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ABSTRACT Exchange of gene segments through reassortment is a major feature of
influenza A virus evolution and frequently contributes to the emergence of novel
epidemic, pandemic, and zoonotic strains. It has long been evident that viral diversi-
fication through reassortment is constrained by genetic incompatibility between di-
vergent parental viruses. In contrast, the role of virus-extrinsic factors in determining
the likelihood of reassortment has remained unclear. To evaluate the impact of such
factors in the absence of confounding effects of segment mismatch, we previously
reported an approach in which reassortment between wild-type (wt) and genetically
tagged variant (var) viruses of the same strain is measured. Here, using wt/var sys-
tems in the A/Netherlands/602/2009 (pH1N1) and A/Panama/2007/99 (H3N2) strain
backgrounds, we tested whether inoculation of parental viruses into distinct sites
within the respiratory tract limits their reassortment. Using a ferret (Mustella putorius
furo) model, either matched parental viruses were coinoculated intranasally or one
virus was instilled intranasally whereas the second was instilled intratracheally. Dual
intranasal inoculation resulted in robust reassortment for wt/var viruses of both
strain backgrounds. In contrast, when infections were initiated simultaneously at dis-
tinct sites, strong compartmentalization of viral replication was observed and mini-
mal reassortment was detected. The observed lack of viral spread between upper
and lower respiratory tract tissues may be attributable to localized exclusion of
superinfection within the host, mediated by innate immune responses. Our find-
ings indicate that dual infections in nature are more likely to result in reassort-
ment if viruses are seeded into similar anatomical locations and have matched
tissue tropisms.

IMPORTANCE Genetic exchange between influenza A viruses (IAVs) through reas-
sortment can facilitate the emergence of antigenically drifted seasonal strains and
plays a prominent role in the development of pandemics. Typical human influenza
infections are concentrated in the upper respiratory tract; however, lower respiratory
tract (LRT) infection is an important feature of severe cases, which are more com-
mon in the very young, the elderly, and individuals with underlying conditions. In
addition to host factors, viral characteristics and mode of transmission can also in-
crease the likelihood of LRT infection: certain zoonotic IAVs are thought to favor the
LRT, and transmission via small droplets allows direct seeding into lower respiratory
tract tissues. To gauge the likelihood of reassortment in coinfected hosts, we as-
sessed the extent to which initiation of infection at distinct respiratory tract sites im-
pacts reassortment frequency. Our results reveal that spatially distinct inoculations
result in anatomical compartmentalization of infection, which in turn strongly limits
reassortment.
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eassortment, or the exchange of intact gene segments between coinfecting vi-

ruses, plays a prominent role in the evolution and emergence of influenza A viruses
(IAVs) (1, 2). While reassortment among related, cocirculating human IAVs is known to
contribute to the diversification and evolution of seasonal strains (3-8), reassortment
involving IAVs adapted to distinct host species poses a risk for the emergence of
pandemics (9-11). For two |AVs to reassort, they must infect the same host and infect
the same cell(s) within that host. In gauging the potential for reassortment in nature,
it is therefore important to understand the likelihood of cellular coinfection taking
place within a coinfected host. To allow rigorous examination of this issue, we
previously developed a system in which reassortment between a wild-type (wt) IAV and
a genetically tagged variant (var) of the same strain is measured (12). This system avoids
genetic incompatibility between coinfecting viruses and thereby facilitates detection of
virus-extrinsic effects on reassortment efficiency. Our prior work using wt/var coinfec-
tion in a guinea pig model revealed that reassortment can be highly efficient in a
coinfected host (up to ~65% of viruses present in nasal lavage fluid were reassortants).
This efficiency was strongly dependent on the timing of superinfection, however. When
viruses were introduced simultaneously, or within a 12-h time window, reassortment
was prevalent. However, with a delay of greater than 18 h, neither infection with the
second virus nor reassortment could be detected.

In addition to timing of infection, another important variable that may limit reas-
sortment potential in nature is the spatial distribution of infection within the host.
Examination of viral growth in ex vivo organ cultures and primary cells derived from
respiratory tract tissues suggests that human seasonal IAVs can replicate in epithelial
cells derived from multiple sites throughout the human respiratory tract (13-15). Within
the infected human host, however, 1AV is thought to replicate mainly in the upper
respiratory tract (URT) in typical cases, while spread to the lower respiratory tract (LRT)
is associated with severe influenza. Lower respiratory tract involvement can lead to viral
pneumonia, a complication which is more common in the very young, the elderly, and
individuals with underlying conditions (16-20).

In addition to host factors, viral characteristics can increase the likelihood of LRT
infection. In both animal models and natural human infection, the 2009 pandemic
strain has exhibited a greater propensity for growth in the LRT than seasonal IAVs (17,
21-24). In addition, zoonotic IAVs derived from avian hosts may favor the LRT over
upper respiratory tract sites (25-29). This feature of infection likely contributes to severe
disease in human cases of subtype H5N1 and H7N9 IAV infection. Notably, however,
avian virus-like HSN1 and H7N9 subtype viruses isolated from humans have been found
to attach to or replicate in cells of the upper respiratory tract ex vivo (30, 31).

