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Abstract

RNA virus exploration within the field of medical virology has greatly benefited from
technological developments in genomics, deepening our understanding of viral dynamics and
emergence. Large-scale first-generation technology sequencing projects have expedited molecular
epidemiology studies at an unprecedented scale for two pathogenic RNA viruses chosen as
models: influenza A virus and dengue. Next-generation sequencing approaches are now leading to
a more in-depth analysis of virus genetic diversity, which is greater for RNA than DNA viruses
because of high replication rates and the absence of proofreading activity of the RNA-dependent
RNA polymerase. In the field of virus discovery, technological advancements and metagenomic
approaches are expanding the catalogs of novel viruses by facilitating our probing into the RNA
virus world.
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Since the sequencing of the first bacteriophage genomes, MS2 in 1976 [1] and ¢X174 in
1977 [2], the decoding of viruses has informed research in the fields of genetics, ecology,
epidemiology, and, more recently, computational biology. After 37 years since the
introduction of chain-termination dideoxy sequencing by Sanger [3], we continue to regard
the principles of this technique as the gold standard for virus sequencing, and rely on them
heavily. Over the years, automation of this method culminated in capillary sequencing on
the Applied Biosystems (ABI; CA, USA) 3730xl platform. Since then, virus research has
been riding the genomics wave, benefiting greatly from comparative genomic analyses of
viral strains. The RNA virus genomics field, however, has lagged slightly behind. The extra
step required to convert the RNA to DNA delayed RNA virus exploration just when the rest
of the genomics field was adopting the whole-genome shotgun approach at the core of its
high-throughput sequencing workflows. More recently, second-generation sequencing tools
and methodological improvements have, in some ways, leveled the playing field.
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Nevertheless, virus genomics is still in its early stages; as such, it holds the promise of new
and exciting discoveries.

This review focuses on a few RNA viruses, with an emphasis on the influenza A virus, and
some of the breakthroughs made with large-scale sequencing. Its purpose is to highlight how
sequencing technology is leading to important discoveries and thus expanding our
understanding of viral dynamics and emergence.

Large-scale molecular epidemiology of emerging & circulating RNA viruses

A characteristic of RNA viruses is their great genetic diversity, attributable to the absence of
proofreading activity of the RNA-dependent RNA polymerase [4] and their high replication
rates, with one genomic mutation expected to be introduced at every replication cycle. As
well as mutations introduced by the error prone RNA-dependent RNA polymerase, viruses
like influenza A and dengue also undergo a genomic mixing process leading to genetic
diversity, which has a major bearing on adaptation: influenza’s 13.5-kb negative-sense,
segmented RNA genome allows for genomic reassortment during mixed infections and
coinfection of cells, while dengue’s 1.1-kb positive-sense unique segment can recombine
across serotypes [5], a process not believed to occur for influenza (Figure 1A) [6]. The
rapidity of mutation, replication and reassortment/recombination means that each infected
host is likely to carry viral populations with high genetic diversity. To better understand
RNA viral evolution, epidemiology and pathogenesis from the genomic information,
widespread efforts are underway to sequence circulating and newly emerging viruses
collected around the world. In 2004, in the USA, the National Institute of Allergy and
Infectious Diseases of the NIH launched whole-genome sequencing projects to study
historic and currently circulating viral strains of the influenza and dengue viruses. To date,
these projects have generated whole-genome sequence data for more than 2500 dengue
viruses and 8200 influenza viruses from human populations and various mammalian species
around the globe. This large-scale sequencing effort represents one of the most developed
models for applying genomics at the epidemiologic level for infectious diseases. It also
gives a new outlook on the dynamics of negative-sense (influenza) and positive-sense
(dengue) RNA viruses, which are responsible for some of the most alarming diseases
emerging around the world.

