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The error-prone replication and life cycle of influenza virus generate a diverse set of genetic
variants. Transmission between hosts strictly limits both the number of virus particles and the
genetic diversity of virus variants that reach a new host and establish an infection. This sharp
reduction in the virus population at transmission––the transmission bottleneck––is significant
to the evolution of influenza virus and to its epidemic and pandemic potential. This review
describes transmission bottlenecks and their effect on the diversity and evolution of influenza
virus. It also reviews the methods for calculating and predicting bottleneck sizes and high-
lights the host and viral determinants of influenza transmissibility.

The transmission and establishment of an in-
fection in a new host are critical steps in the

life cycle of a virus. The host infected by a virus is
typically as significant as the virus itself. Human
respiratory viruses—notably, influenza virus—
are passed on by respiratory droplets, aerosols,
or direct contact, unlike arboviruses and most
plant viruses for which insects serve as transmis-
sion vectors (Weber and Stilianakis 2008; Whit-
field et al. 2015; Gallet et al. 2018; Huang et al.
2019; Lefeuvre et al. 2019). The transmission
event precipitates a sharp reduction in the size
of the virus population from the donor to the
recipient host, decreasing overall genetic diver-
sity of the founding population in the recipient.
The number and types of virus variants that gain
access to the new host determine not only
whether an active infection will occur in the
recipient but also the rate of virus adaptation.

Quantifying the number of virus particles trans-
mitted between donors and recipients—the
transmission bottleneck size—provides a mea-
sure of the adaptation potential of a virus to
new hosts and is therefore a focal point in this
field of influenza virus research.

Quantifying bottleneck sizes for influenza
virus is, however, a difficult task, as it can rely
on noisy short-read, next-generation sequenc-
ing data and statistical models that can only
track viruses by their genes as single, unlinked
alleles, rather than virions carrying eight related
genomic segments. Human studies also often
lack essential information found to impact
transmission in animal studies (e.g., date of in-
fection, number and length of interactions
among the donors and recipients, vaccination
history, and immune status) (Weinstock et al.
2003; Van Kerkhove et al. 2011; Varble et al.
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2014; Yan et al. 2018). Influenza A and B viruses
are rapidly evolving with seasonal epidemics as-
sociated with a high incidence of morbidity and
mortality in the human population each year
(Thompson et al. 2003; Reed et al. 2015; Vijayk-
rishna et al. 2015). High mutation rates and
segmented genomes contribute to the genetic
diversity of the virus population, ranging from
deleterious mutations to novel segment combi-
nations (Scholtissek 1995; Nelson and Holmes
2007; Pauly et al. 2017). Bottleneck sizes inferred
from this diversity and transmission events were
shown to vary across host species, including
horses, humans, and dogs (Murcia et al. 2010;
Hughes et al. 2012; McCrone et al. 2018). In
humans, acute influenza infections can lead to
tight, or stringent, transmission events, with
only one to two virus particles predicted to ini-
tiate infection in a new host (McCrone et al.
2018). Variations in bottleneck sizes across stud-
ies may be due to viral, host, or environmental
determinants such as those identified in animal
transmission models (Mubareka et al. 2009;
Maines et al. 2012;Wu andWebby 2014; Gustin
et al. 2015; Lakdawala et al. 2015; Belser et al.
2016; Frise et al. 2016; McMahon et al. 2019). It
is also necessary to specify how transmission
bottlenecks affect virus adaptation at different
scales (i.e., within infected hosts and across the
host population). To shed light on these factors,
this review examines how bottleneck size esti-
mates are calculated, how transmission influ-
ences the diversity and emergence of influenza
viruses, and how the host and the virus interact
to alter the number of particles transmitted.

