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This study aimed to investigate the genetic evolution of the H9N2 avian influenza virus (AIV). Whole genome phylogenetic trees were constructed based on 306 H9N2 avian influenza strains collected in China from 2014 to 2019. The results showed that eight gene sequences were clustered separately according to their dominant clades, and a total of 10 genotypes were identified (seven of which were novel types). Among them, G57 genotype was confirmed as the most prevalent genotype with a frequency of 94%. In China, the G57 genotype of H9N2 first emerged in 2007, and then became the most common genotype in 2013. Therefore, the nucleotide substitution rates of G57 genotype in HA and NA genes collected from 2007 to 2019 were estimated, and the positive selection pressure sites in the same data set were measured. Taking 2013 as the boundary, the time period was divided into two periods: 2007–2012 and 2013–2019. From 2007 to 2012, multiple genotypes coexisted and could bear the pressures from both nature and environment; while G57 genotype was still in the adaptation stage, subjected to less selection pressure and in the process of slow evolution. However, from 2013 to 2019, G57 became the dominant genotype, and most of the external pressure reacted on it. Moreover, G57 genotype showed better adaptability than other genotypes. From 2013 to 2019, the nucleotide substitution rates of the HA gene were increased, and the positive selection pressures on HA and NA genes were stronger compared to those from 2007 to 2012. To sum up, the absolutely dominant G57 genotype exhibited a relatively constant genotype frequency and experienced adaptive evolution and natural selection simultaneously during the monitoring period. Therefore, urgent attention and diligent surveillance of H9N2 avian influenza virus are becoming increasingly important.
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INTRODUCTION

The H9N2 avian influenza virus (AIV) was originally isolated from turkeys in the United States state of Wisconsin in 1966 (Homme and Easterday, 1970). Since then, the virus has spread worldwide. China is considered as an epidemic center of H9N2 AIV infection (Shortridge et al., 2000). The AIV genome consists of eight distinct RNA segments, which encode more than 10 viral proteins. Previous research has shown that the hemagglutinin (HA) gene of H9N2 diverged into both Eurasian and American lineages (Guan et al., 1999). The Eurasian lineage is further subdivided into four lineages, namely, BJ/94-like, Y280-like, G1-like, and Y439-like (Li et al., 2005; Lu et al., 2005; Xu et al., 2007; Fusaro et al., 2011). BJ/94-like and G1-like are mainly found in China (Xu et al., 2007; Zhang et al., 2008). The F/98-like appeared in 1998 and gradually rose as a major lineage in China (Zhang et al., 2008; Huang et al., 2010).

To further understand the evolution of the HA gene, Li categorized H9N2 from China into 16 phylogenetic groups that represent isolates from 1994 to 2013. HA clades were categorized as a clade number between 0 and 15. Among these clades, 11 of them evolved from the BJ/94-like cluster of viruses (clade 5–15). Apart from BJ/94-like, the HA genes of the other lineages did not undergo extensive variation, G1-like formed a phylogenetic clade designated as number 4 and Y439-like formed a clade marked as number 2 (Li et al., 2017). In the case where two or more AIV subtypes infect a cell, genetic reassortment may allow an exchange of genetic material between them (Gu et al., 2014b). Similarly, H9N2 generate a large number of genotypes by frequent genetic reassortment with the other AIV subtypes (Gu et al., 2017). Li identified 117 genotypes among 730 H9N2 isolated from China between 1994 and 2013, including 45 major genotypes, that continuously occur over this time frame, and 72 transiently occurring genotypes, that appear only once per year. Interestingly, the G57 genotype is the most frequent genotype and the only genotype during 2013 (Li et al., 2017).

The G57 genotype first appeared in chickens in Eastern China during 2007 and has become the dominant genotype across China since 2010. This G57 genotype has undergone continual reassortment of gene segments. The neuraminidase (NA) gene of G57 was derived from the BJ/94-like lineage in 1994. In 1998, the polymerase basic (PB1), polymerase acidic (PA), nucleoprotein (NP), and non-structural (NS) genes were produced in the F/98-like lineage, which led to a severe outbreak in chickens across Eastern China. After 1998, the F/98-like virus reassorted with the A/quail/HongKong/G1/1997-like and A/chicken/Jiangsu/1/2000-like viruses, introducing matrix (M) and HA genes to generate a new variant during 2005. At that time, a genetic segment named polymerase basic 2 (PB2) was transmitted from ducks to chickens, where it formed the predominant G57 genotype in 2007 (Pu et al., 2015). Since 2010, G57 widely circulated in chickens across China, and its six internal genes constitute a relatively stable community to transfer into other novel reassortants. An outbreak caused by a novel H7N9 virus was first reported in China in 2013, which could be a c product from the H9N2 AIV (Pu et al., 2015). During that year, a novel reassortant virus, WZ-Ck-H7N7, was detected in Wenzhou, and a novel virus, H10N8, infected humans in the Jiangxi Province (Lam et al., 2013; Gu et al., 2014a). Interestingly, the internal gene donors of these viruses were presumed to be G57 genotype. Previous research has identified 117 genotypes from a sample of 730 H9N2 strains isolated across China between 1994 and 2013 (Li et al., 2017). However, the genotypic evolution of H9N2 AIV since 2014 is not well established. To better understand the genetic evolution of this virus, 306 H9N2 AIV strains collected in China between 2014 and 2019 were analyzed.



