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 The Tumen River basin, located at the tri-border region of China, North Korea, and 

Russia, is a hotspot for mosquito-borne diseases. However, research regarding 

mosquitoes as vectors and their viruses remains understudied. This study aims to 

elucidate the composition and distribution patterns of mosquito-borne viruses in this 

basin. From April to July 2025, 6,310 mosquitoes were collected in the four areas of 

the Tumen River basin by using mosquito traps. Viral metagenomics were 

confirmed by PCR and Sanger sequencing to identify the virus. We identified six 

mosquito viruses: Songling virus (SGLV), Daeseongdong virus 2 (DSDV2), Hubei 

mosquito virus 2 (HMV2), Yongsan picorna-like virus 3 (YPLV3), Yongsan 

picorna-like virus 4 (YPLV4), and Yichang virus (YCV). PCR results show that the 

minimum infection rates (MIR) for SGLV in Longjing mosquitoes were 25.02 per 

1,000 mosquitoes; in Hunchun, the MIRs for YPLV3, YPLV4, YCV, HMV2, and 

DSDV2 were 1.61, 0.80, 1.61, 29.74, and 7.23 per 1,000 mosquitoes, respectively; 

and the MIR for YCV detected in Helong was 2.61 per 1,000 mosquitoes. This 

paper reports the first case of a new zoonotic virus strain in China, SGLV, and 

determines that it is highly concentrated in local mosquito species. The detection of 

SGLV RNA in field-collected mosquitoes reflects viral presence in the local 

ecological setting, although whether this represents transient blood-meal remnants, 

mechanical carriage, or active infection remains an unverified hypothesis. 

Phylogenetic analysis revealed high sequence homology of SGLV and DSDV2 with 

isolates reported from other Eurasian countries, suggesting a broad geographic and 

transcontinental distribution of these viral lineages. The cross-host transmission 

potential of HMV2 and co-circulation with picorna-like viruses suggest the need for 

continued surveillance of these emerging insect-associated viruses. The above 

results have reduced the knowledge gap in the distribution patterns and genetic 

diversity of new arboviruses and provided support for building an effective cross-

border surveillance system. 
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INTRODUCTION 

 

Mosquitoes occur worldwide. Environmental-climatic 

changes, the world's trade and travel have spread vector 

mosquitoes in recent years (Kraemer et al., 2019). Many 

mosquitoes transmit pathogens of medical and veterinary 

relevance; over 300 mosquito species are known for virus 

vectors (Socha et al., 2022). Every year, over 700 million 

people are infected with mosquito-borne diseases around 

the world, and almost 700,000 dies from these diseases 

(Franklinos et al., 2019). Besides the well-known illnesses 

of dengue fever and Japanese encephalitis, viral 

metagenomics and high-throughput sequencing have 

overcome the limitations of traditional cell-culture-based 
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assays to discover various emerging and neglected insect-

borne viruses in nature (Bassi et al., 2022). Recent 

metagenomic studies have identified thousands of new 

invertebrate RNA viruses, significantly expanded "viral 

dark matter" (Shi et al., 2016), and recovered overlooked 

pathogens (Banna virus, Tahyna virus) as well as novel 

flaviviruses, nairoviruses and parvoviruses from field-

collected blood-feeding mosquitoes across different 

regions (Xia et al., 2018a). These viruses have good 

cross-host spillover abilities and warrant continued 

surveillance to better understand their ecological 

dynamics and potential cross-species transmission barriers 

(Gould et al., 2017). 

The Tumen River System is a relatively large cross-

border river in China that passes through the China-DPRK-

Russia Triple Border Area. A relatively stable continental 

monsoon climate has good biodiversity and is suitable for 

the development and transmission of mosquito-borne 

viruses (Min et al., 2026). As a cross-border ecological 

corridor for trilateral cooperation, frequent cross-border 

human-goods movement requires characterization of local 

mosquito-borne virus epidemiology and spatial distribution 

(Li et al., 2022). Migratory wildlife and intensively farmed 

livestock are typical examples of cross-species pathogen 

carriers that provide abundant mosquito blood meals and 

thus accelerate virus transmission cycles (Liu et al., 2019). 

At the same time, occupational exposure of local 

farmers/herders and an increase in cross-border tourism 

have raised the risk of cross-border mosquito-borne 

diseases (Msellemu et al., 2024). 

SGLV is an emerging tick-borne virus belonging to 

the genus Orthonairovirus within the family Nairoviridae 

(order Bunyavirales). In 2021, it was first isolated from a 

tick-bitten patient in Heilongjiang, China (Ma et al., 

2021). The virus has been found in the China-DPRK 

border area (Li et al., 2024) and in Xinjiang rodents (Ji et 

al., 2023). SGLV infection causes fever and headache, 

etc., and has significant zoonotic disease potential among 

these poorly understood tick-borne viruses (Wang et al., 

2019). Assuming that mosquitoes may acquire SGLV 

through co-habitation or mechanical blood-feeding, this 

study included mosquitoes for surveillance to examine 

their potential role in SGLV cross-border transmission. 

YPLV3 is a novel insect-associated positive-sense 

single-stranded RNA virus belonging to the order 

Picornavirales, which was first identified from Aedes 

vexans nipponii mosquitoes in South Korea (Sanborn et 

al., 2019). In this study, we detected a related picorna-like 

sequence designated as Yongsan picorna-like virus 4 

(YPLV4). Emerging surveillance demonstrates that 

diverse picorna-like viruses naturally circulate within 

various mosquito taxa and aquatic environments 

worldwide, highlighting an underappreciated evolutionary 

diversity in vector populations (Zell et al., 2017; 

Guimarães et al., 2025b). 