INFLUENZA DIVERSITY AND THE IMPACT
OF TRANSMISSION BOTTLENECKS

The error-prone replication and life cycle of in-
fluenza virus generate a population of distinct
but related genetic variants, often referred to as
quasispecies (Domingo et al. 1978, 2012; Vi-
gnuzzi et al. 2006; Andino and Domingo 2015).
Becauseof the segmentedgenome, coinfectionof
a cell with multiple strains or subtypes of influ-
enzavirus can lead to reassortment, or swapping,
of the segments, producing virus progeny with a
mixture of segments (Scholtissek 1995). The

large combinationof influenzaA subtypes found
in nature infect only aquatic birds (Webster et al.
1992; Krauss et al. 2004; Munster et al. 2007);
and only two of these, H3N2 and H1N1/2009,
currently are found cocirculating in the human
population during seasonal epidemics. That
said, a novel combination of segments can occur
through the coinfectionwith human, pig, or bird
strains and induce the emergence of pandemic
strains in the human population, a scenario
observed in three of the last four recorded influ-
enza pandemics, including the most recent, in
2009 (Garten et al. 2009; Novel Swine-Origin
Influenza A (H1N1) Virus Investigation Team
et al. 2009; Smith et al. 2009; Taubenberger and
Kash 2010; Vijaykrishna et al. 2010).

Influenza viruses also evolve through muta-
tions generated by the RNA-dependent RNA
polymerase during replication, inwhich approx-
imately onemutation per genome occurs in each
round of replication (Nelson and Holmes 2007;
Pauly et al. 2017). Most mutations generated
are deleterious, however, and are eventually re-
moved from the population through purifying
selection (Sanjuán et al. 2004). Influenza infec-
tions are acute, usually lasting 5–7 d, so selection
has a limited time to act on de novo variants that
would allow them to achieve detectable frequen-
cies within the host. However, low-frequency
mutations within the host are subject to genetic
drift after a bottleneck event, in which the size of
the overall virus population has been severely
reduced (Moya et al. 2004). A dramatic decrease
in the population size also leads to a decrease in
the overall genetic diversity of the virus popula-
tion, creating random fluctuations in the fre-
quencies of virus variants observed within hosts
and across the host population (Moya et al. 2004;
Nelson and Holmes 2007).

One of the most notable bottleneck events
encountered by influenza virus throughout its
life cycle is during transmission between hosts,
especiallywhen it is cross-species (zoonotic trans-
mission). Even among humans, the transmission
mode is a salient determinant of transmission
efficiency (Kutter et al. 2018). For example, influ-
enza virus particles are transmitted between hu-
mans through large respiratory droplets from
sneezing or coughing (5- to 20-µm size); aerosols
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(<5 µm), produced from breathing or speaking;
or through direct contact with infectious secre-
tions (Weber and Stilianakis 2008; Mubareka
et al. 2009; Kutter et al. 2018). The distance trav-
eled by the respiratory droplets and aerosols is
consequent to the overall size of the secretions,
with aerosolized particles traveling further and
remaining suspended in the air longer than the
larger droplets (Fig. 1; Cowling et al. 2013;Milton
et al. 2013). Experiments done in guinea pig and
ferret models showed that influenza virus trans-
mitsmore readily at low temperatures (5°C) com-
pared to high temperatures (30°C). High and
intermediate humidity also markedly decreased
the efficiency of influenza virus to transmit via
respiratory droplets. These findings suggest that
the seasonality of influenza is influenced by the
environment and efficiency of transmission from
host tohost (Lowenet al. 2008;Gustin et al. 2015).

Transmission bottlenecks have a significant
impact on the diversity of influenza virus parti-
cles that establish an infection in the recipient
host. Loose, or large, bottlenecks transmit a
higher number of virions, which raises the prob-
ability of establishing an infection in the recipi-
ent host, as well as increasing the diversity of
genetic variants transmitted and onwhich selec-
tion can act (Fig. 2; Geoghegan et al. 2016). In
comparison, tight bottlenecks transmit only a
few virus particles, which severely limits the ge-
netic diversity of influenza viruses that can gen-
erate a productive infection in the recipient host.
These small population sizes can be strongly im-
pacted by genetic drift through stochastic fluc-
tuations in the virus population (Geoghegan
et al. 2016; McCrone et al. 2018). But note that
the decrease in the observed diversity after a
transmission event may also be due to other fac-
tors, including the removal of nonbeneficialmu-
tants by the host or through clonal competition
among multiple virus variants that carry benefi-
cial mutations (Strelkowa and Lässig 2012; Geo-
ghegan et al. 2016).

