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Abstract

Background Influenza is a major cause of morbidity and mortality. Influenza A virus (IAV) is one of the most
important pathogens causing influenza and often causes global pandemics due to its tendency to mutate. We aim to
use epidemiology based on wastewater and respiratory specimens to understand the occurrence of influenza A virus
infections in Taiyuan City.

Methods A retrospective epidemiology surveillance was carried out at the First Hospital of Shanxi Medical University
(FHSMU) and five wastewater treatment plants (WTPs) in Taiyuan city from 2023 to 2024. Reverse transcription
real-time fluorescence quantitative polymerase chain reaction (RT-gPCR) was used to detect influenza A viruses in
wastewater and respiratory specimens. High-throughput whole genome sequencing was performed on 17 strains
obtained in this study, and subsequent analyses included characterization, phylogenetic construction, amino acid
mutation analysis, and antigenic structural variability assessment.

Results 520 wastewater samples and 1,203 throat swab samples were collected. We detected RNA concentration
from pH1NT and H3N2 viruses in wastewater and got 17 genome sequences (5 of pH1N1 and 12 of H3N2) in
respiratory specimens. Whole-genome sequencing showed co-prevalence of pH1N1 viruses in the branches of
6B.1 A.5a.2a.1 and H3N2 viruses in the branches of 3 C.2a1b.2a.2a.3a.a in Taiyuan from 2023 to 2024. Moreover, a HA
mutation (N138D), predicted to be of high phenotypic consequence, was found in 8 Taiyuan H3N2 sequences.

Conclusion This study highlights the predominant presence of pH1N1 and H3N2 strains in Taiyuan. The analysis also
identified amino acid site variations in the HA antigenic epitopes in H3N2 strains, which may contribute to immune
escape.
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Background

Infections with influenza viruses cause acute respiratory
infections with serious health burdens and economic
losses [1]. There are approximately a billion cases of sea-
sonal influenza related to influenza virus infection annu-
ally, including 3-5 million cases of severe illness [2]. All
influenza viruses are enveloped negative-sense single-
strand RNA viruses that can be further divided into four
types-type A, type B, type C, and type D-based on the
antigenicity of the nucleoprotein and matrix protein [2].
Influenza A viruses (IAVs) are the only known influenza
viruses that can cause a pandemic [1, 3].

Influenza A virus contains eight segments, includ-
ing hemagglutinin (HA), neuraminidase (NA), matrix
protein (MP), nucleoprotein (NP), nonstructural (NS),
polymerase acidic (PA), polymerase basic 1 (PB1), and
polymerase basic 2 (PB2) [2]. HA and NA are the most
antigenically variable, they are classified into antigenically
diverse subtypes. To date, more than 16 antigenically dif-
ferent HA and 9 antigenically different NA serotypes or
subtypes have been identified among the different avian
strains [2]. In humans, current subtypes that routinely
circulate include pHIN1 viruses (since 2009) and H3N2
viruses (since 1968) [2]. Both lineages are known to have
caused pandemics over the past decades [1, 4].

IAVs can cause fever, cough, sore throat, pneumo-
nia, and even death; all age groups can be affected, but
there are groups that are more at risk than others, such
as children <5, pregnant women, elderly individuals, and
immunocompromised patients [4—6]. Vaccination is an
effective method for preventing influenza, but IAVs are
prone to mutations, undergo antigenic drift, and pro-
duce immune escape [1, 2]. When a new or different type
appears, a pandemic occurs, which infects people and
has the ability to effectively spread from person to per-
son, while people have almost no immunity to this virus.
In addition, NA and PA inhibitors are currently specific
drugs for treating influenza; however, with continuous
use, viruses may develop drug-resistant mutations, which
reduces the therapeutic effectiveness of these drugs [2].

Influenza surveillance in China is passive and draws
from many sources. Usually, it relies on regular nucleic
acid testing of clinical specimens by designated hospitals
and clustered epidemic monitoring reports to identify
diseases [7]. The use of a passive influenza monitoring
system is voluntary and tends to identify infections in
individuals with comorbidities or severe symptoms who
require clinical care. Since influenza is self-limiting, most
patients with mild symptoms do not seek treatment at
the hospital. Therefore, there are obvious limitations in
using clinical samples to monitor virus transmission in

the community. At the same time, epidemiological infor-
mation based on wastewater can provide a deeper under-
standing of the incidence of influenza in contributing
communities [8]. Wastewater is a composite biological
sample containing bodily excreta (including urine, feces,
sputum, and mucus). The excreta of infected individuals
may contain biomarkers of infectious diseases (includ-
ing live and dead organisms, proteins, and nucleic acids),
and methods have been developed to detect and quantify
these biomarkers in wastewater matrices [8].