Importantly, different modes of IAV transmission lead to seeding of virus into
different locations within the respiratory tract. Transmission via fomites or large respi-
ratory droplets is expected to deposit virus near the site of entry into the host, in the
upper respiratory tract. In contrast, small-droplet aerosols are efficiently carried into
lower regions of the respiratory tract, with a significant proportion of those that are
5 um in diameter penetrating all the way to the alveolar region (32).

In sum, viral characteristics, host factors, and mode of viral transmission impact the
site of viral replication in the human respiratory tract. It follows that, when a given host
is coinfected with two distinct IAV populations, their replication may initiate at distinct
anatomical locations. We therefore sought to determine the likelihood of reassortment
occurring when two IAVs initiate infection separately, in the upper and lower respira-
tory tracts. To this end, we examined reassortment efficiency in a ferret (Mustella
putorius furo) model using wt/var virus systems of two distinct strain backgrounds. The
wt and var viruses either were instilled together into the nasal tract of the ferrets or
were inoculated at the same time but into the URT via intranasal (IN) inoculation or the
LRT via intratracheal (IT) inoculation. Our results reveal that reassortment is highly
efficient in intranasally coinoculated ferrets but is severely restricted when viruses are
introduced at distinct anatomical sites. These findings point to a virus-extrinsic con-
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straint on AV reassortment which is likely to play a role in determining the likelihood
of reassortant viruses emerging in nature.

RESULTS

Coinoculation of matched wild-type and variant viruses into the nasal tract
results in robust reassortment in ferrets. To determine baseline frequencies of
reassortment in ferrets, we performed intranasal coinoculations with either NL/09wt
plus NL/O9var (pH1N1) viruses or with Pan/99wt plus Pan/99var (H3N2) viruses in
groups of four animals. In each case, wt and var viruses were mixed in a 1:1 ratio prior
to inoculation and a total dose of 2 X 10> 50% tissue culture infective doses (TCIDs,)
per ferret was used. Nasal swabs were collected daily. Samples from day 1 (d1), d2, d4,
and d6 postinoculation were analyzed to evaluate reassortment levels. First, the titer of
virus present in these nasal swabs was determined by plaque assay (Fig. 1B and 2B).
Next, approximately 20 plaque isolates derived from each time point were genotyped
by reverse transcription-quantitative PCR (RT-qPCR) followed by high-resolution melt
(HRM) analysis. The results of this genotyping assay are displayed in Fig. 1 for NL/09wt
plus NL/09var virus coinfections and in Fig. 2 for Pan/99wt plus Pan/99var virus
coinfections. The checkerboard appearance of the genotype tables shown in both
figures indicates that reassortant viruses were detected readily. It is also apparent from
this pictorial view of the data that, in the case of Pan/99wt-Pan/99var virus coinfections,
the prevalence of reassortant genotypes tended to increase over the course of the
infection (Fig. 2).

To give a quantitative measure of the viral genotypic diversity generated
through reassortment, the Simpson’s diversity index was calculated (Fig. 1C and
2C). This index takes into account both the number of different genotypes detected
and their evenness or the variation in the abundance of each. Each sample’s
Simpson index value was then converted to a corresponding Hill number to derive
its effective diversity and allow statistical analysis by basic linear regression meth-
ods. The results indicate that, even early after inoculation, an appreciable level of
diversity was generated through reassortment in ferrets. Analyzing the effect of day
on effective diversity (N,) using mixed effects models to account for individual
ferret variation revealed a significant decrease in diversity over time in the NL/09-
infected ferrets [p(day) = 0.039, estimate = —1.19/day] and a significant increase
in the Pan/99-infected ferrets [p(day) = 7.4 X 1077, estimate = +2.56/day]. The
differing results observed for the NL/09 and Pan/99 strain backgrounds with respect
to the kinetics of viral genotypic diversity were likely a result of differences in the
kinetics of viral spread. Namely, swab titers of NL/09 wt/var-coinfected ferrets
tended to be higher than the swab titers of Pan/99 wt/var-coinfected animals on d1
postinoculation (P = 0.088, t test), suggesting a more rapid expansion of the
NL/09-based inoculum (see panel B in Fig. 1 and 2).

Simultaneous inoculation of ferrets via the intranasal and intratracheal routes
results in little reassortment. To test the extent to which reassortment is restricted
when infection is initiated at distinct anatomical sites, ferrets were inoculated with one
virus intranasally and with a second virus intratracheally. The sites targeted by these
two routes of inoculation, as well as the sampling methods employed after infection,
are shown schematically in Fig. 3. As with the dual intranasal inoculations described
above, 1 X 10° TCID,, of each virus was used and the intranasal (IN) and intratracheal
(IT) inoculations were performed at the same time with the aim of initiating infections
at the two sites simultaneously. Again, these experiments were performed with wt/var
virus pairings in the NL/09 background and, separately, in the Pan/99 background.
Nasal and throat swabs were collected daily.

