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Background.  A(H1N1)pdm09 influenza viruses replicate efficiently in respiratory epithelia and are transmitted via respiratory 
droplets and aerosols expelled by infected hosts. The relative onward transmission potential of influenza viruses replicating in the 
upper and lower respiratory epithelial cells has not been fully defined.

Methods.  Wild-type and barcoded A(H1N1)pdm09 viruses that differed by 2 synonymous mutations per gene segment were 
inoculated into ferrets via intranasal and intratracheal routes. Naive recipients were exposed to the exhaled breath of inoculated 
donors for 8 hours on day 2 postinoculation. Onward transmission potential of wild-type and barcoded genotypes were monitored 
by next generation sequencing.

Results.  Transmissible airborne particles were respired from the upper but not the lower respiratory epithelial cells of donor 
ferrets. There was limited mixing of viral populations replicating in the upper and lower respiratory tissues.

Conclusions.  The ferret upper respiratory epithelium was mapped as the anatomic site that generated influenza virus-laden par-
ticles mediating onward transmission by air. Our results suggest that vaccines and antivirals should aim to reduce viral loads in the 
upper respiratory tract for prevention of influenza transmission.
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Influenza viruses replicate in the airway epithelial cells and 
are transmitted via respiratory and oral secretions, droplets, 
and aerosols expelled by infected hosts. Due to differences 
in particle size, droplets and aerosols demonstrate variable 
temporal-spatial dispersion potential and may mediate influ-
enza transmission via multiple nonmutually exclusive modes 
[1, 2]. As influenza virus transmits most efficiently under close 
contact settings, it has been conventionally perceived that large 
droplets, which cannot travel a long distance, play an important 
role in mediating transmission. In reality, a susceptible host in 
close contact with a contagious host is exposed to a continuum 
of different-sized respiratory droplets and aerosols, and the 
significance of short-range airborne transmission via airborne 
particles may be underestimated [2, 3]. The size of virus-laden 
airborne particles also determines the initial site of viral infection 

in the respiratory tract. Through mechanisms including iner-
tial impaction, gravitational sedimentation, and Brownian dif-
fusion, particles at 10–100 µm may deposit at the oropharynx, 
particles at 5–10  µm may deposit at central airway, and only 
fine particles < 5 µm may reach small airways and alveoli of the 
lungs [4–6]. In the human airway, α2,6-linked sialic acids (SA) 
are abundantly present on the surface of ciliated cells and goblet 
cells in the upper airway while α2,3-linked SA are abundantly 
present on the surface of nonciliated bronchoepithelium cells 
and type II pneumocytes in the lower airway [7–9]. Influenza 
virus attachment to α2,6-linked or α2,3-linked SA is essential 
for initiating infection and this has been implicated as a critical 
viral determinant for transmissibility. Thus, exposure to virus-
laden particles of different sizes may determine the anatomic 
site of infection, whether the virus lands on permissive cells, 
and the kinetics of viral replication.

For onward transmission, virus-laden particles are formed 
and released from the infected respiratory epithelial mu-
cosa. In influenza patients, infectious influenza viruses or 
viral RNA have been detected from cough or exhaled breath 
aerosols in sizes > 5 μm or ≤ 5 μm [10–13]. With the use of 
impactors, we have previously evaluated the onward trans-
mission potential of airborne particles by size in the exhaled 
breath of ferrets infected with A(H1N1)pdm09 or A(H3N2) 
human seasonal influenza viruses [14]. Airborne particles 
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that mediated influenza transmission between ferrets were 
those > 1.5  µm in size, which only accounted for less than 
25% of all exhaled airborne particles below 20  µm in size. 
However, there is limited knowledge on the mechanisms 
driving the formation and release of infectious particles that 
mediate onward transmission.