In contrast to seasonal diarrhea, influenza is highly
prevalent during the winter and spring months in north-
ern China [7, 9, 10], and monitoring typically occurs from
October to April of the following year. Taiyuan is the pro-
vincial capital city of Shanxi Province and is also one of
the densely populated cities in northern China; thus, the
threat of influenza outbreaks in the region should not be
underestimated. In this study, we tracked the presence
of IAV RNA in wastewater after the end of the COVID-
19 epidemic to assess the persistence of viral RNA in
field wastewater discharged from hospital and munici-
pal sewage systems. In addition, we studied all available
sequence data for pH1N1 viruses and H3N2 viruses col-
lected since July 2023 and June 2024, across all 8 nucleic
acid fragments and 11 available amino acid sequences.
Our goal was to gain insight into the epidemic character-
istics of IAVs to improve outbreak prevention strategies.

Materials and methods

Specimen collection

Wastewater specimens were obtained from five waste-
water treatment plants (WTPs) in Taiyuan city, namely
Beijiao, Chengnan, Fendong, Jinyang, and Yangjiabao
(Table 1 and Figure S1). These plants are responsible for
the collection and treatment of domestic wastewater for
more than 2 million people (Table 1). For each WTP, an
FC-24 Automatic Water Reclamation Facility (Grasp, Bei-
jing, China) was used to collect 24-hour mixed wastewa-
ter samples, collecting 100 ml per hour, totaling 2400 ml.
Specimen collection cycles were twice a week at least 2
days apart. After collection, the specimens were stored at
a low temperature (4 °C) and sent to the Influenza Sur-
veillance Network Laboratory of the Taiyuan Center for
Disease Control and Prevention (Taiyuan CDC) for IAV
testing within 2 h. The containers used for sample collec-
tion were sterilized and disposable.

Respiratory specimens (throat swabs) were col-
lected at the First Hospital of Shanxi Medical University
(FHSMU), which is one of the national influenza surveil-
lance sentinel hospitals in Shanxi Provinces, receiving at
least 100,000 patients annually. A minimum of 20 swab
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Table 1 Five wastewater treatment plants in this study
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Serial number Wastewater plants Location (district, latitude/longitude) Relevant population Wastewater
(thousand persons) treatment

capacity (kilo-
ton/per day)*

14,010,801 Beijiao (BJ) Jiancaoping (N: 37°56" E: 112°317) 346.7 402. 46

14,010,502 Chengnan (CN) Xiaodian (N: 37°45’ E: 112°34/) 1724 200

14,010,503 Fendong (FD) Xiaodian N: 37°37" E: 112°28' 2853 331

14,011,001 Jinyang (JY) Jinyuan (N: 37°38'E: 112°24") 275.7 320

14,010,501 Yangjiabao (YJB) Xiaodian (N: 37°48’E: 112°33') 13474 1,562.98

Note: * Average

specimens were collected from outpatients with influ-
enza-like illness (ILI) (body temperature>38 °C, with
either cough or sore throat) each week between July 1,
2023 and June 30, 2024. Specimens were immediately
stored at -20 °C and transferred to the Influenza Surveil-
lance Network Laboratory of the Taiyuan CDC within
24 h for influenza virus nucleic acid testing.