We noted during the course of the IN/IT experiment performed with the NL/09-
based viruses that the virus introduced intratracheally was not readily detected by
swabbing the nose or throat. For the experiment performed with the Pan/99-based
viruses, we therefore also collected tissues on day 3, 4, or 5 postinoculation. The timing
of tissue collection was chosen to balance the opportunity to track reassortment over
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FIG 1 Dual intranasal inoculation with NL/09wt and NL/09var viruses resulted in high levels of reassortment.
Ferrets were inoculated intranasally with a 1:1 mixture of NL/09wt and NL/09var viruses in a 40-ul volume. The
dose used comprised 1 X 10° TCID,, of each virus. Nasal swabs were collected and virus therein analyzed to
generate the data shown. (A) Viral genotypes of 17 to 21 plaque isolates per sample are shown in table format,
where each row represents a viral isolate and each of the eight columns represents a viral gene segment in the
order PB2, PB1, PA, HA, NP, NA, M, and NS. Red bars indicate segments derived from the NL/09wt parental virus,
and turquoise bars show segments derived from the NL/09var virus. White bars indicate segments where the
genotyping result was not clear. Day postinoculation (p.i.) is shown at the top, and the ferret from which swabs
were collected is indicated at the left. (B) Infectious titers of nasal swab samples are plotted as a function of time
postinoculation. (C) The diversity of viral gene constellations detected is represented for each ferret, with days p.i.
indicated in grayscale. Each sample’s Simpson index value was converted to a corresponding Hill number (Hill's N.,)
to derive its effective diversity.

time with the need to demonstrate virus growth in the lower respiratory tract. Tissues
were homogenized, and viral load was evaluated by TCID, assay. To determine
whether the viruses detected were derived from wt virus or var virus or both parental
viruses, we performed deep sequencing on the PB2 segment. The results are shown in
Fig. 4. In each animal, the virus instilled intranasally strongly predominated in the nasal
turbinates (NT). The virus instilled intratracheally was predominant either throughout
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FIG 2 Dual intranasal inoculation with Pan/99wt and Pan/99var viruses resulted in high levels of reassort-
ment. Ferrets were inoculated intranasally with a 1:1 mixture of Pan/99wt and Pan/99var viruses in a 40-ul
volume. The dose used comprised 1 X 10° TCID,, of each virus. Nasal swabs were collected and virus
therein analyzed to generate the data shown. (A) Viral genotypes of 17 to 21 plaque isolates per sample
are shown in table format, as described in the legend to Fig. 1. Red bars indicate segments derived from
the Pan/99wt virus, and turquoise bars show segments derived from the Pan/99var virus. White bars
indicate segments where the genotyping result was not clear. (B) Infectious titers of nasal swab samples are
plotted as a function of time postinoculation. (C) The diversity of viral gene constellations detected is
represented for each ferret, with days p.i. in grayscale. Each sample’s Simpson index value was converted

to a corresponding Hill number (Hill's N,) to derive its effective diversity.

the regions of the lower respiratory tract tested (in ferrets F13, F14, and F15) or in a
subset of the lower respiratory tract tissues (in ferret F16). Importantly, productive
infection with both wt and var viruses was evident in all four ferrets.

To measure reassortment in the ferrets inoculated via both the IN and IT routes, both

nasal and throat swabs were analyzed. Again, plaque assays were performed to
determine viral titers and approximately 20 plaques per swab sample were genotyped.
In addition, deep sequencing targeting the PB2 segment was performed on swab
samples collected from each animal at an early time point and a late time point.

Results obtained from nasal swabs are shown in Fig. 5 for NL/09-based viruses and

in Fig. 6 for Pan/99-based viruses. In both experiments, the majority of plaque isolates
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FIG 3 Locations of inoculation and sampling within the ferret respiratory tract. Anatomical sites accessed for (A) inoculation, (B) swab collection, and (C) tissue

collection are shown schematically.