Airborne particles in human breath are dominated by those 
< 1 μm in size, which may be generated via fluid film rupture 
at the respiratory bronchioles during inhalation [15, 16]. As 
such, viral replication in lower respiratory tissues, in close prox-
imity to human respiratory bronchioles, may be responsible for 
generating most of fine particles that confer efficient airborne 
transmissibility. However, zoonotic avian influenza viruses that 
preferentially recognize α2,3-linked SA and replicate efficiently 
in lower respiratory tract do not transmit well among humans. 
This concept is also in conflict with the experimental approach 
of yielding airborne-transmissible H5N1, H7N1, or H9N2 vari-
ants through sequential viral adaptations in the ferret upper 
respiratory tract [17–20]. In this study, we aimed to investigate 
the relative roles of the upper or lower respiratory epithelia in 
generating the airborne particles that mediate onward trans-
mission in ferrets.

METHODS

Cells

Madin-Darby canine kidney (MDCK) cells and 293T cells were 
obtained from the American Type Culture Collection and were 
maintained in minimum essential medium (MEM) and Opti-
MEM with 10% and 5% fetal calf serum, respectively.

Generation of a Barcoded Recombinant A/California/04/2009 (H1N1) Virus 

That Differed From the Wild-Type Virus by Synonymous Mutations 

The recombinant wild-type (WT) A/California/04/2009 
virus was generated as described previously [21, 22] using 
viral RNA of A/California/04/2009 virus passaged 5 times in 
MDCK cells. To construct the barcoded (BC) recombinant A/
California/04/2009 virus, available pandemic H1N1 sequences 
from the Influenza Virus Resource was accessed in 2015 to 
identify common synonymous mutations with minimal fre-
quency at 2% (PB2, n = 5114; PB1, n = 5125; PA, n = 5358; 
HA, n = 11321; NP, n = 5457; NA, n = 8990; M1, n = 7608; M2, 
n = 7051; NS1, n = 5907; NEP, n = 5537). In each gene seg-
ment, 2 nearby common synonymous mutations, with a max-
imal distance of 33 nucleotides (Table 1), were selected as the 
barcode sequences that will not alter known splice sites, open 
reading frame, or packaging signals. Spacing the dual barcodes 
33 nucleotides apart has facilitated Illumina short-read 
sequencing. The computer code used to choose these synony-
mous mutations is available at https://github.com/jbloomlab/
InfluenzaTransmissionHuiLingCollaboration. The synony-
mous mutations were introduced by site-directed mutagenesis 
into the pHW2000 plasmids encoding gene segments of WT 
A/California/04/2009 virus. Recombinant WT and BC viruses 
were rescued by transfecting 293T cells (TransIT-LT1; Mirus) 
as previously described [22]. The stock viruses were passaged 
twice in MDCK cells and stored at −80°C in aliquots. The 
full genomes of recombinant WT (GISIAD accession number 
EPI_ISL_2105719) and BC (EPI_ISL_2105720) viruses were 
verified.

Table 1.  Nucleotide Differences Between Recombinant Wild-Type and Barcode Viruses

Gene Segment Site Wild-Type Sequence Barcode Sequence Effect in Known ORF

PB2 2190 G A PB2 residue 721 (synonymous)

 2211 A G PB2 residue 728 (synonymous)

PB1 2214 C T PB1 residue 730 (synonymous), PB1-N40 (synonymous), PB1-F2 (out of ORF)

 2235 A G PB1 residue 737 (synonymous), PB1-N40 (synonymous), PB1-F2 (out of ORF)

PA 1815 G A PA residue 597 (synonymous), PA-155 (synonymous), PA-182 (synonymous), 
PA-x (out of ORF)

 1848 C T PA residue 608 (synonymous), PA-155 (synonymous), PA-182 (synonymous), 
PA-x (out of ORF)

HA 1440 C T HA residue 470a (synonymous)

 1469 C T HA residue 479a (synonymous)

NP 1407 A G NP residue 454 (synonymous)

 1419 C T NP residue 458 (synonymous)

NA 1241 T C NA residue 407 (synonymous)

 1268 T C NA residue 416 (synonymous)

M 917 G A M1 (out of ORF), M2 residue 68 (synonymous)

 950 A G M1 (out of ORF), M2 residue 79 (synonymous)

NS 729 G A NS1 (out of ORF), NS2 residue 77 (synonymous)

 750 G A NS1 (out of ORF), NS2 residue 84 (synonymous)

Abbreviation: ORF, open reading frame.
aHA residues are numbered sequentially from the N-terminal methionine rather than via the H1 or H3 ectodomain numbering schemes.

