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Abstract

:

Routine surveillance in live poultry markets in the northern regions of Vietnam from 2016 to 2017 resulted in the isolation of 27 highly pathogenic avian H5N1 and H5N6 viruses of 3 different clades (2.3.2.1c, 2.3.4.4f, and 2.3.4.4g). Sequence and phylogenetic analysis of these viruses revealed reassortment with various subtypes of low pathogenic avian influenza viruses. Deep-sequencing identified minor viral subpopulations encoding variants that may affect pathogenicity and sensitivity to antiviral drugs. Interestingly, mice infected with two different clade 2.3.2.1c viruses lost body weight rapidly and succumbed to virus infection, whereas mice infected with clade 2.3.4.4f or 2.3.4.4g viruses experienced non-lethal infections.
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1. Introduction


Highly pathogenic H5N1 influenza viruses of the A/goose/Guangdong/1/96-lineage emerged in 1996 and have spread throughout Asia, Europe, the Middle East, and parts of Africa and North America, causing more than 890 laboratory-confirmed human infections with a case fatality rate of approximately 50% (https://www.cdc.gov/flu/avianflu/reported-human-infections.htm; accessed on 4 April 2023). These viruses have now evolved into 10 genetically distinct clades (clades 0–9) with multiple subclades.



In addition to their threat to public health, highly pathogenic H5 viruses have caused huge economic losses in the poultry industry. In Vietnam, highly pathogenic H5N1 influenza viruses were first reported in 2001 and were enzootic in poultry populations by the end of 2004. The early outbreaks in Vietnamese poultry populations were primarily caused by H5N1 viruses of clade 1. To control the spread of these viruses, mass poultry vaccination with a vaccine against a clade 1 H5N1 influenza virus was implemented in 2005 [1]. This vaccination campaign did not completely eradicate H5N1 viruses in Vietnam, and viruses of clade 1 continued to circulate in the southern part of the country where they evolved into subclades 1.1.1 and 1.1.2. In the central and northern regions of Vietnam, viruses of clade 2.3.2 were detected from about 2005 to 2008, and those of clade 2.3.4 were detected from about 2007 to 2010 (reviewed in [2]). In 2010, clade 2.3.2 viruses were re-introduced into Vietnam, and their descendants (that is, clade 2.3.2.1c viruses) spread rapidly throughout Vietnam in 2012 ([3,4,5]; reviewed in [2]).



Since their emergence, clade 2.3.4 viruses have undergone frequent reassortment with other avian influenza viruses, giving rise to viruses with NA genes of different subtypes, including H5N1, H5N2, H5N6, and H5N8 (reviewed in [6]). These viruses rapidly evolved into several genetically distinct clades. H5N6 viruses of clade 2.3.4.4 were first detected in Vietnam in 2014 [5] where they caused outbreaks in poultry and quail [7,8]. In recent years, outbreaks of highly pathogenic influenza in Vietnamese poultry have been caused predominantly by viruses of clades 1.1.2, 2.3.2.1c, and 2.3.4.4, with clade 1.1.2 viruses primarily detected in southern Vietnam, clade 2.3.2.1c viruses detected throughout the country, and clade 2.3.4.4 viruses mostly detected in the central and northern provinces of Vietnam. In addition to their impact on the poultry industry, clade 2.3.4.4 viruses of the H5N6 subtype have also caused more than 80 laboratory-confirmed cases of human infection (https://www.cdc.gov/flu/avianflu/reported-human-infections.htm; accessed on 4 April 2023).



Live bird markets play an important role in influenza virus reassortment and spillover into humans [9,10,11,12,13,14,15,16,17]. Here, we conducted routine surveillance in Vietnamese live bird markets from 2016 to 2017 and identified 27 highly pathogenic H5 influenza viruses from apparently healthy birds. Sequence and phylogenetic analysis revealed extensive reassortment with other avian influenza viruses. Moreover, we found that viruses from different clades differed in their pathogenicity in mice.




2. Materials and Methods


2.1. Virus Isolation and Identification


In 2016–2017, 1765 oropharyngeal and cloacal swab samples were collected from apparently healthy birds in live bird markets in Northern Vietnam by the National Institute of Health and Epidemiology of Vietnam as part of routine surveillance activities. The samples were placed in a transport medium (DMEM containing 0.15% BSA, 100 IU/mL penicillin-streptomycin, 0.5 μg/mL amphotericin B, 100 μg/mL gentamicin, 20 μg/mL ciprofloxacin, and 0.02 M HEPES) for further processing.



First, we pooled the samples (up to 10 samples collected from the same species on the same day in the same location) into several batches and inoculated them into 9–11-day-old specific pathogen-free (SPF) eggs that were incubated at 35 °C for 24–48 h. The allantoic fluid was then tested for hemagglutination activity. For hemagglutination-positive batches, individual samples were inoculated into two SPF eggs each and tested for hemagglutination activity. Next, RNA was extracted from the hemagglutination-positive samples using the MagMAXTM-96 Viral RNA Isolation Kit (ThermoFisher, Waltham, MA, USA), and one-step reverse transcriptase polymerase chain reaction (RT-PCR) was performed using the Superscript III high-fidelity RT-PCR Kit (ThermoFisher, Waltham, MA, USA) and oligonucleotides to the conserved regions of the viral matrix (M) gene. The sequences of the primers are as follows: M-73F, 5′-GTCAGGCCCCCTCAAAGC; M-242R, 5′-CGTCTACGCTGCAGTCC. For influenza-positive samples, portions of the hemagglutinin (HA) and neuraminidase (NA) genes were Sanger-sequenced to determine the subtype.




2.2. Viral Genomic Sequence Analysis


For all highly pathogenic H5 viruses, the complete genomic sequence was determined with RT-PCR-amplifying extracted RNA with a mixture of oligonucleotides F1 (5′-GTTACGCGCCAGCAAAAGCAGG), F2 (5′-GTTACGCGCCAGCGAAAGCAGG), and R1 (5′-GTTACGCGCCAGTAGAAACAAGG). The amplified double-stranded cDNAs were purified with 0.45× volume of AMPure XP beads (Beckman Coulter) and fragmented with acoustic shearing (0.5–1 μg) on a Bioruptor Pico sonicator (Diagenode) with an average fragment size of 150 bp. Library preparation for next-generation sequencing used end repair, phosphorylation, A-tailing, and adaptor ligation NEBNext DNA library prep modules for Illumina (New England Biolabs), which was followed by additional PCR amplification.



The Illumina MiSeq demultiplexed reads were processed and assembled using the Iterative Refinement Meta-assembler (IRMA v. 1.0.2) [18]. The internal gene sequences were obtained from the primary assembly, whereas the HA and NA sequences were obtained from the secondary assembly. We used the default IRMA FLU parameters with the following exceptions: LABEL was used for read sorting, the residual assembly factor was set to 400 for the secondary assembly, and reference elongation was prevented. All sequence data were preprocessed, the IRMA was run, and downstream analysis was conducted using version v0.9.9 of a snakemake workflow available at https://github.com/IRI-UW-Bioinformatics/flu-ngs/releases/tag/v0.9.9 (accessed on 28 June 2022). Consensus sequences were generated with the IRMA.




2.3. Phylogenetic Analysis


Nucleotide sequences of the H5Nx (for HA), HxN1 (for N1-NA), HxN6 (for N6-NA), and HxNx (for PB2 and NS genes) viruses were downloaded from the NCBI Influenza Virus Database (www.ncbi.nlm.nih.gov) and the Global Initiative on Sharing Avian Influenza Data (GISAID; www.gisaid.org; Supplemental Table S1). The sequences were aligned using MAFFT (https://mafft.cbrc.jp/alignment/software/). Phylogenetic analysis was performed using the MEGA 7.0 software package, implementing the Tamura-Nei nucleotide substitution model and the maximum likelihood method. The tree topology was evaluated using 1000 bootstrap analyses.




2.4. Virus Stock Generation and Titration


The isolated, highly pathogenic H5 viruses were inoculated into three SPF eggs each (100 μL of 104–105-fold dilutions of virus). Following incubation at 35 °C for 24–48 h, the allantoic fluids were collected and combined. The stock virus titers were determined by performing plaque assays in Madin–Darby canine kidney (MDCK) cells.




2.5. Pathogenicity Studies in Mice


Six-week-old female BALB/c mice (Jackson Laboratory, Bar Harbor, ME, USA) were anesthetized with isoflurane and inoculated intranasally with 104 plaque-forming units (PFU) of each virus in a volume of 50 μL. Control mice were inoculated with 50 μL of PBS. Body weight and mortality were monitored daily for 14 days. Infected mice were euthanized if they lost more than 25% of their initial body weight.