Human influenza A virus

Whole-genome Sanger sequencing and subsequent phylogenetic analyses of complete
human seasonal A/HIN1 and A/H3N2 influenza viruses circulating around the world gave
us the first comprehensive picture of influenza viral evolution, including its pattern of
transmission through human populations. As a result, several novel observations were made,
including the prevalence of gene segment exchanges (reassortment) and adaptive evolution
of multiple, cocirculating viral lineages, demonstrating the dynamic nature of seasonal
influenza transmission and evolution [7]. Large-scale genomic studies of seasonal influenza
viruses have also characterized the occurrence of reassortment and periodic selective sweeps
between the northern and southern hemispheres, suggesting a ‘sink-source’ model of viral
ecology by which new lineages are seeded from a reservoir located in the tropics to
populations in temperate regions [8]; however, more recent genomic analyses have
challenged this model [9]. By comparing the phylogeography of complete A/H3N2 viral
genomes from multiple continents throughout several influenza seasons, A/H3N2 influenza
viruses appear to exist as a migrating metapopulation, such that viruses from multiple
locales — but not the tropics — are sources of epidemics [9].

Genomic studies aimed at discerning trends in influenza viral evolution during pandemics
and historic accounts of viral evolution has also made valuable contributions to our current
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understanding of influenza evolutionary dynamics. Within an epidemic, multiple clades of
seasonal A/H1IN1 and A/H3N2 viruses cocirculated and expressed novel patterns of
complex spatial spread [10]. A retrospective study discovered that since the Spanish
influenza pandemic of 1918, intrasubtype reassortment of seasonal and pandemic A/H1N1
viruses appeared to be a more important evolutionary process than previously realized, and
may have played a role in the antigenic shifting of the virus [11]. The emergence of the 2009
A/H1IN1 influenza pandemic presented the unique opportunity to conduct similar, extensive
genomic epidemiological studies on a pathogen that had immediate public health
implications on a global scale. The emergence of the A/HLN1 pandemic of 2009 was shown
to be the result of notable reassortment events [12]. Large-scale whole-genome Sanger
sequencing and phylogeographic analyses indicated that within months of introduction into
the USA, the virus diversified into distinct lineages, with defined spatial patterns in wave 1
of the pandemic, followed by extensive viral migration and mixing in its second wave
[13,14]. At the lower, community level, this pandemic A/HIN1 virus exhibited remarkable
spatial fluidity, with multiple independent introductions, indicating that community-based
methods for infection control are not likely to prevail in future pandemics [15]. Similarly, in
Canada, the spread of the A/H1IN1 pandemic virus was marked by numerous introductions
of several lineages, but with limited genetic diversity [16]. Whole-genome sequencing and
analysis of A/H3N2 influenza viruses collected in 2009 between regular seasonal seasons
illustrated the introduction, widespread transmission and cocirculation of seasonal influenza
viruses during a time-frame when influenza transmission was uncommon. This provides
additional evidence of the complexity of viral ecology, and emphasizes the importance of
molecular surveillance year-round [17].

