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Highlights 29 

1. The evolutionary and biological properties of major pandemic H5 AIVs isolated from China in 2021–2022 30 

were analyzed. 31 

2. H5Nx isolates originated from H5N8, with high evolutionary rate in H5N1 and H5N8 and a declining trend 32 

in H5N6 in 2015–2022. 33 

3. HI assay suggests that A(H5N1) viruses may be antigenically distinct from the circulating H5N6 and H5N8 34 

strains. 35 

4. Representative viruses of three H5 AIVs isolates exhibit variable tissue tropism and pathogenicity in mice.   36 

5. A(H5N1) viruses have a higher risk of emergence in the future. 37 

 38 

 39 

Abstract 40 

The recent concurrent emergence of H5N1, H5N6, and H5N8 avian influenza viruses (AIVs) has caused 41 

significant avian mortality globally. Since 2020, frequent human-animal interactions have been documented. To 42 

gain insight into the novel H5 subtype AIVs (i.e., H5N1, H5N6 and H5N8), we conducted a comparative 43 

analysis on phylogenetic evolutionary and biological properties of H5 subtype AIVs strains isolated from China 44 

between January 2021 and September 2022. Phylogenetic analysis revealed that the 41 H5Nx strains belonged 45 

to clade 2.3.4.4b, with 13 related to H5N1, 19 to H5N6, and 9 to H5N8. The genetic relatedness analysis based 46 

on global 2.3.4.4b viruses showed that all the viruses described in this study was likely originated from H5N8, 47 

exhibiting a heterogeneous evolutionary history between H5N1 and H5N6 during 2015–2022 worldwide. In 48 

this context, we further estimated that H5N1, characterized by higher evolutionary rates in 2021–2022 and more 49 

sites under positive selection pressure in 2015–2022. The antigenic profiles of novel H5N1 and H5N6 exhibited 50 

notable variations. Further hemagglutination inhibition assay suggest that some A(H5N1) viruses may be 51 

antigenically distinct from the circulating H5N6 and H5N8  strains. Mammalian challenge assays demonstrated 52 

that the H5N8 virus (21GD001_H5N8) displayed the highest pathogenicity in mice, followed by the H5N1 virus 53 

(B1557_H5N1) and then the H5N6 virus (220086_H5N6), suggesting a heterogeneous virulence profile of H5 54 

AIVs in the mammalian hosts. Based on the above results, we consider that A(H5N1) viruses have a higher risk 55 

of emergence in the future. Collectively, these findings unveil a new landscape of different evolutionary history 56 

and biological characteristics of novel H5 AIVs in clade 2.3.4.4b, contributing to a better understanding for 57 

designing more effective strategies for the prevention and control of novel H5 AIVs. 58 

 59 

Keywords: Avian influenza virus (AIV)；H5 subtypes AIVs；Evolutionary；Pathogenicity  60 

Jo
urn

al 
Pre-

pro
of



 61 

1 Introduction 62 

The unexpected surge in the prevalence of the H5 subtype avian influenza virus (AIV) from 2021 to 2022 63 

has raised significant global concerns. The epidemics of novel H5N1, H5N6 and H5N8 viruses pose severe 64 

threats to the poultry industry, ecosystems and public health worldwide (Chen et al., 2022; Shi and Gao, 2021; 65 

Wille and Barr, 2022). H5N8 AIV first emerged in Europe in late 2020, and in May 2021, a human H5N8 virus 66 

infection case from Russia was reported (Pyankova et al., 2021). During our routine national surveillance of 67 

AIV in May 2021, we found that the hemagglutinin (HA) genes of novel H5N6 viruses in the Chinese poultry 68 

market were combined with those of H5N8 viruses (Chen et al., 2022). From March to November 2021, the 69 

number of novel H5N6 AIV infections and deaths in China dramatically increased, surpassing the total count 70 

of the previous seven years. Strikingly, these patients had been directly exposed to these poultries prior to their 71 

symptom onset (Bi et al., 2021; Gu et al., 2022; Jiang et al., 2022). Subsequent research revealed a high sequence 72 

similarity between the HA gene of human-origin H5N6 strains and that of avian-origin H5N6 strains. 73 

Importantly, both strains shared the same mutation associated with mammalian susceptibility (Bui et al., 2021; 74 

Zhang et al., 2022).  Fortunately, the updated version of the vaccine strain played a significant role in controlling 75 

the virus at the poultry-human level, preventing widespread human infections. However, in November 2021, 76 

there were consecutive outbreaks of the novel H5N1 subtype AIV in North America and Europe, with the virus 77 

detected in numerous wild bird carcasses, leading to the culling of large numbers of sick poultry (Günther et al., 78 

2022; Isoda et al., 2022; Kuiken and Cromie, 2022; Lo et al., 2022; Sanogo et al., 2022). Previous research 79 

indicates that the current round of novel H5N1 avian influenza viruses carries the HA gene of H5N8 virus from 80 

clade 2.3.4.4b. Furthermore, mutations at sites 137A and 191I enhance the virus’s ability to bind to α-2,6-linked 81 

sialic acids, which are human-like receptors (Cui et al., 2022; Ke et al., 2022) . We initially observed the 82 

introduction of this AIV subtype into China in domestic geese in November 2021, which subsequently spread 83 

to other species at the poultry-human interface. 84 

The H5N1, H5N6 and H5N8 AIVs were previously isolated in distinct clades (Bhat et al., 2015; Bi et al., 85 

