GS Junior, on the other hand, is essentially a
smaller benchtop version with lower set-up and running costs aimed at
research laboratories. However, although 454 pyrosequencing has
been the most commonly used technology for HTS to date, it has a
high error rate in homopolymer regions (i.e. three or more
consecutive, identical DNA bases), caused by accumulated light
intensity variance (13).
SOLiD (Life Technologies)
The sequencing by oligonucleotide ligation and detection (SOLiD)
technology also uses emPCR to generate clonal DNA fragments on
beads. The enriched beads are then deposited into separate ‘picowells’ on a glass slide to allow sequencing by ligation. This involves
iterative rounds of oligonucleotide ligation extension, during which
every base is scored at least twice by using fluorescently labelled dior tri-base probes, with data translated into ‘colour space’ rather than
conventional base space (12). While this approach provides very high
accuracy, the maximum read length is relatively short (75 bp). The
SOLiD platforms have therefore been used mainly for applications not
requiring de novo assembly of reads, such as transcriptomics,
epigenomics and resequencing of large mammalian genomes. There
are currently two SOLiD platforms available, the 5500 and the 5500xl.
In addition, the Wildfire upgrade, with improved library construction,
was recently released.
Illumina (Illumina Inc.)
Illumina uses a process known as bridge-PCR to generate clusters of
amplified sequencing library fragments directly on the surface of a
glass flowcell. Immobilised amplification primers are used in the
process (39). The unique feature of the sequencing-by-synthesis
approach applied by Illumina is the use of a proprietary reversible
terminator technology that enables the detection of single bases as
they are incorporated into growing DNA strands. Briefly, a
fluorescently
labelled
terminator
is
imaged
as
each
deoxyribonucleotide is incorporated and then cleaved to allow
addition of the next. The two most recent HTS platforms introduced
04122013-00020-EN
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by Illumina are the HiSeq 2500, which is available as either a new
instrument or an upgrade for the HiSeq 2000, and the MiSeq. While
the design and capacity of the HiSeq 2500 make it most suitable for
sequencing centres, the MiSeq benchtop, equipped with a smaller flow
cell, reduced imaging time and faster microfluidics, is aimed at a
wider range of laboratories and the clinical diagnostic market.
Illumina is recognised to be the dominant HTS technology and also
claims to generate the industry’s most accurate data (40).
Ion Torrent (Life Technologies)
Contrary to other sequencing-by-synthesis methods that also use
emPCR, Ion Torrent does not rely on the detection of fluorescence or
chemiluminescence signals. Instead, it uses ion-sensitive, field-effect
transistor-based sensors to measure hydrogen ions released during
polymerase-mediated incorporation events in individual microwells
(41). As the sequencing chips are produced in the same way as
semiconductors, it has been possible to increase capacity by
constructing chips with a higher density of sensors and microwells.
There are currently three different chips available for the Personal
Genome Machine (PGM), the first platform for Ion Torrent
sequencing, which range in capacity from 10 Mb to 1 gigabase (Gb).
With a short run time and flexible capacity, the PGM represents an
affordable and rapid benchtop system designed for small projects,
such as identifying and sequencing microbial pathogens.
To enable even higher throughput with the Ion Torrent technology, the
Proton platform was recently released with two different chips, aimed
at sequencing exomes and large eukaryotic genomes.
PacBio RS (Pacific Biosciences)
The PacBio RS is the first commercially available TGS platform that
is able to sequence single DNA molecules in real time without the
need for clonal amplification. This is achieved by using a
nanophotonic confinement structure, referred to as a zero-mode
waveguide (ZMW) (42), as a window to monitor the activity of a
single DNA polymerase molecule attached to the bottom surface.
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During complementary strand synthesis, each incorporation event is
recorded as it causes the release of a nucleotide-specific fluorescent
dye (43). Because a single-molecule real-time sequencing chip
contains thousands of ZMWs, the PacBIO RS can handle a large
number of sequences simultaneously. Even though its throughput is
lower than most HTS platforms on the market, the PacBIO RS still
has several advantages that make it attractive for clinical laboratories
and microbiology research. Sample preparation is fast, there is no
introduction of amplification artefacts, run times are relatively short
(finished within 1 h or 2 h), and read length is the greatest currently
available (around 1,500 bp). However, in a comparison with other
sequencing platforms, the PacBio RS has been reported to have the
highest raw error rate (7% to 13%) (40).
Future sequencing technologies
An interesting emerging technology which holds the promise of taking
HTS to the next level is offered by Oxford Nanopore Technologies
Ltd. By successfully feeding a DNA strand through an engineered
nanopore protein immobilised on a solid surface, and thereby
obtaining its sequence (44, 45, 46), this approach finally realises a
concept first pioneered during the technology race to complete the
human genome (47). A small-scale implementation of the technology,
termed the MinION, for single-molecule sequencing, is currently
being developed. This sequencing device is aimed at pen-side
applications, requiring only a standard computer. A considerably
larger technology platform is also in development for large-scale
studies (e.g. plant genomes, cooperative genomics and
metagenomics), called the GridION (48). Both systems are scheduled
for early access in spring 2013 and commercial release during late
2013. However, even though the Oxford Nanopore systems are, it
seems, those closest to commercial release, a number of competitors
have also developed new sequencing technologies. These include
companies such as Genia, with a biological nanopore system, and the
Cambridge-based GnuBio, which is developing a microfluidics-based
sequencing system.
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Bioinformatics
Bioinformatics, the research field focusing on the study of methods
for retrieving, analysing and storing biological data, is an integral part
of all HTS applications (49). For most molecular methods, a normal
benchtop computer can handle the data reasonably well. However,
when the basic data are in the gigabyte range and the analytical steps
can produce several hundred gigabytes of information, the capacity of
standard computers (in terms of memory, storage and processor
power) is insufficient (50).
The process of handling the flow of data within a software structure,
i.e. the chain of separate elements run in cohesion, is usually referred
to as a pipeline. The bioinformatics pipelines within typical HTS
applications begin with the first crucial algorithms structuring and
interpreting the data from the technological platform into machine- or
human-readable form. At present, the most common form is the FastQ
format (51), which specifies a combination of sequence and quality
for each base within a sequence.
Following the acquisition of data, a researcher normally runs a quality
control check of the data set, establishing that the experiment or
sample was processed according to specifications (52). This is usually
followed by screening for irrelevant sequence information, such as
contamination, host material or tag sequences (53). Depending on the
project, the data set can then be treated in various ways, the two most
common being:
– mapping towards the host genome (54), where the short reads are
aligned towards a previously known homologue
– de novo assembly (55), where reads are processed through an
algorithm to form larger sets of continuous reads, termed ‘contigs’,
which are then mapped towards the closest relative homologue to
form a draft genome.
Metagenomics, combined with an HTS methodology, has proven to be
an even greater challenge to bioinformatics (56). Not only is the
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amount of reads staggering due to little or no filtering, but also the few
variables from normal genomics are removed and in their place is a
shifting number of possible genomes to map the reads against. A
metagenomic analysis is therefore computationally demanding, often
requiring the processing of several million reads through different
sequence classification algorithms, such as the basic local alignment
search tool (BLAST) for sequence similarity searches, to determine
possible species in the sample (57, 58). This can be experimentally
circumvented by targeting specific parts of the metagenome, either by
sample preparation methods or by molecular means (using ampliconbased methods to target specific gene groups) (59). This simplifies the
bioinformatics and reduces the time needed for analysis.
The targeted sequencing of the total, or selected, RNA content of a
sample (RNA-seq), introduces the possibility of not only mapping
available messenger RNA (mRNA) sequences but also non-coding
RNAs: microRNA (miRNA), small interfering RNA (siRNA), long
non-coding RNA (lncRNA), ribosomal RNA (rRNA) and
riboswitches (60). As the number of RNA molecule types that can be
targeted grows, so does the need for efficient mapping and tools for
visualising RNA content within a sample. This also introduces a
number of possible problems with previous technologies, so quality
control, mapping and assembly tools need to be adapted to these new
targets (61).
The structure of data storage needs serious consideration when
deriving bioinformatics solutions for HTS applications. The amount of
information is massive, as stated above, and, even though the final
amount of data can be much smaller, the requirement during
processing might be measured in terabytes. It is possible, of course, to
store this amount of data on small servers or powerful desktop
machines, but it quickly becomes inconvenient when larger computing
resources are needed or when the information is shared among several
partners who need to work with and analyse the data. Thus, a solid
infrastructure for data storage, analysis and dissemination is needed
(62, 63). Previously, most of this need has been filled by
governmental organisations, such as the European Bioinformatics
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Institute or the National Center for Biotechnology Information (64).
With the current influx of new data, old paradigms need to change.
For example, the Sequence Read Archive (SRA) offers a storage
solution for raw data without further analysis but in a way that is
publicly accessible (65, 66). As seen in Figure 3, the SRA is growing
at very high speed, illustrating the paradigm shift in sequencing
technology that is being brought about by HTS.
However, the very large growth of sequencing data is not sustainable
indefinitely and has been called one of the greatest challenges faced
by computational biology. The European Union (EU) project ELIXIR
(European Life Sciences Infrastructure for Biological Information)
calculated that data growth is doubling every nine months, while
storage capacity, due to technical limitations, only doubles every 18
months (62, 67). The total data increase in GenBank over the last 20
years is illustrated in Figure 4.
These observations, combined with the prospect of even more
powerful sequencing technologies, indicate that future developments
(including the use of sequencing in diagnostics) will require new
approaches to providing the infrastructure needed for collecting,
curating, storing and archiving biomolecular data.

