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ABSTRACT Several subtypes of avian influenza viruses (AIVs) are emerging as novel
human pathogens, and the frequency of related infections has increased in recent
years. Although neuraminidase (NA) inhibitors (NAIs) are the only class of antiviral
drugs available for therapeutic intervention for AIV-infected patients, studies on NAI
resistance among AIVs have been limited, and markers of resistance are poorly un-
derstood. Previously, we identified unique NAI resistance substitutions in AIVs of the
N3, N7, and N9 NA subtypes. Here, we report profiles of NA substitutions that con-
fer NAI resistance in AIVs of the N4, N5, N6, and N8 NA subtypes using gene-
fragmented random mutagenesis. We generated libraries of mutant influenza vi-
ruses using reverse genetics (RG) and selected resistant variants in the presence of
the NAIs oseltamivir carboxylate and zanamivir in MDCK cells. In addition, two sub-
stitutions, H274Y and R292K (N2 numbering), were introduced into each NA gene
for comparison. We identified 37 amino acid substitutions within the NA gene, 16 of
which (4 in N4, 4 in N5, 4 in N6, and 4 in N8) conferred resistance to NAIs (oseltami-
vir carboxylate, zanamivir, or peramivir) as determined using a fluorescence-based
NA inhibition assay. Substitutions conferring NAI resistance were mainly catego-
rized as either novel NA subtype specific (G/N147V/I, A246V, and I427L) or previ-
ously reported in other subtypes (E119A/D/V, Q136K, E276D, R292K, and R371K). Our
results demonstrate that each NA subtype possesses unique NAI resistance markers,
and knowledge of these substitutions in AIVs is important in facilitating antiviral sus-
ceptibility monitoring of NAI resistance in AIVs.

IMPORTANCE The frequency of human infections with avian influenza viruses (AIVs)
has increased in recent years. Despite the availability of vaccines, neuraminidase in-
hibitors (NAIs), as the only available class of drugs for AIVs in humans, have been
constantly used for treatment, leading to the inevitable emergence of drug-resistant
variants. To screen for substitutions conferring NAI resistance in AIVs of N4, N5, N6,
and N8 NA subtypes, random mutations within the target gene were generated, and
resistant viruses were selected from mutant libraries in the presence of individual
drugs. We identified 16 NA substitutions conferring NAI resistance in the tested AIV
subtypes; some are novel and subtype specific, and others have been previously re-
ported in other subtypes. Our findings will contribute to an increased and more
comprehensive understanding of the mechanisms of NAI-induced inhibition of influ-
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enza virus and help lead to the development of drugs that bind to alternative inter-
action motifs.

KEYWORDS avian influenza virus, neuraminidase inhibitor, resistance, random
mutagenesis, N4, N5, N6, N8

Wild waterfowl, a natural reservoir of influenza A viruses, can be infected with avian
influenza viruses (AIVs) of 16 hemagglutinin (HA) and 9 neuraminidase (NA)

subtypes (1). Influenza A viruses are known to have a strong host species barrier, and
only a few subtypes (i.e., H1N1, H3N2, and H2N2) have been successfully established in
humans (1–3). However, the recent increase in the number of humans infected with
AIVs of different HA (e.g., H5, H6, H7, H9, and H10) and NA (e.g., N1, N2, N3, N6, N8, and
N9) subtypes has elevated public health concerns, and no one can know for certain
which strain, if any, will initiate the next pandemic. Therefore, effective measures, such
as prophylaxis with influenza vaccines and antiviral drug treatment, are essential for
mitigating the risk of a pandemic. The most effective control for human infection and
spread of influenza virus is vaccine administration; however, the length of time it takes
to prepare vaccine and its lack of efficacy for serologically distinct strains pose some
limitations. Thus, antivirals are essential at the initial stage of a pandemic outbreak. To
date, the neuraminidase inhibitors (NAIs) oseltamivir (OS), zanamivir (ZA), peramivir
(PER), and laninamivir are the only available therapeutic options for control of influenza
virus infections (2).