2016a, 2016b; Samir et al., 2018; Shi and Gao, 2021; Zhang et al., 2021). However, a remarkable and unusual 86 

occurrence is the concurrent presence of these three H5 AIV subtypes within clade 2.3.4.4b. It is worth noting 87 

that prior research has confirmed that the novel H5N1 and H5N6 viruses within clade 2.3.4.4b acquired their 88 

HA genes from H5N8 viruses (Chen et al., 2022; Cui et al., 2022).  Nevertheless, the precise evolutionary history 89 

and dynamics of these viruses, along with the factors driving their widespread prevalence, remain elusive. 90 

Furthermore, there is a need to investigate the co-variation of the biological characteristics of these three AIV 91 

subtypes, their potential evolution at the animal-human interface, and the applicability of current prevention and 92 

control measures to mitigate the spread of new viruses. Therefore, in this study, we conducted a comprehensive 93 

analysis of the evolutionary trajectories of novel H5N1, novel H5N6 and H5N8 viruses, shedding light on the 94 

kinetic factors that have led to their extensive spread. Additionally, we evaluated variations in antigenicity and 95 

variations in pathogenicity in mice among representative strains of these three AIV subtypes, all of which were 96 

collected from China in 2021–2022. Taken together, this present research study delineates the genomic 97 
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evolutionary features and biological attributes of the primary prevalent H5 AIVs in clade 2.3.4.4b, offering fresh 98 

insights into potential strategies for controlling the virus's dissemination. 99 

 100 

2 Materials and methods 101 

2.1 Virus collection and isolation 102 

During our routine surveillance from January 2021 to September 2022 in China, we tested a total of 6102 103 

samples and detected 41 H5-positive samples, including 13 strains of H5N1 AIVs, 19 strains of H5N6 AIVs, 104 

and 9 strains of H5N8 AIVs. Ten of the 19 H5N6 subtype AIVs have been reported in our previous studies 105 

(https://doi.org/10.3201/eid2808.212241). The hosts primarily consisted of gallinaceous poultry, including 106 

chickens, ducks and geese, with a few samples originating from waterfowls and wild birds such as quails and 107 

swans. The samples were collected across various regions of China, with a particular focus on the Northeast, 108 

North, East, South, Central and Southwest regions, which represent a comprehensive cross-section of the 109 

country (Supplementary Table S1). To isolate the viruses, swab samples were mixed with a solution containing 110 

5000 U/mL of penicillin and streptomycin, then inoculated into 9−11-day-old specific pathogen-free (SPF) 111 

chicken embryos and placed in a 37 °C incubator for 24–72 hours. Any chicken embryos that perished within 112 

the first 24 hours were considered non-specific deaths. The allantoic fluid, harvested from the remaining 113 

embryos, was tested for its hemagglutination titer and stored at −80 °C. The HA subtype of each virus was 114 

determined by haemagglutination inhibition assay using H1−H10 single-factor serum with viral allantoic fluid, 115 

while viral NA subtype was determined by PCR assay using N1−N9 detection primers with viral DNA. Viral 116 

RNA was extracted using the FastGene kit (Shanghai Feijie Bio-Technology, Shanghai, China), and sample 117 

RNA was reverse-transcribed using the Vazyme Reverse Transcription Kit. The PCR products were sent to 118 

Shanghai Sangon Biotech for sequencing, which was verified by conducting a BLAST search against the 119 

GenBank database. 120 

2.2 Phylogenic analysis 121 

In our previous research, we identified significant clade conversion events in domestic H5 AIVs in China 122 

around the year 2016 (Chen et al., 2021). Given that the primary epidemic clade of H5 AIVs has shifted again, 123 

we investigated the virus dynamics from 2012−2022 by retrieving global H5 AIV sequences with complete HA 124 

gene open reading frames from 2012 to 2022 using the GISAID platform (https://platform.gisaid.org/). The 125 

sequence datasets were aligned using MAFFT (version 7). To determine the most suitable substitution model, 126 

ModelFinder was employed (Kalyaanamoorthy et al., 2017). Subsequently, we utilized IQ-TREE to construct 127 

maximum likelihood (ML) phylogenetic trees, which were then visualized using ITOL (version 6, 128 

https://itol.embl.de/). To estimate the evolutionary rates, specifically in terms of nucleotide substitutions, of the 129 

surface genes of the three AIVs, the BEAST package was employed (version 1.10.4) (Hill and Baele, 2019). To 130 

ensure that the datasets exhibited a reliable temporal structure, we assessed the temporal signal of the ML trees 131 

using Tempest (version 1.5.3) (Rambaut et al., 2016). We obtained Maximum Clade Credibility (MCC) trees 132 

for the HA genes of the three AIV subtypes from 2012 to 2022 using BEAST v1.10 and visualized these trees 133 

using FigTree (version 1.4.4). The tree models were all set to Bayesian skyline coalescent, and after the results 134 
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were calculated, the viral population dynamics were visualized and analyzed using Tracer v1.7.1. 135 