MATERIALS AND METHODS


Virus Isolation

Oropharyngeal and cloacal swab specimens were collected from poultry in the fixed live poultry markets in different urban areas of Guangdong Province from 2017 to 2019. Meanwhile, viral samples were obtained from the Center for Disease Control (CDC, Guangdong Province) and other farms across Shandong and Yunnan provinces. Each sample was prepared in a 1 mL of phosphate buffered saline (PBS) containing 20% glycerol and penicillin-streptomycin mixture (5,000 UI/mL). After centrifugation at 10,000 g for 5 min, the supernatant was inoculated into the allantoic cavity of 10-day-old specific pathogen-free embryonated chicken eggs and then incubated at 37°C for 48–72 h. The allantoic fluids were then harvested, and H9N2 strains were identified by a combination of Hemagglutination (HA) test and Hemagglutination inhibition (HI) test (Eisfeld et al., 2014). H9N2 virus sequences containing eight gene segments obtained from multi-regions and multi-hosts in China from 2014 to 2018 were used to screen these samples, which were available from the Global Initiative of Sharing All Influenza Data (GISAID) database1.



RNA Extraction and PCR Amplification

RNA was extracted from hemagglutination-positive allantoic fluid using Total RNA Speed Extraction Kit according to the manufacturer’s instructions (Shanghai Feijie Biotechnology Co., Ltd.). Then, RNA was reverse-transcribed into cDNA using the M-MLV reverse transcriptase (TaKaRa) with Uni12 primer (5′-AGCAAAAGCAGG-3′) for 2 h at 42°C (Hoffmann et al., 2001). After reverse transcription, eight full-length influenza virus genes were amplified using the ExTaq TM DNA polymerase (TaKaRa) with fragment-specific primers. The PCR program was set as follows: initial denaturation at 94°C for 5 min, followed by 33 cycles of 94°C for 50 s, 55°C for 50 s, and 72°C for 1 min and 50 s, and final extension at 4°C for 5 min. Gel purified PCR products of all eight segments of these viruses were directly sequenced at by TSINGKE Co., Ltd. (Guangdong province, China).



Sequencing and Phylogenetic Analyses

The nucleotide sequences were processed using the Lasergene sequence analysis software based on the National Center for Biotechnology Information (NCBI) virus database2. MAFFT version 7.058 was used to align each of the eight gene segments and eliminate the sequences with less than 95% of the expected segment length. Finally, the same sequences in the gene fragment were removed by PhyloSuite. The phylogenetic tree was reconstructed by aligning the open reading frames that correspond to those codes for complete protein. The best-fitting nucleotide substitution model was selected using the Akaike Information Criterion (AIC) as implemented in MrModeltest version 3.2 (Huelsenbeck and Ronquist, 2001). Four independent Markov Chain Monte Carlo (MCMC) analyses were run independently for 200 million generations and sampled every 20,000 generations. The convergence of MCMC was assessed by the effective sample size (ESS) of at least 200 using Tracer version 1.7. Following a burn-in of 10% for each run, the remaining 18,000 trees were reconstructed for creating the Maximum Clade Credibility (MCC) tree (Li et al., 2020). High-quality visualization of the phylogenetics data was performed by the Interactive Tree of Life (iTOL3).



Genotype Analyses

Viral genotypes were classified according to the phylogenetic analysis of a combined set of eight RNA segments. The H9N2 gene sequences were derived from the virus sequences isolated in the laboratory, while other related sequences were obtained from GISAID database. The genotype names were defined based on prior research reports as well as from the results of this study. Previous studies (Li et al., 2017; Jin et al., 2020) had identified 118 genotypes (G01–G118), and the novel genotypes identified in this study were designated by the numbers in chronological order.



Estimation of Nucleotide Substitution Rates

The rate of nucleotide substitution was calculated by the Bayesian Markov chain Monte Carlo (MCMC) method implemented in the BEAST version 1.8.4. The best-fitting nucleotide substitution model was selected based on the Bayesian information criterion in ModelFinder (Kalyaanamoorthy et al., 2017) through IQ-TREE 1.2.1 (Zhang et al., 2020). This analysis included path sampling (PS) and stepping-stone sampling (SS) to select the best fitting clock models (the strict clock and uncorrelated lognormal relaxed clock) and the most appropriate tree prior (the constant size, exponential growth, and Bayesian skyline coalescent) (Drummond and Rambaut, 2007; Baele et al., 2012; Supplementary Table 1). Specifically, the period of viral isolation was used to calibrate the above molecular clock. Four independent MCMC chains were run simultaneously for 200 million generations, followed by sampling at an each interval for 20,000 generations. Convergence of all parameters and their values were visually verified using Tracer version 1.7 (Rambaut et al., 2018). The uncertainty of each parameter was reported as the value of the 95% Highest Probability Density (HPD).