DSDV2 is a novel insect-specific virus belonging to 

the family Permutotetraviridae, and in 2013, it was first 

found in Culex mosquitoes from Paju City, Gyeonggi 

Province, South Korea (Hang et al., 2016). The virus has 

been widely distributed among mosquitoes in South Korea 

and East Asia, and thus can be naturally transmitted by 

these vectors. Genetic and evolutionary studies of this 

virus can help us understand how insect-specific viruses 

(or permutotetra-like viruses) originated and whether they 

are capable of interspecies transmission. 

HMV2 is a newly discovered insect-specific virus 

that was first identified in 2016 in Culex mosquitoes from 

Hubei Province, China (Shi et al., 2016). Viruses have 

been found in mosquitoes across many parts of China, 

including Hubei and Yunnan; therefore, regional natural 

circulation of vectors such as Culex mosquitoes may have 

occurred (Hameed et al., 2021; Wu et al., 2023). At 

present, only insects are hosts for this virus. 

YCV is a new mesonivirus belonging to the family 

Mesoniviridae (order Nidovirales). In 2017, it was first 

isolated and identified from Culex mosquito samples in 

Yichang City, Hubei Province, China (Wang et al., 2017). 

Related mesoniviruses have been found in many 

Hemiptera insects and the environment across central 

China, and it is believed that they can form a natural cycle 

among insect communities linked to agricultural 

ecosystems (Agboli et al., 2023). 
Given the above reasons, it has been determined that 

an in-depth study of the community structure and spatial 
distribution of mosquito-borne viruses in the Tumen River 
Basin is required (Liu et al., 2025). To address the 
research gap mentioned above, viral metagenomics was 
used in this study to identify and characterize all viruses 
in mosquito samples from the border area of the basin 
comprehensively. To provide a scientific basis for the 
prevention and control of mosquito-borne infectious 
diseases in the area and reduce the risk of cross-border 
transmission of such diseases effectively (Guimarães et 
al., 2025a; Zhang et al., 2026). 
 

MATERIALS AND METHODS 

 

Mosquito Collection: From April to July 2025, 6,310 

mosquitoes were collected in the four areas of the Tumen 

River basin by using mosquito traps. A Stereomicroscope 

was used to observe the morphology, and sequencing of 

the mitochondrial cytochrome oxidase subunit I (COI) 

gene was employed for identification (Chan et al., 2014). 

Morphological and COI identification concordance was 

96 per cent (96/100). All mosquitoes were divided into 

636 pools according to the collection site and species (10 

individuals per pool); for rare species with fewer than 10 

individuals (e.g., Aedes flavopictus, Culex 

bitaeniorhynchus, and Aedes nipponicus), individuals of 

the same species from the same collection site were 

grouped into a single pool or processed based on the 

number available and stored at -80°C. 

 

Mosquito Processing: Each pool received 400μL of 

DMEM and four 3mm zirconium beads, and was 

homogenized at 60Hz for 5min. Centrifuge the 

homogenate at 13,400×g for 10min in a 4°C centrifuge, 

and then sequentially filter the supernatant through 

0.45μm and 0.22μm filters. Added clarified filtrate 

(150μL) to a sterile tube. Using the QIAamp Viral RNA 

Mini Kit as instructed by the manufacturer, extract viral 

RNA. Measure RNA Purity and Concentration using an 

SMA 1000 UV-spectrophotometer. 

 

Library Construction and Sequencing: Supernatants 

from the 636 pools were divided into four groups 
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according to geographic origin. First-strand viral cDNA 

was synthesized by SuperScript reverse transcriptase with 

random primers (100pmol/µL), and then converted to 

double-stranded cDNA using the Klenow fragment. 

Single-strand PCR amplification was carried out with 

barcoded random primers (Table 1). Purify the PCR 

products with the QIAquick PCR Purification Kit and 

elute in 50μL of TE buffer (100mM Tris-HCl, 10mM 

EDTA, pH8.0) for subsequent experiments (Meng et al., 

2019). 

 
Table 1: Primers for metagenomic analysis  

Primers type Primers 

number 

Number (5'-3') 

Anchored 

Random 

Primers 

RT1 GCCGGAGCTCTGCAGATATCNNNNNN 

RT2 GTATCGCTGGACACTGGACCNNNNNN 

RT3 CATCACATAGGCGTCCGCTGNNNNNN 
RT4 CGCAGGACCTCTGATACAGGNNNNNN 
RT5 CCGAGGTTCAAGCGAGGTTGNNNNNN 

RT6 GGTGGGCGTGTGAAATCGACNNNNNN 
RT7 CGACCCTCTTATCGTGACGGNNNNNN 
RT8 CGTCCAGGCACAATCCAGTCNNNNNNN 

Barcode 
Primers 

Primer 1 GCCGGAGCTCTGCAGATATC 
Primer 2 GTATCGCTGGACACTGGACC 
Primer 3 CATCACATAGGCGTCCGCTG 

Primer 4 CGCAGGACCTCTGATACAGG 
Primer 5 CCGAGGTTCAAGCGAGGTTG 
Primer 6 GGTGGGCGTGTGAAATCGAC 

Primer 7 CGACCCTCTTATCGTGACGG 
Primer 8 CGTCCAGGCACAATCCAGTC 

 

Bioinformatics Analysis: Four sets of labelled and 

purified PCR products were sent to Nanjing Novazene 

Biotechnology Co., Ltd. for high-throughput viral 

metagenomic sequencing on the Illumina NovaSeq 6000 

platform. The initial sequencing data was in the FASTQ 

format. Use fastp (v0.20.0) for filtering and quality 

control of raw sequencing data to obtain valid sequences. 