The mechanism of action of NAIs involves targeting NA, a surface glycoprotein that
plays an important role in influenza virus replication by releasing the newly budding
virions from the membranes of virus-infected cells, allowing them to spread into
noninfected cells (4). The NA glycoprotein possesses pockets that consist of several
residues with enzymatic activity (5). Its active sites are divided into catalytic and
framework residues. Catalytic residues (R118, D151, R152, R224, E276, R292, R371, and
Y406) are known to be highly conserved in influenza viruses and interact directly with
the substrate, while the framework residues (E119, R156, W178, S179, D198, I222, E227,
H274, E277, N294, and E425), which are also highly conserved, stabilize the catalytic
residues. The enzymatic activity of the catalytic site cleaves two types of substrates on
the host cell membrane, the �2-3- and �2-6-linked sialic acids, which bind to the viral
HA surface glycoprotein during attachment, resulting in the release of offspring virions
from host cells and subsequent spread throughout target organs (5). Thus, NA has been
an attractive target for antiviral drug development. However, the increased use of NAIs
and the error-prone nature of viral RNA polymerase result in the development of
NAI-resistant influenza viruses. Molecular markers of NAI resistance were identified in
the NA glycoprotein and have been intensively studied in human influenza viruses of
the N1 and N2 subtypes (6–14). Although we previously profiled NAI resistance-
associated substitutions in N3, N7, and N9 NA subtypes of AIVs that have caused human
infections and identified novel and subtype-specific substitutions (15), there is still a
lack of knowledge relating to the molecular basis of NAI resistance within the remaining
AIV NA subtypes. In the current study, we profiled NA substitutions conferring resis-
tance to NAIs in the N4, N5, N6, and N8 NA subtypes, which have recently been
reported to infect humans and pose a public health risk, such as the recently prevalent
highly pathogenic A(H5N6) and A(H5N8) AIVs (16–19). We identified novel, subtype-
specific substitutions or amino acid substitutions that have been previously reported in
other subtypes in the N4, N5, N6, and N8 subtypes using gene-fragmented random
mutagenesis (GFRM). Furthermore, the replication efficiency in Madin-Darby canine
kidney (MDCK) cells, plaque formation, and genetic stability of the recombinant viruses
possessing the substitution(s) were also determined.

RESULTS
Screening for NAI resistance-associated markers in AIV of the N4 NA subtype.

To supplement the previously reported resistance database profile in AIVs of the N3,
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N7, and N9 NA subtypes (15), we screened for molecular markers that confer NAI
resistance in the N4, N5, N6, and N8 AIV subtypes. To study the N4 AIV subtype, random
mutations were introduced into the catalytic domain of the NA gene of A/EM/Korea/
W140/2006 (H10N4) virus, followed by generation of a random mutant virus library in
the background of PR8 virus (7�1; NA gene is from avian H10N4 virus and the
remaining 7 genes are from PR8 virus) by reverse genetics (RG). The recombinant
viruses were serially passaged in the presence of OS or ZA in MDCK cells. Sequence
analysis of viruses passaged 3 or 4 times under drug pressure identified 4 substitutions via
OS selection and 6 substitutions via ZA selection (Table 1). We subsequently generated
recombinant viruses containing the identified substitutions by RG and performed an NA
inhibition assay using 2=-(4-methylumbelliferyl)-�-D-N-acetylneuraminic acid sodium
salt hydrate (MUNANA) substrate. Of note, two recombinant viruses possessing one of
the ZA-induced substitutions (E276D or I427L) hade reduced susceptibility to multiple
NAIs. Virus with a single E276D substitution exhibited reduced inhibition by OS
(10.6-fold 50% inhibitory concentration [IC50] increase) and PER (18.0-fold IC50 increase)
and highly reduced inhibition by ZA (248.8-fold IC50 increase) compared to that of the
N4 wild-type (WT) virus. Virus carrying the I427L substitution showed reduced inhibi-
tion by OS (18.8-fold IC50 increase) and ZA (75.5-fold IC50 increase) compared to the N4
WT virus. However, other mutations identified exhibited normal inhibition based on the
antiviral susceptibility criteria defined by the World Health Organization (WHO) Antiviral
Working Group (20), although virus with the double V114I-V116A substitution showed
8.6- to 9.9-fold-reduced susceptibility to ZA and OS. The H274Y and R292K substitu-
tions, which are frequently identified in clinical samples and are known to have reduced
susceptibility to OS in N1 and N2 subtypes (21, 22), were not identified in the initial
screening. Thus, using site-directed mutagenesis, we created these substitutions to
investigate if their alteration changed susceptibility to NAIs in the N4 AIV subtype. The
H274Y substitution demonstrated highly reduced inhibition by OS (318.3-fold IC50

increase) and PER (114.9-fold IC50 increase), and of note, R292K showed highly reduced
inhibition by all the NAIs tested (Table 1). Although the plaque size and infectivity of
influenza viruses carrying E276D and I427L substitutions did not differ significantly from
those of the parental N4 WT virus, both recombinant viruses showed decreased NA
activity, and furthermore, the I427L mutant showed a tendency to return to the WT
genotype (I427; 25%) after three serial passages in MDCK cells, indicating low genetic
stability. The plaque size and NA activity of the H274Y mutant remained comparable to
those of the N4 WT virus, whereas the R292K mutant showed significantly reduced
plaque size and NA activity (Table 1).

