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Human parainfluenza viruses (HPIV1–4) cause acute respiratory tract infections, thereby impacting human health worldwide. However, there are no current effective antivirals or licensed vaccines for infection prevention. Moreover, sequence information for human parainfluenza viruses (HPIVs) circulating in China is inadequate. Therefore, to shed light on viral genetic diversity and evolution, we collected samples from patients infected with HPIV1–4 in China from 2012 to 2018 to sequence the viruses. We obtained 24 consensus sequences, comprising 1 for HPIV1, 2 for HPIV2, 19 for HPIV3, and 2 for HPIV4A. Phylogenetic analyses classified the 1 HPIV1 into clade 2, and the 2 HPIV4 sequences into cluster 4A. Based on the hemagglutinin-neuraminidase (HN) gene, a new sub-cluster was identified in one of the HPIV2, namely G1c, and the 19 HPIV3 sequences were classified into the genetic lineages of C3f and C3a. The results indicated that HPIV1–4 were co-circulated in China. Further, the lineages of sub-cluster C3 of HPIV3 were co-circulated in China. A recombination analysis indicated that a putative recombination event may have occurred in the HN gene of HPIV3. In the obtained sequences of HPIV3, we found that two amino acid substitution sites (R73K in the F protein of PUMCH14028/2014 and A281V in the HN protein of PUMCH13961/2014) and a negative selection site (amino acid position 398 in the F protein) corresponded to the previously reported neutralization-related sites. Moreover, amino acid substitution site (K108E) corresponded to the negative selection site (amino acid position 108) in the 10 F proteins of HPIV3. However, no amino acid substitution site corresponded to the glycosylation site in the obtained HPIV3 sequences. These results might help in studying virus evolution, developing vaccines, and monitoring HPIV-related respiratory diseases.
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INTRODUCTION

Human parainfluenza viruses (HPIVs) belong to the family Paramyxoviridae. HPIVs are enveloped, non-segmented, single-stranded, negative-sense RNA viruses with a genome length of 14.9–17.3 kb that encodes six common structural proteins, namely N, P, M, fusion (F), hemagglutinin-neuraminidase (HN), and L. Of these, F and HN glycoproteins are membrane-associated proteins, and N, P, and L, are nucleocapsid-associated proteins (Karron and Collins, 2013). HPIVs have been grouped into four serotypes according to genetic and antigenic variation (HPIV1–4), among which HPIV1 and HPIV3 are classified into the genus Respirovirus, whereas HPIV2 and HPIV4 (subtypes HPIV4A, and HPIV4B) are classified into the genus Rubulavirus (Canchola et al., 1964; Henrickson, 2003).

Human parainfluenza viruses are important causative agents of acute respiratory infections (ARIs) and commonly cause upper and lower respiratory tract infections (Schomacker et al., 2012). Lower respiratory tract infections are considered the principal cause of hospitalization and death in certain groups of people (Marx et al., 1999; Mao et al., 2012; Seo et al., 2014). The clinical symptoms of respiratory tract infections include croup, bronchitis, bronchiolitis, and pneumonia; however, some clinical manifestations are more related to individual HPIVs. HPIV1 and HPIV2 are most likely cause croup, whereas HPIV3 and HPIV4 are more associated with bronchiolitis and pneumonia (Fathima et al., 2016; Linster et al., 2018). Furthermore, HPIVs can co-infect with other viruses or bacteria, such as influenza viruses A and B, human respiratory syncytial virus (RSV), human rhinovirus, adenovirus, human coronavirus, human metapneumovirus, Mycoplasma pneumoniae, and Chlamydia (Liu et al., 2013; Zhong et al., 2019).

Moreover, HPIVs are distributed worldwide and threaten vulnerable people of all ages, as well as those who are immunocompromised or have undergone hematopoietic stem cell transplantation (Iwane et al., 2004; Ustun et al., 2012; Shi et al., 2015). A previous population-based surveillance report showed HPIVs are second to RSV in causing ARI-related hospitalizations in children under 5 years old, with higher admissions rates for children under 1 year old (Weinberg et al., 2009; Morgan et al., 2013; Goya et al., 2016; Xiao et al., 2016). HPIV infection rates are the highest in children under 5 years old, followed by patients over 60 years old (Pan et al., 2017). In addition, HPIV1–4 have been detected in China, and HPIV3 was the predominant type of HPIVs epidemic in China (Lau et al., 2009; Ren et al., 2009, 2011; Wang et al., 2015; Xiao et al., 2016; Li C. X. et al., 2020; Li H. J. et al., 2020). Notably, HPIV infections do not induce complete protective immunity, and specific antiviral drugs and licensed vaccines are not yet available for the treatment and prevention of HPIV infections (Henrickson, 2003). The economic burden attributed to the morbidity and mortality of HPIV-associated hospitalization cannot be ignored.

The complete genome information available for HPIV1–4 in the GenBank database is currently insufficient. Most sequences are for the HN gene, and sequences are biased toward certain countries. Overall, the sequence information for HPIV1–4 from China available in public databases is limited. In China, there are no complete genomes for HPIV1 and HPIV2, the complete genomes for HPIV3 are few, and the two complete genomes of HPIV4A are only from Taiwan at present. Besides, a recombination event with a breakpoint at the N gene of HPIV3 has also been identified (Yang H. T. et al., 2011). Therefore, a clear analysis of the homologous recombination events in HPIVs from human hosts is essential.

More sequence information about HPIV1–4 is thus required to fully understand their genetic diversity, evolution and potential recombination events, which are conducive to in-depth monitoring, prevention, and control of pathogens. In addition, there should be a focus on the glycosylation site, selection site, amino acid substitution site and neutralization-related amino acid site, which are critical to viral antigenicity and biological activity. Therefore, we used both traditional Sanger sequencing and next generation sequencing (NGS; Illumina, MiSeq) to obtain the sequence information of HPIVs from patients associated with respiratory tract infections in this study.



MATERIALS AND METHODS


Ethics Statement

This study was performed with strict accordance with the human subject protection guidance. Moreover, this study was approved by the Ethics Committee of the Institute of Pathogen Biology, Chinese Academy of Medical Sciences and Peking Union Medical College, and the Ethics Committee of Hospitals. The written informed consent was obtained from the patients or the participants’ parents or guardians.



Clinical Sample and Multiplex PCR Detection

Clinical samples including oropharyngeal and nasopharyngeal swabs, as well as deep sputum were collected from 24 inpatients and outpatients with respiratory tract infections in six cities in China. Sample viral nucleic acids were extracted using the NucliSens easyMAG apparatus (bioMérieux, Marcy l’Etoile, France) in BSL-2 as previously described (Xu et al., 2017). All the 24 clinical samples were identified to be positive for HPIVs. Of these, 16 HPIV-positive specimens (HPIV3 and HPIV4) collected in 2012 and 2014 were examined by a multiplex RT-Nested polymerase chain reaction (PCR) described previously (Coiras et al., 2004), and eight HPIV-positive specimens (HPIV1, HPIV2, and HPIV3) collected in 2017 and 2018 were tested by an ABI 7500 Fast.



