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Background: Influenza A viruses (IAVs) are significant pathogens with complex transmission dynamics in aquatic ecosystems, yet
their persistence, evolutionary relationships, and associations with environmental microorganisms remain poorly understood. This
study aimed to elucidate the phylogenetic characteristics and ecological associations of IAV in freshwater and seawater ecosystems
in Eastern China to inform public health strategies.
Methods: Water samples were collected from three freshwater lakes and a coastal seawater site. Viral particles were concentrated,
and nucleic acids were extracted for metatranscriptomic and metagenomic sequencing. Phylogenetic analyses, population dynam-
ics assessments, and microbial association networks were constructed using bioinformatic tools. Statistical tests, including Tajima’s
D and Fu and Li’s tests, were applied to evaluate evolutionary trends.
Results: IAV fragments in seawater showed high homology with recent human H3N2 strains from North America (2021–2024),
while freshwater-derived fragments aligned with historical avian strains from Asia. Microbial association networks revealed
significant associations between IAV and environmental bacteria (e.g., Brevundimonas aurantiaca) and fungi (e.g., Thamnidium),
implying potential ecological associations that may underpin viral persistence. Freshwater environments with higher abundances
of Uroviricota exhibited more frequent IAV detection. PERMANOVA confirmed distinct overall microbial community composi-
tions in IAV-positive versus IAV-negative samples across both freshwater and seawater ecosystems (p<0:05).
Conclusion: Aquatic ecosystems, particularly freshwater habitats, may serve as reservoirs for IAV persistence and evolution, driven
by complex microbial associations. Regional disparities in viral strain origins highlight the role of migratory waterfowl and
environmental transmission routes. Integrated surveillance of aquatic IAV dynamics is critical to anticipate zoonotic risks and
mitigate future outbreaks.
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1. Background

Influenza A viruses (IAVs) are negative-sense, single-stranded,
and segmented RNA viruses with a genome consisting of
eight segments: PB1, PB2, PA, NP, M, NS, hemagglutinin
(HA), and neuraminidase (NA) [1]. Based on the antigenicity
of the membrane glycoproteins HA and NA, IAV can be
classified into 18HA subtypes (H1–H18) and 11 NA subtypes
(N1–N11), resulting in 198 potential subtype combinations
[2]. The distribution and persistence of IAV in the environ-
ment are critical factors influencing its transmission among
wildlife, livestock, and humans [3]. Many lines of evidence
suggest that IAV can survive in water, with its persistence
influenced by factors such as temperature, ultraviolet light,
pH, chemical agents, and organic matter, as well as variations
in survival capabilities among different virus strains [4–6].
Waterfowl are the primary reservoirs of IAV, withmost strains
affecting mammals originating from avian gene pools [7].
However, current research on IAV in wild bird populations
has primarily focused on the birds themselves, with limited
investigation into the role of the environment as a source of
viral transmission and persistence.

The concept of environmental genomics was first pro-
posed by Schmidt, and later developed into metagenomics
by Handelsman, utilizing Illumina technology to study the
genomes present in specific environments [8]. This approach
has been widely applied in research onmicrobial diversity. The
ocean, being the largest ecosystem on Earth, plays a significant
role in nutrient and energy cycling through its microbial popu-
lations [9]. However, research on IAV in other aquatic envir-
onments, such as rivers, lakes, and wastewater, remains
relatively scarce. Therefore, to effectively monitor IAV, under-
standing the stability of viral particles in feces and environ-
mental water, along with their transmission mechanisms and
infection potential, is an important area of investigation.

2. Methods

2.1. Sample Collection and Virus Particle Concentration.
Sampling stations were established in Eastern China, including
15 freshwater sites (five in each of three lakes) and eight sea-
water sites. At each sampling point, a single water sample
comprising 3 L was collected. Sampling was conducted once
at each point during the months of January–March 2023 for
freshwater sites and January–March 2024 for the seawater site.
Water samples were collected 0.5m below the surface, yielding
3 L per point, filtered through a 0.22µmmembrane, andmixed
with AlCl3 (final concentration: 20mg/L) to precipitate viral-
like particles. The precipitate was resuspended in ascorbic acid
buffer (pH= 6.0) after filtration. DNase I (10 U/mL) and
RNase A (1U/mL) were added to digest exogenous nucleic
acids, and the reaction was terminated with 100mM EDTA
and EGTA. The supernatant was collected by centrifugation at
2000 g for 5min and stored at −20°C for subsequent viral
DNA extraction.

2.2. Nucleic Acid Extraction and Sequencing. For metage-
nomic analysis, viral DNA was extracted using the MiniBEST
Viral DNA Extraction Kit (TaKaRa). For metatranscriptomic

analysis, total RNA was extracted using the mirVana RNA
Isolation Kit (Thermo Fisher Scientific), following the manu-
facturer’s instructions. Extracted RNAwas converted to cDNA
using the Maxima First Strand cDNA Synthesis Kit (Thermo
Fisher Scientific), with oligo (dT) primers to selectively syn-
thesize cDNA from viral RNA genomes. The resulting cDNA
was amplified using the illustra Ready-To-Go GenomiPhi V3
DNAAmplification Kit (GEHealthcare). Metagenomic librar-
ies were constructed using the NEB Next Ultra DNA Library
Prep Kit for Illumina (New England Biolabs) and sequenced
on the Illumina NovaSeq 6000 platform, yielding 150 bp
paired-end files with a depth of approximately 10Gb.

2.3. Contig Assembly and Species Annotation. Sequencing
adapters were removed and low-quality nucleotides trimmed
using the cutadapt tool (https://cutadapt.readthedocs.io/en/sta
ble/). In the contig assembly process, DNA-matching reads
were computationally subtracted from the RNA reads to min-
imize the influence of DNA contaminants on the metatran-
scriptomic analysis. Specifically, all unique 30-mers from the
DNA libraries were collected, and RNA reads matching these
30-mers were excluded from downstream virus genome
assembly using a k-mer based approach. This computational
subtraction ensures that the viral contigs assembled from the
RNA reads primarily reflect active viral transcription. Uni-
genes were aligned against bacterial, fungal, archaeal, and viral
sequences from the National Center for Biotechnology Infor-
mation (NCBI) NR database (Version: 2023-03-01) using
DIAMOND software (blastp, e-value≤ e–5). The LCA
algorithm was employed to categorize sequences based on
the first branching level, and abundance information was
calculated for taxonomic levels.