The quality-controlled valid sequences were aligned with 

the host reference sequence using minimap2 software to 

eliminate host-derived contaminating sequences (Li, 

2018). The remaining reads were assembled by 

MEGAHIT software (Li et al., 2015), and only contigs of 

300bp or longer were retained. Kaiju (Menzel et al., 2016) 

and DIAMOND BLASTp were employed to align the 

assembled reads and contigs with the NCBI NR database 

and the RefSeq Viral database, and an E-value threshold 

of 1×10⁻⁵ was set (Buchfink et al., 2015, Camacho et al., 

2009). The sequence with the highest BLAST similarity in 

each group was selected for the following analysis (Shao 

et al., 2020). 

To obtain the full-length viral genome sequence, 

primers were designed using Primer5.0 software (Primer 

Biosoft International, USA); then, RT-PCR was employed 

to fill in the sequence gaps between contigs, and the 

amplified products were verified by Sanger sequencing 

(Sanger et al., 1977). MAFFT (v7.490) was used to 

generate multiple sequence alignments of the conserved 

genomic region (partial S segment or RdRp amino acid 

sequences). The best-fit nucleotide/amino acid 

substitution models were automatically selected by 

ModelFinder. Then, using the Maximum Likelihood (ML) 

method in IQ-TREE (v2.2.0), 1,000 ultrafast bootstrap 

replicates were carried out to build phylogenetic trees 

(Nguyen et al., 2015). The specific substitution models 

and sequence alignment lengths were: SGLV (Fig. 2): 

partial S segment nucleotide alignment (325 bp) under the 

GTR+F+I+G4 model; YCV (Fig. 3): RdRp nucleotide 

alignment (536 bp) under the GTR+F+R3 model; DSDV2 

(Fig. 4): RdRp amino acid alignment (181 aa) under the 

LG+I+G4 model; HMV2 (Fig. 5): RdRp nucleotide 

alignment (641 bp) under the GTR+F+G4 model; and 

YPLV3/YPLV4 (Fig. 6): RdRp nucleotide alignment (607 

bp) under the GTR+F+R2 model. 

 

 
 

Fig. 1: Overview of mosquito sample collection. Sampling locations in Longjing, Helong, Tumen, and Hunchun (A). The proportion (B) and quantity 

(C) of different mosquito species used in the study are represented by pie charts and bar charts, respectively. The map was constructed using ArcGIS 
v10.8.2 software. The basemap shapefile was downloaded from the Resource and Environment Science and Data Center of China 
(http://www.resdc.cn/). 
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Fig. 2: Maximum likelihood phylogenetic tree of identified Songling 
virus (SGLV, accession no. PZ049013) based on partial S segment 
sequences. The phylogenetic tree was constructed using IQ-TREE 
(v2.2.0) based on the Maximum Likelihood (ML) method under the 

best-fit GTR+F+I+G4 substitution model (determined by ModelFinder). 
Bootstrap support values derived from 1,000 ultrafast bootstrap 
replicates are indicated on the nodes by colored circles ranging from 

0.71 to 1.00 (as shown in the legend). The sequence identified in this 
study (PZ049013) is highlighted in bold red. Scale bar indicates 0.1 
nucleotide substitutions per site. 

 

 
 

Fig. 3: Maximum likelihood phylogenetic tree of identified Yichang virus 
(YCV, accession no. PZ049016) based on RdRp sequences. The 

phylogenetic tree was constructed using IQ-TREE (v2.2.0) based on the 
Maximum Likelihood (ML) method under the best-fit GTR+F+R3 
substitution model (determined by ModelFinder). Bootstrap support 

values derived from 1,000 ultrafast bootstrap replicates are indicated on 
the nodes by colored circles ranging from 0.86 to 1.00 (as shown in the 
legend). The sequence identified in this study (PZ049016) is highlighted 
in bold red. Scale bar indicates 0.1 nucleotide substitutions per site. 

 

 
 

Fig. 4: Maximum likelihood phylogenetic tree of identified 
Daeseongdong virus 2 (DSDV-2, accession no. PZ049014). The 

phylogenetic tree was constructed using IQ-TREE (v2.2.0) based on the 
Maximum Likelihood (ML) method under the best-fit LG+I+G4 
substitution model (determined by ModelFinder). Bootstrap support 

values derived from 1,000 ultrafast bootstrap replicates are indicated on 
the nodes by colored circles ranging from 0.38 to 1.00 (as shown in the 
legend). The sequence identified in this study (PZ049014) is highlighted 

in bold red. Scale bar indicates 0.1 amino acid substitutions per site. 

 
 

Fig. 5: Maximum likelihood phylogenetic tree of identified Hubei 
mosquito virus 2 (HMV2, accession no. PZ049015) based on RdRp 
sequences. The phylogenetic tree was constructed using IQ-TREE (v2.2.0) 

based on the Maximum Likelihood (ML) method under the best-fit 
GTR+F+G4 substitution model (determined by ModelFinder). Bootstrap 
support values derived from 1,000 ultrafast bootstrap replicates are 
indicated on the nodes by colored circles ranging from 0.56 to 1.00 (as 

shown in the legend). The sequence identified in this study (PZ049015) is 
highlighted in bold red. Scale bar indicates 0.1 nucleotide substitutions per 
site. 

