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ABSTRACT
During the COVID-19 pandemic, stringent public health measures led to historically low influenza activity in Hong Kong. 
However, after these interventions were relaxed in 2023, Influenza A viruses (IAV), including A(H1N1)pdm09 and 
A(H3N2), rapidly resurfaced. In this study, 1,046 clinical cases collected throughout 2023 underwent comprehensive 
genomic analysis using Oxford Nanopore Technologies (ONT). Phylogenetic analyses of the assembled genome 
segments were conducted alongside several global public sequences for comparison. The dataset is comprised of 
593 A(H1N1)pdm09 sequences, predominantly of hemagglutinin (HA) subclade 5a.2a and neuraminidase (NA) 
subclade C.5.3, and 453 A(H3N2) sequences classified mainly as HA subclade 2a.3a.1 and NA subclade B.4.3. 
Phylogenetic comparisons revealed close genetic relationships between the studied viruses and 30 A(H1N1)pdm09 
and 27 A(H3N2) sequences published in other regions during the same time. Additionally, identified amino acid 
substitutions may affect antigenicity and viral fitness. These findings underscore Hong Kong’s high post–COVID–19 
influenza diversity and the need for ongoing molecular surveillance to monitor emerging viral variants.
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Introduction

Influenza is estimated to cause approximately 1 billion 
infections worldwide each year and results in 300,000 
to 645,000 deaths, posing a significant threat to global 
health [1–3]. Endemic to many tropical regions, 
influenza results in seasonal outbreaks and epidemics. 
Occasionally, zoonotic transmission of novel influenza 
strains leads to pandemics [2].

Hong Kong, with a population of 7.4 million in 
Southern China, serves as a major international air 
travel and business hub, making it a critical sentinel 
site for monitoring the evolution and emergence of 
influenza. Historically, the city has endured multiple 
major influenza pandemics, including the devastating 
1918–20 “Spanish Flu,” the 1957–59 A(H2N2) 

outbreak, and the 1968–69 “Hong Kong Flu” 
A(H3N2) pandemic, all of which influenced its 
influenza surveillance and control measures [4–6] 
Due to intensive globalization, Hong Kong, a major 
gateway to Mainland China, was also affected by the 
2009 A(H1N1) swine flu pandemic, the overall attack 
rate during the first wave was 10.7%, with the highest 
rates in children aged 5–14 years (43.4%) [7]. The 
strain now known as A(H1N1)pdm09 has become 
endemic and circulates annually. It has become the 
predominant seasonal A(H1N1) subtype and has 
been observed to repeatedly revert to its zoonotic ori
gin in the swine population, posing a substantial risk 
for future outbreaks [2,8–10]. Therefore, it is impor
tant to understand viral evolution by performing 
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subtype identification and phylogenetic analysis to 
detect the potential emergence of novel strains.

With clinical and public health resources heavily 
focused on SARS-CoV-2, detailed genomic analyses 
of influenza waned. As a result, there has been a lack 
of comprehensive whole-genome sequencing and 
variation analysis of influenza viruses in Hong Kong 
during and after COVID-19 [11]. Due to COVID-19 
control measures, worldwide seasonal influenza 
activity decreased dramatically, with only sporadic 
cases detected in Hong Kong from 2020 to 2022 
[12]. However, since the lifting of the mask mandate 
and other non-pharmaceutical interventions (NPIs) 
on the 1st of March 2023, a recurrence of influenza 
in Hong Kong has been observed. The development 
of third-generation sequencing, specifically Oxford 
Nanopore Technologies (ONT) sequencing, enables 
the generation of ultra-long reads, presents advantages 
over the current NGS standard and has been widely 
used to monitor the progression of the COVID-19 
pandemic [13,14]. To enable real-time monitoring of 
viral evolution, facilitate early detection of novel 
strains, and provide crucial data for vaccine strain 
selection and public health response strategies, we col
lected influenza-positive respiratory specimens from 
Hong Kong, mainly in 2023, and applied ONT 
sequencing for long-read genomic analysis. This 
study first reports molecular variations of IAV in 
Hong Kong after the cessation of the mask mandate, 
revealing the subclades and evolutionary relationships 
of the main epidemic influenza in 2023.

Materials and methods

Samples collection

A total of 1,456 total nucleic acid samples were col
lected from the clinical microbiology laboratories of 
United Christian Hospital (UCH, Kowloon East 
Cluster), Pamela Youde Nethersole Eastern Hospital 
(PYNEH, Hong Kong East Cluster), and Princess 
Margaret Hospital (PMH, Kowloon West Cluster) 
between October 31, 2022, and May 30, 2024. The 
respiratory specimens used for genomic sequencing 
were residual materials collected during routine 
diagnostic testing. Specifically, the samples were 
obtained from in-patients from one-month to 101- 
years old who presented with influenza-like symp
toms and were tested using the GeneXpert Infinity 
System with the Xpert® Xpress CoV-2/Flu/RSV 
Plus assay. Cases that tested positive for influenza 
with cycle threshold (Ct) value of < 25 were 
retrieved, and total nucleic acid was extracted 
using the NUCLISENS easyMAG system and sent 
to the lab for downstream Nanopore sequencing. 
Most samples were obtained through nasopharyn
geal and throat swabs.

