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ABSTRACT 29 

Influenza A viruses (FLUAV) of the H9N2 subtype are zoonotic pathogens that cause 30 
significant economic damage to the poultry industry. Vaccination to prevent and control H9N2 31 
infections in poultry is widely employed in the Middle East and Asia. We used phylogenetics and 32 
antigenic analysis to study the antigenic properties of the H9 hemagglutinin (HA) using sera 33 
produced in Japanese quail (Coturnix c. japonica). Consensus HA1 sequences were generated 34 
to capture antigenic diversity among isolates. We constructed chimeric H9N2 viruses containing 35 
the HA1 of each consensus sequence on a constant isogenic backbone. The resulting viruses 36 
were used to generate antisera from quail, a common and significant minor poultry species 37 
whose anti-HA response profiles remain poorly defined. Antigenic maps were generated by 38 
plotting the cross-hemagglutination inhibition (HI) data from the panel of quail sera against the 39 
chimeric constructs and 51 H9 field isolates. The chimeric antigens were divided into four 40 
different antigenic profiles (cyan, blue, orange, and red). Site-directed mutagenesis analysis 41 
showed 9 amino acid positions of antigenic relevance. Substitutions at amino acid positions 42 
149, 150, and 180 (H9 HA numbering) had relatively significant impact on HI activity using quail 43 
sera. Substitutions E180A and R131K/E180A led to the most significant antigenic change 44 
transitions. This study provides insights into the antigenic profile of H9 FLUAVs, with important 45 
implications for understanding antigenic drift and improving vaccine development for use in 46 
minor poultry species. 47 

Words abstract: 229 48 

IMPORTANCE 49 

Determining the relevant amino acids involved in antigenic drift on the surface protein 50 
hemagglutinin (HA) is critical to understand influenza virus evolution and efficient assessment of 51 
vaccine strains relative to current circulating strains. We used antigenic cartography to generate 52 
an antigenic map of the H9 HA using sera produced in one of the most relevant minor poultry 53 
species, Japanese quail. Key antigenic positions were identified and tested to confirm their 54 
impact on the antigenic profile. This work provides a better understanding of the antigenic 55 
diversity of the H9 HA as it relates to reactivity to quail sera and will facilitate a rational approach 56 
for selecting more efficacious vaccines against poultry-origin H9 influenza viruses in minor 57 
poultry species.  58 
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INTRODUCTION  60 

Influenza A virus (FLUAV) of the H9N2 subtype are enzootic in poultry in Asia, the 61 
Middle East, and parts of Africa, where they cause significant economic losses to the poultry 62 
industry due to high morbidity and mortality of poultry flocks (1, 2). More importantly, Eurasian-63 
origin H9N2 FLUAVs are zoonotic viruses and they have provided the internal gene 64 
constellation to more virulent zoonotic strains, notably the H5N1 Guangdong lineage, the Asian-65 
lineage H7N9, H10N8 and H3N8 FLUAVs (3-5). The World Health Organization (WHO) has 66 
placed H9N2 FLUAVs among those with pandemic concern. Recently, we proposed a 67 
consistent numerical nomenclature for the HA of the H9 subtype, similar to the system adopted 68 
for the H5 subtype (2). Initially, two major geographically distinct H9 lineages were identified: the 69 
American (h9.1) and the Eurasian (h9.2) lineages (2). The continuous circulation of H9 FLUAVs 70 
in poultry in Asia has led to significant evolution and, consequently, phylogeographic diversity 71 
among the Eurasian lineage viruses leading to several sub-lineages and sub-sub-lineages. 72 
Currently, Eurasian H9 HA sequences fall into three major sub-lineages: h9.2 (previously 73 
referred to as Y439, prototype dk/HK/Y439/1997), h9.3 (BJ94, prototype ck/Bei/1/94), and h9.4 74 
(G1, prototype qa/HK/G1/1997). The H9.2 sub-lineage can be divided further into several sub-75 
sub-lineages, including h9.2.1 and h9.2.2, which are mostly found in wild birds, and h9.2.3, also 76 
known as Korean-strict and found in poultry in South Korea. The h9.3 sub-lineage is particularly 77 
prominent in China and Southeast Asia, with the presence of at least 9 sub-sub-lineages, 78 
h9.3.1-h9.3.9. Previous studies suggested dividing the h9.4 sub-lineage into Eastern and 79 
Western sub-sub-lineages based on their respective geographic prevalence (2). However, due 80 
to early indications of incongruent geographic boundaries among the Eastern and Western h9.4 81 
strains, we proposed an alternative numerical nomenclature, h9.4.1 and h9.4.2, respectively (3, 82 
4). 83 

