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Abstract

Influenza viruses have been studied for over 80 years, yet much about the basic viral lifecycle remain
unknown. However, new imaging, biochemical, and sequencing techniques have revealed significant insight
into many age-old questions of influenza virus biology. In this review, we will cover the role of imaging
techniques to describe unique aspects of influenza virus assembly, biochemical techniques to study viral
genomic organization, and next-generation sequencing to explore influenza genomic evolution. Our goal is to
provide a brief overview of how emerging techniques are being used to answer basic questions about
influenza viruses. This is not a comprehensive list of emerging techniques, rather ones that we feel will
continue to make significant contributions to field of influenza biology.

© 2019 Elsevier Ltd. All rights reserved.
Introduction

Influenza viruses are a member of Orthomyxovir-
idae family of viruses. Seasonal and pandemic
influenza viruses pose a large public health risk
and cause tens of thousands of death worldwide on
a yearly basis [1]. The first recorded influenza
pandemic in our history was 100 years ago in 1918
[2]. Since then, influenza viruses have been the
target of national vaccination strategies and
research to understand the basis of disease.
The influenza viral genome is composed of eight

negative sense RNA genome segments. Replication
of the viral RNA (vRNA) segments occurs through a
virally encoded RNA-dependent RNA polymerase in
the nucleus of infected cells. Progeny virions bud
from the plasma membrane where all eight seg-
ments are selectively packaged into a progeny virion
[3]. Pandemic influenza viruses emerge through
reassortment and intermingling of viral genomes
within coinfected cells. Many aspects of entry,
replication, reassortment, packaging, and evolution-
ary dynamics are still unknown after years of study.
In this review, we will cover the use of emerging
r Ltd. All rights reserved.
technologies in microscopy, RNA biology, and next-
generation sequencing (NGS) to study important
basic aspects of influenza biology from intracellular
vRNA assembly to viral evolution.
New Imaging Approaches

Many aspects of the dynamic viral life cycle,
particularly within a cell, have been difficult to
examine. A lack of resolution both in time and in
space have limited our understanding of the intra-
cellular relationships that facilitate assembly of
influenza vRNA within a cell. However, many
advances within imaging with both new techniques
and optical hardware have greatly enhanced our
ability to study age-old questions regarding influenza
virus assembly.
Recent advances in microscopy techniques have

successfully been used to study influenza virus
assembly and intracellular dynamics. We will review
a few of the emerging techniques and how these
tools have advanced our understanding of influenza
virus assembly.
Journal of Molecular Biology (2019) 431, 4247–4258
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Visualization of vRNA segments

The intracellular expression and localization of
influenza vRNA segments have be accomplished
using fluorescent in situ hybridization (FISH) through
a variety of probe formats [4e6]. Early studies used
long probes targeting a subset of the vRNA
segments or conformational antibodies [4,7]. How-
ever, long probes require high concentrations of a
target to provide a detectable signal given the low
labeling density of the probe [8]. An alternative
approach was developed to use small oligos of
18e20 nucleotides, each conjugated to a fluoro-
phore, that tile the length of a RNA sequence which
allow for single-molecule imaging capability [9].
Single molecule FISH probes have been used to
examine the intracellular localization of influenza
vRNA segments [5,6,10,11]. Lakdawala and collea-
gues [6,11] have successfully multiplexed multiple
fluorophores to visualize 3e4 vRNA segments within
a single cell, providing the ability to compare the
localization of multiple segments in relationship to
each other as well as cellular features.
One drawback of single-molecule FISH

approaches is the inability to distinguish closely
related vRNA species, such as gene segments with
single nucleotide polymorphisms. An alternative
approach using padlock probes was recently used
to distinguish vRNA segments between two influ-
enza viruses, which differed in a single point
mutation on each segment [12]. In this technique,
unique primers are used to amplify a single vRNA
segment with sequence specificity and multiple
barcode regions for the incubation with fluorescent
oligos. Ultimately, padlock probes create a circular
DNA structures after replication of an initial probe is
bound; thus, detection of a single molecule is
amplified significantly for robust detection. The use
of multiple barcodes can provide granularity and has
been used to differentiate between specific seg-
ments from multiple strains [13]. Based on these
benefits, padlock probes have been used success-
fully to examine the temporal regulation of vRNA
gene expression during co-infection [12]. This
strategy was used effectively to detect vRNA
segments from entry through replication. In addition,
the ability to distinguish between strains allowed for
in-depth analysis of coinfection frequencies. Inter-
estingly, padlock probes were used to detect vRNA
segments from two different strains within co-
infected cells, and the authors observed that coin-
fection frequency was restricted at the stage of
vRNA import into the nucleus, rather than at entry or
genome replication [12].