2.6. Safety Statement


The isolation of the surveillance samples was conducted in an enhanced biosafety level 3 (BSL 3+) laboratory at the University of Wisconsin-Madison. The RNA inactivation protocol was approved by the University of Wisconsin-Madison’s Institutional Biosafety Committee (IBC) after conducting a risk assessment in the Office of Biosafety. All experiments were approved by the University of Wisconsin-Madison’s IBC. This manuscript was reviewed by the University of Wisconsin-Madison Dual Use Research of Concern (DURC) Subcommittee. This review was conducted in accordance with the United States Government September 2014 DURC Policy. The DURC Subcommittee concluded that the studies described herein do not meet the criteria for Dual Use Research of Concern (DURC).





3. Results


3.1. Isolation and Identification of Avian Influenza Viruses from Birds in Vietnam in 2016–2017


We performed routine surveillance in live bird markets in several locations in northern Vietnam (Figure 1) by collecting oropharyngeal and cloacal swab samples from apparently healthy chickens, Muscovy ducks, and other ducks. In total, 1765 samples were pooled into batches of up to 10 samples (collected on the same day, in the same location, and from the same species), amplified in SPF-embryonated chicken eggs, and tested for hemagglutination activity. For hemagglutination-positive batches, samples were amplified individually and tested for their hemagglutination activity. Sanger sequencing of the viral HA and NA segments was carried out to determine the influenza virus subtype. We isolated 136 low pathogenic viruses of several subtypes including H1N1, H3N2, H3N6, H3N8, H4N6, H6N2, H6N6, H9N2, H9N6, and H11N2. Importantly, we also detected 27 highly pathogenic avian H5 viruses (Table 1), all of which were deep-sequenced. The deep-sequencing data revealed viruses of the H5N1 and H5N6 subtypes and several samples with ‘mixed’ sequences, indicating infection with more than one virus (Table 1).




3.2. Phylogenetic Analysis of Highly Pathogenic H5 Viruses


To assess the genetic relationship of the isolated H5 viruses, we performed phylogenetic analysis for several viral genes (Figure 2 and Figures S1–S4). The HA genes belonged to clades 2.3.2.1c, 2.3.4.4f, and 2.3.4.4g of highly pathogenic H5 viruses of the A/Guangdong/1/1996-lineage (Figure 2). Most of the H5N1 viruses belonged to clade 2.3.2.1c and were closely related to H5N1 viruses previously detected in Vietnam. Viruses of the H5N6 subtype belonged to clades 2.3.4.4f and 2.3.4.4g. The clade 2.3.4.4f viruses were closely related to earlier Vietnamese H5N6 viruses, whereas the clade 2.3.4.4g viruses (all isolated in 2017) were more closely related to a Japanese H5N6 virus (Figure 2).



The N1-NA genes of the H5N1 viruses shared 96.5–100% identity at the nucleotide level and were similar to H5N1 viruses previously isolated in Vietnam (Supplemental Figure S1). The N6-NA genes of the H5N6 viruses shared 94.8–100% identity at the nucleotide level and fell into two larger phylogenetic groups (Supplemental Figure S2). We also performed phylogenetic analyses for the PB2 and NS1 genes whose gene products contribute to pathogenicity. The PB2 genes of the H5 viruses showed distinct diversity and formed three groups in the phylogenetic tree (Supplemental Figure S3). The genetic diversity of the PB2 segments was consistent with earlier findings of extensive reassortment between highly pathogenic avian H5 viruses and low pathogenic avian influenza viruses of the H6N6, H9N2, and other subtypes [16]. The NS1 genes of the H5 viruses were found to belong to Allele A and shared 95.4–100% identity at the nucleotide level (Supplemental Figure S4); they were similar to other H5 viruses isolated in Vietnam between 2012 and 2019.




3.3. Genetic Analysis of Highly Pathogenic H5 Virus Amino Acid Sequences


First, we compared the consensus sequences of the isolated highly pathogenic H5 viruses (Supplemental Tables S2 and S3). The viral HA protein serves as the receptor-binding protein and is the major viral antigen. All H5 viruses analyzed here encoded HA-222Q/224G (numbering of mature HA protein used throughout), which is known to confer avian-type receptor-binding specificity [19]. The HA cleavage site motif (at which HA is post-translationally cleaved by host proteases into HA1 and HA2) of highly pathogenic avian influenza viruses contains multiple basic amino acids. In our study, the motif RERRRKR/G (the forward slash indicates the cleavage site) was detected in all H5 viruses except for A/Muscovy duck/Vietnam/HN3790/2017 (H5N1; clade 2.3.2.1c), which encoded RERRKR/G (Supplemental Tables S2 and S3). Previous studies have shown that loss of the 154–156 glycosylation motif may enhance binding to α2,6-linked sialic acids and virus transmissibility via respiratory droplets among mammals [20,21]. All H5 viruses characterized here lacked this glycosylation motif because they encoded alanine (A) at position 156; moreover, some of the viruses also lack an asparagine residue at position 154 (Supplemental Tables S2 and S3). The H5 subclades isolated here differed at several amino acid positions known to affect HA receptor-binding specificity, such as 189, 192, and 223 [22,23,24,25,26,27] (Supplemental Table S3); currently, the consequences of these differences for infection of mammals are not known.



The viral NA protein encodes a sialidase that facilitates virus release from infected cells. Deletions in the NA stalk region are frequently observed in avian influenza viruses adapted to terrestrial birds and may enhance pathogenicity in mammals (reviewed in [28]). The N1-NA proteins analyzed here possessed a 20-amino acid deletion at positions 49–68 (Supplemental Table S2), which has been observed in the H5N1 influenza virus since 2000 and enhances its pathogenicity in mallard ducks and mice (reviewed in [28]). Some, but not all, of the N6-NA proteins analyzed here possessed a shorter deletion of 11 amino acids (positions 58–68) (Supplemental Tables S2 and S3), which increases virus replication in mammalian and avian cells [29].



NA is the target of several antiviral compounds that block its enzymatic activity. H5N1 viruses with H274Y or N294S (N1 NA numbering) substitutions in NA are resistant to oseltamivir [30,31]. Moreover, viruses encoding N6 NA-R292K (possessing a full-length NA stalk) show reduced susceptibility to zanamivir and laninamivir, whereas the N6 NA-E119V+I222L substitutions reduce the inhibitory effect of oseltamivir [32]. None of the H5N1 or H5N6 strains analyzed here encoded these substitutions, suggesting that they are sensitive to laninamivir and oseltamivir.



The PB2 protein is a component of the viral polymerase complex and an important determinant of the host range and pathogenicity of influenza viruses. Several amino acid changes can either promote virus replication and/or increase pathogenicity in mammals, including PB2-E158G, -T271A, -Q590S, -Q591K/R, -E627K, -D701N, and -S714R [33,34,35,36,37,38]. None of the viruses characterized here possessed amino acids associated with higher replicative ability in mammals or pathogenicity. Previously, we demonstrated that PB2-147T/339T/588T increased the pathogenicity of avian H5N1 viruses in mice [39]; these amino acids were detected in several of the clade 2.3.2.1c viruses (Supplemental Tables S2 and S3). In addition, most viruses analyzed here encoded PB2-588V, which increases viral polymerase activity and replication in cultured cells relative to viruses encoding PB2-588A [40]. Two viruses in clade 2.3.4.4g encoded PB2-199S (Supplemental Tables S2 and S3), which increases pathogenicity in mice compared with viruses encoding alanine at this position [41]. Moreover, one virus in clade 2.3.4.4f (A/Muscovy duck/Vietnam/HN3515/2017 (H5N6)) encoded PB2-526R, which was recently shown to enhance viral replication in cultured cells and pathogenicity in mice [42] (Supplemental Tables S2 and S3).



Like PB2, substitutions with the viral PB1 polymerase protein can affect viral polymerase activity, including PB1-E180D and -M317V [43], PB1-T296R [44], PB1-V473L and -P598L [45], PB1-K480R [46], PB1-S524G [47], and PB1-K577E [48]. The viruses isolated in our study did not encode amino acids that would be expected to increase polymerase activity.



The PB1 viral RNA segment encodes a second protein, PB1-F2, which modulates the inflammasome, type I IFN responses, and the induction of apoptosis; its function also affects the severity of bacterial infection (reviewed in Refs. [49,50]). Most of the clade 2.3.2.1c and clade 2.3.4.4f viruses sequenced here encoded a premature stop codon, resulting in a truncated PB1-F2, as has been detected for other Asian H5 viruses isolated during this time period. In contrast, clade 2.3.4.4g viruses encoded full-length PB1-F2 proteins of 87 or 90 amino acids, respectively. A single amino acid substitution at position 66 (N66S) in PB1-F2 increases pathogenicity in mice [51]. One virus in clade 2.3.4.4f, A/Muscovy duck/Vietnam/QN3262/2016 (H5N6), encoded PB1-F2-66S, whereas all other clade 2.3.4.4 viruses encoded PB1-F2-66N (Supplemental Tables S2 and S3).