2.4. Similar Sequence Acquisition and Phylogenetic Tree
Construction. Strain sequences were obtained from the NCBI.
The BLAST function on the NCBI website (https://blast.ncbi.
nlm.nih.gov/) was used to include all strains closest to each
viral protein gene segment detected in the water. Multiple
sequence alignment was performed using the muscle
program in MEGA11.0, and the best-fit substitution model
was calculated. Phylogenetic trees for various segments from
metatranscriptomics and metagenomics were constructed
using the neighbor-joining method and 1000 bootstrap
replications. To ensure robustness, branches with bootstrap
support values < 50% were pruned from the final tree figures,
retaining only nodes with ≥ 50% support.

2.5. Population Dynamics Analysis. Similar sequence seg-
ments obtained from BLAST were summarized by region
and sequencing time to explore population dynamics trends.
Trends in the detection of different IAV subtypes from
metagenomic data were analyzed, and Tajima’s D, Fu and
Li’s D, and F-values were calculated using DnaSP software
for detected segments.

2.6. Microbial Association Network Construction and Testing.
Microbial operational taxonomic units (OTUs) were selected
using the QIIME 1.8.0 software. Samples were divided based
on the presence or absence of IAV sequences, constructing
microbial association networks using OTU abundance data.
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FIGURE 1: Continued.
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Only OTUs observed in at least three samples were included
for metatranscriptomics, while for metagenomics, OTUs
observed in at least half of the samples were considered.

Using abundance data, Spearman correlation coefficients
for all possible microbial associations were constructed. Anal-
yses were conducted using the “Hmisc” and “igraph” packages
in R. Significant pairwise relationships were used in network
construction, visualized using Gephi 0.10.1.

3. Results

3.1. Detection of IAV. In this study, the freshwater samples
were collected from Jin Lake, Baima Lake, and Hongze Lake in
Huai’an City, Jiangsu Province, while the seawater samples
were obtained from the coastal area of Wenling, Taizhou
City, Zhejiang Province. The sampling period was from Janu-
ary to March 2023 for freshwater and from January to March
2024 for seawater (Figure 1a). Five sampling points were estab-
lished in each of the three freshwater lakes, and eight sampling
points were set up in the seawater area (Figure 1b,c). Through
metatranscriptomic sequencing, a total of 14 unigenes were
obtained from the seawater samples; in the freshwater samples,
IAV was detected only in Hongze Lake, yielding one unigene.
Metagenomic sequencing revealed that only one seawater
sample contained IAV gene fragments, resulting in two uni-
genes. Among the freshwater samples, IAV gene fragments
were detected in Jinhu and Hongze Lakes, excluding Baima
Lake, producing a total of 10 unigenes. The lengths of all uni-
genes ranged from 150 to 347 bp, and no identical sequences
were found between the freshwater lakes or between the fresh-
water and seawater samples.

3.2. Phylogenetic Analysis Fragments. BLAST comparisons
indicated that all detected IAV fragments from the metatran-
scriptome were highly similar to H3N2 strains circulating over
the past 3 years, primarily distributed in North America, Asia,
and Europe, with the majority from the United States. Some
detections were also noted in Nicaragua, South America, while
no related strains have been found in Africa or Australia. Most

similar fragments were of human origin (Figure 2a,b). The
variation in the number of detected similar fragments allowed
us to broadly outline the spatiotemporal changes of the asso-
ciated subgroups (Figure 2c).

In contrast, all IAV fragments obtained frommetagenomic
sequencing exhibited a wide temporal range of similar strains,
with some strains dating back to the 1960s (Figure 3a). These
strains were detected globally, primarily in Asia, Europe, and
North America (Figure 3b). Most similar fragments were of
avian origin, including those fromCygnus olor,Anser albifrons,
and Anas clypeata. Additionally, some strains originated from
mammals such as humans, foxes, and tigers. We not only
outlined the spatiotemporal changes of the related subgroups
(Figure 3c), but also clarified the impact of short-term fluctua-
tions of different subtypes on the dominance of these sub-
groups (Figure 3d).

To avoid confusion, we validated the dynamic changes of
the aforementioned subgroups using Fu and Li’sD and F tests,
as well as Tajima’s test, with results generally consistent with
previous descriptions (Table 1).

3.3. Association Network Construction and Features. The sig-
nificant OTU–OTU relationship network based on species-
level abundance derived from the metatranscriptome dataset,
which detected IAV fragments, contained 532 nodes and 6203
edges, with 4961 positive associations and only 1242 negative
associations. Notably, we observed a significant positive asso-
ciation between Brevundimonas aurantiaca and the detection
of IAV. In the network, IAV formed a community with envi-
ronmental bacteria such as Paraburkholderia xenovorans,
Clostridioides difficile, Pseudomonas japonica, and Gamma-
proteobacteria bacterium. In the network constructed from
the water dataset that did not detect IAV fragments, there
were 885 nodes and 31,458 edges, with 31,072 positive associa-
tions and only 386 negative associations.

The network based on genus-level abundance derived
from the metagenomic dataset that detected IAV fragments
included 2746 nodes and 99,845 edges, with 59,852 positive
associations and 39,993 negative associations. Importantly, we
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FIGURE 1: Sampling locations and detection of IAV in freshwater and seawater samples. (a) Map of the study area indicating the collection
sites for freshwater samples from Jin Lake, Baima Lake, and Hongze Lake in Huai’an City, Jiangsu Province, and seawater samples from the
coastal area of Wenling, Taizhou City, Zhejiang Province. Freshwater samples were collected from January to March 2023, while seawater
samples were collected from January to March 2024. (b) Detailed sampling points within Jin Lake, Baima Lake, and Hongze Lake, with five
designated sampling locations for each freshwater lake. (c) Sampling points established in the coastal seawater area, showing eight designated
locations for seawater sampling.
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India