2.3 Evolutionary rate 136 

In this study, the temporal evolutionary rates of hemagglutinin (HA) and neuraminidase (NA) genes and 137 

the evolutionary rates of epidemic regions for the three subtypes of AIVs from 2015−2022 were estimated using 138 

the BEAST package (version 1.10.4).The virus evolutionary rate were visualized and analyzed using Tracer 139 

v1.7.1.  140 

2.4 Selection pressure analysis and mutation sites 141 

In contrast, our current study focuses on discerning variations in positive selection pressure experienced 142 

by different H5 subtype AIVs, with a specific emphasis on site mutations. For our data analysis, we employed 143 

three site models: FEL, FUBAR, and MEME (accessible through Datamonkey; http://www.datamonkey.org/) 144 

(Weaver et al., 2018). These models were utilized to assess selection pressure on the HA gene of the viruses and 145 

to identify codons undergoing positive selection pressure. A P-value below 0.10 was considered statistically 146 

significant for the FEL model, whereas a P-value below 0.90 was considered statistically significant for the 147 

FUBAR model. To compare different regions of the viral HA proteins with positive selective pressure, we 148 

recorded the sites detected in each model that met the lowest threshold. We analysis Mutation sites by Weblogo 149 

3（http://weblogo.threeplusone.com/）. 150 

2.5 Antigenic analysis 151 

We selected prevalent strains from clade 2.3.4.4b, which were collected between January 2021 and June 152 

2022, for the preparation of antisera. This selection included three strains of H5N1 viruses (designated as B20, 153 

B1557 and B149_11), six strains of H5N6 viruses (namely, LD9, B341_4, 220086, 220108, B291_1, D48), and 154 

one strain of H5N8 virus (denoted as21GD001). The number of antiserum preparations for each subtype was 155 

determined based on the proportion of isolates of the corresponding subtype by taking into account both the 156 

timing and location of sample collection. To prepare the antisera, viral allantoic fluid was first inactivated using 157 

a 1‰ formaldehyde solution and then emulsified in a 1:1 ratio with Freund's incomplete adjuvant (Zhang et al., 158 

2021). Subsequently, 4-week-old SPF chickens were vaccinated with these preparations, and after four weeks, 159 

the sera were collected to assess antibody titers. Antigens and antisera of the vaccine strains were procured from 160 

HARVAC (http://www.hvriwk.com/) and SCBM (http://www.gzscbm.com/). The experiments were conducted 161 

in accordance with standard protocols, where the antigens to be tested were formulated with four units of virus, 162 

and twofold diluted serum samples were added to 96-well plates. The highest serum dilution that resulted in 163 

complete inhibition of HA activity was recorded. The hemagglutination inhibition (HI) titers were analyzed 164 

using antigenic cartography, a method used to visualize HI cross-reactivity results (Smith et al., 2004). 165 

2.6 Animal experiments 166 

The virus allantoic fluid was introduced into 9–11-day-old specific pathogen-free (SPF) chicken embryos 167 

through a tenfold dilution procedure following the limiting dilution method, with each gradient set replicated 168 

five times. After 72 hours of incubation, the hemagglutination value of each chicken embryo was determined, 169 

and the 50% egg infective dose (EID50) was calculated using the Reed–Muench method (PIZZI, 1950).  170 
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Next, we divided 135 BALB/c mice, all aged five weeks, into three groups, representing the three AIV 171 

subtypes. Each group was subjected to eight challenge gradients (i.e., 101EID50–108EID50), with five mice in 172 

each gradient. These gradients were determined based on viral EID50 to calculate 50% Mouse Lethal Dose 173 

(MLD50). Subsequently, we assessed the varying abilities of strains from different subtypes to induce disease in 174 

mice. Toxin challenge was administered to each mouse through intranasal inoculation. Mice were considered 175 

deceased when their body weight fell below 75% of their initial weight. Additionally, within each subtype, we 176 

established a replicate set for the 106EID50 challenge group (i.e., 10 mice in total), from which three mice each 177 

were selected for euthanasia at three and five days post-infection (DPI). Various tissue samples, including the 178 

heart, liver, spleen, lung, kidney, brain and nasal concha, were collected from each mouse to determine viral 179 

tissue titers. 180 

The various organs were weighed and added to a PBS solution containing 5,000 IU/mL of dual antibody 181 

at a ratio of 1 g/1 mL and ground at low temperature. After grinding, each sample was repeatedly freeze-thawed 182 

three times and centrifuged at 4,000 r/min for 3 min. The tissue homogenate supernatant was introduced into 183 

9–11-day-old specific pathogen-free (SPF) chicken embryos through a tenfold dilution procedure following the 184 

limiting dilution method, with each gradient set replicated three times. After 72 hours of incubation, the 185 

hemagglutination value of each chicken embryo was determined, and the 50% egg infective dose (EID50) was 186 

calculated using the Reed-Muench method (PIZZI, 1950) as viral tissue titers. 187 

 188 

3 Results 189 

3.1 Evolutionary characteristics of H5N1, H5N6, and H5N8 viruses in clade 2.3.4.4b 190 

To examine the genetic relationships of these viruses, we sequenced the genomes of the 41 H5 viruses and 191 

constructed maximum-likelihood phylogenetic trees according to the protocol established by the World Health 192 