Multicolor imaging and mathematical modeling

Multicolor imaging is critical to assess the relation-
ships between diverse viral components. It can be
achieved through spectral separation of fluoro-
phores with microscopy techniques such as an
acoustic optical beam splitter[14] or spectral unmix-
ing [15]. The acoustic optical beam splitter in a white
light laser system was used to detect multiple
influenza vRNA segments within a single infected
cells [6]. These studies allow for the analysis of the
intracellular localization of vRNA segments and a
glimpse into the relationship between vRNA seg-
ments. Multicolor FISH of up to four segments has
been used to determine that influenza vRNA seg-
ments are exported from the nucleus as subcom-
plexes containing more than two but less than eight
segments, not individually or as a full complex of
eight vRNA segments [6]. In addition, this technique
was used to examine the relationship of vRNA and
host components, such as Rab11A, a small
GTPase, and the nucleus or plasma membrane [11].
Segmental interactions between influenza vRNA

are thought to mediate selective packaging
(reviewed further in the next section) [16]. Therefore,
visualization of multiple vRNA segments within a
single cell provides an opportunity to examine the
intracellular relationship between vRNA segments.
To extrapolate vRNA interaction networks using
multicolor FISH, work was initiated to use point
process algorithms to model the intracellular rela-
tionship between vRNA segments sampling only
pairs of vRNA segments, triples, or quadruples [17].
Dynamic minimal distance networks using learned
point process models were created to examine the
relationship between vRNA segments, and found a
clear order of assembly between segments [17].
Figure 1 highlights the pipeline that has been
developed to use multicolor imaging data to define
vRNA assembly networks and provides the most
likely network developed from this process.
Other approaches for detection of multiple viral

components have also been used to examine
aspects of the viral lifecycle. Multicolor imaging of
multiple viral proteins on a single virion was recently
been developed to assess the size of virions
produced during single cell infections [18]. This
approach found heterogeneity within virion shape
and variation in surface glycoprotein expression
suggesting that a phenotypic distribution of virions is
produced from a single infection to survive the
complex respiratory environment [18]. Overall, multi-
color imaging approaches are helping define many
aspects of the viral lifecycle and these approaches
can be modulated to answer a wide variety of
questions.

Live cell imaging

Conclusions based on the FISH-based static
imaging approaches described above must be
confirmed using other methods. Detection and
tracking of vRNA in live cells is an emerging area



Fig. 1. Generation of vRNA interaction networks using multi-color imaging and machine learning. The intracellular
localization of four vRNA segments within a single cell was previously determined using confocal microscopy [6]. Recently,
point-process models and dynamic network programing algorithms were used to decipher a potential vRNAevRNA
interaction network [17].
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of research and classically requires the use of
modified RNA molecules that include conjugated
fluorophores or introduction of aptamer repeats such
as the MS2 hairpin loops, to the RNA (reviewed in
Ref. [19]). Aptamers have successfully been incor-
porated into the influenza viral genome for purifica-
tion purposes [20], and this strategy could be
adapted for imaging studies. However, the need to
alter the vRNA genome may have unwanted impacts
on the viral lifecycle including replication fitness and
packaging efficiency. An alternative strategy is
multiply-labeled tetravalent RNA imaging probes,
which uses a streptavidin bead to cluster fluorescent
oligos together and amplifies the fluorescent signal;
this approach can be used to detect endogenous
RNA within live cells [21]. While this technique has
been used effectively for detection and tracking of
the RSV genome, it is has not yet been used to
detect influenza vRNA. Emerging techniques for live
cell RNA FISH are also being developed and could
be applied to influenza vRNA assembly research.
Many groups have used fluorescently tagged