Screening for NAI resistance-associated markers in AIV of the N5 NA subtype.
To study the N5 AIV subtype, we used A/EM/Korea/W69/2005 (H6N5) virus and gen-
erated virus libraries containing random mutations in the catalytic domain of the NA
gene. Four and one amino acid substitutions were observed under the selective
pressure of OS and ZA, respectively. Recombinant viruses possessing the identified NA
substitutions were generated by RG to eliminate side effects that were potentially
caused by a minor population of substitutions that might have occurred in other genes
(Table 1). Of all the N5 substitutions, viruses with E119V and N147I substitutions
showed reduced susceptibility to all the NAIs compared to the N5 WT virus. Of note,
virus with the single E119V substitution showed reduced inhibition by OS (58.5-fold
IC50 increase) and PER (63.9-fold IC50 increase) and highly reduced inhibition by ZA
(736.6-fold IC50 increase) compared to that of the N5 WT virus. The single N147I
substitution selected by ZA showed reduced inhibition by the drug (30.7-fold IC50

increase). For comparison, H274Y and R292K substitutions were additionally introduced
into recombinant viruses of the N5 subtype. Viruses carrying both H274Y and R292K
substitutions demonstrated highly reduced OS-mediated (1081.8- and 963.7-fold IC50

increases, respectively) and PER-mediated (311.7- and 283.7-fold IC50 increases, respec-
tively) inhibition compared to that of the N5 WT virus but normal inhibition by ZA.
Although recombinant viruses carrying either single E119V or double L91I-E119V
substitutions formed significantly smaller plaques than the N5 WT virus, they main-
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tained infectivity similar to that of the N5 WT virus in MDCK cells and showed high
genetic stability after 3 sequential passages in MDCK cells (Table 2). Except for E119V,
substitutions conferring NAI resistance, including N147I, H274Y, and R292K, showed
poor genetic stability and reverted to their parental amino acid sequences after three
serial passages in MDCK cells (Table 2).

Screening for NAI resistance-associated markers in AIV of the N6 NA subtype.
The N6 subtype of influenza viruses, in combination with highly pathogenic (HP) AIVs
of the H5 subtype, have been recently reported to infect humans in China (16, 23).
Although there have been no recent reports of NAI resistance in the N6 subtype (24),
the fatality risk of A(H5N6) human cases has been found to be similar to or higher than
those of HPAI A(H5N1) and A(H7N9) infections (17). To study the N6 AIV subtype, we
used A/EM/Korea/W20/2005 (H4N6) virus and generated a random mutant virus library
in the background of PR8 virus (7�1). Sequence analysis identified a total of 8 NA
substitutions: 3 after OS selection and 5 after ZA selection from the mutant virus
libraries (Table 3). Four substitutions (E119D, A246V, R292K, and R371K) reduced
susceptibility to NAIs (Table 3). Except for R292K (selected by OS), the resistance-
associated substitutions were selected by ZA. Viruses with R292K and R371K substitu-
tions showed reduced or highly reduced inhibition by all the NAIs tested, and virus with
E119D showed highly reduced inhibition by ZA and reduced inhibition by PER, indi-
cating multi-NAI-resistant markers. The novel A246V substitution (selected by ZA)
showed reduced inhibition by ZA (17.0-fold IC50 increase). For comparison, an induced
H274Y substitution that generally has reduced susceptibility to OS in group 1 NA was
also introduced in the N6 subtype (group 2 NA). However, the N6 virus possessing an
H274Y substitution showed normal inhibition by all the NAIs tested. Viruses with R292K
and A246V substitutions retained their infectivity and plaque formation capacity in
MDCK cells and showed high genetic stability, while the E119D mutant formed smaller
plaques and the R371K mutant showed poor genetic stability compared to the N6 WT
virus.

Screening for NAI resistance-associated markers in AIV of the N8 NA subtype.
The influenza A(H10N8) viruses have recently emerged in humans in China and caused
two deaths among three virus-infected patients (25). Furthermore, HPAI A(H5N8) virus
has spread worldwide and has been causing large poultry outbreaks after reassortment
with HPAI A(H5N1) virus (18), indicating pandemic potential of the viruses of N8
subtype. Therefore, screening for NAI resistance in the subtype is also important. To
study the N8 AIV subtype, we used A/EM/Korea/W468/2015 (H5N8) virus and found
three NA substitutions using OS selection and three using ZA selection (Table 4). Viruses
with two substitutions (Q136K and G147V) showed reduced susceptibility to NAIs
(Table 4). Although virus with the V116D substitution showed slightly decreased
susceptibility to OS (4.8-fold IC50 increase) and ZA (7.0-fold IC50 increase) compared to
the N8 WT virus, it still had normal inhibition. The Q136K substitution demonstrated
highly reduced inhibition by ZA (263.4-fold IC50 increase) and PER (184.9-fold IC50

increase), and the novel G147V substitution showed reduced inhibition by ZA (24.9-fold
IC50 increase) compared to the N8 WT virus. The additionally induced H274Y and R292K
substitutions in the virus of N8 subtype conferred reduced susceptibility to multiple
NAIs. Specifically, the H274Y mutant exhibited highly reduced inhibition by OS (425.1-
fold IC50 increase) and PER (102.5-fold IC50 increase), and the R292K mutant showed
highly reduced inhibition mediated by OS (50,636,335.7-fold IC50 increase) and PER
(8,540.4-fold IC50 increase) and reduced ZA-mediated inhibition (92.9-fold IC50 in-
crease). All the mutant viruses exhibited infectivities in MDCK cells similar to that of the
N8 WT virus. However, viruses with H274Y and R292K substitutions formed smaller
plaques than the N8 WT virus, and G147V virus was genetically unstable after three
passages in MDCK cells (Table 4). The infectivity, plaque formation in MDCK cells, and
genetic stability of Q136K virus were similar to those of the N8 WT virus.

