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Objective

To understand the epidemiology and evolutionary characteristics of human adenovirus (HAdV) infecting children in Yancheng, China, during the winter of 2023-2024.





Methods

HAdV-positive throat swab samples were collected from pediatric patients in Yancheng. The Hexon, Penton base, and Fiber genes were amplified and sequenced for typing and phylogenetic analysis of HAdV.





Results

170 HAdV-positive samples were collected and identified from children with acute respiratory infection (ARI) in Yancheng. A total of 133 samples were successfully amplified and sequenced for Hexon, Penton base, and Fiber genes. Phylogenetic analysis showed that HAdV-B3 was the dominant circulating strain, and two strains of B21, one strain of C1 and one strain of C5 were also identified.





Conclusion

During the winter of 2023-2024, HAdV infecting children in Yancheng was mainly the B3 type.
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1 Introduction

Acute respiratory infection (ARI) is a clinical acute disease caused by various pathogens with acute respiratory symptoms (usually lasting no more than 21 days) (Chretien et al., 1984). The main symptoms include cough, sputum production, shortness of breath, sore throat, and runny nose. ARI primarily includes acute upper respiratory tract infections, acute bronchitis, and community-acquired pneumonia (CAP), with common pathogens being viruses and bacteria (including atypical pathogens). Upper respiratory tract infections can occur year-round, with a higher incidence during winter and spring. Most cases are self-limiting, but the elderly, children, those with underlying diseases, and immunocompromised individuals are at risk of developing bronchitis, pneumonia, severe pneumonia, and even life-threatening conditions. Approximately 4 million people reportedly die from respiratory viral infections each year, particularly the elderly, children, and immunocompromised populations (Avendaño Carvajal and Perret Pérez, 2020). In ARI, upper respiratory tract infections account for 70–90% of cases, with 70–80% caused by viruses. Common viruses include influenza virus, rhinovirus, coronavirus, parainfluenza virus, respiratory syncytial virus, adenovirus, human metapneumovirus, etc (Weber et al., 1998; Chang et al., 2002; Huijskens et al., 2012). HAdV is one of the common pathogens that cause ARI (Wang et al., 2024). The main manifestation is acute upper respiratory tract infection (2% to 4% of acute respiratory tract infections are caused by adenovirus), followed by eye and gastrointestinal infections. HAdV can infect people of all ages. ARI caused by HAdV accounts for 1-10% in adults and 5-10% in children (Kenmoe et al., 2018). The clinical manifestations of primary HAdV infection are mostly subtle (Yu et al., 2021), and the virus can be latent in mucosal lymphocytes, such as tonsils and adenoids after infection (Garnett et al., 2009). However, reactivation of latent HAdV in neonates, the elderly, or immunocompromised individuals can lead to more severe respiratory disease (Lynch et al., 2011).

The HAdV genome is 34 to 36 kb in length (Ismail et al., 2018) and is an unenveloped, double-stranded DNA virus with a diameter of 70 to 100 nm (Shieh, 2022). It has a spherical particle structure with icosahedral symmetry, consisting of 240 hexon proteins and 12 penton proteins attached to trimeric fibers of various sizes at the 12 vertices (Lion, 2014). The hexon protein is the main antigenic protein of HAdV, and the presence of a hypervariable structural loop in this region contains specific antigen-determining sites, allowing HAdV to be preliminarily typed by analyzing the hexon protein (Madisch et al., 2005). Specific antigen-determining sites are also present on the fiber protein, which, together with the hexon protein determines the genotyping of HAdV (Zou et al., 2021; Pan et al., 2023). Although the specificity of the penton base protein is weak (Lynch et al., 2011), the current typing of HAdV is based on the combination of hexon, penton base, and fiber due to the recombination of HAdV (Wu et al., 2022).

According to their biological and immunological characteristics, HAdV is divided into seven groups (A-G) and more than 100 genotypes (Rowe Wp et al., 1953; Walsh et al., 2009). The tissue and organ tropism of different HAdV groups varies (SSan Martín, 2012), with respiratory infections primarily caused by groups B (HAdV-3, 7, 11, 14, 16, 21, 50, 55), C (HAdV-1, 2, 5, 6), and E (HAdV-4) (Dou et al., 2018; Yao et al., 2019). Adenovirus pneumonia accounts for approximately 4% -10% of community-acquired pneumonia, and severe pneumonia is more common in HAdV-3 and HAdV-7 (Xie et al., 2018). HAdV-55, a recombination of adenovirus types 11 and 14, causes multiple outbreaks (Lu et al., 2014). HAdV-21 is associated with severe disease, rapidly progressing to multi-organ failure and death (Pfortmueller et al., 2019). The prevalence of HAdV exhibits distinct characteristics influenced by climate, environment, and region (Brini et al., 2020). Outbreaks and epidemics of HAdV frequently occur in highly confined and crowded environments, such as military barracks, hospitals, and schools (Tamura et al., 2007). Since its discovery in 1953, HAdV outbreaks have been reported globally, including in China, indicating that adenovirus outbreaks remain relatively common. Recent reports highlight adenovirus variants with increased pathogenicity, as well as cases of zoonotic transmission and interspecies recombination (Lange et al., 2019). Adenoviruses still pose a threat to public health.

