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A primary oseltamivir-resistant mutation in
influenza hemagglutinin and its implications
for antiviral resistance surveillance

Lei Zhang 1,2,7, Yuekun Shao1,7, Xiaohui Zou3,7 , Yingzi Cui4,7, Shenyang Ding1,
Yuantao Chen1, Qian Wu1, Shengrui Mu5, Xiong Li1, Qiuxian Yang1,
Bin Cao 3,6 & Tao Deng 1

Oseltamivir, a neuraminidase (NA) inhibitor, is currently the most widely used
antiviral drug for influenza worldwide. The emergence of primary oseltamivir-
resistant mutations in NA protein of seasonally circulating viruses has been
extensively monitored to evaluate drug efficacy. In addition to primary
mutations in NA, mutations in the viral hemagglutinin (HA) protein have been
observed to arise alongside NA mutations in previous laboratory selection
experiments under neuraminidase inhibitor pressure, suchHAmutations have
not yet been reported in circulating viruses. Here, we present the experimental
evidence that an A(H1N1)pdm09 virus can independently acquire oseltamivir-
resistance mutations K130N or K130E in the HA receptor binding site (RBS)
during serial passages under drug selection. Notably, HA-K130N mutation has
been prevalent in currently circulating seasonal viruses worldwide since 2019.
More importantly, we demonstrate that the HA-K130N can enhance the osel-
tamivir resistance conferred by the well-characterized NA-N295S mutation.
Our study provides essential evidence that mutations in HA are closely asso-
ciated with the occurrence of neuraminidase inhibitor resistance, highlighting
the urgent need for global monitoring and assessment of oseltamivir-resistant
mutations in the HA protein, in addition to NA, during the ongoing H1N1
epidemics.

Influenza viruses pose a significant global threat and have caused
four pandemics since 19181. The viral envelope contains two gly-
coproteins: hemagglutinin (HA) and neuraminidase (NA). HA
mediates receptor binding to sialic acids (SAs) on the host cell
membrane and facilitates membrane fusion to initiate infection,

whereas NA possesses sialidase activity, cleaving SAs to promote
progeny virus release and prevent HA-mediated virion
aggregation2–4. The functional balance between HA and NA is cru-
cial: during early infection, virus particles must penetrate the
heavily sialylated mucus layer and attach to the host cell, while at
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later stages, newly produced virions must detach efficiently from
the cell surface5–9.

Oseltamivir is a widely used antiviral drug for influenza treatment.
It functions as a sialic acid analog, binding to the NA active site and
preventing cleavage of SAs bound to HA10,11. By disrupting the func-
tional balance between HA and NA, oseltamivir limits the efficient
release of progeny virions and hinders viral penetration through the
mucus layer, thereby reducing infectivity5,12. Mutations near the NA
substrate-binding pocket, such as NA-H275Y, NA-R293K, and NA-
N295S (N1 numbering; H274Y, R292K, and N294S in N2 numbering),
have emerged in previously circulating viruses, weakening oseltamivir
binding and conferring drug resistance12–15. The fitness of these NA
mutant viruses is often compromised, which limits their infectivity and
transmissibility10,15–17. However, during 2007 and 2008, oseltamivir-
resistant H1N1 strains became predominant among human seasonal
isolates12,18,19, probably due to “permissive” secondary mutations, such
as NA-V234M and NA-R222Q, which compensated for the deleterious
effects of NA-H275Y14,20. In addition to primary NA resistance muta-
tions, compensatory HA mutations have been observed alongside NA
mutations in laboratory neuraminidase inhibitor (NAI) selection
experiments8,21–25. These HA mutations typically reduce viral binding
affinity for sialic acid receptors, therebydecreasing dependenceonNA
activity during virion release.

The emergence of oseltamivir resistance in influenza viruses has
prompted the consideration of combining two antivirals with distinct
viral targets as a promising strategy to control the virus and improve
antiviral efficacy compared to monotherapy. Favipiravir, a nucleoside
analog, is a broad-spectrumantiviral that targets the viral RNA synthesis
process and exhibits activity against a variety of RNA viruses, including
influenza virus26,27. Currently, favipiravir is approved for the treatment
of novel or re-emerging influenza viruses in Japan and China. Our pre-
vious clinical trial showed that the combining of favipiravir with osel-
tamivir may accelerate clinical recovery compared to oseltamivir
monotherapy in the cases of severe influenza28. Since favipiravir can
increase the mutation rate of the influenza virus and induce lethal
mutagenesis29, its use in combination therapy could potentially accel-
erate virus evolution and promote mutations with resistance potential.
However, our previous study found that combination therapy with
oseltamivir and favipiravir had little effect on viral diversity compared
to the untreated virus, possibly due to the short duration of viral evo-
lution in vivo, as most viruses are rapidly eliminated in patients30.
Nevertheless, it remains uncertainwhether novel resistant strainsmight
emerge if the virus survives longer under antiviral pressure, as observed
in elderly or immunocompromised patients, where viral shedding is
prolonged, and antiviral treatment durations are extended31,32.

In this study, we serially passaged the influenza virus under anti-
viral pressure and observed a progressive reduction in susceptibility to
oseltamivir, both with and without prior favipiravir exposure. Whole-
genome sequencing revealed that this resistance was driven not by
mutations in neuraminidase (NA) but by point mutations K130N or
K130E in hemagglutinin (HA), each of which independently conferred
oseltamivir resistance. Notably, HA-K130N further enhanced the
resistance conferred by the well-characterized NA-N295S mutation.
Functional analyses demonstrated that these HA substitutions confer
distinct levels of resistance, directly linked to altered receptor-binding
properties caused by changes in amino acid charge. Importantly, the
HAmutations identified here are already present in globally circulating
seasonal influenza H1N1 viruses and may act synergistically with
established NA resistance mutations.

