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Evaluation of Recombinant 2009 Pandemic Influenza A (HIN1)
Viruses Harboring Zanamivir Resistance Mutations in Mice and
Ferrets

Andrés Pizzorno, Yacine Abed, Chantal Rhéaume, Xavier Bouhy, Guy Boivin
Research Center in Infectious Diseases of the CHUQ-CHUL and Laval University, Québec City, Québec, Canada

Recombinant influenza A(HIN1)pdmo09 wild-type (WT) and zanamivir-resistant E119G and Q136K neuraminidase mutants
were generated to determine their enzymatic and replicative properties in vitro, as well as their infectivity and transmissibility in
mice and ferrets. Viral titers of recombinant E119G and Q136K mutants were significantly lower than those of the WT in the first
36 h postinoculation (p.i.) in vitro. The E119G and Q136K mutations were both associated with a significant reduction of total
neuraminidase (NA) activity at the cell surface of 293T cells, with relative total NA activities of 14% (P < 0.01) and 20% (P <
0.01), respectively, compared to the WT. The E119G mutation significantly reduced the affinity (8-fold increase in K,,,) but not
the V... The Q136K mutation increased the affinity (5-fold decrease in K,,,) with a reduction in V, ,, (8% V., ratio versus the
WT). In mice, infection with the E119G and Q136K mutants resulted in lung viral titers that were significantly lower than those
of the WT on days 3 p.i. (3.4 X 10° = 0.8 X 10°and 2.1 X 107 % 0.4 X 107 PFU/ml, respectively, versus 8.8 X 10" = 1.1 X 103 P <
0.05) and 6 p.i. (3.0 X 10° £ 0.5 X 10°> and 8.6 X 10> = 1.4 X 10° PFU/ml, respectively, versus 5.8 X 10’ = 0.3 X 10’; P < 0.01). In
experimentally infected ferrets, the E119G mutation rapidly reverted to the WT in donor and contact animals. The Q136K muta-
tion was maintained in ferrets, although nasal wash viral titers from the Q136K contact group were significantly lower than
those of the WT on days 3 to 5 p.i. Our results demonstrate that zanamivir-resistant E119G and Q136K mutations compromise

viral fitness and transmissibility in A(HIN1)pdmO09 viruses.

Anovel influenza A/HIN1 virus emerged in Mexico in April
2009, and it has since spread worldwide to cause the first
influenza pandemic of the 21Ist century. Phylogenetic studies
demonstrated that the A(HIN1)pdm09 virus resulted from a se-
ries of reassortment events involving human, swine, and avian
influenza A virus strains, with the neuraminidase (NA) gene orig-
inating from an avian-like Eurasian swine A/HINI lineage (1).
Given the ancestral origin of the A(HIN1)pdmO09 NA gene, the in
vitro and in vivo behavior of A(HIN1)pdm09 variants containing
mutations of resistance to NA inhibitors (NAls) could be different
than those of prior seasonal A/HINI1 viruses.

At present, little information regarding zanamivir resistance is
available for A(HIN1)pdm09 viruses, which is probably related to
the fact that mutations conferring highly reduced susceptibility to
zanamivir have not yet emerged among clinical A(HIN1)pdm09
isolates. The aim of this study was to evaluate, in the A(HIN1)
pdmo09 background, the impact of certain NA mutations previ-
ously associated with reduced susceptibility to zanamivir in influ-
enza A virus variants of the N1 and N2 subtypes. We were
particularly interested in two NA mutations, E119G and Q136K,
which were reported to confer highly reduced susceptibility to
zanamivir. The E119G mutation occurred in both influenza
A/Vietnam/1203/2004 and A/Chicken/Laos/26/2006 H5N1 vi-
ruses under zanamivir pressure in vitro, and this variant showed a
1,400-fold increase in zanamivir 50% inhibitory concentration
(IC5,) but remained susceptible to oseltamivir (2). The Q136K
mutation was recently described in clinical samples of influenza
A/H3N2 circulating in 2007 and 2008 in Myanmar, exhibiting 30-
to 50-fold increases in zanamivir ICs, (3). This substitution has
also been reported in seasonal A/HINI viruses isolated between
2006 and 2008 in Australia and southeast Asia, although its clinical
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relevance is debatable, since the mutation could not be detected in
the primary clinical specimens (4).

