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The first deep sequencing method was announced in 2005. Due to an increasing number of sequencing data and
a reduction in the costs of each sequencing dataset, this innovative technique was soon applied to genetic
investigations of viral genome diversity in various viruses, particularly RNA viruses. These deep sequencing
findings documented viral epidemiology and evolution and provided high-resolution data on the genetic changes

in viral populations. Here, we review deep sequencing platforms that have been applied in viral quasispecies
studies. Further, we discuss recent deep sequencing studies on viral inter- and intrahost evolution, drug re-
sistance, and humoral immune selection, especially in emerging and re-emerging viruses. Deep sequencing
methods are becoming the standard for providing comprehensive results of viral population diversity, and their

applications are discussed.

1. Introduction

Because error-prone RNA viruses exhibit rapid generation times and
high mutation rates, viruses can generate large and diverse populations
(Drake, 1993). Genetic drift, genetic shift, and gene recombination
contribute to shaping the evolution of virus populations (reviewed in
(Duffy et al., 2008)). Among virus populations, a collection of diverse
but closely related genetic strains of viruses may coexist within hosts,
and they are referred to as viral quasispecies (Domingo et al., 2005;
Lauring and Andino, 2010). The quasispecies theory was first described
in the investigation of molecular evolution by Eigen and Schuster in
1977 (Eigen and Schuster, 1977). This model has been applied in vir-
ology to explain the evolutionary dynamics in population diversity of
error-prone viruses, especially RNA viruses (Domingo and Holland,
1997; Nowak, 1992).

Due to utilizing low-fidelity RNA polymerase (RNA-dependent RNA
polymerase) without proofreading activity, RNA viruses can rapidly
generate many mutations in viral genomes in each replication cycle
(Domingo and Holland, 1997), and the genetic variability can be easily
observed because RNA viruses exhibit rapid generation times. The
average rate of nucleotide substitution using serially sampled gene

sequence data is estimated to be approximately 10~ 2 to 10”° nucleotide
substitutions per site/year (sub/site/year) (Hanada et al., 2004; Jenkins
et al., 2002), with most of them exhibiting a rate of 10~ sub/site/year
(reviewed in (Duffy et al., 2008)). Therefore, mutations are introduced
into genomes, and diverse viral traits containing mutations, insertions,
or deletions are generated in each replication cycle. Genome re-
combination is an additional source of diverse viral traits in viral po-
pulations. As two viruses simultaneously infect the same cell, a re-
combination or reassortment event may occur and generate mosaic
viral genomes with new genetic traits that differ from the progenitor
genomes. These evolutionary events aid viruses in the development of a
broad spectrum of mutants and lead to population diversity that in-
creases genetic plasticity in the face of various selection pressures. Se-
lection pressures act on viral quasispecies and shape the variation
within the population by reducing variability and increasing the fre-
quency distribution of those variants with high viral fitness in response
to various stresses. Through the shaping of mutant spectra by selection
pressures, certain variants become dominant but are still surrounded by
various minor variants with low frequency (Bonhoeffer and Nowak,
1997). This cloud of minor variants will be continually retained in viral
quasispecies, and it provides extended population diversity. As virus
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populations experience other selection pressures, this extended popu-
lation diversity can serve as a broad reservoir of variants that allows the
virus population to rapidly adapt to environmental changes.

