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Abstract: Background: During the COVID-19 pandemic, we continuously monitored the
epidemiology of influenza virus among pediatric patients from January 2021 to December
2023 in Hainan Island, China. Methods: In this study, we collected 54,974 nasopharyn-
geal swab samples for influenza A Virus (IAV) testing and 53,151 samples for influenza B
Virus (IBV) testing from pediatric outpatients. Additionally, we also collected 19,687 na-
sopharyngeal swab samples from pediatric inpatients for IAV and IBV testing. Outpatient
samples were screened for influenza viruses (IVs) infection by the colloidal gold method.
Targeted Next-Generation Sequencing (tNGS) was used to detect influenza virus infections
in inpatients. Influenza virus types were identified by analyzing the HA/NA partial re-
gions. Results: The findings revealed a significant decrease in the infection rate of IBV
over the specified period, while the infection rate of IAV exhibited a rising trend. Addi-
tionally, B/Victoria lineage was the dominant epidemic strain in 2021, while the epidemic
strains in 2022 and 2023 underwent a dynamic transformation from A/H3N2 to A/HINI.
Phylogenetic analysis revealed close relationships among the circulating strains. Nonethe-
less, because the sample size is limited, additional research is required. Conclusions: Our
findings suggest that the predominant types of influenza viruses in the pediatric popula-
tion are undergoing dynamic changes, influenced by the implementation and relaxation
of non-pharmaceutical intervention measures. These findings highlight the need for adap-
tive influenza vaccination and containment strategies, particularly in tropical regions like
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Hainan, where climate and public health policies significantly impact viral transmission
patterns. The insights gained from this study could inform more effective public health
strategies in similar regions to mitigate the impact of influenza outbreaks in the future.

Keywords: influenza virus; COVID-19; epidemiology; children; Hainan Island

1. Introduction

The influenza virus (IV), belonging to the Orthomyxoviridae family, is an RNA virus
that can induce acute respiratory infections, exhibiting both seasonal and epidemic at-
tributes [1]. To date, circulating influenza viruses can be categorized into four overar-
ching classifications: influenza A virus (IAV), influenza B virus (IBV), influenza C virus
(ICV), and influenza D virus (IDV) [2]. Among these, IAV and IBV are mainly respon-
sible for impact on public health, with IAV provoking more severe clinical diseases and
seasonal epidemics in humans [3,4]. Influenza epidemics occur worldwide annually, and
are estimated to result in more than 3 to 5 million infections and approximately 291,000
to 646,000 deaths each year [5,6]. It is noteworthy that infections among children make a
substantial contribution to the global burden of disease and mortality during the influenza
season. Each year, millions of children worldwide experience influenza infections, and it
is estimated that between 9243 and 105,690 respiratory deaths annually are attributed to
seasonal influenza among children under 5 years of age [5,7].

At the end of 2019, the coronavirus disease 2019 (COVID-19) broke out suddenly and
spread rapidly across the world. To prevent and control the epidemic of COVID-19, many
countries have adopted strong non-pharmaceutical intervention (NPI) measures, which
have changed the lifestyles of the majority of people. Since then, the Chinese government
has always adhered to a dynamic zero-COVID policy and implemented a range of mea-
sures aimed at curtailing the further dissemination of the virus, including lockdowns, the
closures of schools, and social isolation. During the COVID-19 pandemic, although the
influenza diagnosis rate varies in space and time in different countries, the significant de-
cline compared with the pre-epidemiclevel is global [8]. However, the extent of this decline
varied among regions [9,10]. Meanwhile, China adhered to a dynamic zero-COVID policy
until 7 December 2022, after which a notable resurgence of influenza cases was observed
in several areas [11]. Hainan Island —China’s only tropical island province—presents a
unique environment for studying influenza activity due to its year-round warm and humid
climate. Hence, we examined the influenza epidemiology and genetic evolution among
children in Hainan during the transition from dynamic zero-COVID to reopening, aiming
to provide critical insights into future preventive measures.