Double-Stranded cDNA Synthesis From Viral Nucleic Acids

Viral nucleic acids extracted from the 24 samples were used to synthesize first-strand complementary DNA (cDNA) using a SuperScriptTM IV First-Strand Synthesis system (Invitrogen, United States) with 100 pM of primer K-8N (5′-GACCATCTAGCGACCTCCAC-NNNNNNNN-3′). The cDNA was further converted into double-stranded cDNA (ds cDNA) with a Klenow fragment (NEB, United States) at 37°C for 1 h and at 75°C for 10 min.



PCR Amplification and Sanger Sequencing

The genome sequences obtained from the eight positive specimens collected in 2017 and 2018 were amplified by primers designed using the Primer 5.0 software according to the full-length of the HPIV1, HPIV2, and HPIV3 reference genomes. The total reaction volume was 50 μL, including 1 μL ds cDNA, 1 μL of each primer, 25 μL Premix TaqTM (Takara, Japan), and 23 μL nuclease-free water. The thermal cycling conditions were as follows: 94°C for 5 min, 40 cycles of 94°C for 30 s, 50°C for 30 s, 72°C for 2 min, and then 72°C for 10 min. The PCR products were sequenced by the Sanger method.



PCR Amplification and NGS Sequencing

The entire genome sequences obtained from the 16 positive samples collected in 2012 and 2014 were amplified using six sets of universal primers corresponding to HPIV3 and HPIV4 (Supplementary Table 1). The first round PCR was performed in a total reaction volume of 50 μL, including 0.5 μL of ds cDNA, 25 μL of Premix TaqTM (Takara, Japan), 1 μL of forward and reverse primers (10 pmol/μL for each primer), and 22.5 μL of nuclease-free water. The amplification reaction comprised 30 cycles. A second round of PCR comprising 40 cycles, was performed in a total reaction volume of 50 μL, including 0.5 μL templates from the first round PCR amplification products. Then, the second round PCR products were purified via a QIAquick PCR Purification Kit (Qagien, Hilden, Germany) and prepared for NGS sequencing.

The purified PCR products of each sample were mixed at equal molar concentrations. Libraries were constructed using the Nextera® XT Library Prep Kit (Illumina, San Diego, CA, United States) according to the manufacturer’s instructions. AMPure XP beads were used to clean up the libraries, and the sizes of fragments were assessed by an Agilent 2100 bioanalyzer system (Thermo Fisher). Pooled libraries involving 24 samples were sequenced by a 600 cycle Miseq Reagent kit (v3) (Illumina, San Diego, CA, United States) according to the manufacturer’s recommendations at a length of 300 bp paired-end reads.



Genome Assembly

Raw sequence reads were filtered using the previously described criteria (Yang J. et al., 2011; Liu et al., 2020) to obtain valid sequence reads, which were exported using Megan (ver. 6) MetaGenome Analyzer (Huson et al., 2016). Valid reads from NGS were assembled and manually edited using the Lasergene SeqMan program (DNASTAR, Madison, WI, United States). The longest contig was then compared with the sequences available in the GenBank database to select the closest reference sequence. The sequencing reads from Sanger were trimmed using BioEdit software (Tom Hall, North Carolina State University, Carolina) and the closest reference sequence was found using the GenBank database. All reads were mapped to individual reference sequences, and any low-quality reads were manually curated. Additionally, targeted PCR reactions were also performed to process the remaining gene gaps to improve genome coverage when necessary.



Identity Analysis

Publicly available HPIV sequences were downloaded from the GenBank database on August 13, 2020, and variants, clones, modified microbial nucleic acids, synthetic constructs, virus-like particles, non-human host viruses, and sequences with accidental codon insertions or most base deletions were excluded. Sequences that could be distinguished from most other sequences due to base insertions were eliminated. Sequences of HPIVs (types 1–4) were aligned with their respective obtained sequences. Multiple nucleotide sequence alignments were analyzed using the ClustalX (ver. 2.0) (Larkin et al., 2007) and Clustal Omega programs (Sievers and Higgins, 2018). The percent identity of the nucleotide and deduced amino acid sequences was assessed using MegAlign (Lasergene v.7.0.1).



Phylogenetic Analysis and Evolutionary Divergence Estimation

Phylogenetic trees based on the complete coding sequence (CDS) of the F and HN genes were constructed with the maximum likelihood method using Mega software (ver. 5.05) (Tamura et al., 2011). An optimal nucleotide substitution model of Tamura-Nei distances and a gamma distribution with invariant sites (G + I) were recommended by the model function in the program MEGA, and the robustness of the phylogenetic analysis was assessed using 1,000 bootstrap replicates. The between-group evolutionary divergences (involving clusters, subclusters, and genetic lineages) of the F and HN gene sequence pairs of HPIV3 were estimated using MEGA 5.05. The number of base substitutions per site from averaging over all sequence pairs between groups were estimated using the Tamura-Nei model with 1,000 bootstrap replicates (Tamura and Nei, 1993).



Recombination Analysis

RDP5 software1 and Simplot version 3.5.12 were used for putative recombination analysis. RDP5 was firstly used to examine recombination signal with the default parameters using different detection methods, including RDP, GENECONV, MaxChi, BootScan, and SisScan. Then, the putative recombination sequence detected by RDP5 was examined in the Simplot program through similarity and bootscaning analysis with a sliding window size of 200 bp and a moving step size of 20 bp.



Glycosylation Site Analysis

The amino acid sequences of the complete F and HN genes of HPIV1–4 were used for N-glycosylation and GalNAc O-glycosylation site prediction using the NetNGlyc 1.0 and 4.0 server, respectively3. Sites with threshold scores of higher than 0.5 were classified as glycosylated.



Selection Sites Analysis

Positive and negative selection sites on the F and HN gene of HPIV3 were estimated using the Datamonkey web server4. The Mixed Effects Model of Evolution (MEME) was used to evaluate positive selection sites and the Fixed Effects Likelihood (FEL) model was used to estimate negative selection sites. Significance level for both the MEME and FEL methods were a p-value threshold less than 0.05.



Amino Acid Substitutions Analysis

The locations of all amino acid substitutions in the F and HN proteins of the sequenced HPIV1–4 were identified using the corresponding individual prototype strains. To further clarify the relationships among amino acid substitution sites, negative selection sites and glycosylation sites in the F and HN proteins of the sequenced HPIV3, and the previously reported neutralization-related amino acid sites, structural models were constructed using SWISS-MODEL5 (Waterhouse et al., 2018) with individual prototype strains. For sequences of the F protein of HPIV3, the positions of amino acid substitutions were mapped to the prototype strain Wash/47885/57 (GenBank accession number: S82195), and homology modeling was constructed according to the crystal structure of 1ZTM (Protein Data Bank ID). For sequences of the HN protein of HPIV3, the positions of amino acid substitution sites were mapped to the prototype strain Washington 1957 (GenBank accession number: JN089924), homology modeling was employed by the crystal structure of 4MZE (Protein Data Bank ID). Related sites were labeled on structural figures using PyMOL (Schrödinger).



