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Abstract

The influenza A virus (IAV), a respiratory pathogen for humans, poses serious medical and economic
challenges to global healthcare systems. The IAV genome, consisting of eight single-stranded viral RNA
segments, is incorporated into virions by a complex process known as genome packaging. Specific RNA
sequences within the viral RNA segments serve as signals that are necessary for genome packaging.
Although efficient packaging is a prerequisite for viral infectivity, many of the mechanistic details about this
process are still missing. In this review, we discuss the recent advances toward the understanding of 1AV

genome packaging and focus on the RNA features that play a role in this process.

© 2019 Elsevier Ltd. All rights reserved.

Introduction

Influenza A virus (IAV), a member of the Ortho-
myxoviridae family, has a negative-sense, segmen-
ted, single-stranded RNA genome. It is composed of
eight viral RNA (vVRNA) segments that vary in length
between 890 and 2341 nucleotides (nt), and each
vRNA encodes for at least one viral protein.
Depending on the strain, the IAV genome encodes
for between 10 and 15 different viral proteins. 1AV
subtypes are classified based on the antigenicities of
their two surface glycoproteins HA and NA. Cur-
rently, 18 different HA (H1—H18) and 11 NA
(N1—N11) subtypes have been identified [1].The
majority of the IAV subtypes (H1—16 and N1-9) are
found in aquatic bird species. H17N10 and H18N11
were isolated from bats in 2010. Although aquatic
birds serve as the natural reservoir, IAVs frequently
infect other species including humans, pigs, horses,
and wild mammals [2]. Subtypes H1IN1 and H3N2
are currently endemic in the human population [3].
Avian IAV prefers to bind «2,3-linked sialic acids [4].
However, the majority of sialic acids on human upper
respiratory track epithelial cells are 22,6 linked. Due
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to this, direct zoonosis of IAV between birds and
humans is rare. Some avian strains that have been
shown to infect humans and cause respiratory
diseases include H5N1, H6N1, H7N3, H7N7,
H7N9, and H10N8 [5—10]. In humans, influenza
virus causes hundreds of thousands of deaths and
millions of cases of severe illness each year,
creating a significant economic burden to our health
care systems. Moreover, 1AV is capable of causing
pandemics through a process called reassortment.
Reassortment is the mixing of two or more strains of
IAV to create new IAVs with novel traits. When the
reassortment involves a human-adapted IAV and a
novel HA surface protein, it gains the ability to evade
pre-existing immunity and cause a global outbreak of
IAV. In the last 100years, IAV has caused four
pandemics in 1918, 1957, 1968, and 2009 [11—14].

IAV genome packaging is a process by which
individual vRNA segments are incorporated into
virions. To overcome the complexity of packaging a
segmented genome, |AVs efficiently utilize specific
RNA sequence features encoded within its own
genome as packaging signals. In this review, we
summarize the current understanding of 1AV
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Fig. 1. Structure of IAV vRNPs and vRNAs. (A) Diagram showing the “7 + 1” arrangement of vRNPs inside a virion (left
side). A schematic representation of a vVRNP complex is shown with a tripartite viral polymerase complex at the top of the
vRNP where it binds the panhandle structure formed by 5’ and 3° UTRs (right side). The rest of the vRNA (black) is covered
with multiple nucleoproteins (blue). (B) Schematic diagram showing the positions of packaging signals on a vRNA. The
viral ORF is depicted as a rectangle that is flanked by UTRs, which are shown as lines. Typical packaging signals (violet)
are situated at both ends of the vRNA consisting of UTRs and ends of the ORF.

genome packaging and highlight critical questions
that remain to be answered.

VRNP Complexes—The Structural Units
of Genome Packaging

RNA segments of the IAV genome are incorpo-
rated into virions as viral ribonucleoprotein com-
plexes (VRNP). Each vRNP consists of a single
VRNA segment, numerous NPs that coat the vVRNA
and a heterotrimeric RNA-dependent RNA polymer-
ase composed of PB2, PB1, and PA [15,16]. Each
genome segment contains 5 and 3’ terminal
sequences that are highly conserved between
segments as well as among other IAV strains.
These terminal sequences are particularly important
for genome replication and packaging. In vRNPs, the
5" and 3’ ends of vRNAs partially base pair to form a
panhandle structure [17—19]. Since this structure is
specifically recognized by the viral polymerase
complex, vVRNAs that bear mutations in their terminal