Since the divergence of variants in populations confers more ad-
vantages for overcoming various selection pressures, including immune
response escape, drug resistance, antigenic drift or shift, and patho-
genesis within hosts, comparisons and analyses of mutant spectra from
viral quasispecies of different origins may provide valuable evolu-
tionary information on virus adaptation when viruses face these se-
lection pressures (Borucki et al., 2013; Gaschen et al., 2002; Johnson
et al., 2008; Kuroda et al., 2010; Nowak et al., 1991; Rozera et al.,
2014; Tsibris et al., 2009; Vignuzzi et al., 2006; Woo and Reifman,
2012). Sanger sequencing combined with classical molecular cloning or
limiting dilutions are the initial methods of choice to determine viral
quasispecies in various virus samples (Palmer et al., 2005). To date,
Sanger sequencing is still the standard method of defining genetic
mutations in viral genomes; however, time- and labor-intensive se-
quencing processes with limited sensitivity reduce the applicability to
large-scale studies of viral quasispecies. With the introduction of the
deep sequencing method in 2005, this innovative technique dramati-
cally increased the number of sequencing data and reduced the costs of
each sequencing dataset. Thousands of virus sequences can be surveyed
by utilizing this method, which improves the analysis sensitivity and
precision of viral quasispecies diversity. The method has been applied
to determine and compare mutant spectra of viral populations under
various conditions, such as immune selection, including antibody or T-
cell epitopes (Bimber et al., 2010; Hughes et al., 2010), antiviral drug
resistance (Cannon et al., 2008), and different tissue tropisms of viral
variants within or between hosts (Wang et al., 2010) (Fig. 1). Studies
that have defined viral population diversity in hosts are informative for
viral pathogenesis, virulence, persistence, drug therapy, disease pro-
gression, and vaccine development. Here, we review the recent findings
of viral quasispecies and their impacts on viral evolution, disease pre-
vention or therapy. In addition, we discuss the application of various
platforms and data analysis methods for deep sequencing in viral
quasispecies investigations.

2. Deep sequencing platform comparisons for viral quasispecies
analysis

Each deep sequencing platform varies with respect to the
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throughput, read numbers, error rates, and cost per base. Among the
compared platforms (Table 1), the suite of Roche 454 and Illumina
instruments are widely applied in viral quasispecies studies. Roche 454
pyrosequencing was the first platform developed for deep sequencing,
and researchers utilized this system to comprehensively analyze mutant
spectra of various viruses including human immunodeficiency virus
(HIV), hepatitis B virus (HBV), hepatitis C virus (HCV), enterovirus, and
influenza viruses (Bartolini et al., 2015; Bednar et al., 2016; Bourret
et al., 2015, 2013; Bunnik et al., 2011; Chabria et al., 2014; Cortes
et al., 2014; Dialdestoro et al., 2016; Fischer et al., 2010; Fordyce et al.,
2013; Gall et al., 2013; Hansen et al., 2016; Hedegaard et al., 2017;
Jabara et al, 2011; Lequime et al., 2016; Ode et al., 2015;
Parameswaran et al., 2012; Poon et al., 2016; Prabhakara et al., 2013;
Redd et al., 2012; Rodriguez-Roche et al., 2016; Romano et al., 2013;
Sede et al., 2014; Sobel Leonard et al., 2016; Stapleford et al., 2016;
Tellez-Sosa et al., 2013; Tsai and Chen, 2011; Wang et al., 2010; Wilker
et al.,, 2013; Zanini et al., 2016). Through single-nucleotide addition,
the Roche 454 platform uses enzymatic reactions to detect deoxyr-
ibonucleotide triphosphate (ANTP) incorporation into a DNA template,
thereby resulting in a single bioluminescence signal. Moreover, this
platform offers long read lengths at up to an average of 700 bp, which
provides greater advantages for repetitive or complex sequences, such
as those in specific viral genome regions, compared with short-read
sequencers, such as Illumina platforms. Long read length is also ad-
vantageous for haplotype reconstruction of viral quasispecies. The
Roche 454 platform has drawbacks for insertion and deletion (indel)
errors, although the overall error rate is equal to that of other platforms
except in homopolymer regions. For measuring homopolymers longer
than 6-8 bp, the Roche 454 platform exhibits low single-base accuracy
for sequencing results. Unfortunately, Roche discontinued this platform
in 2016 due to the low yield and high cost per sequencing base relative
to other platforms. The Illumina suite of instruments is increasingly
being utilized within various fields of investigation due to high con-
fidence in data generated by the platform. Recently, Illumina has be-
come the dominant platform for short-read sequencing because of its
mature technology, wide application range, and high compatibility
between platforms. Illumina provides various platforms ranging from
low-throughput MiniSeq to ultrahigh-throughput HiSeq X. Compared
with sequencing by single-nucleotide addition in the Roche 454 plat-
form, the Illumina platform relies on the cyclic reversible termination
technique, which is less susceptible to the homopolymer errors that
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Fig. 1. Applications of deep sequencing in the field of viral population diversity. Deep sequencing methods have been applied in studies of viral evolution under
various selection pressures, including humoral immunity, drug treatment, and intra- or interhost adaptations.
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Table 1
Platforms commonly applied in viral quasispecies investigations.
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Roche Mlumina Pacific BioSciences Thermo Fisher Scientific
Platform 454 GS Junior iSeq RSII Ion PGM
454 GS FLX MiniSeq Sequel Ion Proton
Titanium MiSeq Ion S5
NextSeq
HiSeq
HiSeq X
NovaSeq
Read length “700 bp 25-300 bp (Pair end) 400 bp - 20 kbp 200-400 bp