RESULTS


Detection and Sequencing Analysis

The clinical information of the 24 patients from six cities is shown in Table 1. In total, one HPIV1, two HPIV2, 19 HPIV3, and two HPIV4 sequences were obtained from the clinical samples that collected in 2012, 2014, 2017, and 2018. The age of the patients ranged from 2 months to 90 years, and presented a wide spectrum of clinical characteristics. The reads from the Sanger method and valid reads from NGS were assembled using the SeqMan program according to individual references (GenBank accession numbers: AF457102, MH892405, EU326526, and KY460518 for HPIV1, HPIV2, HPIV3, and HPIV4A, respectively). Herein, the one HPIV1 and two HPIV4A sequneces had a complete CDS, and the complete CDS coverage of the two HPIV2 both exceeded 97%. The 19 HPIV3 sequences included seven complete CDS, three partial genes (51–99% complete CDS coverage), and nine full-length HN genes, that is, 10 F genes and 19 HN genes of HPIV3 have been obtained (see Table 2).


TABLE 1. Information about HPIV1–4 identified in this study.
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TABLE 2. Sequences information of the obtained HPIV1–4 sequences.
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Identity Analysis

The nucleotide and amino acid identities of the complete CDS were calculated. For HPIV1–4 sequences obtained in this study, the computed values of the nucleotide and amino acid identities were the same. The nucleotide identities between the obtained HPIV1 sequence and the downloaded HPIV1 sequences were 94.4–98.7%, and those between the two obtained HPIV2 sequences and the downloaded HPIV2 sequences were 91.5–96.2% and 91.3–95.9%, respectively. The nucleotide identities between the downloaded and obtained sequences of HPIV3 ranged from 93.8% to 99.5%. The nucleotide identities of the two obtained HPIV4A sequences and the downloaded HPIV4A sequences were 96.9–98.9% and 96.8–98.5%, respectively (see Table 3).


TABLE 3. The nucleotide and amino acid identities of HPIV1–4 based on the complete CDS.
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Phylogenetic Analysis of the F Gene and Evolutionary Divergence Estimation

Phylogenetic trees for the F gene (numbers = 85, 60, 85, and 30 for HPIV1, HPIV2, HPIV3, and HPIV4, respectively) were constructed (Figure 1). The distribution of the HPIV1 F gene indicated that the identified HPIV1 belonged to clade 2 and was closed to viruses from the United States identified in 2009. The two obtained HPIV2 sequences, WH17030d1/2017 and WH17080d3/2017, were segregated into cluster G3 and G1a, respectively, and closed to the viruses from the United States identified in 2016. Ten of the obtained HPIV3 sequences were classified into cluster C3, and were close to the viruses from the United States, Japan, and Vietnam. The two obtained HPIV4A sequences were close to the viruses from Taiwan identified in 2010. For the 85 F gene sequences of HPIV3, the estimated values of evolutionary distance and standard error are shown in Supplementary Table 2. Of these, the divergence value between the genetic lineages C3a and C3b was 0.018 ± 0.002.
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FIGURE 1. Phylogenetic tree based on the entire F gene of HPIV1–4 and labels marked with a red star indicated the sequences identified in this study. Panels (A–D) correspond to the trees of HPIV1, HPIV2, HPIV3, and HPIV4, respectively. Genetic classification was distinguished by colored strips. NA, not available.




Phylogenetic Analysis of the HN Gene and Evolutionary Divergence Estimation

Phylogenetic trees were constructed based on the HN gene (numbers = 82, 65, 83, and 65 for HPIV1–4, respectively) (Figure 2). The newly identified HPIV1 (JL18058d5/2018) virus was grouped into clade 2, and was close to HPIV1/MEX/495/2003 and HPIV1/AUS/54/2007. The two HPIV2 sequences obtained herein were grouped into two distinct clusters. WH17030d1/2017 was grouped into cluster G3, formed an independent lineage, and was close to strains circulating in the United States and South Korea. WH17080d3/2017 was grouped into a new sub-cluster G1c and was close tostrains circulating in Malaysia and the United States. All HPIV3 sequences were grouped into the three major genetic clusters: A, B, and C. Clusters C was further divided into distinct subclusters (C1–C5) and genetic lineages (C1a–C1d and C3a–C3g). The 19 HPIV3 sequences obtained in this study were all grouped into the major sub-cluster C3, within the genetic lineages of C3a and C3f, and were close to the viruses from Malaysia, Japan, and the United States. All the HPIV4 sequences were classified into clades 4A and 4B, with the two sequenced HPIV4 strains (BCH4237A/2014 and BCH4263A/2014) belonging to clade 4A, and close to strains from Malaysia, Japan, Taiwan (China), United States, and India. Phylogenetic analyses revealed that HPIV1–4 co-circulated in China. At the same time, the C3a and C3f lineages of HPIV3 also co-circulated in China. Besides, the estimated values of evolutionary distance and standard error for HPIV3 are shown in Supplementary Table 3. Among them, the divergence values for genetic lineages C3a–C3g were relatively small, ranging from 0.011 ± 0.002 to 0.025 ± 0.003.


[image: image]

FIGURE 2. Phylogenetic tree based on the full-length HN gene of HPIV1–4 and labels marked with a red star indicated the sequences identified in this study. Panels (A–D) correspond to the trees of HPIV1, HPIV2, HPIV3, and HPIV4, respectively. Genetic classification was distinguished by colored strips. NA, not available.


A major difference was found between the HN tree and F tree of HPIV3. In the HPIV3 HN tree, BCH4102A/2014 was grouped into the same lineage with BCH4210A/2014, PUMCH14028/2014, and PUMCH13988/2014 and separated from BCH4138A/2014. Conversely, in the HPIV3 F tree, BCH4102A/2014 was grouped into the same lineage with BCH4138A/2014 and separated from BCH4210A/2014, PUMCH14028/2014, and PUMCH13988/2014. This distinction may indicate the existence of a recombination signal in HPIV3.



Recombination Analysis

Alignments of HPIV1–4 were further used to explore the recombination signal. No recombination event was detected in the newly generated HPIV1, HPIV2, and HPIV4A sequences. For the obtained HPIV3 sequences, a potential recombination signal was predicted in BCH4102A/2014. Two sequences (KY973583 and MW575665) with a high nucleotide similarity and two sequences (KF530225 and KF687336) with a low nucleotide similarity with BCH4102A/2014 were used to perform recombination analysis. Recombination plots and breakpoints of the HN gene of HPIV3 are depicted in Figure 3. The breakpoint locations were at positions 6700 and 8885, and the corresponding region spanned the HN gene. KY973583 (United States) was presumed to be the major parent, as the sequence had the highest nucleotide similarity (99.5%) with the query sequence at the level of the whole CDS region. BCH4210A/2014 identified herein was deduced to be the minor parent because the sequence had the highest nucleotide similarity (99.8%) with the query sequence at the region of the complete HN gene.


