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The evolution of oseltamivir resistance mutations during selection through serial passages in animals is still poorly de-
scribed. Herein, we assessed the evolution of neuraminidase (NA) and hemagglutinin (HA) genes of influenza A/WSN/33
(H1N1) and A/Victoria/3/75 (H3N2) viruses recovered from the lungs of experimentally infected BALB/c mice receiving
suboptimal doses (0.05 and 1 mg/kg of body weight/day) of oseltamivir over two generations. The traditional phenotypic
and genotypic methods as well as deep-sequencing analysis were used to characterize the potential selection of mutations
and population dynamics of oseltamivir-resistant variants. No oseltamivir-resistant NA or HA changes were detected in
the recovered A/WSN/33 viruses. However, we observed a positive selection of the I222T NA substitution in the recovered
A/Victoria/3/75 viruses, with a frequency increasing over time and with an oseltamivir concentration from 4% in the ini-
tial pretherapy inoculum up to 28% after two lung passages. Although the presence of mixed I222T viral populations in
mouse lungs only led to a minimal increase in oseltamivir 50% enzyme-inhibitory concentrations (IC50s) (by a mean of
5.7-fold) compared to that of the baseline virus, the expressed recombinant A/Victoria/3/75 I222T NA protein displayed a
16-fold increase in the oseltamivir IC50 level compared to that of the recombinant wild type (WT). In conclusion, the com-
bination of serial in vivo passages under neuraminidase inhibitor (NAI) pressure and temporal deep-sequencing analysis
enabled, for the first time, the identification and selection of the oseltamivir-resistant I222T NA mutation in an influenza
H3N2 virus. Additional in vivo selection experiments with other antivirals and drug combinations might provide impor-
tant information on the evolution of antiviral resistance in influenza viruses.

Influenza viruses are major human respiratory pathogens, re-
sponsible for seasonal epidemics in temperate countries and oc-

casional but devastating pandemics. Influenza A viruses of the
H1N1 and/or H3N2 subtypes have been the viruses most fre-
quently associated with annual epidemics during the past 40 years.
Neuraminidase inhibitors (NAIs) such as oseltamivir, the most
widely used NAI, and zanamivir target the active site of the influ-
enza neuraminidase (NA) molecule, which is constituted by 8
catalytic (R118, D151, R152, R224, E276, R292, R371, and Y406)
(N2 numbering is used here and throughout the text) and 11
framework (E119, R156, W178, S179, D198, I222, E227, H274,
E277, N294, and E425) residues that are largely conserved among
influenza A and B viruses (1). Accordingly, these antivirals are
active against all influenza strains and are thus recommended for
the treatment of severe infections and also in high-risk individu-
als. However, as for other antivirals, extensive use of NAIs might
lead to the emergence and transmission of drug-resistant variants
that might compromise their clinical usefulness.

The generation and characterization of drug-resistant influ-
enza variants through in vitro passages under NAI pressure can
improve our understanding of the mechanisms of resistance to
these anti-influenza agents. Indeed, the main NA mutations con-
ferring resistance to oseltamivir in humans, such as the H274Y
change in the N1 subtype and the E119V and R292K changes in
the N2 subtype, were previously predicted by in vitro studies (2–
4). However, in vitro studies do not mimic completely the distri-
bution and configuration of sialic acid receptors in the respiratory
tract nor do they account for the role of the immune response. In
addition to these oseltamivir resistance NA mutations, clinical
influenza A(H1N1) and A(H3N2) variants occasionally contain

other substitutions in the NA and/or hemagglutinin (HA) genes
(5–7), although the contribution of these secondary mutations to
the phenotype of resistance and to viral replicative capacity is not
completely understood. Moreover, only a few studies have inves-
tigated the in vivo (animal) evolution of NA and HA genes from
influenza viruses exposed to NAI pressure (8, 9).

The advent of next-generation deep sequencing has consider-
ably expanded the limits of more traditional detection techniques
such as reverse transcriptase (RT) PCR and automated Sanger
sequencing in terms of increased sensitivity and multiplexing.
This technology enabled the detection and identification of rare
low-frequency variants occurring in a given viral population (10).
In this study, we selected oseltamivir-resistant variants by per-
forming sequential passages of influenza A/WSN/33 (H1N1) and
A/Victoria/3/75 (H3N2) strains in mice receiving suboptimal
doses of oseltamivir. We used traditional phenotypic and geno-
typic methods to characterize the recovered viruses, as well as
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next-generation deep-sequencing analysis to assess the genomic
diversity and population dynamics of oseltamivir-resistant vari-
ants.

MATERIALS AND METHODS
Ethics statement. All animal procedures were approved by the institu-
tional animal care committee of Laval University according to the guide-
lines of the Canadian Council of Animal Care.