retained the parental genotype of the virus instilled intranasally. Very little reassort-
ment, and therefore very low diversity, was detected. Analyzing 20 plaques per sample,
the limit of detection for a given viral genotype is relatively high, at 5%. Low levels of
reassortment (<5%), which were not reliably detected in our assay, could be important
in a natural context if the reassortant viruses produced were to have a fitness advan-
tage over parental strains. To determine whether we might be overlooking lower levels
of reassortment, we performed deep sequencing on viral cDNA derived from the bulk
swab samples with the aim of evaluating the relative prevalences of wt and var virus
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FIG 4 Both intranasal (I.N.) and intratracheal (I.T.) inoculations led to productive viral infection in ferrets
coinfected with Pan/99wt plus Pan/99var virus. Infectious titers in tissue homogenates were determined
by TCID,, assay, and the genotypes of PB2 RNAs present in each sample were determined by deep
sequencing. The limit of detection for infectious virus was 1.5 log, ,TCID,/ml (shown with a dashed line),
and samples in which infectious virus was not detected are plotted at that limit. Note that viral RNA was
detected by deep sequencing in samples that were below the detection limit of the TCID,, assay.
Coloring of the bars indicates the proportion of each PB2 genotype detected, with a limit of detection
of 1%. wt data are shown in red and var data in turquoise. The tissues analyzed were nasal turbinate (NT),
upper trachea (UT), lower trachea (LT), left lung (LL), and right lung (RL). Ferret identification numbers
and day postinfection at which tissues were collected are given above each graph.
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FIG 5 Separate inoculations of NL/09wt and NL/09var viruses by the intranasal and intratracheal routes yielded little mixing
and low levels of reassortment in the nasal tract. Ferrets were inoculated with 1 X 10° TCID, of NL/09wt and 1 X 10°
TCID,, of NL/09var viruses. Ferrets F9 and F10 received NL/09wt virus intranasally and NL/09var virus intratracheally. Ferrets
F11 and F12 received NL/O9var virus intranasally and NL/09wt virus intratracheally. Nasal swabs were collected and virus
therein analyzed to generate the data shown. (A) Viral genotypes of 17 to 21 plaque isolates per sample are shown in table
format, as described in the legend to Fig. 1. Red bars indicate segments derived from the NL/09wt virus, and turquoise bars
show segments derived from the NL/09var virus. (B) Infectious titers of nasal swab samples are plotted as a function of time
postinoculation. (C) The diversity of viral gene constellations detected is represented for each ferret, with days p.i. in
grayscale. Each sample’s Simpson index value was converted to a corresponding Hill number (Hill's N,) to derive its
effective diversity. (D) Results of next-generation sequencing of the IAV PB2 segments present in swab samples are shown.
The percentage of reads carrying wt or var sequence is indicated by the coloring of the bars. Limit of detection = 1%.

gene segments with an improved limit of detection. Since it is not possible to define
viral gene constellations by this approach, we typed only the PB2 segment. Results
were consistent with those obtained by genotyping plaques: in nasal swabs, the PB2
segment of the virus instilled intratracheally represented <5% of reads (the limit of
detection for this assay was 1%).

Results obtained from throat swabs are shown in Fig. 7 for NL/09-based viruses and
in Fig. 8 for Pan/99-based viruses. These swabs were collected from a lower region of
the upper respiratory tract than the nasal swabs but do not represent a true lower
respiratory tract sample (Fig. 3). In throat swabs, most viruses detected were again of
the same genotype as the virus instilled intranasally. In a subset of throat samples, both
parental genotypes were represented by an appreciable number of isolates and an

March 2018 Volume 92 Issue 5 €02063-17 jviasm.org 7


http://jvi.asm.org

Richard et al.

A

Pan99VARIN. F13
Pan/99 WT L.T.

Pan/99 WT LN. F15 E=
Pan/99 VARIT. EE

Q
H

w
(@)
O

[&)]
=N
o
o

= 20+ 90
E 4 3 , 80
z o 70
3 £ 197 HE 60
5° z % 50
= @
K] .g 10 40
S 2 8 30
o —-F13 2 20
8 =F14 g
2 g 5 10
SN aFrs & 0
--F16
% 2 P! 5 o ICNCT M T F13| F14| F15| F16
F13 F14 F15 F16
Time post-inoculation (d) EWT ®VAR

FIG 6 Separate inoculations of Pan/99wt and Pan/99var viruses by the intranasal and intratracheal routes yielded little
mixing and low levels of reassortment in the nasal tract. Ferrets were inoculated with 1 X 10° TCID,, of Pan/99wt and 1 X
10° TCID,, of Pan/99var viruses. Ferrets F13 and F14 received Pan/99var virus intranasally and Pan/99wt virus intratra-
cheally. Ferrets F15 and F16 received Pan/99wt virus intranasally and Pan/99var virus intratracheally. Nasal swabs were
collected and virus therein analyzed to generate the data shown. (A) Viral genotypes of 17 to 21 plaque isolates per sample
are shown in table format, as described in the legend to Fig. 1. Red bars indicate segments derived from the Pan/99wt
virus, and turquoise bars show segments derived from the Pan/99var virus. White bars indicate segments where the
genotyping result was not clear. (B) Infectious titers of nasal swab samples are plotted as a function of time postinoculation.
() The diversity of viral gene constellations detected is represented for each ferret, with days p.i. in grayscale. Each
sample’s Simpson index value was converted to a corresponding Hill number (Hill's N,) to derive its effective diversity. (D)
Results of next-generation sequencing of the IAV PB2 segments present in swab samples are shown. The percentage of
reads carrying wt or var sequence is indicated by the coloring of the bars. Limit of detection = 1%.

appreciable number of sequencing reads for PB2. Nevertheless, little or no reassort-
ment was detected even where both parental viruses were present. Thus, in sharp
contrast to the results seen with dual intranasal inoculation, reassortment in upper
respiratory tract samples was rare and diversity was limited when viruses were intro-
duced into distinct regions of the respiratory tract.