[image: image]

FIGURE 3. Similarity and bootscaning analyses for complete CDS region of HPIV3 (BCH4102A/2014). The potential recombinant event was detected and the region spanned the HN gene.




Glycosylation Site Analysis

For the F protein of HPIV1, one potential N-glycosylation site (amino acid position 241) and three potential O-glycosylated sites (amino acid positions 102, 103, and 453) were predicted. For the HN protein of HPIV1, N-glycosylation sites were predicted at amino acid positions 19, 173, 277, 361, 499, and 504, and O-glycosylation sites were predicted at amino acid positions 79 and 151.

Five potential N-linked glycosylation sites (amino acid positions 65, 69, 77, 90, and 431) were identified in the F protein of the two obtained HPIV2 sequences, consistent with most sequences available in GenBank. Conversely, no O-glycosylated site was found in the F protein of the two viruses identified as HPIV2. The N-glycosylated sites (amino acid positions 6, 272, 284, 316, 335, 341, 454, 501, and 517) in the HN amino acid sequences between the two identified HPIV2 viruses were consistent, however, the O-glycosylated sites differed between WH17030d1/2017 (amino acid positions 325, 326, 332, 343, 348, and 442) and WH17080d3/2017 (amino acid positions 325, 326, 343, 442, and 446).

For 10 sequences of the F protein of HPIV3, four N-linked glycan sites (amino acid positions 238, 359, 446, and 508) and two (amino acid positions 244 and 246) O-linked glycan sites were predicted. Among the 19 new HPIV3 sequences, the potential N-glycosylated sites (amino acid positions 308, 485, and 523) in the HN protein were identical, except that there was no N-glycosylated site at amino acid residue 485 in one HPIV3 (BCH4102A/2014). In addition, the N485 site of the HN protein of HPIV3 is unlikely to be glycosylated due to conformational constraints (Asn-Pro-Thr). The deduced O-glycosylated sites (amino acid positions 126, 143, 352, 353, and 359) were identical among the 19 obtained HPIV3 sequences.

Three potential N-glycosylation sites (amino acid positions 66, 74, and 244) were identified in the F protein of the two obtained HPIV4A sequences, but no O-glycosylated site was found. The HN protein of two HPIV4A were predicted to have N-glycosylation sites at amino acid positions 279, 339, 347, 433, 502, and 530 and O-glycosylated sites at amino acid positions 122, 124, 332, and 348.



Selective Pressure Analysis

We analyzed the positive and negative selection sites in the 10 F gene sequences and 19 HN gene sequences of HPIV3 identified in this study, because the sequences of the newly identified HPIV1, HPIV2 and HPIV4 viruses were limited. No positive selection sites were found by two methods, whereas 14 and 6 negative selection sites were estimated in the 10 F gene sequences and 19 HN gene sequences by the FEL method, respectively. The details of these analyses are listed in Table 4.


TABLE 4. Positive and negative selection sites in the F and HN genes of identified HPIV3.
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Amino Acid Substitutions, Negative Selection Sites, and MAb-Binding Sites Mapped on the F and HN Proteins of HPIV3

All amino acid substitutions in the F and HN proteins of the identified HPIV1–4 are listed in Supplementary Table 4. Herein, we mapped the amino acid substitution sites, the negative selection sites and the glycosylated sites in the F and HN protein of HPIV3 on crystal structures (Figures 4, 5). In 10 sequences of the F protein of HPIV3, an amino acid substitution R73K corresponding to a reported monoclonal antibody (MAb)-binding site (Coelingh and Winter, 1990) occured in PUMCH14028/2014, which was classified into C3a. In 19 sequences of the HN protein of HPIV3, an amino acid substitution A281V corresponding to a reported neutralization-related site (Coelingh et al., 1986; van Wyke Coelingh et al., 1987) occured in PUMCH13961/2014, which belonged to C3f. In addition, one negative selection site (amino acid position 398) in the F protein of HPIV3 corresponded to the reported Mab-binding site (Coelingh and Winter, 1990). Moreover, amino acid substitution site (K108E) corresponded to the negative selection site (amino acid position 108) in the F protein of obtained HPIV3. However, no amino acid substitution site corresponded to the glycosylation site in the identified HPIV3.
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FIGURE 4. The amino acid substitution sites, negative selection sites and glycosylated sites in the 10 F proteins of obtained HPIV3 were mapped on the structure model of the prototype strain Wash/47885/57. The template for homology modeling was using the crystal structure of 1ZTM. Chains of the trimeric structure model were colored in gray (chain A), orange (chain B), and cyan (chain C). The negative selection sites and glycosylated sites were shown as spheres in black and wheat-colored, respectively. And the remaining colorful spheres correspond to amino acid substitution sites.
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FIGURE 5. The amino acid substitution sites, the negative selection sites and the glycosylated sites in the 19 HN proteins of obtained HPIV3 were mapped on the structure model of prototype strain Washington 1957. Template for homology modeling was using the crystal structure of 4MZE. Chains of the dimer structure model were colored in gray (chain A) and cyan (chain B). The negative selection sites and glycosylated sites were shown as spheres in black and wheat-colored, respectively. And the remaining colorful spheres correspond to amino acid substitution sites.


In the three-dimensional structure model of the F protein of HPIV3, a hydrogen bond between amino acid substitution site Q362R and N-glycosylation site N359 occured in BCH4100A/2014, which belonged to C3a. In the three-dimensional structure model of the HN protein of HPIV3 (PUMCH13961/2014), two amino acid residues (A281V and I285V) were closed to the calcium, which might be benefit for conformation in this region.



DISCUSSION

In this study, we first used the traditional method, Sanger sequencing, to obtain the viral genomes of eight HPIV-positive specimens (HPIV1, HPIV2, and HPIV3). However, due to the low viral load, it was difficult to obtain the complete CDS. Further, the process was labor-intensive and time-consuming. Thus, we designed six sets of universal primers to amplify the whole genomes of 16 HPIV-positive specimens (HPIV3 and HPIV4) and performed NGS. The length of the amplified fragment of each set of primer was about 2–3 kb, and the overlap exceeded 200 bp.

A total of 24 HPIV-positive samples were collected from patients of different ages in Beijing, Chengdu, Xian, Wuhan, Jilin, and Harbin in China. The samples were collected at different months, which indicated that people were susceptible to the virus throughout the year. Table 1 shows that clinical infections were mainly caused by HPIV3, and the clinical manifestations of HPIV1 and HPIV2 infections were milder than those of HPIV3 and HPIV4 infections. The identified sequences expanded the sequence information of HPIV1–4, but there is still a lack of a complete CDS for the Chinese HPIV4B. The overall similarities of the nucleotide and amino acid identities (91.3–99.5%) showed that the HPIV1–4 genomes were relatively stable with less than 8.7% gene mutations.