Examples of the application of high-throughput
sequencing in veterinary diagnostic microbiology
Given the limited space in this White Paper, only a few representative
examples are listed below, showing the application of HTS in selected
scenarios. The focus is placed on known and emerging new infections
and diseases occurring in four groups of farm animals: swine, cattle,
sheep and poultry. To provide a practical structure for presentation,
the examples are summarised according to host species. However, it
should be noted that the majority of the infectious agents being
discussed, such as various influenza viruses, bluetongue virus (BTV)
or foot and mouth disease virus (FMDV), are not restricted to a single
host, but are able to establish infections in multiple animal species.
Thus, the structure used below serves practical purposes and is not
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intended to limit the complex infection biology of many of the viruses
and viral diseases described.
Infections and diseases of swine
The global swine industry is of very great importance as a supplier of
protein to the increasing human population. It has been estimated that
the global yearly meat demand is more than 200 million tonnes, of
which pork – with 40% – has the largest share. In addition, it has been
forecast that the demand for pork will rise by 31% between 1997 and
2020, second only to the predicted increase in demand for poultry
meat (40%) (68). Thus, infectious diseases in the pig population can
have a profound impact and lead to large economic losses for the
swine industry. In addition, pigs are physiologically similar to humans
and can act as a source of zoonotic transmission, as evidenced in the
cases of influenza A and hepatitis E. For these reasons, there is great
interest in monitoring the infectious disease status of pig populations,
and HTS methodologies have been employed by many investigators to
this end.
Detection and identification of various infectious agents
involved in complex diseases, such as post-weaning
multisystemic wasting syndrome
Clarifying the possibilities of the combined pathobiology behind
various disease complexes, such as post-weaning multisystemic
wasting syndrome (PMWS), and investigating the presence of various
infectious agents in such complicated disease scenarios are of
particular interest. Although porcine circovirus type 2 (PCV-2) has
been strongly implicated as the main aetiological agent, it was always
suspected from the wide spectrum of clinical presentations that
PMWS is a multifactorial disease. The HTS method is well suited to
attack this kind of problem, since samples can be indiscriminately
interrogated for all nucleic acid content without prior knowledge of
the sequence of any suspected infectious agent. At the Collaborating
Centre, lymph nodes were collected from pigs with confirmed PMWS
and 454-sequencing was employed to investigate the presence of
additional infectious agents in the background of the PCV-2 infection,
04122013-00020-EN
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by Blomström et al. (69). Genome sequences of Torque teno virus, as
well as of a novel boca-like parvovirus, were found. Subsequently, it
was confirmed that this boca-like parvovirus was correlated with
PMWS when 34 pigs affected with PMWS and 24 symptomless pigs
were screened (70). Continued research is now required to investigate
the possible pathobiological roles of the newly detected viruses in the
complex PMWS scenario, with special regard to the pathogenicity of
the individual viruses and the synergistic effects of the various
infectious agents.
Detection of infectious agents in mixed infections in enteric
disease complexes and characterisation of the porcine
microbiota
The enteric disease complexes of young piglets are another example
of the recent application of deep sequencing. In this case, it is used to
investigate the aetiology when a herd exhibits symptoms that may be
caused by many different infectious agents, such as in diarrhoea,
where the presence of various agents is very common. As mentioned
above, an added advantage of HTS is that more complex
multifactorial disease scenarios can be defined by broad detection of
the whole virome; for instance, in pig faeces. By comparing the
viromes of healthy and diarrhoeic pigs, an indication of the
aetiological agents may be obtained. In two studies, the faecal viromes
of diarrhoeic and healthy pigs were compared (71, 72). Although these
studies investigated herds on different continents, several common
observations were made. The two investigations, performed in the
United States (USA) and Europe, both detected kobuviruses,
enteroviruses, sapoviruses, teschoviruses, astroviruses and bocaviruses
in the faeces of young piglets with enteric problems. It is worth noting
that, in the reviewed metagenomic studies, rotaviruses were detected
only in pigs from Europe (72) and coronaviruses only in the pigs from
the United States (71). Incidentally, these discrepant viruses were also
those that appeared to be correlated with disease. It is likely that this is
just the beginning of such investigations and that further extended
metagenomic studies will similarly reveal the presence of both viruses
in swine populations on the two continents. However, we can see even
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at this stage that the reported studies clearly show the usefulness of
HTS in acquiring more advanced knowledge by analysing the whole
faecal virome, which can aid greatly in identifying the aetiological
agents. However, they also highlight the importance of detailed
knowledge of the commensal virome in drawing appropriate
conclusions. Kobuviruses (73) and astroviruses (74) were also
identified in wild boar, as well as enteroviruses and teschoviruses
(73). Thus, basically the same viruses were identified in wild boar as
in the domestic pig population (71, 72). The authors suggested that
wild boar could be an important host and reservoir for picornaviruses
and astroviruses. The increased need for livestock production and the
exploitation of wildlife habitats for animal agriculture make it prudent
to monitor the pathogenic status of wildlife with increased vigilance.
In sera collected from African bush pigs, Torque teno sus virus
(TTSuV); porcine parvovirus 4 (PPV-4); porcine endogenous
retrovirus; a GB hepatitis C-like virus; and a sclerotinia
hypovirulence-associated-like virus were detected (75). This was the
first detection of PPV-4 in wild African suids, and novel variants of
TTSuV-1 and 2 were also identified in bush pigs. This study illustrates
the power of HTS as a tool for virus discovery. As mentioned above,
the zoonotic aspect of such diseases in domestic pigs is highly
relevant, due to pigs’ close contact with humans and their similar
physiology.
Viral metogenomics, using 454-sequencing of sera collected from
domestic pigs from various locations in Uganda, has recently
demonstrated that these animals are potential reservoirs for Ndumu
virus (NDUV) (76). This is an alphavirus and belongs to the same
genus as, for example, the serious human pathogen chikungunya virus.
Antibodies have indeed been detected against NDUV in human
patients in several African countries, indicating both zoonotic effects
and a considerable geographic distribution of this virus on the African
continent (76). As with other observations, these data indicate
convincingly that HTS can serve as an important tool for the
surveillance of potentially zoonotic pathogens in various hosts.
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Pathogen–host interactions
High-throughput sequencing has the capacity not only to discover
novel pathogens and provide a detailed picture of the virome, but also
to contribute to understanding of the host responses to various viral
infections, thereby achieving a greater knowledge of infection
pathology. In this respect, HTS can substitute for high-density arrays.