TRANSMISSION OF DEFECTIVE AND
INCOMPLETE VIRUS PARTICLES

Most influenza virus particles released from a
cell cannot cause a productive infection on their

own because replication of the influenza virus
can generate defective variants unable to pro-
duce essential proteins. Two such common
genetic variants are defective viral genomes
(DVGs) and incomplete viral genomes (IVGs).
DVGs are viruses that contain a truncated form
of the viral genome and have been identified
in nearly every studied RNA virus, including
dengue virus, poliovirus, and human immuno-
deficiency virus (Cole et al. 1971; Nomoto et al.
1979; Aaskov et al. 2006; Li et al. 2011; Ho et al.
2013). Influenza DVGs, commonly found in
both influenza A and B types, are identified by
their large internal deletions in at least one of
their eight gene segments. They maintain their
conserved 50 and 30 ends, allowing for their con-
tinued replication and packaging. Since their
discovery by vonMagnus in the 1940s (vonMag-
nus 1947), influenza DVGs have been found to
interfere with the replication and packaging of
full-length gene segments; they also generate a
robust innate immune response and limit dis-
ease symptoms of influenza infections in mice
and, potentially, humans (Rabinowitz and Hu-
prikar 1979; Davis et al. 1980;Morgan andDim-
mock 1992; Baum et al. 2010; Scott et al. 2011;
Vasilijevic et al. 2017).

In contrast, IVGs, also called semi-infectious
particles, refer to influenza genetic variants that
fail to replicate or to express at least one gene
segment (Martin and Helenius 1991; Brooke
et al. 2013; Jacobs et al. 2019). IVGs are highly
abundantwithin influenza virus populations but
differ between influenza type and subtype
(Brooke et al. 2013). Theoretical models investi-
gating the spread and replication of IVGs deter-
mined that local spatial dispersion of influenza
particles reduces the fitness cost of lacking an
essential protein, and predicted that approxi-
mately 3.6 virions were required to replicate a
full set of influenza gene segments (Jacobs et al.
2019). In animal experiments, complementation
of laboratory-generatedH3N2 IVGswas not ob-
served during transmission of virus particles be-
tweenguinea pigs, suggesting a requirement fora
high multiplicity of infection (MOI) for cooper-
ation and complementation to occur in vivo.

The probability for coinfection at the onset
of infection is thought to be low because of the
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bottleneck at transmission and a high number of
cells within the respiratory tract; it rises as the
virus begins to replicate to high titers within the
host (Baccam et al. 2006). Therefore, we would
not expect DVGs and IVGs to add significantly
to the effective population size, as they would

not contribute progeny to the next generation
of viruses without coinfection or complementa-
tion from other virus particles. Instances in
which a large number of virus particles are
shed from a donor host but do not generate a
productive infection in the recipient could be
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Figure 1.Host and virus determinants of influenza transmission. (A) Interferon (IFN)-λ limits the transmission
of the influenza virus to recipient mice, whereas subsets of proinflammatory genes are correlated with an increase
in virus transmission. Increased shedding of influenza was observed in immunocompromised and obese indi-
viduals. (B) Streptococcus pneumoniae limits the transmission of influenza A virus in mice. (C) In ferrets,
transmissible influenza variants were enriched in the soft palate. Sialic acid receptors differ by host and tissue
location and help limit the cross-species transmission of influenza Avirus. (D) Contact transmission in ferret and
guinea pigmodels yields a higher diversity of virus genotypes to recipient hosts; respiratory transmission (aerosol
and droplet) reduces the diversity. Respiratory transmission of influenza is categorized by aerosol and droplet.
Size of respiratory secretions impacts the distance traveled and the amount of time it remains suspended in the air.
(E) Influenza infections contain a diverse collection of genetic variants. Coinfection with multiple variants such
as a defective (red viral particle) and functional (blue particle) can lead to interference (shown), cooperation, and
complementation. How these interactions act on the transmission of influenza virus is unknown. (F ) Influenza
viruses transmit better in cold and dry environments than warm and humid ones.
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due to the transmission of a virus population
composed primarily of DVGs and IVGs. Studies
have identified both beneficial and detrimental
interactions among virus variants that include
DVGs, IVGs, and functional viruses (Rabino-
witz and Huprikar 1979; Davis et al. 1980; Mor-
gan and Dimmock 1992; Baum et al. 2010; Scott
et al. 2011; Brooke 2014; Xue et al. 2016; Vasili-
jevic et al. 2017; Jacobs et al. 2019). Unexplored
to date is how these interactions affect those
genetic variants of influenza viruses that are cir-
culating between hosts, and whether the strain-
specific generation of defective virus particles
determines differences in transmission of influ-
enza subtypes and lineages.