Results
Screening for oseltamivir resistance mutations in A(H1N1)
pdm09 virus
To evaluate the variation of the influenza virus in response to oselta-
mivir, we conducted two independent serial passages under different

drug treatments. The influenza A(H1N1)pdm09 virus A/California/07/
2009 (abbreviated asCal09) waspassaged seven times in the presence
of increasing concentrations of oseltamivir (Fig. 1a). In another group,
favipiravir, a nucleoside analog used in clinical treatment28,30, was
applied during the first three passages. The virus population was then
passaged four additional times under increasing concentrations of
oseltamivir (Fig. 1b).

We then conducted a classic plaque-reduction assay to assess
drug resistance in P1 and P7 virus populations from both groups in the
absence or presence of 0.1μM or 160μM of oseltamivir, respectively,
using plaque size as the readout (Fig. 1c–f). Compared to viruses in the
absence of oseltamivir, both P1 viruses showed significantly reduced
plaque diameters at 0.1μM oseltamivir, with further reductions
observed at 160μM. Notably, P7 viruses passaged with oseltamivir
alone have significantly larger plaques than those exposed to favipir-
avir followed by oseltamivir (Fig. 1c–f). These findings indicate that
both virus groups developed resistance to oseltamivir, with stronger
resistance observed in P7 viruses from the group treated exclusively
with oseltamivir (Fig. 1d, f).

To accurately evaluate adaptive mutations conferring oseltami-
vir resistance, we performed plaque purification on the P7 virus
populations displaying clear resistance at 0.1 μM oseltamivir. Plaque
purification was also conducted on P1 virus populations in the
absence of oseltamivir as a control. After virus amplification, RNAs
from individual plaques were extracted, and the viral genomes were
sequenced using deep sequencing or Sanger sequencing. Genome
alignment revealed that, compared to P1 viruses, P7 viruses under
oseltamivir pressure consistently harbored an HA-K130E mutation
(H1 numbering; K134E in H3 numbering) with a 100% mutation rate
(Fig. 1g). Additionally, 66.6% of these viruses exhibited an NA-N21S
mutation (N1/N2 numbering). In P7 viruses subjected to favipiravir
followed by oseltamivir treatment, 83.3% carried a HA-K130N muta-
tion (H1 numbering; K134N in H3 numbering) (Fig. 1h). Furthermore,
a HA-K142N mutation (H1 numbering; K145N in H3 numbering) was
identified in two plaques. In the NA segment, 50% of the viruses had
the N295S mutation, a known oseltamivir resistance marker, along
with a K331T mutation (N1/N2 numbering). Additionally, one plaque
virus exhibited the R293K mutation, another known marker of osel-
tamivir resistance. In two independent DMSO-treated controls pas-
saged without antiviral pressure, no HA or NA mutations were
detected in one Cal09 passage, while a single NA-Y66C mutation
emerged in the other (Fig. 1i). These distinct outcomes likely reflect
the intrinsically error-prone nature of the influenza virus RNA-
dependent RNA polymerase.

HA-K130N and HA-K130E mutations confer oseltamivir
resistance
Interestingly, in our oseltamivir resistance screening experiments, in
addition to thewell-characterizedNA-H275Y andNA-N295Smutations,
we identified two mutations in the HA protein, HA-K130E and HA-
K130N, both at residue 130. To determine their specific effects on
oseltamivir resistance, we generated Cal09-WT virus and HA-K130N or
HA-K130E mutant viruses using reverse genetics. Plaque-reduction
assays showed that plaque diameters of theWT virus were inhibited at
0.01μM oseltamivir (Fig. 2a, b), whereas HA-K130N mutant plaques
were only reduced at 0.1μM and were significantly inhibited at 1μM.
Strikingly, HA-K130E mutant plaques remained large even at 100 μM
oseltamivir. These results suggest that both HA-K130N and HA-K130E
independently confer oseltamivir resistance. Notably, Cal09-WT and
both HA mutants remained high sensitivity to baloxavir, a viral poly-
merase inhibitor (Fig. S1a, b).

We then evaluated the replication capacity of HA-K130N and HA-
K130E mutant viruses using a classical plaque assay. Fig. 2c showed
that both mutations imposed a significant fitness cost, with HA-K130E
causing a more severe reduction in viral fitness. Next, we examined

Article https://doi.org/10.1038/s41467-025-66307-5

Nature Communications |        (2025) 16:11442 2

www.nature.com/naturecommunications


the effect of oseltamivir on virus replication by measuring viral titers
at 72 h post-infection under the same conditions as in Fig. 2c. WT
virus replication was significantly inhibited at 0.1μM oseltamivir but
not at 0.01μM (Fig. 2d). Interestingly, the HA-K130N mutant repli-
cated efficiently at 0.01–1μM oseltamivir, comparable to WT virus
replication in the absence of oseltamivir, but sharply declined at
10μM. In contrast, the HA-K130E mutant showed enhanced replica-
tion at 0.01–10μM oseltamivir, with a decline only at 100μM. Virus
growth kinetics under different oseltamivir concentrations corrobo-
rated these findings (Fig. S2a–c). It should be noted that in clinical
settings, the average plasma concentration of oseltamivir with the
standard 75mg twice-daily regimen is 0.33 μM33,34. These data suggest
that the HA-K130N mutant retains higher growth fitness at clinically
relevant oseltamivir concentrations.