Analysis of molecular polymorphism and structural modeling of novel NAI-
resistant substitutions. We identified novel NAI-resistant substitutions, specifically
I427L in N4, N147I in N5, A246V in N6, and G147V in N8, via ZA selection and showed
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reduced ZA-mediated inhibition. Therefore, the molecular polymorphism and structural
modeling of the substitutions interacting with ZA were further analyzed. I427 is highly
conserved among influenza A viruses, and L427 has not been identified in surveillance
studies, although about 15% of human A(H1N1) viruses possess V427 (Table 5). Due to
the lack of OS/ZA-N4 complex structure, OS/ZA-N8 complex structure was adapted to
predict the alteration of binding. The isoleucine-to-leucine change at residue 427
moves toward residue R118, which critically binds to OS/ZA, and this potentially results
in reduced affinity for OS/ZA (Fig. 1A). Most influenza A viruses possess glycine at
residue 147 in the NA protein, except avian N5 and human N2 subtypes, which
predominantly possess N147 (Table 5). The identified changes in I147 and V147, which
both showed reduced inhibition by ZA, were not observed in sequence data in the
Influenza Research Database (IRD). Residue 147 is located at the 150 loop, and G147I
and N147V substitutions may affect the interaction between D151 and ZA (Fig. 1B and
C). While the N1 and N4 subtypes possess S246, the remaining NA subtypes predom-
inantly have alanine at residue 246 (Table 5), and there was a small portion of V246
(0.01%) found in group 2 NAs in sequence data in the IRD, which potentially shows a
reduction in susceptibility to ZA (Table 5). The A246V substitution potentially causes
steric clashes with the inhibitor, reducing affinity for ZA (Fig. 1D).

DISCUSSION

As a continuation of our previous molecular-based resistance screening, which
identified unique NA substitutions that confer reduced NAI susceptibility in AIVs of the
N3, N7, and N9 subtypes (15), we report here the identification of 16 novel or previously
reported NAI resistance-associated substitutions in AIVs of the N4, N5, N6, and N8 NA
subtypes, with biosafety protocols conducted in the previous study maintained (15).
These subtypes were already known to have resulted in human infections or represent
a potential infection risk to humans. Furthermore, 13 of the substitutions conferred

TABLE 5 NA sequence variations of the NAI resistance-associated substitutions identified in human and avian influenza viruses of N1 to
N9 NA subtypes

NA
residuea

WT amino acid
(subtype)

Amino acid
substitution NA subtype

Polymorphism(s) in database (frequency [%])b

Avian
No. of
sequences Human

No. of
sequences

147 N/G (N5/N8) I/V N1 G (99.76), R (0.24) 2,110 G (99.83), Q (0.11), R (0.06) 8,065
N4, N5, N8 G (86.37), N (13.63)c 3,258 G (100) 4
N2 G (98.78), D (0.65), S (0.58) 2,776 N (73.57), D (25.83), G (0.57),

Y (0.02)
8,809

N3, N6, N7, N9 G (99.94), R (0.03), T (0.01),
Q (0.01)

6,733 G (99.12), Q (0.88) 113

246 A (N6) F/V N1 S (99.76), N (0.19), G (0.05) 2,111 S (99.38), N (0.57), R (0.05) 8,061
N4, N5, N8 A (89.1), S (10.81)d, T (0.09) 3,276 A (100) 4
N2 A (99.96), S (0.04) 2,775 A (99.95), T (0.03), G (0.01) 8,808
N3, N6, N7, N9 A (99.91), T (0.03), V (0.01),

S (0.01), P (0.01), G (0.01)
6,719 A (100) 125

427 I (N4) L N1 I (98.72), V (1.23), T (0.05) 2,108 I (85.11), V (14.87), M (0.01) 8,061
N4, N5, N8 I (99.97), V (0.03) 3,277 I (100) 4
N2 I (99.39), V (0.4), T (0.22) 2,771 I (99.93), V (0.05), M (0.01),

T (0.01)
8,805

N3, N6, N7, N9 I (97.4), T (2.51), M (0.07),
V (0.01)

6,692 I (100) 113

274 H Y N1 H (99.95), Y (0.047) 2,112 H (94.31), Y (5.672), N (0.012) 8,056
N4, N5, N8 H (99.96), R (0.016), Q (0.016) 6,176 H (100) 4
N2 H (100) 2,775 H (100) 8,808
N3, N6, N7, N9 H (99.97), N (0.014), R (0.014) 6,729 H (100) 125

aPosition numbers of amino acid substitutions are based on N2 numbering.
bData were obtained from the Influenza Research Database.
cN is 100% in the N5 subtype (350/350).
dS is 99.55% in the N4 subtype (225/226).
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reduced inhibition by the multiple NAIs currently available as influenza treatments (i.e.,
OS, ZA, and PER). In addition, we also evaluated the replication efficiency, plaque
formation, and genetic stability of the recombinant viruses containing the NA substi-
tutions associated with NAI resistance.