Influenza a virus quantification in wastewater

Based on Lee’s method, the quantification of influenza
A virus was performed by constructing a standard curve
using a dilution series of a qualified reference material on
a PCR platform and evaluating linearity against corre-
sponding threshold cycle (Ct) values [11, 12]. Specifically,
5-fold serial dilutions of reference material of inactivated
influenza A viruses (pH1N1 and H3N2) (China National
Sharing Platform for Reference Materials, Beijing, China)
were used to generate standard curves (Supplementary
Tables S1 and Figure S2). The series contained 10* to
10! copies per reaction, and each level ran at least three
times. The HA gene viral load per reaction was calcu-
lated by interpolation to the respective standard curve
(Supplementary Figure S2). In this process, total RNA
from two reference materials (pH1N1 and H3N2) was
extracted using a MGIEasy RNA Extraction Kit (MGI,
Shenzhen, China) in an MGISP-960 Fully Automatic
Nucleic Acid Extraction Workstation (MGI, Shenzhen,
China), according to the manufacturer’s instructions. HA
gene detection and quantification were conducted using
the Influenza A Virus pH1IN1 (2009) and H3N2 Nucleic
Acid Detection Kit (BioPerfectus, Taizhou, China). The
PCR cycling parameters were set up according to the
instructions: 50 °C for 30 min and 95 °C for 5 min, fol-
lowed by 45 cycles of 94 °C for 10 s and 55 °C for 40 s
in a CFX96 Real-time Thermal Cycler (Bio-Rad, Hercu-
les, CA). The Ct values were determined using the default
algorithm in CFX Manager Software 3.1 (Bio-Rad, Her-
cules, CA, USA). Positive internal controls (reagent kit)
and non-template controls (H,0) were included in each
run.; Each sample undergoes at least 3 repeated experi-
ments to ensure accuracy. Standard curves are con-
structed in Microsoft Excel (Version: Microsoft Office
Professional 2016), and only the standard curve with an

R?-value greater than 0.99 is valid; otherwise, it is invalid
(Supplementary Figure S2).

Polyethylene glycol precipitation was used for total
RNA extraction from wastewater specimens according
to Torii’s method [13]. Specifically, 80 ml of wastewa-
ter were first centrifuged (2,500 g at 4 ‘C for 1 min) to
remove solid impurities, and then 8 g of polyethylene
glycol 8000 (PEG 8000) and 1.8 g of sodium chloride
(NaCl) were added, followed by vortexing and centrifu-
gation (12,000 g at 4 °C for 2 h). After removing the
supernatant, the precipitate was washed with 1 ml of
TE buffer, and the resulting solution was used to con-
centrate viruses. The concentrates were stored at -80 °C
until downstream analysis, unless analyzed on the same
day; The experimental process of nucleic acid extraction
and PCR amplification was identical to that of standard
curves (pHIN1 and H3N2). The quality of the extracted
RNA was checked with a Qubit 4 fluorometer (Invitro-
gen, Singapore). An in-house control (positive internal
control) and non-template controls were included at all
stages of sample processing (virus isolation, nucleic acid
extraction, and amplification) to assess potential inhibi-
tion and cross-contamination. Following the instruc-
tions of the reagent kit, a positive result was defined as
a Ct value<42, and the in-house control was defined as
a Ct value within 2 times the standard deviation to prove
the effectiveness of the experiment, otherwise, the result
was considered invalid. Each sample was tested at least
three times and treated without any pasteurization to
inactivate viruses in the wastewater to reduce virus loss.
In order to maintain consistency and minimize human
error, most of the sample processing steps were per-
formed by a liquid handling robot (MGISP-960).

Influenza a virus detection in respiratory specimens

Original throat swab samples were collected from outpa-
tients with ILI and immediately placed in non-inactivated
Hank’s medium tubes. The RNA extraction and nucleic
acid detection were carried out using the same reagent
kit as those used in wastewater experiments, and the
program settings were also the same as previously men-
tioned. PCR cycling parameters were set up according to
the instructions in a CFX96 Real-time Thermal Cycler
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(Bio-Rad, Hercules, CA). A positive result was defined as
a threshold cycle (Ct) value<42, and a positive internal
control was defined as a Ct value<30.

Influenza a virus whole-genome sequencing

Among the positive respiratory samples, those with Ct
values less than 30 were used for whole genome sequenc-
ing. Viral RNA was extracted by the same procedure as
previously mentioned, and the quality of the extracted
RNA was checked through a Qubit 4 Fluorometer (Invi-
trogen, Singapore). IAVs’ gene capture was prepared
using an ULSEN Ultra-Sensitive Influenza Virus Whole-
Genome Capture Kit (MicroFuture, Beijing, China). The
capture PCR cycling parameters were set up according to
the instructions: 42 °C for 60 min and 94 °C for 2 min,
followed by 45 cycles of 94 °C for 30 s, 57 °C for 30 s and
68 °C for 3 min in a T100 Thermal Cycler (Bio-Rad, Her-
cules, CA). Paired-end libraries for the MiniSeq platform
were prepared using a Nextera XT DNA Library Prep
Kit (Illumina, San Diego, California, USA), the libraries
cycling parameters were set up according to the instruc-
tions: 72 °C for 3 min and 95 °C for 30 s, followed by 12
cycles of 95 °C for 10 s, 55 °C for 30 s and 72 °C for 30 s in
a T100 Thermal Cycler (Bio-Rad, Hercules, CA). Genome
sequencing was performed using a 300-cycle (2x150-bp
paired-end) MiniSeq V2 Reagent Kit via the MiniSeq
platform (Illumina, San Diego, California, USA) accord-
ing to the manufacturer’s protocols.