DISCUSSION

Many factors relevant to IAV infections in nature are likely to impact the frequency
of coinfection within a host. Toward unraveling this complexity and achieving a greater
understanding of the conditions that support IAV reassortment, we have taken a
systematic approach of modulating a single variable experimentally and then measur-
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FIG 7 Separate inoculations of NL/09wt and NL/09var viruses by the intranasal and intratracheal routes yielded moderate
mixing but minimal reassortment in the throat. Ferrets were inoculated with 1 X 10° TCID, of NL/09wt and 1 X 10° TCID,,
of NL/09var viruses, as indicated in the legend to Fig. 4. Throat swabs were collected and virus therein analyzed to generate
the data shown. (A) Viral genotypes of 17 to 21 plaque isolates per sample are shown in table format, as described in the
legend to Fig. 1. Red bars indicate segments derived from the NL/09wt virus, and turquoise bars show segments derived
from the NL/09var virus. White bars indicate segments where the genotyping result was not clear. (B) Infectious titers of
throat swab samples are plotted as a function of time postinoculation. (C) The diversity of viral gene constellations
detected is represented for each ferret, with days p.i. in grayscale. Each sample’s Simpson index value was converted to
a corresponding Hill number (Hill's N,) to derive its effective diversity. (D) Results of next-generation sequencing of the IAV
PB2 segments present in swab samples are shown. The percentage of reads carrying wt or var sequence is indicated by
the coloring of the bars. Limit of detection = 1%.

ing the impact on reassortment levels. We previously evaluated the effects of intro-
ducing a range of time intervals between infections and of adjusting the dose of
coinfecting viruses (12, 33, 34). Here, we tested whether two viruses must initiate
infection at the same site within the respiratory tract to give rise to robust reassortment.
Our results showed that, when two viruses infected simultaneously but at distinct
locations, spatial separation within the respiratory tract persisted over multiple days.
Little virus transfer from lower to upper respiratory tract tissues was detected, and, as
a result, minimal genetic exchange between wt and var viruses was detectable in upper
respiratory tract samples.

We chose a ferret model for the present studies because it is well established that
intratracheal inoculation of ferrets results in robust viral replication in the lower
respiratory tract (21, 35, 36). Our previous analyses of reassortment efficiency in vivo
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FIG 8 Separate inoculations of Pan/99wt and Pan/99 viruses by the intranasal and intratracheal routes yielded moderate
mixing but minimal reassortment in the throat. Ferrets were inoculated with 1 X 10° TCIDs, of Pan/99wt and 1 X 10°
TCID,, of Pan/99var viruses, as indicated in the legend to Fig. 5. Throat swabs were collected and virus therein analyzed
to generate the data shown. (A) Viral genotypes of 17 to 21 plaque isolates per sample are shown in table format, as
described in the legend to Fig. 1. Red bars indicate segments derived from the Pan/99wt virus, and turquoise bars show
segments derived from the Pan/99var virus. White bars indicate segments where the genotyping result was not clear. (B)
Infectious titers of throat swab samples are plotted as a function of time postinoculation. (C) The diversity of viral gene
constellations detected is represented for each ferret, with days p.i. in grayscale. Each sample’s Simpson index value was
converted to a corresponding Hill number (Hill's N,) to derive its effective diversity. (D) Results of next-generation
sequencing of the IAV PB2 segments present in swab samples are shown. The percentage of reads carrying wt or var
sequence is indicated by the coloring of the bars. Limit of detection = 1%.

were performed in a guinea pig model using Pan/99-based wt and var viruses. The
earlier work revealed high levels of reassortment under “baseline” conditions of simul-
taneous, intranasal coinoculation (12, 34). Thus, the observation of extensive reassort-
ment in ferrets coinfected intranasally with either Pan/99-based or NL/09-based wt and
var viruses reported here extends our earlier findings to an additional model host and
to a distinct IAV strain background. This work strengthens the conclusion that the
multiplicity of infection achieved in vivo is sufficient to support efficient coinfection and
reassortment (12, 33, 34, 37).