Nicaragua
China
Germany

Japan
Freshwater2022 2024

A/Rhode Island/79/2022/H3N2
A/Connecticut/03/2023/H3N2
A/Hawaii/57/2023/H3N2
A/USA/PV81191/2022/H3N2
A/China/221/2023/H3N2
A/environment/Northern Ireland/27/2022/H3N2
A/Florida/71/2023/H3N2
A/Human/New York City/PV86815/2023/H3N2
A/Wisconsin/25/2024/H3N2
A/Ohio/37/2023/H3N2
A/Florida/ISC-1160/2024/H3N2
A/Kentucky/06/2023/H3N2
A/Hawaii/27/2023/H3N2
A/New Mexico/40/2023/H3N2
A/Hawaii/23/2023/H3N2
A/Pennsylvania/43/2023/H3N2
A/South Dakota/37/2024/H3N2
A/Hawaii/21/2023/H3N2
A/New Mexico/18/2024/H3N2
A/Colorado/53/2024/H3N2
A/China/218/2023/H3N2
Contig 19 length 206 cov 1.258278/H3N2/HA
A/New Mexico/USAFSAM-13781/2022/H3N2
A/Rheinland-Pfalz/USAFSAM-14052/2023/H3N2
A/USA/10048748047/2022/H3N2
A/United Kingdom/GSTT IAV D3/2023/H3
A/United Kingdom/GSTT IAV ED17/2022/H3
A/Human/New York City/PV63247/2022/H3N2
A/India/COV-182/2023/H3N2
A/India/RES-2023/2022/H3N2
A/Washington/25/2023/H3N2
A/Michigan/UOM10048848312/2022/H3N2
A/India/PGIMER 37314/2023/H3N2
A/Michigan/UOM10048958779/2022/H3N2
A/Kentucky/16/2023/H3N2
A/Missouri/03/2024/H3N2
A/North Carolina/IVY-G43S01L7/2024/H3N2
A/New York City/PV86815/2023/H3N2
A/Arizona/USAFSAM-13664/2022/H3N2
A/Washington/39/2024/H3N2
A/Utah/37/2022/H3N2
A/Alaska/USAFSAM-13810/2022/H3N2
A/Okinawa/USAFSAM-14073/2023/H3N2
A/Rheinland-Pfalz/USAFSAM-14140/2023/H3N2
A/United Kingdom/GSTT IAV ED109/2022/H3
A/Tennessee/21/2024/H3N2
A/Texas/29/2024/H3N2
A/Washington/27/2024/H3N2
A/Wisconsin/57/2024/H3N2
Contig 2 length 347 cov 1.760274/H3N2/HA
Contig 5 length 319 cov 1.780303/H3N2/HA

2022
2023

2024
Year Country

USA
UK

Germany
China

India
Japan

Seawater

Contig 3 length 345 cov 1.913793/H3N2/NP
A/Tokyo/13424/2022/H3N2
A/Virginia/04/2022/H3N2
A/Rheinland-Pfalz/USAFSAM-13897/2022/H3N2
A/Okinawa/USAFSAM-14108/2023/H3N2
A/Michigan/UOM10048587354/2022/H3N2
A/Utah/15/2023/H3N2
A/California/154/2022/H3N2
A/Tennessee/19/2024/H3N2
A/WA/18843/2022/H3N2
A/Hawaii/21/2023/H3N2
A/Michigan/UOM10045525937/2022/H3N2
A/United Kingdom/12666/2022/H3N2
A/Bayern/USAFSAM-13482/2022/H3N2
A/Arizona/02/2023/H3N2
A/Vermont/21/2022/H3N2
A/Okinawa/USAFSAM-14146/2023/H3N2
A/United Kingdom/GSTT IAV ED65/2023/H3
A/Colorado/35/2023/H3N2
A/Alaska/USAFSAM-14031/2022/H3N2
A/Rheinland-Pfalz/USAFSAM-13819/2022/H3N2
A/Rheinland-Pfalz/USAFSAM-14064/2023/H3N2
A/Okinawa/USAFSAM-14073/2023/H3N2
A/Darwin/9/2021/H3N2
A/USA/10048847211/2022/H3N2
A/Rheinland-Pfalz/USAFSAM-14139/2023/H3N2
A/Okinawa/USAFSAM-14145/2023/H3N2
A/United Kingdom/GSTT IAV ED39/2022/H3
A/Michigan/UOM10043255300/2021/H3N2
A/Washington/20/2023/H3N2
A/Nicaragua/727311.NP/2022/H3N2
A/WA/3177X/2022/H3N2
A/Michigan/UM-10052407968/2023/H3N2
A/Arizona/23/2022/H3N2
Contig 6 length 285 cov 1.330435/H3N2/NP
Contig 9 length 254 cov 3.814070/H3N2/NP

2022
2023
2024

Year Country

USA
UK

Nicaragua
Australia

China
Japan

Germany2021 Seawater

A/Michigan/UM-10055682109/2024/H3N2
A/Utah/55/2022/H3N2
A/Utah/61/2022/H3N2
A/Michigan/UOM10048587354/2022/H3N2
A/Vermont/13/2024/H3N2
A/Idaho/30/2024/H3N2
A/New York/49/2022/H3N2
A/Tennessee/21/2024/H3N2
A/Wisconsin/109/2023/H3N2
A/Nebraska/22/2023/H3N2
A/New York/USAFSAM-14544/2024/H3N2
A/Michigan/UM-10056424976/2024/H3N2
A/District Of Columbia/28/2023/H3N2
A/District Of Columbia/35/2023/H3N2
A/Virginia/17/2024/H3N2
A/Missouri/36/2024/H3N2
A/Rhode Island/09/2023/H3N2
A/Alaska/USAFSAM-14031/2022/H3N2
A/Delaware/76/2022/H3N2
A/Hawaii/02/2023/H3N2
A/United Kingdom/GSTT IAV ED65/2023/H3
A/District Of Columbia/07/2023/H3N2
A/Georgia/32/2022/H3N2
A/Tennessee/48/2022/H3N2
A/Hawaii/21/2023/H3N2
A/Rheinland-Pfalz/USAFSAM-14064/2023/H3N2
A/Alaska/21/2022/H3N2
Contig 4 length 330 cov 1.160000/H3N2/PA

2023
2024

Year Country
USA
UK

Germany
China

2022 Seawater

Contig 17 length 219 cov 1.158537/H3N2/PB1
A/Alaska/USAFSAM-14031/2022/H3N2
A/Aomori/USAFSAM-14074/2023/H3N2
A/Darwin/9/2021/H3N2
A/USA/10048847211/2022/H3N2
A/Michigan/UOM10043353240/2021/H3N2
A/Louisiana/01/2023/H3N2
A/Nicaragua/727331.PB1/2022/H3N2
A/Michigan/UOM10048848312/2022/H3N2
A/Pennsylvania/42/2023/H3N2
Contig 16 length 221 cov 1.144578/H3N2/PB1
A/Arizona/USAFSAM-14041/2023/H3N2
A/Aomori/USAFSAM-14075/2023/H3N2
A/USA/10048598708/2022/H3N2
A/Rheinland-Pfalz/USAFSAM-14139/2023/H3N2
A/Michigan/UOM10043388449/2021/H3N2
A/Nicaragua/727320.PB1/2022/H3N2
A/Michigan/UOM10048891090/2022/H3N2
A/Indiana/01/2023/H3N2
A/Colorado/35/2023/H3N2
A/Nicaragua/727230.PB1/2022/H3N2
A/California/39/2023/H3N2
A/Michigan/UOM10043327314/2021/H3N2
A/Okinawa/USAFSAM-14145/2023/H3N2
A/USA/10048858307/2022/H3N2
A/Darwin/6/2021/H3N2
A/Rheinland-Pfalz/USAFSAM-14064/2023/H3N2
A/Maryland/21/2023/H3N2
A/WA/78871/2022/H3N2
A/New Mexico/40/2023/H3N2
A/Maryland/05/2022/H3N2
A/Indiana/17/2022/H3N2
A/Nicaragua/727272.PB1/2022/H3N2
Contig 12 length 233 cov 2.134831/H3N2/PB1
A/Delaware/70/2022/H3N2