https://github.com/jbloomlab/InfluenzaTransmissionHuiLingCollaboration
https://github.com/jbloomlab/InfluenzaTransmissionHuiLingCollaboration
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Competitive Replication Fitness of Recombinant WT and BC Viruses 

MDCK cells were infected at the multiplicity of infection 
(MOI) of 0.005 plaque forming units (PFU)/cell with a mix-
ture of recombinant WT and BC viruses at 100:0, 80:20, 50:50, 
20:80, or 0:100, respectively. Viral RNA was extracted from 
culture supernatants at 0 hour (inoculum), 24 hours, and 48 
hours postinfection and amplified by real-time quantitative 
polymerase chain reaction (RT-PCR). The proportion of WT 
and BC sequences were determined using next-generation 
sequencing (NGS).

Infectivity In Vitro

The 50% tissue culture infectious dose (TCID50) was determined 
in confluent MDCK cells in 96-well plates. Prior to infection, 
cells were overlayed with infection media (MEM supplemented 
with 0.3% bovine serum albumin and 1  μg/mL N-tosyl-L-
phenylalanine chloromethyl ketone (TPCK)-trypsin). Cells 
were incubated with serial half-log diluted ferret nasal wash 
samples or supernatants from ferret respiratory tissue homog-
enate (replicates of 4 for each dilution) at 37°C for 72 hours. 
Hemagglutination assay using 0.5% turkey erythrocytes was 
performed to determine the end point of infection and virus 
titers (log10 TCID50/mL) were calculated by the Reed-Muench 
method [23].

Transmission Experiments in Ferrets

Transmissibility was tested in 4- to 8-month old desexed male 
ferrets obtained from Sangosho (Wuxi, China). The ferrets used 
in the experiments were seronegative for influenza A virus NP 
protein using ID Screen Influenza A  Antibody Competition 
enzyme-linked immunosorbent assay (ELISA) kit (ID.vet) and 
with hemagglutination inhibition titer ≤ 1:20 against selected 
seasonal influenza A  viruses (A/HK/4801/2014 (H3N2) and 
A/Michigan/45/2015 A(H1N1)pdm09). All studies were con-
ducted at the BSL2 animal facility at the Centre for Comparative 
Medicine Research, The University of Hong Kong. The study 
protocol was reviewed and approved by the Committee on the 
Use of Live Animals in Teaching and Research, The University 
of Hong Kong (CULATR No. 3905–16).

To compare the effect of viral replication at the upper and 
lower respiratory tract on onward transmission potential, 
donor ferrets were anesthetized with intramuscular injection 
of ketamine (25  mg/kg) and xylazine (2  mg/kg) and inocu-
lated with WT recombinant A/CA/04/09 virus intranasally 
(1000 PFU diluted in 50  µL of infection media; 25  µL inoc-
ulum per nostril) or intratracheally (1000 PFU diluted in 
500 µL of infection media). We used 500 µL for intratracheal 
inoculation as we aimed to deliver the virus at the bronchus 
region and to prevent liquid backflow to the upper trachea 
region. For intratracheal inoculation, lidocaine (Xylocaine® 
Spray, AstraZeneca) was additionally applied to the vocal 
cords of anesthetized ferrets to prevent laryngospasm prior 

to intubation using a 2.5-mm endotracheal tube guided by 
a laryngoscope. Virus was delivered to the bronchus region 
using a sterile polyethylene tubing placed inside the endotra-
cheal tube. Each donor was single-housed inside individually 
ventilated ferret cages (Allentown) after inoculation. Onward 
transmission potential from 1 inoculated donor ferret to 2 
naive ferrets via exhaled/expelled aerosols of various sizes was 
evaluated at 2 days postinoculation (dpi), using the transmis-
sion chambers described previously [14], without the use of 
impactors. In brief, the transmission chambers maintained a 
unidirectional airflow at 30 L/min and allowed passing of ex-
haled breath aerosols from the donor chamber to the recipient 
chamber. Two naive recipient ferrets were exposed to the ex-
haled breath of 1 donor ferret for 8 hours, and subsequently all 
animals were single-housed in individually-ventilated cages. 
The experiments were independently repeated 2–3 times.