Organization. The H5 subtype avian influenza viruses could be divided into eight clades (clade 2.3.4.4a–h) 193 

within clade 2.3.4.4, and all 41 strains in this study belonged to 2.3.4.4b (Fig. 1). According to the ML tree, the 194 

currently circulating H5N1, H5N6, and H5N8 AIVs within clade 2.3.4.4b in 2012–2022 are all in clade 2.3.4.4b. 195 

(Fig. 1). Regarding spatial and temporal distribution, novel H5N1 AIVs have been observed in circulation in 196 

North America and Europe since 2021, with a relatively smaller presence in Asia (Fig. 1). In comparison, H5N8 197 

AIVs were detected in North America and Europe in 2021, while H5N6 AIVs have primarily circulated in Asia 198 

since 2021.  199 

3.2 Evolutionary history and phylodynamic analysis of H5N1, H5N6, and H5N8 viruses 200 

According to the MCC tree analysis from 2012 to 2022, we observed that the current novel H5N1 AIVs, 201 

H5N6 AIVs and H5N8 AIVs all located in Clade 2.3.4.4b (Fig. 2B). Novel H5N1 begin to appear as cross-202 

branching strains as early as around 2020. The genetic diversity of H5N1 viruses rapidly expanded in 2019 and 203 

2020 (Fig. 2A), followed by an outbreak of H5N1 viruses in 2021(Caliendo et al., 2022; Günther et al., 2022; 204 

Shi et al., 2023; Stokstad, 2022). There was a noticeable change in the genetic diversity of H5N6 viruses from 205 

2012 to 2014, followed by a period of stability from 2015 to 2019. Subsequently, the genetic diversity fluctuated 206 

over the following four years, coinciding with the emergence of novel H5N6 viruses in China (Fig. 2A). The 207 
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H5N8 virus underwent rapid expansion in 2016–2017 following its emergence, after which the population size 208 

remained at a consistently high level from 2017 to 2021, which aligns with epidemiological data indicating the 209 

endemic status of H5N8 in Europe (Fig. 2A) (Swieton et al., 2020; Verhagen et al., 2021; Zhang et al., 2023) .  210 

Collectively, these findings suggest that the population size of all three AIV subtypes exhibited an upward 211 

trend in 2020–2022, following a period of temporal and population-size fluctuations spanning several years.  212 

3.3 Heterogeneous evolutionary rates between H5N1, H5N6, and H5N8 viruses 213 

To understand the genomic mutation dynamics of H5 AIVs, we assessed the evolutionary rates of the HA 214 

and NA genes for each H5 subtype viruses, grouped by different time periods since 2015. We also examined the 215 

evolutionary rates of the HA gene for each H5 subtype virus, considering geographical differences. 216 

Regarding the H5N1 subtype, the evolutionary rates of the HA gene increased from 2015 to 2018, followed 217 

by a decrease from 2019 to 2022 (Fig. 3A), with the NA gene of H5N1 exhibiting the most pronounced 218 

fluctuations compared to the other subtypes (Fig. 3B). In terms of geographical comparisons, the HA gene of 219 

the H5N1 subtype avian influenza viruses displayed the highest evolutionary rate in North America, potentially 220 

due to a close correlation with the recent pandemic of H5N1 subtype AIVs observed in North America in recent 221 

years (Fig. 3C). 222 

In contrast, the fluctuation in evolutionary rates for both the HA gene and NA gene of H5N6 subtype AIVs 223 

were under synchronization. Specifically, after a period of accelerated mutation in 2016, both the mutation rates 224 

of the HA and NA genes of H5N6 AIVs decreased in 2017. Subsequently, the evolutionary rates of both genes 225 

exhibited an upward trend, reaching a plateau during 2018–2021, followed by a significant decrease in 2022 226 

(Fig. 3A, 3B). Furthermore, it is noteworthy that the evolutionary rate of the viruses was relatively high in Asian 227 

regions, including Japan, South Korea, China and Vietnam, while it was relatively low in Europe. This 228 

difference may be attributed to variations in the main circulating areas of the virus, suggesting that regional 229 

factors may influence the genetic evolution of H5N6 AIVs (Fig. 3C).  230 

Similarly, the fluctuations in the evolutionary rates of the HA gene and NA gene of H5N8 subtype AIVs 231 

were also in synchronicity. Both genes experienced a decrease in their evolutionary rates from 2015 to 2018, 232 

followed by an increase in 2019. Subsequently, the mutation rates of both genes recovered in the two subsequent 233 

years (Fig. 3A, 3B). Furthermore, it is worth noting that Asia exhibited the highest calculated evolutionary rate 234 

compared to the other two continents (Fig. 3C, Supplementary Table S2, S3). 235 

In summary, the evolutionary rates of the two surface genes among the three subtypes of avian influenza 236 

viruses remained relatively consistent from 2015 to 2022. Notably, the evolutionary rates of H5N1 and H5N8 237 

viruses were the highest, while the evolutionary rates of H5N6 viruses exhibited a continuing decline over this 238 

time frame, possibly influenced by factors such as the main circulating areas and the primary sources of the 239 

epidemic. For instance, the evolutionary rate of H5N1 viruses in North America was considerably higher than 240 

that observed in other continents. In Asia, the evolutionary rate of H5N6 viruses was significantly higher than 241 

in Europe, although it is important to note that there have been no reports of this subtype's existence in North 242 