To evaluate the growth dynamics of WT and the two mutant
viruses, we conducted competitive co-infection experiments at equal
multiplicity of infection (MOI) in the absence and presence of oselta-
mivir (Fig. 2e–g). In the absence of oseltamivir, WT virus replication
predominated over HA-K130N virus (Fig. 2e). However, HA-K130N
demonstrated a significant replication advantage at both low and high
oseltamivir concentrations. In the co-infection of WT and HA-K130E
viruses, WT replication was dominant in the absence and at low osel-
tamivir concentrations, while HA-K130E became the dominant virus at
high oseltamivir concentrations (Fig. 2f). When HA-K130N and HA-
K130E mutants were co-cultured, HA-K130N was dominant in the
absence and at low oseltamivir concentrations. However, HA-K130E
gained dominance at high oseltamivir concentration (Fig. 2g). These
findings confirm that both HA-K130N and HA-K130E mutations confer
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Fig. 1 | Screening for oseltamivir resistance mutations in A(H1N1)pdm09 virus.
a, b Schematic representation of influenza A(H1N1)pdm09 virus A/California/07/
2009 (Cal09) passaged serially with oseltamivir alone (a) or initially with favipiravir
followed by oseltamivir (b). c–f Plaque-reduction assay of the first (P1) and seventh
(P7) passages of virus populations derived from serial passages in the presence of
oseltamivir alone (c, d) or initially with favipiravir followed by oseltamivir (e, f).
Plaque assay was conducted in the absence (0μM) or presence of low concentra-
tions (0.1μM) or high concentrations (160μM) of oseltamivir. Virus populations
from the serial passages were subjected to two independent plaque-reduction
assays. Each dot represents the diameter (mm) of a single plaque (n = 20). g, h

Sequence changes in the hemagglutinin (HA) and neuraminidase (NA) proteins
after plaque purification on the P7 virus populations displaying clear resistance at
0.1μM oseltamivir. The P7 virus populations derived from serial passages in the
presence of oseltamivir alone (g) or initially with favipiravir followed by oseltamivir
(h) were used for plaque purification, and the viral genomes were sequenced using
deep sequencing or Sanger sequencing. i Amino acid changes in the HA and NA
proteins after virus passage in the absence of oseltamivir as controls. Virion RNA
was isolated from virus passages, amplified by RT-PCR, and subjected to Sanger
sequencing. Source data are provided as a Source Data file.
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oseltamivir resistance. Notably, while HA-K130E exhibits greater
resistance, it also incurs a high fitness cost, similar to common
oseltamivir-resistance mutations occurred in the NA.

HA-K130N and HA-K130E mutations confer cross-resistance to
multiple neuraminidase inhibitors
Oseltamivir is one of several clinically approved neuraminidase inhi-
bitors (NAIs), which also include zanamivir, laninamivir, and
peramivir35–37. To assess whether HA-K130N and HA-K130E mutations
confer cross-resistance to other NAIs, we performed plaque-reduction
assays using zanamivir and peramivir. These drugs were selected
because zanamivir exhibits a binding mode distinct from oseltamivir,

whereas peramivir closely resembles oseltamivir36. As expected, the
Cal09-WT virus remained fully sensitive to both drugs (Fig. 3a–d). The
HA-K130N mutation reduced susceptibility, with significant plaque
inhibition observed at 0.1–1 µM. Notably, the HA-K130E mutant dis-
played even stronger cross-resistance, maintaining substantial plaque-
forming capacity at 10 µMof either drug. This resistance profile closely
parallels the oseltamivir resistance observed in these HA mutants.

To complement these findings, we employed a standard
fluorescence-based neuraminidase inhibition assay to determine IC50

values of oseltamivir and zanamivir for the HA mutant viruses.
Known oseltamivir-resistant NA mutants, NA-N295S and NA-H275Y,
which do not confer zanamivir resistance, were included as
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Fig. 2 | HA-K130N and HA-K130E mutations confer oseltamivir resistance. a, b
Plaque-reduction assayof theA/California/07/2009wild-type (Cal09-WT) virus and
HA-K130N and HA-K130Emutants. This assay was conducted in the absence (0μM)
or presence of 0.01, 0.1, 1, 10, or 100μM oseltamivir. Recombinant viruses gener-
ated from two independent rescue experiments were subjected to plaque-
reduction experiments. Each dot represents the diameter (mm) of a single plaque
(n = 20). c Time course of virus replication of the Cal09-WT virus, HA-K130N, and
HA-K130Emutant viruses in MDCK cells infected at an MOI of 0.001 in the absence
of oseltamivir. At the indicated time points, the virus titers in the culture super-
natant were determined by a plaque assay. Data are presented as mean values ±
SEM fromn = 2 independent biological replicate experiments.dVirus replicationof
the Cal09-WT virus, HA-K130N, and HA-K130E mutant viruses in MDCK cells

infected at an MOI of 0.001 in the presence of oseltamivir. The virus titers in the
culture supernatant at 72 h postinfection were determined by a plaque assay. Data
are presented as mean values ± SEM from n = 3 independent biological replicate
experiments. e–g Competitive co-infection experiments between Cal09-WT (HA-
130K) and HA-K130N mutant viruses (e), Cal09-WT (HA-130K) and HA-K130E
mutant viruses (f), and HA-K130N and HA-K130E mutant viruses (g). Viruses were
infected inMDCK cells with anMOI of 0.01 and serially passaged in the absence and
presence of 0.1 and 160μM oseltamivir. Virion RNA was isolated, amplified by RT-
PCR, and sequenced. The sequence traces of residue 130 of HA from P1 and P2
viruses are shown. The illustrations of viruses were adapted from a royalty-free
vector graphic sourced from pixabay.com. Source data are provided as a Source
Data file.
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controls36,38. The IC50 of oseltamivir for Cal09-WT was 0.23 nM,
whereas NA-N295S alone or combined with HA-K130N increased IC50

values to 22.94 nM and 30.54 nM, representing 100-fold and 133-fold
increases, respectively (Table 1). In contrast, HA-K130N and HA-
K130E mutants showed IC50 values largely comparable to those of
the WT virus, and none of these mutations altered the IC50 for
zanamivir. These results are consistent with the expectation that
conventional neuraminidase inhibition assays fail to detect resis-
tance mechanisms arising from HA mutations.