Given the importance of determining whether the zanamivir-
resistant variants retain their fitness and pathogenicity, we gener-
ated by reverse genetics a recombinant A(HIN1)pdm09 wild-type
(WT) virus and two (E119G and Q136K) variants and compared
their enzymatic and replicative properties in vitro, as well as their
infectivity and transmissibility in mice and ferrets.

MATERIALS AND METHODS

Generation of recombinant viruses. A recombinant influenza
A(HIN1)pdm09 wild-type (WT) virus, as well as two NA mutants
(E119G and Q136K), were generated from the A/Québec/144147/09 virus
(GenBank accession numbers FN434457 to FN434464) by reverse genet-
ics and site-directed mutagenesis as previously described (5). The recom-
binant viruses were amplified and subsequently titrated by standard
plaque assays in ST6Gall Madin-Darby canine kidney (ST6Gall-MDCK)
cells overexpressing the a2,6 sialic acid receptors, which were kindly pro-
vided by Y. Kawaoka from the University of Wisconsin, Madison, W1 (6).

Drug susceptibility assays. The NAI susceptibilities of the three re-
combinant viruses were determined by NA inhibition assays as described
elsewhere (7), with minor modifications. Viruses were standardized to an
NA activity level 10-fold higher than that of the background, as measured
by the production of a fluorescent product from the 2'-(4-methylumbel-
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Zanamivir-Resistant A(HTN1)pdmQ9 Viruses

TABLE 1 Neuraminidase properties of the recombinant pandemic A/Québec/144147/09 viruses

1Cs," (nM [ratio]) of:

Virus Oseltamivir Zanamivir IC,,” nM [ratio]) K, (nM [ratio]) Vinax (U/s [ratio]) Plaque area” (mm?)
WT 0.46 = 0.02 (1) 0.15 £ 0.01 (1) 80.9 = 17.5 (1) 269.9 + 4.3 (1) 0.50 = 0.13

E119G 1.52 + 0.13 (3.3) 123.1 = 21.7 (821) 690.2 + 37.3 (8.5) 238.1 * 6.6 (0.9) 0.33 + 0.11*
Q136K 0.08 * 0.01 (0.2) 112.3 * 15.8 (749) 16.6 = 0.9 (0.2) 20.5 *+ 3.5 (0.1) 0.42 = 0.14

@ Values indicate means = standard deviations from 3 experiments. Ratios are from comparisons to the recombinant wild-type (WT) virus.
b Values indicate means * standard deviations from 20 measures. *, P < 0.05 compared to the WT virus by one-way ANOVA.

liferyl)-a-p-N-acetylneuraminic acid (MUNANA; Sigma, St. Louis, MO)
substrate. The drug susceptibility profiles were determined by the extent
of NA inhibition after incubation with serial 3-fold dilutions of the drug
oseltamivir carboxylate (Hoffmann-La Roche, Basel, Switzerland) or
zanamivir (GlaxoSmithKline, Stevenage, United Kingdom) at final con-
centrations between 0 and 1,800 nM. The IC,,s were determined from the
dose-response curve.

In vitro replication assays. Replicative capacities of the recombinant
viruses were evaluated by infecting ST6Gall-MDCK cells at a multiplicity
of infection (MOI) of 0.001 plaque-forming units (PFU)/cell in 12-well
plates (8). Supernatants were collected at 12, 24, 36, 48, 60, and 72 h
postinfection and titrated by plaque assays. The mean viral plaque area of
recombinant viruses was determined from a minimum of 20 plaques ob-
tained after 60 h of incubation under agarose overlay using Image]J soft-
ware (version 1.41), developed by Wayne Rasband of the National Insti-
tutes of Health, as previously described (5).

Enzymatic assays. To measure the total NA enzymatic activity per
infectious virus, fluorometric assays were conducted using MUNANA as
the substrate. Briefly, all recombinant viruses were standardized to an
equivalent dose of 10°° PFU/ml and incubated at 37°C in 50-l reaction
mixtures with different concentrations (from 0 to 3,000 wM) of
MUNANA (9). Fluorescence was monitored every 90 s for 53 min (35
measurements). The Michaelis constant (K,,,) and the maximum velocity
(V) Were calculated by nonlinear regression with Prism software (ver-
sion 5; GraphPad).