sequences fail to incorporate into vVRNPs and thus
into virions [20,21]. Other than the terminal regions of
each segment, the rest of the vRNA is bound by NP
and together they form a double helical vVRNP
structure that is closed by a loop-like structure at
the opposite end of the panhandle structure (Fig. 1A)
[22]. Mass spectrometry-based analysis of purified
VRNP units suggested that each NP covers ~26
bases of RNA sequence [23]. Baudin et al. [18]
studied the nucleoprotein-vRNA interaction by multi-
ple enzymatic cleavage assays and chemical prob-
ing experiments. They showed that NP binds the
vRNA with no apparent sequence specificity, and
binding of NP can melt secondary RNA structures
within the vRNA [18]. However, multiple recent
studies have shown that binding of NP to vRNA is
non-uniform, whereby NP-rich and NP-poor regions
can be clearly distinguished within individual vRNAs
[24—26]. The rationale for NP-poor or low-NP
binding regions is not fully understood. One possi-
bility is that the RNA forms secondary structures in
these regions, and these structures minimize NP
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binding. This presence of double-stranded RNA and/
or RNA structures in vVRNP complexes is supported
by the cleavage pattern of in vitro reconstituted
NP—RNA complexes with a ribonuclease that
digests double-stranded RNAs [27]. Alternatively,
the low-NP binding regions might be involved in
intra- or intersegment RNA—RNA interactions.
Finally, it is also possible that these regions are
occupied by a different protein.

The organization of the vRNPs inside the virion is
not random. Electron micrographs and tomographs
show that vRNPs are ordered in a specific pattern
where a central vRNP is surrounded by the remain-
ing seven vVRNPs (Fig. 1A) [28,29]. Clearly, this
unique “7 + 17 pattern is an outcome of a specific
process that dictates the organization of VRNPs
within virions. Interestingly, it has been shown that a
seven-segment genome containing virion still retains
its “7 -+ 17 pattern by acquiring host-derived 18S and
28S ribosomal RNAs as its eighth segment [30].
Although the full-length 18S rRNA was incorporated
into these virions, the 28S rRNA was found to be
divided into two fragments (2026 and 2313 nt). All
three rRNA fragments are similar in size to the larger
gene segments of AV, suggesting that size compat-
ibility is an important requirement for packaging. It is
possible that, since IAV replication takes place in the
nucleus, rRNAs, being the most abundant form of
cellular RNAs, have a higher probability to be
assembled into the “7 + 1” pattern as a substitute
for missing vVRNAs compared to other cellular RNAs.
In the future, it may be worthwhile to determine
whether rRNA incorporation is frequent in specific
IAV strains that show altered packaging efficiency
due to mutations within their vBRNA. Interestingly, a
recent study has shown that, similar to influenza A,
both influenza C and D viruses preferentially
package 8 vRNP segments in “7+1” pattern,
although these viruses have seven segmented
genomes [31]. Future studies will determine the
position of these host derived RNAs in the “7 + 1~
formation and perhaps shed more light on the origins
of the spatial orientation of the IAV genome. It will
also be interesting to know the genome architecture
of related viruses with six gene segments and
determine the minimal number of vVRNP complexes
required for the “7 + 1 orientation.

The segmented nature of the IAV genome creates
both opportunities and challenges for the virus.
Perhaps the most significant opportunity is the ability
to reassort with other strains of IAV to create new
viruses with an expanded host range or evade pre-
existing immunity. A segmented genome, in theory,
also allows for more deleterious mutations, as these
affect only a small portion of the entire genome (7%—
17%, based on the size of the gene segment) and
can be trans-complemented by other IAV virions.
However, these benefits create a significant chal-
lenge for the virus, as it requires eight unique gene

segments to be packaged into a new virion to be fully
infectious. Anything less than eight gene segments
results in a semi-infectious particle that cannot
complete the virus life cycle and produce progeny
virions. Semi-infectious and defective interfering (DI)
particles increase the particle-to-pfu (plaque forming
unit) ratio. Typically, stocks of IAV have a particle-to-
pfu ratio of between 10:1 and 100:1, meaning that
only 1%—10% of the virus particles are capable of
producing fully infectious progeny virions [32—35].
The rationale and significance of the high particle-to-
pfu ratio is not completely understood, but likely
involves errors in genome packaging or genome
replication and could promote virus reassortment,
respectively. The rest of this review will focus on the
current understanding of genome packaging and
identify gaps in our knowledge.