Analysis of Natural Selection at the Molecular Level

Positive Darwinian selection was carried out using the Datamonkey web server4 (Pond and Frost, 2005). The fixed effects likelihood (FEL), mixed effects model of evolution (MEME), and fast unconstrained Bayesian approximation for inferring selection (FUBAR) were proposed to estimate the selection pressure (Hu et al., 2017). The codon sites under positive selection were calculated by at least two of the above three methods in order to examine the validity of the obtained data (Murrell et al., 2012, 2013).



RESULTS


Isolation of Viral Samples

In this study, a total of 306 H9N2 AIV strains were sampled. Of them, 33 were isolated between 2017 and 2019 and the remaining 273 strains were screened from the GISAID database between 2014 and 2018 (Supplementary Table 2). The distribution of H9N2 AIV strains by host was as follows: 220 strains were from poultry (e.g., chickens, ducks, and geese); 59 strains from environmental samples; 16 strains were from humans and other mammals (e.g., mink); and the remaining were from other miscellaneous animal species. The distribution of H9N2 AIV by year included: 89 strains isolated in 2014; 116 strains in 2015; 30 strains in 2016; 41 strains in 2017; 24 strains in 2018; and six strains in 2019. The sequence data of H9N2 AIV covered 25 regions in China (Figures 1, 2).
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FIGURE 1. Host and time information of H9N2 AIV strains isolated from China during 2014–2019.
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FIGURE 2. Geographical distribution of H9N2 AIV strains in China from 2014 to 2019. The number of color legend represents the number of virus strains isolated in the corresponding color-marked provinces. For example, more than 50 H9N2 viruses were isolated in Guangdong from 2014 to 2019.




Phylogenetic Analyses of the Surface Genes of H9N2 AIV

Phylogenetic analysis was performed for the 306 H9N2 strains collected in China between 2014 and 2019. The results showed that the HA gene sequences of H9N2 AIV were clustered into different clades (the number of viral strains is in parentheses): clade 2 (1); clade 4 (2); clade 5 (1); clade 12 (2); and clade 15 (300). The HA gene sequences of the isolates in clade 15 were evolved from the BJ/94-like lineage (Figure 3A). Similarly, the NA genes of H9N2 AIV were clustered into four independent clades: clade 0 (1); clade 1 (7); clade 2 (296); and clade 3 (2). The majority of strains in clade 2, including all laboratory isolates, were originated from the Y439-like lineage (Figure 3B).
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FIGURE 3. Phylogenetic analyses of eight gene sequences of H9N2 AIV. (A) HA gene, (B) NA gene (C) PB2 gene, (D) M gene, (E) NS gene, (F) PB1 gene, (G) PA gene, and (H) NP gene. Red denotes the reference sequences, yellow the classical sequences, blue the analysis sequences, and the red star corresponds to the laboratory isolates used in this study. The scale bar shows the number of nucleotide substitutions per site. The cluster assignments for H9N2 are based on Li and Jin et al.




Phylogenetic Analysis of the Internal Genes of H9N2 AIV

The evolutionary origin of the internal genes of H9N2 AIV was more extensive than that of its surface genes. Phylogenetic groups of the internal H9N2 genes were based on the previously identified host origins, genetic relatedness with other strains, geographical location of isolation, or by viral subtypes, such as DK1, G1, and Korean lineage (Chuvakova et al., 1985; Xu et al., 2007; Sun et al., 2010). In this study, instead numerical values were used to denote each clade. PB2 gene, which originated from DKI virus, was predominantly found in clades 4, 6, and 8, and 303 H9N2 virus samples were assigned into clade 8. The M gene was distributed among clades 0, 1, 2, and 3, and 302 strains formed clade 3, which has previously been characterized by the G1-like lineage. For the NS gene, two strains were classified into clade 0, and the remaining 304 strains were belonged to clade 7, which consisted of the BJ/94-like NS segment. The phylogenetic trees of PB1, PA, and NP genes showed that only one strain (A/duck/Wuhan/WHYF05/2014) was grouped in other clades, while the remaining strains were clustered among clades 5, 6, and 7, which putatively evolved from the SF/98-like lineage. From 2017 to 2019, the six internal genes of H9N2 virus isolated in the laboratory were clustered to the dominant clades in the phylogenetic tree, which exhibited consistency with the epidemic characteristics of other local strains (Figures 3C–H).

Altogether, our findings revealed that greater than 98% of the six internal genes were clustered into their expected clades in the phylogenetic trees. The six internal gene fragments of all viral strains could be inherited stably, indicating that the combination of the internal genes is more conducive to the stable existence of H9N2 AIV in nature.