Viral stocks. Two mouse-adapted strains were selected for this study.
The recombinant influenza A/WSN/33 (H1N1) wild-type (WT) virus was
previously generated using a reverse genetics system that includes eight
influenza virus RNA transcription plasmids (pPOLI-PA, -PB1, -PB2, -NP,
-HA, -NA, -M, and -NS) and polymerase and nucleoprotein expression
plasmids (pCAGGS-PA, -PB1, -PB2, and -NP), kindly provided by Peter
Palese (Mount Sinai School of Medicine, New York, NY) (11). A 1-�g
aliquot from each of the 12 plasmids was cotransfected into 293T human
embryonic kidney cells using the Lipofectamine 2000 reagent (Life Tech-
nologies Corporation, Grand Island, NY) as previously described (11).
Supernatants were collected 72 h posttransfection and used to inoculate
Madin-Darby canine kidney (MDCK) cells for viral amplification. The
mouse-adapted influenza A/Victoria/3/75 (H3N2) virus (a gift from Don-
ald Smee, Utah State University, Logan, UT) was passaged twice in MDCK
cells in the absence of NAIs before animal infection. Both viruses were
sequenced using the automated ABI 3730 DNA analyzer (Applied Biosys-
tems, Carlsbad, CA) and titrated by standard plaque assays in MDCK
cells.

Mouse studies. (i) First passage. In a single experiment, groups of 16
6- to 8-week-old female BALB/c mice (Charles River, ON, Canada)
were infected by intranasal (i.n.) instillation of 2 � 103 PFU of
A/WSN/33 (H1N1) or A/Victoria/3/75 (H3N2) viruses in 30 �l of
saline. Oral treatments (by gavage) with either saline or suboptimal
doses of oseltamivir (0.05 and 1 mg/kg of body weight) were started 4
h before viral infection (day 0) and were continued once daily until day
5 postinfection (p.i.) to favor the induction of drug-resistant strains.
The low concentration of oseltamivir was chosen to rapidly select for
drug resistance based on clinical reports when low-dose prophylaxis or
treatment was used (12, 13). Animals were weighed daily for 14 days
and monitored for clinical signs and mortality. On days 4 (expected
maximum weight loss) and 6 (the first day after the end of the oselta-
mivir treatment) p.i., four mice per group were sacrificed, and the
lungs were removed aseptically. For the determination of the viral
titers, harvested lung tissues were homogenized in 1 ml of Dulbecco’s
modified Eagle medium (Life Technologies Corporation) with antibi-
otics using the TissueLyser bead mill homogenizer (Qiagen, Toronto,
ON, Canada). Cells were pelleted by centrifugation (2,000 � g for 5
min), and the supernatants were collected. A 100-�l aliquot of each
lung supernatant was stored at �80°C for phenotypic testing (viral
isolation and NA inhibition assay), and the remaining �900 �l were
pooled by treatment group (4 lungs per pool) and stored at �80°C for
subsequent RNA extraction and viral titration by plaque assays in
MDCK cells.

(ii) Second passage. Groups of 16 6- to 8-week-old female BALB/c
mice were infected intranasally with 1 � 103 PFU of viruses originating
from the pooled supernatants of the lung homogenates recovered on day
6 p.i. of the first passage (P1). Treatments were carried out in the same way
as for P1, with the exception that the two groups treated with oseltamivir
in P1 (0.05 and 1 mg/kg) were both treated with 1 mg/kg oseltamivir
during the second passage (P2). The group treated with saline during P1
(“P1-untreated”) also received saline during P2. Mortality, weight loss,
and clinical signs were monitored for 14 days. Lungs were also removed
from 4 mice per group on days 4 and 6 p.i. for NA inhibition assays and
then pooled for subsequent RNA extraction and viral titration.

RT-PCR amplification and automated sequencing. RNA was isolated
from the pooled supernatants of the lung homogenates using the QIAamp
viral RNA minikit (Qiagen) and then was resuspended in a volume of 50

�l. cDNA was synthesized using specific A/WSN/33 and A/Victoria/3/75
NA and HA primers and the SuperScript II reverse transcriptase enzyme
(Life Technologies Corporation). Full-length viral NA and HA cDNAs
were amplified by PCR using the Phusion high-fidelity DNA polymerase
(New England BioLabs, Whitby, ON, Canada) and specific primers (avail-
able upon request) in standard conditions. The nucleotide sequences of
the PCR products were determined using the ABI 3730 DNA analyzer, and
the heights of the chromatogram peaks were analyzed using BioEdit, ver-
sion 7.0.5.

Cloning of PCR products. Complete PCR-amplified NA genes from
the pooled lung homogenates collected on day 6 p.i. during P2 were pu-
rified and then cloned by blunt-end ligation into the pJET 1.2 vector using
the CloneJET PCR cloning kit (Fisher Scientific, Ottawa, ON, Canada),
according to the manufacturer’s instructions. At least 18 NA-positive re-
combinant plasmids per group were randomly selected and subjected to
sequence analysis with the ABI 3730 DNA analyzer.

Deep sequencing. DNA libraries were prepared with 0.5 ng of each
of the full-length viral NA and HA PCR products obtained from the
viral inocula and from the pooled lung homogenates recovered on days
4 and 6 p.i. of both P1 and P2, using the Nextera XT sample prepara-
tion kit (Illumina, San Diego, CA), according to the manufacturer’s
instructions. Previously cloned A/Quebec/144147/09 (H1N1)pdm09
NA and HA genes (14) were amplified in the same conditions as the
samples and included in the preparation of DNA libraries as controls.
A purification step with AMPure XP beads (Beckman Coulter, Missis-
sauga, ON, Canada) to remove very short library fragments was per-
formed prior to library normalization. The libraries were then multi-
plexed, clustered, and finally sequenced using the Nextera XT kit
(Illumina) as described by the manufacturer, except that 10% phiX
Control (Illumina) was added to the library pool. The paired-end se-
quencing (2 � 250 nucleotides [nt]) was performed on a MiSeq system
(Illumina), and reads were demultiplexed using CASAVA 1.8.2 (Illu-
mina), allowing no mismatch in the bar codes. After sequencing, reads
were filtered for quality using the FASTX-Toolkit 0.0.13 quality trim-
mer, and only reads passing the filter (quality score of �30 and read
length of �150 nt) were kept for the following analysis.