Avian influenza A virus

Wild aquatic birds are the reservoir hosts for nearly all known subtypes of influenza A
viruses (hemagglutinin, H1-H16; neuraminidase, N1-N9); they have been implicated in
stable host-switching events, leading to novel, emerging influenza lineages within various
species of domestic animals, as well as past human pandemics. Yet it was not until the
outbreak in humans of the highly pathogenic A/H5N1 avian influenza virus (AlV) in
southeast Asia in 2003, which subsequently spread to Europe in 2004, coupled with the lack
of publicly available AlV reference genomes, that large-scale, complete AIV genome
sequencing efforts began. Similar to large genomic studies of human seasonal influenza
viruses, a high-throughput, Sanger sequencing approach was also employed to generate
complete AIV genomes. This effort led to the sequencing of the first complete non-Asian-
origin A/H5N1 avian influenza genomes [18] and gave epidemiologic and evolutionary
evidence of a novel Euro—African A/H5N1 viral lineage separate from the common ancestor
Eurasian-origin lineage, which was responsible for fatal A/H5N1 human infections.
Furthermore, constant reassortment and independent evolution of this lineage were
observed, helping to elucidate the epidemiology and evolution of this rapidly spreading
zoonotic virus [18]. Large-scale AIV genomics studies more than doubled the number of
existing wild-bird-origin influenza genomes within public databases including the National
Center for Biotechnology Information, Influenza Research Database and The Global
Initiative on Sharing All Influenza Data EpiFlu database, and, furthermore, identified
cocirculating viral lineages and high levels of reassortment. Evolutionary analyses of the
largest and most complete data set of wild-bird-origin AIV genomes, available in 2008,
proposed that AlV in wild birds forms ‘transient genome constellations’, whereas the eight
gene segments of AlV are continually reshuffled by reassortment [19]. Consequently, a
multitude of large-scale, AlV genomic studies were initiated to survey wild birds in the
Pacific northwest region of the USA (namely, Alaska), in order to observe intercontinental
movement of AIV gene segments via wild migratory birds. Alaska is a unique region where
long-distance migratory birds from both the Asian and North American migratory flyways
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congregate on resting grounds. It has been hypothesized that this overlap of intercontinental
flyways provides an opportunity for the introduction of Eurasian-origin AlV, including the
highly pathogenic A/H5N1, into the North American wild-bird population. These studies
have taken a species-specific approach to the genomic epidemiology of low-pathogenic
AlV, focusing on long-distance migrators such as northern pintails, shorebirds, gulls and
more resident species, including mallard ducks, which copopulate this region. Low-
pathogenic AlV from Alaskan northern pintails and mallards each possessed a higher level
of Eurasian-origin gene segments than previously reported. These findings suggest that a
higher degree of intercontinental AIV gene transfer occurs in Alaskan birds, and provide
evidence that wild migratory birds transfer AIV to more resident species across phylogenetic
boundaries [20,21]. In comparison, Alaskan shorebirds possessed a much lower level of
intercontinental gene transfer than previously reported, suggesting that AlV infection in
Alaskan shorebirds is either secondary or may involve another migratory species [22].
Interestingly, AlV in Alaskan gulls exhibited high levels of reassortment and
intercontinental gene transfer in viral subtypes previously thought to be gull specific;
however, AV in Eurasian gulls showed no evidence of intercontinental gene transfer [23].
Overall, highly similar AV genome constellations have been observed to persist over time
in several different avian species across Alaska; however, to date, an eight-segment
Eurasian-origin AIV has not been detected in wild birds in Alaska [24].

Dengue virus

Like influenza virus, dengue virus is a serious threat to public health, with 40% of the
world’s population living in endemic regions. Transmitted by Aedes mosquitoes, and
characterized by four antigenically distinct serotypes, it is responsible for a spectrum of
diseases, from mild to severe. Large-scale sequencing helped characterize strain variation
and its effect on epidemic activity, leading to a better understanding of the pathogenesis and
re-emergence of this virus. There are currently no vaccines available for dengue because of
the complexity of the viral population dynamics. A clear understanding of the spatial and
temporal dynamics is necessary for the development of better intervention strategies. Full-
length phylogenetic analysis of 187 dengue virus type 3 (denv-3) viruses isolated from Asia
and the Americas showed geographical speciation and mutational differences in outbreak
years [25]. Whole-genome sequencing of denv-2 samples collected in the south Pacific over
a span of 30 years showed that viruses responsible for the outbreaks during that time were
the result of a single introduction [26]. The attenuation observed was thus correlated with
the accumulation of genetic changes over time in the virus genomes, rather than with the
introduction of milder strains to the region. One of the largest studies of dengue evolution
comprised the whole-genome sequencing of 751 denv-1 viruses collected in rural and urban
Vietnam between 2003 and 2008 [27]. The phylogeographic analysis enabled the
determination of patterns of transmission, and demonstrated limited spatial movement,
which stands in contrast to what is observed with influenza. In Nicaragua, in a study across
epidemic seasons, disease severity was correlated with the sequential replacement of one
clade by another. Serotype-specific immunity and viral genetics were both shown to
contribute to disease severity [28]. A common observation in dengue evolutionary dynamics
is genotype replacement, with a new lineage displacing the circulating lineage. For example,
genotype replacement occurred in Cambodia and Thailand with the displacement of denv-2
[29]. In a similar study in Puerto Rico, 22 years of consecutive sampling demonstrated clade
replacement of denv-2 viruses before the emergence of denv-3 [30].