proteins in the viral polymerase as a surrogate for
tracking vRNA directly in live cells. The viral genome
is bound at the 30 and 50 end with three components
of the viral polymerase (PB2, PB1, and PA) [22].
Conjugation of fluorescent proteins to either PB2 or
PA has been developed to visualize vRNA transport
dynamics in live cells [23,24]. These studies
revealed that vRNA segments undergo fusion and
colocalization events en route to the plasma
membrane for packaging [24]. Conjugation of virions
with fluorescent dyes has also been used to examine
influenza virus entry mechanisms [25]. Recently, a
group used quantum dots to examine viral uncoating
by labeling both the viral polymerase PA protein and
viral membrane [26]. This study found that nuclear
import of incoming vRNA segments occurs individu-
ally rather than as a complex of eight segments [26].
Live cell detection of RNA is only one piece of the

puzzle; image acquisition at high spatio-temporal
resolution is necessary to accurately examine the
transport dynamics of vRNA transport. Light sheet
microscopy is providing an important advancement
to the temporal acquisition of live cells [27]. Light
sheet microscopy is a technique where only a thin
slice of the sample is illuminated perpendicular to the
detection objective, thus reducing background.
These systems impart low-phototoxicity providing a
high signal-to-noise ratio compared to traditional
confocal imaging platforms, making them ideal to
imaging dynamic movement in live cells. Multiple
modifications to classical light sheet systems have
been made to address specific biological needs,
such as inverted selective plane illumination (SPIM
[28],) and lattice light sheet systems [29]). SPIM has
been used previously to describe the intracellular
movement of influenza vRNA, using a fluorescent
virus encoding a GFP-tagged polymerase compo-
nent, within infected MDCK and A549 cells [24]. The
high temporal resolution provided information on the
dynamics of vRNA transport and observed frequent
fusion and fission events during the transport of
vRNA segments form the nucleus to the plasma
membrane. In addition, advancements to the SPIM
system include a dual-view component (diSPIM) that
uses two equivalent objectives on each arm of the
diSPIM to provide isotropic resolution in x, y and z
planes [30]. Analysis of influenza vRNA dynamics is
underway using the diSPIM [31].
Multicolor microscopy has many benefits, and its

use has identified many important aspects of
influenza virus assembly. However, it is important
to understand the limitations of microcopy tools. All
of the tools described here, excluding super resolu-
tion imaging, are constrained by the limit of resolu-
tion (LOR). For conventional confocal microscopy,
the resolution can be approximated by the following
equation:

Resolution ðrÞ ¼ l=2*NA

where l is the wavelength used for excitation, that is,
488, 561, and so on, and NA is the numerical
aperture of the objective used for image acquisition.
A number of factors can impact LOR, including optic
alignments. Typically, in the real world, a maximum
resolution is 0.25 mm, or 250 nm. Thus, the LOR on a
confocal is larger than the size of influenza particles
(80e100 nm) and isare unable to resolve direct
interactions between vRNA segments without the
use of FRET or other approaches. Light sheet
microscopy can overcome the temporal obstacle to
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live cell imaging, but it is still constrained by LOR.
Current light sheet systems, like the diSPIM, have
isotropic resolution of ~330 nm [30].
In summary, emerging imaging techniques with

advances in resolution and speed will enhance
influenza virus research by providing important
insight into the movement of viral proteins and
vRNA within cells. These types of studies will
contribute to the development of novel antiviral
strategies that target host proteins to limit the
intracellular replication and spread of influenza
viruses in cells.
New Biochemical Approaches to
Dissect vRNA Biology

While light microscopy has and continues to be
central in expanding our understanding of vRNA
behaviors within the cell, our perception of influenza
virus segment architecture within the virion has
mainly been shaped by electron microscopy (EM)
studies [32e34], with subsequent investigations
further refining our insight [35,36]. Each of the eight
vRNA segment is proposed to form an anti-parallel
helical structure that associates with the trimeric viral
polymerase at the 50 and 30 termini, which hybridize
with each other to form the so-called “pan-handle”
structure, and with a viral nucleoprotein (NP) scaffold
along the entire body of the segment. This arrange-
ment is colloquially referred to as the “beads-on-a-
string” conformation. Further EM studies have
indicated that segments within packaged virions
are connected to each other [16,37]. However, given
the resolution limit of EM, the identity and precise
regions of the segments that form these connections
remain unknown, necessitating more sensitive tech-
niques to address this question. Recent advances in
RNA methodology have allowed us to study RNA
interactions with proteins as well as other RNA
molecules with unprecedented sensitivity and reso-
lution. These techniques are now being applied to
influenza virology and are expected to complement
previous structural studies and provide novel insight
into the segment architecture.