TRANSMISSION AND EMERGING
INFLUENZAVIRUSES

Influenza A viruses are often in the spotlight
because of their highpandemic potential, incited
by their extensive host range and their ability to
reassort across subtypes (Webster et al. 1992;
Joseph et al. 2017). Currently, the H3N2 and
the H1N1/2009 strains are the only two influen-
za A subtypes that cocirculate yearly within the

human population. Since the last influenza A
pandemic, in2009, an important goalof influenza
transmission research has been to predict more
accurately the next pandemic. We know that
most influenza A subtypes infect aquatic birds
(Webster et al. 1992) and that, although rare,
devastating “spillover” events of avian H7N9
and H5N1 influenza A subtypes in the infection
of humans have occurred, with consequent high
casemortality rates (de Jong et al. 2006;Gao et al.
2013; Qin et al. 2015; Lipsitch et al. 2016). These
“crossover” infections are attributed to close
contact between humans and infected birds,
and are considered dead-end transmission
events (i.e., no onward transmission).

For influenza virus to attach and enter a cell,
it must be able to recognize the sialic acids linked
to glycoproteins and glycolipids on the surface
of the host epithelial cells (for review, see Long
et al. 2019). Human and avian influenza viruses
bind preferentially to different sialic acid recep-
tors, with human influenza strains preferentially
binding to α2,6-linked sialic acid residues;
avian subtypes bind to α2,3 (Rogers et al.
1983; Long et al. 2019). The differences in abun-
dance and distribution of sialic acid receptors

Stringent bottleneckA B Loose bottleneck

Transmission bottleneck

High
diversity

Low
diversity

Donor Recipient

Transmission bottleneck

High
diversity

Low
diversity

Donor Recipient

Figure 2. Loose and stringent transmission bottlenecks. Transmission of influenza (dashed vertical line)
reduces the observed diversity of the virus population in the recipient host. (A) Stringent transmission
bottlenecks significantly reduce the diversity observed in the recipient host by transmitting only a few virus
particles, making them prone to stochastic fluctuations in variant frequency. (B) Loose transmission bottle-
necks transmit a higher diversity of virus particles, allowing selection to act on the virus population in the
recipient. In both cases, genetic diversity will increase as the de novo variants are generated through the
replication of influenza.
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are potentially limiting factors in human-to-hu-
man transmission of avian influenza subtypes,
so influenza researchers seek to understand
how reassortment between avian and human
influenza subtypes or amino acid substitutions
can broaden receptor specificity. Jackson et al.
(2009) considered whether reassortment be-
tween avian H5N1 and human H3N2 strains
would improve the transmissibility of the virus
between ferret hosts. Ferrets were coinfected
with both subtypes of influenza, and virus pla-
ques were assessed from the nasal wash secre-
tions collected from the animals. Although
reassortment did happen within the hosts, no
transmission was observed, highlighting the ge-
netic complexity of influenza transmissibility.
Similarly, reassortants of avian H9N2 and hu-
man H3N2 strains failed to transmit between
donor and recipient ferrets even with high levels
of sneezing and viral shedding by the donor
ferrets (Wan et al. 2008).