Next-generation sequencing & viral genomics

While automation of current sequencing workflows accelerates the pace of viral genome
sequencing, its high cost, coupled with reliance on the relatively low base-pair generation of
Sanger-based methods, severely limits output and jeopardizes the accurate representation of
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the true genetic diversity of the viral populations studied. Classical viral genome sequencing
approaches rely on PCR-mediated production of overlapping amplified products and
cloning, followed by Sanger sequencing. Errors can be introduced at the PCR step, as all
DNA polymerases have an intrinsic error rate. The 7ag DNA polymerase, for example,
introduces approximately one error every 125,000 bases, but some more recently discovered
enzymes with proofreading activity claim error rates that are 100-fold lower [31]. Sequence
data is then assembled, followed by rigorous editing and finishing steps to ensure the
accuracy of viral sequence polymorphisms. In some viral population studies, this approach
has led to efficient analyses of viral population diversity — for example, in the large-scale
characterization of intrahost dengue diversity of close to 8500 clones from 49 human plasma
specimens [32]. This, however, requires considerable effort and money. The cloning step is
often skipped if the goal is to obtain a consensus of the virus genome or when the viral
population is homogeneous enough that no interference with the sequencing signal occurs.
Because this PCR/Sanger-based method provides what is essentially a population overview
(or consensus) (Figure 1B) of nucleotide diversity, the genetic complexity of many viral
samples prohibits rapid, unambiguous assembly of sequence data. While these approaches
have served an important purpose, it is the new sequencing platforms — called next-
generation, or NextGen sequencing — that offer vastly higher sequence output, that are
ideally suited for viral population genetics and molecular epidemiology.

The most commonly used NextGen platforms at the present time are the Roche GS-FLX/454
(454 Life Sciences, CT, USA), lllumina’s GAllx and HiSeq/MiSeq (CA, USA) and ABI’s
SOLID. Gaining rapidly in popularity, are ABI’s lon Torrent and Pacific Biosciences’
PacBio. (For a recent review of the commercially available platforms; see [33]). These
technologies produce massive parallelization of clonal amplification of nucleotide
sequences, greatly facilitating the identification of individual virus strains in genetically
heterogeneous populations (Figure 1B). Because of the very high sequencing redundancy
(i.e., depth of coverage) of these new platforms, and the relatively small size of virus
genomes, the multiplexing of multiple virus isolates, barcoded so they can be sequenced
simultaneously but with their respective sequences characterized individually, is now
possible. This approach is also particularly appropriate for the characterization of drug-
resistance mutations in a viral population in order to determine the prevalence of the
mutations before they become dominant and lead to the emergence of resistant strains.
Direct PCR product sequencing (the classical approach) has its limitations, and is usually
used to detect prevalence above 20% within an infected host [34]. Sequencing multiple
clones is labor intensive and costly, although it has high sensitivity. The NextGen platforms
enable the analysis of sequence reads generated from each of the amplified molecules, as
well as the identification of very low frequencies of pre-existing mutations that could lead to
the emergence of a new phenotype. Studies using GS-FLX or GAlIx to identify rare drug-
resistant variants in HIV, HCV and HBV [34-37] demonstrate the strength of this approach
to clarify the genetic complexity of these viral populations. In chronic infections such as
HCV and HIV, the characterization of genetic diversity within each infected patient is
limited by the very high heterogeneity of the population. In a recent study on HIV-I
dynamics, deep molecular characterization was used to identify viral populations that persist
in the patient under suppressive therapy [38]. Low-level viremia limits the characterization
of virions that remain in HIV-1-infected individuals undergoing antiretroviral therapy. But
while plasma viral load may be undetectable at less than 50 RNA copies per ml, deep-
sequencing data of the selectively amplified reverse-transcriptase genes isolated from
episomal and integrated HIV-1 DNA paint a much clearer picture of the existence of
reservoirs within the host [39].
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NextGen sequencing for viral surveillance