Cell surface NA activity. Recombinant WT and mutant (E119G and
Q136K) NA proteins were expressed in 293T cells by cotransfection with
the pLLBA-NA and pCAGGS-PA, -PB1, -PB2, and -NP plasmids (10).
The empty pLLBA and pLLBA-HA plasmids were used as mock and neg-
ative controls, respectively. Twenty-four h posttransfection, the cells were
briefly treated with 0.02% EDTA in phosphate-buffered saline (PBS) and
neutralized by the addition of 2% fetal bovine serum. Cells were subse-
quently centrifuged at 3,000 rpm for 5 min, washed twice with PBS, and
resuspended in a nonlysing buffer (15 mM morpholinepropanesulfonic
acid, 145 mM sodium chloride, 2.7 mM potassium chloride, 4 mM
calcium chloride, adjusted to pH 7.4) to be used in an NA assay with
MUNANA as the substrate. Final values were normalized by the fluores-
cence of cells transfected with the empty pLLBA plasmid.

Mouse studies. Three groups of 12 (18 to 22 g) female BALB/c mice
(Charles River, Lasalle, Quebec City, Canada) were housed 4 per cage and
kept under conditions that prevented cage-to-cage infections. Mice were
inoculated intranasally under isoflurane anesthesia with 10* PFU of the
recombinant WT, E119G, or Q136K virus. Another group of mice was
kept as uninfected controls. All mice were monitored daily for weight loss
during 12 days, and four mice per group were sacrificed on days 3 and 6
p.i. for determination of lung viral titers (LVTs) by plaque assays in
ST6Gall-MDCK cells.

Ferret studies. Three groups of four seronegative (800 to 1,200 g) male
ferrets (Marshall BioResources, North Rose, NY) housed in individual
cages were lightly anesthetized by isoflurane and received an intranasal
instillation of 10> PFU of one of the recombinant viruses. Donor-contact
animal pairs were established by placing a naive ferret into each cage 24 h
after inoculation of the donor ferret (11). Weight, temperature, and clin-
ical signs were monitored daily. Nasal wash samples were collected from
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donor animals on days 1 to 8 p.i. (24 h later from contacts) with 5 ml of
PBS containing 2% bovine serum albumin and then immediately stored at
—80°C. Virus titers in nasal wash samples were determined by plaque
assays in ST6Gall-MDCK cells. Serum samples were collected from each
ferret before intranasal infection (day 0) and on day 14 p.i. to evaluate
specific antibody levels against the A/Québec/144147/09 strain using stan-
dard hemagglutination inhibition (HAI) assays with 0.7% turkey red
blood cells. Animals were sacrificed on day 14 p.i.

All animal procedures were approved by the Institutional Animal Care
Committee of Laval University according to the guidelines of the Cana-
dian Council on Animal Care.

Sequencing. NA genes of viruses recovered from in vitro replication
assays, and mouse lung homogenates and ferret nasal wash samples were
amplified and sequenced using the ABI 3730x] DNA Analyzer (Applied
Biosystems, Carlsbad, CA) to confirm both the presence of the desired
mutations and the absence of additional mutations.

Statistical analyses. Viral titers, plaque sizes, NA kinetic parameters,
and body weight loss were compared by one-way analysis of variance
(ANOVA) with Tukey’s multiple-comparison posttest. The amount of
NA activity at the cell surface for each mutant protein was compared to
that of the WT by the use of unpaired two-tailed ¢ tests.

RESULTS

In NA inhibition assays, both E119G and Q136K mutant viruses
remained susceptible to oseltamivir but showed a highly reduced
susceptibility profile to zanamivir, with 821- and 749-fold in-
creases in ICsgs, respectively, compared to the recombinant WT
virus (Table 1). In enzymatic assays, the E119G mutation signifi-
cantly reduced the affinity (8-fold increase in K, versus the WT;
P < 0.01) but not the V,,.. The Q136K mutation increased the
affinity (5-fold decrease in K, versus the WT; P < 0.01) with a
reduction of V., (8% V. ratio versus the WT; P < 0.01). Also,
using recombinant NA proteins expressed in 293T cells, we ob-
served that the E119G and Q136K mutants were both associated
with a significant reduction of total NA activity at the cell surface,
with relative total NA activities of 14% (P < 0.01) and 20% (P <
0.01), respectively, compared to the WT protein (Fig. 1).