36-150 bp (Single end)
Drawback Homopolymers > 6-8 bases with
high error rates for insertions

and deletions sequencing errors

Average error “1%, indel “0.1%, substitution
rate

Cost per Gb (USD 9500 to 40000 7 to 1000
$)

Recently No Yes
available

Under-representation in AT-rich
and GC-rich regions increasing

Homopolymers with high
error rates for insertions and

Approximately 13% error rate for
insertions and deletions (can be reduced

by circular consensus sequences to 1%)  deletions
“13%, indel “1%, indel
1000 25 to 3500
Yes Yes

occurred in the Roche 454 platform. However, Illumina results under-
represent AT-rich and GC-rich regions, which tends to increase se-
quencing errors. Although Illumina has an average accuracy
of > 99.5% and dominates in recent viral quasispecies research, con-
cerns have been raised that a systematic error may occur in these stu-
dies when utilizing a single deep sequencing platform. Therefore, more
approaches have been developed, and multiple sequencing methods
with complementary strengths have been applied.

The Pacific Biosciences (PacBio) and Ion Torrent systems are recent
alternative sequencing methods for viral mutant spectra studies; these
two platforms generate longer length reads of approximately up to 20
kbp and 400 bp, respectively. Superior length reads compared to other
platforms provide more accurate haplotype reconstruction results to
resolve viral evolution in mutant spectra investigations. PacBio utilizes
a flow cell containing thousands of picoliter wells, and the polymerase
is fixed in the bottom of transparent wells (zero-mode waveguides,
ZMW). As the DNA template binds, the polymerase can process through
the DNA strand and incorporate dNTP at a consistent location. The
PacBio system focuses on the dNTP incorporation process of a single
molecule and captures real-time images of a single molecule template
for each well. When a dNTP-bound fluorophore is cleaved by the
polymerase during incorporation, the fluorophore signal will diffuse
from the sensor area until the next dNTP is incorporated. The PacBio
platform can generate an average read length of 10-15kb for a long-
insert library, which nearly covers the complete genome of certain RNA
viruses. This platform provides advantages for viral haplotype analysis;
however, the error rate of long single-pass reads is approximately 15%
with mainly indel errors. Because these errors randomly appear for each
read, sufficiently high coverage can overcome the high error rate. In
addition, the use of circular consensus sequences (CCSs) with the
PacBio platform can reduce the error rate to a degree. The PacBio
platform utilizes unique circular molecules to repeatedly sequence the
template multiple times. The consensus sequences of inserts are gen-
erated by multiple sequencing passes of CCSs that aid in reducing indel
errors.

Ion Torrent systems, which are similar to the Roche 454 system, rely
on single-nucleotide addition rather than using enzymatic methods. Ion
Torrent detects the H' ions that are released as the dNTPs are in-
corporated and utilizes a pH change sensor to detect the change in pH
value. Unfortunately, the reduced sensitivity of the pH sensor for
quantifying amounts of nucleotides reduces the accuracy of detecting
the length of homopolymers, which is similar to the Roche 454 system.
Although the Roche 454 system has been discontinued, the Ion Torrent
platform developed several types of chips and instruments to customize
the performance and throughput for various investigative needs. These
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systems shorten run times to 2-7hours with 50 Mb to 15 Gb
throughput, representing some of the fastest detection systems among
the deep sequencing platforms that can be applied in clinical applica-
tions, such as sequencing drug-resistant viruses.