Oxford Nanopore Technologies (ONT) 
sequencing

Samples with sufficient volume remaining upon receipt 
and a FluA RT-qPCR (EUA/CDC method Luna® Probe 
One-Step RT-qPCR, NEB, USA) Ct value lower than or 
equal to 30 were sequenced. Gene segments of IAV in 
the samples were simultaneously amplified using a 
SuperScript III one-step RT–PCR system with Plati
num Taq DNA Polymerase kit (Invitrogen, USA) 
according to the manufacturer’s instructions with a 
5.25 µL sample as input. A primer mix composed of 
Tuni-12, Tuni-12.4, and Tuni-13 was prepared for 
influenza A samples, while a FluB universal primer 
cocktail was made for samples positive for influenza 
B [15,16]. The thermocycling conditions were 60 min 
at 42°C, 2 min at 94°C, and then five cycles of 30 s at 
94°C, 30 s at 45°C and 3 min at 68°C, followed by 35 
cycles of 30 s at 94°C, 30 s at 57°C and 3 min at 68°C, 
with a final extension at 68°C for 2 min [15]. The 
amplified products were quantified using a Qubit 2.0 
Fluorometer with a Qubit 1x dsDNA high-sensitivity 
assay kit (Thermo Fisher Scientific, USA).

Library preparation was done according to the 
manufacturer’s instructions using the Rapid Barcod
ing Kit 96 (SQK-RBK110.96, Oxford Nanopore Tech
nologies, UK). Briefly, 7.5 µL of the amplified products 
(100 ng) from each specimen were mixed with 2 µL of 
a unique rapid barcode. The mixture was incubated at 
30°C for 2 min and then at 80°C for 2 min. A batch of 
96 barcoded products, including a negative control, 
were pooled and purified using 1x AMPure XP 
beads (Beckman Coulter, USA). Elution was done 
with 15 µL of elution buffer after washing. Finally, 
800 ng of the final library was loaded onto the FLO- 
MIN106D (R9.4.1) flow cell on a GridION platform 
(Oxford Nanopore Technologies, UK) for a 24-hour 
sequencing run.

Data processing

Raw nanopore read signals were automatically demul
tiplexed, barcode adapter-trimmed, and base-called 
with super-accurate base-calling (SUP) mode using 
Guppy (version 6.3.8, 6.4.6, or 6.5.7) with MinKNOW 
software (Oxford Nanopore Technologies, UK). The 
reads underwent quality control using NanoPlot (ver
sion 1.43.0) and were then filtered by Chopper (ver
sion 0.8.0) using a cut-off of a minimum length of 
100 and a minimum average quality of 10 [17]. To 
further determine the HA and NA subtypes of each 
sequences, Mash (version 2.3) was used to screen the 
reads with the database built by the HA and NA 
sequences of IAV downloaded from the NCBI 
Influenza Virus Resource database [18]. FluStAR was 
also used to calculate each sequences’s best-matched 
genomes and subtypes [19].
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Primary screening divided the samples into 
A(H1N1)pdm09 or A(H3N2) subtypes. Unclassified 
sequences were further aligned to B/Brisbane/60/ 
2008 (Victoria) and B/Wisconsin/01/2010 (Yamagata) 
to identify IBV lineages. The reads were then mapped 
using Minimap2 (version 2.28-r1209) to the reference 
genomes A/Human/New York City/PV81860/2022 
for A(H1N1)pdm09 and A/Human/New York City/ 
PV63281/2022 for A(H3N2) [20]. Sequencing cover
age and depth for HA and NA segments were calcu
lated using Samtools (version 1.21) and those with 
incomplete reads mapping coverage or an average 
mapping depth below 30x were filtered out in the sub
sequent analysis [21]. Bcftools (version 1.21) was used 
for calling variations and generating consensus gen
ome sequences for each sample [21]. The indels were 
double-checked in IGV, and the SNPs with a quality 
score below Q30 were filtered. The genotype with 
the highest allelic depth at each multi-allelic site will 
be regarded as the consensus [22].

Phylogenetic analysis

In addition to the samples sequenced in this study, 
representative sequences of A(H1N1)pdm09 (n = 30) 
and A(H3N2) (n = 27), collected globally between 
the end of 2022 and the beginning of 2024, were 
downloaded from the GISAID database (Table S4). 
A stratified sampling strategy was employed to 
select data from a diverse range of countries and 
regions. Vaccine reference sequences for the 2022– 
2023 Northern Hemisphere influenza season were 
obtained from the NCBI database (accession numbers: 
OQ719014.1, OQ719015.1, OR533781.1, OR533783.1, 
OR567258.1, OR567121.1, OQ718998.1, and 
OQ718999.1). Complete coding sequences of the 
eight segments of IAV, along with published and vac
cine sequences, were used to construct the phyloge
netic trees. Additionally, the eight segments were 
concatenated in the order from PB2 to NS to construct 
concatenated trees, with one partition for each 
segment.