Replicative capacities in ST6Gall-MDCK cells showed that vi-
ral titers of the E119G and Q136K mutants were significantly
lower than those of the WT in the first 36 h p.i., although similar
peak titers (2.8 X 107 = 0.5 X 107, 3.2 X 10”7 = 0.8 X 107, and
3.6 X 107 £ 0.4 X 10’ PFU/ml, respectively) were achieved for the
three viruses at 48 h p.i. (Fig. 2A). The E119G mutant exhibited
plaques significantly smaller than those of the WT (0.33 = 0.11
versus 0.50 = 0.13 mm? P < 0.01), but there were no significant
differences between the Q136K (0.42 * 0.14 mm?) and the WT
strains (Table 1). No unexpected mutations were found in viruses
recovered at 36 or 72 h p.i.

No mortality was observed after intranasal inoculation of mice
with 10* PFU of the recombinant WT, E119G, or Q136K virus.
Also, no significant differences in body weight loss were observed
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FIG 1 Cell surface activity of recombinant A/Québec/144147/09 neuramini-
dase (NA) proteins. Recombinant WT and mutant (E119G and Q136K) NA
proteins were expressed in 293T cells. The empty pLLBA and pLLBA-HA
plasmids were used as mock and negative controls, respectively. Twenty-four h
posttransfection, the cells were briefly treated and resuspended in a nonlysing
buffer to be used in an NA assay with MUNANA as the substrate. Final values
were normalized by the fluorescence of cells transfected with the empty pLLBA
plasmid. The mean values for three experiments * standard deviations are
shown (**, P < 0.01).

among the three groups of infected mice, with maximal values of
7.0% = 1.1%, 5.9% * 0.8%, and 5.8% = 0.9%, respectively, ob-
tained on day 5 p.i. However, mean LVTs for the E119G and
Q136K mutant groups were significantly lower than those of the
WT group on days 3 p.i. (3.4 X 10° *+ 0.8 X 10°and 2.1 X 107 *
0.4 X 10’ PFU/ml, respectively, versus 8.8 X 107+ 1.1 X 10%;P<
0.05) and 6 p.i. (3.0 X 10°> + 0.5 X 10° and 8.6 X 10° * 1.4 X 10°
PFU/ml, respectively, versus 5.8 X 107 = 0.3 X 10”; P < 0.001)
(Fig. 2B). No unexpected mutations were found in viruses recov-
ered from lung homogenates.

Inoculation of ferrets with 10°2 PFU of the recombinant WT,
E119G, or Q136K virus yielded only mild clinical signs, and no
significant differences in body weight loss (4.3% * 1.2%, 3.8% =
0.7%, and 3.3% * 0.6%, respectively) or temperature were ob-
served between groups. Interestingly, mean viral titers in nasal
wash samples collected on days 2, 4, and 6 p.i. were comparable
between the recombinant WT and E119G mutant donor groups,
ranging from 1.6 X 10° = 0.7 X 10° to 3.1 X 10° * 1.7 X 10°
PFU/ml (day 2), 4.6 X 10> = 2.2 X 10° to 2.1 X 10° = 0.4 X 10°
PFU/ml (day 4), and 6.5 X 10> + 3.8 X 10’ to 7.8 X 10°> + 6.1 X
10° PFU/ml (day 6) (Fig. 3A). In contrast, the Q136K group
showed significantly reduced viral titers on day 4 (6.5 X 10* =
1.7 X 10* PFU/ml; P < 0.05) but not on days 2 (1.0 X 10° = 0.6 X
10° PFU/ml) and 6 (7.7 X 10° = 6.1 X10° PFU/ml) p.i.

All contact ferrets seroconverted for A/Québec/144147/09
with HAI reciprocal geometric mean titers of >1,280, compared
to <10 on day 0. However, mean viral titers in nasal wash samples
obtained from contact ferrets of the Q136K group were signifi-
cantly lower than those of the recombinant WT and E119G groups
on days 3 (<10 versus 4.2 X 10* = 3.3 X 10* and 2.5 X 10* =
1.4 X 10* PFU/ml; P < 0.01) and 5 p.i. (9.2 X 10" = 6.9 X 10
versus 3.4X 10° * 1.0 X 10° and 4.8 = 0.9 X 10° PFU/ml; P <
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0.01), respectively, but not on day 7 p.i. (1.3 X 10* + 0.9 X 10*
versus 1.6 X 10° = 1.5 X 10°and 7.8 X 10" + 6.5 X 10* PFU/ml)
(Fig. 3B). Sequence analysis of the NA gene in nasal wash samples
of ferrets confirmed the presence of the Q136K mutation in the
respective donor and contact groups, in contrast to the E119G
mutation, which reverted to the WT genotype. Indeed, mixed
119E/G viral populations with an approximate 80:20 ratio were
detected in the four donor ferrets of the E119G group on day 2 p.i.
At all subsequent time points, only the E119 genotype was de-
tected in the four donor and contact ferrets.