Typically, climate factors can affect the spread of viral diseases. While temperate cli-
mate regions typically experience influenza epidemics during the winter months, tropical
climate regions have infections occurring all year round, leading to more unpredictable
outbreaks [12]. Hainan is the only tropical island province in China, located at the south-
ernmost point of China and isolated from the Chinese mainland, experiences a relatively
high annual average temperature range of 22.5 °C to 25.6 °C, and maintains a consistently
humid climate throughout the year. Due to its unique geographical location and climate
characteristics, Hainan Island may have even greater challenges regarding viral transmis-
sion. Consequently, we carried out a study on the epidemiology and genetic evolution
of influenza among children in Hainan Island during the shift phase from dynamic zero-
COVID to reopening. Our goal was to gather valuable insights, bolster our readiness for
potential influenza outbreaks, and devise more effective preventive measures.
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2. Methods

From January 2021 to December 2023, we collected 54,974 nasopharyngeal swab sam-
ples from pediatric outpatients at the Hainan Women and Children’s Medical Center for
IAV testing and 53,151 samples for IBV testing. And 19,687 nasopharyngeal swab samples
from pediatric inpatients were collected for IAV and IBV testing. The Hainan Women and
Children’s Medical Center is a provincial-level non-profit medical institution, undertak-
ing most of the disease burden for women and children in Hainan province, as well as
the responsibility of health care and education for women and children. This study was
approved by the Ethics Committee of Hainan Medical University. Nasopharyngeal swabs
were collected during a patient at presentation or admission and stored at —80 °C. Outpa-
tient samples were screened for IV infection by the colloidal gold method. Targeted Next-
Generation Sequencing (tNGS) supported by KingMed Diagnostics was used to detect IV
infection from inpatients [13,14].

During this study period, we sequenced amplification sequencing on the HA and
NA regions of 21 influenza isolates obtained at different stages, which were identified
as A(HIN1)pdm09, A(H3N2), and B(Victoria). These 21 isolates were selected to capture
the genetic diversity of circulating influenza viruses across various peak incidence peri-
ods from 2021 to 2023, ensuring a comprehensive representation of the major subtypes in
the pediatric population on Hainan Island [15]. This sample size is comparable to similar
surveillance studies, where the focus is on revealing key evolutionary patterns rather than
providing an exhaustive inventory of all circulating strains.

To ensure a comprehensive phylogenetic analysis, IV isolates were chosen from vari-
ous influenza prevalent periods, using primer information from WHO [16]. These isolates
were amplified by PCR. The sequencing primers and PCR conditions for the HA and NA
regions are detailed in Table S1.The 21 IV-positive samples from inpatients were strategi-
cally selected based on their collection times from 2021 to 2023. While 21 isolates may not
capture the entire spectrum of genetic diversity, this approach provides critical insights
into the evolutionary trends of the virus on Hainan Island. The PCR products were se-
quenced by Sanger sequencing at the Tsingke Biotechnology Co., Ltd. (Beijing, China).
The sequencing results were edited in SeqMan software (version 7.1.0) and identified us-
ing the BLAST from the National Center for Biotechnology Information (NCBI). Phyloge-
netic analyses were conducted on IAV and IBV using specific gene segments. For IAV,
the analysis included A/HIN1 based on a 1131 bp segment of the HA gene and a 906 bp
segment of the NA gene, as well as A/H3N2 based on a 754 bp segment of the HA gene
and a 926 bp segment of the NA gene. For IBV, the analysis included B/Victoria based
on a 529 bp segment of the HA gene and a 393 bp segment of the NA gene. Reference
strains were selected based on their relevance to the circulating strains in Hainan Island
from 2021 to 2023. Additionally, we selected sequences of influenza strains circulating
prior to the pandemic from public databases, focusing on strains from various regions in
China, including central and southern China, and specifically Hainan. Furthermore, we
included strains from Russia, Tajikistan, Thailand, Japan, Cameroon, Togo, Egypt, South
Sudan, Chile, the United States, and regions such as Hong Kong. These strains were ob-
tained from the GISAID database, ensuring a comprehensive representation of the genetic
diversity and evolutionary trends of the IVs [17]. Analysis of the sequences was performed
using BioEdit software (version 7.0.5.3). The sequencing data were submitted to the NCBI
under accession number, from PP732243 to PP732252, PP732220 to PP732225, PP732456 to
PP732464, and PP736112 to PP736121.