Genotyping

The viral genotypes were identified based on the phylogenetic analysis of eight genes among 306 strains. A total of 10 H9N2 AIV genotypes were identified, including seven novel genotypes, which had not been reported previously. They were assigned with the following names as follows: G119, G120, G121, G122, G123, G124, and G125. Among all genotypes, G57, G68, G118, and G121 were the major genotypes and appeared continually over the study period; while G119, G120, G122, G123, G124, and G125 genotypes were considered as transient. In total, 289 H9N2 strains harbored G57 genotype (94% of all H9N2 types). At expected, the genotypes of laboratory isolates from 2017 to 2019 were shown to harbor G57 genotype, while other genotypes were as follows: seven strains of G118, two strains of G68, two strains of G121, and one strain of each following genotype (G119, G120, G122, G123, G124, and G125) (Figure 4 and Supplementary Table 3). When different types of influenza viruses infect a cell, then reassortment may occur along with the potential for new genotypes. Compared with the G57, G68 was only different in the clade of the HA gene, and G118 was only changed in the clade of the NA gene. The G119 differed only in the clade where the PB2 gene was located, while G120 and G125 differed only in the clade where the M gene was located (Figure 5 and Supplementary Table 3).
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FIGURE 4. Genotype diversity of H9N2 AIV strains in China from 2014 to 2019. The color bar represents the genotype of the isolated virus, and the ordinate represents the count of genotypes.
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FIGURE 5. Ten genotypes of H9N2 AIV isolated in China from 2014 to 2019. Eight gene fragments are marked at the top of each strip. Blue indicates the clade of each gene segment of the G57 genotype, and other colors indicate that the clade is different from the clade of the same gene segment in which the G57 genotype is located.




Evolutionary Rate of the G57 Genotype

Given that G57 is the most common genotype among our samples, we further analyzed its genotypic evolution across different regions in China. The G57 genotype of H9N2 first appeared in China in 2007, and it has become the most common genotype before 2013. It should be pointed out that G57 genotype has always been the most dominant genotype in China over the last decade. Therefore, it is proposed that the frequencies of H9N2 genotypes may not change in a substantial way. According to the emergence and evolution of G57 genotype, we intimately divided the H9N2 isolates into two time periods: 2007–2012 (time period 1) and 2013–2019 (time period 2). The nucleotide substitution rates of HA and NA genes during the time period one ranged from 3.38E–3 to 6.11E–3 and from 3.24E–3 to 7.05E–3, respectively (Supplementary Table 4). For the time period 2, the nucleotide substitution rates of HA and NA genes ranged from 5.08E–3 to 6.74E–3 and from 5.09E–3 to 6.54E–3, respectively (Supplementary Table 4). Notably, the nucleotide substitution rates of HA and NA genes in the second time period were higher than those in the first time period.



Positive Darwinian Selection of the G57 Genotype

Furthermore, we measured the positive selection of G57 genotype in the two time periods. As shown in Tables 1, 2, there were significant differences in the positive selection of G57 genotype between these two time periods. The HA and NA genes were under relatively strong positive selection in the second time period. There were 11 positive selected sites in the HA gene across the second time period, while only five in the first time period. As for the NA gene, these differences were more pronounced in six codon sites. Specifically, the positive selection was observed in the second time period as compared to only one codon site of this kind detected in the first time period (Supplementary Table 5). In order to adapt in different living environments, H9N2 AIV has acquired different amino acid mutation sites that are beneficial for their survival under natural selection in different periods.


TABLE 1. Positively selected codon sites in the HA gene of the G57 genotype.
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TABLE 2. Positively selected codon sites in the NA gene of the G57 genotype.
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DISCUSSION

H9N2 AIV has spread around the world, and often co-infects poultry with other pathogens, causing egg production to decline and a high death rate in the poultry population. This may lead to high economic losses (Sun et al., 2010; Shanmuganatham et al., 2013). Prior evolutionary research has focused on H9N2 AIV in China from 1994 to 2013 (Li et al., 2017). We expanded this study by analyzing the H9N2 strains isolated from 2014 to 2019. It should be pointed out that our strain information only includes the host, time, and geographical distribution, but lacks of epidemiological data. In the future, we will consider the spatial and temporal evolution of H9N2 virus. We observed that 99% of the H9N2 AIVs isolated from 2014 to 2019 were distributed in the BJ/94-like lineage, suggesting that BJ/94-like has emerged as the main lineage of H9N2 in China. In addition, 98% of the eight gene fragments were clustered in the same clade in the phylogenetic trees, which consisted of G57 genotype. After two decades of reassortment and mutation in poultry populations, G57 emerged as the most common genotype (94%) in H9N2 AIV.