Bioinformatics analysis. The reads obtained from the A/WSN/33
(H1N1) and A/Victoria/3/75 (H3N2) inocula (viral stocks) were assem-
bled de novo using Ray 2.2.0 (15, 16), and the consensus sequences of the
two NA and HA genes were extracted from the contig files based on their
similarity to reference sequences (GenBank accession numbers J02177,
HE802059, HM641200, and V01098). The extremities of each gene were
verified and completed manually, based on the reference sequences, to
facilitate downstream analyses. Reads were aligned to the full-length as-
sembled gene sequences to ascertain the absence of assembly errors. Single
nucleotide polymorphisms (SNPs) were searched with GATK 2.7.4 (17),
and no mismatches between the reads and the assembled contigs were
detected. These curated and validated sequences were considered at this
point the reference sequences for assessing the emergence of mutations.
The reads from each sample were aligned to each corresponding reference
sequence using BWA 0.6.1 (18), and the nucleotide depth for each posi-
tion was assessed with GATK. To correct for potential erroneous calling of
SNPs due to the intrinsic error rate of the RT-PCR amplification and
sequencing reactions, we used the A(H1N1)pdm09 NA and HA control
amplicons to calculate the proportion of nucleotides not matching the
known reference sequences and obtained a mismatch frequency of
0.13% � 0.10%. Therefore, we established a 1% cutoff value, over which
all positions with a nucleotide different from the reference sequence were
considered significant. These sequences were selected using a simple
Python script (available at https://github.com/plpla/SNP_finder).

Evolution of the A/Victoria/3/75 (H3N2) I222T NA genotype during
in vitro passages. The A/Victoria/3/75 (H3N2) inoculum (stock) virus
and the virus recovered on day 6 p.i. from the P2-oseltamivir/P1-oselta-
mivir 1 mg/kg group were subjected to 4 serial passages in MDCK cells
infected at a multiplicity of infection (MOI) of 0.001 in the absence of
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drug pressure. Passages in the presence of increasing concentrations of
oseltamivir (from 10 nM at passage 1 to 80 nM at passage 4) were con-
comitantly performed. At each passage, viral RNA was isolated from su-
pernatants of infected cell cultures, and complete NA genes were ampli-
fied by RT-PCR. PCR products were purified and sequenced with the ABI
3730 DNA analyzer, and the heights of the chromatogram peaks were
analyzed using BioEdit, version 7.0.5.

Expression of recombinant NA proteins. The pPOLI transcription
plasmids containing the WT NA gene of either A/WSN/33 (H1N1) or
A/Victoria/3/75 (H3N2) viruses were used for the introduction of single
mutations (F149S and D434V in A/WSN/33 and I222T in A/Victoria/3/
75) using the appropriate primers and the QuikChange site-directed mu-
tagenesis kit (Stratagene, La Jolla, CA). The resulting plasmids were se-
quenced to ensure the absence of undesired mutations. The expression
and analysis of recombinant NA proteins were performed as previously
described (19). Briefly, 293T cells were cotransfected with 1 �g of each
of the 4 expression plasmids (pCAGGS-PA, -PB1, -PB2, and -NP) of
A/WSN/33 and one of the respective pPOLI-NA transcription plasmids of
A/WSN/33 or A/Victoria/3/75. At 48 h posttransfection, cells were treated
with 0.02% EDTA in phosphate-buffered saline (PBS) and harvested. Af-
ter one wash with PBS, the cells were resuspended in PBS containing 3.5
mM CaCl2 and used in NA inhibition assays to determine the susceptibil-
ity of expressed proteins to oseltamivir.

Drug susceptibility assays. The drug susceptibility phenotype was
determined by a fluorometric NA inhibition assay as described elsewhere
(20). Stock viruses, viruses isolated from mouse lungs before pooling on
days 4 and 6 p.i. and passaged once in MDCK cells, or recombinant pro-
teins were standardized to an NA activity level 10-fold higher than that of
the background as measured by the production of a fluorescent prod-
uct from the 2=-(4-methylumbelliferyl)-�-D-N-acetylneuraminic acid
(MUNANA) (Sigma, St. Louis, MO, USA) substrate. Drug susceptibility
profiles were determined by the extent of NA inhibition after incubation
with serial 3-fold dilutions of oseltamivir carboxylate (Hoffmann-La
Roche, Basel, Switzerland) at final concentrations ranging between 0 and
1,800 nM. The 50% enzyme-inhibitory concentration (IC50) values were
determined from the dose-response curves.

Statistical analysis. Weight loss, lung viral titers (LVT), and mutation
frequencies from in vitro passages were compared by one-way analysis of
variance (ANOVA) with Tukey’s multiple comparison posttest using
GraphPad, version 5.