To allow competition between viruses replicated at upper 
and lower respiratory tract prior to onward transmission, 
donor ferrets were coinoculated with (1) WT virus intranasally 
(1000 PFU diluted in 50 µL of infection media) and BC virus 
intratracheally (1000 PFU diluted in 500 µL of infection media), 
or (2) BC virus intranasally and WT virus intratracheally. 
Intratracheal inoculation was performed first and the animals 
were allowed to rest for 1 hour; afterwards, the animals were 
anesthetized again and were inoculated intranasally. At 2 dpi, 
2 naive recipient ferrets were exposed to the exhaled breath of 
1 donor ferret for 8 hours using the transmission chamber de-
scribed above. All animals were single-housed in individually 
ventilated cages after exposure.

To monitor viral shedding, nasal washes were collected from 
donor and recipient ferrets and titrated in MDCK cells. The 
proportion of WT and BC sequences were determined using 
NGS. Ferret weight, temperature, and clinical signs were moni-
tored daily. Postexposure sera from exposed naive recipient fer-
rets were collected at 14  days postexposure (dpe) to monitor 
seroconversion.

Viral Replication Kinetics in Ferrets

To monitor virus replication in ferrets coinoculated with WT 
and BC virus, tissues from the respiratory tract (nasal tur-
binate, soft palate, trachea, bronchus, right upper lung lobe, 
right lower lung lobe, left upper lung lobe, and left lower lung 
lobe) were collected at 2 dpi. Influenza M gene segment copy 
number was determined using real-time quantitative RT-PCR 
to approximate viral load in tissue samples (forward primer: 
5′-GACCRATCCTGTCACCTC TGAC-3′, reverse primer: 
5′-AGGGCATTYTGGACAAAKCGTCTA-3′, probe: 5′-FAM-
TGC AGTCCTCGCTCACTGGGCACG-BHQ1-3′) following 
the conditions described [24]. The proportion of WT and BC 
sequences were determined from the upper respiratory tissue 
(nasal turbinate) and lower respiratory tissues (bronchus and 
left lower lung lobe) by NGS.
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Next-Generation Sequencing 

Cell culture supernatant, nasal washes, and tissue homogenates 
collected at the indicated time points were analyzed by NGS. 
Briefly, viral RNA was extracted from 140 μL of samples using 
QIAamp viral RNA mini kit (Qiagen) and eluted with 60  μL 
buffer AVE (RNase-free water with 0.04% Sodium azide). Eight 
μL RNA was transcribed into cDNA with SuperScript III re-
verse transcriptase (Invitrogen) in a 20-μL reaction with primer 
454-Tag1-U12 (5′-GCCGGAGCTCTGCAGATATCAGCRA
AAGCAGG-3′). Eight gene segments were amplified by Q5 
High Fidelity DNA polymerase (NEB) using a pair of primers 
(454-Tag1-U12: 5′-GCCGGAGCTCTGCAGATATCAGCRA
AAGCAGG-3′; 454-Tag1-U13: 5′-GCCGGAGCTCTGCAGA
TATCAGTAGAAACAAGG-3′) from 10 μL cDNA template in 
a 100-μL reaction. PCR products were purified using MinElute 
Reaction Cleanup Kit (Qiagen). Nextera XT DNA Sample Prep 
Kit (Illumina) was used for library preparation and Illumina 
MiSeq or NovaSeq 6000 was used for pair-end sequencing at the 
Centre for PanorOmic Sciences, The University of Hong Kong. 
All data were analyzed on a CLC Genomic workbench version 
20 (Qiagen) and the minimal variant frequency was set at 1%.