Porcine reproductive and respiratory syndrome (PRRS) is
economically one of the most important diseases affecting the swine
industry. Xiao and colleagues (77) carried out a detailed investigation
of the host response to PRRS virus using the Illumina Digital Gene
Expression system, which employs Illumina deep-sequencing
technology. This proved to be a powerful approach, as it verified
many of the features and expression patterns that were already known,
while also revealing several new ones. Thus, when used to study
altered gene expression in viral disease, HTS could potentially provide
a better understanding of pathogenesis and aid in the development of
antiviral therapies and the identification of genetic markers for
resistance (77).
Infections and diseases of cattle and sheep
The large-scale cattle and sheep industries have a very important role
in feeding the rapidly increasing human population on our planet.
There are currently approximately 1.5 billion cattle populating the
Earth. Their pastures constitute a major land use, taking up nearly
27% of the land mass of the planet, and they consume enough grain to
feed hundreds of millions of people. Accordingly, cattle and sheep
health are major targets of the animal health organisations, and they
have a crucial importance in OIE networks. Cattle and sheep diseases
are classified into various main categories, such as those that affect the
respiratory, enteric, reproductive or metabolic systems and those that
affect the skin, eyes, feet and udder, etc. Diseases reportable to the
OIE and various other zoonotic diseases have special importance in
the wide range of health problems experienced by cattle and sheep
(www.oie.int; www.thecattlesite.com/diseaseinfo/). In the following
sections, several examples are discussed in which HTS has opened up
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new possibilities for virus detection and identification, leading to a
better understanding of infection biology and improved control of
infectious diseases.
Characterisation and phylogeny of new variants of bluetongue
virus
Bluetongue virus has been detected in many parts of the world,
including Africa, Europe, the Middle East, Australia, the South
Pacific, North and South America and parts of Asia. The disease has
an emerging character, since the vectors and infections are spreading
to new areas of the globe, such as (relatively recently) Northern
Europe. As reported in a recent article from Boyle et al. (78), ten BTV
serotypes have been isolated in Australia so far, apparently without
associated disease. High-throughput sequencing of the ten genome
segments of all Australian BTV prototype serotypes, followed by
comparative phylogenetic analysis, reinforced the Western and
Eastern topotypes previously characterised, and also revealed unique
features of several Australian BTVs. Many of the Australian BTV
genome segments (Seg-) are closely related, clustering together within
the Eastern topotypes. A novel Australian topotype for Seg-5 (NS1)
was identified in these experiments, with taxa spread across several
serotypes and over time. These studies support the conclusion that
BTV-2
entered
Australia
recently.
The
Australian
BTV_15_AUS_1982 prototype was revealed to be unusual among the
Australian BTV isolates, with Seg-3 and Seg-8 distantly related to
other BTV sequences from all serotypes. See further details in Boyle’s
article (78).
Determination of host viral population diversity
An interesting article has been published recently by Wright et al.,
describing the viral population diversity of FMDV, using HTS
approaches (79). The authors of this report state:
‘The diverse sequences of viral populations within individual hosts are
the starting material for selection and subsequent evolution of RNA
viruses such as foot and mouth disease virus (FMDV). Using next-
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generation sequencing (NGS) performed on a Genome Analyser
platform (Illumina), this study compared the viral populations within
two bovine epithelial samples (foot lesions) from a single animal with
the inoculum used to initiate experimental infection. Genomic
sequences were determined in duplicate sequencing runs, and the
consensus sequence of the inoculum determined by NGS was identical
to that previously determined using the Sanger method. However,
NGS revealed the fine polymorphic substructure of the viral
population, from nucleotide variants present at just below 50%
frequency to those present at fractions of 1%. Some of the higherfrequency polymorphisms identified encoded changes within codons
associated with heparin sulphate binding and were present in both foot
lesions, revealing intermediate stages in the evolution of a tissue
culture-adapted virus replicating within a mammalian host.’
The researchers identified considerable numbers of polymorphisms in
the inoculum and in the two foot lesions: most of the substitutions
occurred in only a small fraction of the population and represented the
progeny from recent cellular replication events before the onset of any
selective pressures. The upper limit for the genome-wide mutation rate
of the virus within a cell was 7.8 × 10–4 per nucleotide. The authors
stated that: ‘the greater depth of detection achieved by NGS
demonstrates that this method is a powerful and valuable tool for the
dissection of FMDV populations within hosts’. See the detailed results
in the article of Wright et al. (79).
Considering that the majority of viral infections are caused not by a
single homologous viral variant, but by mixed populations of variants
that can seriously influence the outcome of the infection and the
disease, HTS-based studies are very important for a better
understanding of the infection biology of FMD, which is a highly
important infectious disease of global significance.
Detection of unknown and emerging new pathogens: the rapid
detection and identification of Schmallenberg virus
In 2011, a novel orthobunyavirus, of the Simbu serogroup, was
identified in congenital malformations of bovines and ovines in
04122013-00020-EN
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Germany and other West European countries, such as the Netherlands.
This virus was named Schmallenberg virus (SBV). Later, the presence
of the virus was confirmed using real-time PCR and by HTS in several
locations in Europe. As with related viruses, such as Akabane virus,
SBV appears to be transmitted by biting midges. Metagenomic
approaches, including HTS, played an important role in the detection
and rapid identification of this emerging, very important virus (80,
81).
As described in the article of Hoffmann et al. (81) for metagenomic
analysis, four sequencing libraries were prepared and sequenced,
using the 454 Genome Sequencer FLX (81). Two libraries each were
generated from the DNA and RNA isolated from plasma samples. By
using a combination of BLAST and sequence mapping with the 454reference mapper application, reads were classified into the three
domains of bacteria, archaea and eukaryotes. In addition to the
anticipated high number of host sequences, the authors detected in
some samples a considerable proportion of reads representing diverse
bacterial species. It was supposed that these bacteria most likely grew
in the samples during the prolonged storage before extraction of the
nucleic acids used to prepare the sequencing libraries. Seven
orthobunyavirus sequences were detected in the library prepared from
pooled RNA from three animals at a farm. Repeated sequencing of
this library resulted in 22 additional reads of orthobunyavirus-specific
sequences. A few sequence gaps were filled by Sanger sequencing and
by NGS of the cell culture isolate. The sequence comparison analyses
and phylogenetic investigations revealed that SBV clusters closely
with Shamonda viruses within the Simbu serogroup, which suggests