DISCUSSION

Although the active site of the NA enzyme, which is the target of
NAIs, is highly conserved, NAl-resistant influenza variants have
been reported to contain different NA mutations that vary de-
pending of the NA subtype as well as the inhibitor (12). In addi-
tion, we previously showed that the main mutation of resistance to
oseltamivir (H275Y) affected differently the viral fitness of old and
recent A/HINI viruses (13). As for seasonal A/HIN1 viruses,
A(HIN1)pdmO09 viruses harboring the H275Y NA mutation were
found to confer resistance to oseltamivir but remained susceptible
to zanamivir (5). Interestingly, we and others have reported that
the replication and contact transmission of these oseltamivir-re-
sistant A(HIN1)pdm09 H275Y variants were comparable to those
of the WT virus in ferrets. However, there are contradictory data
on the aerosol transmissibility of the H275Y mutant (11, 14, 15).

In contrast to oseltamivir resistance studies, little information
is available on resistance to zanamivir in influenza A/HIN1 vi-
ruses in general and specifically in the A(HIN1)pdm09 back-
ground. Although mutations conferring resistance to zanamivir
have not emerged among clinical A(HIN1)pdmO09 isolates, we
sought to anticipate such an event. In a previous study, we gener-
ated a series of recombinant A(HIN1)pdmO09 viruses containing
NA mutations previously found in other viral backgrounds, with
one of them (E119G) being associated with highly reduced sus-
ceptibility to zanamivir (5). In the present work, we also generated
the Q136K NA mutant and analyzed the enzymatic and in vitro
replicative properties, as well as the infectivity and transmissibil-
ity, of both recombinant E119G and Q136K variants in mice and
ferrets.

Substitutions at residue E119 (G, D, A, and V) were previously
reported in drug-resistant variants of influenza A/H3N2 in clinical
virus (E119V) and also in A/HIN9, A/H3N2, and B viruses after
passages in the presence of zanamivir (12). Interestingly, the
E119G mutation was also described in prototypic influenza
A/H5NT1 viruses from clades 1 and 2.3 under zanamivir pressure in
vitro. These variants showed a zanamivir-resistant phenotype but
remained susceptible to oseltamivir (2). The carboxylate of the
E119 side chain interacts with the 4-guanidino group on zanami-
vir, and the loss of this interaction in the E119G mutant results in
a reduced binding of zanamivir (16). As peramivir and laninami-
vir also have a guanidine group, the E119G mutation would also
confer cross-resistance to these two NAIs but not to oseltamivir,
which possesses an acetamide group at that position. Accordingly,
our A(HIN1)pdm09 E119G variant was resistant to zanamivir
and peramivir and remained susceptible to oseltamivir (5). Sus-
ceptibility to laninamivir could not be tested in this study.

The Q136K mutation was previously described in two influ-
enza A/H3N2 viruses isolated in Myanmar in 2007 and 2008 (3).
In that report, the presence of this mutation was also confirmed in
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FIG 2 Replicative capacities of recombinant wild-type (WT), E119G, and Q136K A/Québec/144147/09 viruses in vitro and in vivo. (A) Confluent ST6Gall-
MDCK cells were infected with recombinant viruses at a multiplicity of infection (MOI) of 0.001 PFU/cell. Supernatants were harvested at 12, 24, 36, 48, 60, and
72 h postinfection and titrated by standard plaque assays. (B) Groups of 12 mice were inoculated intranasally with 10* PFU of the recombinant WT, E119G, or
Q136K virus. Another group of mice was kept as an uninfected control (not shown). Four mice per group were sacrificed on day 3 and 6 p.i. for determination
of lung viral titers (LVTs) by plaque assays in ST6Gall-MDCK cells. The mean values for three experiments *+ standard deviations are shown (¥, P < 0.05; **, P <

0.01; ¥**, P < 0.001).