RESULTS
Effect of oseltamivir treatment on A/WSN/33 (H1N1) and
A/Victoria/3/75 (H3N2) virus infections in mice. As shown in
Table 1, i.n. inoculation of mice with 2 � 103 PFU of A/WSN/33 or
A/Victoria/3/75 viruses (P1) resulted in mortality rates of 87.5%
and 25% and mean maximum weight losses on day 4 of 19.9% �
1.5% and 15.3% � 1.8%, respectively, in both untreated groups.
No mortality or significant weight loss was observed in any of the
groups infected and treated with oseltamivir during P1. In line
with these observations, the mean LVT on day 6 p.i. were higher
for the untreated groups than for those treated with 0.05 mg/kg
and 1 mg/kg oseltamivir, although these differences were signifi-
cant only in the case of A/WSN/33 [(8.6 � 0.3) � 106 versus (3.5 �
0.1) � 106 and (0.59 � 0.03) � 106 PFU/lung, respectively, P 	
0.05], but not in the case of A/Victoria/3/75 [(2.1 � 0.2) � 106

versus (1.7 � 0.1) � 106 and (1.3 � 0.3) � 106 PFU/lung, respec-
tively]. Notably, the mean LVT in untreated groups were signifi-
cantly higher in mice infected with A/WSN/33 than in those in-
fected with A/Victoria/3/75 on day 6 of P1 [(8.6 � 0.3) � 106

versus (2.1 � 0.2) � 106 PFU/lung, respectively, P 	 0.05] but
not P2.

For the second passage (P2), mice were infected with 1 � 103

PFU of viruses originating from the pooled supernatants from the
lung homogenates recovered on day 6 p.i. of P1, and the oseltami-
vir pressure was maintained at the highest concentration used in
P1 (1 mg/kg). No mortality was observed in any of the groups, and
only small mean weight losses on day 4 p.i. were observed in both
P2-untreated/P1-untreated groups (5.3% � 1.2% in A/WSN/33
and 4.8% � 0.9% in A/Victoria/3/75) (Table 1). Significantly
higher LVT on day 6 p.i. were observed in the A/WSN/33 P2-
untreated/P1-untreated [(3.2 � 0.4) � 106 PFU/lung] group than
in the P2-oseltamivir/P1-oseltamivir 0.05 mg/kg [(5.9 � 0.4) �
103 PFU/lung] and P2-oseltamivir/P1-oseltamivir 1 mg/kg
[(5.4 � 0.3) � 103 PFU/lung] groups (P 	 0.001). Conversely,
for A/Victoria/3/75, the mean LVT on day 6 p.i. were compa-
rable between the P2-untreated/P1-untreated [(3.1 � 0.3) �

TABLE 1 Effect of oseltamivir therapy in mice infected with the A/WSN/33 (H1N1) and A/Victoria/3/75 (H3N2) viruses

Virus/regimena

% wt loss on day 4 p.i.b

(mean � SD) (n 
 8)
% mortality on day 14 p.i.
(n 
 8)

LVTc on day 6 p.i.
(mean � SD) (n 
 4)

A/WSN/33 (H1N1)
P1-unt 19.9 � 1.5 87.5 8.6 � 0.3 � 106

P1-ose 0.05 mg/kg 	1 0 3.5 � 0.1 � 106d

P1-ose 1 mg/kg 	1 0 0.59 � 0.03 � 106d

P2-unt/P1-unt 5.3 � 1.2 0 3.2 � 0.4 � 106

P2-ose/P1-ose 0.05 mg/kg 	1 0 5.9 � 0.4 � 103e

P2-ose/P1-ose 1 mg/kg 	1 0 5.4 � 0.3 � 103e

A/Victoria/3/75 (H3N2)
P1-unt 15.3 � 1.8 25 2.1 � 0.2 � 106

P1-ose 0.05 mg/kg 	1 0 1.7 � 0.1 � 106

P1-ose 1 mg/kg 	1 0 1.3 � 0.3 � 106

P2-unt/P1-unt 4.8 � 0.9 0 3.1 � 0.3 � 106

P2-ose/P1-ose 0.05 mg/kg 	1 0 2.4 � 0.3 � 106

P2-ose/P1-ose 1 mg/kg 	1 0 3.0 � 0.4 � 106

a The viral inoculum was 2 � 103 PFU in passage 1 (P1) and 1 � 103 PFU in passage 2 (P2). unt, untreated; ose, oseltamivir.
b p.i., postinfection.
c LVT, lung viral titers in PFU/lung. Means � SD from a single experiment performed in triplicate are presented.
d P 	 0.05 compared to the corresponding untreated group of each passage.
e P 	 0.001 compared to the corresponding untreated group of each passage.
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106 PFU/lung], P2-oseltamivir/P1-oseltamivir 0.05 mg/kg
[(2.4 � 0.3) � 106 PFU/lung], and P2-oseltamivir/P1-oselta-
mivir 1 mg/kg [(3.0 � 0.4) � 106 PFU/lung] groups.