Phylogenetic analyses showed that different genetic lineages of HPIV3 in sub-cluster C3 co-circulated in China, with C3f as the dominant lineage according to the HN gene sequence. Based on the phylogenetic tree of the HN gene of HPIV2 in a previous study (Santak et al., 2018), G1c was defined as a new sub-cluster in this study. Two HPIV4 sequences belonged to cluster 4A, and cluster 4B was not found in this study. One HPIV1 was classified into clade 2 in the F and HN phylogenetic trees. This results showed that the identified HPIV1–4 co-circulated in China and were genetically closed to viruses from the United States, South Korea, Japan, Malaysia, Vietnam, India, Australia, and Mexico. This study indicated that HPIVs were not limited to a certain country, consistent with a previous work that showed three levels of transmission for HPIV3: local, regional, and global (Goya et al., 2016). Overall, the genetic classification of HPIV3 based on the HN gene phylogenetic tree was consistent with the classification by Aso et al. (2020), but slightly different from that by other molecular epidemiological studies (Mao et al., 2012; Almajhdi, 2015; Goya et al., 2016; Kosutic-Gulija et al., 2017; Jornist et al., 2018). Of the 24 viral sequences verified in this study, no sequences were found to belong to a novel cluster, clade, or lineage, except WH17080d3/2017, indicating that HPIVs have a relatively stable transmission within certain geographical areas. Notably, the distribution of the identified BCH4102A/2014 was different between the HN and F trees, which indicated a potential recombination signal.

RNA viruses have a high genetic variation through mutation and recombination in replication due to viral RNA dependent RNA polymerases (Dolan et al., 2018). Although recombination events are more common in positive-sense RNA viruses, they have been found in negative-sense RNA viruses from the families Paramyxoviridae (RSV and Newcastle disease virus) and Bunyaviridae (Tula hantavirus) (Plyusnin et al., 2002; Chare et al., 2003; Spann et al., 2003; Rui et al., 2010; Bentley and Evans, 2018). This study performed recombination analysis according to the CDS of HPIV1–4, and a potential recombination event was only found in HPIV3. The virus KY973583 from the United States identified in 2010 was presumed to be the major parent because it had the highest similarity (99.5%). Viruses from Peru identified in 2007 (KJ672606) and the United States identified in 2011 (MF973185 and MF973189) were also deduced to be major parents at the whole CDS level, because they had similarities of 99.4% with BCH4102A/2014. Another two consensus sequences (PUMCH14028/2014 and PUMCH13988/2014) have been deduced as minor parents because they had similarities of 99.6% at the complete HN gene sequence level. Nevertheless, these recombination signals were not obvious in the region of the complete HN gene. These results indicated that the HPIV3 prevalent in China in 2014 had undergone slight genetic mutations and was gradually becoming close to viral strains from the Americas.

Glycosylation is an important posttranslational modification that influences protein folding, antigenicity, and biological activity, and the F and HN proteins of HPIVs are closely related to viral infection (Yao et al., 1997; Komada et al., 2000; Chu et al., 2013; Steentoft et al., 2013). Our results showed that neither HPIV2 nor HPIV4 had O-glycosylated sites and the N and O-linked glycosylation sites of the F and HN genes in HPIV1–3 are mostly consistent with those previously reported, except for some sites (Kosutic-Gulija et al., 2016, 2017; Santak et al., 2016). For example, the N-glycosylation sites in HN protein of obtained HPIV3 were identical to HPIV3 strains from Kenya at amino acid positions 308, 485, and 523 (Elusah et al., 2020), whereas the N-glycosylation site at the position N351 was identified in the HN protein of HPIV3 from Argentina, Japan, and Croatia (Goya et al., 2016; Kosutic-Gulija et al., 2017; Takahashi et al., 2018). The N-linked glycans at residue 173 of the HN protein of HPIV1, and at residue 523 of the HN protein of HPIV3, have been considered to mask a second receptor-binding site (Alymova et al., 2008; Mishin et al., 2010).

Due to the length of the templates used for homology modeling, some sites were not mapped on the crystal structures, including an N-glycosylated site (amino acid position 508) in the F protein of HPIV3, and an O-glycosylated site (amino acid position 126) in the HN protein of HPIV3, and some sites in Table 4 and in Supplementary Table 4. In the obtained HPIV3 sequences (10 F gene and 19 HN gene sequences), we found two amino acid substitution sites and one negative selection sites that corresponded to neutralization-related sites that suggested in previous studies. An amino acid substitution in the F protein at position R73K, responsible for the neutralization-resistance to site B MAbs, was found to naturally occur in only one identified HPIV3 (PUMCH14028/2014) belonging to C3a, which might be associated with viral reinfection in children (Coelingh and Winter, 1990). Meanwhile, an amino acid substitution (A281V) related to mouse MAb-binding site (Coelingh et al., 1986; van Wyke Coelingh et al., 1987; Takahashi et al., 2018) was found in the HN protein of another HPIV3 (PUMCH13961/2014) that belonged to C3f. Although the amino acid substitution site N485S was found in the HN protein of BCH4102A/2014, no N-glycosylated site was found in the amino acid residue 485 of BCH4102A/2014. Therefore, no amino acid substitution site corresponded to the glycosylation site in the obtained HPIV3 sequences.

In summary, the twenty-four consensus sequences of HPIV1–4 obtained in this study provide a basis for an in-depth analysis of the spread, recombination, and mutation of the viruses. Furthermore, these results may promote virus diagnosis and vaccine development, and aid in monitoring and prevention. However, there is still a demand for further epidemiological studies to collect sequence information for HPIV1–4 from different regions and age groups to understand the molecular evolution of the viruses circulating in China.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The data presented in the study are deposited in the GenBank database (accession numbers: MW575643–MW575666), and the NCBI sequence read archive (SRA) under accession number PRJNA701861 (SAMN17915237–SAMN17915250).



ETHICS STATEMENT

Written informed consent was obtained from the individual(s), and minor(s)’ legal guardian/next of kin, for the publication of any potentially identifiable images or data included in this article.



AUTHOR CONTRIBUTIONS

TZ, FY, and NS designed the project. YX, XW, and LR collected the samples. NS, TZ, JD, LS, and YZ conducted the experiments. NS, FY, TZ, and BL analyzed the data. NS wrote the manuscript. All authors read and approved the submitted version.



FUNDING

This work was supported by the National Key Technology R&D Program of China (Project Nos. 2017ZX10104001 and 2018ZX10711001) and the Beijing Natural Science Foundation (Z190017).



ACKNOWLEDGMENTS

We thank the colleagues that contributed to this experiment. We would like to thank Editage (www.editage.cn) for English language editing.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at Figshare via the doi: 10.6084/m9.figshare.14508543.v1.

Supplementary Table 1 | Universal primers for full-length amplification of 16 HPIV-positive specimens.

Supplementary Table 2 | Estimates of evolutionary divergence over sequence pairs between groups of the entire HPIV3 F gene.