primary clinical samples (nasopharyngeal swabs). The Q136K
mutation was further identified in seasonal influenza A/HINT vi-
ruses isolated between 2006 and 2008 in Australia and southeast
Asia (4). In that case, however, the mutation could not be detected
in primary clinical samples, suggesting either the presence of this
variant at a very low proportion before cell culture amplification
or its generation as an artifact due to in vitro passages in MDCK
cells. Later, pyrosequencing analysis of a set of matching clinical
samples and virus isolates submitted to the WHO supported the
hypothesis that propagation of human seasonal A/HINI1 viruses
in MDCK cells can lead to the emergence of variants carrying
mutations of resistance to NAIs, such as Q136K (17). It is worth
nothing that Hurt et al. (18) described the recovery ofa Q136L NA
mutant from nasal wash samples of a ferret infected with influenza
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A/Vietnam/1203/2004 (H5N1) and treated with zanamivir. This
variant showed 350- and 26-fold increases in zanamivir and osel-
tamivir ICss, respectively. Thus, at this time, the clinical relevance
of the Q136K NA mutation is still questionable.

In the present work, the replication of the two mutant viruses
with highly reduced susceptibility to zanamivir was impaired in
ST6Gall-MDCK cells, as well as in mice, compared to that of the
recombinant WT virus. The reduced total NA activity at the cell
surface of both mutants can account for this phenomenon, al-
though we cannot distinguish if it was due to either a loss of NA
enzymatic activity, decreased levels of folded NA protein on the
cell surface, or a combination of both factors. Interestingly, a re-
cent paper by Kaminski et al. (19) showed that the Q136K mutant
had reduced numbers of NA molecules in viral particles as well as
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FIG 3 Viral titers in nasal washes of ferrets infected with recombinant wild-type (WT), E119G, and Q136K A/Québec/144147/09 viruses. Groups of 4
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plaque assays in ST6Gall-MDCK cells (*, P < 0.05; **, P < 0.01). The E119G mutation reverted to the WT genotype in all four donor and contact ferrets

as soon as day 2 p.i.

reduced intrinsic enzymatic activity compared to the WT. Fur-
thermore, the Q136K mutant showed reduced replication and de-
layed contact transmissibility in our ferret model, in contrast to a
previous report using A/Philippines/1279/2006 (HIN1) viruses
(4). In that regard, A/Philippines/1279/2006 is a seasonal A/HIN1
virus, whereas the recombinant A/Québec/144147/2009 used in
this study is a 2009 pandemic A/HINTI strain. Such important
structural and functional differences between the two NA proteins
may explain the differential effects on enzymatic activity and viral
fitness.

The Q136K mutation was maintained after its passage in
ferrets, unlike the E119G mutation, which reverted rapidly to
the WT genotype, explaining the comparable viral fitness and
transmissibility of the WT and E119G groups. Therefore, the
A(HIN1)pdmO09 virus with the E119G NA mutation was severely
compromised in the ferret model, which could be attributed to a
significant reduction of NA activity expressed at the cell surface.
Moreover, the crystallographic structure of the NA protein of the
N9 subtype revealed a salt bridge between E119 and R156 (20). It
was suggested that the E119G mutation could then lead to the
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instability of the NA tetramers. In a previous reverse genetics
study, we failed to rescue the A/WSN/33 (HIN1) E119G vari-
ant despite many attempts (21). Similarly, the E119G recom-
binant A/Victoria/3/75 (H3N2) variant could only be rescued
in the presence of exogenous NA (22). In that study, the E119G
mutant also reverted to the WT genotype after one passage in
MDCK cells. In the avian A/H5N1 background, the E119G
mutant was also associated with a significant decrease of infec-
tivity in MDCK cells (2). Finally, in vitro passaging of an
A(HIN1)pdmo09 virus in the presence of zanamivir failed to
select for mutations of resistance (23).

In conclusion, our study demonstrates that, in the A(HIN1)
pdm09 genetic context and similarly to other genetic back-
grounds, NA mutations conferring high levels of resistance to
zanamivir alter enzymatic properties to a level that significantly
compromises viral viability and transmissibility. This may help to
explain the very low frequency of these mutations, particularly in
the N1 subtype. However, the fitness of the E119G and Q136K
mutants will need to be reevaluated if they emerge in different
viral backgrounds, especially when found in clinical samples.
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