Taken together, these findings demonstrate that HA residue 130
mutations (K130N and K130E) reduce susceptibility not only to osel-
tamivir but also to structurally distinct NAIs such as zanamivir, high-
lighting the broader impact of this novel HA-mediated resistance

mechanism. Importantly, resistance conferred by HA mutations is
detectable in biological assays but remains undetected by conven-
tional neuraminidase inhibition assays.

HA-K130N and HA-K130E mutations affect receptor binding
affinity
To gain the structural insight of HA-K130 mutations, we analyzed
the crystal structure of HA from the A/California/04/2009 virus in
complexed with a human receptor analog (Fig. 4a). HA-K130 is
located within the 130-loop of the receptor binding site (RBS) and
is positioned near sialic acid (Fig. 4b). Notably, HA-K142, another
mutation observed during favipiravir and oseltamivir treatment,
is also located in the 130-loop and interacts with sialic acid via a

Table 1 | Susceptibility of influenza A(H1N1)pdm09 viruses with HA and/or NAmutations to NAIs assessed by enzymatic assay

Influenza viruses Mutations Oseltamivir Zanamivir

HA NA Mean IC50 ± SD (nM) Fold change Mean IC50 ± SD (nM) Fold change

A/California/07/2009 (H1N1) WT WT 0.23±0.12 1 0.19 ± 0.07 1

K130N – 0.27 ± 0.17 1 0.17 ± 0.05 1

K130E – 0.22± 0.05 1 0.21 ± 0.02 1

– N295S 22.94 ± 3.45 100 0.45 ±0.13 2

K130N N295S 30.54 ± 1.42 133 0.44±0.09 2

A/Illinois/45/2019 (H1N1) – – 0.13 ± 0.04 1 0.13 ± 0.02 1

A/Alabama/03/2020 (H1N1) – H275Y 125.31 ± 22.15 545 0.19± 0.03 1
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hydrogen bond. Substituting HA-K130 with N or E introduced one
or two additional positively charged groups to the amino acid
side chain, respectively (Fig. 4c, d). These changes alter the
charge properties of RBS, potentially affecting receptor binding
affinity (Fig. 4e–g).

To assess receptor binding affinity, we prepared recombinant
HA-WT and HA-K130N and HA-K130E mutant proteins of the Cal09
virus expressed in HEK293F cells. Using surface plasmon resonance
(SPR), we measured binding affinities to canonical human α-2,6 gly-
cans and avian α-2,3 glycans receptors, with H5 subtype HA as a
control for avian receptor binding (Fig. 3h, i). HA-WT exhibited a
strong preference for the human receptor (response unit: 102.4),
whereas HA-K130N and HA-K130E mutants showed significantly
reduced affinities, with response units of 15.2 and 2.9, respectively
(Fig. 3h). We further evaluated receptor interactions using a
hemagglutination-elution (HAE) assay with guinea pig red blood cells
(RBCs) in the absence and presence of oseltamivir21,22. The HA-K130E
mutant virus was excluded due to its low HA titer. The HA-K130N
mutation resulted in a 10-fold increase in resistance to oseltamivir in
the HAE assay (Fig. S3). Combining SPR and HAE results, we conclude
that the HA-K130 mutations confer oseltamivir resistance by redu-
cing receptor binding affinity.

HA-K130N has gradually become dominant among globally cir-
culating human H1 strains since 2019
To assess the natural variation at residue 130 of the HA protein, we
analyzedH1 subtype virus sequences in theGlobal Initiative on Sharing
All Influenza Data (GISAID) database, covering the period from 2015 to
May 2, 2024. Our analysis revealed that prior to 2019, HA-130Kwas the
predominant residue among H1 viruses, with lower frequencies of HA-
130R and HA-130-deletionmutations. However, a significant rise in the
frequency of the HA-130Nmutation has been observed, with a gradual
transition from HA-130K dominance to HA-130N dominance between
2019 and 2024 (Fig. 5a). In contrast, H1 virus sequences isolated from
swine predominantly exhibit HA-130K, HA-130R, and HA-130-deletion
mutations (Fig. 5b). For avian H1 viruses, residue 130 is almost exclu-
sively HA-130K in all available 1074 sequences as of May 2, 2024.

Moreover, phylogenetic analysis revealed that the HA-K130N
mutation is strongly associated with specific evolutionary clades,
including clade 6B.1 A.5b and the more recently identified clade 6B.1
A.5a.2a.1. Notably, clade 6B.1 A.5a.2a.1 represents the currently domi-
nant lineage circulating among human H1 isolates, including the cur-
rent prevalent circulating H1 strains (Fig. 5c). This association suggests
that the HA-K130N variation has undergone selective pressure, likely
driven by its adaptive advantage in human hosts. These findings
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underscore the critical role of the HA-K130N mutation in shaping the
evolution of H1 viruses. Importantly, the close linkage of thismutation
to human drug resistance highlights its potential impact on antiviral
treatment strategies and public health outcomes.