In China, to prevent chicken from H9N2 AIV infection, inactivated vaccines have been widely used in chicken farm. At present, the A/Chicken/Guangdong/SS/94, A/Chicken/Shandong/6/96 and A/Chicken/Shanghai/F/98 H9N2 subtype strains, which belong to Y280-like lineage, have been employed as seed viruses for the production of inactivated vaccines in China (Xu et al., 2018). However, H9N2 AIVs are often isolated in immunized chickens. In 2010–2013, G57 virus has likely undergone antigenic shift along with adaptation to the environment, which in turns facilitates the virus to escape from host immunity and causes a widespread outbreak (Pu et al., 2015). It has also been reported that the internal gene cassette of G57 is a stable arrangement (Liu et al., 2014). Through reverse genetic methods, Hao et al. (2017) have demonstrated that the internal genes of G57 and the external genes of H5 virus are compatible with one another, and that the reassortant H5 viruses are better adapted to infect poultry and mammals. In 1997, a case of cross-species transmission of H5N1 was reported in Hong Kong, China. The reassortant H5N1 virus that infected humans acquired its internal genes from H9N2, leading to antigenic shift and potential to infect other host species (Wu et al., 2017). During 2013, the first human outbreak of H7N9 occurred in China, which has led to five epidemic waves, 1,568 infected individuals, and 616 deaths. Phylogenetic analysis showed that the six internal genes of H7N9 are constituted of the G57 genotype (Pu et al., 2015). Thus, it is speculated that G57 can adapt to different environments and induce an epidemic by generating new subtypes via reassortment. We should pay close attention to the evolutionary characteristics of G57 genotype.

The G57 genotype of H9N2 is predominantly found in China and has not changed in the last 10 years. It is proposed that G57 has reached a relative stasis at the genotypic level. However, AIV is a type of virus with rapid mutation and evolution. Therefore, we performed evolutionary rate analysis and positive selection site analysis of G57 genotype. It was observed that the nucleotide substitution rates of HA gene were higher in 2013–2019 than in 2007–2012, and those of NA gene did not change significantly. In addition, the positive selection pressures on HA and NA genes in 2013–2019 were stronger compared to 2007–2012. Regrettably, this single estimation might neglect the evolutionary background and potential phylogenetic relationship between the sequences in these two time periods.

Antigenic drift and transformation are the main factors in AIV evolution and positive selection is one of the main factors that affect the evolutionary trajectory of AIV (Bush et al., 1999). Nucleotide substitution rate is an important index to evaluate the evolution of AIVs, but there are confounding factors that make it difficult to determine the result. Previous studies have shown that poor vaccine procedures, competition among different branches of the same AIV subtype, gene reassortment, and gene recombination can lead to an increase in nucleotide substitution rates (García et al., 1997; Lee et al., 2004; Bahl et al., 2009; Cattoli et al., 2011). The abnormal changes in nucleotide substitution rate caused by gene reassortment may warn the emergence of new influenza virus (Cox and Subbarao, 2000; Nelson and Holmes, 2007). A previous study in our lab on H9N2 in Guangdong Province has found that the emergence of novel genotypes may also lead to an increase in the nucleotide substitution rate (Jin et al., 2020). Our study showed that novel genotypes appeared in 2014, 2015, and 2017, which could be a potential reason why the nucleotide substitution rates of HA and NA genes from 2013 through 2019 were higher than those from 2007 to 2012. We also speculated that positive natural selection may affect the evolution of G57 in H9 virus. Multiple genotypes of H9N2 coexisted during the 2007–2012 period, bearing the natural and environmental pressure of the outside world. Thus, H9N2 virus may be subjected to less selection pressure. Moreover, at this time, the G57 genotype has not formed the absolutely dominant genotype, and it is in the process of continuous adaptation and slow evolution. Yet from 2013 to 2019, G57 was the most common genotype, and the external selection pressure was all concentrated on this genotype, which led to a strong positive selection pressure in the second period. However, H9N2 AIV with G57 genotype gradually adapted to the current living environment and was in a rapid evolutionary process. We only considered positive selection to focus on mutations that affect the suitability of influenza viruses. Previous research has demonstrate that positive selection on the HA gene of H3N2 may improve the viability of the virus (Bush et al., 1999). H5N1 AIV can undergo positive selection to expand its spread. Under the pressure of positive selection, different mutations are found in a given viral population, which can enhance fitness and produce new viruses that are more suitable for the survival of the whole population.

In summary, G57 genotype, as the absolutely dominant genotype of H9N2 AIV from 2014 to 2019, has undergone intense evolution and adaptive selection. Therefore, urgent attention and diligent surveillance of H9N2 AIV are becoming increasingly essential.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual contribution to the work, and approved it for publication.



FUNDING

This work was supported by the National Natural Science Foundation of China (31830097 and 31672586), China Agriculture Research System (CARS-41-G16), and China National Animal Disease Surveillance and Epidemiological Survey Program (No. 2020-35).