Random versus Specific Packaging of
IAV Genome

Genome packaging is the process of incorporating
all eight distinct vRNPs into the progeny virion. Two
different models had been proposed regarding the
mode of IAV genome packaging. According to the
random packaging model, individual vRNA seg-
ments are separated from other cellular and non-
genomic IAV RNAs by means of common vRNA
features shared between all segments. However, in
this model, there is no selection process at play
when a specific VRNA is incorporated into a virion.
The probability of packaging eight different gene
segments randomly is 1/416, meaning that in a viral
population the vast majority of viral particles should
be non-infectious or semi-infectious. This estimate
does not match with experimentally determined
average particle-to-pfu ratio of virus stocks, suggest-
ing that genome packaging is not a random process.
Packaging of more than eight gene segments can
overcome this apparent discrepancy; however, this
has not been observed in EM studies which showed
that most progeny virions contain eight segments
organized in a “7 + 1” pattern [29,36,37]. Earlier
genetics based studies showed that progeny virions
do not contain more than one allele of a specific
gene segment [38,39]. Consistent with this, hetero-
zygous nine segment viruses either are genetically
unstable or have to be maintained under strong
selection [40,41].

The specific packaging model suggests that each
of the eight vRNPs is selected specifically to ensure
packaging of a complete and minimal set of vRNPs.
In the past decades, numerous studies have
provided evidence that packaging of eight 1AV
segments is a selective process. For example,
Chou et al. [42] studied the composition of vVRNAs
at single-virus particle resolution using FISH. They
applied photo-bleaching analysis to determine the
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copy number of a specific vVRNA inside one virion
and found that each of the IAV vRNAs had a single
copy incorporated into one virion. Moreover, radio-
active labeling of vVRNA and hybridization with
segment-specific RNA probes indicate that vRNAs
are present in equimolar ratios inside purified virus
particles [43,44]. In a different study, when the
synthesis of a specific VRNA segment was reduced
by mutagenesis, the equimolar ratio of vVRNA
segments inside virion did not change, further
suggesting that viral genome packaging is not a
random process [38]. Taken together, these studies
suggest that influenza virus genome packaging is a
specific process.

Cis-acting Packaging Signals

The specific packaging of vVRNA segments into
progeny virus particles suggests that vRNA contains
certain signals that mediate this process. Below is a
description of known packaging signals, how they
were discovered, and what they have revealed about
the specificity of the genome packaging process.

DI RNAs played an important role in identifying the
IAV genome packaging signals. DI RNAs are smaller
forms of the influenza vRNA, which are generated by
large internal deletions within vRNAs by an unknown
mechanism. DI RNAs are produced during high-
multiplicity infections and have the ability to compete
with full-length version of the vRNA from which they
are derived from [45—47]. DI RNAs are most
commonly derived from PB2, PB1, and PA seg-
ments of the IAV genome [48,49]. Several groups
have characterized DI RNAs by sequencing and
showed that these RNAs retain between 100 and
300 nt from their terminal sequences [49—51]. These
findings provided the first evidence that nucleotide
sequences in the open reading frame of each
segment were important for influenza genome
packaging. The first molecular demonstration of
segment-specific packaging signal inside the coding
region of the vVRNA was provided by Fuijii et al. [52].
Partial replacement of the NA ORF with a reporter
gene can lead to its incorporation into 1AV, and the
packaging efficiency of this reporter gene segment
can be estimated by infecting host cells and
assaying for the reporter gene expression. This
approach, in combination with incremental deletions
of the 3’ and 5’ flanking sequences of the NA gene
segment, identified a signal within the NA vRNA that
drove the incorporation of this reporter segment into
virions. Since then, this approach has been suc-
cessfully implemented for identification of the packa-
ging signals in all eight vRNA segments [36,52—59].
More recently, Goto et al. [60] used a reporter-based
reverse genetics system to further dissect the role of
terminal sequences in VRNP packaging. In this
study, they showed that the terminal non-coding