The PA gene encodes another subunit of the viral polymerase complex. Several amino acid changes in PA have been reported to affect polymerase activity and/or pathogenicity in mice [52,53,54,55,56,57,58], but none of these amino acids was present in the viruses isolated here. However, all viruses analyzed possessed PA-383D, which confers increased polymerase activity to the H5N1 polymerase complex compared with a polymerase complex encoding PA-383N [59]. Most of the clade 2.3.4.4 viruses encoded PA-237E, which contributes to H5N1 pathogenicity in ducks [55] (Supplemental Tables S2 and S3), and all clade 2.3.2.1c viruses encoded PA-343S, which increases the pathogenicity of low pathogenic H5N1 virus in mice relative to a virus possessing PA-343A [57] (Supplemental Tables S2 and S3).



The nucleoprotein (NP) is the main structural component of the viral ribonucleoprotein complex, and its interaction with host factors also contributes to the host range of influenza viruses [60]. A previous study found that the NP-M105V substitution increased the pathogenicity of an H5N1 virus in chickens [61]. In our study, all viruses in clade 2.3.2.1c and one virus in clade 2.3.4.4f possessed NP-105V; the remaining viruses encoded isoleucine or methionine at this position (Supplemental Tables S2 and S3).



The matrix (M1) protein is the main structural component of influenza virions. H9N2 viruses of the G57 genotype are more pathogenic in chickens than H9N2 viruses of other genotypes, a phenotype that is conferred by the M1-37A, -95K, -224N, and -242N residues [62]. Several of the viruses characterized here encoded some of these amino acids, which may increase their pathogenicity (Supplemental Tables S2 and S3). In addition, all viruses characterized here encoded M1-30D and -215A, which increase H5N1 pathogenicity in mice relative to control viruses [63]. The M viral RNA segment also encodes the ion channel M2 protein, the target of the ion channel inhibitors amantadine and rimantadine. Several amino acid changes in the ion channel confer resistance to ion channel inhibitors [64,65,66,67,68], but the viruses characterized here did not encode any of these amino acids, suggesting that they are sensitive to these drugs.



NS1 is a multifunctional viral protein that counteracts the innate immune response of the host, enabling the virus to replicate effectively during infection [69]. All viruses analyzed here lacked NS1 amino acids 80–84 (NS1Δ80-84) (Supplemental Tables S2 and S3), a deletion that increases the pathogenicity of H5N1 viruses in mice [70]. The amino acids at positions 103 and 106 (equivalent to positions 98 and 101 in NS1Δ80-84) are important for binding to CPSF30 [71,72], which affects the nuclear export of poly(A)-containing mRNA and thus influenza virus-mediated shutdown of host cell protein synthesis. The H5N1 and H5N6 viruses analyzed in our study encoded NS1-103(98)L/106(101)L (numbers in parentheses refer to the amino acid positions in NS1Δ80-84), resulting in efficient binding to CPSF30. At position 205(200), the viruses of clades 2.3.4.4f and 2.3.4.4g possessed a serine residue, which enhances type I IFN antagonism and pathogenicity in ferrets relative to NS1-205(200)N [73], the residue encoded by clade 2.3.2.1c viruses (Supplemental Tables S2 and S3). Except for individual viruses in clades 2.3.2.1c and 2.3.4.4g, the viruses analyzed in our study possessed the so-called PDZ domain-binding motif “ESEV” at positions 227–230 (222–225), which confers high pathogenicity to influenza virus in mice [74] (Supplemental Tables S2 and S3). Moreover, all viruses characterized here encoded NS1-42S, which confers increased pathogenicity in mice compared with viruses encoding proline at this position [75].




3.4. Analysis of Viral Subpopulations


Our analysis of viral subpopulations focused on sequence variants detected with a minimum frequency of 1% at the respective position (Supplemental Table S4). We focused on non-synonymous polymorphisms, that is, sequence variants that resulted in amino acid changes. Samples with ‘mixed’ HA and/or NA genes (indicative of infection with two different viruses) were eliminated from the analysis. With these parameters, no non-synonymous polymorphisms were detected for PB1-F2 and NS2. Polymorphisms in PA, PA-X, and NP were mainly from A/duck/Vietnam/HN4042/2017 (with a frequency of 1–3%) (Supplemental Table S4).



Several non-synonymous polymorphisms were detected in the HA genes (Supplemental Table S4), some of which may affect the biological properties of the viruses. These include sites that form the rim of the receptor-binding domain (i.e., an HA-A125Y polymorphism detected for A/Muscovy duck/Vietnam/HN3790/2017), the receptor-binding pocket (i.e., an HA-R223H polymorphism detected for A/duck/Vietnam/HN3668/2017), the HA cleavage site (i.e., an HA-R327K polymorphisms detected for A/duck/Vietnam/HN4231/2017), or the HA transmembrane domain (i.e., an HA-A523T polymorphism detected for A/duck/Vietnam/HN4231/2017 and A/duck/Vietnam/HN4240/2017). Two viruses (A/Muscovy duck/Vietnam/QN3253/2016 and A/Muscovy duck/Vietnam/QN3262/2016) encoded HA-A134S polymorphisms in 33.6% and 8.4% of sequence reads, respectively. This position is located in the 130-loop, and the A-to-T substitution has been shown to increase binding to α2,6-linked sialic acids [76].



Several non-synonymous polymorphisms were detected in the polymerase and NP genes and could affect viral replication. At amino acid position PB2-178, A/Muscovy duck/Vietnam/HN3656/2017 encoded threonine in 78.8% of sequence reads and alanine in 21.2% of sequence reads (Supplemental Table S4); interestingly, we previously found that amino acid changes at this position can affect virus replication (unpublished). A valine-to-isoleucine substitution at position 591 of PB1 contributes to the temperature-sensitive phenotype of the live attenuated influenza A/Leningrad/134/17/57 strain [77]. Here, we detected a PB1-V591D subpopulation in 4.1% of sequence reads of A/duck/Vietnam/HN3680/2017 (Supplemental Table S4). PB1-A661T also contributes to the temperature-sensitive phenotype of the live attenuated influenza A/Leningrad/134/17/57 strain [78]; this amino acid polymorphism was detected in 2.3% of A/duck/Vietnam/HN4231/2017 sequence read (Supplemental Table S4). A/Muscovy duck/Vietnam/HN3801/2017 possessed a PB1-A652V subpopulation (Supplemental Table S4); this amino acid change has been detected in a mouse-adapted human pandemic H1N1 virus [79]. Methionine at PA-336, which confers the high replicative ability to pandemic H1N1 viruses [54], was detected in our study in a small subpopulation of A/Muscovy duck/Vietnam/HN3810/2017 sequence reads (Supplemental Table S4). NP-I365V confers decreased polymerase activity to the H7N9 virus [80] and was detected in 1.6% of sequence reads of A/duck/Vietnam/HK4042/2017 (Supplemental Table S4).



In addition to the polymerase and NP genes, an M1-A37T polymorphism was detected for 1.6% of A/duck/Vietnam/HN3668/2017 sequence reads (Supplemental Table S4); interestingly, the M1-T37A mutation has been reported to increase M1 stability [81] and the infectivity of an H9N2 virus [62]. A/duck/Vietnam/HN3668/2017 also encoded an M2-V27I subpopulation (Supplemental Table S4); this amino acid substitution confers resistance to adamantine [82].




3.5. Pathogenicity of H5N1 and H5N6 Viruses in BALB/c Mice


Five viruses (two from clades 2.3.2.1c and 2.3.4.4g and one from clade 2.3.4.4f) were tested for their pathogenicity in mice by intranasally infecting groups of four 6-week-old BALB/c mice with 104 PFU/50 μL of virus. Mortality and body weight were monitored daily for 14 days. Mice infected with viruses of clade 2.3.2.1c lost body weight rapidly and died or had to be euthanized due to body weight loss of more than 25% of the initial weight within 5 to 7 days of infection (Figure 3). In contrast, the clade 2.3.4.4f and 2.3.4.4g viruses caused no or moderate weight loss and all animals recovered from the virus infection (Figure 3).