Multiple sequence alignments were performed 
using MAFFT (version 7.525) [23]. Maximum likeli
hood (ML) phylogenetic trees were constructed 
using RAxML (version 8.2.12) with 1000 bootstrap 
replicates [24]. The phylogenetic trees for 
A(H1N1)pdm09 and A(H3N2) were rooted with the 
WHO vaccine strains A/Victoria/2570/2019 and A/ 
Darwin/9/2021, respectively. The PAML toolkit was 
used to optimize the trees and perform amino acid 
substitution analyses [25]. Subclades of the HA and 
NA segments were identified using Nextclade [26]. 
The phylogenetic trees were visualized with the ggtree 
package in R, and tanglegrams were constructed to 
illustrate the phylogenetic relationships between 
different segments and concatenated sequences using 

the dendextend package [27]. Hierarchical clustering 
of each gene segment was performed using rhierbaps 
(v 1.1.4) with the parameters set as max.depth = 2, 
n.pops = 20, and n.extra.rounds = 10, and the first- 
level clusters were utilized for reassortment identifi
cation [28,29].

Protein modelling structure prediction

The HA and NA amino acid sequences of the majority 
subclades of A(H1N1)pdm09 and A(H3N2) identified 
in this study were submitted to SWISS-MODEL for 
homology-based structure prediction [30,31]. The 
templates 7kna.1.A [H1 6B.1A.5a.2a], 2yp9.1.C [H3 
3C.2a1b.2a.2a.3a.1], 5hug.1.A [N1 C.5.3], 7u4f.1.D 
[N2 B.4.3] were selected for modelling based on 
sequence identity and the GMQE (Global Model 
Quality Estimate) score [32–35]. The resulting models 
were annotated and visualized using ChimeraX ver
sion 1.8 [36].

Results

A total of 1,456 nucleic acid samples were collected in 
this study. Of these, 1,208 samples (83%) underwent 
ONT sequencing after excluding those with low 
volume. Reference mapping identified 593 (49%) 
A(H1N1)pdm09, 453 (38%) A(H3N2), and 30 (2%) 
influenza B viral infections for epidemiological analy
sis. To ensure sequence completeness and accuracy, 
strict criteria were applied to filter sequences for phy
logenetic construction. As a result, 998 samples were 
included in the phylogenetic analysis of the HA and 
NA segments, while 795 samples were further selected 
for concatenated tree construction and subsequent 
analyses to ensure a high quality of the whole genome 
assembly (Table S1).

Epidemiological analysis

The collection dates of these samples were concen
trated between weeks 11 and 29 of 2023, accounting 
for 85.9% of the cohort (Figure 1). By comparing 
these data with statistics from the Centre for Health 
Protection of the HKSAR government (blue line), 
the number of samples collected followed the same 
trend observed in citywide laboratory monitoring 
through week 30 of 2023, with both peaking in week 
15. Following the lifting of Hong Kong’s mask man
date, the last COVID-19 control measure, influenza 
cases surged rapidly on March 1, 2023.

A(H1N1)pdm09 was detected most frequently 
during the spring, between weeks 11 and 20, while 
A(H3N2) gradually increased, reaching a lagging 
peak in the summer. A small number of Influenza B 
virus (IBV) cases belonging to the Victoria lineage 
were primarily observed during the first two months 
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of 2024 (Figure 1). No Yamagata lineage IBV was 
detected among the samples included in this study.

The demographics of sample sources show that the 
young and elderly have a stronger representation, 
forming the typical U-shaped age distribution 
(Figure S1). Adolescents and young adults (16 to 45 
years old) accounted for only 8% (H1N1) and 18% 
(H3N2) of all cases, excluding a small number of 
unrecorded samples. The number of male patients is 
31% (H1N1) and 59% (H3N2) higher than that of 
female patients. This is likely due to higher admission 
rates for the more vulnerable, driven by an increased 
likelihood of developing complications from influenza 
infections and other preferences in seeking medical 
attention.

Phylogenetic analysis

The raw reads of IAV samples were filtered and 
assembled into eight segments using a reference- 
based strategy. After removing sequences with low 
quality in continuity and mapping depth, 563 
A(H1N1)pdm09 and 435 A(H3N2) sequences were 
retained for subsequent analyses (Table S2). The HA 
and NA segments were submitted to Nextclade for 
subclade identification. The prevalence trends of 
different HA subclades are shown in Figure 2.