The substitutions identified in avian N4, N5, N6, and N8 NA proteins belong to 2
categories: (i) novel subtype-specific substitutions (G/N147V/I, A246V, and I427L) and
(ii) substitutions previously reported in viruses of other NA subtypes (E119A/D/G/V,
Q136K, E276D, R292K, and R371K). The novel G/N147 substitution is located in the 150
loop (residues 147 to 152), which forms a portion of the enzyme active site. The 150
loop forms a cavity that binds to NAIs with similar affinities in N1 and N2 subtypes (26,
27). Structural analysis revealed that residue 147 plays an essential role in the confor-
mation of the 150 cavity (26). The majority of AIVs possess G at residue 147 of the NA
protein, while AIVs of the N5 subtype and human viruses of the N2 subtype mainly have
N at this position (Table 5), resulting in an extended form of the 150 cavity (26). The
G¡N change at residue 147, conferring NAI resistance, was not reported previously in
clinical samples after NAI treatment (28, 29). Although the G147R substitution found in
the N9 subtype conferred NAI susceptibility similar to that of the parental virus (15), the
novel G147V in virus of the N5 subtype and N147I in virus of the N8 subtype have
reduced inhibition by ZA (Tables 2 and 4). However, the essential role of G/N147 in

FIG 1 Interactions between NAI resistance-associated amino acid substitutions and inhibitors. (A) Locations of oseltamivir and
zanamivir resistance-associated substitutions found in N4 NA. The structure of the I427L mutant was generated from the N4
WT structure (Protein Data Bank [PDB] entry 2HTV) using PyMOL. Superimposition of active sites of N4 WT, the N4 I427L
mutant, and the N8 WT-oseltamivir complex (PDB entry 4WA4) shows the positional difference of R118 and the alteration of
the interaction distance between R118 and inhibitors. (B) Superimposition of the active sites of N5 (PDB entry 3SAL) and an
N5-zanamivir complex (PDB entry 3SAN) showing the different conformations of the 150 loop, including N147. (C) Superim-
position of the active sites of N8 (PDB entry 2HT5) and N8-zanamivir (PDB entry 4WA4) showing the similar conformations of
the 150 loop, including G147. (D) Location of a zanamivir resistance substitution found in N6-NA. The structure of the A246V
mutant was generated from the N6 WT structure (PDB entry 2CML) by using PyMOL. Superimposition of active sites of N6 WT
and the N6 A246V mutant shows the predicted interaction distance between V246 and zanamivir. The residues critical for the
interaction between the NA protein and NAIs are shown.
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the formation of the 150 cavity could potentially lead to genetic instability of the
change and the possibility of return to the intrinsic amino acid (Tables 2 and 4). This
suggests that occurrence of the resistant phenotype in viruses of the N5 and N8
subtypes carrying substitutions at residue 147 is unlikely.

The novel A246V substitution in the N6 subtype was shown to reduce ZA-mediated
susceptibility. The N1 and N4 subtypes possess serine at position 246, while other NA
subtypes have an alanine at the same position (Table 5). S/A246, together with R224,
I222, and/or E276, forms a hydrophobic side pocket adjacent to the NA active site
(30–32). This side pocket is known to accommodate the glycerol side chains of OS and
ZA (31). Thus, changes at residue 246 may cause disturbance of the hydrophobic side
pocket (Fig. 1D) and result in reduced binding affinity between the side pocket and
inhibitors, as was observed previously (15, 32–34). Previously, S246N/G and A246T
substitutions were detected in association with NAI resistance in viruses of the N1 and
N9 subtypes, respectively (15, 32, 35). The degree of inhibitor binding of residue 246
was higher for S246 of the N1 subtype than for A246 of the N2 subtype (35). Thus,
resistance substitutions associated with S246 of the N1 subtype are predominantly
detected compared with A246 of the other subtypes (35). However, we have found that
an A246T substitution in the N9 subtype and an A246V substitution in the N6 subtype
reduced ZA-mediated viral susceptibility. In addition to the novel A246V substitution in
the current study, S246F was also observed in N4 subtype viruses; however, suscepti-
bility to ZA was only modestly reduced (3.8-fold IC50 increase) compared to that of the
N4 WT virus. Thus, investigating whether the S246N substitution in virus of the N4
subtype could possibly confer resistance to NAIs could be an interesting topic for
further study.