that the novel virus is a Shamonda-like virus within the genus
Orthobunyavirus. A further interesting event in the SBV history
occurred when Rosseel et al. (82), in the absence of specific
sequencing protocols for SBV, confirmed its presence in field samples
testing positive by reverse transcription-quantitative PCR (RT-qPCR),
using DNase SISPA-HTS, a virus discovery method based on random
amplification and NGS. Two field samples of aborted lambs allowed
the unambiguous identification of SBV. This was summarised as
follows:
04122013-00020-EN
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‘One sample yielded 192 SBV reads covering about 81% of the L
segment, 56% of the M segment and 13% of the S segment. The other
sample resulted in eight reads distributed over the L and M segments.
Three weak positive field samples (one from an aborted calf, two from
aborted lambs) containing virus quantities equivalent to 4.27 to 4.89
log10 RNA copies per µl did not allow identification using DNase
SISPA-HTS. This partial sequence information was compared with
the whole-genome sequence of SBV isolated from bovines in
Germany, identifying several sequence differences.’
The authors stated that the applied viral discovery method allowed the
confirmation of SBV in RT-qPCR-positive brain samples. However,
they believed that the failure to confirm SBV in weak PCR-positive
samples illustrated the importance of the selection of properly targeted
and fresh field samples in any virus discovery method.
The partial sequences derived from the field samples showed several
differences compared to the sequences from bovines in Germany,
indicating sequence divergence within the epidemic. These data show
that DNase SISPA-HTS viral discovery technology can be used on
samples of limited amounts of field tissue to identify emerging
infectious agents. However, the sensitivity of the method seems to be
rather limited. Consequently, when applying this methodology to a
cluster of cases of an undiagnosed disease, it is important to select
properly targeted and fresh samples, as well as to test multiple
diseased animals to allow correct identification of an associated virus,
as recommended by Rosseel et al. (82).
Infections and diseases of poultry and other avian species
Migrating birds can cover thousands of kilometres in their annual
travels, which gives them a unique role as very potent biological and
mechanical vectors, transporting microorganisms between countries
and continents (83). Avian influenza virus (AIV) and avian
paramyxovirus (APMV) are two of the most prominent examples of
microorganisms transported in this way. Both of these viruses have
spread to local domestic birds (84, 85), which has resulted in
significant economic impacts on poultry production in many
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countries. To avoid negative effects on productivity, different vaccine
strategies have therefore been pursued. However, these efforts have
not diminished the need to monitor the circulation of viruses in wild
bird populations, since they may carry both novel versions and
completely unknown viruses that, in the event of transmission, could
have similar or even more serious consequences. Early detection and
identification are also of paramount importance once an outbreak
occurs, to allow rapid containment and to minimise its impact.
Characterisation and phylogeny of new variants of various
viruses
The RNA viruses are well known to exhibit high mutation rates and
frequent genetic reassortment, in addition to having high yields and
short replication times. These characteristics have also been
demonstrated to be true for AIV type A which, in addition to birds,
has managed to establish itself in various mammals, including humans
and pigs (86). Since there are several different influenza virus variants
circulating, detailed information at the genomic level can be crucial to
decide what action is required in an outbreak situation. To this end,
protocols have been established to use HTS for rapid whole-genome
sequencing of AIV (87, 88). Full genome sequences allow the
properties of new isolates to be assessed, and HTS has therefore
proved to be a valuable tool for rapid characterisation. One example is
the phylogenetic study of influenza viruses isolated from gulls and
shorebirds in Belgium, where gulls were found to carry viruses that
had undergone intercontinental reassortment as a consequence of
mixed infections (89). High-throughput sequencing has also been
employed to investigate the emergence of escape mutants during serial
in-vitro passaging of AIV under immune pressure (90). However, to
really understand the underlying evolutionary processes, it is also
important to consider the quasi-species nature of AIV and other RNA
viruses. The feasibility of using high-resolution or ultra-deep
sequencing to reveal the genomic diversity of AIV quasi-species has
already been demonstrated (91).
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Taken together, these studies suggest that HTS has great potential for
use in routine diagnostics to monitor the genomic diversity of avian
influenza viruses and the early emergence of potentially pathogenic
variants. This is further supported by two field monitoring studies
using this approach, one on AIV in sentinel birds (92) and the other on
transmission from waterfowl to domestic poultry (93).
In addition to the AIV studies, HTS has also been employed to
characterise the complete genomes of an avian group A rotavirus
containing a novel viral protein (VP) 4 gene (94) and an African
APMV type 4 strain detected in a wild duck (95). Similar studies have
also been performed on relatively larger DNA viruses. For example,
HTS has been used to conduct a comparative full genome analysis of
infectious gallid herpesvirus 1 (GaHV-1), the causative agent of
infectious laryngotracheitis (96), as well as sequence determination of
a mildly virulent strain of gallid herpesvirus 2 (GaHV-2) (97).
Detection of unknown and ‘unexpected’ pathogens
The unbiased HTS approach has proven to be particularly useful when
an outbreak occurs and both pathogen-specific tests and more
advanced multiplex assays fail to identify the causative agent. It has
also been used to find the likely causative agents of well-known but
hitherto unexplained syndromes. Examples of the latter include
proventricular dilatation syndrome (PDS) in birds, characterised by
gastrointestinal dysfunction and neurologic signs, and turkey viral
hepatitis (TVH), an acute, highly contagious disease of turkeys. Even
though a viral cause had been suspected for both, it was not until HTS
enabled a broader screening approach that plausible candidates could
be identified. In the case of PDS, sequencing of complementary DNA
from the brains of infected parrots revealed two strains of a novel
bornavirus, which were confirmed by real-time PCR to be present
only in the affected birds (98). The same approach identified a novel
picornavirus in RNA material from the liver of turkey poults with
TVH, and, in addition to real-time PCR, in situ hybridisation and
immunohistological staining were performed to verify further that the
virus was present only in the livers of diseased poults (99).
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The HTS approach has also proven useful for finding novel or
unexpected pathogens in mixed infections, as concluded in a study of
two unidentified haemagglutinating agents found during a wildlife
screening programme in Belgium. Using random amplification and
only a moderate and cost-effective sequencing effort, the presence of
three APMVs, two different APMVs type 4 and one APMV type 6,
were demonstrated (100).
Investigations of microbiota: characterising bacterial and viral
populations and communities in various organs
Several enteric disorders affect poultry and cause illness, mortality
and economic losses. The digestive tract of an animal contains very
large numbers of microorganisms and highly diverse viruses.