Between October 2022 and February 2023, while 
mandatory mask mandate and other NPIs were still 
in effect, a small number of influenza cases were 
reported, most of which were attributed to 
A(H3N2). Multiple H3 gene subclades were detected, 
with 3C.2a1b.2a.2a.1b being the most predominant. 

The surge in cases driven by A(H1N1)pdm09 began 
in March and peaked in mid-April 2023 with the 
major HA subclade 6B.1A.5a.2a. Subsequently, 
A(H3N2) regained predominance in July 2023, 
marked by the emergence of HA subclade 
3C.2a1b.2a.2a.3a.1.

To further elucidate the phylogeny of locally circu
lating IAV strains, ML trees were constructed using 
HA and NA sequences, along with 30 global 
A(H1N1)pdm09 sequences, 27 global A(H3N2) 
sequences collected from the GISAID databases 
during the same period, and four vaccine strains 
from the 2022–2023 Northern Hemisphere influenza 
season (Table S3). Additionally, multi-gene phyloge
netic trees constructed from concatenated sequences 
revealed genome-wide diversity.

For Influenza A(H1N1)pdm09, the HA (Figure 3) 
and NA (Figure 4) phylogenetic trees exhibit similar 
overall topologies, although their subclade compo
sitions differ. For the H1 gene, the vaccine strains 
were identified as belonging to the 6B.1A.5a.2 sub
clade, while all collected and published sequences 
were classified into 6B.1A.5a.2a and 6B.1A.5a.2a.1 
during the study period. Notably, 6B.1A.5a.2a was 
predominant during the spring 2023 epidemic, while 
the 6B.1A.5a.2a.1 subclade, representing around 20% 
of cases later in July 2023, formed a distinct branch. 
The N1 genes displayed multiple subclades, with the 
vaccine strains classified under the B.3 subclade. Nota
bly, subclade C.5.3 was the most prevalent, accounting 
for approximately 90% of the sequences. The phyloge
netic tree indicates that C.5.3, along with its secondary 
branches (C.5.3.1 and C.5.3.2), diverged from a 

Figure 1. Virus samples sequenced and classified in this study by week. This graph shows the number of samples collected during 
this study by week. The blue and orange bars represent the identified Influenza A H1 and H3 subtypes, while the green bar rep
resents Influenza B. The number of samples not sequenced due to quality control issues and those unclassified are also shown. The 
city-wide statistics on the total number of influenza cases, provided by the CHP, are plotted on the right y-axis with a blue broken 
line. The arrow shows the date of lifting of mask mandate.
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common ancestor within the cluster of subclade C. By 
comparing the phylogeny of published sequences, the 
majority of A(H1N1)pdm09 sequences from this 
study clustered closely with samples from Mainland 
China and Europe in both the H1 and N1 genes. How
ever, published sequences were more widely distribu
ted on branches closer to the root and tended to 
exhibit longer branch lengths. Notably, one Hong 
Kong sample from GISAID collected in 2023 showed 
a high degree of similarity to the sequences from 
this study in both H1 and N1 genes. The Hong 
Kong sequences demonstrated significantly shorter 
branch lengths, indicating that the genetic character
istics of IAV in Hong Kong are highly consistent 
and independently verify our analysis.

The phylogenies of the all eight segments of 
A(H1N1)pdm09 are shown in Figure S2. Many identi
cal sequences are observed in both the HA and NA 

trees, which exhibit smaller differences compared to 
the concatenated genome segments tree (Figure 5), 
reflecting the genome-wide diversity of the viruses. 
In the whole-genome phylogenetic tree, the topology 
is similar to the HA tree. However, subclade 
6B.1A.5a.2a.1 no longer maintains complete mono
phyly and shows a shorter branch length. This indi
cates that the high mutation rate characteristic of 
this subclade is less prominent in sequences outside 
the HA segment. Notably, no evidence of intra-sub
type reassortment was observed in either the SNP clus
tering (Figure 5) or the tanglegram analysis 
(Figure S4).

For Influenza A(H3N2), the H3 sequences predo
minantly belong to subclade 3C.2a1b.2a.2a.3a.1 
(Figure 6), while the N2 genes were divided into sub
clades B.4 and B.4.3 (Figure 7). The vaccine strains 
were identified as part of subclade 3C.2a1b.2a.2a for 

Figure 2. Subclade distribution of HA sequences by month. The panels show the (A) number and (B) proportion of IAV subclades 
from both H1 and H3 subtypes identified from November 2022 to March 2024. Subclades 6B.1A.5a.2a.1 and 6B.1A.5a.2a belong to 
the H1 subtype, while other subclades belong to the H3 subtype.
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H3. Published sequences were grouped into two dis
tinct branches within 3C.2a1b.2a.2a.3a.1: one group 
included samples from Texas, Chile, and Pakistan, 
while the other included sequences from the Czech 
Republic, Japan, and the Philippines. For N2, the 
sequences were divided into two distinct groups: one 
group was in mixed branches of B.4, B.4.1, and 
B.4.2, while the other group was clustered in B.4.3 at 
the top of the tree. The two A(H3N2) vaccine strains 
differed from one another and were closely related 
to some earlier-branching Hong Kong strains.