To prevent and control H9N2 virus infections in poultry, several countries in Asia and 84 
Middle East have resorted to vaccination programs (5-11). Antigenic drift of H9 FLUAVs is 85 
readily observed in the field, likely a combination of natural evolution and vaccine use (5-11). 86 
Near and around the receptor binding site, the globular head HA1 portion of the H9 HA contains 87 
two partially overlapping antigenic sites. These sites have been defined previously using mouse 88 
monoclonal antibodies (mAbs) and are known as sites I and II or, more recently, as sites H9-A 89 
and H9-B, respectively (12-16). Site H9-A is immunodominant compared to site H9-B (13, 17). A 90 
limited set of the most prominent poultry-adapted Eurasian lineages from specific regions have 91 
been examined antigenically (12-14, 18-20). Most antigenic analyses of H9N2 viruses have 92 
been performed using chicken sera and, to a lesser extent, ferret sera, but not with sera from 93 
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minor poultry species such as quail. Japanese quails have been suggested as key players in 94 
the genesis of influenza viruses with respiratory tract tropism (21, 22). Quail show wide 95 
distribution in the respiratory tract of both avian-like (SAα2.3) and human-like (SAα2.6) sialic 96 
acid receptors, which may have contributed to the emergence of the poultry adapted H9N2 97 
strains with human-like receptor preference (23, 24). Anti-H9 sera have been raised by different 98 
approaches and regimes, which act as confounding factors to assess antigenicity faithfully (17, 99 
25-28). Immunization approaches have included either live virus challenge or most typically 100 
inactivated/adjuvanted viruses in either single or prime and boost infection or vaccination. 101 
Despite the absence of a standardized approach for sera production, these analyses have 102 
shown some significant clues about the antigenic makeup of the H9 HA. Combined with studies 103 
using mouse mAbs, a cluster of amino acids has been shown to affect the antigenic profile of 104 
the HA, namely those at positions 72, 74, 121, 131, 135, 150, 180, 183, 195, 198, 216, 217, 105 
249, 264, 276, 288, and 306 (H9 numbering throughout the manuscript)(17, 26, 27, 29, 30). 106 
Further analyses on the contributions of each of these and alternative positions to 107 
antigenicity/receptor binding avidity are discussed later in the context of this report’s findings. 108 

To broaden the understanding of the antigenic diversity of HAs of H9 FLUAVs, we 109 
included strains from the American and Eurasian lineages. Starting from an initial phylogenetic 110 
analysis of nucleotide sequences corresponding to the HA1 region of the HA, we identified 18 111 
clades utilizing sequence information of strains from 1966 to 2020. Analyses of these clades led 112 
to the selection of 10 consensus sequences that largely embodied the amino acid diversity 113 
within each H9 lineage/sub-lineage/sub-sub-lineage. The 10 HA1 sequences were used to 114 
generate chimeric H9 HA gene segments carrying a constant HA2 portion derived from the 115 
prototypic strain gf/HK/WF10/1999 (H9N2) (WF10) (31, 32). The chimeric HA constructs were 116 
subsequently used for reverse genetics. To better understand the H9 HA antigenic make-up in 117 
the context of neutralizing responses in minor poultry, Japanese quails were challenged with the 118 
chimeric H9 HA viruses. Anti-H9 quail sera were used to perform hemagglutination inhibition 119 
(HI) assay and antigenic cartography (15, 33). These analyses showed H9 HA antigens 120 
positioned in 4 antigenic clusters in the antigenic map, with additional outliers. Viruses carrying 121 
amino acid substitutions at relevant antigenic positions were generated to explain cluster 122 
transitions. These results provide new insights into the antigenic evolution of H9N2 influenza 123 
viruses and offer new opportunities to improve vaccine development. 124 
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RESULTS 127 