Characterization of viruses recovered from mouse lungs.
Both pretherapy inoculum viruses were susceptible to oseltamivir,
with IC50s of 0.75 � 0.04 nM for A/WSN/33 and 0.26 � 0.04 nM
for A/Victoria/3/75. Since it is difficult to perform NAI assays
directly from lung homogenates, 100-�l aliquots from each indi-
vidual lung (4 per group) recovered at the four time points of the
study were taken prior to pooling and then propagated once in
MDCK cells for phenotypic analysis (Table 2). The WHO guide-
lines on the determination of NAI resistance for influenza A virus
isolates define “reduced inhibition” by a 10- to 100-fold increase
in IC50s and “highly reduced inhibition” by a �100-fold increase
in IC50s (21). According to this criterion, none of the viruses re-
covered from mouse lungs had reduced or highly reduced inhibi-
tions to oseltamivir compared to the respective pretherapy inoc-
ulum viruses. For A/WSN/33 (H1N1) viruses, the maximum
increase in oseltamivir IC50 (mean of 2.7-fold; range, 1.9- to 3.5-
fold) was observed in isolates obtained from the P1-oseltamivir
0.05 mg/kg group on day 4 p.i. Of note, the low NA activity dis-
played by the P1-oseltamivir 1 mg/kg and P2-oseltamivir/P1-os-
eltamivir 0.05 mg/kg A/WSN/33 viruses precluded NA inhibition

testing. On the other hand, IC50s seemed to slightly increase with
oseltamivir pressure in A/Victoria/3/75 (H3N2) viruses, with the
maximum increase (mean of 5.7-fold; range, 5.5- to 5.8-fold) ob-
served for the P2-oseltamivir/P1-oseltamivir 1 mg/kg group on
day 6 p.i.

To detect the possible emergence and/or selection of NA vari-
ants due to oseltamivir pressure, RNA from the pooled lung
homogenates recovered on days 4 and 6 p.i. of P2 was amplified by
specific RT-PCR and subjected to automated conventional se-
quencing (Table 3). Interestingly, the chromatogram analysis of
the NA gene from A/Victoria/3/75 revealed the presence of mixed
I222T viral populations with an approximate 80:20 (WT/mutant)
ratio in the P2-oseltamivir/P1-oseltamivir 1 mg/kg group, on both
days 4 (not shown) and 6 p.i. In addition, no other mutations or
mixed viral populations were identified in the remaining
A/Victoria/3/75 groups or in any of the A/WSN/33 groups.

To further characterize the genotypic profiles of the recovered
viruses, amplicons obtained from the pooled lung homogenates
recovered on day 6 p.i. of P2 were cloned, and at least 18 NA-
positive cDNA clones were sequenced (Table 3). The analysis of
A/WSN/33 clones revealed that 20/21 clones were identical to the
WT sequence in the P2-untreated/P1-untreated group, while the
remaining clone had a deletion of 1 nt at position 351 that resulted
in a frameshift. This frameshift generated a stop codon, and the
resulting formation of a truncated 118-amino-acid (aa) NA pro-
tein. In the P2-oseltamivir/P1-oseltamivir 0.05 mg/kg group,
18/20 clones were identical to the WT sequence. The remaining
two clones showed single M389T or D434E mutations. A deletion
of 28 nt at position 400 that resulted in a truncated 134-aa NA
protein was observed in 1/23 clones of the P2-oseltamivir/P1-os-
eltamivir 1 mg/kg group. The remaining 22/23 clones were iden-
tical to the WT sequence. For the A/Victoria/3/75 virus, 14/18
clones of the P2-untreated/P1-untreated group were identical to
the WT sequence, 3 clones presented a single A46P, I73T, or
Q131H mutation, and 1 clone presented both Q131H and V398I
mutations. In the P2-oseltamivir/P1-oseltamivir 0.05 mg/kg
group, 13/19 clones were identical to the WT sequence, whereas
the remaining clones presented single N200D (2 clones), I222T (3
clones), or V398I (1 clone) substitutions. In the P2-oseltamivir/
P1-oseltamivir 1 mg/kg group, 4/18 clones presented the I222T
mutation, and 2 other clones had either a single Q131H or V398I
substitution. The remaining 12/18 clones were identical to the WT
sequence.

Characterization of genomic diversity and population dy-
namics of oseltamivir-resistant variants by deep sequencing.
The frequencies of the SNPs found in the viruses recovered from
the lung homogenates on day 6 p.i. of P2 by the conventional
sequencing and clone analysis were compared with those found by
deep sequencing in Table 3. In general, SNPs found by molecular
cloning correlated well with the frequencies found at these posi-
tions by deep sequencing. We also analyzed the changes in the
frequencies of the individual SNPs as a function of the oseltamivir
concentration, day of specimen collection, and passage number.
None of the hallmark NA mutations associated with resistance to
oseltamivir in N1 (I222V, H274Y, and N294S) or N2 (E119V and
R292K) viruses were observed. Furthermore, no NA or HA muta-
tions found in any of the groups infected with the A/WSN/33 virus
showed frequency variations that might be considered indicators
of a positive selection due to passage or oseltamivir pressure com-
pared to the initial inoculum. The only exceptions were the F149S

TABLE 2 Oseltamivir susceptibility of viruses recovered from individual
lungs of mice infected with the A/WSN/33 (H1N1) and A/Victoria/3/75
(H3N2) viruses

Virus/regimena

Oseltamivir IC50
b (mean [range]) (nM)