Traditional characterisation attempts, which rely on the ability to
culture each microorganism clonally, have not been able to capture the
complete picture. The introduction of culture-independent HTS made
a powerful diagnostic technology available, with the capacity to
determine the full genomic repertoire present in complex samples.
This type of characterisation of complete microbial and viral
communities is more commonly known as metagenomics. Studies
using HTS-based metagenomic approaches to gain new insights into
the causes of enteric diseases in poultry include an examination of the
turkey gut RNA virus community and a comparison of microbial
communities between those from healthy chickens and those from
chickens suffering from runting-stunting syndrome. Analysis of the
RNA virus metagenome demonstrated the presence of members from
several viral families, such as Picornaviridae, Caliciviridae and
Picobirnaviridae, many of which had not been described in turkeys
before (101). The comparative analysis of metagenomes from infected
and non-infected chickens resulted in the identification of several
microorganisms considered to be ‘pathogen candidates’ (102).
Among the factors that might affect the microbial and viral
communities in poultry, the external environment has been of special
interest. The influence of the cage system on the microbial gut flora of
laying hens was investigated to determine whether it was related to
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colonisation by Salmonella Enteritidis. Although it was found that
cage type had some influence on the composition of the microbiota,
no clear differences in the colonisation and excretion patterns of
Salmonella were identified (103). The microbial community found in
the immediate external environment has also been scrutinised using
HTS. A study aimed at explaining recurring outbreaks of gangrenous
dermatitis investigated the impact of the poultry house environment
on litter bacterial community composition and found that the
environment appeared to have a considerable effect and may play a
key role in the emergence of foodborne pathogens (104). The lessons
learned from these initial studies indicate that it would be of interest
not only routinely to investigate the intestinal microbiota of poultry,
but also of the poultry farm environment.
Pathogen–host interactions, studied by high-throughput
sequencing in poultry
With the introduction of microarrays, it became possible to follow the
host transcriptional response to infection at different time points by
simultaneously measuring the expression levels of thousands of
mRNAs. This approach was refined and expanded by using HTS,
which allows a more comprehensive characterisation of transcriptomic
events. Sequencing-based transcriptomics is commonly called RNAseq and has, for example, been applied to analyse the transcriptomic
response in chicken spleen to avian pathogenic Escherichia coli
(APEC) infection and the integrated expression of miRNAs and
mRNAs in the lungs of AIV-infected broilers. In the APEC study,
candidate genes for host response were found within crucial cellular
pathways, such as the T-cell receptor (TCR) signalling pathway (105).
Similarly, comprehensive analysis of AIV-infected lung tissue
suggested that several miRNAs and mRNAs, including those
specifying MX1, IL-8, IRF-7 and TNFRS19, were likely to be
involved in regulating the host response (106). The information gained
by using RNA-seq to obtain an overview of pathogen-induced host
responses, or to follow temporal expression changes during the
infectious cycle, can be exploited to design better control strategies, as
well as to identify genetic markers for resistance. However, further
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specific knock-down and protein-interaction assays are generally
warranted to clarify the underlying mechanisms.
Vaccine development and quality control
Vaccines are widely applied in poultry husbandry and the poultry
industry to prevent and control contagious diseases. The inherited
advantages of HTS as a screening and characterisation tool make it
ideal for use in poultry vaccine development and quality control.
Although the examples given below concern vaccines for birds, it
must be emphasised that similar HTS approaches can also be applied
to vaccines used in many other animal species, including humans.
Using HTS, it is now possible to better understand the processes by
which attenuating mutations arise during the serial passage of a
virulent isolate. This is illustrated by an experiment with GaHV-2,
which resulted in a wealth of information on the genetic changes that
occurred during the attenuation process and also indicated that serial
passage results in the generation of mixed populations (107). Highthroughput sequencing can also be used to discriminate among
vaccine strains, as demonstrated by a genome-level comparison of two
United States live attenuated infectious laryngotracheitis virus (ILTV)
vaccines with an Australian strain (108). Another interesting
application is the investigation of relationships between emergent field
strains and vaccine strains. A recent study of infectious ILTV
indicated that independent recombination events between distinct
attenuated vaccine strains resulted in virulent recombinant viruses that
became the dominant strains responsible for widespread disease in
commercial Australian poultry flocks (109). This illustrates the risk of
using multiple different attenuated vaccines, or vectors, in the same
populations.
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Multi-host pathogens
Rabies virus and related viruses: complete genome sequence
of the Ikoma lyssavirus, determined by high-throughput
sequencing
As mentioned above, the majority of the infectious agents discussed in
this paper are not restricted to a single host species, but were
introduced on a host-animal-based grouping for practical reasons. In
the following paragraph, a newly detected lyssavirus is introduced.
Since lyssaviruses have a very broad range of hosts, this new virus is
presented as a multi-host pathogen.
The diseases caused by lyssaviruses constitute one of the most
important groups of viral zoonoses globally. In addition to rabies
virus, the Lyssavirus genus in the Rhabdoviridae family encompasses
a range of other important viruses, such as Aravan virus, Australian
bat lyssavirus, Duvenhage virus, European bat lyssavirus 1 (EBLV-1),
EBLV-2, Irkut virus, Khujand virus, Lagos bat virus, Mokola virus,
West Caucasian bat virus and Shimoni bat virus. In general, the
currently available vaccines are sufficiently protective against the
predominantly circulating lyssavirus species. However, it is very
important to investigate the emergence of new variants, which may
differ considerably from the rabies virus and from related viruses in
the genus. Using HTS technologies, the whole-genome sequence for a
novel lyssavirus, Ikoma lyssavirus (IKOV), was described recently
(110, 111). This virus was isolated from an African civet in Tanzania
displaying clinical signs of rabies (111). Genetic investigations
revealed that this virus is the most divergent within the Lyssavirus
genus. Thus, characterisation of the entire viral genome is extremely
important, with special regard to genetic and antigenic differences,
compared to rabies virus and other species in the genus. Such studies
will help to improve the understanding of lyssavirus diversity and
enable investigations into vaccine-induced immunity and protection.
The results of IKOV HTS are summarised in a recent article by
Martson et al. (110), demonstrating the importance of the emergence
of new variants.
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These data must be taken into serious consideration in vaccinology, in
order to provide full protection against the rabies virus and other
related viruses in the Lyssavirus genus.