Efficient transmission of H7N2 and H9N2
avian subtypes between ferrets did take place
and was associated with a change in the virus
receptor specificity to α2,6 through substitu-
tions in hemagglutinin (HA), the surface protein
of influenza that is essential for binding and en-
tering the host cell. But this was insufficient for
avian influenza viruses to transmit between fer-
rets, suggesting that other substitutions are nec-
essary for efficient transmission (Belser et al.
2008). Using previously identified substitutions
found in ferret transmissible H5N1 (Herfst et al.
2012; Imai et al. 2012), Linster et al. (2014) iden-
tified the minimal set of substitutions needed to
generate an avian H5N1 strain capable of effi-
ciently replicating and transmitting between fer-
rets. These substitutions were found in the PB2,
PB1, and HA segments, which allowed for effi-
cient replication and transcription, preferences
in sialic acid receptors, and greater stability of
the HA (Herfst et al. 2012; Imai et al. 2012; Lin-
ster et al. 2014). Together, these studies highlight
how the genetic composition of the viruses can
limit intraspecies transmission of influenza A
subtypes.

Also potentially important for the genera-
tion of highly transmissible influenza virus
strains is tissue tropism in ferrets. In a study in

which an H1N1/2009 influenza virus strain was
engineered to preferentially bind to α2,3-linked
sialic acid receptors (rather than its usual α2,6),
a single amino acid change in the HA protein
leading to the preferential binding of the virus
from α2,3 to α2,6 (Lakdawala et al. 2015) was
primarily enriched in the soft palate of ferrets—
a site important both for the establishment and
transmission of the infection. The mutational
change conferred binding to α2,6 without im-
pairing the virus from binding to α2,3-linked
sialic receptors, suggesting that specific tissues
or sites within the host may be essential for gen-
erating virus variants that can be transmitted to
recipient hosts.

Influenza B virus, unlike A, is believed to be
chiefly limited to humans, with a few reports of
infections in seals (Joseph et al. 2017); but stud-
ies on influenza B transmission, bottleneck size,
and the impact of the host, vaccines, and anti-
virals on transmission are limited. To date, its
narrow host range and small number of reassor-
tants are thought to preclude it as a pandemic
threat.

QUANTIFYING TRANSMISSION
BOTTLENECKS

The number of virus particles transmitted to a
host is an essential factor of virus adaptability;
thus, accurately quantifying bottleneck size is a
crucial measurement, but one that has proved
difficult to determine. Multiple methods, both
experimental and theoretical, have been enlisted
to calculate bottleneck size and often result in
different results. One experimental method, for
example, used barcoded influenza A viruses
(H1N1/2009 strains) and small mammalian
transmission models to quantify the number of
barcoded genotypes that transfer from the donor
to the recipient host (Varble et al. 2014). Ac-
cording to the study, the transmission route
acts on the number of genotypes transmitted,
with contact transmission producing more ge-
notypes (seven to 24) than respiratory droplet
transmission (three to five early in the infection,
up to 25 with increased recipient exposure to the
donor) (Varble et al. 2014). A separate study
calculated the number of influenza virus shed
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in the breath of naturally infected college stu-
dents (Yan et al. 2018). Exhalations were collect-
ed in fine and coarse aerosol fractions over 30
min; the number of infectious particles released
and the number of RNA molecules (from both
infectious and noninfectious particles) were
quantified by plaque assay and qPCR, respec-
tively. Results indicated that breathing for
30 min effectively transmitted influenza virus
particles from aerosol samples containing an av-
erage of 3.8 × 104 viral RNA molecules or from
coarse aerosol fractions with an average of 1.2 ×
104 viral RNA molecules (Yan et al. 2018).
Both studies propose route of transmission as a
determinant of the number of virus particles
transmitted to the recipient host. However,mea-
suring the number of barcoded genotypes trans-
mitted can only infer the stringency of the
bottleneck size, not how many particles of each
genotype are actually transmitted.

Fortunately, measuring bottleneck sizes in
naturally infected individuals has improved
thanks to next-generation sequencing. By se-
quencing samples from the donor and recipient
of transmission pairs, virus variants that occur
at low frequency within the host can be quan-
tified and characterized (Wang et al. 2010; Deb-
bink et al. 2017; Sobel Leonard et al. 2017;
McCrone et al. 2018). Similar to the barcoded
viruses used by Varble et al. (2014), early meth-
ods of measuring viral transmission in human
immunodeficiency and hepatitis C virus stud-
ies, among others, factored in changes in genet-
ic diversity between the donor and recipient
hosts to estimate the number of transmitted
genotypes. Both viruses were estimated to
need only one to two genotypes to generate
an infection in a recipient host (Edwards et al.
2006; Keele et al. 2008; Bull et al. 2011; Russell
et al. 2011). Determining the number of geno-
types necessary to establish an infection is,
however, considered an underestimate of the
bottleneck size because it does not factor in
either the number of virus particles transmitted
or quickly lost in the recipient host (Sobel
Leonard et al. 2017).