Genome assembly and analysis

Genome segments were assembled using Microflu-
Analyzer High-throughput Sequencing Data Analy-
sis software (Version: 1.0.4.9) (MicroFuture, Beijing,
China). Low-quality reads in demultiplexed data were
removed. The genome sequences of 2023-2024 vaccine
representative strains (A/Wisconsin/67/2022 and A/
Darwin/9/2021) and various subtype reference strains
were used to construct evolutionary tree by using the
neighbor-joining method (kimura two-parameter model)
of the MEGA 11 software (Version: 11.0.13). Multiple
nucleotide, and amino acid sequence alignments were
constructed using the ClustalW accessory application in
the BioEdit sequence alignment editor (Version 7.2.5.27).
A/Wisconsin/67/2022 (pHIN1) and A/Darwin/9/2021
(H3N2) were identified via alignment with MEGA soft-
ware to analyze the amino acid difference sites. The data
presented in the study were deposited in the GISAID
repository (https://gisaid.org/), the accession numbers
are listed in Supplementary Table S2, and all reference
sequences were downloaded from the GISAID database
(accession number list in Table S3).
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Protein structure modeling

HA gene sequences obtained in this study were ana-
lyzed using the FluSurver (v1) mutations tool (https://g
isaid.org/) that predicts mutation effects. HA mutations
predicted to be of high phenotypic consequence (levels
2 and 3) were mapped to the influenza HA protein crys-
tal structures (PDB:7KNA of pHIN1, 4WE8 of H3N2).
The HA antigenic sites, as defined in Liu’s paper [14],
were overlaid onto protein structures. Structure models
were visualized and manipulated using SWISS-MODEL
(https://swissmodel.expasy.org/).

Results

Influenza in wastewater

A total of 520 samples were collected from 5 WTPs
during the period of July 1, 2023, to June 30, 2024. The
pHINT1 virus was detected from week 11 to 22 of 2024,
with a concentration ranging from 0.63 copies/ml to 8.17
copies/ml (Fig. 1A). The epidemic of pHIN1 was char-
acterized by a sporadic distribution, not accompanied
by a markedly clustered outbreak. The H3N2 virus was
detected continuously from week 41, 2023, to week 16,
2024, with a virus concentration ranging from 0.35 cop-
ies/mL to 51.81 copies/mL (Fig. 1B). Unlike pH1N1, the
epidemic of H3N2 started early, peaked at week 49 in
2023, and began to decline at week 50, while pHIN1 was
not detected (Fig. 1B). During the same period, although
pHIN1 and H3N2 viruses coexisted, the content of the
pHIN1 virus in wastewater was significantly less than
that of H3N2 (Fig. 1A and B).

Influenza in outpatients with influenza-like illness

During the study period, a total of 1,203 outpatients
provided respiratory specimens for influenza virus test-
ing at the FHSMU. In detail, 135 (11.2%) tested positive
for IAVs, including 16 for pHIN1 and 119 for H3N2,
with an overall positive rate of 1.3% and 9.9%, respec-
tively (Fig. 1C and D). For pHINI, positive cases were
mainly detected in week 11 to week 22 of 2024 with a
characteristic of dispersed distribution (Fig. 1C). The
earliest occurrence of H3N2 infection occurred in week
11, peaked at week 49, and began to decline in the fol-
lowing weeks (Fig. 1D). The positive rates of influenza
A viruses in different months were statistically signifi-
cant (x2=279.489, p<0.001) (Table 2). The positive rates
of IAVs in males and females were 10.6% and 11.8%,
respectively (x2=0.438, p=0.508) (Table 2). The positive
rates of IAVs in different age groups were 8.9% for 0-20
years; 12.3% for 21-40 years; 10.9% for 41-60 years, and
9.6% for those above 60 years, respectively (x2=2.238,
p=0.524) (Table 2).
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Fig. 1 Concentrations of IAV RNA in wastewater and comparison to designated hospital percent positivity data in Taiyuan city between 2023 and 2024.
(A) pHTN1 RNA concentrations; (B) H3N2 RNA concentrations; (C) Laboratory-recognized infections and detection rate of pH1N1 viruses; (D) Laboratory-
recognized infections and detection rate of H3N2 viruses. Average, weighted average of viral concentrations of five WTPs; Error bars: standard deviation