America. Additionally, the H5N8 virus exhibited the highest evolutionary rate in Asian regions. 243 

3.4 Selection pressure analysis  244 
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In our analysis, we identified specific sites under positive selection pressure in the HA gene of H5N1, 245 

H5N6, and H5N8 avian influenza viruses during different time periods in the world. For H5N1, we found 11 246 

sites (four of which are within epitopes) (Peng et al., 2014)  under positive selection pressure during 2015–2017, 247 

14 (three of which are within epitopes) during 2017–2019, and 15 (nine of which are within epitopes) during 248 

2019–2022 (Table 1). Similarly, H5N6 had 15 sites (six of which are within epitopes) under positive selection 249 

pressure during 2015-2017, 14 (four of which are within epitopes) during 2017–2019, and 10 (three of which 250 

are within epitopes) during 2019–2022 (Table 2). In contrast, H5N8 had fewer such sites, with 4 sites (one of 251 

which is within epitopes) during 2015–2017, 4 sites (two of which is within epitopes) during 2017–2019, and 3 252 

sites (one of which is within epitopes) during 2019–2022, including some within epitopes (Table 3). Overall, 253 

our analysis suggests that the globular domain of the HA gene in all three subtypes experienced more selective 254 

pressure than the stem region. Additionally, it is worth noting that the epitopes of H5N1 and H5N6 virus HA 255 

genes were subjected to significantly higher positive selection pressure compared to H5N8 AIVs, implying 256 

greater susceptibility to antigenic variation in H5N1 and H5N6 AIVs compared to H5N8 AIVs.  257 

3.5 The mutation characteristic of biased receptor sites and differences in cleavage sites 258 

Between 2021 and 2022, the three subtypes of viruses in the world exhibited notable differences in changes 259 

to receptor-associated sites, specifically at H5 numbering. H5N1 viruses displayed alterations at three sites (i.e., 260 

98, 159, and 193), H5N6 viruses at two sites (i.e., 98 and 192), and H5N8 viruses at one site (i.e., 98) (Fig. 4). 261 

These sites are linked to the virus's susceptibility and its ability to bind to α-2,6-linked sialic acid receptors. It's 262 

worth noting that neither sites 226–228 (Fig. 4), which are associated with susceptibility to avian receptors, nor 263 

the cleavage sites of the three H5 AIVs underwent significant changes that would impact the viruses' biological 264 

characteristics, as reported in previous studies (Bi et al., 2021; Jiang W et al., 2022) . 265 

3.6 Antigenic characteristics of H5N1, H5N6, and H5N8 viruses in clade 2.3.4.4b 266 

To identify antigenic differences between different subtypes of AIVs within the same clades and compare 267 

them to commercial vaccine strains, we conducted HI assays using circulating strains and current commercial 268 

vaccine sera. These circulating strains were collected during January 2021 and June 2022 and included H5N1, 269 

H5N6, and H5N8 AIVs. Our findings revealed that the current vaccine strains, rHN5801 and Re14, within clade 270 

2.3.4.4b, exhibited strong compatibility with all circulating strains in the same clade (Supplementary Table S4). 271 

Conversely, antisera from rGD59 and Re13 vaccine strains within clade 2.3.4.4h lost their protective capacity 272 

against all circulating strains in clade 2.3.4.4b (Supplementary Table S4). The HI titers of H5N1 viral antisera 273 

(i.e., B20, B1557) against circulating strains of the other two subtypes were notably low (Fig. 5), indicating 274 

high antigenic differences between these subtypes. H5N8 viruses exhibited less antigenic divergence from the 275 

other two subtypes of AIVs, making them a suitable choice for future vaccine stockpiles within clade 2.3.4.4b. 276 

These results underscore the considerable antigenic divergence between H5N1 and H5N6 viruses in clade 277 

2.3.4.4b despite their shared clade classification. 278 

3.7 Pathogenetic assessment of representative viruses of novel H5N1, H5N6 and H5N6 in clade 279 

2.3.4.4b to mammalian 280 

Based on the results of time, location, host distribution, internal genes (Supplementary Table S5) and key 281 

Jo
urn

al 
Pre-

pro
of



amino acid loci (Supplementary Table S6) of 41 H5 AIVs, we used H5N1 AIV: A/Goose/Henan/B1557/2021 282 

(B1557_H5N1), H5N6 AIV: A/Duck/Chengdu/220086/2022 (220086_H5N6) and H5N8 AIV: 283 

A/Chicken/China/21GD001/2021 (21GD001_H5N8) representing H5N1, H5N6, and H5N8 viruses prevalent 284 

in China in the period of 2021–2022, to provide a pathogenetic assessment in mice.  285 

Both B1557_H5N1 and 21GD001_H5N8 viruses resulted in 100% mortality, with the exception of the 286 