Supplementary Table 3 | Estimates of evolutionary divergence over sequence pairs between groups of the entire HPIV3 HN gene.

Supplementary Table 4 | Amino acid substitution sites in the F and HN proteins of HPIV1–4 obtained in this study.


FOOTNOTES

1
http://web.cbio.uct.ac.za/∼darren/rdp.html

2
https://sray.med.som.jhmi.edu/SCRoftware/

3
https://services.healthtech.dtu.dk/

4
http://datamonkey.org/

5 SWISS-MODEL is a fully automated protein structure homology-modelling server available at https://swissmodel.expasy.org


REFERENCES

Almajhdi, F. N. (2015). Hemagglutinin-neuraminidase gene sequence-based reclassification of human parainfluenza virus 3 variants. Intervirology 58, 35–40. doi: 10.1159/000369208

Alymova, I. V., Taylor, G., Mishin, V. P., Watanabe, M., Murti, K. G., Boyd, K., et al. (2008). Loss of the N-linked glycan at residue 173 of human parainfluenza virus type 1 hemagglutinin-neuraminidase exposes a second receptor-binding site. J. Virol. 82, 8400–8410. doi: 10.1128/JVI.00474-08

Aso, J., Kimura, H., Ishii, H., Saraya, T., Kurai, D., Nagasawa, K., et al. (2020). Molecular evolution of the hemagglutinin-neuraminidase (HN) gene in human respirovirus 3. Virus Res. 277:197824. doi: 10.1016/j.virusres.2019.197824

Bentley, K., and Evans, D. J. (2018). Mechanisms and consequences of positive-strand RNA virus recombination. J. Gen. Virol. 99, 1345–1356. doi: 10.1099/jgv.0.001142

Canchola, J., Vargosko, A. J., Kim, H. W., Parrott, R. H., Christmas, E., Jeffries, B., et al. (1964). Antigenic variation among newly isolated strains of parainfluenza type 4 virus. Am. J. Hyg. 79, 357–364. doi: 10.1093/oxfordjournals.aje.a120390

Chare, E. R., Gould, E. A., and Holmes, E. C. (2003). Phylogenetic analysis reveals a low rate of homologous recombination in negative-sense RNA viruses. J. Gen. Virol. 84, 2691–2703. doi: 10.1099/vir.0.19277-0

Chu, F. L., Wen, H. L., Hou, G. H., Lin, B., Zhang, W. Q., Song, Y. Y., et al. (2013). Role of N-linked glycosylation of the human parainfluenza virus type 3 hemagglutinin-neuraminidase protein. Virus Res. 174, 137–147. doi: 10.1016/j.virusres.2013.03.012

Coelingh, K. J., Winter, C. C., Murphy, B. R., Rice, J. M., Kimball, P. C., Olmsted, R. A., et al. (1986). Conserved epitopes on the hemagglutinin-neuraminidase proteins of human and bovine parainfluenza type 3 viruses: nucleotide sequence analysis of variants selected with monoclonal antibodies. J. Virol. 60, 90–96. doi: 10.1128/JVI.60.1.90-96.1986

Coelingh, K. V., and Winter, C. C. (1990). Naturally occurring human parainfluenza type 3 viruses exhibit divergence in amino acid sequence of their fusion protein neutralization epitopes and cleavage sites. J. Virol. 64, 1329–1334. doi: 10.1128/JVI.64.3.1329-1334.1990

Coiras, M. T., Aguilar, J. C., Garcia, M. L., Casas, I., and Perez-Brena, P. (2004). Simultaneous detection of fourteen respiratory viruses in clinical specimens by two multiplex reverse transcription nested-PCR assays. J. Med. Virol. 72, 484–495. doi: 10.1002/jmv.20008

Dolan, P. T., Whitfield, Z. J., and Andino, R. (2018). Mechanisms and concepts in RNA virus population dynamics and evolution. Annu. Rev. Virol. 5, 69–92. doi: 10.1146/annurev-virology-101416-041718

Elusah, J., Bulimo, W. D., Opanda, S. M., Symekher, S. L., and Wamunyokoli, F. (2020). Genetic diversity and evolutionary analysis of human respirovirus type 3 strains isolated in Kenya using complete hemagglutinin-neuraminidase (HN) gene. PLoS One 15:e0229355. doi: 10.1371/journal.pone.0229355

Fathima, S., Simmonds, K., Invik, J., Scott, A. N., and Drews, S. (2016). Use of laboratory and administrative data to understand the potential impact of human parainfluenza virus 4 on cases of bronchiolitis, croup, and pneumonia in Alberta, Canada. BMC Infect. Dis. 16:402. doi: 10.1186/s12879-016-1748-z

Goya, S., Mistchenko, A. S., and Viegas, M. (2016). Phylogenetic and molecular analyses of human parainfluenza type 3 virus in Buenos Aires, Argentina, between 2009 and 2013: the emergence of new genetic lineages. Infect. Genet. Evol. 39, 85–91. doi: 10.1016/j.meegid.2016.01.002

Henrickson, K. J. (2003). Parainfluenza viruses. Clin Microbiol Rev. 16, 242–264. doi: 10.1128/cmr.16.2.242-264.2003

Huson, D. H., Beier, S., Flade, I., Gorska, A., El-Hadidi, M., Mitra, S., et al. (2016). MEGAN community edition - interactive exploration and analysis of large-scale microbiome sequencing data. PLoS Comput. Biol. 12:e1004957. doi: 10.1371/journal.pcbi.1004957

Iwane, M. K., Edwards, K. M., Szilagyi, P. G., Walker, F. J., Griffin, M. R., Weinberg, G. A., et al. (2004). Population-based surveillance for hospitalizations associated with respiratory syncytial virus, influenza virus, and parainfluenza viruses among young children. Pediatrics 113, 1758–1764. doi: 10.1542/peds.113.6.1758

Jornist, I., Muhsen, K., Ram, D., Lustig, Y., Levy, V., Orzitser, S., et al. (2018). Characterization of human parainfluenza virus-3 circulating in Israel, 2012-2015. J. Clin. Virol. 107, 19–24. doi: 10.1016/j.jcv.2018.08.004

Karron, R. A., and Collins, P. L. (2013). “Parainfluenza viruses,” in Fields Virology, 6th Edn, eds D. M. Knipe and P. M. Howley (Philadelphia: Lippincott-Williams & Wilkins), 996–1023.