Day 4 p.i.c

(n 
 4) Foldd

Day 6 p.i.
(n 
 4) Fold

A/WSN/33
(H1N1)

P1-unt 1.36 (1.09–1.87) 1.8 1.07 (0.94–1.20) 1.4
P1-ose 0.05

mg/kg
2.06 (1.46–2.65) 2.7 1.27 (1.04–1.47) 1.7

P1-ose 1
mg/kg

Low activitye Low activity

P2-unt/P1-unt 0.61 (0.46–0.81) 0.8 0.36 (0.34–0.37) 0.5
P2-ose/P1-ose

0.05 mg/kg
Low activity Low activity

P2-ose/P1-ose
1 mg/kg

0.75 (0.70–0.80) 1.0 0.68 (0.65–0.72) 0.9

A/Victoria/3/75
(H3N2)

P1-unt 0.37 (0.26–0.49) 1.4 0.45 (0.39–0.55) 1.7
P1-oseltamivir

0.05 mg/kg
0.78 (0.48–1.14) 3.0 0.57 (0.56–0.58) 2.2

P1-ose 1
mg/kg

1.24 (0.88–1.85) 4.8 1.02 (0.98–1.07) 3.9

P2-unt/P1-unt 0.73 (0.50–1.06) 2.8 0.21 (0.19–0.22) 0.8
P2-ose/P1-ose

0.05 mg/kg
0.63 (0.42–0.94) 2.4 0.72 (0.68–0.74) 2.8

P2-ose/P1-ose
1 mg/kg

1.30 (1.17–1.48) 5.0 1.47 (1.42–1.52) 5.7

a P1, passage 1; P2, passage 2; unt, untreated; ose, oseltamivir.
b IC50, 50% enzyme-inhibitory concentration. Mean values from a single experiment
performed in duplicate are presented.
c p.i., postinfection.
d Fold increase versus oseltamivir IC50s of the pretherapy inoculum viruses
(A/WSN/33 
 0.75 � 0.04 nM; A/Victoria/3/75 
 0.26 � 0.04 nM).
e Low activity, NA activity was detected but was not high enough to determine the IC50.
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and D434V NA substitutions that, despite being undetectable by
molecular cloning, emerged by deep sequencing in the P2-oselta-
mivir/P1-oseltamivir 1 mg/kg group at the last time point of the
study (day 6 p.i. of P2) with frequencies of 22.9% and 7.1%, re-
spectively (not shown).

Conversely, in the A/Victoria/3/75 virus, the temporary evolu-
tion of the I222T NA substitution revealed a pattern of positive
selection by oseltamivir pressure, with an increase in frequencies
that correlated with both the drug concentration and days of treat-
ment, reaching a peak of 28.2% for the P2-oseltamivir/P1-oselta-
mivir 1 mg/kg group on day 6 p.i. (Fig. 1). This oseltamivir-de-
pendent selection was further confirmed by in vitro passages of the
inoculum (stock) virus as well as the virus recovered on day 6 p.i.
from the P2-oseltamivir/P1-oseltamivir 1 mg/kg group. The chro-
matogram analysis showed no changes in the frequencies of the
T222 NA viral populations after 4 passages in the absence of osel-
tamivir, remaining undetectable in the inoculum virus and at a
mean of 19.9% � 0.9% in the P2-oseltamivir/P1-oseltamivir 1
mg/kg virus. On the other hand, after the fourth passage under
increasing concentrations of oseltamivir (final concentration of
80 nM), the frequencies of the T222 NA viral populations shifted
from undetectable levels to a mean of 9.6% � 0.8% in the inocu-
lum virus and from 19.9% � 0.9% to 29.1% � 0.9% (P 	 0.001)
in the P2-oseltamivir/P1-oseltamivir 1 mg/kg virus. Interestingly,
the deep-sequencing analysis revealed that the I222T substitution
was already present in the initial inoculum (stock) virus, albeit at
a low frequency (4.1%) that had no impact on the susceptibility to
oseltamivir of the whole viral population, precluding its detection
by the conventional sequencing methods. Finally, a positive selec-
tion of the N500D HA substitution was observed in the
A/Victoria/3/75 virus (not shown), resulting in the loss of a po-
tential N-linked glycosylation site. This mutation evolved in a pas-
sage-dependent yet drug-independent manner, increasing its fre-

quency from 8.4% in the initial inoculum to 30.9%, 26.1%, and
35.5% on day 6 p.i. for the P2-untreated/P1-untreated, P2-oselta-
mivir/P1-oseltamivir 0.05 mg/kg, and P2-oseltamivir/P1-oselta-
mivir 1 mg/kg groups, respectively. The complete results with all
minor NA and HA variants found by deep sequencing are pre-
sented in File S1 in the supplemental material.

Susceptibility profiles of recombinant proteins. To assess the
effects of unknown NA mutations on oseltamivir susceptibility,
the WT and mutant recombinant NA proteins were expressed and
subjected to NA inhibition assays. While the oseltamivir suscepti-
bility levels of recombinant A/WSN/33 F149S and D434V NA pro-
teins were comparable to that of the WT (IC50s of 0.47 � 0.05 nM,
0.41 � 0.04 nM, and 0.48 � 0.03 nM, respectively), the I222T
A/Victoria/3/75 (H3N2) mutant protein showed a reduced inhi-
bition phenotype, with a 16-fold increase in IC50 compared to that
of the WT (4.69 � 0.37 nM versus 0.29 � 0.01 nM, respectively).