Data were analyzed using the Chi-square (x?) test in SPSS software (version 25.0).
Statistical significance was determined at a threshold of p < 0.05. Phylogenetic trees were
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constructed using neighbor-joining and bootstrapping of 1000 replications in MEGA X soft-
ware (version 10.2.2). Origin 2021 software was used to draw the figures.

3. Results
3.1. Sample Information and Demographics

During the study period, a total of 54,974 pediatric outpatients underwent IAV test-
ing, and the IBV test population numbers of pediatric outpatients were 53,151 (Table 1).
All the pediatric patients were admitted to Hainan Maternal and Child Health Hospital.
The age range of participants for IAV and IBV included individuals aged 0 to 18 years
(Table 2). The demographic details of the cases have been summarized in Tables 1 and 2.
In the TAV testing, the median (interquartile, IQ) age is 4.98 years (2.58-7.71), including
32,162 males (58.50%) and 22,812 females (41.50%). The IBV test population numbers of
outpatient children were 53,151, consisting of 31,123 males (58.56%) and 22,028 females
(41.44%), with a median (IQ) age of 5.07 years (2.61-7.77). Nasopharyngeal swab speci-
mens were also collected from hospitalized children with respiratory illness. The median
age of the 19,687 pediatric inpatients was 2.34 years (1.08-5.06), comprising 12,131 males
(61.62%) and 7556 females (38.38%). Furthermore, the number of samples collected for
IAV antigen detection in 2021, 2022, and 2023 were 7728, 16,464, and 30,782 cases, account-
ing for 14.06%, 29.95%, and 55.99% of total outpatient visits, respectively. The number
of samples collected for IBV antigen detection were 7812, 16,956, and 28,383 cases from
2021 to 2023, representing 14.70%, 31.90%, and 53.40% of the total outpatient visits, respec-
tively. The number of influenza detection samples collected from hospitalized patients
were 4721 cases (23.98%), 5227 cases (26.55%), and 9739 cases (49.62%) in 2021, 2022, and
2023, respectively.

Table 1. Detection of IAV and IBV from children in Hainan, 2021 to 2023.

Outpatients of Inpatients of IAV Outpatients of Inpatients of IBV
IAV (n =54,974) (n =19,687) IBV (n=53,151) (n =19,687)
Year Positive Negative b Positive Negative b Positive Negative P Positive Negative b
(0/0) g (O/o) g (0/0) g (0/0) g
135, 3a 1502, 180,
2021 (1.75) 7593 (0.06) 4718 (19.23) 6310 3.81) 4541
5534;, 337, 136, 42,
2022 (33.61) 10,930 <0.001 (6.45) 4890 <0.001 (0.80) 16,820 <0.001 (0.80) 5185 <0.001
10,021, 648, 1236, 101y,
2023 (32.55) 20,761 (6.65) 9091 (4.35) 27,147 (1.04) 9638
15,690 988 2874 323
Total (28.54) 39,284 (5.02) 18,699 (5.41) 50,277 (1.64) 19,364

Abbreviation: IAV, influenza A virus; IBV, influenza B virus. % = percentage of positive cases among total samples
tested in each group. Pairwise comparisons by year were performed using the Bonferroni method, with subscript
letters indicating subsets of influenza outcome categories at the 0.05 significance level. Matching letters within
the same column signify no statistically significant difference; different letters indicate a significant difference.