ACKNOWLEDGMENTS

We gratefully acknowledge the authors, as well as originating and submitting laboratories of the sequences made available through GISAID database and NCBI databases.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2021.633835/full#supplementary-material


FOOTNOTES

1
https://platform.gisaid.org

2
https://www.ncbi.nlm.nih.gov/)

3
https://itol.embl.de/

4
http://www.datamonkey.org)


REFERENCES

Baele, G., Lemey, P., Bedford, T., Rambaut, A., Suchard, M. A., and Alekseyenko, A. V. (2012). Improving the accuracy of demographic and molecular clock model comparison while accommodating phylogenetic uncertainty. Mol. Biol. Evol. 29, 2157–2167. doi: 10.1093/molbev/mss084

Bahl, J., Vijaykrishna, D., Holmes, E. C., Smith, G. J., and Guan, Y. (2009). Gene flow and competitive exclusion of avian influenza A virus in natural reservoir hosts. Virology 390, 289–297. doi: 10.1016/j.virol.2009.05.002

Bush, R. M., Fitch, W. M., Bender, C. A., and Cox, N. J. (1999). Positive selection on the H3 hemagglutinin gene of human influenza virus A. Mol. Biol. Evol. 16, 1457–1465. doi: 10.1093/oxfordjournals.molbev.a026057

Cattoli, G., Fusaro, A., Monne, I., Coven, F., Joannis, T., El-Hamid, H. S., et al. (2011). Evidence for differing evolutionary dynamics of A/H5N1 viruses among countries applying or not applying avian influenza vaccination in poultry. Vaccine 29, 9368–9375. doi: 10.1016/j.vaccine.2011.09.127

Chuvakova, Z. K., Rovnova, Z. I., Isaeva, E. I., Kim, E. V., and Ignat’eva, T. V. (1985). [3 cases of isolating the influenza A virus with human hemagglutinin Hsw1 in 1983 in Alma-Ata]. Vopr. Virusol. 30, 530–536.

Cox, N. J., and Subbarao, K. (2000). Global epidemiology of influenza: past and present. Annu. Rev. Med. 51, 407–421. doi: 10.1146/annurev.med.51.1.407

Drummond, A. J., and Rambaut, A. (2007). BEAST: Bayesian evolutionary analysis by sampling trees. BMC Evol. Biol. 7:214. doi: 10.1186/1471-2148-7-214

Eisfeld, A. J., Neumann, G., and Kawaoka, Y. (2014). Influenza A virus isolation, culture and identification. Nat. Protoc. 9, 2663–2681. doi: 10.1038/nprot.2014.180

Fusaro, A., Monne, I., Salviato, A., Valastro, V., Schivo, A., Amarin, N. M., et al. (2011). Phylogeography and evolutionary history of reassortant H9N2 viruses with potential human health implications. J. Virol. 85, 8413–8421. doi: 10.1128/jvi.00219-11

García, M., Suarez, D. L., Crawford, J. M., Latimer, J. W., Slemons, R. D., Swayne, D. E., et al. (1997). Evolution of H5 subtype avian influenza A viruses in North America. Virus Res. 51, 115–124. doi: 10.1016/s0168-1702(97)00087-7

Gu, M., Chen, H., Li, Q., Huang, J., Zhao, M., Gu, X., et al. (2014a). Enzootic genotype S of H9N2 avian influenza viruses donates internal genes to emerging zoonotic influenza viruses in China. Vet. Microbiol. 174, 309–315. doi: 10.1016/j.vetmic.2014.09.029

Gu, M., Peng, D., and Liu, X. (2014b). Features of the evolution and epidemiology of H9N2 subtype avian influenza virus in China. Chin. Bull. Life Sci. 27, 531–538.

Gu, M., Xu, L., Wang, X., and Liu, X. (2017). Current situation of H9N2 subtype avian influenza in China. Vet. Res. 48:49.

Guan, Y., Shortridge, K. F., Krauss, S., and Webster, R. G. (1999). Molecular characterization of H9N2 influenza viruses: were they the donors of the “internal” genes of H5N1 viruses in Hong Kong? Proc. Natl. Acad. Sci. U S A. 96, 9363–9367. doi: 10.1073/pnas.96.16.9363

Hao, X., Wang, J., Hu, J., Lu, X., Gao, Z., Liu, D., et al. (2017). Internal Gene Cassette from a Genotype S H9N2 Avian Influenza Virus Attenuates the Pathogenicity of H5 Viruses in Chickens and Mice. Front. Microbiol. 8:1978. doi: 10.3389/fmicb.2017.01978

Hoffmann, E., Stech, J., Guan, Y., Webster, R. G., and Perez, D. R. (2001). Universal primer set for the full-length amplification of all influenza A viruses. Arch. Virol. 146, 2275–2289. doi: 10.1007/s007050170002

Homme, P. J., and Easterday, B. C. (1970). Avian influenza virus infections. IV. Response of pheasants, ducks, and geese to influenza A-turkey-Wisconsin-1966 virus. Avian Dis. 14, 285–290. doi: 10.2307/1588473

Hu, M., Jin, Y., Zhou, J., Huang, Z., Li, B., Zhou, W., et al. (2017). Genetic Characteristic and Global Transmission of Influenza A H9N2 Virus. Front. Microbiol. 8:2611. doi: 10.3389/fmicb.2017.02611

Huang, Y., Hu, B., Wen, X., Cao, S., Gavrilov, B. K., Du, Q., et al. (2010). Diversified reassortant H9N2 avian influenza viruses in chicken flocks in northern and eastern China. Virus Res. 151, 26–32. doi: 10.1016/j.virusres.2010.03.010