Recently, several viral diversity studies combined the short and long
read platforms to retrieve the full resolution of genomic variations (Bull
et al., 2016; Moldovan et al., 2017a, b; Rogers et al., 2015; Zhu et al.,
2017). The short reads from the platforms including illumina or Ion
Torrent provided deep population of viral quasispecies for identifica-
tion of polymorphisms, but it is difficult to display quasispecies only
based on allele frequencies alone. In contrast, PacBio platform de-
termines the quasispecies structures by directly producing long reads
for individual viral genetic variants without requiring a reference se-
quence. Combining with the advantage of short and long read plat-
forms, these recent studies characterized and revealed complete popu-
lation diversity and population dynamics in viral evolution.

Although deep sequencing showed advanced advantages for re-
vealing population diversity, some challenges of implementing the
technique remained to be overcome. In contrast to conventional sanger
sequencing method, deep sequencing assay posed high degrees of
complexity due to large sizes of analyzed genomes and various bioin-
formatic pipelines for analysis. Therefore, to determine the assay per-
formance parameters and quality control metrics, including analytical
sensitivity, analytical specificity, accuracy, precision, limit of detection,
and sequencing depth and allelic frequency cutoffs, are essential for
validating sequencing results within and between assays or even dif-
ferent studies (Alame et al., 2016; Fisher et al., 2016; Kluk et al., 2016;
Lowe et al., 2016; Roy et al., 2016). For example, instead of only use
illumina platform to determine genetic variations, the Ion Torrent
platform can be applied as the validating platforms (use similar tar-
geting regions) that might facilitate to compare and to confirm the
results of viral genetic diversity. In addition to assay performance and
quality control, analysis pipelines or programs/softwares need to be
validated and compared. Analysis programs/softwares are frequently
upgraded and might result in diverse results due to the improvements
that require to be validated among different deep sequencing studies.

3. Application of deep sequencing for inter- and intrahost
evolution of RNA viruses

Since deep sequencing methods are capable of providing extreme
sequence read depths, they can be widely applied to detect various
genetic traits in a mixed population, such as viral quasispecies. As
mentioned previously, RNA viruses accumulate abundant nucleotide
substitutions to generate diverse traits as a reservoir of viruses with
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Fig. 2. Insights into viral genome diversity and viral evolution
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various haplotypes. In addition to nucleotide substitutions, genetic re-
arrangement, including reassortment and recombination, are additional
resources of viral genetic traits. Genome-segmented viruses generate
new virus variants by reassortment to exchange genomes between dif-
ferent viruses infecting the same cell. Compared with genome-seg-
mented viruses, single-stranded RNA viruses recombine heterogeneous
genomes as two virus variants simultaneously infect a cell. Both of these
processes rapidly accumulate several substitutions located in viral
variant genomes and obviously increase population diversity, which is
advantageous for viral adaptation within hosts. Recently, deep se-
quencing methods have been applied to examine the occurrence, me-
chanism, and clinical significance of substitution accumulation in viral
evolution, especially for emerging and re-emerging RNA viruses
(Eshaghi et al., 2014; Huang et al., 2017; Jonges et al., 2014; Moncla
et al., 2016; Rogers et al., 2015).

Emerging and re-emerging RNA viruses are selected between sus-
ceptible hosts with various selection pressures, which causes virus
evolution in divergent directions. Various evolutionary directions lead
to increases in the genetic diversity in the virus quasispecies, which
leave genetic signature sequences as “footprints” among the viral gen-
omes in the process of viral evolution; however, conventional Sanger
sequencing only reveals the consensus sequences in viral quasispecies
and loses an abundance of virus genetic information. To determine viral
dynamic evolution among various hosts, even those of different species,
recent viral evolution studies, especially on emerging and re-emerging
RNA viruses, have utilized deep sequencing instead of Sanger sequen-
cing to gain insights into viral evolution with transmission among
various hosts and evaluate the selection pressures faced by viruses
(Eshaghi et al., 2014; Huang et al., 2017; Jonges et al., 2014; Moncla
et al., 2016; Rogers et al., 2015).