RESULTS

Onward Transmission Potential of A(H1N1)pdm09 Virus From Ferrets 

Inoculated via Intranasal or Intratracheal Routes

A(H1N1)pdm09 viruses transmit efficiently among ferrets 
via respiratory droplets [25–27]. We previously reported that 
A(H1N1)pdm09 viruses replicate efficiently in ferret upper 
and lower respiratory tissues, with mean viral titers detected at 
7.0–7.2 log10 TCID50/mL and 4.6–6.4 log10 TCID50/mL in nasal 
turbinate and lungs at 3 dpi, respectively [28]. However, there 
has been limited studies that investigated the onward trans-
mission potential of viruses that replicate at upper and lower 
respiratory tissues [29, 30]. We compared onward transmission 
potential of donor ferrets inoculated with 1000 PFU of recombi-
nant A/California/04/2009 virus intranasally or intratracheally  
(Figure 1). At 2 dpi, 2 naive recipient ferrets were exposed to the 
exhaled breath of 1 donor ferret for 8 hours and all animals were 
single-housed in individually ventilated cages subsequently. 
Donor ferrets inoculated intranasally efficiently transmit the 
virus to naive recipient ferrets via breath aerosols, with viral 
shedding detected from the nasal wash of 1/4 recipient at 1 
dpe and from 4/4 recipients at 2 dpe. (Figure 1A). In contrast, 
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Figure 1.  Onward transmission potential of donor ferrets inoculated with A(H1N1)pdm09 intranasally or intratracheally. A, Donor ferrets were inoculated with 1000 PFU in 
50 µL of infection media. B, Donor ferrets were inoculated intratracheally with 1000 PFU in 500 µL of infection media. On day 2 postinoculation, 2 naive recipient ferrets were 
exposed to the exhaled breath of 1 inoculated donor ferret for 8 hours. All animals were single-housed in individually ventilated cages after exposure. Viral loads in the nasal 
washes (log10TCID50/mL) of the donor (dark blue) and 2 recipients (2 shades of lighter blue) were determined at various time points to monitor transmission and viral shed-
ding. C, Area under the curve to approximate viral loads in the nasal washes of donor ferrets inoculated via intranasal or intratracheal route. Dotted lines indicate the limit 
of detection at 1.789 log10TCID50/mL. Abbreviations: dpe, days postexposure; dpi, days postinoculation; PFU, plaque forming unit; TCID50, 50% tissue culture infectious dose.
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none of the donor ferrets inoculated intratracheally were able 
to transmit the virus to the naive recipient ferrets, as no viral 
shedding or seroconversion were detected from the recipients 
(Figure 1B). The total amounts of virus shed in donors’ nasal 
washes were approximated by calculating the area under the 
curve; donors inoculated intranasally shed higher amounts of 
virus in the nasal washes than those inoculated intratracheally 
(Mann-Whitney test, P = .200; Figure 1C). These results high-
light the importance of ferret upper respiratory tissues as the 
initial anatomic site of viral replication for onward aerosol 
transmission.

Generation of Recombinant WT and BC A/California/04/2009 Viruses

Influenza virus may spread from the initial anatomic site of rep-
lication to other regions of the respiratory tract over the course 
of infection. To confirm the importance of upper respiratory tro-
pism for onward aerosol transmissibility, we generated recom-
binant WT and BC A/California/04/2009 viruses that differed 
by 2 synonymous mutations at each gene segment, with a max-
imal distance of 33 nucleotides between the 2 mutations (Table 
1). The synonymous mutations were chosen so that they intro-
duced nucleotides present in other circulating A(H1N1)pdm 
viruses, under the assumption that such mutations are likely to 
be neutral with respect to fitness. Comparable viral loads of WT 
and BC viruses were detected in MDCK cells infected with MOI 
of 0.001 (Figure 2A), suggesting that there was minimal effect of 
the synonymous mutations on viral growth in vitro. To further 
compared the competitive fitness of WT and BC viruses, MDCK 
cells were infected with mixed WT and BC viruses at different 
ratios and the percentages of WT and BC genotypes in culture 
supernatants were monitored using NGS. Compared to the in-
oculum at 0 hour, increased proportions of PB2, NP, and NA 
gene segments of the BC genotype were consistently noted at 24 
and 48 hours postinfection using mixed inoculum of WT and 
BC viruses at 80%:20%, 50%:50%, and 20%:80% (Figure 2B).  
On the other hand, increased proportion of WT genotype was 
only transiently observed for the HA and NS gene segments. 
The results suggest that the PB2, NP, and NA gene segments of 
BC virus showed minor growth advantages over those of the 
WT virus in MDCK cells.