In contrast to the highly efficient reassortment seen when wt and var viruses were
introduced together into the nasal tract, simultaneous inoculations into the upper and
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lower respiratory tract sites resulted in little reassortment detectable in upper respira-
tory tract swab samples. Instead, the parental virus that was introduced intranasally was
found to predominate in all nasal and throat swab samples analyzed and was further-
more the only genotype detected in many of the nasal samples. Analysis of tissue
samples extracted from ferrets inoculated with Pan/99-based viruses indicated that the
lack of genetic exchange between wt and var viruses was due to a strong compart-
mentalization of infection: the virus that was instilled intratracheally replicated within
lower respiratory tract tissues but was largely confined to the LRT. The virus that was
instilled intranasally also typically remained in the URT but was detected in multiple LRT
sites in one of the four ferrets from which tissues were collected. Similar compartmen-
talization was seen in a separate experiment using IN and IT inoculation of NL/09-based
viruses, followed by collection of tissues from the URT and LRT (data not shown).
Clearly, this lack of mixing would prevent reassortment by limiting the potential for
coinfection of cells with both wt and var viruses.

The lack of viral spread from the LRT to the URT may be the result of an active
exclusion of superinfection at the level of the tissue, brought about by local innate
immune responses and/or activity of the viral neuraminidase (38, 39). Alternatively, a
simpler mechanism in which virus fails to travel up the trachea to the URT may be
responsible. In previous studies in which ferrets received a single IAV inoculation
intratracheally at a dose of 10° TCID,, virus was detected in nasal and pharyngeal
swabs as early as 2 days postinoculation (40, 41). The lack of spread from the lower
respiratory tract to the upper respiratory tract observed here may therefore indicate
that cells of the URT are refractory to infection or superinfection as a result of ongoing
infection in the URT. This mechanism is consistent with our previous observations
regarding the time window within which Pan/99 virus superinfection can be achieved
in the upper respiratory tract of guinea pigs. When intranasal inoculation was per-
formed first with Pan/99var virus and then at 6, 12, 18, 24, 48, or 72 h with Pan/99wt
virus, we found that replication of Pan/99wt virus genes could not be detected in
guinea pigs inoculated =24 h after the initial infection (12). Assuming similar timing of
superinfection exclusion in ferrets, the spread of virus from the LRT to the URT may
have been blocked beginning around 24 h postinoculation—an earlier time point than
that at which virus was first detected in the URT in ferrets inoculated only via the IT
route (40, 41).

Our data suggest that the site of inoculation strongly influences the site of subse-
quent viral replication and is therefore likely to impact the probability of reassortment
in nature. In particular, within-host compartmentalization of infections may occur when
coinfecting viruses have differing tissue tropisms or when two viruses infect via
differing modes of transmission. A pertinent example of the former is coinfection of a
human host with seasonal IAV and a typical avian IAV. While seasonal strains replicate
mainly in the URT, avian IAV infections of humans are often characterized by viral
growth in the lungs, likely owing to the greater prevalence of alpha-2,3-linked sialic
acid receptors and the fact that the LRT is warmer than the URT (31, 42-46). The
experiments reported here may therefore inform estimations of the risk of avian/human
IAV reassortment in a coinfected human host. It should be noted in this context,
however, that zoonotic IAVs of the H5N1 and H7N9 subtypes have been shown to bind
to human olfactory mucosa and respiratory epithelia, respectively (31, 47), and to
replicate in human nasopharynx ex vivo (27, 30). In addition, human viruses of the
pHIN1 and seasonal H3N2 lineages spread to the lower respiratory tract in atypical
cases (reviewed in references 22 and 48). Thus, while avian and human IAVs may be less
likely to meet within the same region of the respiratory tract than two human IAVs, the
possibility of colocalized infection should not be excluded.

The work described here also models a situation in which viruses with similar levels
of tropism initiate infection separately in the URT and the LRT owing to their transit
within large and small infectious droplets, respectively. Large respiratory droplets,
at >20 wm in diameter, are likely to be deposited within the upper respiratory tract,
with essentially no penetration beyond the trachea. In contrast, a significant proportion
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of droplets that are <5 um in diameter penetrate all the way to the alveolar region (32,
49). Thus, viruses transmitted via differing modes may be less likely to meet within a
coinfected host and undergo reassortment.

In summary, our data clearly show that, within a ferret model system, genetic
exchange between influenza A viruses is markedly restricted in the URT when a
coinfecting virus is introduced into the LRT rather than being coinoculated into the
URT. This restriction is directly attributable to limited spread to infected upper respi-
ratory tract tissues of the IAV introduced into the lower respiratory tract.

MATERIALS AND METHODS

Viruses. All viruses used in this work were generated using reverse genetics techniques (50). The
rescue system for A/Panama/2007/99 (H3N2) (Pan/99) virus was initially described in reference 51, and
that for A/Netherlands/602/2009 (pH1N1) (NL/09) virus was described in reference 52. The Pan/99var
virus represented the Pan/99var15 strain described previously (33) and was modified from the Pan/99wt
sequence with the inclusion of 1 to 6 silent mutations per gene segment, as follows: PB2, C354T and
C360T; PB1, A540G; PA, A342G and G333A; HA, T308C, C311A, C314T, A464T, C467G, and T470A; NP,
C537T, T538A, and C539G; NA, C418G, T421A, and A424C; M, G586A; NS, C329T, C335T, and A341G. The
NL/09var virus carries a single synonymous mutation per segment relative to the pH1NTwt virus, as
follows: PB2, C273T; PB1, T288C; PA, C360T; HA, C305T; NP, A351G; NA, G336A; M, G295A; NS, C341T.
These silent mutations act as genetic markers for determining the parental origin of gene segments
following isolation of progeny viruses from coinfected ferrets.