Genetic characterization of influenza viruses

In whole genome sequencing experiments, 17 strains
were successfully sequenced (all 8 gene fragments),
including 5 of pHIN1 and 12 of H3N2. In pHINI, the
nucleotide similarity of 8 gene fragments from 5 Taiyuan
strains ranged from 99.2 to 100% (Table 3, pHIN1). All
of the 5 pHINI1 strains’ HA gene segments belonged to
genetic clade 6B.1 A.5a.2a.1 (Fig. 2, HA). Compared with
the WHO-recommended pHIN1 vaccine strain A/Wis-
consin/67/2022 (2023-2024), the nucleotide similarity of
the 8 gene segments varied from 97.9 to 100% (Table 3,
pHIN1). Additionally, the evolutionary distances of HA,

NA, MP, PA, NP, NS, PA, PB1, and PB2 genes in the 5
sequences were 0.015-0.017, 0.009-0.014, 0-0.003,
0.010-0.012, 0.006-0.009, 0.024-0.027, 0.011-0.013, and
0.017-0.018, respectively, compared with A/Wiscon-
sin/67/2022 (Fig. 2).

In H3N2, the nucleotide similarity of 8 gene frag-
ments from 12 Taiyuan strains ranged from 96.2 to 100%
(Table 3, H3N2). All of the 12 Taiyuan H3N2 strains
belonged to the genetic clade 3 C.2alb.2a.2a.3a.a (Fig. 3,
HA). Compared with the WHO-recommended H3N2
vaccine strain A/Darwin/9/2021 (Northern Hemisphere,
2023-2024), the nucleotide similarity of the 8 gene
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Table 2 The positive rate of nucleic acid testing and composition characteristics of influenza in Taiyuan between 2023-2024
Variables Specimens number (n) pH1N1 H3N2 IAVs (pHTN1 +H3N2)
Positives (n)  Positive rate (%) Positives(n) Positive rate (%) Positives(n) Positive rate (%)

Month

Jul-Sep 2023 267 0 0 0 0 0 0
Oct 2023 88 0 0 10 114 10 114
Nov 2023 101 0 0 47 46.5 47 46.5
Dec 2023 110 0 0 43 39.1 43 39.1
Jan 2024 109 0 0 16 14.7 16 14.7
Feb 2024 96 1 1.0 3 3.1 4 4.2
Mar 2024 110 4 36 0 0 4 36
Apr 2024 110 3 2.7 0 0 3 2.7
May 2024 113 8 7.1 0 0 8 7.1
Jun 2024 99 0 0 0 0 0 0.0
Gender

Male 549 5 0.9 53 9.7 58 10.6
Female 654 M 1.7 66 10.1 77 11.8
Age

0-20 179 1 0.6 15 84 16 89
21-40 682 10 15 74 10.9 84 123
40-60 165 4 24 14 85 18 109
61- 177 1 0.6 16 9.0 17 9.6

Table 3 Similarity analysis of the whole genome of influenza a virus in this study

Gene Protein Sequence similarity between Taiyuan strains (pH1N1 or H3N2) (%) Similarity compared to vaccine
strains* (%)
Nucleotides Amino acid Nucleotides Amino acid
pHTN1
HA HA 99.6-100 99.6-100 97.9-98.2 97.9-98.1
NA NA 99.2-100 99.3-100 98.5-99.0 98.5-98.7
MP M1 99.7-100 100 99.4-99.7 100
M2 100 100 99.6 100
NP NP 99.7-100 100 97.4-97.5 98.9
NS NS1 99.5-100 99.5-100 99.0-99.3 99.0-99.5
NEP 99.7-100 100 98.9-100 983
PA PA 99.7-100 99.5-100 98.7-100 98.8-99.1
PA-X 99.5-100 99.5-100 98.2-98.7 98.2-98.6
PB1 PB1 99.6-100 99.8-100 98.7-98.9 99.6-99.7
PB2 PB2 99.7-100 100 98.2 99.6
H3N2
HA HA 98.7-100 98.4-100 97.9-98.2 97.3-98.0
NA NA 99.0-100 98.9-100 98.9-99.2 98.9-99.3
MP M1 98.4-100 100 98.5-99.8 99.6
M2 96.2-100 94.8-100 96.9-99.3 94.8-98.9
NP NP 99.1-100 99.7-100 97.7-98.1 98.9-99.1
NS NS1 97.2-100 95.2-100 97.4-99.2 95.6-99.5
NEP 97.1-100 94.8-100 97.2-99.5 95.2-99.6
PA PA 99.1-100 99.4-100 97.9-98.1 98.4-98.8
PA-X 99.2-100 99.2-100 97.7-98.0 96.8-98.0
PB1 PB1 99.0-99.9 99.7-100 98.8-99.1 99.4-99.6
PB2 PB2 98.9-100 99.6-100 97.5-98.0 99.2-994