Influenza virus is a globally emerging and re-emerging RNA virus,
and deep sequencing has been applied to this virus to study its genetic
transmission among hosts. Recently, Wilker et al. identified a selective
bottleneck of avian influenza viruses during virus transmission among
ferrets (Wilker et al., 2013). Genetic diversity in the hemagglutinin
gene was analyzed in the experimental ferret model during transmis-
sion of reassorted H5N1 influenza viruses. In the initial infection, high
virus diversity appeared during viral replication in inoculated ferrets;
however, the genetic diversity was obviously reduced in the process of
transmission through airway droplets between ferrets, with only 1 or 2
haplotypes becoming established. Some minor haplotypes in the source
animals became dominant in the infected ferrets through air droplet
transmission, which demonstrates that a selection bottleneck occurred
in mammalian transmission. Another evolutionary bottleneck has been
observed for the 1918-like avian influenza virus. In the ferret trans-
mission model, hemagglutinin diversity initially increased within hosts.
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Through airborne virus transmission, two polymerase mutations, PA-
V253 M and PB2-A684D, were fixed in the population, although they
did not increase virus replication. The additional transmissions resulted
in HA-S113N, HA-D265V, or HA-I187 T mutations near receptor-
binding regions in the variants, which indicated multiple genetic evo-
lutionary pathways in virus transmission. These results suggest that a
relaxed bottleneck occurred in the initial infection in hosts, and it be-
came a strong selection pressure between hosts. In addition to in-
vestigating viral transmission among animals, transmission among hu-
mans has been investigated. Another study utilized deep sequencing
results of eight segmented influenza virus genomes to quantify virus
evolutionary changes within humans in the first wave of the 2009
H1N1 outbreak (Kuroda et al., 2010). Viruses from household donor-
recipient pairs among human hosts in the community were analyzed to
examine virus variants that confer transmission to new individuals. The
results revealed that the same variant could be identified in multiple
members of the community. Although variants showed different fre-
quencies, the frequency patterns within households were more similar
than those between households (Poon et al., 2016). Variant swarming
was observed within hosts (intrahosts) as well as between hosts (in-
terhosts). To precisely determine the intrahost evolution of the influ-
enza virus in humans, Leonard et al. challenged 17 healthy human
subjects with passaged viruses and examined the viral populations in
these subjects using deep sequencing (Sobel Leonard et al., 2016). A
selection bottleneck was detected with intranasal inoculation with virus
decreasing nonsynonymous mutations in viral quasispecies. In contrast,
abundant synonymous mutations of hemagglutinin and nucleoprotein
occurred in the process of infection within hosts, suggesting that pur-
ifying selection was the dominant selection pressure in intrahost evo-
lution. These results indicate that viral quasispecies provide influenza
virus with a variant reservoir to dynamically evolve when faced with
various selection pressures, e.g., intrahost and interhost conditions
(Fig. 2). Compared with purifying selection in influenza viruses, posi-
tive selection was the dominant pressure in the evolution of respiratory
syncytial virus (RSV), another respiratory tract virus. Do et al. per-
formed deep sequencing on RSV-positive samples collected from the
upper airways of hospitalized children (Do et al., 2015) and found that
the G gene was the most variable and positively selected gene
throughout the viral genome. The selection sites of the G gene were
either in close proximity or overlapped with potential glycosylation
motifs, suggesting that amino acid glycosylation might play important
roles in viral genetic diversity.

Inter- and intrahost evolution was observed not only among mam-
mals but also between vertebrates and invertebrates. Recent genetic
diversity investigations of dengue virus also focused on intrahost or
interhost populations in various infected patients and genetic evolution
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Fig. 3. Virus evolution in transmissions between hosts and
vectors by using deep sequencing. Similar to the intra- and
interhost evolution among hosts in the same species, purifying
selection plays a major role in vector-borne virus evolution. As
a virus transmits between hosts and vectors, it continuously
accumulates synonymous (small orange triangles)/nonsynon-
ymous mutations (short black lines) and deletions (black da-
shed line). As positive selection pressure occurs, nonsynon-
ymous mutations will become the dominant strains in the
population, including vectors and hosts, which may result in
an emerging outbreak.