4. Discussion


Vietnam is one of the countries most affected by outbreaks of highly pathogenic H5 influenza viruses in poultry; in fact, these viruses are now enzootic in poultry populations throughout the country. Live bird markets, as one of the main places for poultry trading, are often the focus of active avian influenza virus surveillance activities. In this study, 27 highly pathogenic H5 influenza viruses were isolated from Vietnamese live bird markets from 2016 to 2017. The isolated viruses belonged to clades 2.3.2.1c, 2.3.4.4f, and 2.3.4.4g, consistent with previous reports on the distribution of clades 2.3.2.1c and 2.3.4.4 viruses mainly in northern Vietnam [83] where our surveillance was conducted.



Both clade 2.3.2.1c viruses tested in our study were lethal for mice. In contrast, mice survived infection with the clade 2.3.4.4f and 2.3.4.4g viruses tested. Previously, we compared several clades 2.3.2.1a, 2.3.2.1c, 2.3.4.1, and 1.1.2 viruses isolated in Vietnam from 2010 to 2013 and also found that the clade 2.3.2.1 viruses were more pathogenic in mice than clade 2.3.4.1 and clade 1.1.2 viruses [57]. Collectively, these data may indicate that clade 2.3.2.1 viruses are more pathogenic in mice than viruses from other clades. The clade 2.3.2.1c viruses tested here differ from the clade 2.3.4.4f and clades 2.3.4.4g viruses in several genetic features including an N1 NA (all clade 2.3.4.4f and clade 2.3.4.4g viruses possessed N6 NA), deletion of amino acids 49–68 in N1, which is known to increase pathogenicity (reviewed in [28]), and a truncated PB1-F2 of 57 amino acids (with all clade 2.3.4.4f and clade 2.3.4.4g viruses encoding full-length PB1-F2 proteins). We currently do not know which of these differences (or combinations thereof) may confer higher pathogenicity to clade 2.3.2.1c viruses compared with clade 2.3.4.4f and clade 2.3.4.4g viruses.



HPAI H5 viruses have evolved rapidly through reassortment and mutations [16,84]. Here, we also found that some of the viruses characterized possessed genes that are most closely related to low pathogenic avian influenza viruses. For example, some of the PB2 genes were most closely related to low pathogenic avian H9N2 viruses, which are known to share gene segments encoding internal proteins with H5, H7N9, H10N8, and H3N8 viruses. Thus, despite attempts to control HPAI H5 viruses, they continue to reassort with low pathogenic avian influenza viruses, which may alter their phenotypes. In summary, our avian influenza virus surveillance in Vietnam resulted in the isolation of several HPAI viruses, some of which are lethal in mice and possess mutations that may affect their pathogenicity.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/v15051093/s1, Figure S1: Maximum-likelihood (ML) phylogeny of N1 NA genes; Figure S2: Maximum-likelihood (ML) phylogeny of N6 NA genes; Figure S3: Maximum-likelihood (ML) phylogeny of PB2 genes; Figure S4 Maximum-likelihood (ML) phylogeny of NS1 genes; Table S1: GISAID acknowledgements for H5 HA sequences; Table S2: Consensus amino acid sequences of isolated H5 viruses; Table S3: Summary of identified SNPs.





Author Contributions


M.Q.L., H.L.K.N. and V.M.P.H. collected the surveillance samples. Y.K., G.N., L.G. and G.Z. designed the study, performed the phylogenetic analyses, and wrote the manuscript. L.G., G.Z., S.F. and E.M.P. isolated the viruses. H.v.B. carried out deep-sequencing and processed the deep-sequencing data. L.G., G.N., R.P., L.B. and D.P. analyzed the Sanger and deep-sequencing data. L.G., S.F. and C.G. performed the mouse study. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the NIAID-funded Center for Research on Influenza Pathogenesis (CRIP), grant numbers HHSN266200700010C and HHSN272201400008C; the Center for Research on Influenza Pathogenesis and Transmission (CRIPT), grant number 75N93021C00014; the Japan Program for Infectious Diseases Research and Infrastructure, grant number JP22wm0125002; and the Japan Initiative for World-leading Vaccine Research and Development Centers from the Japan Agency for Medical Research and Development (AMED), grant number JP223fa627001.




Institutional Review Board Statement


All animal studies were performed in accordance with the guidelines set by the Institutional Animal Care and Use Committee at the University of Wisconsin-Madison (protocol V006426-A04, approved on 3 February 2021).




Informed Consent Statement


Not applicable.




Data Availability Statement


All sequences were deposited to GenBank with the following accession numbers: OQ546728 to OQ546795; OQ546869 to OQ546921; OQ547053 to OQ547096; OQ596733 to OQ596736; OQ596768 to OQ596783; OQ596785 to OQ596800; OQ596802 to OQ596819; and OQ600194; OQ603031 to OQ603034. Data output from the NGS sequence analysis pipeline are available in Supplemental Tables S2 and S3.




Acknowledgments


We thank Susan Watson (Obsidian Communications, LLC), and Victoria Browning for assistance with submission.




Conflicts of Interest


Y.K. has received speaker’s honoraria from Toyama Chemical and Astellas Inc., grant support from Chugai Pharmaceuticals, Daiichi Sankyo Pharmaceutical, Toyama Chemical, Tauns Laboratories, Inc., Otsuka Pharmaceutical Co., Ltd., Denka Seiken Co., Ltd., and Shionogi & Co., Ltd. Y.K. and G.N. are co-founders of FluGen. The other authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Swayne, D.E. Impact of vaccines and vaccination on global control of avian influenza. Avian Dis. 2012, 56, 818–828. [Google Scholar] [CrossRef]

	



Le, T.H.; Nguyen, N.T. Evolutionary dynamics of highly pathogenic avian influenza A/H5N1 HA clades and vaccine implementation in Vietnam. Clin. Exp. Vaccine Res. 2014, 3, 117–127. [Google Scholar] [CrossRef] [PubMed]

	



Creanga, A.; Thi Nguyen, D.; Gerloff, N.; Thi Do, H.; Balish, A.; Dang Nguyen, H.; Jang, Y.; Thi Dam, V.; Thor, S.; Jones, J.; et al. Emergence of multiple clade 2.3.2.1 influenza A (H5N1) virus subgroups in Vietnam and detection of novel reassortants. Virology 2013, 444, 12–20. [Google Scholar] [CrossRef]

	



Nguyen, D.T.; Bryant, J.E.; Davis, C.T.; Nguyen, L.V.; Pham, L.T.; Loth, L.; Inui, K.; Nguyen, T.; Jang, Y.; To, T.L.; et al. Prevalence and distribution of avian influenza a(H5N1) virus clade variants in live bird markets of Vietnam, 2011–2013. Avian Dis. 2014, 58, 599–608. [Google Scholar] [CrossRef]

	



Nguyen, D.T.; Jang, Y.; Nguyen, T.D.; Jones, J.; Shepard, S.S.; Yang, H.; Gerloff, N.; Fabrizio, T.; Nguyen, L.V.; Inui, K.; et al. Shifting Clade Distribution, Reassortment, and Emergence of New Subtypes of Highly Pathogenic Avian Influenza A(H5) Viruses Collected from Vietnamese Poultry from 2012 to 2015. J. Virol. 2017, 91, e01708-16. [Google Scholar] [CrossRef] [PubMed]

	



Lee, D.H.; Bertran, K.; Kwon, J.H.; Swayne, D.E. Evolution, global spread, and pathogenicity of highly pathogenic avian influenza H5Nx clade 2.3.4.4. J. Vet. Sci. 2017, 18, 269–280. [Google Scholar] [CrossRef]

	



Tsunekuni, R.; Sudo, K.; Nguyen, P.T.; Luu, B.D.; Phuong, T.D.; Tan, T.M.; Nguyen, T.; Mine, J.; Nakayama, M.; Tanikawa, T.; et al. Isolation of highly pathogenic H5N6 avian influenza virus in Southern Vietnam with genetic similarity to those infecting humans in China. Transbound. Emerg. Dis. 2019, 66, 2209–2217. [Google Scholar] [CrossRef]

	



Thanh, H.D.; Tran, V.T.; Nguyen, D.T.; Hung, V.K.; Kim, W. Novel reassortant H5N6 highly pathogenic influenza A viruses in Vietnamese quail outbreaks. Comp. Immunol. Microbiol. Infect. Dis. 2018, 56, 45–57. [Google Scholar] [CrossRef]

	



Shi, J.; Deng, G.; Ma, S.; Zeng, X.; Yin, X.; Li, M.; Zhang, B.; Cui, P.; Chen, Y.; Yang, H.; et al. Rapid Evolution of H7N9 Highly Pathogenic Viruses that Emerged in China in 2017. Cell Host Microbe 2018, 24, 558–568.e557. [Google Scholar] [CrossRef]