3.2. Epidemiology of Influenza Among Children in Hainan from 2021 to 2023

During the period of this study, the overall positive rates of IAV among outpatients
and inpatients were 28.54% and 5.02%, respectively. The positive rates of IBV among out-
patients and inpatients were 5.41% and 1.64%, respectively. Annual incidence rates of IAV
and IBV among outpatients and inpatients are represented in Table 1, showing statistically
significant differences (p < 0.05). There was a noticeable increase in the positive rate of
IAV for 2022 and 2023 compared to 2021 (outpatients: x? = 3171.13, p < 0.001, inpatients:
x? =320.18, p<0.001). Additionally, the positive rate of IBV among outpatients in 2023 was
higher than in 2022, but lower than in 2021 (x? = 3681.40, p < 0.001). For inpatients, there
were no statistically significant differences in the positive rate of IBV between 2023 and
2022, and both rates were lower than in 2021(x? = 182.71, p < 0.001). In the intensive care
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unit (ICU), IAV positive cases accounted for 0.00% (0/3), 0.11% (33/313), and 0.06% (39/648)
from 2021 to 2023 among pediatric inpatients. The number of IBV-positive inpatients in
the ICU was 5, 1, and 7 cases from 2021 to 2023, accounting for 0.03%, 0.02%, and 0.07% of
the total IBV-positive inpatient infections, respectively.

Figure 1illustrates the monthly distribution of IAV and IBV infections among both out-
patients and inpatients from January 2021 to December 2023. While the overall trends were
similar in both groups, the rate of infections was consistently higher among outpatients.
Specifically, influenza activity remained subdued until October 2021, when IBV-positive
rates began to rise, peaking in November, followed by a decline in influenza activity. The
IBV infection rate was 39.16% in outpatients and 12.63% in inpatients in November. In
2021, the wave of influenza activity was primarily concentrated in autumn, dominated by
IBV infections, and only a small number of IAV cases were detected. The positive rate of
IAV increased obviously in May 2022, reached its peak in June, and decreased drastically
in July, with an IAV positivity rate of 42.78% among outpatients and 35.04% among inpa-
tients in June. Notably, there was almost no influenza activity in the following six months.
In 2022, different from the previous year, influenza activity was obvious in summer with
the predomination of IAV, while no influenza activity was observed in autumn. Influenza
activity did not appear until a high level of IAV was detected in March 2023, reaching its
peak in April and declining rapidly in May. In April 2023, there was an AV infection rate
of 41.26% in outpatients and 30.26% in inpatients. During this wave, the influenza activity
escalated and then declined in spring, which was two months earlier than the previous
year. From June to September 2023, influenza activity remained minimal until a slight in-
crease in IAV and IBV activity in October 2023. Subsequently, high levels of IAV and IBV
were detected from November to December 2023, indicating a prolonged influenza wave.
Moreover, in December 2023, 31.45% of outpatients and 8.03% of inpatients tested positive
for IAV, while 11.82% of outpatients and 4.40% of inpatients tested positive for IBV. Re-
garding the second wave in 2023, the influenza activity commenced in autumn and winter,
starting a month later than in 2021. Throughout 2023, two noticeable influenza outbreaks
occurred, one in spring predominated by IAV and another in autumn and winter, charac-
terized by the simultaneous transmission of IAV and IBV, with minimal activity in summer.
We observed notable seasonal variations in influenza activity, with IAV peaks in summer
2022 and spring 2023, likely influenced by public health interventions and Hainan’s tropi-
cal climate. These findings emphasize the importance of adaptive public health strategies,
including flexible vaccination campaigns and continuous surveillance, especially in tropi-
cal regions where year-round transmission is possible. Over the three-year study period,
the prevalence of influenza seemed to lack a consistent seasonal pattern. As depicted in
Figure 2, the outpatient IBV positivity rate reached 29.39% in autumn 2021, while the out-
patient IAV positivity rate reached 39.55% in summer 2022 and exceeded 25% in spring,
autumn, and winter 2023. To analyze the variation in the activity intensity of IAV and IBV
during the study period, we compared the positivity rate changes in the same season over
the three years. In 2023, the activity intensity of IAV in spring, autumn, and winter was sig-
nificantly higher than in the corresponding seasons of 2021 and 2022 (spring: outpatients:
XZ = 388.99, p <0.001, inpatients: XZ =388.50, p < 0.001; autumn: outpatients: X2 =1192.68,
p = 0.00, inpatients: x? = 74.25, p < 0.001; winter: outpatients: x> = 1126.17, p < 0.001, inpa-
tients: x% = 146.41, p = 0.00), while in summer, it was notably lower than in 2021 and 2022
(outpatients: x? = 760.61, p < 0.001, inpatients: x> = 671.77, p < 0.001). Regarding influenza
B, the activity intensity in autumn 2023 was markedly higher than in 2022 but lower than
in 2021 autumn (outpatients: x2 = 712.57, p = 0.00, inpatients: x? = 175.78, p < 0.001).
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Table 2. Annual detection and comparison of outpatient and inpatient cases of IAV and IBV among children based on gender and age in Hainan, 2021-2023.