To evaluate whether circulating H1N1 strains carrying the HA-
K130N variant exhibit oseltamivir resistance, we tested two recently
isolated A(H1N1)pdm09 viruses harboring this mutation: A/Fujian-
Licheng/SWL1661/2023 and A/Sichuan-Shunqing/SWL11211/2023. Viral
replication was assessed by measuring 72 h post-infection under
increasing oseltamivir concentrations. Both viruses remained oselta-
mivir-sensitive, showing a clear, concentration-dependent reduction in
viral titers (Fig. S4a, b). The absence of resistance suggests that com-
pensatory substitutions in HA or NA may counteract the resistance
phenotype typically associated with HA-K130N. In line with recent
analyses of H1N1 HA evolution39,40, our sequence analysis of HAs in

these circulating strain isolates revealed multiple additional substitu-
tions (Fig. S5), including HA-N156K (150-loop), HA-A186T and HA-
Q189E (190-helix), and HA-E224A (220-loop). The co-occurrence of
these mutations with HA-K130N supports the hypothesis that com-
pensatory evolution has accompanied this mutation, preserving both
viral fitness and oseltamivir sensitivity.

HA-K130N synergizes with NA-N295S to enhance oseltamivir
resistance
In our initial serial passaging experiments, the HA-K130E mutation
occurred both independently and in combination with NA-N21S. To
evaluate potential synergistic or compensatory effects, we rescued
viruses carrying HA-K130E or NA-N21S alone, as well as the combina-
tion. Plaque-reduction assays demonstrated that the NA-N21S alone
did not confer oseltamivir resistance, nor did it enhance resistance in

a

c

130N

130N

130K

130K

A/Sydney/37/2024|6B.1A.5a.2a.1
A/Pennsylvania/PA220969/2023|6B.1A.5a.2a.1
A/British Columbia/RV01206/2024|6B.1A.5a.2a.1
A/Minnesota/ISC-1212/2024|6B.1A.5a.2a.1
A/South Africa/R04850/2022|6B.1A.5a.2a.1
A/Victoria/4897/2022 IVR-238|6B.1A.5a.2a.1
A/South Africa/R16752/2021|6B.1A.5a.2a.1
A/Sweden/SE24-52348/2024|6B.1A.5a.2a
A/Maldives/1003/2023|6B.1A.5a.2a
A/Darwin/140/2024|6B.1A.5a.2a
A/France/ARA-HCL024021908301/2024|6B.1A.5a.2a
A/Michigan/UM-10055353162/2024|6B.1A.5a.2a
A/Netherlands/10281/2024|6B.1A.5a.2a
A/Baltimore/JH-444/2024|6B.1A.5a.2a
A/Somalia/7/2021|6B.1A.5a.2a
A/Victoria/4332/2022|6B.1A.5a.2a
A/India/CT-AIIMSR-556/2022|6B.1A.5a.2
A/Victoria/2570/2019 IVR-215|6B.1A.5a.2
A/Wisconsin/588/2019|6B.1A.5a.2
A/Pennsylvania/264/2020|6B.1A.5a.2
A/Argentina/3399/2022|6B.1A.5a.1
A/Hong Kong/CUHK1082/2019|6B.1A.5a.1
A/Iowa/59/2018|6B.1A.5a
A/Canberra/400/2019|6B.1A.5b
A/Texas/126/2019|6B.1A.5b
A/Iowa/22/2020|6B.1A.5b
A/Iowa/23/2020|6B.1A.5b
A/England/80420858/2018|6B.1A.5b
A/Brisbane/02/2018 IVR-190|6B.1A.1
A/Washington/03/2016|6B.1
A/Michigan/45/2015|6B.1
A/California/07/2009|6B.1
A/England/197/2009|6B.1

99

98

99

97

93

86
78

90

75
94

92

90

88
88

95

0.02

K
-
R

Other

N

T
E

20
15

20
16

20
17

20
18

20
19

20
20

20
21

20
22

20
23

20
24

0

50

100
All_H1-130

Years

Pe
rc

en
t (

%
)

20
19

20
20

20
21

20
22

20
23

20
24

0

50

100
Swine_H1-130

Years

Pe
rc

en
t (

%
)

all
0

50

100
Avian_H1-130

Pe
rc

en
t (

%
)

b
K
-
R

Other

N

T
E

Fig. 5 | HA-K130N has gradually becoming dominant among human-isolated
global circulating H1 strains since 2019. a Polymorphic signatures at HA residue
130 of all H1 subtype viruses from 2015 to 2024. b Polymorphic signatures at HA
residue 130 of swineH1 subtype viruses from2019 to 2024 andHAresidue 130 of all

available avian H1 subtype viruses. c Phylogenetic analysis of the HA gene of the
currently dominant lineage circulating among human H1 isolates. Source data are
provided as a Source Data file.

Article https://doi.org/10.1038/s41467-025-66307-5

Nature Communications |        (2025) 16:11442 7

www.nature.com/naturecommunications


the HA-K130E background (Fig. 6a, b). Viral replication kinetics further
confirmed that NA-N21S had nomeasurable impact on viral replication
(Fig. S6a), suggesting that this substitution likely represents a random
mutation acquired during passaging.