To improve the accuracy of determining
bottleneck sizes, two recent methods have tar-
geted the total number of virions in the found-

ing virus population at the onset of the infection
in the recipient after transmission from the do-
nor. These methods combine statistical models
and next-generation sequencing data and fea-
ture the presence–absence and β-binomialmod-
els (Sobel Leonard et al. 2017; McCrone et al.
2018). The models assume that observed minor
genetic variants are independent and view trans-
mission as a random sampling event. The sim-
plified presence–absence model considers only
those variants present within both the donor
and recipient samples. The probability of the
donor transmitting the variant is related to the
frequencyof theobservedvariant in the sequenc-
ing data of the donor’s virus population inwhich
a variant at high frequency in the donor is more
likely to transmit to the recipient. To account for
the inherent noise associated with sequencing
data, thresholds for identifying minor variants
are set to ensure that sequencing artifacts are not
factored when estimating bottleneck sizes. Of-
ten, though, these cutoffs are conservative, and
consequently miss variants present at low fre-
quencywithin the recipient hosts. The simplicity
of the presence–absence model also means it
misses instances in which a variant is present at
below-detectable levels in the recipient, resulting
in low bottleneck size estimates. The β-binomial
approach circumvents these limitations by con-
sidering the frequencies of shared variants with-
in the donor and recipient hosts, as well as the
frequency of variants found only within the do-
nor. And to account for viral replication dynam-
ics that occur between transmission of the virus
and sampling of the individual, frequencies of
shared variants are allowed to change according
to the β distribution.

The presence–absence and β-binomial mod-
els were each used to estimate the bottleneck size
of influenza transmission during the 2010–2015
influenza seasons and produced similar results:
one to two influenza particles transmitted be-
tween human hosts (McCrone et al. 2018). But
these estimates were variable among transmis-
sion pairs and often yielded wide confidence
intervals ranging from the minimum number
of virus particles necessary to establish an infec-
tion (one particle) to the highest estimate used
in the model (200) (Fig. 3). Furthermore, the
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(A,B) Examples of donors and recipients with high shared diversity. Increasing the number of shared variants
(B) increases the overall bottleneck size estimate. (C,D) Examples of donors and recipients with low numbers of
virus variants, commonly observed in acute influenza infections. (C) Variants shared at a similar frequency
within the donor and recipient generate a large bottleneck estimate with wide confidence intervals. (D) Stringent
bottlenecks are observed when fewminor variants are shared between donor and recipient, and the frequency of a
shared variant becomes dominant (>50% frequency) in the recipient host.
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high prevalence of reassortment observed in the
global virus population suggests the one to two
range to be an underestimate. One theory to
explain how influenza virus adapts at a global
scale if bottleneck sizes are highly stringent is
that rapid replicationwithin the host, and a large
number of potential hosts, may offset the cost of
a sharp decrease in diversity due to a severe
bottleneck (Manrubia et al. 2005; McCrone
et al. 2018).

INFLUENZA TRANSMISSION IN ANIMAL
MODELS

Animal models—mice, ferrets, and guinea
pigs—have been instrumental in the study of
host and virus factors that impact the transmis-
sion of influenza virus. None of these models
can accurately replicate human infections and
transmission, yet each has helped expand our
understanding of those factors that influence
influenza transmissibility.