vRNAeprotein interaction

In recent years, “old school” RNA methods have
been coupled with NGS technology to study various
aspects of RNA interactions with other macromole-
cules at nucleotide resolution. Given the fact that the
genome of Influenza virus consists of negative-
sense single-stranded RNA, these novel RNA-
centric techniques are perfectly suited to be applied
to influenza virus and further our insight into its
genome organization. One such method called CLIP
(UV-crosslinking and immunoprecipitation) investi-
gates RNAeprotein interactions by utilizing UV light
irradiation to covalently link RNA to protein [38]. This
crosslinking event occurs only within a range of ~1 Å
and thus exclusively crosslinks direct interactors,
unlike the commonly used crosslinking agent for-
maldehyde, which has a lower stringency and a
wider crosslinking range. Two steps in the CLIP
protocol achieve high-confidence identification of
bona fide RNAeprotein interactions: (1) Following
UV irradiation prior to immunoprecipitation, partial
RNase digest is performed to degrade abundant
contaminating RNAs and produce a specific footprint
of the associating RNAs, which when coupled to
NGS allows for identification of all RNA interactions
on a transcriptome-wide scale. (2) Following immu-
noprecipitation, the RNAeprotein adducts are
resolved by SDS-gel electrophoresis, which survive
the harsh buffer conditions given their covalent
linkage, and are subsequently purified by size-
selection. The latter step addresses the issue of
RNA-reassociation after cell (or virion) lysis, which is
a major concern in RNA biology, as RNAs have been
shown to artificially bind to normally non-associating
proteins following lysis preparation [39].
Several variations of high-throughput CLIP proto-

cols have been developed, such as HITS-CLIP
(High-throughput sequencing of RNA isolated by
crosslinking immunoprecipitation, also known as
CLIP-Seq), iCLIP (individual-nucleotide resolution
CLIP) or eCLIP (enhanced CLIP) [40], which mainly
differ in how the sequencing library is prepared at the
final step of the experimental protocol. As UV
crosslinking of RNA to protein is notoriously ineffi-
cient, as merely 1%e5% of proteins are estimated to
form crosslinks [41], photoreactive nucleoside ana-
logues, such as 4-thiouridine, have been incorpo-
rated in the CLIP protocol to markedly boost
crosslinking efficiency; this approach is referred to
as PAR-CLIP (photoactivatable ribonucleoside-
enhanced CLIP) [42]. A common caveat to all CLIP
variations is that the UV-crosslinking process
depends on the right geometry between RNA and
interacting protein, as the RNA base to be cross-
linked needs to be spatially arranged in a suitable
angle to the amino acid residue for crosslinking to
occur, and thus, some true RNA binding sites may
escape detection. Given this caveat, the most
comprehensive study would entail a comparative
analysis of conventional CLIP, PAR-CLIP, and RNA-
IP assays, as all of these approaches have their own
strengths and weaknesses [40,41].
Recently, our groups performed HITS-CLIP to

examine the sites of vRNA associated with NP in the
vRNP scaffold in virions [43,44]. Of the available
CLIP protocols, we chose HITS-CLIP in our experi-
ments due to the fact that this approach reveals the
entire binding site covered by NP, as opposed to
other CLIP variants, such as iCLIP or eCLIP, which
mainly uncover the crosslinked site of RNA to the
bound protein. Applying HITS-CLIP of NP to isolated
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virions, we have observed that vRNA is not uniformly
bound by NP as predicted by the “beads-on-a-
string” model. Instead, several regions throughout
the viral genome appear to be free of NP association
and others show a non-regular binding of NP across
the genome. A report using PAR-CLIP for NP on
influenza virus-infected host cell lysate reached a
similar conclusion that NP is not ubiquitously present
on the vRNA segments [45]. Comparative analysis
between both data sets is complicated by the fact
that different compartments were examined (cell
lysate versus virions) and that different CLIP
approaches were applied (HITS-CLIP versus PAR-
CLIP). However, both studies arrive at the same
conclusion that the “beads-on-a string” conforma-
tion may be oversimplified and that the classical
architecture of the influenza vRNP should be revised
(Fig. 2). This observation is surprising in light of
previous studies that demonstrated that NP binds in
a sequence-independent manner [46,47].
All CLIP-based approaches provide a snap-shot of