 

 
 
Fig. 6: Maximum likelihood phylogenetic tree of identified Yongsan 

picorna-like virus 3 (YPLV3, accession no. PZ049017) and Yongsan 

picorna-like virus 4 (YPLV4, accession no. PZ049018) based on RdRp 
sequences. The phylogenetic tree was constructed using IQ-TREE 
(v2.2.0) based on the Maximum Likelihood (ML) method under the 

best-fit GTR+F+R2 substitution model (determined by ModelFinder). 
Bootstrap support values derived from 1,000 ultrafast bootstrap 
replicates are indicated on the nodes by colored circles ranging from 

0.50 to 1.00 (as shown in the legend). The sequences identified in this 
study (PZ049017 and PZ049018) are highlighted in bold red. Scale bar 
indicates 0.1 nucleotide substitutions per site. 

 

PCR Detection of Pathogens in Samples: To confirm 

the results of metagenomic sequencing and determine the 

distribution of SGLV, DSDV2, HMV2, YPLV3, YPLV4 

and YCV, RT-PCR was performed using the primers 

listed in Table 2 (Xia et al., 2018b). Positive samples were 

subjected to 1% agarose gel electrophoresis and 

confirmed by sequencing. 

 

Statistical Analysis: IBM SPSS Statistics 26.0 was used 
for the above statistical analysis. Categorical variables are 
displayed as absolute frequencies (n) and percentages (%). 
Fisher's exact test was used to compare categorical 
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variables because of a small sample size and low expected 
cell counts in some mosquito species and regional groups 
(Kim, 2017). Given the exploratory nature of this virome 
surveillance, P-values were not adjusted for multiple 
comparisons and should be interpreted as exploratory 
indicators (with P<0.05 considered statistically 
significant). The two indices calculated in this paper are 
presented below: Pool Positivity Rate: Calculated as 
(Number of positive pools/Total number of pools 
tested)×100%. It is the proportion of infected mosquito 
pools. Minimum Infection Rate (MIR): Calculated as 
(Number of positive pools/Total number of individual 
mosquitoes tested)×1,000. This is a lower-bound estimate 
of the vector population infection rate in infected 
individuals per 1,000 mosquitoes and the site-specific 
MIR was calculated using the total number of mosquitoes 
collected at each site as the denominator to assess the 
overall viral carriage burden at the mosquito community 
level across different geographic regions. This way 
assumes that at least one infected person exists in every 
positive pool and is a relatively conservative estimate 
suitable for vector surveillance data analysis in low-
prevalence areas. The 95% confidence intervals (95% 
CIs) of the Minimum Infection Rates (MIR) were 
calculated using the exact binomial method (Clopper-
Pearson method), and the total number of mosquitoes 
tested was taken as the base for the calculation. All 
confidence intervals are per 1,000 mosquitoes and aligned 
with the MIR baseline. 
 

RESULTS  

 

Sample Characteristics: A total of 6,310 mosquitoes 

were collected in the Tumen River basin, including 2,018 

Anopheles mosquitoes, 3,540 Aedes vexans nipponii, 734 

Culex pipiens pallens, 8 Aedes flavopictus, 6 Culex 

bitaeniorhynchus, and 4 Aedes nipponicus. Aedes vexans 

nipponii was the dominant mosquito species. 

Geographically, 3,278 mosquitoes were collected in 

Longjing City, 1,150 in Helong City, 1,244 in Hunchun 

City, and 638 in Tumen City (Fig. 1A-C). The mosquitoes 

were divided into 636 pools for subsequent analysis 

(Table 3). 

 

Taxonomic Classification: Based on sampling locations, 

the homogenates were divided into four mixtures for NGS 

analysis, mosquito samples were divided into four 

libraries based on their geographic origin (Longjing: 330 

pools; Helong: 115 pools; Hunchun: 126 pools; Tumen: 

65 pools). A total of 73GB of raw nucleotide data was 

generated, of which 98.47 to 98.86% were of high quality 

(>Q20). Each library generated approximately 

67,401,498-77,435,866 clean reads, identifying 45,338-

52,979 viral reads, accounting for about 0.067%-0.079% 

of the total reads. Following de novo assembly, a total of 

7,828 viral contigs were obtained. Analysis using Kaiju 

and DIAMOND BLASTP revealed the presence of six 

viruses: SGLV, DSDV2, HMV2, YPLV3, YPLV4, and 

YCV. All nucleotide sequences obtained in this study 

have been submitted to the NCBI database under 

GenBank accession numbers: PZ049013, PZ049014, 

PZ049015, PZ049016, PZ049017, and PZ049018. 

 

Viral Prevalence and Infection Rates: SGLV, YPLV3, 

and YPLV4 were exclusively detected in Aedes vexans 

nipponii. In contrast, HMV2 exhibited broader tropism, 

being identified in Anopheles, Aedes vexans nipponii, and 

Culex pipiens pallens. Out of the 636 pools, 82, 9, 37, 2, 1 

and 5 were positive for SGLV, DSDV2, HMV2, YPLV3, 

YPLV4, and YCV, respectively. Overall screening of 

6,310 mosquitoes found MIRs for the six viruses ranging 

from 0.16 to 13.00 per 1,000 mosquitoes, and SGLV had 

the highest rate (13.00, 95% CI: 10.35-16.10). Species-

stratified analysis showed that only Aedes vexans nipponii 

carried all six viruses, and SGLV had the highest pool 

positivity rate. Anopheles harboured only DSDV2, HMV2 

and YCV; Culex pipiens pallens carried only HMV2. 

Viral spread varied among the areas despite their 

closeness (Tables 4-6). 

Notably, SGLV was exclusively found in a high 

proportion of Aedes vexans nipponii from Longjing. Five 

viruses (DSDV2, HMV2, YPLV3, YPLV4 and YCV) were 

also found in Hunchun. Therefore, Hunchun represents a 

localized area with high mosquito-associated viral diversity, 

warranting further investigation into the ecological 

dynamics and potential exposure risks of these viruses. 