Huelsenbeck, J. P., and Ronquist, F. (2001). MRBAYES: Bayesian inference of phylogenetic trees. Bioinformatics 17, 754–755. doi: 10.1093/bioinformatics/17.8.754

Jin, X., Zha, Y., Hu, J., Li, X., Chen, J., Xie, S., et al. (2020). New molecular evolutionary characteristics of H9N2 avian influenza virus in Guangdong Province. Chin. Infect. Genet. Evol. 77:104064. doi: 10.1016/j.meegid.2019.104064

Kalyaanamoorthy, S., Minh, B. Q., Wong, T. K. F., von Haeseler, A., and Jermiin, L. S. (2017). ModelFinder: fast model selection for accurate phylogenetic estimates. Nat. Methods 14, 587–589. doi: 10.1038/nmeth.4285

Lam, T. T., Wang, J., Shen, Y., Zhou, B., Duan, L., Cheung, C. L., et al. (2013). The genesis and source of the H7N9 influenza viruses causing human infections in China. Nature 502, 241–244. doi: 10.1038/nature12515

Lee, C. W., Senne, D. A., and Suarez, D. L. (2004). Effect of vaccine use in the evolution of Mexican lineage H5N2 avian influenza virus. J. Virol. 78, 8372–8381. doi: 10.1128/jvi.78.15.8372-8381.2004

Li, C., Wang, S., Bing, G., Carter, R. A., Wang, Z., Wang, J., et al. (2017). Genetic evolution of influenza H9N2 viruses isolated from various hosts in China from 1994 to 2013. Emerg. Microbes Infect. 6:e106.

Li, C., Yu, K., Tian, G., Yu, D., Liu, L., Jing, B., et al. (2005). Evolution of H9N2 influenza viruses from domestic poultry in Mainland China. Virology 340, 70–83. doi: 10.1016/j.virol.2005.06.025

Li, R., Adel, A., Bohlin, J., Lundkvist, Å, Olsen, B., Pettersson, J. H., et al. (2020). Phylogeographic Dynamics of Influenza A(H9N2) Virus Crossing Egypt. Front. Microbiol. 11:392. doi: 10.3389/fmicb.2020.00392

Liu, D., Shi, W., and Gao, G. F. (2014). Poultry carrying H9N2 act as incubators for novel human avian influenza viruses. Lancet 383, 869. doi: 10.1016/s0140-6736(14)60386-x

Lu, J. H., Liu, X. F., Shao, W. X., Liu, Y. L., Wei, D. P., and Liu, H. Q. (2005). Phylogenetic analysis of eight genes of H9N2 subtype influenza virus: a mainland China strain possessing early isolates’ genes that have been circulating. Virus Genes 31, 163–169. doi: 10.1007/s11262-005-1790-1

Murrell, B., Moola, S., Mabona, A., Weighill, T., Sheward, D., Kosakovsky Pond, S. L., et al. (2013). FUBAR: a fast, unconstrained bayesian approximation for inferring selection. Mol. Biol. Evol. 30, 1196–1205. doi: 10.1093/molbev/mst030

Murrell, B., Wertheim, J. O., Moola, S., Weighill, T., Scheffler, K., and Kosakovsky Pond, S. L. (2012). Detecting individual sites subject to episodic diversifying selection. PLoS Genet. 8:e1002764. doi: 10.1371/journal.pgen.1002764

Nelson, M. I., and Holmes, E. C. (2007). The evolution of epidemic influenza. Nat. Rev. Genet. 8, 196–205. doi: 10.1038/nrg2053

Pond, S. L., and Frost, S. D. (2005). Datamonkey: rapid detection of selective pressure on individual sites of codon alignments. Bioinformatics 21, 2531–2533. doi: 10.1093/bioinformatics/bti320

Pu, J., Wang, S., Yin, Y., Zhang, G., Carter, R. A., Wang, J., et al. (2015). Evolution of the H9N2 influenza genotype that facilitated the genesis of the novel H7N9 virus. Proc. Natl. Acad. Sci. U S A. 112, 548–553. doi: 10.1073/pnas.1422456112

Rambaut, A., Drummond, A. J., Xie, D., Baele, G., and Suchard, M. A. (2018). Posterior Summarization in Bayesian Phylogenetics Using Tracer 1.7. Syst. Biol. 67, 901–904. doi: 10.1093/sysbio/syy032

Shanmuganatham, K., Feeroz, M. M., Jones-Engel, L., Smith, G. J., Fourment, M., Walker, D., et al. (2013). Antigenic and molecular characterization of avian influenza A(H9N2) viruses. Banglad. Emerg. Infect. Dis. 19, 1393–1402.