regions of the NP segment were sufficient for
interacting with the 1AV polymerase complex and
for incorporating a reporter construct into virus-like
particles. However, a “bundling signal,” consisting of
both the non-coding regions and partial terminal
coding sequences, was required for the incorpora-
tion of a full set of vVRNAs into virus-like particles.
Aside from the packaging signals near the 3’ and 5’
termini of each segment, recent studies have
identified other regions on the genome that play a
key role in packaging of heterologous gene seg-
ments. For example, competitive plasmid transfec-
tion experiments using A/Puerto Rico/8/1934 (PR8,
H1N1) and A/Udorn/307/1972 (Udorn, H3N2) gene
segments showed that the PB1 of the Udorn virus
preferentially co-packaged with NA gene segment of
the same H3N2 virus. The sequence region of PB1
that accounts for this co-selection falls within an
internal coding region of PB1 [61]. Using chimeric
PB1 constructs, this region was narrowed down to
VRNA nucleotide position 1776—2070 of the PB1
gene, which resides outside known terminal packa-
ging signals [62].

Applying a bioinformatics-based approach, Gog
et al. [63] identified conserved codons among
thousands of IAV genomes. They hypothesized
that codons falling within a functional RNA motif
will be more conserved compared to other codons.
Generally, these codons formed clusters near the
terminal regions of each segment, likely represent-
ing the previously identified packaging signals.
Introduction of one or more synonymous mutations
within the identified terminal regions significantly
reduced segment packaging in majority of cases,
suggesting that these sequences are important for
genome packaging [63]. However, some of the
clusters were positioned in the middle of coding
sequences, which represented RNA splice-sites
(segments 7 and 8) or regions with overlapping
codon usage (PB1-F2 in segment 2 and PA-X in
segment 3). For other codons, the reason for
conservation was not clear. Some of the conserved
codons in PB2 segment identified by Gog et al. were
evaluated for their efficiency as packaging signals by
Marsh et al. [55] using a different approach where
the full-length PB2 segment was mutagenized. They
found that, indeed, mutations in the conserved
codons that resides within the PB2 coding region
negatively affect genome packaging. Of note, the
effects of synonymous mutations in the terminal
regions appear to be strain specific, as similar
mutations in individual gene segments (PB2, PB1,
and PA) had no effect on the packaging of an H7N7
IAV (SC35M) [64]. Combined these and other
studies have identified specific RNA elements in
the 3’ and 5’ termini of vVRNA which are important for
genome packaging. The mechanism by which these
elements mediate specific packaging is not fully
understood. Based on existing literature (reviewed
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below), these signals are important in direct
vRNA—VRNA interaction, albeit it is possible that
these signals are required for RNA—protein interac-
tions or mediate packaging through some unknown
mechanism.

Packaging through vVRNA—VvRNA
Interactions

Evidence for vVRNA—VRNA interactions mediating
the packaging of vVRNA segments into new virions
came from a number of studies. 3-D structure
constructed by scanning transmission EM data
suggested the existence of frequent interactions
between VRNPs that cover the whole length of
VRNPs. Although the nature of these interactions
remains to be investigated, small fiber-like appear-
ance of these interactions resembles inter-RNA
interactions. However, electron tomographs of
VRNPs inside H3N2 virions reported a different
pattern of interactions between them [65]. Contacts
between vRNPs were observed near the packaging
region, and no interaction was observed outside the
packaging region.

Several in vitro studies helped in identifying inter-
RNA interactions between vVRNA segments. Four-
nier et al. [66] employed an electrophoretic mobility
shift assay in order identify intramolecular interac-
tions between vRNAs of human H3N2 in vitro. They
showed that each vVRNA segment interacts with at
least one other vVRNA segment. With a similar
approach, Gavazzi et al. [67] identified interactions
between vRNAs of an avian H5N2 strain. They found
that vRNAs of H5N2 form a network of interactions;
however, this network, in its pattern of interactions, is
different compared to the network described for
H3N2 indicating that intermolecular interactions
between segments are strain specific [67]. Interest-

09
Optimal vRNA-vRNA interaction for packaging

ingly, some of the identified VRNA—VRNA interac-
tions for the avian H3N2 virus are positioned
centrally in the vVRNA molecule, in contrast to
known packaging signals that are located at the 5’
and 3’ ends of the vRNA. The strongest interaction
identified by the gel shift assays was an interaction
between segments PB1 and NS [68]. This interac-
tion has been shown to be required for optimal
genome packaging since disruption of this interac-
tion reduced the amount of specific VRNA segments
in the viral particles and increased the number of
defective viral particles. The interacting sequences
in PB1 and NS can form stable stem—loops by
themselves, and they are proposed to interact with
each other by forming a kissing loop complex.
Importantly, this is the only inter-vRNA interaction
that has been confirmed by trans-complementary
mutations.