2022
2023
2024

Year Country
USA
India

Nicaragua
Australia

China
Japan

Germany2021 Seawater

A/Human/New York City/PV60612/2022/H3N2
A/Nevada/97/2024/H3N2
Contig 18 length 217 cov 1.172840/H3N2/MP
A/Ohio/12/2022/H3N2
A/Delaware/41/2023/H3N2
A/Indiana/06/2022/H3N2
A/Marseille/IHU-000055/2021/H3N2
A/Nebraska/USAFSAM-13758/2022/H3N2
A/Rheinland-Pfalz/USAFSAM-13819/2022/H3N2
A/Rheinland-Pfalz/USAFSAM-14064/2023/H3N2
A/Darwin/9/2021/H3N2
A/USA/10049002958/2022/H3N2
A/Rheinland-Pfalz/USAFSAM-14139/2023/H3N2
A/Okinawa/USAFSAM-14146/2023/H3N2
A/United Kingdom/GSTT IAV ED41/2022/H3
A/Human/New York City/PV63258/2022/H3N2
A/Washington/20/2023/H3N2
A/Nicaragua/727325.MP/2022/H3N2
A/Colorado/39/2023/H3N2
A/Indiana/01/2023/H3N2
A/Michigan/UOM10049045246/2022/H3N2
A/Utah/33/2023/H3N2
A/Arizona/USAFSAM-13660/2022/H3N2
A/Michigan/UOM10043256035/2021/H3N2
A/Rheinland-Pfalz/USAFSAM-13855/2022/H3N2
A/Colorado/42/2022/H3N2
A/Rheinland-Pfalz/USAFSAM-14052/2023/H3N2
A/Michigan/UOM10043410713/2022/H3N2
A/Michigan/UOM10043327314/2021/H3N2
A/United Kingdom/GSTT IAV ED61/2022/H3
A/Michigan/UOM10048344397/2022/H3N2
A/Florida/24/2021/H3N2
A/Idaho/21/2023/H3N2
A/Nicaragua/727271.MP/2022/H3N2
A/Michigan/UM-10052407968/2023/H3N2
Contig 7 length 259 cov 2.794118/H3N2/MP

Country
USA
UK

India
Australia

China
Nicaragua

Japan
Germany

Seawater
2022

2023
2024

Year
2021

A/Texas/13123/2022/H3N2
A/WA/3177X/2022/H3N2
A/Hawaii/27/2023/H3N2
A/California/177/2022/H3N2
A/Georgia/81/2023/H3N2
A/Texas/21/2024/H3N2
A/New York City/PV101139/2023/H3N2
A/Florida/ISC-1157/2024/H3N2
A/Rhode Island/11/2022/H3N2
A/Connecticut/05/2021/H3N2
A/Alaska/USAFSAM-14031/2022/H3N2
A/Rheinland-Pfalz/USAFSAM-14064/2023/H3N2
A/Okinawa/USAFSAM-14073/2023/H3N2
A/Human/New York City/PV63153/2022/H3N2
A/Okinawa/USAFSAM-14145/2023/H3N2
A/Aomori/USAFSAM-14341/2023/H3N2
A/Michigan/52/2023/H3N2
A/Michigan/UM-10055560315/2024/H3N2
A/Gyeonggi/USAFSAM-14626/2023/H3N2
A/Peru/LIM-UPCH-4245/2024/H3N2
A/Hong Kong/EPI0157/2023/H3N2
A/Ohio/38/2023/H3N2
A/South Dakota/35/2024/H3N2
A/Utah/52/2023/H3N2
A/Okinawa/USAFSAM-14875/2024/H3N2
A/Minnesota/ISC-1187/2024/H3N2
A/Human/New York City/PV60747/2022/H3N2
A/New York/33/2023/H3N2
Contig 15 length 221 cov 1.933735/H3N2/NS
A/Iowa/13/2022/H3N2
A/Indiana/07/2022/H3N2
A/human/New York City/PV42751/2022/H3N2
A/Florida/24/2021/H3N2
A/Arizona/09/2022/H3
A/Pennsylvania/HUPB210010/2021/H3N2
A/Florida/11/2021/H3N2
A/Hawaii/35/2022/H3N2
A/Washington/25/2023/H3N2
A/Nicaragua/727232.NS/2022/H3N2
A/Missouri/15/2023/H3N2
A/California/04/2022/H3N2
Contig 8 length 258 cov 0.935961/H3N2/NS
Contig 13 length 228 cov 1.658960/H3N2/NS

Country
USA
Nicaragua

India
South Korea

China
Germany

Japan
Peru

Seawater
Freshwater2022

2023
2024

Year
2021

A/Utah/30/2022/H3N2
A/Ohio/11/2022/H3N2
A/Connecticut/09/2022/H3N2
A/District Of Columbia/18/2022/H3N2
A/Connecticut/05/2021/H3N2
A/Pennsylvania/42/2022/H3N2
A/Human/New York City/PV60670/2022/H3N2
A/California/122/2022/H3N2
A/Delaware/41/2022/H3N2
A/Georgia/32/2022/H3N2
A/New Jersey/36/2022/H3N2
A/Tennessee/33/2022/H3N2
A/Suffolk/USAFSAM-13537/2022/H3N2
A/Pennsylvania/48/2022/H3N2
A/Indiana/17/2022/H3N2
A/Arizona/USAFSAM-13664/2022/H3N2
A/New Mexico/USAFSAM-13781/2022/H3N2
A/Rheinland-Pfalz/USAFSAM-13855/2022/H3N2
A/Alaska/USAFSAM-14031/2022/H3N2
A/Arizona/USAFSAM-14041/2023/H3N2
A/Rheinland-Pfalz/USAFSAM-14064/2023/H3N2
A/California/177/2022/H3N2
A/Hawaii/02/2023/H3N2
A/USA/10049002958/2022/H3N2
A/Rheinland-Pfalz/USAFSAM-14139/2023/H3N2
A/United Kingdom/GSTT IAV ED65/2023/H3
A/United Kingdom/GSTT IAV ED52/2022/H3
A/Human/New York City/PV63268/2022/H3N2
A/District Of Columbia/07/2023/H3N2
A/New York City/PV86698/2023/H3N2
Contig 10 length 253 cov 5.929293/H3N2/PB2