In recent years, ARI caused by newly emerging HAdV strains has been frequently reported worldwide. At present, there is no effective vaccine or antiviral drug for HAdV infection, therefore, monitoring the variation of HAdV strains and the emergence of new viruses is very important. This study aims to provide valuable genomic data and elucidate the molecular evolutionary characteristics of HAdV. In this study, Hexon, Penton base, and Fiber genes were successfully amplified and sequenced from 133 HAdV-positive samples. Phylogenetic analysis showed that 129 strains belonged to genotype B3, two strains to B21, and one strain each to C1 and C5, indicating that B3 was the predominant circulating strain in Yancheng during the winter of 2023-2024. In addition, molecular evolutionary features of HAdV were depicted by analyzing nucleotide identity and amino acid variation sites.




2 Materials and methods



2.1 Sample

The samples were collected from October 2023 to March 2024 at national influenza sentinel surveillance hospitals (Yancheng First People’s Hospital and Yancheng Third People’s Hospital) from specimens diagnosed as influenza-like illness (ILI) cases but tested negative for influenza virus. A total of 827 cases were randomly selected, of which 170 cases from pediatric patients were positive for HAdV, yielding a positivity rate of 20.4%. These samples were transported by dry ice throughout the cold chain to National Institute for Viral Control and Prevention, Chinese Center for Disease Control and Prevention for further identification.




2.2 Sample processing and nucleic acid extraction

The throat swab samples were thawed at room temperature, divided into sterile cryopreservation tubes, and 200μL of each sample was used for nucleic acid extraction. Nucleic acids extraction was performed using the automated nucleic acid extractor (GeneRotex96, Tianlong, China) and the corresponding nucleic acid extraction kit (ZTLJB-Y64T), following the manufacturer’s instructions. The extracted nucleic acids were stored at 4 °C for subsequent experiments.




2.3 Detection of real-time qPCR

The primers and probe used for HAdV detection were as follows: forward primer 5’-GCCACGGTGGGGTTTCTAAACTT-3’, reverse primer 5’-GCCCCAGTGGTCTTACATGCACATC-3’, and probe 5’-TGCACCAGACCCGGGCTCAGGTACTCCGA-3’. They were designed and validated in-house, and synthesized by Shanghai Bioengineering Co., Ltd. 2μl nucleic acid template was added to the reaction system of real-time PCR according to the kit’s instructions (the GoldStar Probe Mixture Real-Time PCR Kit, China) and amplified for 35 cycles using the ABI QuantStudio 5.




2.4 Amplification of Hexon, Penton base, and Fiber gene

The primers for amplifying the Hexon, Penton base, and Fiber genes were designed according to a previous report (Table 1) (Wu et al., 2022). PCR conditions were determined, and reactions were conducted in a total volume of 50 μl comprising the Vazyme 2× Phanta Max Master Mix (25 μl), primer F (10 μmol/L, 2 μl), primer R (10 μmol/L, 2 μl), DNA template (3 μl), and water (18 μl). PCR reaction procedure: Initial denaturation for 3 minutes at 95 °C, followed by 15 seconds at 95 °C, 15 seconds at 56 °C, and 60 seconds at 72 °C for a total of 35 cycles, and finally extended for 5 minutes at 72 °C. The PCR products were subjected to Sanger sequencing (Qingke Biosciences Co., Ltd. China) for subsequent analysis. The sequences generated in this study were submitted to GenBank with accession numbers from PV468604 to PV468693.


Table 1 | Universal primers for the typing and sequencing of HAdV.






2.5 Sequence analysis

The sequenced fragments were assembled using SeqMan 7.1.0 (DNASTAR), and the assembled sequences were subjected to BLAST (Basic Local Alignment Search Tool) on NCBI (National Center for Biotechnology Information) to verify successful amplification. Prototype strain sequences and reference sequences from various regions and genotypes were downloaded from the NCBI GenBank database. These sequences were aligned using Clustal W within MEGA 7.0. Phylogenetic analyses were conducted using the aligned sequences with the Maximum Likelihood method in MEGA 7.0, employing the best-fit substitution model for each alignment. A bootstrapping analysis of 1,000 replicates was performed, and bootstrap values exceeding 60% were indicated on the trees. The phylogenetic trees were further beautified online using ITOL (https://itol.embl.de). MegAlign software was used to analyze the identity of nucleotides and amino acids of the sequences. The amino acid variant sites were analyzed using MEGA 7.0 software.




2.6 Recombination analysis

Potential recombination events were screened using RDP5 software (Martin et al., 2015). The putative recombinant sequences identified by RDP5 were subsequently validated with Simplot 3.5.1.4. A sliding window size of 200 bp with a step size of 20 bp was employed (Lei et al., 2023).