Recently, Dadonaite et al. [69] employed a high-
throughput sequencing-based approach, called
SPLASH (Sequencing of psoralen cross-linked,
ligated, and selected hybrids), to identify intermole-
cular RNA interactions in virio. They showed that
most VRNA segments interact with multiple other
segments and identified several regions within the
viral genome that exhibit higher numbers of
RNA—RNA interactions. The least number of inter-
actions was identified for NA and NS segments,
which is consistent with previous reports that these
two segments have minimal effect on packaging of
other vRNA segments. In addition, synonymous
mutations that disrupt potential RNA—RNA interac-
tions affected viral genome packaging and virus
growth. Exactly how these VRNA—VRNA interac-
tions occur in the context of vVRNP complexes is not
understood. Small RNA structures are thought to be
disrupted upon binding of NP, and long
VRNA—VRNA interactions (> 20 nt) appear less likely
given the helical nature of vVRNP complexes. One

Sub-optimal vVRNA-vRNA interaction for packaging

Fig. 2. A model for vVRNA—VRNA interactions and their consequence on IAV genome packaging. Different vRNA
segments are shown here as lines of different colors (red, green, and yellow). Regions of vRNA that are not bound to
nucleoprotein may form RNA structures, which mediate inter-vRNA interactions. It is also possible that VRNPs interact with
each other by a still unknown mechanism, which is depicted here as a question mark. Closely related IAV strains have
compatible vVRNA—VRNA interaction profiles resulting in efficient genome packaging (left). For divergent IAV strains,
dissimilarity in nucleotide sequences results in formation of RNA features that are not compatible for RNA—RNA
interactions, and thus reduce genome packaging efficiency (right).
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potential explanation for this discrepancy is the
presence of NP-free RNA that can engage in
vRNA—VRNA interactions. Perhaps the formation
of stable secondary or tertiary RNA structures will
prevent NP binding and make it available for gene
segment interactions (Fig. 2).

Several groups have employed bioinformatics-
based approaches to identify secondary structures
within the vVRNA segments [70—73]. Kobayashi et al.
[71] analyzed the M segment sequences of multiple
IAV strains to identify conserved stem—loop struc-
tures. They followed their in silico findings by
introducing synonymous mutations that disrupt one
of the predicted stem—loop structures, named
SL3—10. They found that disruption of this structure
negatively affects viral infectivity and produces more
defective virus particles, indicating that this SL3—10
is important for packaging. Gultyaev et al. [70]
predicted RNA secondary structures within the NP
segment using the RNAalifold software and did
further analysis of structures that exhibit patterns of
covariations. The authors identified a pseudoknot
structure within the NP packaging signal and
showed that disruption of this structure leads to a
decrease in virus titer and smaller plaque sizes.
Notably, the functional importance of this pseudo-
knot structure was further corroborated by Williams
etal. [26], as the authors showed that this structure is
involved in genome packaging. Covariation analysis
using thousands of IAV genomes available in public
databases also enabled the identification of struc-
tural domains in the HA vRNA [73]. This analysis
indicated that most of the predicted RNA structural
domains are specific to individual strains. Several
predicted RNA structures, particularly structures in
the HA cleavage site region, are conserved among
multiple HA subtypes. Interestingly, some RNA
domains were identified that are not essential for
viral replication but contribute to virus fitness. These
structures were proposed to be important of viral
genome reassortment.

The formation of functional RNA secondary
structures is linked to NP binding since it has been
shown that small RNA structural motifs are disrupted
upon binding of NP [18,74]. Therefore, to be
functionally active in the genome packaging pro-
cess, RNA structural domains may be required to be
in an “NP-free state.” Based on this idea, Williams
et al. [26] employed a PAR-CLIP based approach to
identify low-NP binding regions within all vRNAs.
Indeed, 24 vRNA regions identified in this study were
enriched for predicted RNA secondary structures,
and some regions harbored sequences that were
previously identified as genome packaging signals.
Disruption of several predicted RNA structures by
synonymous mutations resulted in packaging
defects, whereas mutations restoring the disrupted
RNA structures had no effect on packaging. To
summarize, these studies confirm that the general

architecture of a minimal packaging signal consists
of UTRs at both ends of vRNAs as well as 9 to 80 nt
of their adjacent coding sequences (Fig. 1B). How-
ever, additional signals are present in the genome
that are required for optimal genome packaging [75].
Precisely how the 5 and 3 packaging signals
function and their relationship to the internal packa-
ging signals is not clear.