Unlike A(H1N1)pdm09, the concatenated genome 
phylogenetic tree of A(H3N2) reveals that the domi
nant HA clade 3C.2a1b.2a.2a.3a.1 splits into two 
branches, with one branch undergoing rapid evolution 
characterized by a higher rate of mutations (Figure 8). 

This divergence is likely influenced by the PB2, PA, 
and NP segments which exhibits great variation com
pared to other segments. In contrast the M and NS 
segments appear to remain relatively conserved 
(Figure S3). Similarly, the segment cluster and tangle
gram of A(H3N2) do not show large-scale recombina
tion. (Figure 8 and Figure S5)

Amino acid substitution analysis and protein 
modelling

The full-length coding sequences of the HA and NA 
segments were translated into protein sequences and 
compared to the vaccine strain for the 2022–2023 
Northern Hemisphere flu season to explore further 
the amino acid divergence leading to the formation 

Figure 3. HA gene phylogeny of Influenza A(H1N1)pdm09 viruses. The ML tree for the 563 HA genes of A(H1N1)pdm09 analyzed 
in this study is shown, along with 29 published sequences from the GISAID database and two vaccine strains. The tree is rooted at 
the vaccine strain A/Victoria/2570/2019. Branches representing the three identified HA subclades are colour-coded. Nodes corre
sponding to published sequences are highlighted in red, representative sequences are labelled.
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of various subclades. Several key amino acid substi
tutions in HA and NA were classified by subclades 
(Table 1).

Compared with the reference vaccine strain A/Vic
toria/2570/2019 (for H1N1), the Hong Kong 
A(H1N1)pdm09 viruses generally exhibited the substi
tutions K71Q, A203T, Q206E, R240Q, E241A, R276K, 
and K325R in the HA1 domain, which also contains the 
receptor-binding domain (RBD). These substitutions 
were primarily located in the “head” region of the HA 
protein, facing outward and away from the RBD 
pocket, while residing in major antigenic sites. The 
I435 V mutation in the HA2 subunit and K325R substi
tution in the HA1 subunit were in the “stalk” region of 
the HA protein near the transmembrane region 
(Figure 9, panels A and B). Additionally, the 5a.2a.1 

subclade displayed as many as seven new substitutions 
compared to 5a.2a, but it lost the H416N substitution. 
(Table 1) In the NA sequences, which contain the active 
site responsible for sialic acid cleavage during viral 
egress, two substitutions at the 3’ end of the head 
domain, V453M and K469N, were the most common 
amino acid changes observed, particularly in the sub
clade C.5.3 (n = 508). These changes, along with the 
widely reported S200N substitution, were all located 
on the protein’s surface and may play a role in immune 
evasion (Figure 9, panels C and D). Other subclades 
also exhibited specific amino acid substitution patterns 
in the head domain, such as I195V and R257K in sub
clade C.3.

For A(H3N2) viruses, the HA sequences frequently 
displayed substitutions located in similar regions to 

Figure 4. NA gene phylogeny of Influenza A(H1N1)pdm09 viruses. The ML tree for the 563 NA genes of A(H1N1)pdm09 analyzed 
in this study is shown, along with 30 published sequences from the GISAID database and two vaccine strains. The tree is rooted at 
the vaccine strain A/Victoria/2570/2019. Branches representing the 10 identified NA subclades are colour-coded. Nodes corre
sponding to published sequences are highlighted in red, representative sequences are labelled.
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those identified in A(H1N1)pdm09, potentially play
ing a role in immune evasion while conserving their 
function for receptor binding (Figure 9, panels E and 
F). Notable substitutions included D69N, N202D, and 
G241D in subclade 3C.2a1b.2a.2a.3a.1, which had the 
highest sample count (n = 395). Similarly, the NA 
sequences showed consistent substitutions, including 
S150H and S331G, across multiple subclades, with 
subclade B.4.3 having the largest sample size (n =  
269). These changes were also located on the protein’s 
surface and did not affect sialic acid cleavage (Figure 9, 
panels G and H). These patterns highlight specific 
evolutionary changes within the A(H3N2) viruses.