Time

between humans and mosquitos. As different genotypes or lineages of
dengue viruses become predominant in different countries, quasispecies
of these genotypes or lineages need to be investigated among various
outbreaks to understand dengue virus evolution. Parameswaran et al.
(2012) analyzed dengue virus serotype 2 genomes from the sera of
Nicaraguan patients with secondary dengue virus infection by deep
sequencing. Approximately 75% of genomes for each sample were re-
trieved among the sequencing reads; accordingly, significantly high
genetic diversity within hosts was detected in the structural E gene and
the nonstructural NS5 gene; in particular, domain II of the E protein
exhibited higher diversity than the other domains. A comparison of
genetic diversity between diverse clades showed a significant difference
because the NI-I clade exhibited higher diversity than the NI-2B clade in
E, NS4A, and NS4B genes, suggesting that different clades of dengue
virus might shape various viral evolution pathways. In examining viral
evolution across dengue virus transmission events, most mutations ac-
cumulated in dengue virus were synonymous instead of nonsynon-
ymous, which is similar to influenza virus evolution among humans and
strongly suggests that purifying selection pressure shapes the evolu-
tionary pathway of dengue virus. Similar findings were reported in
other dengue virus outbreaks. Rodriguez-Roche et al. (2016) in-
vestigated intra- and interhost diversity of dengue virus 3 genomes from
Havana in the 2001-2002 epidemic by genome-wide analysis. Ac-
cording to the consensus sequences of the virus genomes, purifying
selection predominantly drove dengue virus 3 evolution, while abun-
dant interhost synonymous mutations and few nonsynonymous muta-
tions were identified in the epidemic. Intrahost populations also accu-
mulated synonymous mutations in nonstructural regions during the
progression of the epidemic. The minor synonymous intrahost variants
continuously increased with time during the Havana epidemics; how-
ever, only a minor variant containing the nonsynonymous NS2B mu-
tation in the early epidemic became the major variant at the end of the
epidemic among patients. In another 2010 Brazil outbreak, strong
purifying selection in dengue virus type 2 evolution was reported
within hosts as well (Romano et al., 2013). Romano et al. (2013)
showed that two diverse clades of dengue virus type 2 circulated among
patients in this outbreak. Although the genomes of these diverse strains
contain several nonsynonymous mutations due to the virus originating
from various geographic regions in Brazil, more synonymous mutations
were identified throughout these genomes. A relatively low intrahost
diversity appeared in Brazil dengue virus type 2, and it indicated that
most mutations were synonymous and accumulated in nonstructural
protein regions. Since dengue virus transmission cycles between human
hosts and mosquito vectors, the virus needs to retain transmission
ability across two species. Intrahost genetic diversity was suggested as a
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survival advantage for rapid viral adaptation between these two hosts.
To determine the role of genetic diversity in the viral adaptation of
dengue virus, Sim et al. directly fed Aedes aegypti on dengue virus type
2-infected patients and examined single-nucleotide variations (SNVs)
that appeared in the mosquito vectors (Sim et al., 2015). Although the
SNV frequency did not change from human to mosquito abdomen and
from mosquito abdomen to its salivary gland, less than 10% of the SNVs
were preserved in the population through the process of human-to-
mosquito and intra-mosquito transmissions. Instead of observing
dominant purifying selection pressure, these results indicated that
dengue virus faces positive selection pressure targeting the E, prM, and
NS1 genes in humans but not in mosquitos, which was suggested to be
driven by the host antibody response in humans that does not exist in
mosquitos. In addition to the difference in antibody response in humans
and mosquitos, the genetic divergence of mosquitos was observed to
affect the composition of the variant population. Lequime et al. (2016)
recently monitored the intrahost evolution of diverse mosquito lineages
by deep sequencing. The evolution of SNVs is primarily determined by
strong purifying selection and by genetically diverse viral populations
in the midgut of mosquitos of different genetic backgrounds. Overall,
dengue virus continues its intrahost and interhost evolution in humans
or in cycling transmission between humans and mosquitos. In viral
evolution, purifying selection is suggested as the predominant driving
force that mainly accumulates synonymous mutations (Fig. 3). This
finding might be due to dengue virus having to maintain genetic con-
sistency for cross-infection among invertebrate and vertebrate hosts,
although synonymous mutations are also suggested to have viral fitness
effects in the hosts (Cuevas et al., 2012). Arboviruses can increase the
divergence of variants through not only SNV but also genome dupli-
cation. Stapleford et al. performed a whole-genome deep sequencing
analysis of Chikungunya virus in a Caribbean outbreak and in the
Americas (Stapleford et al., 2016). Combined with identifying several
minor variants with SNVs in the population, a novel 3’-UTR element
duplication was identified. The 3’-UTR element duplication can aid
virus replication in insect cells but not in mammalian cells, indicating
that viruses utilize genome rearrangement to adapt to different host/
vector species.