Komada, H., Ito, M., Nishio, M., Kawano, M., Ohta, H., Tsurudome, M., et al. (2000). N-glycosylation contributes to the limited cross-reactivity between hemagglutinin neuraminidase proteins of human parainfluenza virus type 4A and 4B. Med. Microbiol. Immunol. 189, 1–6. doi: 10.1007/pl00008251

Kosutic-Gulija, T., Slovic, A., Ljubin-Sternak, S., Mlinaric-Galinovic, G., and Forcic, D. (2016). A study of genetic variability of human parainfluenza virus type 1 in Croatia, 2011-2014. J. Med. Microbiol. 65, 793–803. doi: 10.1099/jmm.0.000297

Kosutic-Gulija, T., Slovic, A., Ljubin-Sternak, S., Mlinaric-Galinovic, G., and Forcic, D. (2017). Genetic analysis of human parainfluenza virus type 3 obtained in Croatia, 2011-2015. J. Med. Microbiol. 66, 502–510. doi: 10.1099/jmm.0.000459

Larkin, M. A., Blackshields, G., Brown, N. P., Chenna, R., McGettigan, P. A., McWilliam, H., et al. (2007). Clustal W and clustal X version 2.0. Bioinformatics 23, 2947–2948. doi: 10.1093/bioinformatics/btm404

Lau, S. K., Li, K. S., Chau, K. Y., So, L. Y., Lee, R. A., Lau, Y. L., et al. (2009). Clinical and molecular epidemiology of human parainfluenza virus 4 infections in hong kong: subtype 4B as common as subtype 4A. J. Clin. Microbiol. 47, 1549–1552. doi: 10.1128/JCM.00047-09

Li, C. X., Li, W., Zhou, J., Zhang, B., Feng, Y., Xu, C. P., et al. (2020). High resolution metagenomic characterization of complex infectomes in paediatric acute respiratory infection. Sci. Rep. 10:3963. doi: 10.1038/s41598-020-60992-6

Li, H. J., Du, J., Yang, Y. N., Cui, Y., Xi, L., Wang, S., et al. (2020). Outbreak of human parainfluenza virus type 1 in a Kindergarten from China, 2018. J. Pediatr. Infect. Dis. 15, 25–30. doi: 10.1055/s-0039-1695039

Linster, M., Do, L. A. H., Minh, N. N. Q., Chen, Y., Zhe, Z., Tuan, T. A., et al. (2018). Clinical and molecular epidemiology of human parainfluenza viruses 1-4 in Children from Viet Nam. Sci. Rep. 8:6833. doi: 10.1038/s41598-018-24767-4

Liu, B., Shao, N., Wang, J., Zhou, S., Su, H., Dong, J., et al. (2020). An optimized metagenomic approach for virome detection of clinical pharyngeal samples with respiratory infection. Front. Microbiol. 11:1552. doi: 10.3389/fmicb.2020.01552

Liu, W.-K., Liu, Q., Chen, D.-H., Liang, H.-X., Chen, X.-K., Huang, W.-B., et al. (2013). Epidemiology and clinical presentation of the four human parainfluenza virus types. BMC Infect. Dis. 13:28. doi: 10.1186/1471-2334-13-28

Mao, N., Ji, Y., Xie, Z., Wang, H., Wang, H., An, J., et al. (2012). Human parainfluenza virus-associated respiratory tract infection among children and genetic analysis of HPIV-3 strains in Beijing, China. PLoS One 7:e43893. doi: 10.1371/journal.pone.0043893

Marx, A., Gary, H. E., Marston, B. J., Erdman, D. D., Breiman, R. F., Török, T. J., et al. (1999). Parainfluenza virus infection among adults hospitalized for lower respiratory tract infection. Clin. Infect. Dis.: Off. Publ. Infect. Dis. Soc. Am. 29, 134–140. doi: 10.1086/520142

Mishin, V. P., Watanabe, M., Taylor, G., Devincenzo, J., Bose, M., Portner, A., et al. (2010). N-linked glycan at residue 523 of human parainfluenza virus type 3 hemagglutinin-neuraminidase masks a second receptor-binding site. J. Virol. 84, 3094–3100. doi: 10.1128/JVI.02331-09

Morgan, O. W., Chittaganpitch, M., Clague, B., Chantra, S., Sanasuttipun, W., Prapasiri, P., et al. (2013). Hospitalization due to human parainfluenza virus-associated lower respiratory tract illness in rural Thailand. Influenza Other Respir Viruses. 7, 280–285. doi: 10.1111/j.1750-2659.2012.00393.x

Pan, Y., Zhang, Y., Shi, W., Peng, X., Cui, S., Zhang, D., et al. (2017). Human parainfluenza virus infection in severe acute respiratory infection cases in Beijing, 2014-2016: a molecular epidemiological study. Influenza Other Respir Viruses 11, 564–568. doi: 10.1111/irv.12514

Plyusnin, A., Kukkonen, S. K. J., Plyusnina, A., Vapalahti, O., and Vaheri, A. (2002). Transfection-mediated generation of functionally competent Tula hantavirus with recombinant S RNA segment. EMBO J. 21, 1497–1503. doi: 10.1093/emboj/21.6.1497

Ren, L., Gonzalez, R., Wang, Z., Xiang, Z., Wang, Y., Zhou, H., et al. (2009). Prevalence of human respiratory viruses in adults with acute respiratory tract infections in Beijing, 2005-2007. Clin. Microbiol. Infect. 15, 1146–1153. doi: 10.1111/j.1469-0691.2009.02746.x

Ren, L., Gonzalez, R., Xie, Z., Xiong, Z., Liu, C., Xiang, Z., et al. (2011). Human parainfluenza virus type 4 infection in Chinese children with lower respiratory tract infections: a comparison study. J. Clin. Virol. 51, 209–212. doi: 10.1016/j.jcv.2011.05.001

Rui, Z., Juan, P., Jingliang, S., Jixun, Z., Xiaoting, W., Shouping, Z., et al. (2010). Phylogenetic characterization of Newcastle disease virus isolated in the mainland of China during 2001-2009. Vet. Microbiol. 141, 246–257. doi: 10.1016/j.vetmic.2009.09.020

Santak, M., Lang Balija, M., Mlinaric Galinovic, G., Ljubin Sternak, S., Vilibic-Cavlek, T., and Tabain, I. (2018). Genotype replacement of the human parainfluenza virus type 2 in Croatia between 2011 and 2017 - the role of neutralising antibodies. Epidemiol. Infect. 146, 1372–1383. doi: 10.1017/S0950268818001693

Santak, M., Slovic, A., Ljubin-Sternak, S., Mlinaric Galinovic, G., and Forcic, D. (2016). Genetic diversity among human parainfluenza virus type 2 isolated in Croatia between 2011 and 2014. J. Med. Virol. 88, 1733–1741. doi: 10.1002/jmv.24532

Schomacker, H., Schaap-Nutt, A., Collins, P. L., and Schmidt, A. C. (2012). Pathogenesis of acute respiratory illness caused by human parainfluenza viruses. Curr. Opin. Virol. 2, 294–299. doi: 10.1016/j.coviro.2012.02.001

Seo, S., Xie, H., Campbell, A. P., Kuypers, J. M., Leisenring, W. M., Englund, J. A., et al. (2014). Parainfluenza virus lower respiratory tract disease after hematopoietic cell transplant: viral detection in the lung predicts outcome. Clin. Infect. Dis. 58, 1357–1368. doi: 10.1093/cid/ciu134