Phylogenetic analysis, consensus sequences, and antigenically relevant amino acids on 128 
H9 HA. Using the H9 HA1 region a maximum likelihood phylogenetic tree was established 129 
based on nucleotide sequences from isolates between 1966 to 2016 and then updated with 130 
sequences up to 2020. The phylogenetic analysis allowed the identification of different clades 131 
(h9.1.1 to h9.4.2). Consensus sequences were generated for each clade, n=10 (Fig 1A). The % 132 
amino acid identity ranged from 83.1% (h9.2.3 vs. h9.3.9) to 98.4% (h9.3.3 vs. h9.3.4). The 133 
number of amino acid differences in the HA1 region between the consensus sequences and the 134 
HA of the prototypic h9.4.1 strain WF10 were 31 (h9.4.2), 35 (h9.2.4), 36 (h9.3.3), 37 (h9.2.2), 135 
38 (h9.3.4), 39 (h9.1.1 and h9.3.3), 44 (h9.3.7), 47 (h9.2.3), and 48 (h9.3.9), respectively (Fig 136 
1B). Chimeric HA constructs were used for reverse genetics in the WF10 backbone. In addition 137 
to the wild-type WF10 strain, 8 out of the 10 chimeric HA constructs resulted in viable H9N2 138 
viruses. No virus rescue was obtained for the chimeric HA representing the h9.2.3 and h9.2.4 139 
clades. Analysis of the HA1 portion of the consensus viruses and the closest relative from a 140 
subset of field viruses showed high similarity (Fig 1B). For WF10, the closest relative was 141 
A/qa/HK/G1/97 (98.4%); for h9.4.2, A/ck/Pak/47/03 (98.9%); for h9.3.9 and h9.3.7, 142 
A/dk/Hunan/1/2006 (93.3% and 96.5%, respectively); for h9.3.4, A/dk/HK/Y280/97 (96.9%); and 143 
for h9.3.3, A/ck/Sichuan/5/97 (98.5%). The % of identity between h9.2.2 and 144 
A/ml/Fin/Li13384/2010 and h9.1.1 and A/rt/New Jersey/AI11-1946/2011 was 98.6% and 95.5% 145 
respectively. 146 

HI responses against consensus clades viruses in quail. To generate antisera against the 147 
chimeric HA consensus viruses, we chose Japanese quail (Coturnix c. japonica) as a relevant 148 
minor poultry host of H9 FLUAVs (21, 31). Groups of quail (9 groups, n=6/group) were 149 
inoculated with either of each H9N2 chimeric virus or WF10 wild type (Fig 2A). At 14 days post-150 
inoculation (14 dpi), quail were boosted subcutaneously with inactivated-adjuvanted 151 
preparations of each virus. At 28 dpi, quail were terminally bled, and 2 independent pooled sera 152 
were generated (3 birds per pool). We analyzed the seroconversion to the homologous virus in 153 
inoculated quail by HI assays showing titers between 1280 and 5120 against the homologous 154 
viruses (Table 1). The highest homologous HI titers were obtained for h9.3.3 and h9.3.9, with a 155 
titer of 5120 in each case.  Similarly, titers of 2560-5120 were observed for h9.3.4, while a titer 156 
of 2560 was obtained for h9.4.2. In the case of h9.3.7 and WF10, titers of 1280-2560 were 157 
observed. The h9.1.1 and h9.2.2 groups were the exception, with HI titers of 80-160 and 40-158 
160, respectively, which are considerably lower than the other consensus viruses. Taken 159 
together, the homologous HI data shows high levels of neutralizing antibodies against the 160 
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different consensus viruses, except h9.1.1 and h9.2.2, which elicit poor antibody responses in 161 
the quail model. 162 