Note: [*] Vaccine strain: A/Wisconsin/67/2022 (pH1N1) and A/Darwin/9/2021 (H3N2)
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Fig. 2 Phylogenetic analysis of pHTN1 viruses circulating in Taiyuan city during 2023-2024 (black triangles) compared with the Northern Hemisphere
vaccine strain A/Wisconsin/67/2022 (white circle) and reference sequences of other branches. Using the Kimura two-parameter model of the Neighbor-
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Fig. 3 Phylogenetic analysis of H3N2 viruses circulating in Taiyuan city during 2023-2024 (black triangles) compared with the Northern Hemisphere vac-
cine strain A/Darwin/9/2021 (white circle) and reference sequences of other branches. Using the Kimura two-parameter model of the Neighbor-joining
method of the MEGA 11.0.13 software to construct the evolutionary tree of eight gene segments of IAV. The reliability was run by bootstrap analysis with
1000 replications. The bootstrap value is hidden if it is less than 80. HA, hemagglutinin. NA, neuraminidase. HA, hemagglutinin. NA, neuraminidase. MP,
matrix protein. NP, nucleoprotein. NS, nonstructural. PA, polymerase acidic. PB1, polymerase basic 1. PB2, polymerase basic 2
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segments varied from 96.9 to 99.8% (Table 3, H3N2).
The amino acid similarity of the encoded protein was
the lowest at 94.8% and the highest at 99.8% (Table 3,
H3N2). Additionally, the evolutionary distances of the
HA, NA, MP, NP, NS, PA, PB1, and PB2 genes in the 12
sequences were 0.018-0.021, 0.007-0.010, 0.001-0.014,
0.019-0.023, 0.007-0.026, 0.018—0.020, 0.008-0.010, and
0.020-0.025, respectively, when compared with A/Dar-
win/9/2021 (Fig. 3).

Amino acid variant analysis

Using the recommended numbering scheme for influ-
enza HA subtypes, compared with A/Wisconsin/67/2022
and A/Darwin/9/2021 (the vaccine strains), we identified
nine non-synonymous mutations in the HA amino acid
sequence of pHINI, and 21 in H3N2 (Supplementary
Tables S4-S5). In this study, in H3N2, a N138D mutation
was found in HA 140-loop, which has removed a poten-
tial N-glycosylation site at position 138, and it may also
affect the antigenic and other properties of this strain
(Fig. 4). Of these mutations, one mutation (N138D) in
H3N2 was predicted to be of high phenotypic conse-
quence (FluSurver tool interest levels 2). We mapped this
mutation of interest to the antigenic sites of influenza
HA protein crystal structures (Fig. 4). For NA proteins,
we identified 10 mutation sites in pHIN1 and 11 sites in
H3N2 (Supplementary Tables S4-S5), and no mutations
in catalytic active sites or drug resistance were found
[15]. 28 mutations were found on other protein sites in
pHIN1, including: 5 sites in NP, 2 sites in NS1, 2 sites
in NEP, 8 sites in PA, 5 sites in PA-X, 3 sites in PB1, and
3 sites in PB2 (Supplementary Table S4). In H3N2, 88
amino acid sites were found to be mutated in the other
proteins, including: 1 site in M1, 5 sites in M2, 6 sites in
NP, 12 sites in NS1, 17 sites in NEP, 15 sites in PA, 9 sites
in PA-X, 9 sites in PB1, 7 sites in PB1-F2, and 9 sites in
PB2 (Supplementary Table S5).