We further compared the replication efficiency of WT and 
BC viruses in ferret respiratory tissues. The first group of ferrets 
were inoculated intranasally with WT virus and intratracheally 
with BC virus (Figure 2C). Conversely, the second group 
of ferrets were inoculated intranasally with BC virus and 
intratracheally with WT virus (Figure 2D). Comparing group 
1 and 2 ferrets, viral loads detected from each respiratory tissue 
(nasal turbinate, soft palate, trachea, bronchus, and 4 lung 
lobes) were comparable at 2 dpi, with the highest viral loads 
detected from nasal turbinate. Importantly, viral loads detected 
in the lower respiratory tissues (bronchus and lung lobes) were 
not significantly different from those detected from the upper 

respiratory tissues (nasal turbinate, soft palate) (Figure 2C and 2D),  
suggesting that WT and BC viruses may replicate to compa-
rable titers at both upper and lower respiratory tissues. We 
further analyzed the proportion of WT and BC genotypes rep-
licated at the upper (nasal turbinate) and lower respiratory tis-
sues (bronchus and left lower lung lobes). We noted that the 
genotype detected from the nasal turbinate matched the virus 
inoculated intranasally while the genotype detected from the 
bronchus and left lower lung lobes matched the virus inoculated 
intratracheally. There was minimal mixing of WT and BC vir-
uses at the upper and lower respiratory tract.

Onward Transmission Potential of Ferrets Coinoculated With WT and BC 

Virus via Intranasal or Intratracheal Routes

To confirm the importance of upper respiratory tropism for on-
ward aerosol transmissibility, 3 donor ferrets (43C01, 43E01, 
and 43F01) were coinoculated with WT and BC viruses via 
intranasal and intratracheal routes, respectively. At 2 dpi, 1 or 
2 naive recipients were exposed to the exhaled breath of 1 in-
oculated donor for 8 hours. Viral shedding were detected from 
nasal washes of all recipient ferrets postexposure demonstrating 
efficient transmission (Figure 3). We analyzed the propor-
tion of WT and BC genotypes in donors’ and recipients’ nasal 
washes at the peak titer days by NGS. WT genotype inoculated 
intranasally dominated in the nasal wash of donor 43C01 at 
5 dpi; WT genotype was also detected from the nasal washes 
of 2 recipients 43C03 and 43C04 exposed to 43C01 at 5 dpe  
(Figure 3A). For donor 43E01, WT genotype dominated in the 
nasal wash at 3 dpi but BC genotype gained dominance over 
WT at 5 dpi, indicating the spread of BC virus from the lower 
respiratory tract (ie, the initial site of replication) to upper res-
piratory tract as infection progressed over time. WT genotype 
was detected from the nasal washes of the recipient ferrets 
43E03 and 43E04 at 2 dpe and 5 dpe (Figure 3B), suggesting that 
transmission occurred from the upper airways prior to spread 
of the BC genotype from the lower to upper respiratory tract. 
For donor 43F01, WT genotype dominated in the nasal washes 
at 3 dpi and 5 dpi. WT genotype was also detected in the nasal 
wash of the recipient 43F03 at 5 dpe (Figure 3C).