NextGen sequencing is being applied to reveal the evolution and origin of novel, emerging
viral pathogens. SARS-coronavirus, for example, emerged in humans in 2002—-2003 as the
etiologic agent responsible for a disease resulting in severe acute respiratory distress [40—
42]. The outbreak spread rapidly around the globe, eventually infecting approximately 8000
people. Thereafter, coronavirus genomics was initiated as an important field of research to
track coronavirus evolution and analyze coronaviruses in bats, known reservoirs for SARS-
coronavirus-like viruses, as well as many other coronaviruses [43]. Samples of wild-type
and mutant viruses that had been grown through multiple passages were sequenced by
Sanger and NextGen technologies to show that specific mutations caused substantial
reduction in replication fidelity [44]. These results provided compelling evidence for a role
for nsp14-ExoN in RNA proofreading during coronavirus replication. Complete genomes of
new coronaviruses isolated from mink exhibiting epizootic catarrhal gastroenteritis were
shown to be clearly distinct from any other known coronaviruses, with 92% identity to
contemporary strains. Phylogenetically distant from human coronavirus strains, it appears
that these isolates, together with partially sequenced ferret enteric coronavirus and ferret
systemic coronavirus, comprise a new species within the genus Alphacoronavirus [45].

In the case of influenza virus studies, NextGen sequencing is proving to be central to
understanding the emergence of human pandemic, antigenic and drug-resistant strains. In
addition, it is providing more comprehensive surveillance information about influenza
viruses in animal reservoirs. Whole-genome sequencing of the first cohort of seasonal A/
H3NZ2 viruses, collected from Uganda in 2008 and 2009, revealed markers of enhanced
transmission and drug resistance, in addition to two different lineages representing antigenic
drift [46]. In the UK, surveillance using NextGen sequencing of whole influenza genomes
traced specific transmission chains of the A/HIN1 pandemic virus [47]. Comparable to other
reports, multiple, independent introductions of genetically complex A/H1IN1 pandemic viral
lineages were observed during the first wave of the pandemic; yet at least two viral lineages
were detected before the first laboratory-confirmed case, and several transmission chains
persisted between waves [47]. Although the complete evolutionary history of the A/HIN1
pandemic of 2009 is not fully understood, this virus was genetically determined to be a
triple-reassortment strain originating from a well-established lineage circulating in pigs
[12,48]. Thus, ongoing surveillance efforts using NextGen sequencing have focused on
sequencing retrospective and contemporary influenza viruses from these animals, to gain
deeper insight into the origins and evolutionary future of this virus. Complete genome
characterization of North American H1 swine isolates collected in 2008 yielded a high level
of overall viral diversity, both antigenically and phylogenetically, forming separate clades
when compared with the A/HIN1 pandemic virus. This suggests that the pandemic A/HLN1
virus and any closely related progeny viruses were not present in this swine population prior
to 2009 [49]. Phylogenetic analysis of A/H1N1 pandemic viruses transmitted from humans
to commercial pigs after 2009 showed reassortment between the pandemic A/H1NL1 virus
and endemic swine influenza viruses that generated seven different A/H1N1 viral genotypes
[50]. While no single genotype became dominant within the population, continued
surveillance of these and other dynamic and emerging viruses further promotes the utility of
NextGen sequencing for this purpose.