Discussion
Influenza remains one of the major public health con-
cerns because it causes annual epidemics and can
potentially instigate a global pandemic. In this study,
WTP-based and hospital-based epidemiology have all
been used to determine human influenza A virus infec-
tion rates and epidemic characteristics in Taiyuan.
Wastewater-based epidemiology can be used to obtain
information on the circulation of influenza viruses city-
wide without the need to test many people, as a single
wastewater sample is representative of an entire com-
munity [8]. We were able to estimate trends in infection
incidence and quantify the effective reproductive number
of the pHIN1 and H3N2 viruses in five WTPs in Tai-
yuan city. In this study, the prevalence of influenza virus
obtained from wastewater was generally similar to that
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in hospitals, and the correlation between viral RNA in
wastewater and case positivity suggested that the relative
concentration of IAVs in wastewater was associated with
local disease incidence (Fig. 1). Therefore, more informa-
tion about local circulating influenza viruses, obtained
from wastewater specimens, can inform local clinical,
public health, and individual decision making. Medi-
cal doctors can use information on circulating viruses to
aid in differential diagnosis and making decisions about
patient specimen testing that could influence the use of
therapeutics.

Previously, it was shown that the delay between the
first detection of IAV RNA and the detection of an epi-
demic in wastewater and clinical data was 9 days [16].
This is in line with our findings, which had a lower reso-
lution, because of wastewater testing at 3-day intervals
(min. 2 days, max. 4 days) and clustering of IAV cases
on a weekly basis. The incidence of IAV positivity in the
population may change rapidly over a period of days [17];
therefore, weekly wastewater collection is not optimal
for accurate monitoring of viruses. In the initial stages
of an IAV epidemic, the number of infected people is
small, and even comprehensive sampling may miss the
virus in the influent water of a WTP. This observation
was obtained in two recently published articles, which
showed that, in the initial stages of IAV epidemics, the
number of positive and negative samples fluctuated daily
in the tested wastewater samples [8, 16]. Similar obser-
vations can also be observed in several monitoring data
sets of SARS-CoV-2 in wastewater [18]. Therefore, fre-
quent composite wastewater sampling and virus detec-
tion are necessary for sensitive and accurate monitoring
of IAV epidemics, but economic factors also need to be
considered.

Hospital-based surveillance also has many advantages
over wastewater, such as the possibility of obtaining epi-
demiological characteristics of ILI cases and isolating live
virus strains for virological studies. In this study, from
July 2023 to June 2024, Taiyuan City’s influenza surveil-
lance network laboratory reported a 11.2% positive rate
of IAV among ILI-cases in the FHSMU, with H3N2 being
the primary prevalent subtype during the winter and
spring seasons (Table 2; Fig. 1). Interestingly, our results
partially differ from a study conducted in the United
States during the same period of time. In Arizona, pHIN1
and H3N2 were co-endemic between October 2023 and
February 2024, but pH1NT1 is the predominantly endemic
strain and contributed the most positive cases [19]. This
indicates that regional differences in influenza still exist
in the context of increasingly frequent personnel travel
and the global spread of the influenza virus.

Outbreaks of IAVs are generally seasonal and cause
annual epidemics worldwide. Due to their frequent
reassortment and evolution, annual surveillance is of
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Fig. 4 Structure of influenza HA proteins and locations of important residues. Mutations predicted by FluSurver as interest levels 2 and 3 (red), and anti-
genic sites (shaded color regions) were mapped to representative crystal structures for H3N2 proteins (PDB: 4WE8)

paramount importance to guide vaccine strategies. Since
the end of the COVID-19 pandemic, a global increase in
influenza virus has been noted worldwide. In this study,
we found that the evolution of the IAVs has not stopped
locally, but the genetic diversity of the strains has sig-
nificantly decreased. In pHIN1, phylogenetic analysis
revealed that the strains identified in this study clustered
with the corresponding vaccine strains (Fig. 2). Although
there are certain genetic differences, they all belong to
the 6B.1 A.5a.2a.1 branch, indicating that the local strains

are relatively homogeneous in genotype and match the
vaccine strain (Fig. 2). In the 2022-2023 influenza sea-
son, pHINI1 viruses in Taiyuan city were mainly located
in the 6B.1 A.5a.2a branch. Now the pH1N1 viruses in
Taiyuan city have evolved from the 6B.1 A.5a.2a branch
to the 6B.1 A.5a.2a.l evolutionary branches (Fig. 2).
In H3N2, unlike the vaccine strain belonging to branch
3 C.2alb.2a.2a, all the Taiyuan strains have evolved into
a new branch belonging to 3 C.2alb.2a.2a.3a.a (Fig. 3).
In addition, two distinct branches were found in the MP
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and NS genes for the first time in H3N2 strains (Fig. 3);
These two branches have been confirmed to exist in other
regions of China (Fig. 3), which suggests that a co-preva-
lence of two different genotypes has evolved among the
H3N?2 strains prevalent in the world. Therefore, although
influenza occurs annually, continuous surveillance is
needed for the early detection of variants that can cause
human pandemics and to guide health authorities in the
proper inclusion of viral lineages in seasonal vaccines.