Discussion
In previous reviews from the Collaborating Centre, the various
methods of nucleic acid hybridisation and amplification were
reported, as powerful tools in the application of biotechnology-based
molecular diagnostic virology in veterinary medicine (1, 2, 4). In the
present review, further molecular approaches for the rapid detection
and identification of viral genomes are summarised, with a special
focus on the novel techniques of HTS and viral metagenomics. As
briefly outlined in a recent book chapter presented by the
Collaborating Centre (3), and illustrated by several examples in this
White Paper, HTS technologies have opened up a revolutionary new
area in the pathobiology of various infections and infectious diseases
in both veterinary and human medicine. The examples discussed show
that both known and emerging infectious agents can be detected and
characterised rapidly, co-infections caused by various infectious
agents can be observed, and viral populations and subpopulations
mapped. Differences between ‘healthy’ and ‘sick’ animals are more
easily investigated, and complex microbiological pictures can be
obtained, coupled to disease scenarios and aetiology.
It should be noted that the division of subjects in this White Paper
according to host-species-based groupings is not optimal for
presenting HTS topics. The authors are aware that many viruses are
able to cross species barriers and establish infections in various hosts
simultaneously. A good example is provided by influenza viruses,
which infect a wide range of hosts and cause severe disease in various
host species, including humans. Nonetheless, to provide a practical
perspective for OIE experts, the issues are discussed by keeping the
various host species at the centre. By following this principle,
influenza viruses are discussed in the section on ‘Poultry and other
avian species’. However, the section on ‘Rabies virus and related
viruses’ is an exception, taking into consideration that these viruses
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have a very wide range of hosts. Thus, these viruses are discussed in a
separate part of the paper.
In providing a brief summary of recent applications of HTS and
metagenomic technologies, it is important to note that the OIE has
recognised the importance and challenges of these powerful diagnostic
and research tools at the appropriate time. Thus, the OIE centres of
excellence (Collaborating Centres and Reference Laboratories) have a
strong and timely input in these fields, detecting and characterising
various scenarios of infections, co-infections and the complex
infection biology features of many diseases in veterinary medicine. A
good example is the input of the OIE Collaborating Centre for
Zoonoses in Europe, at the Friedrich Loeffler Institute in Germany,
which played a pioneering role in the detection and rapid
identification of the emerging Schmallenberg virus. The authors’
Collaborating Centre has also reached interesting conclusions by
detecting a wide range of known and emerging new infectious agents
in various disease scenarios and hosts, such as bocaviruses, Torque
teno viruses, astroviruses, rotaviruses, kobuviruses and other
infectious agents in several disease complexes of pigs (69, 70). The
Collaborating Centre is at present studying the infection biology of
various viruses in farm and non-farm animals, and HTS and
metagenomic studies have been extended recently to wildlife,
including aquatic diseases and diseases of insects, such as honey bees.
By employing an unbiased metagenomic approach, which allows the
detection of both unexpected and previously unknown infectious
agents, three viruses were detected in honey bees from Spain: aphid
lethal paralysis virus, Israel acute paralysis virus and Lake Sinai virus.
Furthermore, this study also revealed that these bees carried a plant
virus, turnip ringspot virus, and thus could potentially serve as
important vector organisms. Taken together, these results demonstrate
the new possibilities opened up by HTS and metagenomic analysis to
study emerging new diseases in domestic and wild animal
populations, including honey bees (112).
The examples provided demonstrate the important role of HTS and
viral metagenomics as novel tools for the direct detection and rapid
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identification of various known and emerging new, ‘unknown’ viruses
and bacteria. Since the early detection and identification of known
pathogens and emerging new agents are of great importance in
veterinary medicine, the examples listed provide various aspects of
this subject which should be considered by the OIE centres of
excellence, both the Collaborating Centres and the Reference
Laboratories.
The Schmallenberg virus story serves as a clear example of the power
and potential of HTS techniques in combination with metagenomics
and strong bioinformatics, in instances where emerging, ‘unknown’
viruses appear and must be detected as rapidly as possible. The
European institutes involved have performed excellent work through
their fast and effective application of HTS, metagenomics and
bioinformatic analyses, and this has resulted in the very rapid
detection and identification of SBV.
It is very important to note that this detection and identification of
SBV was achieved by a synergistic combination and parallel
application of molecular diagnostic approaches, such as
metagenomics, PCR, and the tools of classical virology, including
virus isolation and characterisation. This combination of diverse skills
and expertise in a strong multidisciplinary approach is extremely
important if we are to enhance and extend our ability to isolate
viruses, properly understand their infection biology, and develop
effective and accurate tools of diagnosis and disease control, such as
vaccines. Unfortunately, the skills and scholarship of classical
virology are today in a state of rapid decline with, for example,
expertise in the techniques of virus isolation dying out in practical
terms. This process is harmful to national capabilities and aspirations,
and should be stopped and corrected before it becomes too late to
reconstruct the skills and facilities involved. The detection and
characterisation of SBV clearly indicate the need to maintain a range
of complex diagnostic skills, including virus isolation, and this fact is
greatly appreciated by the scientific community, including the OIE.
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The parallel efforts of molecular and classical virology do not only
result in the detection of viruses and other infectious agents in general,
but also of virus isolates or strains that become available shortly after
outbreaks, or other infection scenarios, have occurred. The proper
combination of molecular and classical virology is leading towards the
prompt development of novel diagnostic tools and the immediate
application of specific control measures. This flexible combination of
various approaches is exactly what is needed in this world of rapid
globalisation, with relaxed border controls and highly increased
human and animal mobility, climatic changes, and many other factors,
all of which today support the rapid spread of emerging new
pathogens on a global scale.