Outpatients of IAV Inpatients of IAV Outpatients of IBV Inpatients of IBV
Parameter Year 4 P 14 14
Positive (%) Negative Positive (%) Negative Positive (%) Negative Positive (%) Negative
- Male 88 (1.88) 4588 0.262 0(0.00) 3002 0.091 921 (19.45) 3814 0.533 122 (4.06) 2880 0.234
Female 47 (1.54) 3005 3(0.17) 1716 581 (18.88) 2496 58 (3.37) 1661
Male 3295 (33.97) 6404 0.242 220 (6.93) 2953 0.075 79 (0.79) 9918 0.836 21(0.66) 3152 0.154
Gender 2022 Female 2239 (33.10) 4526 117 (5.70) 1937 57 (0.82) 6902 21(1.02) 2033
2023 Male 5886 (33.09) 11,901 0.529 415 (6.97) 5541 0.119 738 (4.50) 15653 0.154 62 (1.04) 5894 0.962
Female 4135 (31.82) 8860 233 (6.16) 3550 498 (4.15) 11494 39 (1.03) 3744
0-1 3, (0.29) 1037 1, (0.05) 1928 36, (3.44) 1012 33, (1.71) 1896
1-3 40, (2.03) 1935 1, (0.07) 1408 119, (5.95) 1880 40, (2.84) 1369
2021 37 54, (2.18) 2423 0.001 1, (0.09) 1116 1.000 409, (16.28) 2103 <0.001 71y (6.36) 1046 <0.001
7-18 38, (1.70) 2198 0, (0.00) 266 9384 (41.63) 1315 36, (13.53) 230
0-1 327, (23.04) 1092 58, (4.10) 1355 8, (0.55) 1443 61 (0.42) 1407
1-3 1033, (29.88) 2424 89 (6.82) 1216 165 (0.45) 3536 5, (0.38) 1300
Age 2022 37 2300, (34.34) 4397 <0.001 125, (6.91) 1684 0.004 38, (0.55) 6867 <0.001 25, (1.38) 1784 0.005
7-18 18744 (38.32) 3017 41, 4 (5.86) 659 74y (1.47) 4974 64,1 (0.86) 694
0-1 476, (21.53) 1735 110, (4.10) 2575 30, (1.59) 1851 9, (0.34) 2676
1-3 1242, (22.81) 4203 136, (5.69) 2256 115, (2.45) 4575 17 (0.71) 2375
2023 37 4680y, (34.54) 8871 <0.001 276, (8.78) 2867 <0.001 446, (3.53) 12,184 <0.001 41, (1.30) 3102 <0.001
7-18 3623, (37.84) 5952 1265 (8.29) 1393 645, (7.02) 8537 34. (2.24) 1485

Abbreviation: IAV, influenza A virus; IBV, influenza B virus. % = percentage of positive cases among total samples tested in each group. Pairwise comparisons by year were performed
using the Bonferroni method, with subscript letters indicating subsets of influenza outcome categories at the 0.05 significance level. Matching letters within the same column signify

no statistically significant difference; different letters indicate a significant difference.
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Figure 1. Children on Hainan Island, China, during 2021-2023. The upper panel illustrates the
monthly number of pediatric outpatients tested and the influenza-positive cases, while the lower
panel presents the same information for pediatric inpatients. Key time points include the dynamic
zero-COVID period (1 January 2021 to 7 December 2022) and the first detection of the Omicron
BA.5.1.3 variant in Hainan Province on 1 August 2022. The dashed vertical line indicates the end
of the dynamic zero-COVID policy. Seasonal trends can be observed by tracking the monthly dis-
tribution of total samples tested and the proportion of positive cases. Abbreviations: No., number;
IAV, influenza A virus; IBV, influenza B virus; Jan, January; Apr, April; Jul, July; Oct, October.