Table 2: Primers and probes used in the present study 

Virus Type Genome locus Primer/probe Sequence (5′→3′) Amplicon size (bp) Reference 

SGLV RT-PCR segment S F TCCTGTCAACCCTCACCTACT 325 This study 

R ATCGCATTCCTCCACTCAA 

DSDV2 RT-PCR RdRp F CATACTCACGCACCATGGATACTT 543 This study 

R ACATAGTTTTGTAGAGGGGCACC 
YPLV3 RT-PCR RdRp F ACGATCTTGGCACCCTTTG 520 This study 

R TGTTAGACGGTCCCTTGAGC 
HMV2 RT-PCR RdRp F CCTAATTCAAAGCGAACAAATGTAC 641 This study 

R ACGGTACTTCGATCTTATGCTTCTC 

YPLV4 RT-PCR RdRp F GGTGAGAATCGAGAGATGAATCC 607 This study 

R CATCTTTCTTCATCGCGTCATTA 

YCV RT-PCR RdRp F ACTCGACTCGTAACAGGAACCC 536 This study 

R CACGGTAAACACGTTGACACAGT 

 
Table 3: Mosquitos species collected in Tumen River basin area, China 

Collection site Anopheles Culex pipiens pallens Aedes vexans nipponii Culex bitaeniorhynchus Aedes flavopictus Aedes nipponicus Total 

Helong 85(850) 5(50) 25(250) − − − 115(1150) 

Hunchun 38(376) 7(70) 78(780) 1(6) 1(8) 1(4) 126(1244) 

Tumen 4(39) 6(56) 55(543) − − − 65(638) 

Longjing 76(753) 57(558) 197(1967) − − − 330(3278) 

Total 203(2018) 75(734) 355(3540) 1(6) 1(8) 1(4) 636(6310) 

Values are presented as Number of pools (Number of individual mosquitoes). 
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Table 4: Regional variations in the prevalence of six mosquito-borne viruses detected in six mosquito species in the Tumen River Basin 

Viruses Pool positivity rate (%) P-value 

Anopheles (N=203, 
n=2018) 

Culex pipiens pallens 
(N=75, n=734) 

Aedes vexans nipponii 
(N=355, n=3540) 

Culex bitaeniorhynchus 
(N=1, n=6) 

Aedes flavopictus 
(N=1, n=8) 

Aedes nipponicus 
(N=1, n=4) 

SGLV 0 0 82(23.10%) 0 0 0 P<0.001 
DSDV2 2(0.99%) 0 7(1.97%) 0 0 0 0.476 
HMV2 4(1.97%) 2(2.67%) 31(8.73%) 0 0 0 0.010 
YPLV3 0 0 2(0.56%) 0 0 0 0.716 

YPLV4 0 0 1(0.28%) 0 0 0 1.000 
YCV 3(1.48%) 0 2(0.56%) 0 0 0 0.308 

Values are presented as positive pools (pool positivity rate %). N indicates the total number of tested pools; n indicates the total number of 
mosquitoes collected. Mosquitoes were pooled by species with up to 10 individuals per pool. Rare species with limited sample sizes (Culex 
bitaeniorhynchus, Aedes flavopictus, and Aedes nipponicus) were pooled based on available numbers. Negative findings in rare species (n=4-8) do not 

indicate a lack of viral susceptibility. P-values were calculated using Fisher's exact test due to small sample sizes and expected cell counts below 5. As 
this is an exploratory study, raw P-values are reported without multiple-comparison correction. 
 
Table 5: Regional differences in the prevalence of six mosquito-borne viruses across four regions of the Tumen River Basin 

Viruses Pool positivity rate (%) 

Longjing(N=330) Helong (N=115) Tumen (N=65) Hunchun (N=126) P-value 

SGLV 82(24.85%) 0 0 0 P<0.001 

DSDV2 0 0 0 9(7.14%) P<0.001 
HMV2 0 0 0 37(29.37%) P<0.001 
YPLV3 0 0 0 2(1.59%) 0.039 

YPLV4 0 0 0 1(0.79%) 0.198 
YCV 0 3(2.61%) 0 2(1.59%) 0.021 

Values are presented as positive pools (pool positivity rate %). N indicates the total number of tested pools. Mosquitoes were pooled by species with 

up to 10 individuals per pool. P-values were calculated using Fisher's exact test due to sparse data and low expected cell counts across collection 
sites. As this is an exploratory study, raw P-values are reported without multiple-comparison correction. 

 

Table 6: Minimum infection rates (MIR per 1,000 mosquitoes) of six mosquito-borne viruses across different collection sites in the Tumen River basin, China 

Collection site SGLV DSDV2 HMV2 

Positive pools (n) MIR (95% CI) (per 1,000) Positive pools (n) MIR (95% CI) (per 1,000) Positive pools (n) MIR (95% CI) (per 1,000) 

Helong 0 - 0 - 0 - 
Hunchun 0 - 9 7.23(3.31-13.73) 37 29.74(21.08-40.83) 

Tumen 0 - 0 - 0 - 
Longjing 82 25.02(19.94-30.98) 0 - 0 - 
Total 82 13.00(10.35-16.10) 9 1.43(0.65-2.71) 37 5.86(4.13-8.07) 

Collection site YPLV3 YPLV4 YCV 
Helong 0 - 0 - 3 2.61(0.54-7.62) 
Hunchun 2 1.61(0.19-5.81) 1 0.80(0.02-4.48) 2 1.61(0.19-5.81) 