The experiment was  repeated with the virus types and sites 
reversed, that is by co-inoculating 2 donor ferrets (48A01 
and 48B01) with BC and WT viruses via intranasal and 
intratracheal routes, respectively. Transmission to all recip-
ient ferrets was noted by detecting viral shedding in the nasal 
washes. The percentages of WT and BC genotypes in donors’ 
and recipients’ nasal washes at the peak titer days were ana-
lyzed by NGS. For both donors 48A01 and 48B01, BC genotype 
dominated in the nasal washes at 3 dpi and 5 dpi (Figure 4).  
In the nasal washes of exposed recipients, BC genotype also 
dominated at 2 dpe, 3 dpe, or 5 dpe. Taken together, these re-
sults confirm that onward transmission is mediated by viruses 
replicated at the upper respiratory epithelial cells.
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Figure 2.  Competitive replication kinetics of WT and BC viruses in vitro and in ferret respiratory tissues. A, MDCK cells were infected with WT and BC viruses at 
MOI = 0.001, culture supernatants were collected at indicated time points, and influenza virus M gene copy numbers were determined (log10 M gene copies/mL). B, MDCK 
cells were infected with WT and BC viruses mixed at different ratios (at MOI = 0.005), and the genotype percentages of WT and BC viruses were determined at 0 hour (in-
oculum), 24, and 48 hours postinfection using NGS. Compared to the inoculum at 0 hour, there was a significantly increased percentage of BC genotype at 24 or 48 hours 
(indicated by asterisks) and a significantly increased percentage of WT genotype (indicated by crosses; P < .05, 2-way ANOVA followed by Tukey multiple comparison test). 
C, Respiratory tissues were collected at 2 dpi from ferrets coinoculated with WT (intranasally) and BC (intratracheally) viruses (n = 3). D, Respiratory tissues were collected 
at 2 dpi from ferrets coinoculated with BC (intranasally) and WT (intratracheally) viruses (n = 3). Viral loads were determined by RT-PCR (M gene copies/g tissue, mean ± SD). 
Kruskal-Wallis test and Dunn multiple comparison test were used to compare viral loads detected in different tissues; P values <.05 are shown. Genotype percentage of WT 
and BC viruses in respiratory tissues were determined by NGS. The mean sequence reads of each gene segment are indicated by black lines. Abbreviations: BC, barcoded; 
MDCK, Madin-Darby canine kidney cells; MOI, multiplicity of infection; NGS, next-generation sequencing; RT-PCR, real-time quantitative polymerase chain reaction; WT, 
wild type.
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DISCUSSION

In the present study, we evaluated the onward transmission po-
tential of A(H1N1)pdm09 influenza virus replicating at ferret 
upper or lower respiratory epithelial cells. Transmissible air-
borne particles were respired from the upper respiratory ep-
ithelial cells of donor ferrets that were either infected at the 
upper respiratory tract alone (inoculated intranasally) or were 

infected at both the upper and lower respiratory tract (inocu-
lated intranasally and intratracheally). The results have impli-
cations in the use of antivirals or vaccines to reduce viral loads 
in the upper respiratory tissues to prevent influenza transmis-
sion [31, 32].

We observed limited mixing of viral populations replicating 
in the upper and lower respiratory tissues, at least at early days 

lo
g 1

0T
C

ID
50

/m
L

Donor Recipients

6

5

5 57 79 9

4

3

3 321

2

1

dpi dpe

G
en

ot
yp

e 
(%

)

Donor Recipients

43C03 (5 dpe)
100

75

50

25
0

106

105

104

103

102

43C04 (5 dpe)
100

75

50

25

0

106

105

104

103

102

43C01 (5 dpi)
100

75

50

25

0

106

105

104

103

102

PB
2

PB
1

N
A

N
SMN
P

H
APA

PB
2

PB
1

N
A

N
SMN
P

H
APA

WT

BC

100

75

50

25

0

100

75

50

25

0

PB
2

PB
1

N
A

N
SMN
P

H
APA

100

75

50

25

0

100

75

50

25

0

106

105

104

103

102

106

105

104

103

102

PB
2

PB
1

N
A

N
SMN
P

H
APAPB
2

PB
1

N
A

N
SMN
P

H
APA

100

75

50

25
0

100

75

50

25

0

106

105

104

103

102

PB
2

PB
1

N
A

N
SMN
P

H
APA PB
2

PB
1

N
A

N
SMN
P

H
APA PB
2

PB
1

N
A

N
SMN
P

H
APA

G
en

ot
yp

e 
(%

)
G

en
ot

yp
e 

(%
)

#
 c

h
an

ge
 t

o 
N

o.
 o

f

C
ov

er
ag

e 
(#

 r
ea

d
s)

C
ov

er
ag

e 
(#

 r
ea

d
s)

Donor Recipients

43E03 (2 dpe) 43E03 (5 dpe)

43E04 (5 dpe)43E04 (2 dpe)
43E01 (5 dpi)