2.7 Statistical analysis

Statistical analysis was performed using SPSS 27 software, and the differences in each clinical symptom between HAdV-positive and HAdV-negative patients were compared using the chi-square test. Differences were considered significant when the p -value was below 0.05.





3 Results



3.1 Demographic and clinical information

In this study, we collected a total of 170 HAdV-positive samples from 827 influenza-negative ILI cases. Of these HAdV-positive cases, 108 (63.5%) were male and 62 (36.5%) were female, yielding a male-to-female ratio of 1.74:1. The patients’ ages ranged from 2 to 14 years, with a median age of 6.5 years. The highest detection rate of HAdV was in January 2024 (49%, 83/170), followed by December 2023 (24%, 41/170).

The main clinical symptoms of the HAdV-positive patients were fever (100%, 170/170), cough (54%, 92/170), sore throat (28%, 47/170), and body aches (6%, 11/170). Mixed clinical presentations were observed, including concurrent cough and sore throat (22%, 38/170), cough with body aches (4%, 7/170), as well as sore throat with body aches (2%, 4/170). All cases had a fever, with a temperature range of 37.4-41.5 °C. Compared to 657 non-HAdV cases, those with similar main clinical symptoms: fever (99%, 652/657), cough (36%, 235/657), sore throat (13%, 88/657), and body aches (4%, 30/657). Each clinical symptom between HAdV-positive patients and HAdV-negative patients was analyzed using the chi-squared test (Supplementary Table S1). The results showed that the incidence of both cough and sore throat in HAdV-positive patients is significantly higher than that in HAdV-negative patients (p <0.05).




3.2 Grouping of HAdV

133 of Hexon, Penton base and Fiber genes were successfully amplified and sequenced from 170 positive samples. Due to the large sample size, 103 specimens with completely identical sequences of all three target genes (Hexon, Penton base, and Fiber) were considered as one sample, and finally 30 unique samples were screened for analysis. The phylogenetic tree was constructed with Hexon gene sequences of this study combined with the prototype strains from each HAdV group (Figure 1). The results showed that 27 strains of B3, one strain of B21, one strain of C5, and one strain of C1 were identified on the phylogenetic tree of the Hexon gene. The nucleotide identity of the Hexon gene among the 27 B3 strains ranged from 99.4% to 100%. For HAdV-C5 (Yancheng-3) and HAdV-C1 (Yancheng-10), the nucleotide identity of the Hexon gene was 77.6%.


[image: ]

Figure 1 | Phylogenetic analysis of Hexon gene in Yancheng from 2023 to 2024. (The red font indicates the sample of this study, and the others are the prototype strains of each type.).






3.3 Evolutionary analysis of HAdV B isolates



3.3.1 Phylogenetic analysis

In this study, one of the identical sequences was selected for subsequent analysis. The Hexon, Penton base, and Fiber gene sequences of the 28 type B HAdV strains in this study, along with the reference sequences of species B, were used to construct phylogenetic trees (Figure 2).
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Figure 2 | Phylogenetic analysis of Hexon (A), Penton base (B), and Fiber (C) genes of HAdV-B samples in Yancheng from 2023 to 2024 (The green circle represents the sequence of this study, the red triangle represents the prototype strain of each type, and the rest are reference sequences for each type).



In the phylogenetic tree of the Hexon gene, the B21 strain (Yancheng-11) formed a cluster with four reference sequences from the United States, Guangzhou and Nanjing (China), and the prototype B21 strain AV-1645 (AY601633) from the United States. Type B3 strains (Yancheng-18, 31, 40, 49, 50, 54, 55, 56, 58, 59, 64, 65, 67, 103, 110, 113, 123, 137, 138, 139, 152, 157, 158, 161, 163, 172, and 179) clustered with reference sequences from the United States, Germany, Japan, South Korea, the UK, and China (Beijing, Hebei, Guangzhou, Shanghai, Zhejiang, and Tongliao), along with the prototype B3 strain GB (AY599834). The remaining reference sequences formed other branches.

In the Penton base gene, Yancheng-11 still formed a cluster with above four reference sequences from the United States, China (Guangzhou and Nanjing), the prototype B21 strain AV-1645 (AY601633), additionally, the prototype B50 strain Wan (AY737798) was grouped within the B21 cluster. Yancheng-18, 31, 40, 49, 50, 54, 55, 56, 58, 59, 64, 65, 67, 103, 110, 113, 123, 137, 138, 139, 152, 157, 158, 161, 163, 172, and 179 were still consistent with reference sequences from the United States, Germany, Japan, Korea, UK, and China (Beijing, Hebei, Guangzhou, Shanghai, Zhejiang, and Tongliao), as well as the prototype B3 strain GB (AY599834) from the United States. Additionally, the prototype American B7 strain NHRC-1315 (AY601634) and three U.S.-derived reference sequences were grouped within the B3 cluster.