The I427 and R371 residues in the N1 subtype play an important role in anchoring
most of the NAIs (36). It was shown that the I¡Q and I¡T changes at residue 427 result
in reduced inhibition by multiple NAIs (36, 37). In previous structural-analysis studies, a
hypothesis that the substitutions at the I427 residue induce a conformational change
in the side chain of the R371 residue or the R118 residue, interfering with inhibitor
binding, was tested (36). Thus, the novel I427L substitution in the N4 subtype identified
in the current study may potentially impact the structural composition; R118 may
disrupt viral interactions with inhibitors (Fig. 1A), although the precise mechanism
should be further determined by structural crystallography. In addition, corresponding
to the I427T/Q substitution, I427L also reduced susceptibility to multiple NAIs (OS and
ZA), which implies its importance as a molecular marker for multi-NAI resistance.
Although further studies are needed, the NAI resistance-associated substitutions are
subtype specific. These identified novel resistance substitutions were not observed in
a previous study (37). Although the reason for this is still unclear, as proposed in our
previous study (37), the novel NAI resistance substitutions may be specific to AIVs of the
N4, N5, N6, or N8 subtype. Additionally, it was observed that all the novel substitutions
were selected by ZA, which has been less frequently prescribed than OS.

We identified NAI resistance-associated amino acid changes that have been re-
ported in influenza A viruses of N1, N2, N3, N7, and N9 subtypes and influenza B viruses.
Changes at residue E119 associated with NAI resistance in both group 1 and 2 NAs have
been reported. E119V/D substitutions have been detected in patients infected with
influenza viruses of the N1 or N2 subtype and treated with OS and/or ZA (10, 11, 38).
More importantly, the D/V substitutions at residue 119 showed reduced to highly
reduced inhibition by multiple NAIs in the N1 and N2 subtypes. E119V and E119D
substitutions found in AIVs of the N5 (group 1 NA) and N6 (group 2 NA) subtypes,
respectively, showed reduced to highly reduced inhibition by multiple NAIs. Previous
studies have shown that the E119V mutation is mainly selected in the group 2 NAs
because this substitution in group 1 NAs leads to a significant decrease in viral fitness
(39, 40). Although more tests should be done to more precisely evaluate viral fitness,
based on our initial experiments, viral infectivity and genetic stability are retained in N5
subtype viruses (group 1 NA) with the E119V substitution.

Although the Q136 residue is located outside the catalytic and framework residues,
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Q136K/L/R substitutions have been reported to confer NAI resistance, implying an
important role for binding to NAIs. Previous studies have shown that mutations confer
reduced susceptibility to ZA, PER, and/or laninamivir but do not affect OS susceptibility
(8, 41). We detected a Q136K substitution in N8 subtype viruses and demonstrated
highly reduced inhibition by ZA and PER, as was shown previously in other NA subtypes
(including both group 1 and 2 NAs) (8, 13), suggesting that the Q136K substitution is
subtype independent. The E276D substitution has been previously reported in group 1
and 2 NAs showing reduced inhibition by ZA (15, 42, 43). Although the E276D mutation
showed little effect on the NAI susceptibility of viruses of the N1 subtype (group 1 NAs)
(42, 43), E276D-possessing N4 viruses (group 1 NAs) showed reduced and highly
reduced inhibition by all the NAIs tested, indicating multi-NAI resistance. The R371K
substitution was identified in an influenza B virus-infected patient and caused resis-
tance to OS, ZA, and PER (14). Recombinant A(H3N2) and B viruses carrying an R371K
substitution showed reduced susceptibility to OS, ZA, and PER (14, 42, 44). Although it
is not confirmed whether there is NA group or subtype specificity of the R371K
substitution, we detected the substitution only in N6 subtype viruses (group 2 NAs).
The R292 residue is located at the catalytic sites of the NA enzyme and binds to the
NAIs (22). Due to the structural difference between group 1 and 2 NAs, the reduced
susceptibility to NAIs caused by the R292K substitution has been detected in group 2
NAs and generally showed highly reduced inhibition by multiple NAIs (11, 28, 45–47).
In this study, the R292K substitution was selected by OS only in N6 subtype viruses
(group 2 NAs), although the introduction of this substitution into N4, N5, and N8
subtypes (group 1 NAs) also reduced inhibition by NAIs. It is possible that viral fitness
properties of group 1 NA viruses possessing R292K substitution were significantly
decreased, as evidenced by reduced plaque formation and genetic stability compared
to the N6 virus (group 2 NA). The H274Y substitution has been frequently detected in
N1 subtype viruses with high levels of OS resistance (48, 49). For comparison, we
introduced the H274Y substitution into viruses of the N4, N5, N6, and N8 subtypes,
although it was not selected in our cell culture experiments. Corresponding to the
findings, no cases of H274Y change have been reported in subtypes other than N1 via
single nucleotide polymorphism (SNP) analysis. The artificially induced H274Y substi-
tution in all group 1 NAs conferred reduced to highly reduced inhibition by OS and PER,
similar to the results in the N1 subtype in previous studies (46). Interestingly, an H274Y
substitution in some group 1 NAs (specifically N5 and N8) conferred reduced plaque
size or genetic stability, suggesting that it is an N1 subtype-specific substitution. On the
other hand, although the V116A substitution was reported in association with OS and
ZA resistance in H5N1 virus (33), the V116A substitution selected by OS in the N4
subtype and V116D selection by both OS and ZA in the N8 subtype showed normal
inhibition by all the NAIs but had slightly reduced susceptibility to OS and ZA (ranging
from 4.8- to 9.9-fold). This suggests that changes at this residue may cause reduced
susceptibility to OS and ZA in group 1 NA viruses, although the levels of resistance
are low.