Tumen 0 - 0 - 0 - 
Longjing 0 - 0 - 0 - 
Total 2 0.32(0.04-1.14) 1 0.16(0.00-0.88) 5 0.79(0.26-1.85) 

Minimum Infection Rate (MIR) is calculated as: (Number of positive pools / Total number of mosquitoes tested)×1,000. Both MIR and its 
corresponding 95% Confidence Interval (CI) are expressed per 1,000 mosquitoes. The site-specific MIR is calculated based on the total number of 
individual mosquitoes collected per site to reflect overall community-level viral prevalence. For the single permissive vector Aedes vexans nipponii in 

Longjing, the species-specific MIR for SGLV was 41.69 per 1,000 mosquitoes (95% CI: 33.37-51.44). 95% CIs were calculated using the exact binomial 
method (Clopper-Pearson) based on total individual mosquitoes tested. Dashes (“-”) indicate that the parameter could not be calculated due to zero 
positive pools. 

 

Phylogenetic Analysis: Based on a partial S-segment 

phylogenetic analysis, the evolutionary position and 

taxonomic status of the SGLV Yanbian strain (PZ049013) 

in the genus Orthonairovirus (family Nairoviridae, order 

Bunyavirales) were elucidated (Fig. 2). The phylogenetic 

tree shows that the SGLV Yanbian strain is closely related 

to the Ixodes ricinus orthonairovirus Iasi strain 

(OR645573) from France and belongs to a separate 

monophyletic group with high bootstrap support (>0.93). 

They have very little genetic distance, with as high as 

99.13% nucleotide identity, and are thus considered 

geographical variants of the same virus. The SGLV 

Yanbian strain is closely related to Chinese Songling virus 

isolates (PQ475698/PQ475699) and Huangpi Tick Virus 1 

(MZ965001), with nucleotide identity of 99.57% and 

99.13%, respectively, and thus belongs to the same 

evolutionary group of Orthonairovirus. 

Phylogenetic analysis placed the YCV strain 

(PZ049016) in a large evolutionary cluster of known 

mesoniviruses (family Mesoniviridae), such as Nam Dinh 

and Houston viruses. It clustered closely (bootstrap>0.82) 

with three Yichang virus strains: OP576001 (Germany), 

NC040534 (China), and MT070763 (China), sharing 

98.99, 98.59, and 99.20% nucleotide homology, 

respectively. Minimal genetic distance indicates that the 

Yanbian strain is a Yichang virus isolate. It is about 85%–

87% similar to the Nam Dinh virus clade (e.g., 

MT514351) and is closely related to it within the genus 

(Fig. 3). It has a relatively clear genetic boundary and 

high intra-group homogeneity, and is thus considered a 

species of YCV Yanbian strain. 

To clarify the taxonomic position of the new DSDV2 

(PZ049014) found in this study, a phylogenetic tree was 

built based on the amino acid sequences of the RNA-

dependent RNA polymerase (RdRp) of representative 

viruses of the Permutotetraviridae family (Fig. 4). 

Phylogenetic analysis was conducted to determine the 

evolutionary relationships and homologies of 

Permutotetra-like viruses. As shown in the phylogenetic 

tree, it has high homology with the three strains of 

Daeseongdong virus 2: KU095842 (South Korea), 

OZ335788 (UK), and MH188027 (Daeseongdong-like 

virus/Finland). They formed a single, closely grouped 

branch with high confidence (bootstrap>0.84), and the 
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nucleotide homologies were 98.99, 99.24, and 98.48% 

respectively. DSDV2 was in the same cluster and thus 

considered a variant of Daeseongdong virus 2. The branch 

lengths of the cluster in terms of genetic distance were 

very short. As a result, it has been determined that this 

new virus is closely related to the known Daeseongdong 

virus 2 strains and has shown relatively little genetic 

variation across East Asia and Europe. Finally, a close 

cluster of the Yanbian strain indicates that this virus exists 

in China. 

To classify the Yanbian strain of HMV2 (PZ049015), 

a phylogenetic tree was built based on RdRp nucleotide 

sequences from representative RNA viruses isolated from 

mosquitoes, nematodes and other arthropods (Fig. 5). 

HMV2 Yanbian strain clustered tightly (bootstrap>0.89) 

with two strains of Hubei mosquito virus 2 (KX882764 

and PX548808), and showed nucleotide homologies of 

98.96% and 99.38%, respectively. It has a very short 

branch length and is thus closely related to the Hubei 

mosquito virus 2 strain. It can be seen from the above that 

the strains in Hubei, Fujian and the area of this study are 

genetically very similar. 

Notably, the phylogenetic tree includes several viral 

lineages associated with different hosts: Wenzhou noda-

like virus, Cucumber mosaic virus (a plant virus), and 

Acyrthosiphon pisum virus (an aphid virus) are located 

above; those below are Lactarius tabidus ormycovirus 1 (a 

fungal virus), Wuhan insect virus 21, and Ixodes 

scapularis associated virus 3 (a tick-borne virus). All the 

different origins of these hosts suggest that viruses in this 

group have wide natural host ranges, including insects, 

nematodes, fungi, plants and ticks; thus, they provide rich 

materials for studying cross-host transmission and 

evolutionary adaptation. 

Phylogenetic analysis was performed to determine the 

relative locations of the Yanbian strains YPLV3 

(PZ049017) and YPLV4 (PZ049018) in the family tree 

(Fig. 6). Both isolates belong to the same large clade of 

members in the order Picornavirales. Among the above 

clades, the YPLV3 and YPLV4 branches are closely 

related to the Parechovirus (MT707717) and Sapovirus 

(PX565172) clade, forming a parallel sister group with the 

overlying Coxsackievirus/Enterovirus clade. 