In the Fiber gene, the branches formed by Yancheng-11 were consistent with those of the Penton base gene in the phylogenetic tree. Similarly, the branches of Yancheng-18, 31, 40, 49, 50, 54, 55, 56, 58, 59, 64, 65, 67, 103, 110, 113, 123, 137, 138, 139, 152, 157, 158, 161, 163, 172, and 179 strains were consistent with those of the Hexon gene in the tree.

The results of phylogenetic analysis suggested that there was no recombination event of the HAdV-B strain prevalent in Yancheng in this study. Most of the HAdV-B3 strains in this study clustered on the same branch as the prototype strain of B3 in the Hexon, Penton, and Fiber evolutionary trees (Figure 2), indicating that they may come from a common ancestor. Similarly, the B21 strain (Yancheng-11) formed monophyletic branches with the prototype strain B21 in the Hexon, Penton and Fiber gene trees, indicating that they may originated from a common ancestor. The HAdV-B3 exhibits a global distribution pattern, forming a well-supported cluster with reference strains from the United States, Germany, Japan, South Korea, the UK, and multiple provinces in China (Beijing, Hebei, Guangzhou, Shanghai, Zhejiang, and Tongliao). This indicates that the B3 strain may have strong adaptability to transmission.




3.3.2 Nucleotide and amino acid identities

The 28 HAdV-B sequences were analyzed for identity using MegAlign (Supplementary Figure S2). For the 28 HAdV-B strains, the identity of nucleotides and amino acids of the Hexon gene ranged from 72.2% to 100% and 62.9% to 100%, respectively. For the Penton base gene, the identity of nucleotides and amino acids ranged from 81.3% to 100% and 83.7% to 100%, respectively. For the Fiber gene, the identity of nucleotides and amino acids ranged from 61.5% to 100% and 55.7% to 100%, respectively (Supplementary Table S3).

For the Hexon gene, the identity of nucleotides and amino acids between the B21 strain from Yancheng-11 and the prototype strain AV-1645 were 99.1% and 98.1%. The identity of nucleotides and amino acids among the 27 B3 strains in this study ranged from 99.4% to 100% and 99.0% to 100%; the identity of nucleotides and amino acids between the 27 B3 strains and the prototype strain GB ranged from 98.3% to 100% and 96.9% to 100%.

For the Penton base gene, the identity of nucleotides and amino acids between the B21 strain from Yancheng-11 and the prototype strain AV-1645 were 94.5% and 93.7%. The identity of nucleotides and amino acids among the 27 B3 strains in this study ranged from 99.8% to 100% and 99.0% to 100%; the identity of nucleotides and amino acids between the 27 B3 strains of this study and the prototype strain GB ranged from 98.0% to 100% and 98.9% to 100%.

For the Fiber gene, the identity of nucleotides and amino acids between the B21 strain from Yancheng-11 and the prototype strain AV-1645 were 99.4% and 99.1%. The identity of nucleotides and amino acids among the 27 B3 strains of this study ranged from 94.0% to 100% and 93.8% to 100%; the identity of nucleotides and amino acids between the 27 B3 strains of this study and the prototype strain GB ranged from 92.6% to 100% and 93.1% to 100%.

The analysis of both nucleotide and amino acid identities revealed distinct evolutionary patterns among the HAdV-B strains. The B3 strains exhibited exceptionally high sequence conservation (Hexon gene amino acid identity: 99.0-100%), suggesting potential clonal propagation within the local population. In contrast, the B21 strain showed relatively lower identity with prototype strain AV-1645 in the Penton base gene (93.7% amino acid identity), indicating this region may be under strong selective pressure. Notably, the Fiber gene demonstrated the highest variability (amino acid identity range: 55.7-100%), consistent with its functional role in receptor binding and antigenic diversification (Liu et al., 2023).




3.3.3 Analysis of amino acids variant sites

Subsequently, amino acid variation sites of three target genes were analyzed between the B21 HAdV strain in this study and the prototype strain AV-1645. The results showed that 9, 4, and 3 amino acid sites were mutated in the Hexon, Penton base, and Fiber genes, respectively. These mutations included D144N, G146E, T216A, P256L, E272Q, I423T, S424T, Q434E, and F455S in the Hexon gene; A335G, D353E, K378R, and S379G in the Penton base gene; and N49K, I70T, and R279H in the Fiber gene. The differences in the three target genes were compared among 27 HAdV-B3 strains in this study and the prototype GB strain. The results showed that 15, 4, and 10 amino acid sites were mutated in the three target genes, respectively. These mutations included G141R/Q, E262D, D265E/K, G266E, R267K, D268G/N/E, A269F, E299G, N302D, N411D, T418R, T429A, A439D, P440T, and T445A in the Hexon gene; T158I, K171T, I178T, and D326N in the Penton base gene; S22N, S23L, D72N, Q150E, S207L, E215Q, A222T, D223H, H246D, and M272T in the Fiber gene.