RNAeprotein interactions by averaging millions of
RNA footprints and do not deliver any information
regarding the dynamic nature of these interactions.
Thus, it remains unclear how the newly synthesized
vRNA strands in the nucleus associate with NP
molecules to form the distinct NP binding profile
observed in virions that contains NP-free as well as
NP-enriched regions. It can be assumed that newly
synthesized vRNA segments bind not only to NP
Fig. 2. Redefining the architecture of influenza vRNA.
(a) The classical model of influenza vRNA is shown where
NP (gray sphere) binds uniformly to the entire length of the
vRNA segment. (b) A revised model based on RNA
biochemistry technique HITS-CLIP. NP was found not to
bind to vRNA in a uniform, random manner [43]. Certain
vRNA areas are enriched with NP binding, and others are
free of NP association.
molecules but also to other host RNA-binding
proteins that abound in the nucleus at high concen-
trations, many of which bind RNA in a non-
discriminatory manner without a cognate binding
motif [48,49]. Therefore, vRNA regions identified not
to be associated with NP in our HITS-CLIP data
could be (i) free single-stranded regions, (ii) double-
stranded regions, or (iii) regions bound by proteins
other than NP. It is unlikely that the NP-free regions
are indeed single-stranded, as many putative part-
ners, most notably a plethora of cellular RNA-binding
proteins, would be awaiting to undergo non-specific
interactions. Certain genomic regions may act as
structural elements, such as conserved stem-loops,
pertinent to vRNP assembly and therefore not be
associated with NP [50,51], and the possibility of NP-
free regions forming sites of double-stranded helices
is further discussed below. Moreover, some of the
NP-free regions may indeed associate with other
cellular proteins. For example, it was recently shown
that the host RNA-binding protein DAI (DNA-
dependent activator of IFN-regulatory factors)
associates with vRNA inside infected cells [52],
and it remains to be tested whether this interaction
persists upon virion assembly. Furthermore, proteo-
mics studies indicated that a number of host proteins
are detected in virions [53], insinuating that some of
these host factors may be an integral part of vRNPs
and their detection not be a result of accidental
packaging into virions. Taken together, future
studies examining vRNAeprotein interactions in
greater detail will provide further insight into how
many nuances of the textbook “beads-on-a-string”
model of vRNP architecture need to be modified.

vRNAevRNA interaction

EM studies and in vitro RNAeRNA interaction
studies suggest that some of the eight vRNA
segments interact with each other to form
RNAeRNA bridges [16,54,55]. Such crosstalk
between segments is further supported by a recent
report that examined the genome packaging
mechanism by modulating packaging sequences
on different segments [56]. Indeed, the formation of
an intersegmental RNA network would greatly
facilitate the challenging task of coordinating selec-
tive packaging of all eight segments into a single
infectious virion.
Many cellular processes that involve RNA mole-

cules entail RNAeRNA interactions as their basis of
molecular mechanism [57,58]. In practice, these
RNAeRNA interactions are challenging to uncover
experimentally, in part due to the intrinsic intricacy of
manipulating RNA, as opposed to DNA. Moreover,
computational algorithms deliver only sub-optimal
predictions due to the fact that RNAeRNA interac-
tions can occur in several ways, such as canonical
WatsoneCrick interactions, non-WatsoneCrick
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interactions between bases, as well as base stack-
ing interactions between single-stranded regions
[59]. Furthermore, intersegmental interactions con-
sisting of interspersed multiple short duplexes,
partial matches containing non-canonical base
pairs, in addition to base stacking, all of which
could be concentrated within a given vRNA region to
stabilize this particular RNAeRNA bridge, would
likely evade detection by a standard prediction
algorithm due to its complexity.
To experimentally elucidate RNAeRNA interac-