Mice were the first animals used to study
how the host influences influenza infections
(Schulman and Kilbourne 1963), revealing that
infection is highly dependent on both the strain
of the virus and the strain of the mouse model
(Schulman and Kilbourne 1963; Lowen et al.
2006; Haller et al. 2015; Ivinson et al. 2017).
Most studies have found that H3N2 strains can
transmit when mice are in direct contact with
each other, whereas H1N1 strains do not trans-
mit efficiently unless adapted to do so (Lowen
et al. 2006; Edenborough et al. 2012). Currently,
establishing standard laboratory procedures is
underway to produce mice that are more effec-
tive transmissionmodels of influenza (Edenbor-
ough et al. 2012; Ivinson et al. 2017).

The ferret is perhaps the best-suited animal
model for studying influenza pathogenesis, tro-
pism, and transmission (Maher and DeStefano
2004; Belser et al. 2011). Ferrets do not require
host-adapted strains and are susceptible to a
broad range of influenza virus strains (Herlocher
et al. 2001; Maines et al. 2005; Wan et al. 2008;
Itoh et al. 2009; Jackson et al. 2009; Kim et al.
2009; Munster et al. 2009). Furthermore, ferrets
possess a similar distribution of sialic acid recep-
tors to that in humans (van Riel et al. 2007; de

Graaf and Fouchier 2014); thus, like humans,
ferrets sneeze and cough during influenza infec-
tion, making them prime candidates for the
study of respiratory droplet and aerosol trans-
mission (Belser et al. 2016). On the downside,
ferrets incur intensive care requirements at asso-
ciated high costs, restricting the design of exper-
iments for a statistically significant number of
animals. Constraints aside, ferrets have been
proven influential in determininghow tissue tro-
pism, environment, and immune response affect
the transmission of influenza virus (Maines et al.
2012; Gustin et al. 2015; Lakdawala et al. 2015;
Belser et al. 2016; Frise et al. 2016).

For a number of reasons, guinea pigs are
gaining in popularity for the study of influenza
virus transmission (Lowen et al. 2006). They are
small, easy to maintain, cheaper than ferrets,
and susceptible to human influenza virus
strains. Like ferrets, guinea pigs can be used to
study aerosol, droplet, and contact transmission,
depending on how they are caged. First de-
scribed in 2006 by Lowen et al., guinea pig stud-
ies have since produced a number of essential
findings regarding how the host and environ-
mental factors affect transmission (Lowen et al.
2008; Varble et al. 2014; McMahon et al. 2019).

Route of Transmission

The route influenza virus takes to its destination
—whether aerosol, droplet, or direct contact—
will determine in part the number and diversity
of virus particles (Mubareka et al. 2009; Varble
et al. 2014). Loose bottlenecks, associated with
contact transmission, allowed for the transmis-
sion of drug-resistant variants between ferrets
that were cocaged, andmixed infections in guin-
ea pigs, in which a high incidence of reassort-
ment was also observed (Frise et al. 2016). In
spillover events, avian influenza virus strains
have infected humans through direct contact
(Koopmans et al. 2004; Plowright et al. 2017).
Together, these findings lend credence to the
theory that the circulation of drug-resistant or
other rare genetic variants is likely due to close
contact with infected individuals or infectious
secretions (Edenborough et al. 2012; Varble
et al. 2014). Needed now is more research into
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characterizing and quantifying interactions be-
tween individuals within human cohort trans-
mission studies, along with sequencing of virus
genomes collected from transmission pairs.

Immune Status and Transmission

Innate and adaptive immunity in hosts figures
heavily in limiting viral replication and trans-
mission (Iwasaki and Pillai 2014; Chen et al.
2018). Notably, Klinkhammer et al. (2018)
found that interferon (IFN)-λ limited the trans-
mission of influenza virus between mice lacking
functional innate immune receptors. This study
examined a mouse-adapted H7N7 strain (A/
seal/Massachusetts/1/1980), and H3N2 strains
(A/Hong Kong/8/68 and A/Udorn/72) in donor
mice that lacked either a functional type I IFN
receptor or a functional type III IFN receptor
(the IFN-λ receptor). To mimic upper respira-
tory tract infections observed commonly in hu-
mans, mice were inoculated with a smaller vol-
ume of viral inoculum and were cocaged with
double-knockout recipients. Results showed
that mice lacking a functional IFN-λ receptor
not only shed more virus but also transmitted
more readily to the recipient mice. When the
donor mice were treated prophylactically with
IFN-λ, transmission to naive mice was reduced
(Klinkhammer et al. 2018). In another study,
IFN-λ was identified as inducing an adaptive
immune response to viruses when vaccines
were administered intranasally (Ye et al. 2019).
Intranasal vaccines using a recombinant influ-
enza B neuraminidase protein were also found
to limit the spread of influenza B viruses in guin-
ea pigs (McMahon et al. 2019).