DISCUSSION

Development of resistance to oseltamivir, the most widely used
NAI, remains an important concern, not only among immuno-
compromised patients (22, 23) but also in the general population.
This is especially worrisome given the conserved viral fitness ob-
served for the previously disseminated seasonal A/Brisbane/59/
2007 (H1N1) H274Y variant (24, 25) as well as recent reports on
community outbreaks of A(H1N1)pdm09 H274Y strains (26, 27).
Moreover, resistance to oseltamivir conferred by the H274Y and
N294S mutations as well as the R292K mutation has already been
detected in patients infected with A(H5N1) strains and the novel
A(H7N9) virus, respectively (28, 29). Previous studies demon-
strated that NA mutations conferring resistance to oseltamivir in
the clinical setting might be predicted to some extent by perfor-
mance of in vitro serial passages of influenza viruses under oselta-
mivir pressure (3). However, very limited information is available

TABLE 3 Detection of single nucleotide polymorphisms in the NA of viruses recovered from lungs of mice (day 6 p.i. of passage 2) infected with the
A/WSN/33 (H1N1) and A/Victoria/3/75 (H3N2) viruses by automated (Sanger) sequencing, colony screening (cloning), and deep sequencinga

Virus/regimenb NA positionc Referenced

SNP detected by:

Depthe

Sanger
sequencing (%) Cloning (%)

Deep
sequencing (%)

A/WSN/33 (H1N1)
P2-ose/P1-ose 0.05 mg/kg 389 M M M/T (95/5) M/T (99/1) 124,898

434 D D D/E (95/5) D/Ef (98/2) 77,999

A/Victoria/3/75 (H3N2)
P2-unt/P1-unt 46 A A A/P (94/6) A/P (94/6) 57,911

73 I I I/T (94/6) I/T (96/4) 72,738
131 Q Q Q/H (88/12) Q/H (96/4) 78,897
398 V V V/I (94/6) V/I (93/7) 66,338

P2-ose/P1-ose 0.05 mg/kg 200 N N N/D (89/11) N/D (88/12) 81,069
222 I I I/T (84/16) I/T (85/15) 78,541
398 V V V/I (95/5) V/I (87/13) 56,232

P2-ose/P1-ose 1 mg/kg 131 Q Q Q/H (94/6) Q/H (98/2) 128,656
222 I I/T (80/20) I/T (78/22) I/T (72/28) 167,234
398 V V V/I (94/6) V/I (95/5) 104,690

a Data correspond to viruses recovered from pooled lung homogenates on day 6 p.i. of the second passage (P2). Only treatment groups in which single nucleotide polymorphisms
(SNPs) were detected are shown (deletions are not shown). The residues in bold type confer reduced susceptibility to oseltamivir.
b P1, passage 1; P2, passage 2; unt, untreated; ose, oseltamivir.
c N2 numbering.
d Reference; the predominant residues found in these positions in the reference sequences.
e Mean number of reads that cover that position in the deep-sequencing analysis.
f A D/V (93/7) substitution was also found at this position by deep sequencing but not by cloning in the P2-ose/P1-ose 1 mg/kg group.
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on the selection of oseltamivir-resistant variants in mice and on
the temporal evolution of viral quasi-species under selective NAI
pressure.

In the present study, we selected two mouse-adapted influenza
viruses, A/WSN/33 (H1N1) and A/Victoria/3/75 (H3N2), to per-
form two serial passages in mice receiving suboptimal doses of
oseltamivir and analyzed the phenotypic and genotypic character-
istics of the recovered viruses. Although no NA or HA substitu-
tions associated with oseltamivir resistance were detected in the
A/WSN/33 background, we observed a positive selection of the
I222T NA substitution in the A/Victoria/3/75 virus. Indeed, this
mutation was selected in a dose-dependent manner, increasing its
frequency with in vivo passages, which also correlated with an

increase in the T/I ratio during in vitro passages under oseltamivir
pressure. Of interest, the T222 genotype was associated with a
16-fold increase in the oseltamivir IC50 level shown by the ex-
pressed recombinant mutant NA protein compared to that for the
recombinant WT. This phenotype was not strain specific as the
recombinant A/Hong Kong/1/68 (H3N2) NA protein harboring
the I222T change also showed reduced susceptibility to oseltami-
vir (data not shown).

Many factors may account for our inability to select any mu-
tations of resistance to oseltamivir in the A/WSN/33 background
under the conditions used in our experimental design. The 2.7-
fold maximum increase in oseltamivir IC50, along with the low NA
activity of some recovered viruses and the significant reduction in
lung viral titers (LVT) observed in both treated groups, suggests
that the initial viral inoculum was too low, even if low-dose osel-
tamivir regimens were used (0.05 and 1 mg/kg/day compared to
the more regular treatment of 20 mg/kg/day). As a result, the small
amounts of the virus recovered on day 6 p.i. of the first passage led
to a reduced viral inoculum for the second passage, thus enhanc-
ing the excessive pressure imposed by oseltamivir treatment. In
that regard, a higher viral inoculum coupled to lower oseltamivir
concentrations and/or increased serial passages would be interest-
ing to test in future experiments. In addition, the late selection of
two NA mutations (F149S and D434V) that do not affect suscep-
tibility to oseltamivir is worth mentioning. Since both residues are
located relatively far from the active site, they should not affect the
enzymatic properties of NA, but recent reports of permissive mu-
tations, at least in influenza viruses of the N1 subtype (24, 25, 30),
warrant the need for experiments to assess their potential role in
viral fitness.