Conclusions, prognostics and recommendations
From this briefly summarised analysis of recent applications of HTS,
the authors conclude that these techniques have opened up new
possibilities:
– for the rapid and powerful detection and identification of both
known and ‘unknown’ emerging, new, infectious agents
– to determine the complicated infection biology of disease
complexes, such as PMWS or enteric disease complexes in young
animals
– to obtain information about the entire genomic structures of
infectious agents, which can provide insights into functions such as
genomic recombination, genomic stability, viral evolution, viral
phylogeny, pathogenicity markers and other properties of viral
genomes
– to study and elucidate the processes of pathogen–host interactions
– to study the populations and population dynamics of various
viruses and to support predictive calculations and forecasts in viral
infection biology and control
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– to facilitate the development of specific diagnostic tools, such as
new PCR panels based on the results of HTS
– to support vaccine development by studying viral populations,
population dynamics, escape from vaccine pressure and the emergence
of new viral variants, which must be included in the new vaccines
– to facilitate the effective control of infectious diseases by
supporting the development of approaches to differentiate infected
from vaccinated animals (DIVA) in vaccinology and by supporting
the control and predictive measures taken by veterinary epizootiology
and epidemiology.
It is very important to note that HTS is becoming more and more
affordable. Many HTS-based studies performed within the field of
veterinary medicine were unimaginable a few years ago. Development
has been rapid and, with the recent introduction of affordable and fast
benchtop sequencers, HTS is more accessible than ever. Their variety
of features makes it likely that multiple HTS platforms will continue
to coexist in the marketplace, with some having clear advantages over
others in particular applications. As a consequence, it is unlikely that
the concept of ‘a general HTS’ will be validated as a diagnostic tool; it
is more plausible that separate platforms will be applied for various
specific purposes. However, it is not only the sequencing platform that
is important, since the whole chain of processes from sample
collection to final results after bioinformatics analysis should be
considered. We should also be aware of, and not underestimate, the
need for a structured storage system before introducing HTS-based
methods into routine diagnostics operations. The HTS field also
currently lacks clear diagnostic standards for analysis and the
comparison of results (113).
Bioinformatics presents the community with a new and exciting
research field. These days, bioinformaticians are a standard resource
in human medicine and have proven their worth by developing a
multitude
of
tools:
www.allbioinformatics.eu/doku.php;
www.seqahead.eu/; www.elixir-europe.org/. Even though the EU, for
example, has identified the need to disseminate these tools to the
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broader life sciences field, and has sponsored projects aimed at just
this purpose, the need for the OIE to coordinate the incorporation of
bioinformatics into the field of animal health is becoming ever more
apparent.
The following developments are foreseen in the near future:
– HTS will be relatively affordable for many institutes in veterinary
medicine;
– very rapid development will continue to take place in sequencing
technologies and instrumentation, reducing prices and making such
services more easily affordable;
– further advancement of HTS and bioinformatics techniques will
provide new possibilities for improved detection of known and
emerging, new, ‘unknown’ infectious agents, and lead to better
diagnosis of infectious diseases;
– future pen-side versions, e.g. the MinION from Oxford Nanopore
Technologies, will bring HTS to simply equipped laboratories or to
veterinarians in the field for use in rapid and accurate diagnosis. Pointof-care diagnostic application and technical decentralisation are
expected. However, the supporting role of central laboratories will be
maintained, with special regard to bioinformatics and evaluating
sequencing results;
– HTS will strongly support research on complex scenarios of coinfections, various disease complexes, and viral–viral and viral–
bacterial synergetic effects;
– a more adequate determination of ‘healthy’ and ‘sick’ status will be
greatly facilitated by HTS and by comparative analysis of sequence
information;
– a better understanding of the differences between ‘healthy’ and
‘sick’ status will shed light on infectious agents that are commonly
present, while their role has not yet been fully understood;
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– vaccine development and control will be strongly supported by
HTS, with special regard to emerging pathogens and escaping mutants
under vaccine pressure, etc. More specific and powerful vaccines will
be constructed and tailored, based on sequence information provided
by HTS;
– epizootiology and epidemiology will be further strengthened by the
sequence information provided by HTS. Control measures for
infectious diseases will be intensified and more effective policies will
be developed and applied;
– energetic progress in bioinformatics is crucial, to properly analyse
and understand the huge amount of sequence information;
– OIE centres of excellence, primarily selected OIE Collaborating
Centres with molecular diagnostic profiles, should be designated to
establish strong links with bioinformatic centres of excellence. The
purpose is to develop and strengthen links with the field of
bioinformatics, coupled to biotechnology-based diagnosis of
infectious diseases in veterinary medicine. As a step in this direction,
the OIE Collaborating Centre for the Biotechnology-based Diagnosis
of Infectious Diseases in Veterinary Medicine has established a
relationship, and is working in close collaboration, with the Swedish
University of Agricultural Sciences (SLU) Global Bioinformatics
Centre in Uppsala, with joint projects on the detection of known and
unknown viruses, the analysis of viral populations and subpopulations,
evolutionary aspects, viral stability, escape from vaccine pressure and
other aspects of infection biology.
To facilitate the issues discussed above, the authors suggest that the
OIE consider and discuss several important issues, including:
– How will HTS and sequence data be further used to address animal
health issues?
– How will HTS technologies be harmonised and their evaluation
standardised in the OIE network?
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– What are the consequences for clinical data standards and security,
particularly when setting policies?
– How will the existence and use of these data be regulated at the
national and state levels?
– How will the existence of very large-scale sequence data interact
with intellectual property laws? What legal framework will maximise
the clinical application of discoveries?
The OIE Collaborating Centre for the Biotechnology-based Diagnosis
of Infectious Diseases in Veterinary Medicine, together with its fellow
Collaborating Centres and Reference Laboratories, is ready to support
the OIE in all these discussions and decision-making. This will further
strengthen and secure the application of HTS technologies in
veterinary medicine, in light of the ‘One World, One Health, One
Virology’ principles.
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Table I
Current high-throughput sequencing platforms and their characteristics
Library
preparation time