	



Guan, L.; Shi, J.; Kong, X.; Ma, S.; Zhang, Y.; Yin, X.; He, X.; Liu, L.; Suzuki, Y.; Li, C.; et al. H3N2 avian influenza viruses detected in live poultry markets in China bind to human-type receptors and transmit in guinea pigs and ferrets. Emerg. Microbes Infect. 2019, 8, 1280–1290. [Google Scholar] [CrossRef] [PubMed]

	



Deng, G.; Shi, J.; Wang, J.; Kong, H.; Cui, P.; Zhang, F.; Tan, D.; Suzuki, Y.; Liu, L.; Jiang, Y.; et al. Genetics, Receptor Binding, and Virulence in Mice of H10N8 Influenza Viruses Isolated from Ducks and Chickens in Live Poultry Markets in China. J. Virol. 2015, 89, 6506–6510. [Google Scholar] [CrossRef] [PubMed]

	



Liang, L.; Deng, G.; Shi, J.; Wang, S.; Zhang, Q.; Kong, H.; Gu, C.; Guan, Y.; Suzuki, Y.; Li, Y.; et al. Genetics, Receptor Binding, Replication, and Mammalian Transmission of H4 Avian Influenza Viruses Isolated from Live Poultry Markets in China. J. Virol. 2016, 90, 1455–1469. [Google Scholar] [CrossRef]

	



Li, M.; Yin, X.; Guan, L.; Zhang, X.; Deng, G.; Li, T.; Cui, P.; Ma, Y.; Hou, Y.; Shi, J.; et al. Insights from avian influenza surveillance of chickens and ducks before and after exposure to live poultry markets. Sci. China Life Sci. 2019, 62, 854–857. [Google Scholar] [CrossRef]

	



Yu, H.; Wu, J.T.; Cowling, B.J.; Liao, Q.; Fang, V.J.; Zhou, S.; Wu, P.; Zhou, H.; Lau, E.H.; Guo, D.; et al. Effect of closure of live poultry markets on poultry-to-person transmission of avian influenza A H7N9 virus: An ecological study. Lancet 2014, 383, 541–548. [Google Scholar] [CrossRef] [PubMed]

	



Wan, X.F.; Dong, L.; Lan, Y.; Long, L.P.; Xu, C.; Zou, S.; Li, Z.; Wen, L.; Cai, Z.; Wang, W.; et al. Indications that live poultry markets are a major source of human H5N1 influenza virus infection in China. J. Virol. 2011, 85, 13432–13438. [Google Scholar] [CrossRef]

	



Bi, Y.; Chen, Q.; Wang, Q.; Chen, J.; Jin, T.; Wong, G.; Quan, C.; Liu, J.; Wu, J.; Yin, R.; et al. Genesis, Evolution and Prevalence of H5N6 Avian Influenza Viruses in China. Cell Host Microbe 2016, 20, 810–821. [Google Scholar] [CrossRef]

	



Fournie, G.; Guitian, J.; Desvaux, S.; Cuong, V.C.; Dung, D.H.; Pfeiffer, D.U.; Mangtani, P.; Ghani, A.C. Interventions for avian influenza A (H5N1) risk management in live bird market networks. Proc. Natl. Acad. Sci. USA 2013, 110, 9177–9182. [Google Scholar] [CrossRef]

	



Shepard, S.S.; Meno, S.; Bahl, J.; Wilson, M.M.; Barnes, J.; Neuhaus, E. Viral deep sequencing needs an adaptive approach: IRMA, the iterative refinement meta-assembler. BMC Genomics. 2016, 17, 708. [Google Scholar] [CrossRef]

	



Matrosovich, M.; Zhou, N.; Kawaoka, Y.; Webster, R. The surface glycoproteins of H5 influenza viruses isolated from humans, chickens, and wild aquatic birds have distinguishable properties. J. Virol. 1999, 73, 1146–1155. [Google Scholar] [CrossRef] [PubMed]

	



Herfst, S.; Schrauwen, E.J.; Linster, M.; Chutinimitkul, S.; de Wit, E.; Munster, V.J.; Sorrell, E.M.; Bestebroer, T.M.; Burke, D.F.; Smith, D.J.; et al. Airborne transmission of influenza A/H5N1 virus between ferrets. Science 2012, 336, 1534–1541. [Google Scholar] [CrossRef]

	



Imai, M.; Watanabe, T.; Hatta, M.; Das, S.C.; Ozawa, M.; Shinya, K.; Zhong, G.; Hanson, A.; Katsura, H.; Watanabe, S.; et al. Experimental adaptation of an influenza H5 HA confers respiratory droplet transmission to a reassortant H5 HA/H1N1 virus in ferrets. Nature 2012, 486, 420–428. [Google Scholar] [CrossRef] [PubMed]

	



Watanabe, Y.; Ibrahim, M.S.; Ellakany, H.F.; Kawashita, N.; Mizuike, R.; Hiramatsu, H.; Sriwilaijaroen, N.; Takagi, T.; Suzuki, Y.; Ikuta, K. Acquisition of human-type receptor binding specificity by new H5N1 influenza virus sublineages during their emergence in birds in Egypt. PLoS Pathog. 2011, 7, e1002068. [Google Scholar] [CrossRef] [PubMed]

	



Wang, W.; Lu, B.; Zhou, H.; Suguitan, A.L., Jr.; Cheng, X.; Subbarao, K.; Kemble, G.; Jin, H. Glycosylation at 158N of the hemagglutinin protein and receptor binding specificity synergistically affect the antigenicity and immunogenicity of a live attenuated H5N1 A/Vietnam/1203/2004 vaccine virus in ferrets. J. Virol. 2010, 84, 6570–6577. [Google Scholar] [CrossRef] [PubMed]

	



Yamada, S.; Suzuki, Y.; Suzuki, T.; Le, M.Q.; Nidom, C.A.; Sakai-Tagawa, Y.; Muramoto, Y.; Ito, M.; Kiso, M.; Horimoto, T.; et al. Haemagglutinin mutations responsible for the binding of H5N1 influenza A viruses to human-type receptors. Nature 2006, 444, 378–382. [Google Scholar] [CrossRef]

	



Stevens, J.; Blixt, O.; Chen, L.M.; Donis, R.O.; Paulson, J.C.; Wilson, I.A. Recent avian H5N1 viruses exhibit increased propensity for acquiring human receptor specificity. J. Mol. Biol. 2008, 381, 1382–1394. [Google Scholar] [CrossRef]

	



Peng, W.; Bouwman, K.M.; McBride, R.; Grant, O.C.; Woods, R.J.; Verheije, M.H.; Paulson, J.C.; de Vries, R.P. Enhanced Human-Type Receptor Binding by Ferret-Transmissible H5N1 with a K193T Mutation. J. Virol. 2018, 92, e02016-17. [Google Scholar] [CrossRef]

	



Gambaryan, A.; Tuzikov, A.; Pazynina, G.; Bovin, N.; Balish, A.; Klimov, A. Evolution of the receptor binding phenotype of influenza A (H5) viruses. Virology 2006, 344, 432–438. [Google Scholar] [CrossRef]

	



Neumann, G.; Treanor, J.; Kawaoka, Y. Orthomyxoviruses. In Fields Virology, 7th ed.; Knipe, D.M., Howley, P.M., Whelan, S.P.J., Cohen, J.I., Damania, B., Enquist, L., Freed, E.O., Eds.; Wolters Kluwer: Philadelphia, UK, 2021; Volume 1, pp. 596–668. [Google Scholar]

	



Yu, Y.; Zhang, Z.; Li, H.; Wang, X.; Li, B.; Ren, X.; Zeng, Z.; Zhang, X.; Liu, S.; Hu, P.; et al. Biological Characterizations of H5Nx Avian Influenza Viruses Embodying Different Neuraminidases. Front. Microbiol. 2017, 8, 1084. [Google Scholar] [CrossRef] [PubMed]

	



de Jong, M.D.; Tran, T.T.; Truong, H.K.; Vo, M.H.; Smith, G.J.; Nguyen, V.C.; Bach, V.C.; Phan, T.Q.; Do, Q.H.; Guan, Y.; et al. Oseltamivir resistance during treatment of influenza A (H5N1) infection. N. Engl. J. Med. 2005, 353, 2667–2672. [Google Scholar] [CrossRef]

	



Earhart, K.C.; Elsayed, N.M.; Saad, M.D.; Gubareva, L.V.; Nayel, A.; Deyde, V.M.; Abdelsattar, A.; Abdelghani, A.S.; Boynton, B.R.; Mansour, M.M.; et al. Oseltamivir resistance mutation N294S in human influenza A(H5N1) virus in Egypt. J. Infect. Public Health 2009, 2, 74–80. [Google Scholar] [CrossRef]