220086_H5N6 group. Initial mouse fatalities in the novel B1557_H5N1 group occurred at the 104 EID50 dose, 287 

while mice infected with the 220086_H5N6 virus exhibited fatalities starting from at least the 106 EID50 dose. 288 

Comparatively, the 102 EID50 inoculation with 21GD001_H5N8 virus led to mortality, indicating variable 289 

virulence in mammals (Fig. 6A). Based on mortality data from different virus titration gradient groups, we 290 

determined the MLD50 values for the three H5 subtypes of avian influenza viruses in mice. The MLD50 values 291 

for the B1557_H5N1 virus, the 220086_H5N6 virus, and the 21GD001_H5N8 virus were 5.17 Log10EID50, 6.63 292 

Log10EID50, and 2.17 Log10EID50, respectively.  293 

High titers of 21GD001_H5N8 virus were detected in the heart, liver, spleen, lung, kidney, brain, and nasal 294 

turbinate of mice on 3 DPI after exposure to the 106 EID50 challenge (viral titers in all tissues except the lung 295 

were greater than 3 log10 EID50/100μL), although the viral titer slightly decreased on 5 DPI. The 220086_H5N6 296 

virus was detectable in the heart, liver, spleen, and lung on 3 DPI after inoculation but decreased significantly 297 

on 5 DPI (Fig. 6B). The novel B1557_H5N1 virus challenge group showed a similar viral titer compared to the 298 

220086_H5N6 virus challenge group on 3 DPI, whereas the virus could only be detected at a low titer (i.e., 3.41 299 

log10EID50/100μL) in the spleen on 5 DPI. 300 

Collectively, the above results illustrated that H5N8/21 GD001 virus possessed the highest pathogenicity 301 

in mice among the three AIVs, followed by the B1557_H5N1 virus then the 220086_H5N6 virus. Furthermore, 302 

the H5N8 (21GD001) virus displayed the strongest tissue tropism, followed by the 220086_H5N6 virus then 303 

B1557_H5N1 virus. 304 

 305 

4 Discussion 306 

The global panzootic outbreak of H5 AIV from 2021 to 2022 has raised significant concerns due to the 307 

simultaneous presence of three major subtypes (H5N1, H5N6, and H5N8) within clade 2.3.4.4b, a relatively 308 

rare occurrence. These viruses pose a severe threat to both poultry and human public health. As these viruses 309 

evolve, changes in their biological characteristics are also notable. The introduction of novel H5N1 and H5N6 310 

AIVs into clade 2.3.4.4b could potentially impact the global H5 AIV ecology, leading to heightened public 311 

health concerns. Therefore, there is an urgent need for comprehensive surveillance of H5N1, H5N6, and H5N8 312 

viruses within clade 2.3.4.4b. In our current study, we isolated a total of 41 strains of H5 AIVs, including 13 313 

strains of H5N1, 19 strains of H5N6 and 9 strains of H5N8, from north China (Beijing), east China (Shandong, 314 

Anhui, Jiangxi), central China (Henan, Hunan), south China (Guangxi, Guangdong, Hainan), southwest China 315 

(Yunnan, Sichuan, Chongqing) and northeast China (Heilongjiang), all belonging to clade 2.3.4.4b. In previous 316 

research, H5N1 viruses were classified in clade 2.3.2.1, and H5N6 viruses in clade 2.3.4.4h, whereas only H5N8 317 

was classified in clade 2.3.4.4b, indicating that the current H5N1 and H5N6 viruses have transitioned to the 318 
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main epidemic branch. MCC tree results show that the novel H5N1, novel H5N6 and H5N8 viruses share a 319 

common origin but have evolved differently. Taken together, the H5N8 virus, as an ancestor of clade 2.3.4.4b, 320 

has continuously existed and differentiated from 2015 to 2022. The H5N6 virus began appearing in clade 321 

2.3.4.4b from 2015 to 2020, while the H5N1 virus only emerged in clade 2.3.4.4b in 2021. This suggests that 322 

the H5N6 virus started transitioning into clade 2.3.4.4b as early as 2018, compared to the sudden appearance of 323 

H5N1 in clade 2.3.4.4b. In addition, as compared to the outbreak of H5N8 in late 2020, the genetic diversity of 324 

the H5N1 subtype AIV has already started to increase before 2020. Thus, the outbreak of the novel H5N1 325 

subtype AIV may not be entirely influenced by the H5N8 virus but also by the intense evolution of its own 326 

internal groups. 327 

Amid the current global H5N1 outbreak, both surface genes of H5N1 viruses exhibit relatively high 328 

evolutionary rates, with the highest rate observed in the HA gene within North America, suggesting that H5N1 329 

viruses may possess a stronger evolutionary potential. However, it is also important to note that while the H5N8 330 

virus currently exhibits a high rate of evolution, it may not hold promising epidemic prospects because the 331 

H5N8 virus comprises over 95% of sequences from 2021 in the 2021–2022 dataset, indicating that the 332 

evolutionary rate for that period may be more representative of 2021 rather than 2021–2022. Furthermore, the 333 

global isolation of H5N8 viruses significantly declined in 2022. Therefore, it is plausible to speculate that the 334 

evolutionary rate of H5N8 viruses may have also declined, which could be confirmed in the upcoming 2022–335 