Specifically, the YPLV3 Yanbian strain (PZ049017) 

clustered closely with the Yongsan picorna-like virus 3 

reference strain from South Korea (NC_040584) in an 

independent monophyletic branch at a high confidence 

level (bootstrap>0.88). The two have a small genetic 

distance and are 98.59% nucleotide-homologous. Notably, 

the new YPLV4 Yanbian strain (PZ049018) did not 

belong to this YPLV3 subcluster directly, but formed a 

strongly supported sister branch at the base. Sequence 

divergence and phylogenetic positioning demonstrate that 

this isolate represents a distinct, unclassified lineage 

within the order Picornavirales, phylogenetically 

separated from the canonical YPLV3 lineage. 

 

DISCUSSION 

 

The Tumen River basin is at a tri-border intersection 

of China, North Korea and Russia, and is thus a high-risk 

area for cross-border transmission of mosquito-borne 

diseases. However, the original data on viral diversity, 

spread patterns and transmission risks in this basin are 

unavailable. 6,310 mosquitoes were sampled 

systematically from the four sites in the basin (Longjing, 

Helong, Hunchun and Tumen) for viral metagenomics. 

Six viruses were found: SGLV, DSDV2, HMV2, YPLV3, 

YPLV4 and YCV. Specify the desired host, minimum 

infection rate (MIR) and phylogenetic position of each 

virus to conduct an all-around characterization of the 

mosquito-borne viral community in this watershed, as 

done previously. It will help to resolve the surveillance 

gap in the border Area and provide a foundation for the 

later construction of a regional monitoring and 

surveillance system along China's northeastern border. 

The discovery of SGLVs has broad ecological 

consequences. SGLV is a new zoonotic disease, and it 

was once thought that only ticks transmitted it (Ma et al., 

2021). The minimum infection rate (MIR) of the locally 

dominant species Aedes vexans nipponii in this study was 

23.16 per 1,000 mosquitoes (corresponding to a species-

specific MIR of 41.69 per 1,000 within Aedes vexans 

nipponii in Longjing, or 23.16 per 1,000 across all Aedes 

vexans nipponii collected in the basin). Phylogenetic 

analysis showed that the SGLV Yanbian strain is highly 

homologous to the European Ixodes ricinus 

orthonairovirus Iasi strain (OR645573) (Bratuleanu et al., 

2023), and it is believed to have spread widely across 

Eurasia. 

Given the relatively high frequency of detection of 

this typical tick-borne viral RNA in mosquitoes, an 

environmental transmission problem has been raised; 

though it does not yet prove an expansion of biological 

vector competency beyond ticks. We believe this is 

because the dominant mosquitoes and ticks have 

significant ecological niche overlaps on wild vertebrate 

hosts (e.g., rodents and birds) in complex temperate 

forest-wetland ecosystems. The detection of SGLV RNA 

in whole-mosquito homogenates may merely reflect the 

ingestion of viremic blood meals from co-occurring 

vertebrate hosts rather than active viral replication or 

tissue dissemination. While mechanical carriage or 

alternate transmission pathways represent intriguing 

ecological hypotheses given the high detection rate in 

local Aedes vexans nipponii, mosquitoes cannot be 

designated as competent vectors or biological reservoirs 

without rigorous experimental validation. Whether 

mosquitoes play any biological or mechanical role in the 

maintenance of SGLV remains an open question that 

requires future laboratory vector-competence assays and 

viral isolation. However, it has not been determined 

whether Aedes vexans nipponii is a competent vector for 

SGLV to date. 

Whether mosquitoes are vectors or not for 

transmitting these viruses must be confirmed in a 

laboratory experiment. Finally, the isolation of the Iasi 

strain from hard ticks and its close evolutionary 

relationship with these ticks strongly suggest long-term 

coevolution between the virus and tick vectors, 

maintaining a highly conserved spatio-temporal 

transmission niche (Celina and Černý, 2024). 

Furthermore, Aedes vexans nipponii in the Tumen River 

watershed were the sole species in which YPLV3, 

YPLV4, and DSDV2 were detected. This observation 

aligns with the high relative abundance of Aedes vexans 
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nipponii in the local mosquito population, though direct 

ecological modeling is required to confirm whether vector 

density acts as the primary driving factor. This trend is in 

line with the idea that “the dominant regional vector 

determines the local viral epidemiological profile” (Liu et 

al., 2023). At the same time, many other viruses that 

affect insects have been identified around the world (Wu 

et al., 2023). The above pathogen ecological features are 

mainly due to the absolute ecological dominance of Aedes 

vexans nipponii in this area. Given that it has a humid 

subtropical monsoonal climate and is relatively warm in 

the summer, it is suitable for the cross-host and cross-

vector transmission of various insect-borne viruses. 

Finally, all viral strains have been systematically 

identified based on highly conserved polymerase or 

nucleoprotein sequences in accordance with the ICTV's 

international consensus guidelines, and their taxonomy 

has been verified accurately (Gorbalenya et al., 2020). 

This study documents the first mainland China 

detection of multiple viruses, including YPLV3, YPLV4, 

and DSDV2, which significantly expands their known 

geographic ranges and suggests potential connectivity 

among regional viral pools. Notably, the SGLV isolate 

exhibited 99.13% nucleotide homology with the Iasi strain 

of Ixodes ricinus orthonairovirus (Bratuleanu et al., 2023). 

Previously, YPLV3 was detected only in Aedes vexans 

nipponii in South Korea (Sanborn et al., 2019), and 

DSDV2 sporadically in South Korea, the UK, and the 

USA (Hang et al., 2016; Pilgrim et al., 2026), without 

mainland China records. 