Pan/99wt and Pan/99var viruses were cultured in 9-to-11-day-old embryonated chicken’s eggs
incubated at 33°C. The stocks used were passaged once in eggs following rescue. NL/09wt and NL/09var
viruses were grown in Madin-Darby canine kidney (MDCK) cells (ATCC) incubated at 33°C. The NL/09-
based viruses were passaged twice in MDCK cells following rescue.

Cells. The MDCK cells were cultured in Eagle’s minimal essential medium (EMEM; Lonza Benelux BV,
Breda, The Netherlands) or minimal essential medium (MEM; Gibco) supplemented with 10% fetal bovine
serum (FBS) (Greiner or Atlanta Biologicals), 100 U/ml penicillin (P; Lonza or Corning), 100 U/ml
streptomycin (S; Lonza or Corning), 2 mM L-glutamine (Lonza or Corning), 1.5 mg/ml sodium bicarbonate
(Lonza or Corning), and 10 mM HEPES (Lonza or Corning). EMEM was additionally supplemented with 1X
nonessential amino acids (Lonza).

Virus titrations in MDCK cells. Endpoint virus titrations were performed as described previously
(24). Briefly, MDCK cells were inoculated with 10-fold serial dilutions of homogenized tissue samples.
Cells were washed with phosphate-buffered saline (PBS) 1 h after inoculation and were cultured in
infection media, consisting of serum-free supplemented EMEM containing 20 ug/ml trypsin (Lonza).
Three days after inoculation, supernatants of cell cultures were tested for agglutinating activity using
turkey erythrocytes as an indicator of virus replication. Infectious virus titers were calculated from four
replicates each of the homogenized tissue samples by the method of Reed and Muench (a simple
method of estimating 50 percent endpoints).

Plaque assays were performed according to standard methods. Briefly, confluent MDCK cells were
washed with PBS and then inoculated with 10-fold serial dilutions of ferret swab samples. Cells were
washed with PBS 1 h after inoculation and overlaid with serum-free MEM containing 3% bovine serum
albumin (Sigma-Aldrich), 0.6% agar (Oxoid), and 20 wg/ml trypsin (Sigma-Aldrich). Cells were incubated
for 48 h at 37°C and 5% CO, and plaques visualized by holding dishes up to the ceiling lights. For titration
of samples, plaque assays were performed in 6-well dishes. For isolation of plaques for genotyping,
plagque assays were performed in 10-cm-diameter dishes with a limited number of dilutions.

Ferret experiments. Animals were housed and experiments were performed in strict compliance
with European guidelines (EU Directive on Animal Testing 86/609/EEC) and Dutch legislation (Experi-
ments on Animals Act, 1997). Influenza virus- and Aleutian disease virus-seronegative 6-month-old
female ferrets (Mustella putorius furo) were obtained from a commercial breeder. All experiments with
ferrets were performed under animal biosafety level 3 conditions in class 3 isolator cages.

(i) Dual intranasal inoculations. Four ferrets were inoculated intranasally with 1 X 10° TCID,, of
NL/09wt virus and 1 X 10° TCID, of NL/O9var virus in a 40-ul volume, with 20 ul instilled in each nostril
(ferrets F1, F2, F3, and F4). Similarly, four ferrets were inoculated intranasally with 1 X 10° TCID, of
Pan/99 virus and 1 X 10° TCID,, of Pan/99var virus in a 40-ul volume, with 20 ul instilled in each nostril
(ferrets F5, F6, F7, and F8). Nose swabs were collected daily for 7 days and were stored at —80°C in
transport medium (Hanks’ balanced salt solution containing 0.5% lactalbumin [Sigmal, 10% glycerol
[Sigma], 200 U/ml P, 200 mg/ml S, 100 U/ml polymyxin B sulfate [Sigma], and 250 mg/ml gentamicin
[Gibco]).

(ii) Intranasal/intratracheal inoculations. Two ferrets were inoculated with NL/09wt virus intrana-
sally and with NL/O9var virus intratracheally (ferrets F9 and F10). An additional two ferrets were
inoculated with the reverse placement of viruses: with NL/09var virus intranasally and with NL/09wt virus
intratracheally (ferrets F11 and F12). Inoculations were performed in the same way for the Pan/99-based
viruses. Specifically, two ferrets were inoculated intranasally with 1 X 10> TCID,, of Pan/99wt virus (20
wlin each nostril) and intratracheally with 1 ml containing 10° TCID,, of Pan/99var virus (ferrets F15 and
F16). An additional two ferrets were inoculated with the reverse placement of viruses: with 1 X 10°
TCID,, of Pan/99var virus intranasally (20 ul in each nostril) and with 1 ml containing 1 X 10° TCID,, of
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Pan/99wt virus intratracheally (ferrets F13 and F14). Throat and nose swabs were collected daily for 7
days and were stored at —80°C in transport medium.