Discussion

This study collected 1,456 clinical influenza samples in 
Hong Kong, China, primarily from week 44 (October) 
of 2022 to week 29 (May) of 2024. Our data followed 
the development of influenza case trends in the city, 
capturing approximately 10% of the citywide labora
tory-monitored influenza cases reported [37]. This 
period allowed us to track the delayed onset of the 

2023 flu season, which started several months later 
than in previous years, because of the suspension of 
COVID-19 public health interventions. We documen
ted two surges of Influenza A cases: first by 
A(H1N1)pdm09 and then by A(H3N2). While a 
notable discrepancy exists between our data collection 
and actual citywide cases after week 30 of 2023, the 
overall temporal trends of both Influenza A subtypes 
were characterized. The prevalence of Influenza A 
(n = 1,046) was significantly higher than that of 
Influenza B (n = 30), dominating the epidemic during 
this influenza season. Of these Influenza A cases, H1 
(n = 593) slightly outnumbered H3 (n = 453). All 
identified Influenza B lineages belonged to the B/Vic
toria lineage, supporting the conjecture that the 
Yamagata lineage has been extinct since 2020 [38]. 
These findings align with global WHO statistics 
during the same period [39].

Following the broad implementation of public health 
interventions to curb the spread of SARS-CoV-2, the 
virus that causes COVID-19, the circulation of the 
influenza virus in Hong Kong and other regions world
wide fell to historically low levels. Similarly, during the 

Figure 5. Concatenated genome segments phylogeny of Influenza A(H1N1)pdm09 viruses. The ML tree for the 407 concatenated 
genome segments of A(H1N1)pdm09 (left) and a cluster heatmap of the eight influenza genome segments (right) analyzed in this 
study. The tree includes strains from this study, 26 published sequences from the GISAID database, and two vaccine strains. It is 
rooted at the vaccine strain A/Victoria/2570/2019. The branches corresponding to the three identified HA subclades are colour- 
coded in the ML tree. Nodes representing published sequences are highlighted in red, and representative sequences are labelled. 
Influenza genome segments were clustered by single nucleotide polymorphisms (SNPs) and are visualized using a colour scale.

8 J. BIAN ET AL.



implementation of public health and social measures 
(PHSM) for COVID-19, cases of influenza virus 
declined by 60-80% in countries such as the United 
States, Singapore, Mexico, and New Zealand [40]. As a 
natural phenomenon, adaptive immunity previously 
gained through vaccination or exposure diminishes 
over time without occasional challenges [41,42]. Limited 
exposure to seasonal influenza and other respiratory 
viruses during the pandemic has also left young children 
more vulnerable [43]. A low influenza vaccination rate 

and a mismatch in vaccine strain could lead to major epi
demics, as a significant portion of the population is 
immunogenically naive [43,44].

Pursuing a “zero infection” goal, Hong Kong 
implemented stringent measures – including restric
tions on group gatherings, flight bans, extended 
hotel quarantines for travellers, school closures, and 
one of the world’s longest mask mandate (July 2020 
to March 2023) – which greatly suppressed endemic 
respiratory viruses including IAV [45]. However, 

Figure 6. HA gene phylogeny of Influenza A(H3N2) viruses. The ML tree for the 435 HA genes of A(H3N2) analyzed in this study is 
shown here, along with 27 published sequences from the GISAID database and two vaccine strains. The tree is rooted at the vac
cine strain A/Darwin/9/2021. The branches for the eight identified HA subclades are colour-coded. Nodes corresponding to pub
lished sequences are highlighted in red, representative sequences are labelled.
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following the cessation of the mask mandate in March 
2023, the city experienced a surge in influenza and 
other non-influenza respiratory virus (NIRV) infec
tions. This surge deviated from the usual “winter 
influenza season” that typically begins in late Decem
ber and ends in March and was dominated by IAV, 
aligning with the patterns before the COVID-19 pan
demic (2016/17, 2018/19, and 2019/20) [46,47]. At the 
same time, the relaxation of such NPIs may lead to a 
resurgence of respiratory viruses that could exhibit 

non-seasonal patterns [48,49]. These findings high
light the need for ongoing surveillance of circulating 
strains and provide insights into the dynamics of 
viral transmission and evolution in response to pro
longed NPIs.

Phylogenetic analysis revealed that the genome of 
the 2023 Hong Kong IAV strains was highly uniform, 
with the dominant subclade 6B.1A.5a.2a of the HA 
segment and subclade C.5.3 of the NA segment 
accounting for 92% and 90% of A(H1N1)pdm09 