	



Gaymard, A.; Charles-Dufant, A.; Sabatier, M.; Cortay, J.C.; Frobert, E.; Picard, C.; Casalegno, J.S.; Rosa-Calatrava, M.; Ferraris, O.; Valette, M.; et al. Impact on antiviral resistance of E119V, I222L and R292K substitutions in influenza A viruses bearing a group 2 neuraminidase (N2, N3, N6, N7 and N9). J. Antimicrob. Chemother. 2016, 71, 3036–3045. [Google Scholar] [CrossRef]

	



Zhou, B.; Li, Y.; Halpin, R.; Hine, E.; Spiro, D.J.; Wentworth, D.E. PB2 residue 158 is a pathogenic determinant of pandemic H1N1 and H5 influenza a viruses in mice. J. Virol. 2011, 85, 357–365. [Google Scholar] [CrossRef]

	



Bussey, K.A.; Bousse, T.L.; Desmet, E.A.; Kim, B.; Takimoto, T. PB2 residue 271 plays a key role in enhanced polymerase activity of influenza A viruses in mammalian host cells. J. Virol. 2010, 84, 4395–4406. [Google Scholar] [CrossRef]

	



Mehle, A.; Doudna, J.A. Adaptive strategies of the influenza virus polymerase for replication in humans. Proc. Natl. Acad. Sci. USA 2009, 106, 21312–21316. [Google Scholar] [CrossRef] [PubMed]

	



Subbarao, E.K.; London, W.; Murphy, B.R. A single amino acid in the PB2 gene of influenza A virus is a determinant of host range. J. Virol. 1993, 67, 1761–1764. [Google Scholar] [CrossRef] [PubMed]

	



Hatta, M.; Gao, P.; Halfmann, P.; Kawaoka, Y. Molecular basis for high virulence of Hong Kong H5N1 influenza A viruses. Science 2001, 293, 1840–1842. [Google Scholar] [CrossRef] [PubMed]

	



Czudai-Matwich, V.; Otte, A.; Matrosovich, M.; Gabriel, G.; Klenk, H.D. PB2 mutations D701N and S714R promote adaptation of an influenza H5N1 virus to a mammalian host. J. Virol. 2014, 88, 8735–8742. [Google Scholar] [CrossRef]

	



Fan, S.; Hatta, M.; Kim, J.H.; Halfmann, P.; Imai, M.; Macken, C.A.; Le, M.Q.; Nguyen, T.; Neumann, G.; Kawaoka, Y. Novel residues in avian influenza virus PB2 protein affect virulence in mammalian hosts. Nat. Commun. 2014, 5, 5021. [Google Scholar] [CrossRef]

	



Xiao, C.; Ma, W.; Sun, N.; Huang, L.; Li, Y.; Zeng, Z.; Wen, Y.; Zhang, Z.; Li, H.; Li, Q.; et al. PB2-588 V promotes the mammalian adaptation of H10N8, H7N9 and H9N2 avian influenza viruses. Sci. Rep. 2016, 6, 19474. [Google Scholar] [CrossRef]

	



Kim, J.H.; Hatta, M.; Watanabe, S.; Neumann, G.; Watanabe, T.; Kawaoka, Y. Role of host-specific amino acids in the pathogenicity of avian H5N1 influenza viruses in mice. J. Gen. Virol. 2010, 91, 1284–1289. [Google Scholar] [CrossRef]

	



Song, W.; Wang, P.; Mok, B.W.; Lau, S.Y.; Huang, X.; Wu, W.L.; Zheng, M.; Wen, X.; Yang, S.; Chen, Y.; et al. The K526R substitution in viral protein PB2 enhances the effects of E627K on influenza virus replication. Nat. Commun. 2014, 5, 5509. [Google Scholar] [CrossRef]

	



Youk, S.S.; Leyson, C.M.; Seibert, B.A.; Jadhao, S.; Perez, D.R.; Suarez, D.L.; Pantin-Jackwood, M.J. Mutations in PB1, NP, HA, and NA Contribute to Increased Virus Fitness of H5N2 Highly Pathogenic Avian Influenza Virus Clade 2.3.4.4 in Chickens. J. Virol. 2020, 95, e01675-20. [Google Scholar] [CrossRef] [PubMed]

	



Yu, Z.; Cheng, K.; Sun, W.; Zhang, X.; Li, Y.; Wang, T.; Wang, H.; Zhang, Q.; Xin, Y.; Xue, L.; et al. A PB1 T296R substitution enhance polymerase activity and confer a virulent phenotype to a 2009 pandemic H1N1 influenza virus in mice. Virology 2015, 486, 180–186. [Google Scholar] [CrossRef] [PubMed]

	



Xu, C.; Hu, W.B.; Xu, K.; He, Y.X.; Wang, T.Y.; Chen, Z.; Li, T.X.; Liu, J.H.; Buchy, P.; Sun, B. Amino acids 473V and 598P of PB1 from an avian-origin influenza A virus contribute to polymerase activity, especially in mammalian cells. J. Gen. Virol. 2012, 93, 531–540. [Google Scholar] [CrossRef]

	



Chu, C.; Fan, S.; Li, C.; Macken, C.; Kim, J.H.; Hatta, M.; Neumann, G.; Kawaoka, Y. Functional analysis of conserved motifs in influenza virus PB1 protein. PLoS ONE 2012, 7, e36113. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Li, Y.; Jin, S.; Zhang, Y.; Sun, L.; Hu, X.; Zhao, M.; Li, F.; Wang, T.; Sun, W.; et al. PB1 S524G mutation of wild bird-origin H3N8 influenza A virus enhances virulence and fitness for transmission in mammals. Emerg. Microbes Infect. 2021, 10, 1038–1051. [Google Scholar] [CrossRef] [PubMed]

	



Kamiki, H.; Matsugo, H.; Kobayashi, T.; Ishida, H.; Takenaka-Uema, A.; Murakami, S.; Horimoto, T. A PB1-K577E Mutation in H9N2 Influenza Virus Increases Polymerase Activity and Pathogenicity in Mice. Viruses 2018, 10, 653. [Google Scholar] [CrossRef] [PubMed]

	



Conenello, G.M.; Palese, P. Influenza A virus PB1-F2: A small protein with a big punch. Cell Host Microbe 2007, 2, 207–209. [Google Scholar] [CrossRef]

	



Cheung, P.H.; Lee, T.T.; Chan, C.P.; Jin, D.Y. Influenza A virus PB1-F2 protein: An ambivalent innate immune modulator and virulence factor. J. Leukoc. Biol. 2020, 107, 763–771. [Google Scholar] [CrossRef]

	



Conenello, G.M.; Zamarin, D.; Perrone, L.A.; Tumpey, T.; Palese, P. A single mutation in the PB1-F2 of H5N1 (HK/97) and 1918 influenza A viruses contributes to increased virulence. PLoS Pathog. 2007, 3, 1414–1421. [Google Scholar] [CrossRef]

	



Arai, Y.; Kawashita, N.; Elgendy, E.M.; Ibrahim, M.S.; Daidoji, T.; Ono, T.; Takagi, T.; Nakaya, T.; Matsumoto, K.; Watanabe, Y. PA Mutations Inherited during Viral Evolution Act Cooperatively To Increase Replication of Contemporary H5N1 Influenza Virus with an Expanded Host Range. J. Virol. 2020, 95, e01582-20. [Google Scholar] [CrossRef] [PubMed]

	



Sun, Y.; Xu, Q.; Shen, Y.; Liu, L.; Wei, K.; Sun, H.; Pu, J.; Chang, K.C.; Liu, J. Naturally occurring mutations in the PA gene are key contributors to increased virulence of pandemic H1N1/09 influenza virus in mice. J. Virol. 2014, 88, 4600–4604. [Google Scholar] [CrossRef]

	



Bussey, K.A.; Desmet, E.A.; Mattiacio, J.L.; Hamilton, A.; Bradel-Tretheway, B.; Bussey, H.E.; Kim, B.; Dewhurst, S.; Takimoto, T. PA residues in the 2009 H1N1 pandemic influenza virus enhance avian influenza virus polymerase activity in mammalian cells. J. Virol. 2011, 85, 7020–7028. [Google Scholar] [CrossRef] [PubMed]

	