Country
USA
UK

India
China

Germany Seawater
2022

2023
2024

Year
2021

ðaÞ
FIGURE 2: Continued.
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FIGURE 2: BLAST analysis, phylogenetic relationships and spatiotemporal distribution of IAV fragments identified through metatranscrip-
tomic sequencing. (a) Phylogenetic tree representing the relationships of the HA, MP, NP, NS, PA, PB1, and PB2 gene fragments of IAV
identified from aquatic samples. All similar strains obtained from BLAST are H3N2 strains isolated from humans. The phylogenetic tree was
constructed using the NJ method with 1000 bootstrap replicates. All branches in this tree have≥ 50% bootstrap support. The inner color band
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represents the isolation date of the strains, with different colors indicating different time periods. The outer color band corresponds to the
geographic region where the strains were isolated, with each color standing for a specific area. Circles represent IAV fragments isolated from
marine water, while stars represent fragments isolated from freshwater. (b) The geographic distribution of IAV strains exhibiting similarity to
the seven detected gene fragments. The majority of similar strains are sourced from the United States, with additional contributions from
Asia, Australia, and Western Europe. (c) Spatiotemporal trends of similar IAV strains based on isolation date and geographic location.

Year Country
USA
Japan

India
France

China
Egypt

South Africa Freshwater
2015 2016 2017

20132012 2014

2018 2019 2020
2021 2022 2023
2024

South Korea
Russia Mongolia Myanmar Kazakhstan
Vietnam Serbia Bangladesh

Host

A/common teal/Shanghai/JDS20103116/2020/H5N8
A/environment/Japan/KU-6d/2020/H5N8
A/chicken/Ibaraki/T41-66/2021
A/garganey/Egypt/MB-D-1340C/2017/H4N6
A/garganey/Egypt/MB-D-1348OP/2017/H4N6
A/swan/Serbia/19524-21/2021/H5N1
A/Turkey/Indiana/22-005328-001/2022/H5N1
A/purple heron/Egypt/MB 933C/2016/H5N5
A/duck/Bangladesh/58587/2023/H5N1
A/quail/South Africa/AI5930/2018/H5N8
A/waterfowl/Russia/1526-4/2021/H5N5
A/Migratory bird/India/01FE975/2021/H5N8
A/ibis/Egypt/RLQP-229S/2022/H5N1
A/duck/Vietnam/LBM798/2014/H3N6
A/duck/Mongolia/173/2015/H3N8
A/common teal/Chelyabinsk/1379-1/2021/H5N1
A/Caspian tern/Atyrau/9184/2022/H5N1
A/wild bird/Wuhan/CDHN15/2015/H6N2
A/chicken/Egypt/F17229A/2019/H5N8
A/chicken/Indiana/22-012933-001/2022/H5N1
A/Duck/Doit lake/38/2022/H3N8
A/chicken/Egypt/N16730/2019/H5N8
A/swan/France/21P002108 M/2021/H5N8
Contig 4 length 285 MP
A/glaucous gull/USA/22-025499-001/2022/H5N1
A/chicken/Miyagi/TU17-17 18/2022/H5N1
A/Anser indicus/China/ZT-BTY1/2021/H5N1
A/white-tailed eagle/Japan/OU-1/2022
A/bald eagle/USA/22-017950-001/2022/H5N1
A/Muscovy duck/Egypt/RA20839OP/2022/H5N1
A/Anser indicus/China/ZT-BTY4/2021/H5N1
A/duck/Bangladesh/58746/2023/H5N1
A/duck/Bangladesh/51601/2021/H5N1
A/Anser indicus/China/ZT-BTY5/2021/H5N1
A/Cygnus cygnus/Karakol lake/01/2024/H5N1
A/garganey/Egypt/DT20900OP/2022/H5N1
A/mallard duck/Bangladesh/59382/2023/H5N1
A/Canada goose/California/246038/2022/H5N1
A/chicken/France/21P008169 M/2021/H5N8
A/chicken/Shandong/1167/2015/H9N2
Contig 5 length 264 MP
A/chicken/Henan Shangqiu/SQ2049/2023/H3N3
A/pigeon/Fujian/3.15 FZHX0001-C/2018/H9N2
A/environment/Zhongshan/ZS201601/2016/H9N2
A/chicken/Wuhan/JXQL01/2015/H9N2
A/duck/Wuhan/WHYF14/2014/H9N2
A/Environment/Myanmar/C70/2019/H9N2
Contig 10 length 150 MP
Contig 12 length 150 MP

A/wild bird /Shandong/4870/2019/H9N2
A/waterfowl/Russia/1526-4/2021/H5N5
A/duck/Mongolia/447/2018/H4N6
A/Anas Platyrhynchos/Belgium/10811 6/2019/H5N6
Contig 9 length 252 NP
A/duck/Vietnam/HN5959/2019/H4N6
A/chicken/Egypt/Menoufia/2021/H5N8
A/duck/Bangladesh/55250/2022/H12N5
A Anas poecilohyncha/Korea/KNU29/2022/H4N6
A/swan/Rostov/2299-2/2020/H5N5
A/emu/Iwate/TU24-19 20/2022/H5N1
A/duck/Bangladesh/50268/2021/H4N6
A/duck/Vietnam/HN5895/2019/H4N6
A/dalmatian pelican/Astrakhan/417-1/2021/H5N5
A/Domestic duck/Iran/domestic duck 340/2017/H3N2
Contig 2 length 252 NP
A/chicken/Jalisco/CPA1/2012/H7N3
Contig 18 length 150 NP
A/chicken/China/F345/2015/H9N2
A/goose/Yunlin/16020011-1/2016/H5N2
A/chicken/Myanmar/B85/2019/H9N2
A/blue-winged teal/Ohio/15OS5174/2015/H4N6
A/blue-winged teal/Guatemala/CIP049-H123-13/2014/H14N3
A/chicken/Egypt/N15168C/2018/H5N8
A/duck/Vietnam/HN4933/2018/H9N2
A/turkey/Changhua/16010011-1/2016/H5N2
A/chicken/Hong Kong/21-17632/2021/H3N8
Contig 19 length 150 NP
A/chicken/Fujian/10.23 FZHX0104-O/2018/H9N2
A/cape shoveler/South Africa/STR0982/2013/H4N8
Contig 16 length 150 NP
A/duck/Kaohsiung/20WB0201-46/2020/H3N8
A/teal/Egypt/MB-D-487OP/2016/H7N3
A/duck/Moscow/6454/2023/H11N9
A/mallard duck/Netherlands/5/2012/H10N7
A/domestic duck/Georgia/6/2016/H4N6
A/Environment/Myanmar/C70/2019/H9N2
A/duck/Vietnam/HN5001/2018/H3N2
A/Greylag Goose/South Korea/SW21/2021/H9N2
A/Eastern buzzard/Kagawa/3712A007/2020