tions at a transcriptome-wide scale, several methods
have recently been described that leverage the
sensitivity of NGS technology. These utilize the
reversible crosslinking agent psoralen [60], which
can generate covalent crosslinks between adjacent
pyrimidine bases of opposing double-stranded RNA
duplexes when irradiated with long-wave UV light.
The covalent linkage allows for stringent washing
conditions to lower the false-positive rates and can
be subsequently reversed by irradiation with short-
wave UV light, which is normally conducted prior to
the reverse transcription step during library prepara-
tion. The first-generation protocols employed an
antisense oligonucleotide targeting a specific RNA of
interest in their experimental outline to capture the
RNAeRNA interactions formed by a particular RNA
only to reduce the complexity of the sequencing
library [61e63]. To infer global RNA interaction
maps, “shotgun” approaches have then been
described [64e67], which require more extensive
computational analyses of the resulting NGS data
sets. All shotgun approaches, referred to as PARIS
(psoralen analysis of RNA interactions and struc-
tures), LIGR-seq (ligation of interacting RNA fol-
lowed by high-throughput sequencing), or SPLASH
(sequencing of psoralen crosslinked, ligated, and
selected hybrids), underlie a comparable concept by
entailing psoralen crosslinking in combination with
intermolecular ligation based on spatial proximity
followed by deep-sequencing library preparation, yet
differ in how the RNA hybrids are enriched. The
functionality of all three experimental outlines has
been demonstrated by studying highly abundant
cellular noncoding RNAs, which are known to adopt
known secondary structures [64e67]. These shot-
gun approaches are now being applied to influenza
virus to examine the putative intersegmental
RNAeRNA interactions at a genome-wide scale
(bioRxiv doi.org/10.1101/236620).
It should be noted that a major drawback of

psoralen-dependent techniques is that RNAeRNA
crosslinking is contingent upon the right geometry of
RNA duplexes, as not all double-stranded regions are
amenable to psoralen-crosslinking, and thus, some
interactions may be missed. For this reason, when
examining the formation of a particular RNA duplex,
the efficacy of psoralen crosslinking on this duplex is
typically verified beforehand using in vitro-transcribed
RNAs [68], which would be impracticable for studying
Influenza virus. Furthermore, psoralen crosslinking of
RNA duplexes, similar to UV light-mediated cross-
linking of RNAeprotein complexes, is highly inefficient
requiring extended UV light exposure of up to 30 min,
and reversal of crosslinking by irradiation with short-
wave UV light increases the risk of damaging RNA
strands and renders them unusable for ensuing
reverse transcription. Moreover, as the exact nature
of RNA duplex formation between vRNA segments
remains unknown, these psoralen-based approaches
may not be appropriate for generating a detailed
interactome. For example, vRNAevRNA bridges that
encompass a series of interspersed short stretches of
duplexes within an interacting region or that are
formed only transiently, as they are required only
during the initiation step of segment interaction and
are then stabilized by other types of interaction, may
escape capture. Another concern is that the proximity
ligation step relies on the T4 RNA ligase enzyme,
which is notoriously inefficient and normally requires a
splint oligonucleotide to boost the ligation efficiency.
Ideally, the RNA-equivalent of chromosome confor-
mation capture (3C) [69], a DNA methodology
designed to probe for DNAeDNA interactions within
chromatin, would be best suited to uncover the three-
dimensional viral genome organization. 3C utilizes
formaldehyde crosslinking and restriction enzyme
digest followed by proximity ligation. However, as
the RNA-equivalent tool kits, such as restriction
enzymes, are not available, several technical hurdles
need yet to be resolved before this concept can be
applied to the RNA genome of Influenza virus.
In summary, these promising new techniques to

study RNAeRNA interactions in combination with
CLIP data outlining the genome-wide NP binding
profile will provide intriguing insight into the archi-
tecture and interconnections of vRNPs and how the
intersegmental interplay is integral to viral genome
assembly in virions.
New Sequencing Approaches