Antigenic analysis of H9 HA. Using the antigenic cartography platform, the cross-HI data 163 
obtained were merged and visualized by generating maps in which the spheres represent 164 
antigens and the squares the sera, distributed into space. Antigenic distances between antigens 165 
in the map are expressed in antigenic units (AU, 1AU corresponds to a 2-fold dilution of 166 
antiserum in the HI assay). Dimensional analysis of the HI dataset led to lower error yield in the 167 
3D maps, though 2D maps were selected for better visualization, given that the relationship 168 
between consensus antigens remained unvaried. The antigens were grouped into 4 different 169 
clusters as described in Material and Methods (Fig 2B). We used 3 AU or a ≥8-fold loss in 170 
cross-reactivity, as defined for the human seasonal vaccine strain update (WHO 171 
recommendation), as the threshold of significant antigenic difference. The WT WF10 HA 172 
prototypic h9.4.1 antigen (cyan) was 3.4 AU from the h9.4.2 antigen (blue). The h9.3.3, h9.3.4, 173 
h9.3.5, and h9.3.7 antigens (blue) clustered antigenically very close to each other (<0.3 AU) and 174 
with 1.3, 1.6, 1.3 and 1.4 AU from the h9.4.2 blue antigen respectively. The h9.3.9 antigen 175 
(orange) was 4.5 AU from the h9.3.7 consensus (blue), the closest phylogenetic relative, and 176 
5.1 AU from the h9.4.2 blue antigen. The distance between WT WF10 HA prototypic h9.4.1 177 
antigen (cyan) and the h9.3.9 antigen (orange) was 4.1. The h9.1.1 and h9.2.2 consensus 178 
antigens (red) showed relatively close antigenic relationships (2.9 AU from each other), but 179 
distances between h9.1.1 and WF10 (cyan), h9.4.2 (blue), and h9.3.9 (orange) antigens were 180 
4.0, 5.3, and 8.1, respectively. It must be noted that the robustness of positioning of h9.1.1 and 181 
h9.2.2 must be interpreted cautiously due to the relatively low inherent 182 
antigenicity/immunogenicity compared to the rest of the consensus antigens.  183 