Year Country

USA
Japan

China
Egypt

South Africa Freshwater
2015 2016 2017

20132012 2014

2018 2019 2020
2021 2022 2023

South Korea
Russia Mongolia Myanmar
Vietnam Bangladesh

Host

North Korea

Belgium
Guatemala

Iran

A/chicken/Shandong/10.23 TAWL019-C/2018/H9N2
A/chicken/Anhui/12.25 YHZGS007-O/2018/H9N2
A/chicken/Anhui/2.22 YHZGS004-O/2019/mixed
A/chicken/China/YL22/2022/H9N2
A/chicken/Huizhou/310/2022/H3N8
A/chicken/China/D3/2022/H9N2
A/chicken/Shantou/1/2022/H3N8
A/duck/Jiangxi/11.29 NCDZT92D3-OC/2017/H9N2
A/duck/Hunan/10.31 YYGK74C3-OC/2017/H9N2
A/chicken/Dongguan/876/2022/H3N8
A/silkie chicken/Shantou/4323/2021/H3N8
A/chicken/Anhui/1.20 YHZGS018-O/2019/H9N2
A/chicken/Anhui/10.29 YHZGS013-O/2018/H9N2
Contig 6 length 283 PA
A/chicken/China/KM47/2022/H9N2
A/chicken/Tajikistan/2379/2018/H9N2
A/duck/Jiangxi/09.21 NCNP98Z2-OC/2017/H9N2
A/chicken/Beijing/BJ7279/2018/H7N9
A/chicken/Shanxi/SX0256/2019/H7N9
A/chicken/Neimenggu/NMG7/2018/H9N2
A/chicken/China/20200902/2020/H9N2
A/chicken/China/F/2012/H9N2
A/chicken/Shanghai/1127-30/2017/H9N2
A/chicken/Guizhou/1.31 ZYLJJ018-C/2018/H9N2
A/Falco tinnunculus/Tianjin/04/2017/H9N2
A/chicken/Shandong/3442/2017/H9N2
A/chicken/Shanxi/12.27 TGRL007-O/2018/H9N2
A/chicken/Guangzhou/943/2022/H3N8
A/chicken/Anhui/10.29 YHZGS023-O/2018/H9N2

Year Country

Tajikistan China

Freshwater
2015 2016 2017

20132012 2014

2018 2019 2020
2021 2022 2023

Host

A/scaly-breasted munia/Hong Kong/45/2007/H5N1
A/duck/Hunan/S1824/2012/H3N8
A/duck/Moscow/4652/2011/H4N6
A/mallard/Netherlands/1/2016/N6
A/pigeon/Egypt/S10408B/2014/H9N2
A/Anas platyrhynchos/Belgium/33 2016/2015/H6N2
A/duck/Mongolia/380/2019/H4N6
A/mallard/South Korea/N08-0188/2008/H4N6
A/whooper swan/Iwate/21/2017/H6N8
A/mallard/Korea/M174/2014/H4N6
A/Netherlands/219 1/2003/H7N7
A/duck/Yunnan/YN-1/2011/H4N6
A/mallard duck/Netherlands/1/2001/H6N1
A/duck/Fujian/S4170/2014/H7N9
A/Spot-billed duck/South Korea/KNU2022-73/2022/H4N6
A/duck/Bangladesh/24697/2015/H15N9
A/Eurasian wigeon/Netherlands/6/2007/H1N1
A/whooper swan/Mongolia/1-17/2007/H3N8
A/migratory duck/Jiangxi/7231/2003/H10N5
A/Wide Bird/Ebinur Lake/47/2017/H3N8
A/duck/Jiangxi/3961/2013/mixed
A/environment/Bangladesh/58578/2023/H5N1
A/Wild duck/South Korea/KNU18-28/2018/H5N2
A/Tundra swan/Shimane/708/2022/H1N8
A/Coot/South Korea/sw23-3/2023/H5N3
Contig 26 length 150 PB2
A/muscovy duck/Viet Nam/QN-2479/2015/H3N8
A/Duck/India/10736/2009/H4N6
A/duck/Guangxi/NN/2006/H9N2
Contig 27 length 150 PB2
A/turkey/England/647/1977/H7N7
A/Anas platyrhynchos/Belgium/11075 20/2017/H6N2
A/duck/Cambodia/10T-24-1-D14/2018/mixed
A/swan/Mangystau/3/2006/H5N1
A/duck/Miyazaki/CAD-1/2016/H4N2
A/mallard duck/Netherlands/26/2009/H1N1
A/duck/India/12CL22/2015/H6N2
A/wild bird/Taipei/04WB12-522-11-15/2004/H5N6
A/duck/Tainan/17WB0120-21-E2/2017/H4N6
A/duck/Kaohsiung/14WB3111-52/2014/H1N1
A/mallard/Alaska/103/2014/H5N3
A/duck/Mongolia/709/2015/H10N7
A/garganey/Egypt/MB-D-1306C/2017/H4N6
A/duck/Japan/11UO0023/2011/H5N2
A/Anas platyrhynchos/Belgium/7921-H188508/2016/H4N6

Year Country
USA
Japan

India
UK

China
Egypt

Korea Seawater
2015 2016 2017

20132012 2014

2018 2019 2020
2021 2022 2023
2024

South Korea
Russia Mongolia Cambodia Netherlands
Vietnam Belguim Bangladesh

Host
~2012

ðaÞ
FIGURE 3: Continued.
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noted significant positive associations between the detection of
IAV and genera such as Lampropedia, Candelaria, Amanita,
Polychytrium, Thamnidium, Jezberella, Serpentinimonas, Sini-
marinibacterium, and Aquimonas, while Nocardioides and
Limibaculum showed significant negative associations. In the
network, IAV formed a module with these associated environ-
mental microbes and fungi. The network constructed from the
water dataset that did not detect IAV fragments contained
1952 nodes and 4839 edges, with 3762 positive associations
and only 1077 negative associations (Figure 4a).