Figure 7. NA gene phylogeny of Influenza A(H3N2) viruses. The ML tree for the 435 NA genes of A(H3N2) analyzed in this study is 
shown here, along with 26 published sequences from the GISAID database and two vaccine strains. The tree is rooted at the vac
cine strain A/Darwin/9/2021. The branches for the nine identified NA subclades are colour-coded. Nodes corresponding to pub
lished sequences are highlighted in red, representative sequences are labelled.
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cases, respectively. In contrast, the A(H3N2) virus 
exhibited greater genetic diversity, particularly in the 
NA segment, which was represented by two main sub
clades (B.4 and B.4.3). By comparing the topology of 
the four phylogenetic trees and the distribution of 
published sequences, we found that Hong Kong 
strains of A(H1N1)pdm09 were highly consistent 
and forms a pronounced subclade. In contrast, 
A(H3N2) exhibited higher within-city variation and 
heterogeneity. According to the global public dataset 
in GISAID, the two subclades of H1 detected in this 
study, 6B.1A.5a.2a and 6B.1A.5a.2a.1 emerged at the 
end of 2021 and expanded in the 2022–2023 Northern 
Hemispheres flu season. Similarly, the six subclades of 
H3 detected in this study also followed the temporal 
characteristics of H1. The major subclades, namely, 
6B.1A.5a.2a for H1 and 3C.2a1b.2a.2a.3a.1 for H3, 
were responsible for the epidemic in 2023 and 2024. 
These patterns reflect that the IAV strains detected 
in Hong Kong during 2023 were highly consistent 
with global observations and genetically different 
from pre-COVID-19 influenza pandemics.

Vaccine effectiveness (VE) studies conducted 
during this period observed decreased protection for 
patients between June and November 2023, suggesting 
a mismatch between the selected vaccine strains and 
the actual circulating strains in the local community, 
potentially due to antigenic drift events [37]. Our 
large-scale sequencing and evolutionary analysis pro
vide crucial insights into the genetic basis for this 
reduced VE. The identified amino acid substitutions 
in both A(H1N1)pdm09 and A(H3N2) viruses, par
ticularly within the HA and NA proteins, likely con
tributed to the observed antigenic drift. For 
A(H1N1)pdm09, the accumulation of substitutions 
in the HA1 head region, specifically K71Q, A203T, 
Q206E, R240Q, E241A, R276K, and K325R, is signifi
cant. While these changes are located outside the 
receptor-binding domain (RBD) pocket, their position 
within major antigenic sites suggests a role in altering 
antigenicity and potentially impacting antibody bind
ing, thereby reducing vaccine-induced immunity. In 
the NA protein of A(H1N1)pdm09, the prevalent 
V453M and K469N substitutions, along with the 

Figure 8. Concatenated genome segments phylogeny of Influenza A(H3N2) viruses. The maximum likelihood (ML) tree for the 388 
concatenated genome segments of A(H3N2) (left) and a cluster heatmap of the eight influenza genome segments (right) analyzed 
in this study. The tree includes strains from this study, 24 published sequences from the GISAID database, and two vaccine strains. 
It is rooted at the vaccine strain A/Darwin/9/2021. The branches corresponding to the three identified HA subclades are colour- 
coded in the ML tree. Nodes representing published sequences are highlighted in red, and representative sequences are labelled. 
Influenza genome segments were clustered by single nucleotide polymorphisms (SNPs) and are visualized using a colour scale.
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previously reported S200N, are all surface-exposed, 
further supporting their potential role in immune eva
sion by altering antibody recognition. Similarly, the 
A(H3N2) viruses exhibited substitutions in analogous 
regions of the HA and NA protein, mirroring the pat
terns observed in A(H1N1)pdm09 and further rein
forcing the role of antigenic drift in reduced vaccine 
effectiveness.

In this study, we found no significant evidence of 
intra- or inter-subtype reassortment among influenza 
virus segments. Although phylogenetic analysis ident
ified minor clustering discrepancies in some sequences 
from a limited subset of samples (such as the HA of 
certain A(H3N2) reference strains), these observations 
likely reflect technical limitations inherent to short 
segments and the differential sensitivity of SNP- 
based clustering methods across segments, rather 
than true biological reassortment.

By comparing the recently reported Effective 
Mutations sites (EMs) list, we identified the amino 
acid substitutions highly associated with epitope or 
physiochemical property changes (Underlined in 
Table 1) [50,51]. Besides, future functional and mod
elling studies of influenza proteins should consider 
mutations that are rarely reported before the 
COVID-19 pandemic but are highly conserved 
among the subclades in this study, including 
V453M, K469N in N1, D69G/N, N112S, N394S in 
H3, and I469T in N2. Notably, amino acid substi
tutions G202D and D206N in the HA gene of 
A(H3N2), which have been reported to affect the vir
us’s transmissibility, were also observed in the 

dominant subclade in this study [52]. However, the 
molecular mechanisms underlying most observed 
site variations remain unclear. These findings suggest 
that vaccines based on these strains may have had 
reduced effectiveness in preventing influenza infection 
during that year.

The current study surveyed locally circulating 
influenza viral strains and successfully characterized 
their genetic and evolutionary features. However, it 
was constrained by the intrinsic challenges of ONT 
sequencing, which reduced the reliability of deeper 
analyses related to single nucleotide polymorphisms 
(SNPs), viral recombination, and co-infection events. 
Despite these drawbacks, ONT still offers rapid geno
mic surveillance during the outbreak/winter surge of 
influenza, benefiting public health research and pol
icymaking. Additionally, the virological and immuno
logical effects of the observed amino acid substitutions 
were assessed only in silico and remain unverified 
experimentally. Future studies should, therefore, 
include functional investigations to elucidate the bio
logical significance of these substitutions while also 
improving sequencing accuracy and data resolution 
to better capture viral evolution and host interactions. 
Such efforts will be crucial to advancing our under
standing of influenza virus adaptation and informing 
more effective surveillance and vaccine strategies.