The HA-K130N mutant virus population was accompanied by
known resistance-associated NA mutations, including NA-
N295S and NA-R293K, as well as the previously uncharacterized
NA-K331T (Fig. 1h). To further investigate these functional inter-
actions, we rescued each NA mutant individually and in combi-
nation with the HA-K130N. Plaque-reduction assay showed that
NA-N295S alone tolerated oseltamivir concentrations of 0.01 to
0.1 μM, with inhibition at 1 μM, comparable to HA-K130N alone
(Fig. 6c, d). Remarkably, the combination of HA-K130N and NA-
N295S resulted in significantly enhanced resistance, as evidenced
by larger plaque diameters even at 10 μM oseltamivir.

In contrast, NA-K331T had minimal effects on drug resistance
in plaque-reduction assays (Fig. 6c, d) and conferred only a minor
growth advantage in viral replication kinetics assays (Fig. S6b, c),
consistent with a stochastic emergence during passaging. NA-
R293K, both alone and combined with HA-K130N, conferred strong
oseltamivir resistance (Fig. S7a, b), consistent with previous
reports that this residue is part of a critical tri-arginyl cluster
involved in substrate binding and catalysis, and that NA-R293K
imparts strong resistance to oseltamivir and peramivir36,41,42. Taken
together, these data suggest that HA-K130N synergizes with NA-
N295S to enhance oseltamivir resistance. Notably, sequence sur-
veillance identified five circulating strains since 2020 carrying both
HA-K130N and NA-N295S mutations (Tables S1, S2).

Discussion
In this study, we demonstrate that prolonged treatment with the
neuraminidase inhibitor (NAI) oseltamivir can select for mutations at
HA residue 130,which alone confer resistance to oseltamivir and cross-
resistance to other NAIs, including zanamivir and peramivir, in an
A(H1N1)pdm09 virus. Structural analysis revealed that HA-K130N and
HA-K130E alter the charge properties of the HA receptor binding site
(RBS), directly affecting receptor engagement. Despite the associated
fitness cost, both HA-K130N and HA-K130E mutant viruses maintain
high replication levels in the presence of oseltamivir. Notably, since
2019, the proportion of H1 subtype influenza viruses carrying HA-
K130N has gradually increased, eventually becoming dominant in the
human population. Furthermore, we demonstrate that HA-K130N
synergizes with the known neuraminidase resistance mutation NA-
N295S, greatly enhancing the virus resistance to oseltamivir.

Prolonged virus shedding is commonly observed in elderly and
immunocompromised patients across a wide range of viral infections,
including influenza virus43, SARS-CoV-244, and respiratory syncytial
virus45. These patients are typically treated with a combination of
antivirals over extended periods, which facilitates the emergence of
antiviral-resistant mutations. In this study, we simulated prolonged
antiviral pressure by serially viral passaging and observed that a single
mutation at HA residue 130 can confer resistance to NAIs. In contrast,
previously reported oseltamivir-resistant mutations typically occur in
NA, often imposing a fitness cost that is mitigated by secondary
“permissive” mutations14,46. HA mutations conferring NAI resistance
have also been reported, though they often co-occur with NA muta-
tions, suggesting a compensatory role22,25,32,47,48. For instance, in an
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immunocompromised child infected with the influenza B virus, pro-
longed zanamivir treatment led to a mutation in the HA receptor-
binding site alongside a mutation in the NA active site, conferring a
growth advantage in treated animals32. Similarly, in immunocompro-
mised mice infected with influenza A virus, one variant carrying both
NA-R293K and HA-G225E showed high-level oseltamivir resistance25,
likely through modulation of the HA-NA functional balance between
viral attachment and release5,21,47,49. In this study, a similar combination
of HA-K130N and NA-N295S mutations was observed. However, the
HA-K130E mutant virus, even in the absence of known NA resistance
mutations, exhibited significant oseltamivir resistance. Although the
HA-K130E imposes a high fitness cost, compensatory mutations could
potentially emerge over time. Importantly, the HA-K130Emutant virus
maintains high replication capability in the presence of elevated
oseltamivir concentrations, highlighting the critical role of HA residue
130 in modulating oseltamivir resistance.

Previous studies have reported that the high incidence of influ-
enza viruses is largely attributable to their ability to rapidly escape
immune responses induced by prior infections or vaccinations50. This
immuneescape is primarily drivenby the accumulationofmutations in
the viral surface glycoprotein HA, with a lower frequency of mutations
in NA. This process, known as antigenic drift, underlies the rapid
evolutionof influenza viruses51. A similarmechanismcontributes to the

development of antiviral resistance: treatmentwithNAIsmay select for
HA mutations that alter receptor-binding properties, facilitating viral
escape from natural or vaccine-induced immunity52. Polymorphic
variations at the HA residue 130 have been identified in H1N1 influenza
viruses39,50,53. Since 1918, the HA residue 130 has been alternatively
occupied by lysine (K) or arginine (R) inmost H1N1 strains, and in some
strains, the residue is absent53. Interestingly, since 2019, the HA-K130N
mutation has become overwhelmingly dominant in currently circu-
lating H1N1 strains. In our study, the HA-K130N mutation alone con-
ferred mild oseltamivir resistance; however, when combined with NA-
N295S, resistance was markedly enhanced. Notably, two virus strains
isolated in 2023 carrying HA-130N remained sensitive to oseltamivir,
likely due to compensatory mutations elsewhere in HA or NA. The
global detection of HA-K130N likely reflects a combination of sto-
chastic emergence and regionally variable selective pressures, rather
than a direct consequence of widespread antiviral use. Selective
pressures imposedbyNAIs and acquired immunitymayact together to
accelerate the emergence of compensatory HA mutations that opti-
mize receptor specificity, antigenicity, and functional compatibility
with NA52.