Although members of the related viral groups are 

generally geographically restricted, sequence analysis 

shows that they are closely related to overseas strains. We 

believe that the above spatial distribution patterns may 

have been promoted by regional ecological corridors, such 

as the 'East Asia–Australasia Flyway', where migratory 

birds or transport facilities can passively spread infectious 

arthropods, such as ticks, across borders (Hubálek, 2004). 

However, as no samples from neighboring North Korea or 

Russia were included in this study, the cross-border 

dissemination hypothesis remains unverified and requires 

further validation through cooperative transboundary 

sampling. RdRp gene analysis (Gorbalenya et al., 2020) 

shows that these cross-regional strains have extremely 

high sequence homology and have not undergone 

substantial regional genetic differentiation during spatial 

spread. Nucleic acid tests alone have identified SGLV and 

YPLV4 in blood-feeding Aedes vexans nipponii for the 

first time. YCV has also been found in Anopheles and 

Aedes vexans nipponii. Since previous records of YCV in 

China were primarily reported from Culex mosquitoes 

(Wang et al., 2017) and other insects in Central China 

(Chang et al., 2020), its detection in Anopheles and Aedes 

vexans nipponii in Northeast China significantly expands 

the known geographical distribution and mosquito 

association profile of this virus. Based on phylogenetic 

analysis, these sequences are closely related to arbovirus 

lineages of blood-feeding insects. In addition, the 

geographically distant isolates formed subclusters based 

on their origins and displayed spatial genetic variation 

(Shi et al., 2016). At the same time, close relatives of the 

virus at different places around the world have been 

identified; their transmission paths have not yet been 

determined. The HMV2 phylogenetic tree includes 

sequences derived from diverse sources, such as insects, 

nematodes, fungi and plants, and has formed an intricate 

ecological network involving cross-species host jumps 

over a long period (Liu et al., 2023). 

Although the above results have extended knowledge 

on the geographical distribution and mosquito 

associations of viruses, nucleic acid detection alone 

cannot provide specific public health risk assessments. To 

confirm whether the detected viruses are indeed caused by 

mosquitoes and not due to environmental contamination 

or ingestion of blood-meal residues, gold-standard 

experiments need to be conducted. In the future, live-virus 

isolation, whole-genome sequence alignment, functional 

analysis of mutation sites and mosquito infection models 

will be added to confirm replication and transmission 

ability (Kramer and Ciota, 2015). 

A relatively high proportion of SGLV in the local 

dominant mosquitoes suggests a possible risk of viral 

spillover into the human population (Wang et al., 2019). 

The discovery of other viruses in blood-feeding 

mosquitoes raises questions regarding potential zoonotic 

interfaces and thus requires all-weather public health risk 

assessment (Weaver and Reisen, 2010). Analysis has been 

carried out on the epidemic development of various 

mosquito-borne diseases in the Tumen River Basin since 

their introduction by foreigners (Hubálek, 2004). Virus 

isolation confirmation, vector transmission ability tests 

and baseline infection rates in humans and animals were 

conducted to provide a foundation for targeted 

surveillance and quarantine at border ports (Kramer and 

Ciota, 2015). 

This study has some deficiencies. First, metagenomic 

sequencing and phylogenetic analysis of conserved 

genomic fragments cannot determine whether the detected 

nucleic acids originated from replicating infectious 

particles, and the full genomic characteristics and 

recombination events are also unknown. Strictly comply 

with the standardized international arbovirus surveillance 

protocols. Dual-orthogonal Kaiju and DIAMOND 

BLASTp algorithms were used for sequence alignment and 

validation, and phylogenetic analysis excluded false 

positives. Since ICTV has specifically defined the grouping 

of RNA viruses based on conserved sequences (Gorbalenya 

et al., 2020), our results on species identification, 

taxonomy, distribution in different areas, and hosts should 

also be taken as reliable. Second, there is no supporting 

data from host animals, human serology and environmental 

samples to fully characterize the transmission cycle and 

actual human infection risk. Additionally, the small sample 

sizes for rare mosquito species (n=4-8) preclude definitive 

conclusions regarding their susceptibility or vector role. 

Nonetheless, the first goal is to clarify the baseline 

mosquito-borne viral community in this area (Xiao et al., 

2018) and thus provide a foundation for vector-borne 

disease prevention. This standardized cross-border 

surveillance system has set up a risk stratification 

mechanism to define specific scopes for follow-up 

monitoring and thus avoided redundant research. Finally, 

only metagenomic sequencing and RT-PCR were 

employed; neither demonstrated active replication or 

infectious virus production, nor confirmed true vector 

competence. Without viral isolation or transmission assays, 
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our results show possible carriage rather than confirmed 

biological vectoring. Future lab-to-lab transmission studies 

are required. 

  

Conclusions: This study provides the first baseline data 

on the composition and distribution of mosquito-borne 

viruses in the Chinese border area of the Tumen River 

basin (China-North Korea-Russia tri-border area). We 

found six RNA viruses, and among them, SGLV had a 

relatively high minimum infection rate for the main local 

species Aedes vexans nipponii. Metagenomics and 

phylogenetics showed that the local viral strains were 

closely related to those found in the neighboring area and 

other places. Although the above results provide useful 

baseline surveillance data on vector-associated viral 

diversity in this strategic border area, active replication, 

actual vector competence and potential transboundary 

dissemination routes need to be verified through 

coordinated cross-border sampling and laboratory 

infection experiments. Future studies should expand the 

scope of surveillance under the 'One Health' approach to 

better understand the ecology of regional arboviruses and 

public health risks in Northeast China. 
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