Whether HAdV-B3 strains or the HAdV-B21 strain, some mutations were located in the hypervariable regions (HVRs) of the Hexon protein, which are critical areas for the interaction between the virus and the host immune system. Mutations such as D144N and G146E, D265E/K and G266E may alter the charge distribution of HVRs, affecting the virus’s ability to bind to antibodies. G141R/Q and R267K may affect the structural stability of Hexon protein, indirectly affecting its binding ability to receptors. Mutations such as A269F and T445A may increase the persistence of the virus in the host’s body, thereby improving its transmission efficiency (Crawford-Miksza and Schnurr, 1996; Arnberg et al., 2000).





3.4 Phylogenetic analysis of HAdV C isolates



3.4.1 Phylogenetic analysis

The Hexon, Penton base, and Fiber gene sequences of the two type C HAdV strains, along with the reference sequences of species C, were used to construct phylogenetic trees (Figure 3).
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Figure 3 | Phylogenetic analysis of two HAdV-C samples in Yancheng from 2023 to 2024 based on Hexon (A), Penton base (B), and Fiber (C) genes (The yellow circle is the study sequence, the red triangle is the prototype strain of each type, and the rest is the reference sequence of each type).



In the Hexon gene phylogenetic analysis, two species C strains (Yancheng-3 and Yancheng-10) of this study exhibited distinct clustering patterns. Yancheng-3 clustered with reference sequences from the United States, Germany, the UK, Japan, and China (Tianjin, Yunnan, and Shanxi), along with the US prototype strain C5 (AC_000008). In contrast, Yancheng-10 formed a separate cluster comprising reference sequences from Germany, Japan, Canada, and China (Tianjin, Hunan, Shanxi), grouping with prototype strain C1 (AF534906).

In the Fiber gene, the branches formed by Yancheng-3 and Yancheng-10 were similar to those of the Hexon gene. In the Penton base gene, the branches diverged from those of the Hexon and Fiber genes due to smaller genetic distances between types.

Phylogenetic analysis revealed no evidence of major recombination events among the HAdV-C strains circulating in Yancheng. Two HAdV-C strains clustered with reference sequences from multiple Chinese provinces (Tianjin, Yunnan, and Shanxi).




3.4.2 Nucleotide and amino acid identities

In this study, two HAdV-C sequences (Yancheng-3 and Yancheng-10) were analyzed for identity using MegAlign. For the two C strains, nucleotide and amino acid identities of the Hexon gene were 77.6% and 76.2%, respectively. For the Fiber gene, nucleotide and amino acid identities were 75.6% and 50.4%, respectively. For the Penton base gene, nucleotide and amino acid identities were 96.1% and 96.8%, respectively, and the identity of nucleotides and amino acids among all species C ranged from 96.1% to 100% and 96.2% to 100%.

For the Hexon gene, the identity of nucleotides and amino acids between Yancheng-3 and the prototype C5 strain (AC_000008) were 99.2% and 99.6%, respectively. The identity of nucleotides and amino acids between Yancheng-10 and the prototype C1 strain (AF534906) were 99.9% and 99.9%, respectively.

For the Fiber gene, the identity of nucleotides and amino acids between Yancheng-3 and the prototype C5 strain (AC_000008) were 99.9% and 99.8%. The identity of nucleotides and amino acids between Yancheng-10 and the prototype C1 strain (AF534906) were 99.5% and 99.0%.

For the Penton base gene, the identity of nucleotides and amino acids between Yancheng-3 and the prototype C5 strain (AC_000008) were 97.6% and 98.4%. The identity of nucleotides and amino acids between Yancheng-10 and the prototype C1 strain (AF534906) were 99.4% and 99.2%.

The HAdV-C1 and HAdV-C5 strains from Yancheng exhibited high amino acid identity (98.4-99.9%) compared to their respective prototype strains, indicating limited genetic divergence during local evolution. This conservation pattern suggests strong purifying selection acting on these HAdV-C strains in Yancheng, with only minor region-specific variations observed.




3.4.3 Analysis of amino acids variant sites

The differences were compared among the Hexon, Penton base, and Fiber genes of C5 strain from Yancheng-3 and the prototype strain AC_000008. Two amino acid variation sites were found on Hexon gene including I144M and T273A; Four amino acid variation sites were found on Penton base gene including L152S, P153H, S310G, and A363D. However, nucleotide differences in the Fiber gene did not lead to amino acid mutations (nonsense mutations). Compared with C1 prototype strain AF534906, there were also nonsense mutations on the Hexon of C1 strain of Yancheng-10; D277N, A327P, and P364L mutations on Penton base; and K74E, N199S, R442K, and E527D mutations on Fiber.