In summary, efficient influenza virus infections rely on a finely
tuned balance between HA and NA functions (Fig. 7). Oseltamivir
inhibits NA activity by binding its active site, disrupting this balance

Infected cell

Virion
release

WT virus

HA binding vs NA cleavage
in balance

+ Oseltamivir
WT virus

(NA activity reduced)

HA binding vs NA cleavage
in disrupted balance

No virion
release

Infected cell

Virion
release

NA mutants

HA binding vs NA cleavage
in restored balance

NA-H275Y
NA-R293K
NA-N295S

+ Oseltamivir

Infected cell

Virion
release

HA mutants

HA binding vs NA cleavage
in restored balance

+ Oseltamivir

HA-K130N
HA-K130E

Infected cell

Virion
release

HA + NA mutants

HA binding vs NA cleavage
in restored balance

+ Oseltamivir

HA-K130N
NA-N295S

Infected cell

Fig. 7 | Molecular model of influenza virus resistance to neuraminidase inhi-
bitor oseltamivir. In the absence of oseltamivir, the binding of viral hemagglutinin
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oseltamivir binding to the virus, restoring the NA cleavage activity and allowing the
virus to be released. Conversely, mutations in the HA protein identified in this
study, such as HA-K130N or HA-K130E, can reduce the binding affinity of HA to the
receptor, re-establishing the balance between HA binding and NA cleavage, which
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and suppressing viral replication10. Resistance typically arises through
NA mutations that reduce drug binding and restore HA-NA balance.
Here, we provide the evidence that oseltamivir-resistant mutations
also arise in HA alone, reducing receptor binding to restore functional
balanceand facilitate effective infection (Fig. 7). Notably, HA resistance
mutations can synergize with NA-N295S, further enhancing antiviral
resistance (Fig. 7). Our findings underscore the importance of ongoing
surveillance for oseltamivir resistance in influenza viruses, particularly
with the rising prevalence of HA-K130N mutation. Given that this
mutation can confer resistance alone and in combination with other
resistance mutations, timely monitoring of HA mutations is essential
for effective antiviral strategies. Collectively, our study demonstrates
that mutations in HA are closely associated with neuraminidase inhi-
bitor resistance and underscores the importance of including HA in
resistance surveillance of circulating epidemic H1N1 viruses.

Methods
Cells
HEK-293T (ATCC, CRL-3216) and MDCK (ATCC, CCL-34) cells were
purchased from the American Type Culture Collection (ATCC) and
were grown in Dulbecco’s modified Eagle’s medium (DMEM; Gibco)
supplemented with 10% fetal bovine serum (FBS; Gibco) and 1%
penicillin-streptomycin at 37 °C.

Virus
The influenza A(H1N1)pdm09 virus A/California/07/2009 (Cal09) used
in this research was described previously54. All laboratory procedures
involving live viruses were performed in a biosafety level 2 (BSL-2)
facility. The influenza viruses were cultured and propagated in
MDCK cells.

Selection of oseltamivir-resistant variants
The initial passage of theA/California/07/2009 viruswas conductedby
infectingMDCK cells at amultiplicity of infection (MOI) of 0.001 in the
presence of 0.01μM oseltamivir. Subsequently, the concentration of
oseltamivir was gradually increased to 0.02, 0.05, 0.1, 0.2, 0.5, and
1μM. For another group, favipiravir was introduced to enhance viral
mutability during the first three passages. In this group, the first three
passages were performed in the presence of favipiravir at concentra-
tions of 0.1, 0.2, and 0.5μM, followed by four additional passages
incorporating oseltamivir at concentrations of 0.1, 0.2, 0.5, and 1μM.
The MOI for all viral infections was maintained at 0.001–0.01. Viral
supernatants from each generation of infection were collected and
analyzed for drug resistance.

Generation and characterization of recombinant viruses
The influenza A/California/07/2009 recombinant virus was generated
by pHW-2000 eight-plasmid reverse genetics55. The mutations were
introduced into the HA or NA plasmids using the Q5 Site-Directed
Mutagenesis Kit (NEB). HEK-293T cellsmixedwithMDCK cells were co-
transfected with the eight pHW-2000 plasmids derived from Cal09
(WTormutant) using Lipofectamine 2000 for generating recombinant
viruses. After 24 h, the supernatants were removed and cells were
incubated in infection maintenance medium (DMEM containing 0.5%
FBS and 0.5μg/mL tosylsulfonyl phenylalanyl chloromethyl ketone
(TPCK)-treated trypsin (Sigma-Aldrich)) for 48 h at 37 °C. The super-
natants were collected, and the concentration of infectious viral par-
ticles (PFU per milliliter) was determined by a plaque assay in
MDCK cells.

Plaque-reduction assays and plaque selection of resistant
phenotypes
Different generations or variants of viruses were formed plaques in
MDCK cells under an overlay of 1% agarose with 0.15% BSA, 0.5μg/mL
TPCK-treated trypsin (Sigma-Aldrich), and various concentrations or

dosages of antivirals. At 72–96 h post-infection, the cells were fixed
with 4% formalin (Sigma-Aldrich) and stainedwith 1% crystal violet. The
plaque diameters were measured by ImageJ software through a stan-
dardized method. For plaque selection of resistant phenotypes, at
72–96 h post-infection, several large plaques of specific viruses were
harvested to infect MDCK cells for propagation of viruses.