NextGen sequencing of wild-bird-origin AlVs has proved to be a more sensitive method of
surveillance in comparison to traditional Sanger sequencing. Within a population of sentinel
mallards, NextGen sequence data confirmed the presence of mixed AlV infections within
individual specimens, represented by sequences generated for more than one hemagglutinin
type [51]. The most recent trend being followed to unravel the epidemiology of AIV of low
pathogenicity in wild birds is to combine whole-genome NextGen sequencing with
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phylogeographic modeling of ecologic variables. By modeling gene flow within and
between the four major ecological North American flyways, it was discovered that despite
increased gene flow of Eurasian and Australasian-origin AlV to the Pacific flyway, the
spread of AIV within North American wild birds is constrained by geographical distance
and avian flyways. Additional ecologic attributes most likely play a role in shaping low-
pathogenic AlV epidemiology in North American birds, and the resultant model could be
utilized to estimate the spread of a novel lineage in the wild-bird population [52].

Methodological and statistical modeling studies dependent on NextGen deep sequencing
have been developed to characterize complete genomes, glycosylation patterns and antigenic
evolution, to detect rare mutations and to explore viral diversity (often referred to as
‘quasispecies’) [53-58]. NextGen sequencing and analyses of the intrahost diversity of
multiple influenza genomes isolated from individual patients revealed that humans can
harbor antigenically distinct influenza viruses, and viruses possessing different sensitivities
to antiviral agents [59]. A similar study used de novo sequencing to detect a heterogeneous
population of A/H1N1 pandemic influenza viruses in lung tissue collected from an autopsy
sample [60]. Deep sequencing of A/H1IN1 pandemic viruses isolated from
immunosuppressed patients showed that these individuals may be an important source of
viral genetic and phenotypic diversity due to mixed infection and the development of drug
resistance [61]. Collectively, these data illuminate previously unknown sources of viral
diversity and drug resistance, both of which are vital for pandemic preparedness and patient
management in the clinical setting.

NextGen sequencing in virus discovery

NextGen sequencing has applications beyond the molecular epidemiology of known viruses,
notably for the discovery and characterization of novel viruses. In particular, the field of
metagenomics, also referred to as ‘community genomics’, has profited by advancements in
sequencing technology, making it possible to characterize microbes and viruses within
samples of collected environmental DNA. Active discovery and cataloging of novel and
variant viruses by deep sequencing began with the analysis of environmental samples; it is
now being employed for a wide range of biological and clinical samples. The traditional
methods for detecting novel viruses, such as cell culture, serology and electron microscopy,
are now being used as supportive tools for metagenomics findings [62], whereas NextGen
sequencing has become the tool of choice for culture-independent genomic analyses of a
wide variety of samples. New emerging viruses or variants of known viruses are recognized
as potential agents responsible for new infectious diseases, which, though prevalent, often
go unrecognized [63]. NextGen sequencing, in combination with hybridization- and PCR-
based techniques, is proving to be a powerful approach for global screening of pathogens
and disease surveillance.

Along with technological advances has come a surge of interest in the detection of unknown
viruses in various samples, and diagnostic virology has been greatly impacted by viral
metagenomics [64]. Owing to its high sensitivity and ability to characterize sequences
without previous knowledge, NextGen sequencing is a much more powerful tool than
conventional methods in diagnostic virology (reviewed in [65]). Diagnostic validation of
this approach has been demonstrated by direct detection of bacterial and viral pathogens
from nasal and fecal samples of patients with seasonal influenza infections [66].
Metagenomic sequencing of a collection of clinical isolates, which failed routine diagnostic
assays, identified BK polyomavirus, HSV and variants of other viruses [67]. Many other
clinical conditions, such as gastroenteritis, diarrhea, respiratory tract infections and cancer,
have also been studied by high-throughput sequencing, resulting in the identification of
novel viruses [68—72]. Similarly, novel enterovirus genotypes have been identified in
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patients with acute flaccid paralysis [73]. Metagenomic analyses of live-attenuated vaccines
led to the detection of minority variants and adventitious viruses that go undetected in
commercial vaccine preparations [74]. With rapidly evolving and cheaper sequencing
technologies, high-throughput sequencing approaches could be established in a surveillance
system for early detection of viruses from diverse clinically relevant samples.