Through sample clustering, we identified significant differ-
ences in the microbial composition between seawater and
freshwater, with water bodies harboring IAV exhibiting a sim-
ilar microbial composition pattern (Figure 4b). Through care-
ful observation of microbial community compositions across

all samples, we noted distinct patterns in phylum-level abun-
dances. In both metatranscriptomic and metagenomic analy-
ses, Pseudomonadota emerged as the most abundant phylum
in both seawater and freshwater samples. Specifically, the
abundances of Campylobacterota and Nitrososphaerota
were higher in the seawater samples than in the freshwater
samples, whereas Verrucomicrobiota, Bacteroidota, Uroviri-
cota, and Actinomycetota were found to be more abundant
in the freshwater samples. Similar results were observed in
metagenomic analyses, where Pseudomonadota dominated in
seawater, while in freshwater, Actinomycetota and Uroviricota
also played significant roles alongside Pseudomonadota. Nota-
bly, the abundances of Campylobacterota and Nitrosophaerota
were considerably lower in the freshwater samples, which exhib-
ited higher levels of other phyla such as Gemmatimonadota,
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FIGURE 3: BLAST analysis, phylogenetic relationships and spatiotemporal distribution of IAV fragments identified through metagenomic
sequencing. (a) Phylogenetic tree representing the relationships of the MP, NP, PA and PB2 gene fragments of IAV identified from aquatic
samples. The phylogenetic tree was constructed using the NJ method with 1000 bootstrap replicates. All branches in this tree have ≥50%
bootstrap support. The inner color band represents the isolation date of the strains, with different colors indicating different time periods.
The outer color band corresponds to the geographic region where the strains were isolated, with each color standing for a specific area. Circles
represent IAV fragments isolated from marine water, while stars represent fragments isolated from freshwater. (b) The geographic distribu-
tion of IAV strains exhibiting similarity to the four detected gene fragments. The majority of similar strains primarily originate from Asia,
particularly from around China, with a notable emphasis on the PA fragment, where nearly all similar strains are sourced from China. (c)
Spatiotemporal trends of similar IAV strains based on isolation date and geographic location. (d) Fluctuation trends of similar fragments
across different IAV subtypes. Highlighting the dynamics of strain prevalence over time, the analysis clarifies the dominant subtypes
responsible for the expansion and contraction of the IAV population, as depicted in c.
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Nucleocytoviricota, and Planctomycetota compared to the
seawater (Figure 4c).

Further supporting our findings, PERMANOVA and
ANOSIM analyses confirmed significant differences in micro-
bial composition between seawater and freshwater, with the
presence of IAV explaining some of these differences
(Figure 5a,b). For microbes that exhibited significant relation-
ships with IAV, we quantified their associations using appro-
priate linear or nonlinear methods. Our analyses revealed that,
beyond clear linear associations (either positive or negative),
Thamnidium and Candelaria displayed notable patterns: they
showed positive associations at low concentrations, though
these associations plateaued at higher concentrations. Con-
versely, Lampropedia and Amanita exhibited opposite trends.
Notably, Polychytrium displayed a distinct biphasic pattern,
with negative associations at both low and high concentrations
but a positive association at intermediate concentrations. Col-
lectively, bacterial associations with IAV primarily displayed
linear trends, whereas fungal associations were characterized
by more complex, nonlinear dynamics (Figure 5c). These
observed patterns may reflect potential ecological interactions,
though causal mechanisms underlying these associations
require rigorous experimental validation to confirm.

4. Discussion

In this study, we employed metatranscriptomic and metage-
nomic sequencing approaches to analyze the presence of IAV
and other aquatic microorganisms in the aquatic ecosystems of
Eastern China. Our primary aim was to investigate the phylo-
genetics of IAV strains present in these waters and their poten-
tial associations with other microorganisms, thereby
contributing to a more comprehensive understanding of
IAV epidemiology in aquatic environments and the associated
public health risks. By comparing viral sequences, we observed
that the IAV fragments identified in the metatranscriptomic
dataset (from seawater samples collected in January–March

2024) shared a high degree of homology with human H3N2
strains circulating in North America over the past 3 years [10].
In contrast, IAV fragments detected in the metagenomic data-
set (from freshwater samples collected in January–March
2023) were more closely related to historical avian strains
from neighboring countries [11]. This spatiotemporal dispar-
ity in viral strain characteristics indicates that temporally vary-
ing regional IAV prevalence patterns—including local
transmission bottlenecks and cross-species spillover events—
play a pivotal role in shaping the phylogenetic diversity and
persistence trajectories of IAV within China’s aquatic systems
[12, 13]. Notably, the United States, as a source of these
human-like strains, benefits from a robust epidemiological
monitoring infrastructure, which likely facilitates the detection
of similar viral strains in the environment [14].

The role of water bodies as potential reservoirs for viruses
and vectors of viral transmission is significant, particularly in
regions with dense populations of migratory waterfowl [15].
Previous research has demonstrated that IAV can persist for
extended periods in aquatic sediments, with environmental
factors, such as the accumulation of viral particles in aquatic
organisms, playing a key role in viral persistence [16]. Studies
on filter-feeding organisms, including Daphnia magna [17],
Eriocheir sinensis [18], and Penaeus japonicus [19], show that
such organisms can accumulate viral particles from contami-
nated sediments. Given that these organisms are part of the
food web, frequently consumed by fish, birds, and even
humans, their role in maintaining IAV in the environment
and facilitating cross-host transmission should not be over-
looked [20].

Furthermore, the phenomenon of microbial symbiosis
offers another possible explanation for the prolonged presence
of IAV in aquatic environments. Symbiotic relationships,
where one microorganism coexists within or on another
organism, are widespread in both aquatic and terrestrial eco-
systems [21]. These relationships can range from mutualistic
to parasitic and are often critical for the survival and ecological

TABLE 1: Tajima’s D, Fu and Li’s D and F-values calculated for different fragments using DnaSP software.

Gene segment Tajima’s D Fu and Li’s D Fu and Li’s F

Metatranscriptomic
HA −0.06432 −3.81669∗∗ −2.47233∗∗

MP 0.46413 −2.70388∗∗ −1.82662
PA −2.06655∗∗ −6.74381∗∗ −5.81291∗∗

PB1 −0.00997 −1.23608 −0.84743
PB2 — — —

NS −0.2375 −5.10110∗∗ −3.37722∗∗

NP 1.02402 −3.23879∗∗ −1.46168
Metagenomic

MP 0.78153 −1.12535 −0.40221
NP 2.00266∗ −0.73002 0.76549
PA −1.90085∗∗ −4.62922∗∗ −4.29633∗∗

PB2 0.9375 −4.66157∗∗ −2.71177∗∗

Note: In the metatranscriptomic, the PB2 fragment lacks polymorphic sites due to similar sequences, making it impossible to calculate Tajima’s D, Fu and Li’s
D, and Fu and Li’s F-values.
∗p<0:1.
∗∗p<0:05.
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N1: nodes = 532, links = 6203 N2: nodes = 885, links = 31,458 N4: nodes = 1952, links = 4839 N3: nodes = 2746, links = 99,845 
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success of both the host and the symbiont [22]. For example,
mutualistic relationships between aquatic corals and patho-
gens such as Mycoplasma and Vibrio species are well-
documented [23]. Similarly, recent studies, including work
by Wang et al. [24] suggest that a coadaptive metabolic rela-
tionship between algae and viruses exists, especially during
algal blooms. Additionally, the persistence of IAV in aerosols
is significantly enhanced when coexisting with pathogens such
as Streptococcus pneumoniae or Staphylococcus aureus, which
implies a potential interaction between IAV and other organ-
isms (including microbes, plants, and animals) in aquatic
environments [25].