Virus yield reduction assay
To determine the relative sensitivities of the viruses to oseltamivir, the
virus yield reduction assay was performed. MDCK cells were infected
with the virus at a multiplicity of infection (MOI) of 0.001 at room
temperature for 1 h. The inoculum was removed and the cells were
incubated in infection maintenance medium containing 0.01–100μM
of oseltamivir for 72 h at 37 °C. Virus yields were determined as the
number of PFU/ml in MDCK cells.

Genomic sequencing of the viral competition experiment
MDCKcells were infectedwithmixed viruses (at a ratio of 1:1) at anMOI
of 0.01 in infection maintenance medium for 48 h. The supernatants
were collected and used for the next infection inMDCK cells at anMOI
of 0.001–0.01. For sequencing of the HA segment, viral RNA was
extracted using TRIzol LS reagent (Sigma-Aldrich) according to the
manufacturer’s instructions and reverse transcribed using the Super-
Script III first-strand synthesis system (Invitrogen) with a universal
influenza A virus reverse transcription (RT) primer56,57. The RT pro-
ducts were then amplified by PCR using primers (HA forward primer,
5’-CGTCTCGGGGAGCAAAAGCAGGGGAAAACAA-3’; HA reverse pri-
mer, 5’-CGTCTCTTATTAGTAGAAACAAGGGTGTTTTTCTC-3’). The
PCR products were purified and sequenced by Sanger sequencing
(Beijing Tsingke Biotech, China).

Whole genome sequencing
This technique has been previously described elsewhere30. Viral RNA
was amplified usingmultiple RT-PCR strategies, whichwere offered by
Ion AmpliSeq FluAB Research Panel (Thermo Fisher, Waltham, USA)
for library preparation. Samples were sequenced using the Ion
GeneStudioTM S5 Series Sequencer platform. Next-generation data was
mapped to the influenza virus genome using BWA-MEM 0.7.5, and
variantswere identifiedby bcftoolsmpileup 1.15. The datawerefiltered
by the parameters QUAL ≥ 20, DP ≥ 20, and variant type = SNP.

Viral replication kinetics
The Cal09 wild-type or mutant viruses infected MDCK cells at an MOI
of 0.001 inDMEM supplemented with 0.5% FBS. At 24, 48, 72, and 96 h
post-infection, the supernatants were collected. The virus titers were
determined by plaque assay in MDCK cells.

Neuraminidase inhibition assay
The susceptibility of viruses to NAIs (oseltamivir and zanamivir) was
determined using a fluorescence-based neuraminidase inhibition
assay. This method quantifies NA activity by measuring the fluores-
cence of 4-methylumbelliferone (4-MU) released upon enzymatic
cleavage of the substrate 2′-(4-methylumbelliferyl)-α-D-N-acetylneur-
aminic acid (MUNANA). The assaywasperformedusing theNA-FluorTM

Influenza Neuraminidase Assay Kit (Applied Biosystems, Thermo
Fisher Scientific) as previously described58.

Protein expression and purification
The pCAGGS-Cal09-HA-WT, pCAGGS-Cal09-HA-K130N, or pCAGGS-
Cal09-HA-K130E were expressed in HEK293F cells. Each 500mL cells
were transfected with 500μg plasmid and 2mg polyethyleneimine
(PEI). After 16–22 h post transfection, 3 g glucose and 25ml supple-
mentwere added to the culture system.Cell culture supernatants were
collected after a 6-day transfection. The HA proteins were purified
using His-Trap HP columns (Cytiva), followed by the SuperdexTM 200
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Increase 10/300 GL column (Cytiva). The HA proteins produced by
HEK293F cells were used for SPR assay and stored in PBST buffer (PBS
containing 0.005% Tween 20).

SPR measurements and affinity analysis
The SPRmeasurements were described previously59. The affinities and
kinetics of HAs binding to α-2,6 and α-2,3 receptor analogs were ana-
lyzed on the BIAcore 3000 machine at 25 °C with streptavidin chips
(SA chip, Cytiva). PBST buffer was used for the running buffer. The 6’S-
Di-LN and 3’S-Di-LN, two biotinylated sialic acid receptor analogs, were
immobilized on the chip and the blank channel as a negative control.
10μM or 200μM HAs were used for kinetics analysis. Sensorgrams
were fitted globally with the BIAcore 3K analysis software (BIAeva-
luation version 4.1), using the 1:1 Langmuir binding mode.

Hemagglutination and hemagglutination-elution assays
For hemagglutination assays60, the procedure involved serially diluting
the viruses (25μl) with 25μl of PBS in V-bottom microtiter plates.
Subsequently, 2% guinea pig erythrocytes (purchased from Beijing Hu
Chi Biotechnology Co., Ltd.) were added to each well. Then, the plates
were incubated at 4 °C for 45min.

For hemagglutination-elution assays21,22, serial tenfold dilu-
tions of drug starting from 100 μM for oseltamivir were added in
V-bottom microtiter plates first, 4 hemagglutinating units (HAU)
of virus were then added to each well (one well contained virus
without drug, which acted as the elution control). The drugs and
viruses were incubated for 30min at room temperature. After-
wards, erythrocytes were added, and the plates were incubated at
4 °C for 45min. The plated were photocopied immediately and
then incubated at 37 °C to allow elution of the viruses. Until the
elution was followed by the appearance of pelleted erythrocytes,
the plates were photocopied again, and recorded the drug con-
centration at which virus was eluted.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All relevant data are available within the manuscript, Figures, and its
Supporting Information files. The assembly genome sequences have
been deposited in the GenBase in National Genomics Data Center
under accession number from C_AA121817.1 to C_AA121888.1 that are
publicly accessible at https://ngdc.cncb.ac.cn/genbase. Source data
are provided with this paper.
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