Shi, W., Cui, S., Gong, C., Zhang, T., Yu, X., Li, A., et al. (2015). Prevalence of human parainfluenza virus in patients with acute respiratory tract infections in Beijing, 2011-2014. Influenza Other Respir Viruses 9, 305–307. doi: 10.1111/irv.12336

Sievers, F., and Higgins, D. G. (2018). Clustal Omega for making accurate alignments of many protein sequences. Protein Sci. 27, 135–145. doi: 10.1002/pro.3290

Spann, K. M., Collins, P. L., and Teng, M. N. (2003). Genetic recombination during coinfection of two mutants of human respiratory syncytial virus. J. Virol. 77, 11201–11211. doi: 10.1128/jvi.77.20.11201-11211.2003

Steentoft, C., Vakhrushev, S. Y., Joshi, H. J., Kong, Y., Vester-Christensen, M. B., Schjoldager, K. T., et al. (2013). Precision mapping of the human O-GalNAc glycoproteome through SimpleCell technology. EMBO J. 32, 1478–1488. doi: 10.1038/emboj.2013.79

Takahashi, M., Nagasawa, K., Saito, K., Maisawa, S. I., Fujita, K., Murakami, K., et al. (2018). Detailed genetic analyses of the HN gene in human respirovirus 3 detected in children with acute respiratory illness in the Iwate Prefecture, Japan. Infect. Genet. Evol. 59, 155–162. doi: 10.1016/j.meegid.2018.01.021

Tamura, K., and Nei, M. (1993). Estimation of the number of nucleotide substitutions in the control region of mitochondrial DNA in humans and chimpanzees. Mol. Biol. Evol. 10, 512–526. doi: 10.1093/oxfordjournals.molbev.a040023

Tamura, K., Peterson, D., Peterson, N., Stecher, G., Nei, M., and Kumar, S. (2011). MEGA5: molecular evolutionary genetics analysis using maximum likelihood, evolutionary distance, and maximum parsimony methods. Mol. Biol. Evol. 28, 2731–2739. doi: 10.1093/molbev/msr121

Ustun, C., Slaby, J., Shanley, R. M., Vydra, J., Smith, A. R., Wagner, J. E., et al. (2012). Human parainfluenza virus infection after hematopoietic stem cell transplantation: risk factors, management, mortality, and changes over time. Biol. Blood Marrow Transplant 18, 1580–1588. doi: 10.1016/j.bbmt.2012.04.012

van Wyke Coelingh, K. L., Winter, C. C., Jorgensen, E. D., and Murphy, B. R. (1987). Antigenic and structural properties of the hemagglutinin-neuraminidase glycoprotein of human parainfluenza virus type 3: sequence analysis of variants selected with monoclonal antibodies which inhibit infectivity, hemagglutination, and neuraminidase activities. J. Virol. 61, 1473–1477. doi: 10.1128/JVI.61.5.1473-1477.1987

Wang, F., Zhao, L. Q., Zhu, R. N., Deng, J., Sun, Y., Ding, Y. X., et al. (2015). Parainfluenza virus types 1, 2, and 3 in pediatric patients with acute respiratory infections in Beijing during 2004 to 2012. Chin. Med. J. (Engl) 128, 2726–2730. doi: 10.4103/0366-6999.167297

Waterhouse, A., Bertoni, M., Bienert, S., Studer, G., Tauriello, G., Gumienny, R., et al. (2018). SWISS-MODEL: homology modelling of protein structures and complexes. Nucleic Acids Res. 46, W296–W303. doi: 10.1093/nar/gky427

Weinberg, G. A., Hall, C. B., Iwane, M. K., Poehling, K. A., Edwards, K. M., Griffin, M. R., et al. (2009). Parainfluenza virus infection of young children: estimates of the population-based burden of hospitalization. J. Pediatr. 154, 694–699. doi: 10.1016/j.jpeds.2008.11.034

Xiao, N. G., Duan, Z. J., Xie, Z. P., Zhong, L. L., Zeng, S. Z., Huang, H., et al. (2016). Human parainfluenza virus types 1-4 in hospitalized children with acute lower respiratory infections in China. J. Med. Virol. 88, 2085–2091. doi: 10.1002/jmv.24580

Xu, L., Zhu, Y., Ren, L., Xu, B., Liu, C., Xie, Z., et al. (2017). Characterization of the nasopharyngeal viral microbiome from children with community-acquired pneumonia but negative for Luminex xTAG respiratory viral panel assay detection. J. Med. Virol. 89, 2098–2107. doi: 10.1002/jmv.24895

Yang, H. T., Jiang, Q., Zhou, X., Bai, M. Q., Si, H. L., Wang, X. J., et al. (2011). Identification of a natural human serotype 3 parainfluenza virus. Virol. J. 8:58. doi: 10.1186/1743-422X-8-58

Yang, J., Yang, F., Ren, L., Xiong, Z., Wu, Z., Dong, J., et al. (2011). Unbiased parallel detection of viral pathogens in clinical samples by use of a metagenomic approach. J. Clin. Microbiol. 49, 3463–3469. doi: 10.1128/JCM.00273-11

Yao, Q., Hu, X., and Compans, R. W. (1997). Association of the parainfluenza virus fusion and hemagglutinin-neuraminidase glycoproteins on cell surfaces. J. Virol. 71, 650–656. doi: 10.1128/JVI.71.1.650-656.1997

Zhong, P., Zhang, H., Chen, X., and Lv, F. (2019). Clinical characteristics of the lower respiratory tract infection caused by a single infection or coinfection of the human parainfluenza virus in children. J. Med. Virol. 91, 1625–1632. doi: 10.1002/jmv.25499


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Shao, Liu, Xiao, Wang, Ren, Dong, Sun, Zhu, Zhang and Yang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fmicb-12-679246-t003.jpg
Lab number Comparison Nucleotide Amino acid
within types identity (%) identity (%)
JL18058d5/2018 HPIV1 94.4-98.7 94.4-98.7
WH17030d1/2017 HPIV2 91.5-96.2 91.5-96.2
WH17080d3/2017 HPIV2 91.3-95.9 91.3-95.9
BCH4100A/2014 HPIV3 94.2-99.3 94.2-99.3
BCH4102A/2014 HPIV3 94.0-99.5 94.0-99.5
BCH4138A/2014 HPIV3 93.8-99.4 93.8-99.4
BCH4210A/2014 HPIV3 94.1-99.4 94.1-99.4
PUMCH12693/2012 HPIV3 94.2-99.3 94.2-99.3
PUMCH13988/2014 HPIV3 94.1-99.5 94.1-99.5
PUMCH14028/2014 HPIV3 94.0-99.5 94.0-99.5
BCH3242A/2012 HPIV3 93.8-99.0 93.8-99.0
BCH3297A/2012 HPIV3 94.2-99.3 94.2-99.3
BCH4237A/2014 HPIV4A 96.9-98.9 96.9-98.9
BCH4263A/2014 HPIV4A 96.8-98.5 96.8-98.5
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aThe site with bold font was used to mapped on the crystal structures in
Figures 4, 5.
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