3.5 Recombination analysis

Potential recombination events in the Fiber gene were respectively identified in strains Yancheng-10 and Yancheng-11 using RDP5 software. The Fiber gene of C1 strain Yancheng-10 detected recombination sources including the major parent strain C5-MH121094 and the minor parent strain C6-MH121113. The Fiber gene of B21 strain Yancheng-11 detected recombination sources including the major parent strain B3-AY599836 and the minor parent strain B11-AY163756.

The putative recombinant sites were further validated using SimPlot software with BootScan analysis (Figure 4). C1-AF534906 is likely the backbone of Yancheng-10, and C5-MH121094 and C6-MH121113 are potential genetic constituents. Recombination breakpoints were precisely mapped to nucleotide positions 720 and 840 in the Fiber gene between C1-AF534906 and C5-MH121094. For Yancheng-11, Simplot analysis revealed high sequence similarity to B21-AY601633, with no additional recombination signals detected.


[image: ]

Figure 4 | Bootscanning analysis of the HAdV sequences using a sliding window of 200 nt moving in 20-nt steps. For each bootscanning analysis, the names of viruses of the query sequence were indicated in the plot.







4 Discussion

In this study, 37 of the 170 samples were unable to successfully amplify three target genes simultaneously. Therefore, 133 HAdV-positive samples from children were genotyped in Yancheng in winter of 2023-2024. 129 samples were identified as type B3, two as type B21, one as type C1, and one as type C5, indicating that HAdV-B3 was the dominant strain, followed by HAdV-B21, HAdV-C1, and HAdV-C5. HAdV-B3 is the most prevalent type worldwide, with outbreaks reported in nearly every country (Lynch and Kajon, 2016).

From 2004 to 2006, 34.6% of patients with ARI in the United States were caused by HAdV-3 (Wo et al., 2015). In China, HAdV-3 is endemic in northern, northwestern, and southern regions. From 2007 to 2010, 20.1% of severe acute respiratory infection (SARI) cases in Beijing were HAdV-positive, of which 19.1% were attributed to HAdV-3 (Li et al., 2015). 78.4% of HAdV-positive SARI cases in children were caused by HAdV-3 in Lanzhou from 2006 to 2009 (Jin et al., 2013). HAdV accounted for 12.0% of SARI cases, with HAdV-3 responsible for 70.0% in Guangzhou between 2012 and 2013 (Chen et al., 2016). Outbreaks of HAdV-3-associated respiratory diseases have been reported in China, such as pharyngeal conjunctivitis outbreaks in Shanghai and Shenzhen in 2002 (Duan and Xie, 2018), and an outbreak of febrile respiratory illness and pharyngeal conjunctival fever in Hangzhou in 2011 (Xie et al., 2012). HAdV-1 and HAdV-5, belonging to species C, are also common respiratory disease-causing strains. Although globally prevalent, they exhibit lower virulence and milder clinical manifestations compared to HAdV-3 (Arnberg et al., 2000). In China, HAdV-1 and HAdV-5 infections are widespread but do not dominate circulating strains. Among 552 ARI patients, 76 (13.8%) were HAdV-positive, including 6 cases of HAdV-1 and 1 case of HAdV-7 in Zhejiang between 2007 and 2010 (Li et al., 2015). To date, no outbreaks caused by HAdV-1 or HAdV-5 have been reported in China.

In this study, the B3 strain was the most prevalent strain in Yancheng in the winter of 2023-2024. As described above, for many years, the B3 strain has been the main prevalent strain in China, with high sequence conservation. Our findings are consistent with a study conducted in 2021, which reported the genetic identity and homology of HAdV-3 strains prevalent in China between 2014 and 2018 (Duan et al., 2021). Our research has confirmed that HAdV-3 strains exhibit a high conservation throughout the evolution, which may underlie its stable prevalence.

The analysis of amino acids variant sites identified several amino acid substitutions across the three target genes. Some mutations were located in the hypervariable regions (HVRs) of the Hexon protein, which are critical areas for the interaction between the virus and the host immune system. Mutations such as D144N and G146E, D265E/K and G266E may alter the charge distribution of HVRs, affecting the virus’s ability to bind to antibodies. G141R/Q and R267K may affect the structural stability of Hexon protein, indirectly affecting its binding ability to receptors. Structural changes may make it easier or harder for viruses to bind to host cell receptors. Mutations such as A269F and T445A of Hexon may increase the persistence of the virus in the host’s body, thereby improving its transmission efficiency (Lu et al., 2014; Pfortmueller et al., 2019). Although the mutation site is not located at the Fiber knob region (amino acids 479-497) - which contains the receptor-binding domain (e.g., CAR/Coxsackie-Adenovirus Receptor) - it may still influence receptor-binding efficiency through allosteric effects (Bergelson et al., 1997). The mutation of the Penton is also not located at the RGD (Arg Gly Asp) region, which binds to the host cell surface α v integrins (such as α v β 3 and α v β 5) to mediate virus entry into the host cell, but alters the structure of the virus RGD (Wickham et al., 1993). The specific effects of these mutations on adenovirus still need to be verified through further experiments.