In addition to providing new insight into structural
and biochemical details of influenza virus biology,
new technologies are also allowing us to tackle long
standing questions in viral genetics. Like other RNA
viruses, influenza viruses exist as genetically
diverse populations due to the high mutation rate
of the viral polymerase. Recent studies suggest that
most, if not nearly all, virions carry at least one
random mutation, meaning that viral populations
consist of swarms of low-frequency minor sequence
variants [70]. This genetic diversity provides the raw
material for adaptation, as pre-existing variants can
facilitate escape from new selective pressures or
expansion into new host environments. These
mutant swarms are highly dynamic, as individual
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variants fluctuate in frequency due to the combined
effects of selection and genetic drift. Tracking these
dynamics, which can be observed in vitro, in vivo,
and at the epidemiological scale, can provide
enormous insight into virus biology and evolutionary
dynamics.
Over the last several years, there has been a

revolution in our ability to observe and quantify
changes in the viral mutational landscape through
the rapid development of NGS methods. These
advances in viral population sequencing capabilities
have fueled a wave of discoveries surrounding
influenza virus evolution and transmission. In addi-
tion, new NGS-enabled experimental approaches
have opened up new frontiers in our understanding
of the basic biology of these viruses.

Advances in NGS technology

The vast majority of viral NGS is now carried out
using the Illumina platform, which is both widely
available and highly robust and versatile. The
Illumina platform can be used to detect minor
sequence variants that exist at frequencies as low
as ~1% within a viral population, and can easily be
multiplexed to examine many individual samples in a
single sequencing run [71,72]. The ability to gen-
erate whole-genome viral sequence data in a highly
multiplexed fashion, combined with advances in the
detection and amplification of diverse viral geno-
types, has greatly enabled influenza surveillance
efforts [73,74]. The primary downside of this platform
is that the read lengths are very short, from 50 to
600 bp (shorter than any of the viral gene segments)
depending on the specific approach and sequencing
chemistry used, meaning that information about full-
length segment haplotypes is typically lost.
Multiple approaches have been developed to

enhance the sensitivity and accuracy of Illumina-
based sequencing. Recently, McCrone and Lauring
[75] described the development of experimentally
validated best practices for library generation and
data filtration that maximize the sensitivity and
specificity of minor variant detection. Other groups
have enhanced the sensitivity of Illumina sequen-
cing further by decreasing the base calling error rate
through the incorporation of unique molecular
barcodes during cDNA synthesis, a method com-
monly known as primerID [76,77]. Pauly et al. [78]
used this approach in an effort to more precisely
quantify the viral mutation rate. Primer ID has the
added benefit of permitting the reconstruction of viral
haplotypes, information that is generally lost during
the fragmentation and PCR steps of standard
Illumina sequencing. Kosik et al. [79] used this
capability to examine the interplay between emer-
ging variants in HA, revealing a strong role for clonal
interference in governing the emergence of new
antigenic variants.
Two other sequencing platforms have recently
emerged that overcome one of the main practical
limitations of Illumina by generating much longer
reads that can span the entirety of the viral genome
segments [80]. The Pacific Biosciences (PacBio)
platform is based on the direct imaging of base
additions within single molecules and can achieve
read lengths of tens of thousands of base pairs while
retaining individual haplotypes. Rogers et al. [81]
took advantage of these features to describe the
dynamics of drug resistance during chronic influenza
virus infection in single hosts. Combining viral
template circularization with the long reads gener-
ated during PacBio sequencing allows for the
repeated sequencing of individual molecules multi-
ple times during a single run, significantly reducing
the error rate [82]. This approach, known as circular
consensus sequencing, was recently reported for
influenza virus for the first time and has also been
used to examine hepatitis C virus within-host
evolution [83,84].
More recently, Oxford Nanopore Technologies

(ONT) has developed a new sequencing platform
based on passing nucleic acid molecules through
tiny pores (“nanopores,” if you will) and determining
base identity based on current fluctuations across
the pore. The ONT can generate long-read, single-
molecule reads, similar to PacBio, but also does so
in a highly accessible and relatively affordable
package [85]. In particular, the low cost and
portability of the ONT MinION may facilitate the
expansion of influenza surveillance capabilities in
areas where other NGS technologies are not readily
available. The ONT is unique among NGS platforms
in that it also allows for the direct sequencing of RNA,
without the need for PCR amplification [86]. This
approach was recently used to perform the first full-
genome RNA sequencing of influenza virus [87]. The
ability to directly sequence viral genomic RNA may
facilitate future studies of RNA splicing, base
modification, and defective interfering RNA forma-
tion during influenza virus infection.