Run time

Average read
length (bp)

Throughput
per run

Instrument
cost

Run
cost

GS FLX Titanium XL+

2 h to 6 h

23 h

Up to 1,000

700 Mb

~$500k

~$6k

GS Junior

2 h to 6 h

10 h

~400

35 Mb

$125k

~$1k

HiSeq 2500 (rapid)

3 h to 5 h

27 h

2 × 100

180 Gb

$740k

~$23k

HiSeq 2500 (max)

3 h to 5 h

11 days

2 × 100

600 Gb

$740k

~$23k

90 min

~24 hours

2 × 250

7.5–8.5 Gb

$125k

$965

5500 xl

~8 h

6 days

75

95 Gb

$595k

~$10k

5500 xl Wildfire

2h

10 days

75

240 Gb

$70k upgrade

~$5k

Platform

Main biological applications

Roche/454
De novo genome sequencing and resequencing,
targeted amplicon sequencing, genotyping,
transcriptomics, metagenomics

Illumina

MiSeq

Genome resequencing, targeted amplicon
sequencing, genotyping, transcriptomics,
metagenomics

SOLiD

Ion Torrent PGM

4 h to 6 h

$50k

314 Chip

2 h to 3 h

~400

10–40 Mb

$350

316 Chip

2 h to 3 h

~400

100–400 Mb

$550

318 Chip

2 h to 3 h

~400

~1 Gb

$750

Ion Torrent Proton

4 h to 6 h

$149k

Chip I

2 h to 4 h

~200

~10 Gb

~$1k

Chip II

2h4h

~20

~100 Gb

~$1k

Pacific Biosciences
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Genome resequencing, genotyping,
transcriptomics
De novo microbial genome sequencing and
resequencing, targeted amplicon sequencing,
genotyping, RNA-seq on low-complexity
transcriptome, metagenomics
De novo genome sequencing and resequencing,
targeted amplicon sequencing, genotyping,
transcriptomics, metagenomics
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PacBio RS

bp:
Gb:
k:
Mb:

Not applicable

2h

~1,500 (C1
chemistry)

base pair
gigabase (1,000 Mb)
thousand
megabase (1,000,000 bp)
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100 Mb

$700k

$100

Microbial genome sequencing, targeted amplicon
sequencing, aids full-length transcriptomics,
discovery of large structural variants and
haplotypes
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Fig. 1
The change over time for cost per raw megabase of DNA
sequencing
Source: www.genome.gov/sequencingcosts/
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Fig. 2
Workflow for pathogen detection using high-throughput
sequencing
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Fig. 3
The growth of information in the Sequence Read Archive, which
stores raw sequencing data from next-generation sequencing
platforms
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Fig. 4
The total number of base pairs and sequence entries in GenBank
over the last 20 years, compared with the growth of whole-genome
shotgun data from larger sequencing projects
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