Through a deep sequencing analysis, we found that another RNA
virus, enterovirus A71, emerged from a selection bottleneck in the
dissemination route of humans (Huang et al., 2017). Analysis of the
virus quasispecies in various tissues of an autopsy patient infected by
enterovirus A71 revealed that the abundance of virus containing a
glycine substitution at the VP1-31 residue dynamically increased as the
dominant virus from peripheral respiratory tissues to the central ner-
vous system. In addition, the clinical isolates from deceased patients



S.-W. Huang, et al.

exhibited a higher proportion of VP1-31 G than those from mild hand-
foot-and-mouth disease patients. An in vitro study indicated that this
substitution had more growth advantages for replication in neuronal
cells than in intestinal cells. Thus, we demonstrated that the increased
prevalence of VP1-31 G might alter viral tropism and aid central ner-
vous system invasion. Similar positive selection processes between pa-
tients were observed in other enteric viruses. In norovirus, deep se-
quencing performed by van Beek et al. (2017) also indicated that the
viral mutation rates vary among patients. Amino acid sequences con-
tinuously changed at epitopes because the majority of VP1 amino acid
mutations were located on the virion surface, which indicated positive
selection among human hosts in enteric virus infection.

4. Application of deep sequencing for viral evolution under drug
treatment

The deep sequencing approach was applied to identify viral drug
resistance, and the NA-H274Y substitution was defined as one of the
important drug-resistant mutations of influenza virus A (H3N2) for
oseltamivir (Wu et al., 2013). With the application of deep sequencing
and reverse genetics systems, some additional mutations appeared with
NA-H274Y and coexisted in the population. These mutations allow
viruses to restore viral fitness previously reduced by drug-resistant
mutations. Recently, drug resistance was reported in im-
munosuppressed patients infected with the influenza A virus a few days
after antiviral drug prophylaxis was initiated (Eshaghi et al., 2014). The
patients received multiple antiviral drugs, including oseltamivir, za-
namivir, and peramivir, during the course of infection. Although no
drug-resistant mutation was identified in the initial infection, a com-
bination of multiple mutations became dominant in the viral population
and reduced the response to the three antiviral drugs used.

Recent studies regarding HBV indicated a number of variations in
pre-core and basal core promoters associated with peginterferon-alfa
and adefovir combination therapy (Jansen et al., 2017), and they de-
termined that the variants located in pre-core and basal core promoters
correlated with alanine transaminase, age, lower HBV-DNA level, and
previous interferon (IFN) therapy in peginterferon-alfa and adefovir in
HBeAg-negative patients. In a study of patients who had chronic HBV
infection and were receiving long-term treatment with nucleotide
analogs, a reverse transcriptase S78T mutation in the polymerase
protein resulted in a premature stop codon at S protein C69 that trun-
cated the small HBV surface protein. This mutation was found to be
associated with enhanced replication, and it was resistant to nucleotide
analog treatment (Shirvani-Dastgerdi et al., 2017).