Another widely studied area is the sequence analysis of viromes of animal populations,
which are major reservoirs of viruses with the potential for zoonotic transmission, leading to
emergence [75]. Although traditional sequencing of fecal samples from domestic animals
such as horses, rabbits and birds has revealed novel alphaherpesviruses and picornaviruses
[68,76], NextGen methods allow a more rapid and systematic approach for identifying novel
viruses implicated in zoonoses [73,77,78]. For example, a vast amount of data was generated
for pig and dog fecal viromes, which have been used for comparative analyses with human
fecal flora [77,79]. Methodologies for more specific isolation of virions from specimens
have been improving in the past few years [80]. Recently, single-virus genomics has been
developed to improve the whole-genome amplification of a single virus particle [81]. Much
progress has been made in the field of DNA virus discovery, but large-scale genomic
research into RNA viruses lags behind, owing to the problems associated with their genomic
nucleic acid content — notably, the stability of the RNA molecules and the necessity to
convert RNA to cDNA for sequencing. A few studies have reported the discovery of novel
RNA viruses [82-84], most notably Schmallenberg virus, a new species in the genus
Orthobunyavirus [85], and more are anticipated as sample preparation methodologies
improve [86]. An important aspect of all these virome studies is the identification of
unclassified/unknown sequences that do not have any matches in viral databases, suggesting
that we are just tapping the surface of the vast ocean of uncharacterized microorganisms.

Conclusion

Whole-genome sequencing and phylogenetic analyses of globally circulating emerging
viruses, like dengue and influenza, continue to clarify our understanding of the genetic
diversity and viral evolution of pathogens that are responsible every year for high rates of
human morbidity and mortality on a global scale. These broad studies illustrate the power of
genomics to vastly increase our overall knowledge of viral epidemiology and evolutionary
dynamics, which are central to understanding viral ecology. We have observed how large-
scale sequencing has answered questions on the global circulation and reassortment of
influenza viruses; on dengue virus serotype emergence; and on intrahost diversity in acute
infections. We have also seen the value of metagenomic applications in virus discovery. But
while NextGen platforms have simultaneously increased our throughput and decreased the
costs per base pair, as compared with first-generation sequencing workflows, if we are to
take full advantage of the developments in sequencing technologies, a number of variables
will have to be optimized to achieve better results. One of the crucial parameters affecting
the quality and detection sensitivity of NextGen sequencing is the purification of virions and
viral nucleic acids from samples, particularly when dealing with clinical specimens where
quantity is an issue and amplification of nucleic acids is necessary. Another is the limitation
of short-read length, which on the SOLID and Illumina HiSeq averages between 50-100
bases, as compared with Sanger-based sequencing, which can routinely give read lengths
above 800 bases. This has severe limitations for the identification of coevolving or linked
mutations on the same molecule when the nucleotide positions of interest are separated by a
distance that exceeds the sequence read length. These are relevant in viral transmission
studies, where a clear picture of the true genetic diversity of the virus population is
necessary. Furthermore, the rapid evolution of these sequencing technologies is responsible
for generating ever-growing volumes of data. As an example, for the determination of
intrahost genetic diversity of 50 multiplexed influenza A virus samples, an eighth of a
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HiSeq2000 sequence run would typically generate 13-15 GB of sequence data; for efficient
analysis, 64 GB of RAM and 3 TB of disk space would be required. Significant
bioinformatics resources and infrastructure solely dedicated to data management, analyses
and tool development are required for nearly all NextGen sequencing platforms, and this
presents another challenge within this dynamic, fast-paced field. A well-planned investment
in bioinformatics capabilities will undoubtedly become the norm in any team pursuing virus
population questions that can only be addressed with NextGen technologies. As
advancements in sequencing continue to be made, and biologists learn to exploit the deluge
of data generated, NextGen sequencing stands poised to make even more contributions to
the ever-growing exploration of the microbial world.