In this study, the genome of the circulating IAV in
Taiyuan from 2023 to 2024 was characterized. Whole
genome analysis revealed amino acid substitutions across
eight segmented genes (Table S4 and S5). HA is crucial
for the antigenic variation of the influenza virus, and its
heavy chain region contains both antigenic determinants
and receptor binding sites [20]. In detail, the motif at
positions 138—140 changed from NES (glyco) to DES (no
glyco); and a mutation at the position equivalent to HA
138 has been reported in the literature to be related to
antigenic drift / escape mutants and mild drug resistance
[21]. In addition, the isolates accumulated mutations at
several antigenic sites, which may reduce the protective
efficacy of the vaccine. In the context of our study, this
indicates that the protective efficacy of the 2023-2024
H3N2 vaccine is likely reduced due to mutations in the
antigenic sites of the HA protein, particularly if the vac-
cination rate in China remained at the same level in 2023
as in prior years. Of course, more research is needed to
verify this hypothesis.

Currently, NA, PA, PB1, and PB2 inhibitors are rec-
ognized as specific drugs for the treatment of IAVs. The
function of NA is to cleave the glycosidic bonds between
HA and host cell, allowing virus to be released from the
surface. NA inhibitors (such as oseltamivir, zanamivir
and peramivir) can specifically bind to the NA active site,
inhibit NA activity, and inhibit the release of the IAV. NA
plays a critical role in the release stage, and mutational
analysis showed NA might be associated with viral entry
via amino acids residues R118, E119, D151, R152, W178,
1222, E227, E276, R292, and R371 [15]. In this study, we
did not find any amino acid mutations occurring at the
active site mentioned above, whether in the pHIN1 or
H3N2 strains in Taiyuan (Supplementary Table S4 and
S5). Assembly of the PB1, PA, and PB2 into the poly-
merase complex is a prerequisite for virus replication.
Amino acid residues in the N-terminal (1-196 amino
acids) of PA play a key role in endonuclease activity, pro-
tein stability and promoter binding. PA inhibitors are cur-
rently important specific drugs for treating influenza, and
their sites of action are T20, F24, M34, N37, and 138 [22].
None of the Taiyuan pH1N1 and H3N2 strains examined
in this study had mutations at these sites, which indicates
that the relevant medications are still available for the
treatment of influenza. In the previous work of Sugiyama
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and colleagues, the key residues determining the PB1-
PB2 interface were identified, including L695, F699,
V715, V719, A722, 1746 andl750 located at the C-termi-
nal end of PB1 [23]. Meanwhile, inhibition of the bind-
ing of PA endonuclease and PB2 cap is an effective means
to develop influenza virus-targeted drugs. PB1 gene can
also undergo mutations that enhance replication ability,
such as D27V/N and N44Q, and PB2 binds to the cap
structure through Q325, W359, and Y434 alleles [24]. In
this study, none of the Taiyuan pH1N1 and H3N?2 strains
had mutations in these sites either. Although no amino
acid mutations were found at the active site, we still
found over 10 mutation sites at other positions whether
on pHIN1 or H3N2 (Supplementary Table S4 and S5),
and with the continuous mutation of the influenza virus
genes, it may reduce the binding of the inhibitor to NA
and PA, and reduce the virus’s sensitivity to the inhibitor,
resulting in drug-resistant mutants that make the treat-
ment of influenza more challenging.

Our results demonstrate that although influenza is
a respiratoryly transmitted disease, wastewater-based
influenza surveillance is an effective method for analyz-
ing the epidemic characteristics of influenza viruses in
the environment. We analyzed the influenza epidemic
and gene evolution variation in Taiyuan from 2023 to
2024, showing that the antigenic epitopes of the H3N2
influenza virus have partially mutated and formed new
variants. Furthermore, the 17 nucleic acid and protein
sequences in Taiyuan have undergone some variation,
displaying differences in variation sites, homology, evo-
lutionary characteristics, and genetic distances. This sug-
gests that the pH1N1 and H3N2 strains are still evolving
and mutating; thus, further strengthening of influenza
surveillance is needed.
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