The balance between HA and NA proteins during the spread of influenza virus is
critical (50, 51), and a substitution(s) in HA elicited simultaneously with the change(s)
in the NA protein may function as a permissive substitution(s) to maintain viral fitness
properties. Thus, the use of a parental combination of HA and NA genes may help us
to understand the precise mechanism of molecular-based NAI resistance. However,
despite the limitations of this study, the profiling of the molecular-based resistant
substitutions in AIVs of all NA subtypes, together with the subtypes reported previously
(N3, N7, and N9), will further contribute to an increased and comprehensive under-
standing of mechanisms of influenza virus inhibition by NAIs and will help lead to the
development of drugs that bind to alternative interaction motifs. Importantly, resis-
tance profiling will also contribute to clinical management, especially by helping to
guide the prescription of more appropriate or alternative NAIs for patients infected by
NAI-resistant strains of influenza virus in the absence of other classes of anti-influenza
virus drugs.
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MATERIALS AND METHODS
Ethics statement. The experimental protocol was approved by the Institutional Biosafety Committee

of Chungbuk National University, Cheongju, Republic of Korea (16-RDM-028). All experiments with
NAI-resistant viruses were performed in an enhanced biosafety level 3 facility approved by the Korea
Center for Disease Control and Prevention (K-CDC).

Cells, viruses, plasmids, and neuraminidase inhibitors. MDCK cells (American Type Culture
Collection [ATCC], Manassas, VA) were maintained at 37°C in 5% CO2 in Eagle’s minimal essential medium
(EMEM) (Lonza, Allendale, NJ) containing 5% fetal bovine serum (FBS) and vitamins (Gibco) and used for
virus titration and passages for resistance selection. Human embryonic kidney 293T (HEK-293T cells
(ATCC, Manassas, VA) were maintained at 37°C in 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM)
(Gibco, USA) containing 10% FBS and 1% antibiotics (penicillin-streptomycin; Gibco-Invitrogen) and used
for virus rescue by reverse genetics. A/Environment/Korea/W140/2006 (H10N4), A/Environment/Korea/
W69/2005 (H6N5), A/Environment/Korea/W20/2005 (H4N6), and A/Environment/Korea/W468/2015
(H5N8) were isolated from wild-bird fecal samples in South Korea. The viruses were propagated in
specific-pathogen-free (SPF) 10-day-old embryonated chicken eggs and stored at �80°C until use. Viral
RNA was isolated and used to clone NA genes, including N4, N5, N6, and N8, into a plasmid (pHW2000,
kindly provided by Robert G. Webster, St. Jude Children’s Research Hospital) for GFRM and random and
single mutant virus generation using reverse genetics. Other gene plasmids (PB2, PB1, PA, NP, HA, M, and
NS genes) were from A/Puerto Rico/8/1934 (H1N1; PR8) virus and were used as genetic background. The
NAIs, oseltamivir carboxylate [ethyl (3R,4R,5S)-4-acetamido-5-amino-3-(1-ethylpropoxy)-1-cyclohexene-1-
carboxylate) and zanamivir (2,4-dideoxy-2,3-didehydro-4-guanidineosialic acid), were obtained from
Hoffmann-La Roche (Nutley, NJ), and peramivir [(1S,2S,3R,4R,1S)-3-(1-acetylamino-2-ethyl) butyl-4-
(aminoimino)-methylamino-2-hydroxycyclopentane-1-carboxylic acid] was obtained from BioCryst Phar-
maceuticals, Inc. (Birmingham, AL). The compounds were dissolved in dimethyl sulfoxide, and 5 mM
aliquots were stored at �20°C until use.