Hu, J.; Hu, Z.; Mo, Y.; Wu, Q.; Cui, Z.; Duan, Z.; Huang, J.; Chen, H.; Chen, Y.; Gu, M.; et al. The PA and HA gene-mediated high viral load and intense innate immune response in the brain contribute to the high pathogenicity of H5N1 avian influenza virus in mallard ducks. J. Virol. 2013, 87, 11063–11075. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.; Huang, F.; Zhang, J.; Tan, L.; Lu, G.; Zhang, X.; Zhang, H. Characteristic amino acid changes of influenza A(H1N1)pdm09 virus PA protein enhance A(H7N9) viral polymerase activity. Virus Genes 2016, 52, 346–353. [Google Scholar] [CrossRef]

	



Zhong, G.; Le, M.Q.; Lopes, T.J.S.; Halfmann, P.; Hatta, M.; Fan, S.; Neumann, G.; Kawaoka, Y. Mutations in the PA Protein of Avian H5N1 Influenza Viruses Affect Polymerase Activity and Mouse Virulence. J. Virol. 2018, 92, e01557-17. [Google Scholar] [CrossRef]

	



Xu, G.; Zhang, X.; Gao, W.; Wang, C.; Wang, J.; Sun, H.; Sun, Y.; Guo, L.; Zhang, R.; Chang, K.C.; et al. Prevailing PA Mutation K356R in Avian Influenza H9N2 Virus Increases Mammalian Replication and Pathogenicity. J. Virol. 2016, 90, 8105–8114. [Google Scholar] [CrossRef]

	



Song, J.; Xu, J.; Shi, J.; Li, Y.; Chen, H. Synergistic Effect of S224P and N383D Substitutions in the PA of H5N1 Avian Influenza Virus Contributes to Mammalian Adaptation. Sci. Rep. 2015, 5, 10510. [Google Scholar] [CrossRef]

	



Zimmermann, P.; Manz, B.; Haller, O.; Schwemmle, M.; Kochs, G. The viral nucleoprotein determines Mx sensitivity of influenza A viruses. J. Virol. 2011, 85, 8133–8140. [Google Scholar] [CrossRef]

	



Tada, T.; Suzuki, K.; Sakurai, Y.; Kubo, M.; Okada, H.; Itoh, T.; Tsukamoto, K. NP body domain and PB2 contribute to increased virulence of H5N1 highly pathogenic avian influenza viruses in chickens. J. Virol. 2011, 85, 1834–1846. [Google Scholar] [CrossRef]

	



Pu, J.; Sun, H.; Qu, Y.; Wang, C.; Gao, W.; Zhu, J.; Sun, Y.; Bi, Y.; Huang, Y.; Chang, K.C.; et al. M Gene Reassortment in H9N2 Influenza Virus Promotes Early Infection and Replication: Contribution to Rising Virus Prevalence in Chickens in China. J. Virol. 2017, 91, e02055-16. [Google Scholar] [CrossRef]

	



Fan, S.; Deng, G.; Song, J.; Tian, G.; Suo, Y.; Jiang, Y.; Guan, Y.; Bu, Z.; Kawaoka, Y.; Chen, H. Two amino acid residues in the matrix protein M1 contribute to the virulence difference of H5N1 avian influenza viruses in mice. Virology 2009, 384, 28–32. [Google Scholar] [CrossRef]

	



Dong, G.; Peng, C.; Luo, J.; Wang, C.; Han, L.; Wu, B.; Ji, G.; He, H. Adamantane-resistant influenza a viruses in the world (1902–2013): Frequency and distribution of M2 gene mutations. PLoS ONE 2015, 10, e0119115. [Google Scholar] [CrossRef]

	



Lee, J.; Song, Y.J.; Park, J.H.; Lee, J.H.; Baek, Y.H.; Song, M.S.; Oh, T.K.; Han, H.S.; Pascua, P.N.; Choi, Y.K. Emergence of amantadine-resistant H3N2 avian influenza A virus in South Korea. J. Clin. Microbiol. 2008, 46, 3788–3790. [Google Scholar] [CrossRef] [PubMed]

	



Pielak, R.M.; Schnell, J.R.; Chou, J.J. Mechanism of drug inhibition and drug resistance of influenza A M2 channel. Proc. Natl. Acad. Sci. USA 2009, 106, 7379–7384. [Google Scholar] [CrossRef]

	



Hay, A.J.; Zambon, M.C.; Wolstenholme, A.J.; Skehel, J.J.; Smith, M.H. Molecular basis of resistance of influenza A viruses to amantadine. J. Antimicrob. Chemother. 1986, 18 (Suppl. B), 19–29. [Google Scholar] [CrossRef]

	



Wang, C.; Takeuchi, K.; Pinto, L.H.; Lamb, R.A. Ion channel activity of influenza A virus M2 protein: Characterization of the amantadine block. J. Virol. 1993, 67, 5585–5594. [Google Scholar] [CrossRef] [PubMed]

	



Hale, B.G.; Randall, R.E.; Ortin, J.; Jackson, D. The multifunctional NS1 protein of influenza A viruses. J. Gen. Virol. 2008, 89, 2359–2376. [Google Scholar] [CrossRef]

	



Long, J.X.; Peng, D.X.; Liu, Y.L.; Wu, Y.T.; Liu, X.F. Virulence of H5N1 avian influenza virus enhanced by a 15-nucleotide deletion in the viral nonstructural gene. Virus Genes 2008, 36, 471–478. [Google Scholar] [CrossRef] [PubMed]

	



Nemeroff, M.E.; Barabino, S.M.; Li, Y.; Keller, W.; Krug, R.M. Influenza virus NS1 protein interacts with the cellular 30 kDa subunit of CPSF and inhibits 3′end formation of cellular pre-mRNAs. Mol. Cell 1998, 1, 991–1000. [Google Scholar] [CrossRef]

	



Kochs, G.; Garcia-Sastre, A.; Martinez-Sobrido, L. Multiple anti-interferon actions of the influenza A virus NS1 protein. J. Virol. 2007, 81, 7011–7021. [Google Scholar] [CrossRef] [PubMed]

	



Imai, H.; Shinya, K.; Takano, R.; Kiso, M.; Muramoto, Y.; Sakabe, S.; Murakami, S.; Ito, M.; Yamada, S.; Le, M.T.; et al. The HA and NS genes of human H5N1 influenza A virus contribute to high virulence in ferrets. PLoS Pathog. 2010, 6, e1001106. [Google Scholar] [CrossRef] [PubMed]

	



Jackson, D.; Hossain, M.J.; Hickman, D.; Perez, D.R.; Lamb, R.A. A new influenza virus virulence determinant: The NS1 protein four C-terminal residues modulate pathogenicity. Proc. Natl. Acad. Sci. USA 2008, 105, 4381–4386. [Google Scholar] [CrossRef] [PubMed]

	



Jiao, P.; Tian, G.; Li, Y.; Deng, G.; Jiang, Y.; Liu, C.; Liu, W.; Bu, Z.; Kawaoka, Y.; Chen, H. A single-amino-acid substitution in the NS1 protein changes the pathogenicity of H5N1 avian influenza viruses in mice. J. Virol. 2008, 82, 1146–1154. [Google Scholar] [CrossRef]

	



Nidom, C.A.; Takano, R.; Yamada, S.; Sakai-Tagawa, Y.; Daulay, S.; Aswadi, D.; Suzuki, T.; Suzuki, Y.; Shinya, K.; Iwatsuki-Horimoto, K.; et al. Influenza A (H5N1) viruses from pigs, Indonesia. Emerg. Infect. Dis. 2010, 16, 1515–1523. [Google Scholar] [CrossRef]

	



Isakova-Sivak, I.; Chen, L.M.; Matsuoka, Y.; Voeten, J.T.; Kiseleva, I.; Heldens, J.G.; den Bosch, H.; Klimov, A.; Rudenko, L.; Cox, N.J.; et al. Genetic bases of the temperature-sensitive phenotype of a master donor virus used in live attenuated influenza vaccines: A/Leningrad/134/17/57 (H2N2). Virology 2011, 412, 297–305. [Google Scholar] [CrossRef]

	



Jin, H.; Lu, B.; Zhou, H.; Ma, C.; Zhao, J.; Yang, C.F.; Kemble, G.; Greenberg, H. Multiple amino acid residues confer temperature sensitivity to human influenza virus vaccine strains (FluMist) derived from cold-adapted A/Ann Arbor/6/60. Virology 2003, 306, 18–24. [Google Scholar] [CrossRef]

	



Prokopyeva, E.A.; Sobolev, I.A.; Prokopyev, M.V.; Shestopalov, A.M. Adaptation of influenza A(H1N1)pdm09 virus in experimental mouse models. Infect. Genet. Evol. 2016, 39, 265–271. [Google Scholar] [CrossRef]