Shortridge, K. F., Gao, P., Guan, Y., Ito, T., Kawaoka, Y., Markwell, D., et al. (2000). Interspecies transmission of influenza viruses: H5N1 virus and a Hong Kong SAR perspective. Vet. Microbiol. 74, 141–147. doi: 10.1016/s0378-1135(00)00174-7

Sun, Y., Pu, J., Jiang, Z., Guan, T., Xia, Y., Xu, Q., et al. (2010). Genotypic evolution and antigenic drift of H9N2 influenza viruses in China from 1994 to 2008. Vet. Microbiol. 146, 215–225. doi: 10.1016/j.vetmic.2010.05.010

Wu, Z. Q., Zhang, Y., Zhao, N., Yu, Z., Pan, H., Chan, T. C., et al. (2017). Comparative Epidemiology of Human Fatal Infections with Novel, High (H5N6 and H5N1) and Low (H7N9 and H9N2) Pathogenicity Avian Influenza A Viruses. Int. J. Environ. Res. Public Health 14:263. doi: 10.3390/ijerph14030263

Xu, C., Ye, H., Qiu, W., Lin, H., Chen, Y., Zhang, H., et al. (2018). Phylogenetic classification of hemagglutinin gene of H9N2 avian influenza viruses isolated in China during 2012-2016 and evaluation of selected candidate vaccine strains. Poult. Sci. 97, 3023–3030. doi: 10.3382/ps/pey154

Xu, K. M., Smith, G. J., Bahl, J., Duan, L., Tai, H., Vijaykrishna, D., et al. (2007). The genesis and evolution of H9N2 influenza viruses in poultry from southern China, 2000 to 2005. J. Virol. 81, 10389–10401. doi: 10.1128/jvi.00979-07

Zhang, D., Gao, F., Jakovlic, I., Zou, H., Zhang, J., Li, W. X., et al. (2020). PhyloSuite: An integrated and scalable desktop platform for streamlined molecular sequence data management and evolutionary phylogenetics studies. Mol. Ecol. Resour. 20, 348–355. doi: 10.1111/1755-0998.13096

Zhang, P., Tang, Y., Liu, X., Peng, D., Liu, W., Liu, H., et al. (2008). Characterization of H9N2 influenza viruses isolated from vaccinated flocks in an integrated broiler chicken operation in eastern China during a 5 year period (1998-2002). J. Gen. Virol. 89, 3102–3112. doi: 10.1099/vir.0.2008/005652-0

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 Wang, Jin, Hu, Wu, Zhang, Li, Chen, Xie, Liu, Qi, Liao and Jia. 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-12-633835-g004.jpg
2014

2015

2016

2017

2018

Genotype
| G125
B G124
W G123
H G122
N G121

W G120
m G119
G118
W Ges

W G57

[=—=
2019





OPS/images/fmicb-12-633835-g005.jpg
G57

. | | | G68

B l G118

. | ' G119
.— G120

‘ l . G121
___IEER--
. B l— G123
. l . G124
| | | . G125

PB2 PBl PA HA NP NA M NS





OPS/images/fmicb-12-633835-g002.jpg





OPS/images/fmicb-12-633835-g003.jpg
’

NSy

i\

Tree scale: 0.01 »—

Tree scale: 0.01 »——
Tree scale: 0.01T »r——

Tree scale: 0.01 ——

F

G
4

H

)

Tree scale: 0.01T +—

Tree scale: 0.01 +—
Tree scale: 0.01 »——
Tree scale: 0.01






OPS/images/fmicb-12-633835-g001.jpg
[y
(=]

0

Chicken

Duck

Environment

Human

Other

Goose

W 2014
W 2015
W 2016
m 2017
M 2018
N 2019

[}
Mink





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Genetic Evolution Characteristics of Genotype G57 Virus, A Dominant Genotype of H9N2 Avian Influenza Virus



		INTRODUCTION



		MATERIALS AND METHODS



		Virus Isolation



		RNA Extraction and PCR Amplification



		Sequencing and Phylogenetic Analyses



		Genotype Analyses



		Estimation of Nucleotide Substitution Rates



		Analysis of Natural Selection at the Molecular Level







		RESULTS



		Isolation of Viral Samples



		Phylogenetic Analyses of the Surface Genes of H9N2 AIV



		Phylogenetic Analysis of the Internal Genes of H9N2 AIV



		Genotyping



		Evolutionary Rate of the G57 Genotype



		Positive Darwinian Selection of the G57 Genotype







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/cover.jpg
, frontiers
in Microbiology

Genetic Evolution
Characteristics of Genotype G57
Virus, A Dominant Genotype
of HON2 Avian Influenza Virus









OPS/images/logo.jpg
, frontiers
in Microbiology





OPS/images/fmicb-12-633835-t001.jpg
Period Number of positively Positively selected

selected sites codon sites
2007-2012 5 3, 4,13, 145, and 198
2013-2019 11 4,5,13, 17, 66, 87, 88,

145, 168,198, and 353






OPS/images/fmicb-12-633835-t002.jpg
Period

Number of positively

Positively selected

selected sites codon sites
2007-2012 1 9
2013-2019 6 3, 8, 31, 208, 266, and

369