The selection of the I222T NA substitution in the A/Victoria/
3/75 (H3N2) virus is the major finding of our study. Amino acid
I222 is a well-conserved framework residue among several influ-
enza A subtypes and influenza B viruses (1). Together with W178,
I222 forms a hydrophobic pocket within the NA active site in
which lie the methyl groups of both the C4 acetamide of sialic acid
and oseltamivir (31). Due to the interaction of I222 with the pen-
toxyl group of oseltamivir, several substitutions at the I222 residue
have been identified in different influenza backgrounds both in
vitro and in clinical studies (22, 32–34). Recently, the addition of
the I222T mutation to the H274Y mutation in recombinant influ-
enza A/California/04/2009 (H1N1)pdm09 viruses was shown to
increase the oseltamivir IC50 from 574-fold in the single H274Y
mutant to 1,377-fold in the double I222T/H274Y mutant, com-
pared to that for the recombinant WT (35). In that case, the pres-
ence of a threonine at position 222 favored the formation of hy-
drogen bonds between this residue and its neighboring R152. As a
result, R152 translocated to a position closer to T222, causing
steric hindrance to the binding of the pentoxyl group of oseltami-
vir. Moreover, the single I222T mutant remained susceptible to
oseltamivir (a 6.4-fold increase in the IC50 compared to that for
the WT), and this variant produced viral titers comparable to
those of the WT virus in replicative capacity experiments. Also,
when introduced in the recombinant influenza B/Yamanashi/166/
1998 background, the I222T NA mutation reduced susceptibility
to oseltamivir and peramivir (13- and 15-fold increases in the
IC50s, respectively, compared to that for the WT) (36) with no
alteration of viral fitness in vitro. In line with the available data on
the mild effect of the I222T NA mutation on oseltamivir suscep-
tibility, the I222T variant described in the present study derived

FIG 1 Longitudinal analysis of viral population diversity by deep sequencing.
The ratios of major and minor codons are presented for the hallmark NA
positions associated with resistance to oseltamivir in N2 viruses (E119 and
R292) and for the residues with sustained significant (�1%) frequency of
variation over time (I222). Codons and single-letter amino acid codes are
indicated below the position numbers.
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from an A/Victoria/3/75 (H3N2) NA protein conferred a reduced
inhibition phenotype, with a 16-fold increase in the oseltamivir
IC50. Furthermore, reports on the isolation of influenza B viruses
harboring the I222T mutation from untreated patients indicate
that this variant possibly occurs naturally without NAI selective
pressure (37). These results are in agreement with previous re-
ports suggesting that framework NA mutations decreasing sus-
ceptibility to NAIs generally do not alter the replicative capabili-
ties (38). As a result, it is likely that the A/Victoria/3/75 (H3N2)
I222T variant will retain viral fitness, yet this hypothesis and the
potential contribution of the loss of an N-linked glycosylation site
in the HA due to the N500D mutation on viral replication kinetics
and antigenicity remain to be tested.

Our study also highlights the power of deep sequencing in
terms of versatility and sensitivity for the detection of the expected
as well as the unexpected minor variants within the viral popula-
tion. In that regard, we were able to detect not only differences in
the range of 1% in the time course population dynamics but also,
importantly, the presence of a 4% oseltamivir-resistant variant in
the initial inoculum, both of which would have remained unde-
tected by Sanger sequencing approaches. We were not able to
determine at what time the A/Victoria/3/75 (H3N2) virus ac-
quired the I222T mutation, but its presence in the initial inoculum
certainly biased its subsequent selection. As recently shown for the
A(H1N1)pdm09 and A(H7N9) viruses, early detection of minor
viral populations might be of major importance for the rapid and
accurate implementation of antiviral therapy in some patients,
since the resistance variant may be initially masked in the clinical
samples containing mixed populations but rapidly favored and
transmitted upon treatment (10, 39). In fact, we reported the
rapid emergence of an oseltamivir-resistant variant in the house-
hold contact of an index patient infected with an oseltamivir-
susceptible A(H1N1)pdm09 virus containing a minor subpopu-
lation of �2% of the H274Y mutant, only detectable by deep
sequencing (10). In this case, the rapid selection of the H274Y
variant virus in the contact patient was favored by the use of a
suboptimal (prophylactic) dose of oseltamivir.

In conclusion, the combination of serial in vivo passages under
NAI pressure and the temporal deep-sequencing analysis used in
this study has allowed the selection and identification of the I222T
NA mutation in an influenza H3N2 virus, conferring reduced in-
hibition to oseltamivir. To our knowledge, this is the first report of
this substitution in the N2 background, although the clinical sig-
nificance of this mutation remains to be assessed. Additional in
vivo selection experiments with other antivirals and/or drug com-
binations might provide important information on the evolution
of antiviral resistance in influenza viruses, particularly in the case
of new avian viruses infecting humans.
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