	



Zaraket, H.; Baranovich, T.; Kaplan, B.S.; Carter, R.; Song, M.S.; Paulson, J.C.; Rehg, J.E.; Bahl, J.; Crumpton, J.C.; Seiler, J.; et al. Mammalian adaptation of influenza A(H7N9) virus is limited by a narrow genetic bottleneck. Nat. Commun. 2015, 6, 6553. [Google Scholar] [CrossRef] [PubMed]

	



Wang, C.; Qu, R.; Zong, Y.; Qin, C.; Liu, L.; Gao, X.; Sun, H.; Sun, Y.; Chang, K.C.; Zhang, R.; et al. Enhanced stability of M1 protein mediated by a phospho-resistant mutation promotes the replication of prevailing avian influenza virus in mammals. PLoS Pathog. 2022, 18, e1010645. [Google Scholar] [CrossRef]

	



Liu, H.; Lv, Y.; Huang, W.; Yan, M.; Zhang, W.; Li, M.; Wang, Q.; Li, J.; Zheng, D.; Zhao, Y.; et al. Detection of molecular markers of amantadine resistance in swine influenza viruses by pyrosequencing. Wei Sheng Wu Xue Bao 2010, 50, 395–399. [Google Scholar] [PubMed]

	



Nguyen, L.T.; Firestone, S.M.; Stevenson, M.A.; Young, N.D.; Sims, L.D.; Chu, D.H.; Nguyen, T.N.; Van Nguyen, L.; Thanh Le, T.; Van Nguyen, H.; et al. A systematic study towards evolutionary and epidemiological dynamics of currently predominant H5 highly pathogenic avian influenza viruses in Vietnam. Sci. Rep. 2019, 9, 7723. [Google Scholar] [CrossRef] [PubMed]

	



Cui, Y.; Li, Y.; Li, M.; Zhao, L.; Wang, D.; Tian, J.; Bai, X.; Ci, Y.; Wu, S.; Wang, F.; et al. Evolution and extensive reassortment of H5 influenza viruses isolated from wild birds in China over the past decade. Emerg. Microbes Infect. 2020, 9, 1793–1803. [Google Scholar] [CrossRef] [PubMed]








[image: Viruses 15 01093 g001 550] 





Figure 1. Geographic locations of surveillance activities in Vietnamese live bird markets from 2016 to 2017. Left, map of Vietnam with province borders. Right, magnification showing the northern part of Vietnam. The provinces where the samples were isolated are shown in aquamarine. The virus clades are indicated with different symbols; the number of isolates is listed in parentheses. The symbols in the map indicate the different locations at which viruses were collected. 
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Figure 2. Phylogenetic analysis showing the HA genes of highly pathogenic avian H5N1 and H5N6 influenza viruses isolated in Vietnam from 2016 to 2017. Left panel: The phylogenetic tree of HA genes was rooted to A/goose/Guangdong/1/1996 (H5N1). Viruses of clades 2.3.2 and 2.3.4 were collapsed and are indicated by purple and red triangles, respectively. Details are shown in the center and right panels. The viruses sequenced in this study are marked in purple (clade 2.3.2.1c) or red and blue (clade 2.3.4.4). Center panel: Clade 2.3.2.1c viruses isolated in this study are shown in purple. Bootstrap values greater than 80% are indicated at the nodes. Right panel: Clade 2.3.4.4f and 2.3.4.4g viruses isolated in this study are shown in red or blue, respectively. Bootstrap values above 80% are indicated at the nodes. 
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Figure 3. Pathogenicity of representative clade 2.3.2.1c, 2.3.4.4f, and 2.3.4.4g viruses in BALB/c mice. Four mice per group were inoculated intranasally with 104 PFU of the indicated virus and monitored daily for weight loss and mortality. The results shown are mean values ± standard deviations (error bars) from four individual mice. 
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Table 1. H5 avian influenza viruses isolated in Vietnamese live bird markets in 2016–2017.
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	Virus
	Subtype(s) *
	Subclade
	Location
	Province
	Region of Vietnam
	Date Collected





	A/duck/Vietnam/HN3443/2016
	H5/H6, N1/N6
	2.3.2.1c
	Thanh Tri
	Ha Noi
	North
	5 December 2016



	A/duck/Vietnam/HN3448/2016
	H5/H6, N1/N6
	2.3.2.1c
	Thanh Tri
	Ha Noi
	North
	5 December 2016



	A/Muscovy duck/Vietnam/HN3506/2017
	H5, N1/N6
	2.3.2.1c
	Thanh Tri
	Ha Noi
	North
	6 January 2017



	A/Muscovy duck/Vietnam/HN3590/2017
	H5N1
	2.3.2.1c
	Thanh Tri
	Ha Noi
	North
	15 February 2017



	A/Muscovy duck/Vietnam/HN3656/2017
	H5N1
	2.3.2.1c
	Thuong Tin
	Ha Noi
	North
	10 March 2017



	A/Muscovy duck/Vietnam/HN3790/2017
	H5N1
	2.3.2.1c
	Gia Lam
	Ha Noi
	North
	24 April 2017



	A/Muscovy duck/Vietnam/HN3801/2017
	H5N1
	2.3.2.1c
	Thuong Tin
	Ha Noi
	North
	10 May 2017



	A/Muscovy duck/Vietnam/HN3810/2017
	H5N1
	2.3.2.1c
	Thuong Tin
	Ha Noi
	North
	10 May 2017



	A/duck/Vietnam/QN4220/2017
	H5N1
	2.3.2.1c
	Ha Long
	Quang Ninh
	North
	26 October 2017



	A/Muscovy duck/Vietnam/QN3253/2016
	H5N6
	2.3.4.4f
	Cao Xanh
	Quang Ninh
	North
	13 September 2016



	A/Muscovy duck/Vietnam/QN3262/2016
	H5N6
	2.3.4.4f
	Ha Long
	Quang Ninh
	North
	13 September 2016



	A/Muscovy duck/Vietnam/QN3318/2016
	H3/H5, N2/N6
	2.3.4.4f
	Ha Long
	Quang Ninh
	North
	11 October 2016



	A/duck/Vietnam/QN3328/2016
	H5/H6, N6/N8
	2.3.4.4f
	Ha Long
	Quang Ninh
	North
	11 October 2016



	A/duck/Vietnam/QN3335/2016
	H3/H5, N6
	2.3.4.4f
	Cao Xanh
	Quang Ninh
	North
	11 October 2016



	A/Muscovy duck/Vietnam/HN3515/2017
	H5/H6, N6
	2.3.4.4f
	Thanh Tri
	Ha Noi
	North
	6 January 2017



	A/duck/Vietnam/QN3556/2017
	H5, N1/N6
	2.3.4.4f
	Dong Trieu
	Quang Ninh
	North
	21 January 2017



	A/Muscovy duck/Vietnam/HN3667/2017
	H5N6
	2.3.4.4f
	Thuong Tin
	Ha Noi
	North
	10 March 2017



	A/duck/Vietnam/HN3668/2017
	H5N6
	2.3.4.4f
	Thuong Tin
	Ha Noi
	North
	10 March 2017



	A/duck/Vietnam/HN3680/2017
	H5N6
	2.3.4.4f
	Thuong Tin
	Ha Noi
	North
	10 March 2017



	A/Muscovy duck/Vietnam/HN3943/2017
	H5/H6, N6
	2.3.4.4g
	Thuong Tin
	Ha Noi
	North
	10 July 2017



	A/Muscovy duck/Vietnam/HN3948/2017
	H5/H6, N6
	2.3.4.4g
	Thuong Tin
	Ha Noi
	North
	10 July 2017



	A/duck/Vietnam/HN3972/2017
	H5N6
	2.3.4.4g
	Gia Lam
	Ha Noi
	North
	12 July 2107



	A/duck/Vietnam/HN3977/2017
	H5N6
	2.3.4.4g
	Gia Lam
	Ha Noi
	North
	12 July 2107



	A/duck/Vietnam/HN4042/2017
	H5N6
	2.3.4.4g
	Gia Lam
	Ha Noi
	North
	10 August 2017



	A/duck/Vietnam/HN4043/2017
	H5N6
	2.3.4.4g
	Gia Lam
	Ha Noi
	North
	10 August 2017



	A/duck/Vietnam/HN4231/2017
	H5N6
	2.3.4.4g
	Thuong Tin
	Ha Noi
	North
	12 November 2017



	A/duck/Vietnam/HN4240/2017
	H5N6
	2.3.4.4g
	Thuong Tin
	Ha Noi
	North
	12 November 2017







* For ‘mixed’ samples, both HA and/or NA subtypes are listed.
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