Our results also highlight the importance of microbial
diversity in shaping IAV dynamics in aquatic environments.
We found a strong association between IAV and certain
microbial phyla, including Bacillota, Actinomycetota, Pseudo-
monadota, Bacteroidota, and fungi such as Mucoromycota
and Chytridiomycota, which have previously been associated
with both human and environmental habitats [26, 27]. Specif-
ically, we detected microorganisms such as Limibaculum,
Aquimonas, Sinimarinibacterium, Jezberella, and several fun-
gal species like Thamnidium, all of which have previously been
identified in association with IAV or related viruses. These
findings align with recent studies by Lv et al. [28] which iden-
tified a link between the presence of Ascomycota species,
including Candida albicans, and patients infected with respi-
ratory viruses like H1N1.

An intriguing observation in our study was the differential
distribution of IAV fragments across metatranscriptomic and

metagenomic datasets. Specifically, IAV fragments were more
frequently detected in the metagenomic sequencing from
freshwater environments, where a significant presence of Uro-
viricota was also observed. The positive association between
Uroviricota abundance and IAV detection suggests a potential
ecological linkage (e.g., copersistence or indirect facilitation)
[22]. While horizontal gene transfer mediated by Uroviricota
is one plausible mechanism, this remains speculative without
evidence of copackaging or chimeric scaffolds. Future studies
should validate this hypothesis via Metagenomic scaffolding to
detect IAV-Uroviricota hybrid sequences, single-virus geno-
mics or FISH to visualize colocalization, or in vitro models
using filter-feeding organisms (e.g., Daphnia) to assess viral
coaccumulation [17].

The implications of these findings for public health are
considerable. Continued surveillance of IAV in aquatic eco-
systems is essential for early detection of potential outbreaks
and for monitoring viral mutations and transmission dynam-
ics. Our study did not detect NA gene fragments, likely due to
their rapid degradation in aquatic environments and technical
constraints in assembling short, variable sequences. Future
work should employ subtype-specific enrichment strategies
to comprehensively capture all IAV segments. Given that
waterfowl populations serve as primary hosts for IAV, their
migratory patterns and interactions with the surrounding eco-
systems must be closely monitored. Furthermore, the associa-
tions between IAV and aquatic microorganisms, especially
those within microbial communities, warrant further investi-
gation. These associations may play a crucial role in the
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FIGURE 4: Association networks and microbial composition in water samples with and without IAV detection. (a) Significant OTU–OTU
relationship networks based on species-level abundance from metatranscriptomic datasets with (N1) and without (N2) detected IAV
fragments, and genus-level abundance from metagenomic datasets with (N3) and without (N4) detected IAV fragments. (b) Sample
clustering based on species abundance. Samples marked with an asterisk indicate those in which IAV fragments were detected. Notable
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replication, evolution, and cross-species transmission of IAV.
Understanding these mechanisms will be vital in predicting
and mitigating future outbreaks, particularly those that may
involve new viral variants with increased transmissibility or
resistance to current interventions.

5. Conclusions

This study provides new insights into the phylogenetic char-
acteristics, population dynamics, and ecological associations of
IAV in China’s aquatic environments. The complex interplay
between environmental factors, microbial diversity, and viral
evolution is central to understanding the epidemiology of IAV
in these systems. Our findings suggest that monitoring and
controlling IAV in aquatic ecosystems, particularly those
inhabited by waterfowl, should be prioritized to mitigate the
risks of transmission to humans and other species. Future
research should focus on elucidating the specific mechanisms
underlying the associations between IAV and aquatic micro-
organisms, as well as the potential for microbial interventions
to control viral persistence in these environments.
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FIGURE 5: Assessment of microbial community similarity and association dynamics with IAV. (a) Examination of differences in phylum-level
microbial composition across various water bodies, categorized by the presence or absence of IAV, using ANOSIM. For water type
comparisons (seawater vs. freshwater): R values were 0.808 (p<0:001) for metatranscriptomics and 0.674 (p<0:001) for metagenomics.
For IAV presence/absence stratification: R-values were 0.774 (p<0:001) for metatranscriptomics and 0.516 (p<0:001) for metagenomics.
(b) Evaluation of phylum-level microbial community differences among different water bodies, with a focus on the presence or absence of
IAV, employing PERMANOVA. For water type comparisons: R2 values explaining compositional variance were 0.734 (p<0:001) for
metatranscriptomics and 0.615 (p<0:001) for metagenomics. For IAV presence/absence stratification: R2 values were 0.625 (p<0:001)
for metatranscriptomics and 0.676 (p<0:001) for metagenomics. (c) Quantification of associations between microbial communities and IAV
using appropriate methodologies: linear relationships were analyzed using linear modeling, while nonlinear associations were assessed via
locally weighted scatterplot smoothing. A–H represent eight seawater samples, respectively. BML_2 represents Sample 2 from Baima Lake.
∗p<0:1, ∗∗p<0:05, and ∗∗∗p<0:01.
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Information Sequence Read Archive database, asmentioned in
the Data Validity Statement.
The table includes the following columns:

• Accession: The unique accession number assigned to
each data entry in the database.

• Study: The study ID that groups related data entries
together.

• Object status: Indicates the current status of the data
object in the database.

• BioProject accession: The accession number for the Bio-
Project associated with the data.

• BioSample accession: The accession number for the Bio-
Sample linked to the data.

• Library ID: The identification number for the specific
library.

• Title: A descriptive title for the dataset.
• Library strategy: The sequencing strategy used for the
library, such as WGS (Whole Genome Sequencing).

• Library source: Specifies the source of the library, for
example, METAGENOMIC.

• Library selection: Describes the method of library selec-
tion, such as RANDOM.

• Library layout: Indicates the layout of the library, such as
pairedend sequencing.

• Platform: The sequencing platform used, in this case,
ILLUMINA.

• InstrumentModel: The specific model of the sequencing
instrument, like Illumina NovaSeq 6000.

• Design description: A brief description of the experi-
mental design.

• File type: The format of the data files, such as fastq.

• File name: The name of the first file associated with the
data entry.

• File name2: The name of the second file (if applicable)
associated with the data entry.

This supporting information aims to provide comprehen-
sive details about the data sources and their characteristics,
supporting the main manuscript and enabling further verifica-
tion and analysis by the scientific community.
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