To better define whether the consensus chimeric H9 HA viruses captured the antigenic profile of 184 
prototypic strains within each clade, the quail sera was used in HI assays using a subset of 185 
closest prototypical field strains available (Fig 2C and table 2). The positioning of the prototypic 186 
field antigens relative to the consensus antigens was generally consistent with their position in 187 
the phylogenetic tree. The prototypic A/qa/HK/G1/97 (h9.4.1) antigen was 0.7 AU from the 188 
WF10 h9.4.1 antigen (cyan). Two prototypic strains, A/ck/HK/G9/1997 (G9, h9.3.3-like) and 189 
A/dk/HK/Y280/1997 (Y280, h9.3.4-like), clustered together with the h9.3.3, h9.3.4, h9.3.5, 190 
h9.3.7, and h9.4.2  consensus sequences as part of a blue cluster. The antigenic distances 191 
between G9 and h9.3.3 were 0.4 AU and 1.5 AU between G9 and h9.4.2, suggesting that 192 
genetically similar viruses are also antigenically similar. In the case of Y280, 1.0 AU of 193 
difference was observed from h9.3.4 and 0.7 AU from h9.4.2.  194 
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We expanded these analyses to 48 additional field strains (Fig 2D), bringing the panel to 51 195 
field strains (Table S1). The analysis of the other consensus viruses and the antigenic distances 196 
from their closest relatives (Fig 1B) revealed similarities between genetic and antigenic 197 
properties except for h9.3.3 and h9.3.9 due to the distances between the consensus viruses 198 
and their respective closest relatives (Table 2). Distances between h9.3.3 and 199 
A/ck/Sichuan/5/1997 were 5.7 AU, while distances between h9.3.9 and A/dk/Hunan/1/2066 200 
were 4.9 AU placing consensus viruses and closest relatives in different clusters. The remaining 201 
consensus showed a good correlation with their closest relatives with distances between h9.1.1- 202 
A/rt/New Jersey/AI11-1946/2011, h9.2.2-A/ma/Li13384/2010, h9.3.5-A/ck/HK/SF3/99, h9.3.7-203 
A/dk/Hunan/1/2006 and h9.4.2-A/ck/Pakistan/47/2003 of 0.9 AU, 2.4 AU, 0.5 AU, 1.1 AU, and 204 
0.8 AU respectively. From the 51 field isolates evaluated (Fig 2D), 11 fell within the red cluster, 205 
26 within the blue cluster, 4 within the cyan cluster, and none in the orange cluster (Table 2). 206 
Due to the low reactivity of the antigenicity/immunogenicity of the red-cluster consensus viruses 207 
(h9.1.1 and h9.2.2) compared to the rest of the consensus antigens, field isolates of the red 208 
cluster were removed from the map (Fig 2D). The h9.3.9 antigen was antigenically distinct from 209 
the rest of the h9.3 lineage viruses with AU distances of 4.1 (h9.3.3), 4.3 (h9.3.4), 4.1 (h9.3.5), 210 
and (h9.3.7). Further, none of the field isolates evaluated fell within 3 AU of distance from 211 
h9.3.9. The closest antigen to h9.3.9 was WF10 (cyan, 4.1 AU) (Table 3). A/ck/Beijing/8/1998 212 
(h9.3.3), A/ck/Hebei/3/1998 (h9.3.3), A/ck/UAE/H4TR/2011 (h9.2.2), A/ck/Libya/D31 213 
TRACH/2006, A/ck/Jordan/901-F5/2003 (h9.4.1, G1-like) were classified as outliers as they 214 
were >3.0 in AU distance from any of the consensus antigens (grey; Fig. 2 and Table 2). H9s 215 
with <40 HI titers against any of the antisera were considered to have low to no cross-reactivity 216 
against any of the antisera and were removed from the antigenic analysis (Table 2). Overall, we 217 
observed mismatching between phylogenetic and antigenic analysis among viruses within the 218 
h9.3 and h9.4 lineages, mostly poultry isolates. Both h9.3 and h9.4 phylogenetic lineages 219 
contained the most antigenically variable strains, which fell under the different clusters (and 220 
some were outliers). The A/qa/UAE/302/2001 (b18, Fig 2D) HA antigen was equally distant 221 
from h9.4.2 and WF10 antigens with 2.1 AU of distance in both cases (Table 2). Taken 222 
together, the results provide an antigenic map of the H9 HA using consensus and wild type HA 223 
sequences probed with quail sera.  224 