5. Application of deep sequencing for viral evolution selection
under humoral immunity

In addition to antiviral drugs, humoral immunity against viruses
confers another selection pressure in viral evolution. As viruses face the
pressure, the variants that contain antibody escape mutations located in
the immunodominant structural proteins will become the predominant
strains. Influenza virus hemagglutinin frequently accumulated multiple
mutations that account for antigenic changes to escape antibody re-
cognition. A recent study utilized deep sequencing to examine the viral
quasispecies of influenza viruses isolated from a cohort of patients who
included vaccinated or nonvaccinated individuals. Although purifying
selection is the dominant selection pressure, it did not change protein
residues in vaccinated or nonvaccinated subjects, and a low frequency
of two substitutions, HA-G158 K and HA-N159 K, were located in or
close to antigenic sites and receptor binding sites. Thus, these two
mutations are potentially associated with immune escape from specific
antibodies against influenza viruses. The variants containing the two
mutations might increase intra- or interhost antigenic diversity because
they face strong immune selection pressures. Intrahost selection pres-
sures also appear in acute human infections of dengue virus
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(Parameswaran et al., 2017). Parameswaran et al. (2017) analyzed the
intrahost diversity of DENV-3 from dengue patients. The virus popu-
lation was shaped by immune pressures and replication sites. Most of
the variants are likely immune escape variants that might be evolu-
tionarily constrained by replication defects. A recent study identified a
G145R immune escape mutant that appeared in a case of HBV with
coexisting HBsAg and anti-HBs. As analyzed by deep sequencing, the
complexity in the S and RT regions dynamically changed with disease
progression (Xue et al., 2017).

6. Conclusions

By applying deep sequencing technologies coupled with a bioin-
formatics analysis, viral quasispecies evolution can be revealed, thus
allowing for the identification of potential genetic determinants for
viral transmission or virulence. Compared with Sanger sequencing,
which only defines the consensus sequence of a population, deep se-
quencing reads provide high-resolution data on the pooled virus variant
composition in viral populations. Compared with the labor-intensive
work of clone sequencing using the Sanger sequencing method, deep
sequencing methods with high throughput provide more detailed ge-
netic information, including information on mutations and genome
recombination or reassortment hidden in viral quasispecies during viral
evolution; moreover, various factors, such as selected platforms or
analysis algorithms, affect the viral variant findings generated from
deep sequencing. Different platforms generate various average read
lengths, error rates, and throughput, providing different advantages for
viral diversity analyses. In general, longer read lengths are accom-
panied by higher error rates and lower throughput as deep sequencing
data are generated; however, the ability of long read results to define
more accurate genetic haplotype compositions in viral quasispecies for
inter- and intrahost diversity studies is a double-edged sword. Utilizing
deep sequencing techniques, these evolutionary studies initially focused
on drug mutations or antibody escape mutations of chronic RNA
viruses, and recently, more studies have focused on the genetic evolu-
tion of emerging or re-emerging viruses, including influenza virus, ar-
boviruses, and enteric viruses. Deep sequencing platforms have also
been utilized for rapid sequencing, such as RNA or DNA sequencing as
an emerging virus outbreak occurs. Faced with the challenges of ex-
porting specimens to laboratories or establishing conventional se-
quencers in remote outbreak regions, Hoenen et al. (2016), Hoenen
et al. (2016) used a nanopore sequencer at a field diagnostic laboratory
in Liberia during the Ebola virus outbreak. Although the nanopore se-
quencer platform exhibited high error rates relative to those of other
short-read platforms, it is the only portable deep sequencer available
capable of generating rapid sequencing results to survey viral epide-
miology.

In summary, by revealing the viral population either within hosts or
between hosts, viral epidemiology and transmission among various
hosts from different species or virus dissemination within the host can
be well defined, thereby providing valuable information for under-
standing inter- and intrahost viral evolution. Deep sequencing methods
have advanced viral quasispecies investigations and allowed examina-
tions of viral populations at a higher throughput than clone sequencing
methods. As the average costs of sequencing each base are gradually
reduced, more scientists have utilized deep sequencing methods to
examine viral populations. Thus, these methods are likely to become
the standard methods of investigating viral diversity in the future.
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