Gene-fragmented random mutagenesis and generation of random mutant virus libraries. The
catalytic domain of the NA gene was divided into six regions (with sizes ranging from 110 to 470
nucleotides) based on the distribution of catalytic and framework residues with small overlapping areas
using specific primers (the list of primers will be provided upon request). To generate a random mutant
plasmid library, random mutations were introduced into the six individual regions of each NA gene (N4,
N5, N6, and N8) using a GeneMorph II EZClone domain mutagenesis kit (Stratagene) according to the
manufacturer’s instructions. Briefly, 2 �g of each NA plasmid (N4, N5, N6, and N8) having random
mutations or wild type and 1 �g of seven remaining plasmids (PR8) were cotransfected in cocultured
293T and MDCK cells (3:1 ratio) using cell transfection reagent (Mirus) in Opti-MEM medium (Gibco). After
an 18-h incubation, the supernatants were replaced with 1 ml of Opti-MEM containing 1% antibiotics. At
48 h posttransfection, 1 ml of Opti-MEM with 0.2% L-tosylamide 2-phenylethyl chloromethyl ketone
(TPCK) trypsin was added. At 4 days after transfection, 1 ml of supernatants was passaged to select
resistant variants in the presence of OS or ZA, and the remaining supernatants were used for plaque
assay and/or for determination of the 50% tissue culture infectious dose (TCID50) to confirm virus
rescue. The distribution of random mutations was confirmed by sequencing 36 individual plasmid clones.

Screening for NAI resistance substitutions. The random mutant virus libraries were subsequently
passaged 3 or 4 times in MDCK cells with increased concentrations of inhibitors, OS or ZA (5 to 40 �M).
After the passages, the NA genes of all the passaged viruses grown in the presence of inhibitors were
sequenced and analyzed to identify any mutations relative to the parental NA gene. The screening
procedure was performed at least three times in all the subtypes studied. All the substitutions identified
in each NA subtype were introduced into the corresponding subtypes using site-directed mutagenesis
(Stratagene), and mutagenized viruses were prepared according to the general protocol for rescuing
influenza viruses by reverse genetics (52). The NA genes of all the recombinant viruses were verified to
determine whether additional mutations were present.

Plaque assay. MDCK cells were used to determine the infectivity of recombinant viruses (the number
of PFU per milliliter). MDCK cells (in 6-well plates) were washed twice with PBS, and the cells were
infected with 1 ml of viruses and incubated at 37°C in a CO2 incubator for 1 h for virus adsorption to the
cells, and then the supernatants were removed and the 0.7% agarose (Lonza)-containing infection
medium with penicillin (1,000 units/ml), streptomycin (1,000 �g/ml), vitamin solution, 0.5% bovine serum
albumin, and 0.1% trypsin was added to the wells. Following incubation at 37°C with 5% CO2 for 48 h,
the plates were chilled at 4°C for 10 min, and the 0.7% agarose overlay was removed and stained with
a 1% (wt/vol) crystal violet solution containing 10% formaldehyde. After washing, the plates were dried,
the appropriate wells containing 20 to 100 plaques were selected, and ImageJ software was used to
measure individual plaque sizes (ImageJ 1.46r; National Institutes of Health).

NA activity and inhibition assays. A fluorometric assay was used to quantify levels of NA activity
in recombinant viruses (53). We measured the NA activity with the fluorogenic substrate MUNANA
(Sigma-Aldrich, Inc., St. Louis, MO; 0 to 5,000 mM). Briefly, each recombinant virus was diluted to the
appropriate concentration based on NA activity and standardized to 10 �M 4-methylumbelliferone
(MUSS). The incubation was then continued for 1 h with the MUNANA substrate and NAIs, and stop
solution was added to measure the value. The NAI concentration (OS, ZA, and peramivir ranging from
5 � 10�7 �M to 50 �M) that inhibited 50% of the NA activity (IC50) was calculated from the
dose-response curve using GraphPad (La Jolla, CA) Prism 5.0 software. The susceptibilities of recombinant
viruses to NAIs were categorized according to the criteria recommended by the WHO Antiviral Working
Group and based on the fold change in the IC50 compared with that of the susceptible virus: normal
inhibition, �10-fold; reduced inhibition, 10- to 100-fold; highly reduced inhibition, �100-fold (20, 54).
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Deep sequencing of NA genes of resistant variants. Viral RNA was extracted using an RNeasy
minikit (Qiagen), and cDNA was synthesized using a Moloney murine leukemia virus (MMLV) reverse
transcriptase kit (Enzynomics). PCR of the influenza virus NA gene was performed using gene-specific
primers. PCR products were extracted from 0.8% agarose and purified using a DNA purification kit
(Cosmogenetech). The libraries were prepared using Illumina’s Nextera XT DNA sample preparation kit
according to the protocol. The libraries were sequenced using Illumina’s MiSeq platform. Sequencing
reads were then demultiplexed, quality trimmed, and filtered using CLC Genomics Workbench 7 (CLC
Bio). The reads were aligned to the wild-type virus sequences, and the mapped reads were put through
the quality-based variant detection pipeline. The variants were considered if they met the predefined
quality scores and were present in both forward and reverse reads at equal ratios. In addition, the
minimum variant read frequency was set at 5%, and variants had to be supported by a minimum of 10
reads.
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