Research in ferrets profiled the expression of
innate immune genes during peak viral shed-
ding periods and transmission and found proin-
flammatory genes that were up-regulated and
correlated with increased transmissibility of
the influenza virus (Maines et al. 2012). Collec-
tively, these studies raise the question: Do indi-
viduals with impaired immune function differ
in their ability to transmit influenza virus to
others? When influenza virus evolution has
been tracked within immunocompromised pa-
tients with prolonged influenza infections, those

with impaired immune function were shown to
act as reservoirs for adapted influenza virus var-
iants and, possibly, to transmit higher numbers
of virus particles (Weinstock et al. 2003; Rogers
et al. 2015; Xue et al. 2017).

Effects of Age and the Microbiome on
Transmission

To address the inconsistency of transmission in
adult mouse models, Ortigoza et al. (2018) be-
gan with infantmice to track the transmission of
influenza virus. Infant mice ∼7 days old effi-
ciently transmitted the laboratory strain A/X-
31(H3N2) to their cocaged infant recipients,
whereas newly weaned and adult mice (>28 d)
failed to transmit the virus altogether. Mothers
pre-exposed to the influenza Avirus were able to
transfer immunoglobulin G to the infant mice
pre- and postnatally, which protected the infant
mice and reduced transmission. From this, the
researchers concluded that age of the host and
pre-exposure status of the mother mouse had a
role in the transmissibility of influenza virus
among the infant mice.

The infant mouse transmission model was
similarly used to study effects on transmission of
the precolonization of Streptococcus pneumo-
niae, because in human children, S. pneumoniae
often precedes influenza Avirus infections (Mc-
Cullers 2006; Morris et al. 2017). Here, recipient
mice showed a lower incidence of influenza
infection when prior colonization of S. pneumo-
niae occurred, further highlighting the potential
importance of the host’s microbiome in limiting
the transmission of influenza (Ortigoza et al.
2018). It is reasonable to speculate, however,
that other bacterial species may help influenza
transmit to other hosts. As a case in point, polio
viruses adhere to bacterial cells and travel as
“collective infectious units” when transmitting
to new cells within the host (Erickson et al.
2018). These aggregates of virus particles effec-
tively increase the multiplicity of infection and
could potentially allow for the transmission of
defective or incomplete influenza particles with
functional particles (Hirst and Pons 1973; San-
juán 2017). Although influenza aggregates have
been identified in cell culture studies, it is un-
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clear whether influenza transmits as aggregates
(Campbell et al. 2004).

CONCLUSION

To identify new and more accurate control
methods to improve our ability to predict which
virus strains will circulate in the next influenza
season, wemust first identify what may limit the
transmission of the influenza virus. Virus–virus
interactions, host immune status, the host mi-
crobiome, virus shedding, and the environment
all contribute to the size of the transmission
bottleneck (Fig. 1) and to variations across
data sets from human and animal studies, as
do the techniques used to derive the data. Even
as animal models help us to better understand
the dynamic interplay between the host and the
virus that contributes to greater transmissibility,
we remain in the dark about how exactly this
information relates to the human experience of
influenza infection. We lack, too, critical back-
ground information such as immune status,
weight, age, and degree of interaction between
donor and recipient. Next-generation sequenc-
ing data from natural influenza infections in hu-
mans and statistical models estimate a narrow
bottleneck size, but estimates vary between dif-
ferent transmission pairs, underscoring the
need for more, and more effective, methods of
tracking and quantifying interactions among
human cohorts in the study of influenza virus
transmission. Future models for estimating bot-
tleneck sizes will need to incorporate pathogen
interactions, including those between functional
and defective viruses and between influenza and
other microbial pathogens.
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