There was no significant difference in the detection rates of IAV and IBV between
genders each year (Table 2, p > 0.05). To investigate susceptibility differences among dif-
ferent age groups, the ages were categorized into four groups: 0-1 year (infants), 1-3 years
(early childhood), 3-7 years (preschool children), and 7-18 years (school-age children). In
2021, no differences were observed in the detection rates of IAV among hospitalized chil-
dren in different age groups. However, statistical variances were noted among different
age groups in the detection rates of IAV and IBV in other settings (Table 2, p < 0.05). In
2021, there were no differences in the detection rates of IAV among outpatient infants,
preschool children, and school-age children, while the detection rate of IBV was high-
est among school-age children in both outpatients and pediatric inpatients, followed by
preschool children. In 2022 and 2023, the highest detection rates of IAV and IBV were ob-
served in school-age children among outpatients, followed by preschool children. Before
and after the transition from the dynamic zero-COVID policy, two waves of IAV activities
occurred, one from May to July 2022 and another from March to May 2023. Comparing
the TAV positivity rates during these periods revealed higher rates in infants, early child-
hood, and preschool children among outpatients in 2022 compared to 2023 (0-1: x> =25.34,
p <0.001; 1-3: x% = 155.86, p < 0.001; x? = 8.76, p = 0.003); however, no significant differ-
ences were observed in school children (Figure 3). Conversely, the IAV-positive rates in
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preschool children and school children among inpatients were lower in 2022 than in 2023
(3-7: x2=6.32, p =0.01, 7-18: x2 = 15.60, p < 0.001).

N - 20214 2022 2023
3 =497
© 9309 &
= T 20
> ®
-("% £ 10~
£ 3 ol &—¢ _/
I I I I I I I I I
Spr. Sum. Aut. Win. Spr. Sum. Aut. Win.
IAV IBV
B

- 20214 2022 2023

Positivity rate in
inpatients
s 3
1 1

0 0 >—20 _<~/_J/-N
T T T T T T I T I

Spr. Sum. Aut. Win. Spr. Sum. Aut. Win.
1AV IBV

Figure 2. Positive rate of IAV and IBV by season group among children in Hainan Island, China,
during 2021-2023. (A) IAV and IBV data analysis among pediatric outpatients. (B) IAV and IBV data
analysis among pediatric inpatients. Note: The red line shows the seasonal positive rate in 2021, the
blue line in 2022, and the yellow line in 2023. These color codes allow for an easy comparison of sea-
sonal patterns across three consecutive years. Abbreviations: IAV, influenza A virus; IBV, influenza
B virus; Spr., spring; Sum., summer; Aut., autumn; Win., winter.

3.3. Phylogenetic Characterization of IAV and IBV in Hainan During 2021-2023

During our study period, we conducted PCR amplification and sequencing on the HA
and NA regions from 21 influenza isolates obtained at various stages, yielding three types:
A(HIN1)pdm09, A(H3N2), and B(Victoria). These isolates were strategically selected from
multiple peak incidence periods between 2021 and 2023 to capture major subtypes and re-
flect the genetic diversity circulating in Hainan’s pediatric population. In sequencing the
IAV samples, approximately 1300 bp of the HA fragment and 1100 bp of the NA fragment
of HIN1 were obtained, covering about 16.33% to 17.66% of the HIN1 genome. For H3N2,
approximately 900 bp of the HA fragment and 1100 bp of the NA fragment were obtained,
covering about 13.79% to 14.81% of the H3N2 genome. During the sequencing of the IBV
samples, approximately 800 bp of the HA fragment and 400 bp of the NA fragment were
obtained, covering approximately 8.28% to 8.39% of the IBV genome. Using reference se-
quences from databases such as NCBI and GISAID, we constructed six phylogenetic trees
based on both HA and NA (Figure 4). Figure 4A,B showed the phylogenetic trees of the
HA and NA derived from HIN1, with the isolated strains belonging to 6B.1A.5a.2a, one
from 2022 and the others from 2023, showing consistent results. Furthermore, the phy-
logenetic analysis of the HA and NA genes revealed that all five H3N2 isolates in 2022
clustered within the 3C.2alb.2a.1a clade, while one H3N?2 isolate from 2023 fell within
the 3C.2alb.2a.2a.3a.1 clade (Figure 4C,D). Notably, the genetic evolution delineated a pat-
tern: the 2022 outbreak was predominantly H3N2, with sequence similarities ranging from
98.10% to 100% based on the HA segment, while the 2023 outbreak was majorly HIN1-09,