In order to demonstrate replication in the lower respiratory tract of the virus that was inoculated
intratracheally, ferrets were euthanized at day 3 (F14 and F15), at day 4 (F16), or at day 5 (F13). Nasal
turbinates (NT), the upper part of the trachea (UT), the lower part of the trachea (LT), the left lung (LL),
and the right lung (RL) were collected, homogenized in transport medium using a FastPrep system (MP
Biomedicals) with 2 one-quarter-inch ceramic sphere balls, centrifuged at 1,500 X g for 10 min, aliquoted,
and stored at —80°C for endpoint titration in MDCK cells and next-generation sequencing.

Genotyping of viral isolates. Virus genotypes were determined by HRM analysis essentially as
described previously (12, 53), with minor modifications as noted here. Plaque isolates were obtained by
plaque assay of ferret swab samples. RNA was extracted from agar plugs using a Zymo Research ZR-96
viral RNA kit, with the following modification to the manufacturer’s protocol: 40 ul water was used for
the elution step. Twelve microliters of RNA was reverse transcribed using Maxima reverse transcriptase
(Fermentas) according to the manufacturer’s instructions. cDNA was used as the template in gPCRs with
the appropriate primers (reference 54 for NL/09 primers; reference 55 for Pan/99 primers) and Precision
Melt Supermix (Bio-Rad) in wells of a white, thin-wall, 384-well plate (Bio-Rad). gPCR and melt analyses
were carried out in a CFX384 real-time PCR detection system per the instructions provided with Precision
Melt Supermix. Data were analyzed using Precision Melt Analysis software (Bio-Rad). Viruses were scored
as reassortant if the genome comprised a mixture of wt and var gene segments. Infrequently, unclear
results were obtained for one or more gene segments. Isolates with one unclear segment were
genotyped based on the remaining seven segments; isolates with two or more unclear segments were
discarded from the analysis.

Next-generation sequencing. Viral RNA was extracted from homogenized organs of ferrets using
a High Pure RNA isolation kit (Roche). RNA was subjected to reverse transcription using Superscript
Il (Invitrogen) and the following primer: AGCRAAAGCAGG. Amplicons from the Pan/99 PB2 genes
were generated by PCR from the cDNA using the following primers: CATAGTAGTGCAGAAATGGTTC
CGGAGAGA (F) and CATAGTAGTGTTCGGCGTATCTTGACTTGA (R) (amplicon size of 239 nucleotides).
Amplicons from the NL/09 PB2 genes were generated using CGCACTCAGAATGAAGTGGA (F) and
GCCGAAGGTACCATGTTTCA (R) primers, producing a fragment of 265 nucleotides. These fragments
were sequenced using a Roche 454 GS Junior sequencing platform. The fragment library was created
for each sample according to the manufacturer’s protocol (GS FLX Titanium Rapid Library Prepara-
tion; Roche) without DNA fragmentation. The emulsion PCR (Amplification Method Lib-L) and the GS
Junior sequencing run were performed according to instructions of the manufacturer (Roche).
Sequence reads from the GS Junior sequencing data were sorted by barcode and aligned to
reference sequences using CLC Genomics software 4.6.1. The sequence reads were trimmed at 30
nucleotides from the 3" and 5’ ends to remove all primer sequences. For quality control, sequence
reads were trimmed for Phred scores of less than 20. The threshold for the detection of single
nucleotide polymorphisms was manually set at 1%.

Analysis of genotypic diversity. The diversity of genotypes in each sample was quantified by
calculating Simpson’s index, given by D = sum(p;?), where p; represents the proportional abundance of
each genotype (56). Simpson’s index accounts for both richness (raw number of species) and evenness
(variation in abundance of each) but is also sensitive to the abundance of dominant species. That last
feature of the index is relevant for the present study since dominance in the context examined here
usually corresponds to overrepresentation of parental genotypes, with reassortment bringing about a
decay of dominant species. Because Simpson’s index does not scale linearly and represents a measure-
ment of entropy rather than of diversity per se, each sample’s Simpson index value was converted to a
corresponding Hill number to derive its effective diversity, N, = 1/D (57), which is defined as the number
of equally abundant species required to generate the observed diversity in a sample community. Because
it is linear, Hill's N, allows a more intuitive comparison between communities (i.e., a community with
N, = 10 species is twice as diverse as one with N, = 5) and is suitable for statistical analysis by basic
linear regression methods (58).
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