Future perspective

Many viral evolution studies are beyond the capacity of currently available sequencing
technologies. As well as the short read length, another limitation is the inability to accurately
characterize all individual genomes present in a virus population sampled within a host.
PCR amplification is necessary for most second-generation sequencing technologies; the
exception is the Helicos Genetic Analysis Platform, the first commercially available
machine with single-molecule sequencing capability, which was successfully used for the
sequencing of a complete virus genome without first amplifying the DNA [87]. Imaging of
individual molecules attached on a surface is performed during extension with fluorescently
labeled nucleotides. While protocol development now allows the direct sequencing of RNA
molecules on this platform, read length is still very short (average length of 35 bases).
Pacific Biosciences developed a third-generation system based on single-molecule real-time
sequencing by synthesis that leads to average read lengths of 1000 bases, with maximums
reaching more than 10,000 bases [88]. The sequencing accuracy remains low, however, as
compared with the second-generation platforms; not a negligible issue when analyzing the
genetic diversity of populations of viruses that are themselves error prone. Many emerging
viruses have an RNA genome with diverse genomic structures (circular, linear, segmented,
double-stranded and single-stranded). There are thus fundamental questions that cannot be
fully addressed until direct sequencing of complete RNA molecules, isolated from
individual virions, becomes a possibility; questions such as how a virus evolves in a new
host, the level of viral genetic diversity before and after transmission, the effect of
transmission bottlenecks on virus population structure and the true representation of
defective particles in an infective dose. Third-generation sequencing technologies using
nanopores or direct imaging of full-length molecules are, however, right around the corner
[88]. There is no doubt that even newer platforms, which advance the technology for single-
molecule decoding, will emerge in the next few years. Virus discovery, molecular
epidemiology and evolutionary dynamic studies on emerging viruses will then enter a new
phase of virus exploration and be greatly facilitated by the tremendous amount of sequence
data that could be generated from extremely small samples.
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Executive summary

Whole-genome analyses & viral evolutionary dynamics

m There is now clear evidence of extensive influenza virus migration and
mixing.
L] During seasonal epidemics, there is extensive cocirculation and reassortment

of influenza viral lineages.

L] Influenza viruses in wild birds form transient genome constellations, with
constant reshuffling of gene segments.

L arge-scale sequencing to characterize viral emergence

m There is clear evidence of intercontinental movement of avian influenza virus
gene segments.

L] The “source—sink’ model for the emergence of influenza viruses from the
tropics is being challenged by the observation that multiple locales are
sources of seasonal influenza viruses.

L] Whole-genome virus sequencing from clinical specimens showed that strain
variations of dengue viruses were associated with epidemic activity.

L] A common occurrence observed in dengue evolutionary dynamics is the
displacement of circulating lineages by newly introduced dengue serotypes.

Next-generation sequencing to assessintrahost diversity

L] Complex viral populations can be characterized by using the deep-
sequencing methodology.

L] Hosts can be coinfected with antigenically distinct viruses and viruses with
different sensitivities to antivirals, and represent important sources of
phenotypic diversity, with a potential for emergence in the population.

Virusdiscovery & next-generation sequencing platforms

L] Diagnostic virology is greatly impacted by next-generation sequencing
because of increased sensitivity.

L] The analysis of animal viromes allows the characterization of potential
reservoirs of emerging viruses.

L] Metagenomic studies identified novel viruses and variants from the
environment, further expanding our ability to characterize emerging
pathogens.

Futur e per spective

L] Progressive understanding of the evolutionary biology of RNA viruses is
limited by the current next-generation sequencing technology platforms.

m RNA virus discovery and full characterization will benefit greatly from the
single-molecule sequencing promised by third-generation sequencing
platforms.
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reassortment between segmented RNA virus genomes (i.e., influenza A) coinfecting the

same cell. (B) Schema of how consensus sequencing provides a homogeneous

representation of a virus population while deep sequencing generates sequence reads that
capture genetic diversity, but that may not be unambiguously assembled into individual

genomic segments.
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