Pathogens 2025, 14, 142

9of 14

with sequence similarities for the HA segment ranging from 99.30% to 99.8%. The NA seg-
ment analysis echoed these findings, showing sequence similarities between 99.40% and
100%. The phylogenetic analysis based on the HA segment in Figure 4E revealed that all
circulating IBV strains in Hainan during 2021 clustered within a single branch correspond-
ing to the Victoria lineage, which was further subdivided into two subtypes: V1A.3a.1 and
V1A 3. Further sequence comparison indicated a high similarity among these strains, with
sequence identities ranging from 99.70% to 100% for the HA segment. The analysis from

the NA segment corroborated the HA findings, presenting sequence similarities between

98.70% and 100% (Figure 4F). Our data indicate that Hainan experienced three outbreaks

of influenza between 2021 and 2023. In 2021, the epidemic was predominantly caused by

B(Victoria). In contrast, the epidemics in 2022 and 2023 were primarily driven by IAV,
with A (H3N2) in 2022 and A(HIN1)pdm09 in 2023. Of particular interest is the alternat-
ing prevalence of H3N2 and HIN1 genotypes during the IAV epidemics in 2022 and 2023.
As one genotype dominated, the incidence of the other significantly reduced but did not

vanish entirely, suggesting a dynamic interplay between these genotypes in the region.

A
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Figure 3. Comparison of IAV-positive rate by age group among children on Hainan Island between
May to July 2022 and March to May 2023. (A) Data analysis among pediatric outpatients. (B) Data
analysis among pediatric inpatients. Note: Age groups are defined as 0-1 year (infants), 1-3 years
(early childhood), 3-7 years (preschool), and 7-18 years (school-age). Vertical bars colored in yellow
represent data from May to July 2022, while green bars represent data from March to May 2023.
The asterisks (¥, **) indicate significant differences (p < 0.05, p < 0.001, respectively) in the positive

rate between the two time periods. The color scheme highlights any shifts in positivity across these
age groups.
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Figure 4. Phylogenic tree of IAV and IBV among children on Hainan Island, China, from 2021 to
2023. (A) Phylogenic analysis of A/HIN1 based on the HA gene. (B) Phylogenic analysis of A/HIN1
based on the NA gene. (C) Phylogenic analysis of A/H3N2 based on the HA gene. (D) Phylogenic
analysis of A/H3N2 based on the HA gene. (E) Phylogenic analysis of B/Victoria based on the HA
gene. (F) Phylogenic analysis of B/Victoria based on the NA gene. Note: Sequences from this study

are shown in red and reference strains are shown in black. The scale bar corresponds to genetic

distance, expressed as the number of base substitutions per site. Highlighting our study isolates in

red helps readers quickly differentiate them from global reference strains.
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4. Discussion

This study investigates the epidemiological characteristics and genetic diversity of in-
fluenza viruses circulating among children on Hainan Island, both during and following
the COVID-19 epidemic. Research consistently demonstrates that children exhibit the high-
est susceptibility to influenza infection and are at an elevated risk of hospitalization due
to their immature immune system [18]. The unique climatic and geographical attributes
of Hainan Island, combined with its status as a major tourist destination and a free trade
port, significantly influence the transmission dynamics of influenza viruses.

In our findings, Hainan witnessed a significant transition in influenza virus domi-
nance on Hainan Island, shifting from IBV in the winter of 2021 to IAV during the summer
months of 2022. In 2023, two waves of influenza occurred, initially dominated by IAV,
and subsequently by a concurrent epidemic of IAV and IBV. Remarkably, the volume of
influenza detections in 2023 exceeded those recorded in the preceding two years, suggest-
ing a resurgence to pre-pandemic influenza activity levels. This finding highlights how
the lifting of non-pharmaceutical interventions (NPIs) significantly influenced the trans-
mission dynamics of influenza. Influenza typically exhibits seasonal epidemics globally,
particularly in temperate regions during the winter; however, in tropical settings such as
Hainan, activity can persist all year round [19]. In China, variations in the seasonality and
evolutionary dynamics across different regions are common. Prior to the COVID-19 pan-
demic, northern provinces experienced winter influenza A epidemics peaking in January
to February, while southern provinces occurred peak viral activity in spring (April to June).