Interestingly, some of the regions that form inter-
segment VRNA—VRNA interactions, identified by
Dadonaite et al., overlap with low-NP binding regions
that are predicted to form RNA secondary structures,
whereas others did not [26]. One possibility is that
RNA structural features may increase the specificity
of the VRNA—VRNA interactions to promote the
packaging of eight unique gene segments, while
minimizing the interactions between the homologous
gene segment. Indeed, analysis of potential com-
plementary VRNA—VRNA interactions identified
many intra-segment interactions, which in theory
could lead to the packaging of multiple copies of the
same gene segment. Alternatively, RNA structures
determine the position and orientation of the packa-
ging signals elsewhere on the gene segment.
Exactly how and where the vVRNA—VRNA interac-
tions occur in the genome will be the subject of future
studies. It will also be interesting to determine the
RNA structure and interaction profile of a diverse
array of IAVs, including human, swine, and birds.
Since the nucleotide sequences of these IAVs vary
widely, these studies may help us to build better
models for genome packaging and determine the
likelihood of the emergence of reassortant IAV
strains, including those with pandemic potential.

Genome Packaging En Route

Inter-vRNA interactions are essential for genome
packaging and productive infection of IAV. Whether
the neo-synthesized VRNPs are transported outside
the nucleus individually or as a bundle is not clear. A
single-molecule FISH approach has revealed that
VRNAs are detected in separate locations within the
nucleus and remain separated immediately after
export from the nucleus [76]. However, a four-color
FISH experiment that stained for PB2, PB1, PA, and
NP segments identified foci containing multiple
VRNA segments near the external nuclear periphery,
which indicates that vVRNPs are exported from the
nucleus as bundles [77]. Future studies will clarify
the discrepancies between these studies and will
provide a clearer picture for nuclear export of
VRNPs.

Rab11, a small GTP binding protein required for
viral budding, has been shown to be associated with
vRNPs at all stages of cytoplasmic transport of
VRNPs toward the plasma membrane [78,79].
Currently, two distinct models have been proposed
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that elucidate how vRNPs are transported to the
plasma membrane. According to the first model,
VRNPs associate with Rab11-positive recycling
endosomes near the microtubule organizing center
and are carried through the cytoplasm using micro-
tubules [80,81]. The second model proposes that
after exiting from the nucleus, vVRNPs associate with
a remodeled endoplasmic reticulum, from which,
VRNPs are transported by Rab11-dependent irregu-
larly coated vesicles [82]. It is currently not clear at
which stage of cytoplasmic transport the packaging
of vRNPs initiates. It is possible that a limited number
of VRNPs can interact with each other during earlier
steps of transport to the plasma membrane. These
interactions may form a core complex of vRNPs that
goes through subsequent assembly steps en route
to the plasma membrane (Fig. 3). This hierarchical
model for viral genome packaging is further corro-
borated by studies that show that some vRNA
segments play a more important role than other
segments during the packaging process [56,83]. Itis
worth noting that co-localization of vVRNPs detected
by FISH does not necessarily confirm physical
interaction between VRNPs due to the lack of
sufficient resolution provided by FISH. It is possible
that the co-localization signals simply reflect close

------------------ Incremental packaging
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Nucleus

proximity of vVRNPs within the cytoplasm. Moreover,
one or more cellular proteins might facilitate the
packaging of vVRNPs without the need of any
physical interaction among vRNPs at all. Although
the model of stepwise packaging is plausible, critical
questions regarding this process remain to be
answered. Is there a specific VRNP that preferen-
tially form the initial VRNP sub-bundle? Do the initial
interactions between two specific VRNPs remain
persistent all the way until virion release, or do they
change as the vVRNPs progress through the sequen-
tial packaging process while more vRNPs are
added?