43E01 (3 dpi)

Donor Recipients

43F01 (3 dpi) 43F01 (5 dpi) 43F03 (5 dpe)

lo
g 1

0T
C

ID
50

/m
L

Donor Recipients
6

5

5 57 79 9

4

3

3 321

2

1

dpi dpe

lo
g 1

0T
C

ID
50

/m
L

Donor Recipients
6

5

5 57 79 9

4

3

3 321

2

1

dpi dpe

A

B

C

Figure 3.  Onward transmission potential of donor ferrets coinoculated with WT (intranasally) and BC (intratracheally) A(H1N1)pdm09 viruses, in 3 independently repeated 
experimental groups (A, B, C). On day 2 postinoculation, 2 naive recipient ferrets were exposed to the exhaled breath of 1 inoculated donor ferret for 8 hours. All animals 
were single-housed in individually ventilated cages after exposure. Viral loads in the nasal washes (log10TCID50/mL) of donors (dark blue) and recipients (two shades of lighter 
blue) were determined at various time points to monitor transmission and viral shedding. The dotted line indicates the limit of detection at 1.789 log10TCID50/mL. Genotype 
percentage of WT (pink) and BC (blue) viruses in nasal washes were determined by NGS on peak titer days. Black lines indicate mean sequence reads of each gene segment. 
Abbreviations: BC, barcoded; dpe, days postexposure; dpi, days postinoculation; NGS, next-generation sequencing; TCID50, 50% tissue culture infectious dose; WT, wild type.
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postinoculation. Our results are consistent with the findings 
of a previous study of similar design [33]. Ferret respiratory 
tissues collected at 2 dpi from ferrets coinoculated with WT 
and BC viruses showed limited spread of the inoculated geno-
types from the respective respiratory tissues. Among 5 donors 
coinoculated with WT and BC viruses, the genotype inocu-
lated intranasally was detected in donors’ nasal washes and 
was transmitted to recipient ferrets exposed to the donors at 
2 dpi (Figure 3 and Figure 4). Interestingly, 1 donor (43E01) 
initially shed the genotype inoculated intranasally at 3 dpi and 
was found to shed the genotype inoculated intratracheally at 5 
dpi (Figure 3B), demonstrating the upward spread potential of 
viruses replicating at the lower respiratory tract as infections 
progress over time. However, we and others have demonstrated 
that influenza onward transmissibility decreased over time; by 
5 dpi, there was limited onward transmission by air or by direct 

contact [14, 34]. These results further highlight the importance 
of the upper respiratory tissues as the initial anatomic site of 
infection. Although large droplets are perceived to be depos-
ited in the upper respiratory tract due to inertia, fine aerosols 
are also capable of infecting upper respiratory epithelial cells, 
as high viral load can be detected in the nasal washes of fer-
rets exposed to fine aerosols < 1.5 µm in size generated using a 
Collison nebulizer [14].

Our study is limited by the time points that the recipient fer-
rets were exposed to the inoculated donors. Recipient ferrets 
were only exposed to the donors for 8 hours at 2 dpi. While our 
work was being performed, Richard et al performed a similar 
study permitting continuous exposure of the recipient ferrets 
to the donors starting from 4 hours postinoculation until 9 dpi. 
Their study similarly demonstrated the significance of viral in-
fection in the nasal epithelial cells for onward transmissibility 
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[30]. Our results are also in line with a previous study that iden-
tified ferret soft palate as an important anatomic site of adap-
tation for transmissible influenza viruses [29]. Although it is 
challenging to collect samples from human upper and lower 
respiratory tissues, parallel studies in humans, if performed, 
will further advance our knowledge in this area. Previous 
studies on influenza transmission bottleneck in humans used 
nasal and throat swabs samples to monitor viral transmission 
within households [35–37].

Taken together, the ferret upper respiratory tissue is mapped 
as the anatomic site generating virus-laden particles that me-
diate influenza onward transmission. The mechanisms limiting 
transmission of aerosols generated from the lower respiratory 
tract warrant further studies, including the size [38], quantity, 
and infectivity of expelled aerosols, as well as other potential 
host and environmental factors.
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