The fiber protein is an essential component of the adenoviral capsid whose structure determines viral binding affinity to host cell receptors. In this study, the recombination event observed in Yancheng-10 strain at positions 720–840 are likely to disrupt the normal folding and stability of the fiber protein, potentially modifying its tertiary structure (Fang et al., 2024). Such structural changes could affect the binding affinity between the fiber protein and host cell surface receptors, consequently influencing viral infectivity. A limitation of this study is that only the Hexon, Penton, and Fiber genes were analyzed. Without whole-genome sequencing, we cannot completely exclude the possibility of recombination or mutations in other regions of the genome.

The relatively low prevalence of HAdV-B21, HAdV-C1, and HAdV-C5 strains may be attributed to amino acid substitutions that potentially impair viral fitness, including possible replication deficiencies or reduced host adaptability. However, the functional consequences of these genetic variations require further investigation. Specifically, the potential impacts on viral transmission dynamics, pathogenicity, and receptor-binding affinity remain undetermined due to current study limitations.

Conclusion, the epidemiological characteristics and clinical characteristics of HAdV infection were analyzed in this study. Molecular evolution analysis based on divergent sequences of Penton base, Hexon, and Fiber genes revealed that HAdV-B3 was the dominant strain in Yancheng, China, during the winter of 2023–2024, followed by HAdV-B21, HAdV-C1, and HAdV-C5. This study focused on adenovirus in influenza-negative ILI cases without considering coinfection. In the future, we will analyze the impact of adenovirus coinfection with other viruses on the condition. The study’s limitations include insufficient clinical metadata and a restricted sample size (especially for B21/C1/C5), limiting the analysis of genotype-phenotype correlation of B21/C1/C5 strains. The short collection period (less than one year) may also bias prevalence estimates. Expanded longitudinal surveillance with clinical linkage is needed.
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100 ¥ MF062484CHN-GZ/2010
A B14-AY803294/USA/2004
OR777179/USA2015

100 | A B34-AY737797/USA/2004

5] OR735204/USA/2010

100 | 0Q518264/USA/2009

A B35-AY128640/USA/2003
OR777201/USA2016
MT505439/USA/2019

9 |- A B11-AY163756/USA2002
PP002046/CHN-Wuhan/2023
MN654395/USA/2019

Cluster 2

MK123979/CHN-GZ/2018
KP279748/CHN/2012
A B55-FJ643676/CHN/2009
JNBE0680/USA/2011
100 L A B16-AY601636/USA/2004

0.0

Cluster 1

B.Penton base

® Yancheng-59
® Yancheng-40
@ Yancheng-65
® Yancheng-103
@ Yancheng-152
® Yancheng-163
® Yancheng-172
® Yancheng-179
MW748622/CHN-SHI2016
MWT748631/CHN-HBI2015
JX423380USAI2004
JX423381USAI2003
JX4233821USAI2008
KF268120/USA2007
KF268123/USA2007
KX384958/USA2002
LC703523/Japan/2024
LC799997/Japan/2024
MHE28478/UK/2020
MKB36308/China- Shanghai/2009
MKB47517/China-Shanghai/2009
MKB83604/China-Shanghai/2011
MK883608/China- Shanghai/2012
MW748658/CHN-B./2018
MW748662/CHN-BJI2015
MWT748663/CHN-GZ/2015
MWT748664/CHN-HBI2014
MW748670/CHN-ZJ/2015
MW748671/CHN-ZJ/2015
MW748672/CHN-ZJ/2015
MZ540961/CHN-GZ/2019
0Q518276/USA2013
0Q518287/USA2013
0Q5182921USAI2013
0Q518315/USAI2009
0Q518321/USA2010
0Q518323/USA2009
ORT531271USA2012
PQ189749/Germany/2023
ORTTT198IUSA015
0Q518306/USA/2011
MKB13914/China-Shanghair2004
® Yancheng-157
MW767985/CHN-Tongliao2019
DQ0994IVCHN-GZ/2006
® Yancheng-161
® Yancheng-158
® Yancheng-139
® Yancheng-138
® Yancheng-137
@ Yancheng-123
® Yancheng-113
® Yancheng-110
® Yancheng-67
® Yancheng-64
® Yancheng-58
® Yancheng-56
® Yancheng-55
® Yancheng-54
® Yancheng-50
® Yancheng-49
® Yancheng-31
® Yancheng-18
0Q518299/USA2011
KY320276/SouthKoreal2016
KF268202/USA2013
o7| | KF2e8131USA2007
KF268128/USA1988
| AY599836/USA/2006
OR753139/USAI2009
A BT-AY601634/USA2004
ORT753137/USA2012
2l OR753123USAR012
A B3-AY509834/USA2006
INBG0SBO/USA/2011
Q[ A B16-AYG01636/USAI2004