Conclusion

This study provides a detailed genomic and epidemio
logical characterization of Influenza A viruses 

Table 1. Amino acid substitutions identified for the HA and NA gene of two Influenza A types against the 2022–2023 vaccine 
strains: A/Victoria/2570/2019(H1N1) and A/Darwin/9/2021(H3N2). Effective mutation sites previously identified in other studies 
were underlined.
Type Segment Subclade Number Representative amino acid substitutions

A(H1N1)pdm09 HA 6B.1A.5a.2a 519 K71Q, A203 T, Q206E, R240Q, E241A, R276K, K325R, H416N, I435V
6B.1A.5a.2a.1 44 K71Q, P154S, K159R, A203 T, Q206E, T233A, R240Q, E241A, R276K, D277E, T294A, K325R, 

E373D, I435V, N468H
NA C 2 S200N, S247N, V346I, V453M

C.2 2 S95N, N189S, D449N, V453M, K469M
C.3 15 I195 V, I216 V, R257K, V453M, K469N
C.4 4 I29M, V80M, I264T, I396M, V453M
C.5 3 S339L, V453M, K469N
C.5.1.1 14 S35N, N50D, G382E, V453M, K469N
C.5.2 11 I13V, S339L, V453M, K469N
C.5.3 508 S200N, V453M, K469N
C.5.3.1 3 S200N, I264T, V453M, K469N
C.5.3.2 1 N73S, S200N, V453M, K469N

A(H3N2) HA 3C.2a1b.2a.2a.1 4 D69G, D120G, N202D, G241D, K292R
3C.2a1b.2a.2a.1b 25 D69G, D120G, I156K, N202D, G241D, K292R, R315K
3C.2a1b.2a.2a.3 1 D69N, N112S, T151K, I156K, S161N, N202D, I208F, G241D, N394S, N505T
3C.2a1b.2a.2a.3a 5 E66K, D69N, N112S, T151A, N202D, I208F, I239V, G241D, N394S
3C.2a1b.2a.2a.3a.1 395 T3A, E66K, D69N, N112S, N138D, I156K, N202D, I208F, I239V, G241D, N394S, V521I
3C.2a1b.2a.2a.3b 5 D69N, N112S, I156M, N202D, I208F, G241D, N394S

NA B 6 L140I, S150R, K328R, I469T
B.2 26 S150R, D346G, R400K
B.2.2 3 A82E, D127E, S150R, N234D, T238A, D346G
B.3 1 S44P, L140I, S150R, H310R, S329N, S331R
B.4 110 S150H, I469T
B.4.1 14 S150H, K308R, I469T
B.4.2 6 S150H, R400K, I469T
B.4.3 269 S150H, S331G, I469T
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circulating in Hong Kong during the 2022–2023 flu 
season, capturing the delayed onset of the flu season 
and documenting the dominance of A(H1N1)pdm09 
and A(H3N2) subtypes. Despite differences in genetic 

diversity – A(H3N2) appeared more heterogeneous, 
while A(H1N1)pdm09 was relatively homogenous – 
both subtypes displayed amino acid substitutions 
potentially linked to transmissibility and immune eva
sion, underscoring the potential impact of antigenic 
drift on vaccine effectiveness. These findings empha
size the continued need for vigilant surveillance and 
adaptable vaccine strategies to mitigate the public 
health burden of influenza in the post-COVID-19 
pandemic era and prepare for potential future 
epidemics.
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Figure 9. Three-dimensional homology models of HA and NA 
proteins from prevalent Influenza A subclades. (A, B) HA model 
for A(H1N1)pdm09 subclade 6B.1A.5a.2a. (C, D) NA model for 
A(H1N1)pdm09 subclade C.5.3. (E, F) HA model for A(H3N2) 
subclade 3C.2a1b.2a.2a.3a.1. (G, H) NA model for A(H3N2) sub
clade B.4.3. For clarity, only one monomer is highlighted and 
labelled within each complex. Solvents and ligands are 
omitted, and α-helices are represented as tubes. Shadows 
and transparency are applied to enhance depth perception. 
In the HA models, HA1 domains are shown in plum, and 
HA2 domains are shown in light blue. Identified substitutions 
are labelled, with residue locations highlighted in red. Panels 
(A) and (E) show full HA structures, with the transmembrane 
region oriented downward, while panels (B) and (F) provide 
zoomed-in views highlighting the identified substitutions. 
For the NA models, only the head domain is displayed due 
to template availability. Panels (C) and (G) show side views, 
while panels (D) and (H) show top-down views.
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