2023 datasets. The primary driver behind changes in nucleotide substitution rates is the accumulation of site 336 

mutations, and single-locus mutations may benefit from the selection pressure they experience. Between 2019 337 

and 2022, the number of sites under positive selection pressure in the HA gene epitopes of H5N1 viruses is 338 

notably higher than that observed in H5N1 viruses before 2019, followed by H5N6 viruses, and finally H5N8 339 

viruses. This suggests that H5N1 viruses may have a greater potential for antigenic drift compared to the other 340 

two subtypes, signifying that they possess more sites that can undergo substitutions to evade vaccine immunity. 341 

Overall, A(H5N1) viruses have a higher risk of emergence in the future compared to other H5 subtypes of AIVs. 342 

The three subtypes of AIVs have displayed varying degrees of adaptive changes in the α-2,6-linked sialic 343 

acid receptor-associated sites (Bi et al., 2021; Huang et al., 2021; Xiao et al., 2021; Zhang et al., 2023), implying 344 

that these viruses may have an increased potential for infecting mammals, which underscores the importance of 345 

strengthening preventive measures to minimize the risk of virus spillover from avian to human populations. 346 

Regarding antigenicity, H5N1 virus sera exhibit lower reactivity with the other two subtypes, and H5N1 viruses 347 

demonstrate antigenic divergence from certain H5N6 viruses. Therefore, it may be necessary to categorize 348 

"targeted" vaccine candidates by subtypes for different subtypes of AIV in clade 2.3.4.4b in the future. Animal 349 

experiments have revealed varying degrees of pathogenicity in mice for representative virus of the three H5 350 

AIVs currently circulating in China, with 21GD001_H5N8 virus being the most pathogenic, followed by 351 

B1557_H5N1 virus, while 220086_H5N6 virus exhibits the lowest pathogenicity. Strong pathogenicity is not 352 

conducive to virus spread when human interventions are employed to control its transmission. For instance, if 353 

a virus poses a threat to humans similar to the H7N9 virus, it may expedite the rapid clearance of such viruses 354 

from the public health system (Shi et al., 2018, 2017). Therefore, the less pathogenic H5N1/B1557 virus and 355 
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220086_H5N6 virus in mice (mammals) might exhibit more subtle transmission characteristics than 356 

21GD001_H5N8 virus, making them more likely to cause widespread epidemics in mammals. 357 

 358 

5 Conclusions  359 

In this study, we found that the current novel H5N1 and H5N6 viruses have transitioned to the main 360 

pandemic clade (Clade 2.3.4.4b). Three H5 subtypes share a common origin but have evolved differently. Novel 361 

H5N1 viruses may have greater antigenic drift potential and more sites where substitution can occur to evade 362 

vaccine immunity. Representative viruses of the three H5 subtypes AIVs circulating in China from 2021 to 2022 363 

are pathogenic to mice to varying degrees, with the 21GD001_H5N8 virus being the most pathogenic, followed 364 

by the B1557_H5N1 virus, and the 220086_H5N6 virus the least pathogenic. Based on the results above, we 365 

consider that A(H5N1) viruses have a higher risk of emergence in the future. However, it is important to 366 

acknowledge that this research has its limitations. While we conducted bioinformatics analysis on global 367 

sequences available in the GISAID database, the strains used in our antigenicity analysis and animal 368 

experiments were sourced exclusively from China and may not fully represent the diversity of global H5N1, 369 

H5N6, and H5N8 viruses. Given the current unprecedented fluctuations in H5 subtype AIVs, it is imperative to 370 

intensify surveillance efforts aimed at detecting antigenic mutations promptly, which could enable the timely 371 

development of vaccine strains to mitigate the potential consequences of antigenic variation and curb further 372 

viral dissemination. 373 
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Table 1 Positive selection pressure experienced by the HA gene of H5N1 subtype avian influenza viruses. 532 

H5N1 
Epitopes 

Other 
A B C D E 

2015–2017 - 152/156 282 170 - 10/47/82/204/205/461/503 

2017–2019 - 84/152 - 170 - 4/10/11/30/82/84/104/205/220/286/304/490 

2019–2022 - 156/157 45 170/178/205/208/214/234 - 3/18/111/298/339/506 

Note: Positive selection pressure on the HA gene was assessed by dividing the data into three time segments. 533 

The epitope regions (A–D) were based on Yamashita's research and Dzimianski's research (Wiley et al., 1981; 534 

Yamashita et al., 2010), while other regions were grouped under the "other" category. 535 

 536 

Table 2 Positive selection pressure experienced by the HA gene of H5N6 subtype avian influenza viruses. 537 

H5N6 
Epitopes 

Other 
A B C D E 

2015–

2017 

131/143/14

5 

152/154/16

5 
- - - 3/10/147/150/237/246/323/386/546 

2017–

2019 
137/145 161 - 

20

2 
- 97/99/147/150/198/237/299/349/469/519 

2019–

2022 
136 184 - 

32

5 
- 9/32/39/325/340/379/491 

Note: Positive selection pressure on the HA gene was assessed by dividing the data into three time segments. 538 

The epitope regions (A–D) were based on Yamashita's research and Dzimianski's research (Wiley et al., 1981; 539 