After infecting a new cell, vRNPs need to be
successfully transported from the endosome to the
nucleus. Loss of any VRNP before nuclear import will
lead to replication of an incomplete set of vVRNAs
inside the nucleus, and ultimately, to an unproduc-
tive viral infection. Moreover, it has been shown that
some host factors, including Mx1 and PLSCR1,
exert their antiviral activity by inhibiting nuclear
import [84,85]. One study investigated the move-
ment of single VRNPs across the cytoplasm in the
early stage of infection by fluorescence microscopy
[86]. The authors compared the diffusion coefficients
of VRNPs that were estimated from single-particle

S

Cytoplasm

Extracellular Matrix

Fig. 3. A hierarchical model for IAV genome packaging during trafficking through the cytoplasm. Here, eight different
VRNPs are shown in different colors. Upon export from the nucleus, multiple vVRNPs may interact with each other to form a
“core complex” for packaging. However, the identity of the initial “core complex” and the sequence of vVRNP association
are not clear. Three different models for vRNP transport and bundling through the cytoplasm are shown here as A, B, and
C. In model A, multiple “core complexes” form after exit from the nucleus, and these clusters associate with each other as
they move toward the plasma membrane. In model B, one major type of core complex forms after nuclear exit. As the
vRNPs move toward the plasma membrane, the rest of the vVRNPs associate with the core complex one by one before
being released as progeny virions. In model C, multiple vVRNP pre-complexes that are formed after nuclear exit can interact

with each other and exchange vVRNPs among themselves.
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trajectories with a simulated distribution and con-
cluded that vRNPs are transported to the nuclear
envelope by diffusion. In a different study, Chou et al.
[76] used a single-molecule FISH-based approach to
study whether vVRNPs stay together or transport
individually to the nucleus. They show that vRNPs
from the incoming virion travel together until they
reach the nucleus suggesting that loss of vRNPs
prior to nuclear entry is not a major event. However,
these findings contradict with a recent study that
found that vRNPs from an individual virion separate
into distinct units after uncoating at the late endo-
some [87]. Critical questions remain about the nature
of molecular interactions that keep the VvRNPs
together upon cell entry. Do the genome packaging
signals play a role in holding the vRNPs together, or
is there a protein component that transports pack-
aged vRNPs toward the nucleus? How do the
bundled vRNPs dissociate from each other inside
the nucleus for replication and transcription? Future
studies will shed light on these issues.

Genome Packaging Dictates IAV
Genome Reassortment

The segmented nature of the IAV genome and its
ability to reassort are evolutionarily advantageous
for the virus as it supports the generation of novel
strains of IAV that can evade pre-existing immunity
or infect new host species. Reassortment can also
play a role in elimination of deleterious mutations
[88]. Still, a multipartite genome adds to the
complexity of genome packaging. All eight vRNA
segments must be functionally intact for a productive
infection [22]. Thus, virus particles that fail to
incorporate all eight vVRNA segments will not
replicate and produce viable progeny. The signifi-
cance of genome packaging on the outcome of
reassortment is not known. When multiple viruses
co-infect a cell, genome packaging will dictate which
set of eight unique vVRNAs will be incorporated into
progeny virions, and thus determines the genetic
architecture of the reassortant virus. The rules that
govern whether two IAVs will reassort and which
VRNAs from the parental strains will be selected for
packaging are poorly understood. Data suggest that
the compatibility of packaging signals is a prerequi-
site for reassortment. Essere et al. [89] showed that
HA segment of a H5N2 strain was unable to enter
H3N2 background upon co-infection. However, a
recombinant version of the H5N2 HA segment,
which contains the packaging signal of H3N2 HA
segment, readily incorporates into H3N2 back-
ground. Similarly, Gilbertson et al. [62] showed
preferential packaging of the N3 subtype in the
presence of the PB1 gene of an H3N2 virus.
Presumably, when two divergent |AV strains co-

infect a cell, incompatible packaging signals on the
heterologous segments creates a barrier for reas-
sortment that may lead to poor reassortment or no
reassortment at all. How similar or divergent the
packaging signals must be in order to affect the
packaging process is not known.

Conclusions

In summary, packaging of all eight 1AV vRNA
segment into progeny virus is a complex process,
and a complete understanding of this process is still
missing. Closely related IAV strains reassort fre-
quently, and the rate of reassortment decreases as
the strains become more divergent [90,91]. One of
the reasons for this decrease in reassortment rate is
clearly the incompatibility between viral proteins [92].
However, as more and more evidence indicates that
inter-vRNA interactions are important for proper
genome packaging, it is critical to evaluate their
contribution in genome reassortment.
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