The impact of COVID-19 outbreaks and associated NPIs on influenza activity globally
declined in 2020, including China, Asia, the US, and Europe, and gradually rebounded in
2021 [20,21]. Interestingly, our study observed a shift from B-dominant influenza in 2021
to A-dominant or co-endemic waves in 2022 and 2023 following the abandonment of the
dynamic zero-COVID strategy. The peak of IAV activity in the summer of 2022 can be at-
tributed to the partial relaxation of NPIs, such as localized lockdowns and reduced social
distancing measures [22]. The re-opening of schools and resumption of social activities
among children likely contributed to increased influenza transmission due to high levels
of social interaction [23]. In contrast, the peak observed in 2023, post the zero-COVID
policy, was influenced by the complete lifting of COVID-19 restrictions, leading to a sig-
nificant increase in social mixing and travel. Furthermore, the lack of prior exposure to
influenza viruses during stringent COVID-19 control measures might have reduced popu-
lation immunity, contributing to a higher susceptibility to influenza infections [24]. Similar
rebounds in influenza activity following the relaxation of NPIs have been documented in
other regions globally, underscoring the pivotal role of NPIs in shaping population-level
immunity. Although influenza activity starting to rebound in 2021, our research revealed
a period from August 2022 to January 2023 when influenza activity stalled for over six
months without the previous autumn and winter influenza seasons. Our research indi-
cated that school-age children among outpatients were more susceptible to infection, as
supported by the majority of other studies focusing on children [25,26].

Before the COVID-19 pandemic, global influenza surveillance showed that both in-
fluenza A(HIN1)pdm09, A(H3N2), and B lineages were co-circulating globally, with
A(H3N2) often being the predominant cause of seasonal epidemics globally [8,27]. Our
study on influenza patterns in Hainan from 2021 to 2023 reflects this shift, with B/Victoria
lineage in 2021 and influenza A predominating in subsequent years. The oscillating dy-
namics between H3N2 and HIN1 in 2022 and 2023 underscore the complexity of influenza
evolution, shaped by factors such as antigenic drift, temporary cross-immunity, and viral
competition [28]. This study has several limitations. First, only 21 IV-positive samples
were sequenced to assess genetic variation, a sample size that—while consistent with sim-
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ilar surveillance studies—may not fully capture the breadth of circulating genotypes. Our
strategic selection aimed to include multiple time points and influenza peaks, but a larger
dataset would permit more definitive conclusions regarding genetic diversity and evolu-
tionary trends. Second, focusing primarily on hospitalized pediatric cases could underrep-
resent milder or asymptomatic infections within the wider community, thus potentially in-
troducing selection bias. Future research should prioritize longitudinal studies to monitor
the evolution and transmission of influenza viruses over time. Expanding genetic analyses
with larger and more diverse sample sets, including community-based and outpatient sam-
ples, would provide deeper insights into the genetic diversity and dynamics of influenza
in Hainan and similar regions. In addition, integrating genetic surveillance findings with
vaccination programs could further optimize vaccine strain selection and enhance public
health outcomes. These efforts would help refine our understanding of influenza virus
behavior and guide more effective public health strategies.

5. Conclusions

This study highlights the profound impact that public health policies have on the
epidemiological behavior of influenza. The findings presented are integral to deepening
our understanding of influenza epidemiology and its complex interactions with other sig-
nificant infectious diseases, particularly in the context of major global health events like
the COVID-19 pandemic. As we move beyond the immediate impacts of COVID-19, it
remains imperative to maintain vigilance and preparedness against the possibility of the
simultaneous circulation of multiple respiratory viruses. Continuous research is essential
to accurately characterize the evolving epidemiological trends and variations of influenza
viruses, thereby informing effective public health strategies and interventions.
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