Yamashita et al., 2010) , while other regions were grouped under the "other" category. 540 

 541 

Table 3 Positive selection pressure experienced by the HA gene of H5N8 subtype avian influenza viruses. 542 

H5N8 
Epitopes 

Other 
A B C D E 

2015–2017 139 - - - - 30/99/492 

2017–2019 - - - - 88/113 191/565 

2019–2022 - - - - 88 538/548 

Note: Positive selection pressure on the HA gene was assessed by dividing the data into three time segments. 543 

The epitope regions (A–D) were based on Yamashita's research and Dzimianski's research (Wiley et al., 1981; 544 

Yamashita et al., 2010), while other regions were grouped under the "other" category. 545 
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Figure Legends 546 

 547 

 548 

Figure 1. Global phylogeny of Clade 2.3.4.4b H5 subtype avian influenza viruses, 2020–2022. Analysis of the 549 

HA genes of H5 subtype influenza viruses within clade 2.3.4.4b during 2012–2022. In the evolutionary tree, red 550 

dots indicate H5 isolates from this study; various clade colors denote different subclades; and colored 551 

rectangular bars on the right side of the tree indicate continents, subtypes, years, and hosts corresponding to 552 

strains at respective locations on the tree. The scale bar represents the number of nucleotide substitutions per 553 

site (sub / site). 554 

 555 

 556 

Figure 2. Evolutionary history and phylogenetic dynamics of H5N1, H5N6 and H5N8 viruses, 2015–2022. A 557 

illustrates the population dynamics of three H5 subtypes of avian influenza viruses. The horizontal axis 558 

represents the year, while the vertical axis represents the nucleotide replacement rate. B displays the MCC trees 559 

of three H5 subtypes of avian influenza viruses spanning from 2012 to 2022. The horizontal axis at the bottom 560 

signifies time. Different colors denote distinct evolutionary branches, with black representing H5N6, blue 561 

representing H5N1, and pink representing H5N8. 562 

 563 

 564 

Figure 3. Evolutionary rate of the surface genes of three subtypes of avian influenza viruses. A illustrates the 565 

evolutionary rate of the HA gene in different time periods. B displays the evolutionary rate of the NA gene during 566 

various time periods. C showcases the evolution rate of different H5 subtypes of avian influenza viruses across 567 

different epidemic areas. These regions are categorized based on the primary epidemic areas of various subtypes 568 

(refer to Supplementary Table S2 and Table S3 for further details). 569 

 570 

 571 

Figure 4. Characteristics of changes in the receptor preference of associated sites in the HA gene of three 572 

subtypes of avian influenza viruses. A The left panels represent the initial states of the three H5 subtype avian 573 

influenza viruses at receptor-associated sites in 2015–2019. B The right panels illustrate the states of the three 574 

H5 subtype avian influenza viruses at receptor-associated sites in 2021–2022. In both sets of panels, the upper 575 

sites, arranged laterally for each subtype, represent mammalian receptor binding-associated sites. Conversely, 576 

all the lower-layer sites signify cleavage sites and avian receptor binding-associated sites. The red arrows 577 

highlight sites that have undergone significant changes. The abscissa denotes the site position, while the ordinate 578 

indicates the frequency at which the same position is occupied by different numbers of amino acids across the 579 

dataset. 580 

 581 

 582 

Figure 5. Antigenic characteristics of H5 subtype avian influenza viruses in clade 2.3.4.4b. Antigenic 583 
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cartography of H5 subtype avian influenza viruses isolated in China. In the diagram, circles symbolize antigens, 584 

and squares denote antisera. The separation between circles reflects the antigenic distance, signifying antigenic 585 

differences. The distance from the circle to the square indicates the serum's capacity to neutralize the antigen, 586 

with a greater distance indicating a weaker serum binding affinity to the antigen. In addition, the coffee-colored 587 

squares represent antigens from commercial vaccine strains, the blue circles represent antibodies generated by 588 

commercial vaccine strains, the green signifies antigens from epidemic strains, and the transparent squares 589 

represent antibodies generated by epidemic strains. 590 

 591 

 592 

Figure 6. Characteristics of the pathogenicity of representative virus of the three H5 subtypes AIVs for 593 

mammals. A features the survival curve of mice in the 101-108 EID50 challenge group. The x-axis represents 594 

days post-challenge, while the y-axis represents survival. In this panel, the blue line depicts the survival curve 595 

of mice challenged the representative virus of H5N1 virus (B1557), the yellow line represents the survival curve 596 

of mice challenged with the representative virus of H5N6 virus (220086), and the pink line represents the 597 

survival curve of mice challenged with the representative virus of H5N8 virus (21GD001). B Mice were 598 

challenged with the representative virus (106 EID50) from three H5 subtypes [A/Goose/Henan/B1557/2021 599 

(B1557_H5N1), A/Duck/Chengdu/220086/2022 (220086_H5N6), A/Chicken/China/21GD001/2021 600 

(21GD001_H5N8)]. The virus titers in organ tissues collected from mice on day 3 and day 5 were titrated by 601 

determining the 50% egg infective dose (EID50). The EID50 was calculated using the Reed-Muench method. 602 
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