Cluster 1

MN686206/CHN/2019
@ Yancheng-11

MWA51243/CHN-GZ/2020

OQ518314/USA2009 Cluster2
0Q518316/USAI2009

A BSO0-AY737798/USAI2004

A B21-AY601633/USA2004

100] ORTTTATSIUSAI2015

A BI-AYT3TTSTIUSAI2004
ORTTT201/USA2016
0Q518264/USA2009
MTE05439/USAR2019

9% | OR7352041USA2010

A B35-AY128640/USA2003
A B11-AY163756/USA2002
OR7352101USA2010
MF062484CHN-GZ/2010
ORT753131/USA2011

A B14-AYB03294/USA2004
KP279748/CHNI2012
PPO02046/CHN-Wuhan/2023
MNB54395/USA2019
MK123979/CHN-GZ/2018
A B55.FJ643676/CHNI2009

9|

C.Fiber

@ Yancheng-31

® vancheng-18

® vancheng-49

® Yancheng-50

® vancheng-54

® Yancheng-55

® vancheng-56

@ Yancheng-58

® vancheng-64

@ Yancheng-67

® vancheng-110

® Yancheng-113

® vancheng-123

® Yancheng-137

@ Yancheng-138

® Yancheng-139

@ Yancheng-158

® vancheng-161

@ Yancheng-163

® vancheng-172
MW748587/CHN-HB/2015
DQD9I2/CHN-GZ/2006
1X423380USAI2004
1X423381/USA2003
1X423382/USA2008
KF268120/USA2007
KF268123/USAI2007
KY320276/SouthKorea/2016
MHB28478/UKI2020
MK813914/China-Shanghai2004
MK836308/China-Shanghai2009
MK847517/China-Shanghail2009
MK883604/China-Shanghai/2011
MW748662/CHN-BJI2015
MW748664/CHN-HB/2014
MW748670/CHN-ZJ12015
MW748671/CHN-ZJI2015
MW748672/CHN-ZJI2015
MW767985/CHN-Tonglia0/2019
0Q518276/USA2009
0Q518299/USA2011
0Q518306/USA2011
0Q518315/USA2009
0Q518321/USA2010
0Q518323/USA/2009
OR753127/USA2012
PQ189749/Germany/2023
ORT77198/USA2015
0Q518292/USAI2013
0Q518287/USAR013
MZ540961/CHN-GZ/2019
MW748658/CHN-BJ/2018
LC799997/apan/2024
LC703523/Fukushima/2019
MW748578/CHN-SH2016
® vancneng-179

@ Yancheng-157

® vancheng-152

@ Yancheng-103

Cluster 1

100/} @ vancheng-65

@ vancheng-59

'@ Yancheng-40
MK883608/China-Shanghai/2012
MW748663/CHN-GZ12015
KX384958/USA2002
KF268202/USA2013
KF268128/USA/1988
KF268131/USA/2007
AY599836/USAI2006

A B3-AY599834/USAI2006

JNBGOBBO/USA/2011
nm[ B16-AY601636/[USA2004

MNG686206/CHN/2019
® Yancheng-11
MW151243/CHN-GZ/2020
0Q518314/USA2009
0Q518316/USA2009

A B50-AY737798/USA2004
10| 73] A B21-AYB01633/USAZ004
o | OR7352041USA2010
0Q518264/USA/2009

A B35-AY128640/USAI2003
ORT77179/USA2015

100

ool A B34-AY737797/USA2004
OR753137/USA2012
OR753123/USA2012
OR753139/USA2009
A B7-AYB01634/USA2004
MT505439/USA/2019
00 fL. A B11-AY163756/USA2002
OR777201/USA2016
OR753131/USA2011
OR735210/USA2010
MF062484/CHN-GZ/2010
A B14-AY803294/USA/2004
MK123979/CHN-GZ/2018
MN654395/USA2019

PP002046/CHN-Wuhan/2023

KP279748/CHN/2012
A B55 FJ643676/CHN/2009

0.05

Cluster 2





OEBPS/Images/table1.jpg
Gene

Hexon

Penton base

Fiber

Positi

13,904-15,538

18,422-21,256

31,301-32,260

Primer
HVR-F
HVR-R

Penton-F

Penton-R
Fiber-F
Fiber-R

Fiber-CR

Primer sequence
5-CAGGATGCTTCGGAGTACCTGAG-3'
5-TTTCTGAAGTTCCACTCGTAGGTGTA-3'
5-CTATCAGAACGACCACAGCAACTT-3'
5-TCCCGTGATCTGTGAGAGCRG-3'
5.CCCTCTTCCCAACTCTGGTA-3'
5-GGGGAGGCAAAATAACTACTCG-3'

5-GAGGTGGCAGGTTGAATACTAG-3'

Position
14,152-14,175
15,384-15,404
18,473-18,495
20,132-20,157
31,180-31,199
32,311-32,332

32,311-32,332

Length(bp)

1,253bp

1,685bp

1,153bp(B)/1,519bp(E)

2,027bp(C)