Analysis of antigenic cluster transitions. To better define the amino acid signatures involved 225 
in the antigenic profile of H9 HA antigens the differences among the prototypic WF10 h9.4.1 226 
(cyan), the h9.4.2 (blue), and the h9.3.9 consensus viruses were further analyzed. The HAU 227 
distance between WF10 h9.4.1 and h9.4.2 are lower (3.4 AU) than the distance between WF10 228 
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h9.4.1 and h9.3.9 (4.1 AU). Amino acid substitution differences between WF10 h9.4.1 (cyan) 229 
and the h9.4.2 (blue) include E72G, G135D, E180A, and I186T, which have been previously 230 
reported as antigenically relevant for H9 (12, 13, 16, 17, 34). We selected 9 positions, 72, 131, 231 
135, 150, 180, 186, 188, 198, and 217 that differed between WF10 h9.4.1 and h9.4.2 and 232 
changed specific amino acid positions by site-directed mutagenesis. (Fig 3A-B and Table 4). 233 
The WF10-9p-h9.4.2 virus expressing the WF10 HA with the 9 amino acid signatures of the 234 
h9.4.2 consensus showed antigenic cluster transition from cyan (WF10 h9.4.1) to blue (h9.4.2) 235 
(Fig 3C). The distance between WF10 h9.4.1 and WF10-9p-h9.4.2 was 3.8 AU, whereas the 236 
distance between h9.4.2 and WF10-9p-h9.4.2 was 1.6 AU. The counterpart h9.4.2-9p-WF10 237 
virus expressing the h9.4.2 HA1 portion with the 9 amino acids from WF10 (Fig 3B) showed 238 
antigen transition from the blue (h9.4.2) to cyan (WF10 h9.4.1) cluster (Fig 3C). The distance 239 
between h9.4.2 and h9.4.2-9p-WF10 was 3.2 AU, whereas the distance between h9.4.2-9p-240 
WF10 and WF10 h9.4.1 was 0.7 AU confirming the antigenic relevance of these positions. 241 
Similarly, two WF10 h9.4.1 viruses (Fig 4A-B) carrying 7 amino acid signatures of h9.3.9 242 
(WF10-7p-h9.3.9a: 127, 131, 173, 180, 182, 183, and 217 and WF10-7p-h9.3.9b: 127, 131, 243 
146, 180, 182, 183, and 217) showed full cluster transition from cyan (h9.4.1) to orange (h9.3.9) 244 
(Fig 4D and Table 4) with 0.9 AU and 1 AU of distance between h9.3.9 and WF10-7p-h9.3.9a 245 
or WF10-7p-h9.3.9b, respectively. The h9.3.9-8p-WF10 virus with 8 amino acid signatures 246 
positions (127, 131, 146, 173, 180, 182, 183, and 217) of the WF10 h9.4.1 (Fig 4C) showed 247 
antigenic transition from orange (h9.3.9) to cyan (WF10 h9.4.1) (Fig 4D). Distances between 248 
h9.3.9-8p-WF10 (cyan) and h9.3.9 (orange) or WF10 h9.4.1 (cyan) were 3.6 AU and 1.3 AU, 249 
respectively. To further characterize antigenically relevant amino acid positions in more detail, 250 
single and double mutants in the context of WF10 h9.4.1 were produced (Figs 5-6 and Table 251 
5). From a panel of 19 mutants produced, 14 were viable. The results showed that the E180A-252 
h9.4.2 single mutant (Fig 5C) and the R131K/E180A-h9.4.2 double mutant (Fig 5E) led to the 253 
most significant antigenic changes between WF10 h9.4.1 (cyan) and h9.4.2 (blue). In both 254 
cases, antigens were cross-reactive between the cyan and blue clusters, determined by an AU 255 
<3 from WF10 h9.4.1 (cyan) and h9.4.2 (blue). The remaining single and double mutants 256 
affected HI activity (Tables 4 and 5), but none resulted in cluster transitions. Taken together, 257 
the results show that different positions modulate with different magnitudes the antigenic 258 
properties of H9 HA. Amino acid 180 has, in general, the largest effect on HI activity. 259 
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DISCUSSION 262 