Genotypeephenotype mapping

One of the most exciting areas in which NGS is
advancing the field is in allowing us to explore basic
questions in a much more comprehensive and
systematic way than ever possible before. One
prominent example is the proliferation of studies that
use deep mutational scanning (DMS) to examine the
effects of all possible amino acid substitutions on
influenza virus protein function. In contrast with the
historical approach of individually generating mutants
and comparing effects of viral growth side by side,
DMS allows investigators to generate swarms of all
possible substitutions through PCR and then collec-
tively phenotype all mutants using NGS-based
screens. This approach was first used to examine
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the mutational tolerance of the HA protein, revealing
that the head domain (at least for some H1 viruses)
may be more tolerant of mutations than the stem
region [88,89]. These in vitro analyses of mutational
tolerance can now be incorporated into phylogenetic
models to better estimate the evolutionary dynamics
of viral proteins over time at the epidemiological scale
[90]. Subsequent studies have used DMS to compre-
hensively identify residues involved in escape from
neutralizing antibodies, interferon sensitivity, and
polymerase function [89,91e93].

Single-cell virology

The combination of NGS with recent advances in
microfluidics technology has finally allowed us to
move beyond bulk studies to examine viral infection
at the single-cell level through single-cell RNAseq.
By partitioning individual cells within liquid droplets
surrounded by oil, it is possible to tag all cDNAs with
cell-specific barcodes that identify the specific cell
that its parent RNA molecule was isolated from.
These barcodes can be used to reconstruct the
paired host and viral transcriptomes from thousands
of individual cells, revealing patterns of heterogene-
ity that are lost during bulk analysis. Russell et al.
[94] recently used this approach to examine the
extent of heterogeneity present during influenza
infection, revealing a surprising degree of variation
in overall levels of viral transcription between
individual cells, even when viral input was largely
normalized. Interestingly, they observed that only a
tiny percentage of infected cells actually upregulated
type I interferon expression, highlighting the need to
better understand the role of stochasticity in govern-
ing hostevirus interactions. The field of single-cell
RNAseq is still very young, and the bioinformatics
tools used to analyze the enormous NGS data sets
involved are still in their infancy; however, this
powerful technology will likely enable many more
exciting discoveries in the future [95].

Analysis approaches

Many of the advances in viral sequencing have
come from the development of new analysis tools
and statistical methods, rather than advances in
sequencing hardware. In particular, the application
of novel statistical analyses and modeling
approaches have allowed researchers to use clinical
NGS data to address critical questions about the
transmission and evolution of influenza viruses in
humans for the first time.
One of the biggest questions concerning influenza

transmission in humans is the size of the virus
population transmitted during natural infection. The
size of this transmission bottleneck has important
implications for understanding viral evolutionary
dynamics, but is very hard to study in a clinical setting.
Sobel Leonard et al. [96] developed a novel approach
for estimating bottleneck sizes based on beta-
binomial sampling of NGS data from known transmis-
sion pairs while accounting for the variation in variant
calling thresholds and stochastic replication dynamics
that may have skewed previous estimates. McCrone
et al. [97,98] applied the same beta-binomial sampling
method to a more rigorously generated clinical NGS
data set and estimated a mean bottleneck size of one
to two viral genomes, much smaller than previous
estimates but in line with what has been observed
during airborne transmission in animal models.
Another big question concerns the extent of

reassortment that occurs during natural infection.
Studies in laboratory animals have suggested that
reassortment is widespread; however, it has been
impossible to do the same sorts of experiments in
humans [99]. Sobel Leonard et al. [100] developed a
model that allowed them to estimate the extent of
reassortment in humans using clinical NGS data.
They measured the degree to which specific allele
combinations were maintained across genome seg-
ments in longitudinal NGS samples, and observed
results consistent with a very low frequency of
effective reassortment in humans. NGS-enabled
analysis of infection and evolutionary dynamics in
humans will continue to be an area of active
development as the number and quality of clinical
NGS data sets increases, and as more sophisticated
statistical analyses are developed and implemented.
Overall Summary

Technology development in microscopy tools,
RNA-biology techniques, and sequencing pipelines
are dramatically altering the landscape of influenza
research. These new approaches will shape upcom-
ing discoveries on fundamental properties of the
influenza virus lifecycle and answer age-old ques-
tions. The cross-pollination of disciplines ranging from
chemistry, virology, and physics to bioinformatics are
setting the stage for in-depth exploration of basic viral
properties at a resolution previously unimagined.
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