The HA has a pivotal role in the antigenicity of FLUAV as it is the major target of 263 
neutralizing antibodies and subject to positive selection. Phylogenetics combined with antigenic 264 
analysis is the basis for human, avian, and equine influenza vaccine selection (43). Antigenic 265 
cartography facilitates the understanding of FLUAV antigenic drift by visualizing HI data as a 266 
spatial relationship between antigens in a map (36, 38, 42). We captured the antigenic diversity 267 
of dissimilar H9 viruses, underscored by the ability of synthetic consensus viruses to induce HI 268 
responses that recognize their genetically related field antigens. For antigenic characterization, 269 
boost immunizations with inactivated-whole virus adjuvant formulations were performed in quail 270 
at 14 dpi and allowed increasing titer levels of poorly immunogenic antigens (Fig. 2A). Quail 271 
antibody responses to H9 FLUAV mimicked what was previously reported in the literature for 272 
chicken sera (13, 17). The synthetic consensus viruses aligned antigenically with 273 
representative H9 prototype field strains, supporting that the HA globular head has a pivotal role 274 
in shaping the antigenic phenotype. The results reinforce the hypothesis that genetic 275 
relatedness can predict the antigenic phenotype, with some exceptions (Fig 2B-D). WF10 276 
h9.4.1 and A/qa/HK/G1/97 (G1 prototype strain), which are phylogenetically related, showed 277 
also antigenic similarity (cyan cluster). These two antigens clustered separately from h9.4.2 278 
(blue cluster), which showed strong cross-reactivity with most poultry isolates from the Middle 279 
East and Asia (Table 2). Similarly, h9.3.3 and h9.3.4 consensus antigens demonstrated strong 280 
cross-reactivity with their respective prototype lineages A/ck/HK/G9/1997 (G9, h9.3.3-like) and 281 
A/dk/HK/Y280/1997 (Y280, h9.3.4-like). The strong HI cross-reactivity of the H9 field isolates 282 
against the heterologous clade-specific consensus antisera also supported the antigenic map 283 
results. Interestingly, consensus clades h9.3.3-7 and h9.4.2 showed similar antigenic 284 
phenotypes despite their genetic differences. Furthermore, the h9.3.9 (orange cluster) antigenic 285 
properties differed significantly from the rest of the h9.3 consensus viruses, with the highest 286 
reaction against its homologous sera (HI titer: 5120) and marginal cross-reactivity with 287 
heterologous sera. Strikingly, the % of identity between the h9.3.9 consensus HA and the 288 
closest relative (A/dk/Hunan/1/2006) was 93.3%, being the lowest observed among the different 289 
clades, perhaps exposing a gap in sequence availability from the online databases. 290 
Nonetheless, sequence comparison between h9.3.9 and A/dk/Hunan/1/2006 revealed 291 
differences in key positions such as G72E, R146Q, N149G, N183D, and M217Q (Fig 4-6)(12, 292 
13, 16, 17, 34) which may account for the antigenic differences despite the close phylogenetic 293 
relationships. Few other H9 field isolates fell outside the 3 AU radius from any consensus 294 
antigen, despite the intermediate level of reactivity against the antisera panel. These 295 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 19, 2023. ; https://doi.org/10.1101/2023.05.18.541344doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.18.541344


observations highlight the significant impact of a few amino acid changes in modulating HI 296 
activity (35-38) and reiterate the importance of antigenic cartography in correcting phylogenetic 297 
predictions.  298 

Most wild bird isolates from Europe and North America clustered with the h9.1.1 and 299 
h9.2.2 consensus antigens (red cluster) (Table 2), as predicted by the phylogenetic analysis. 300 
However, this data must be carefully interpreted due to the relatively low inherent antigenicity 301 
and immunogenicity of these antigens compared to the rest of the consensus and field antigens. 302 
This was evidenced by the relatively low homologous HI titers (40-160) obtained in quail 303 
immunized with h9.1.1 (HI titers: 80-160) and h9.2.2 (HI titers: 40-160) despite the boost and 304 
the overall poor cross-reactivity of these antigens with heterologous sera (Table 1). Similarly, 305 
most H9 wild bird isolates from Europe and North America had poor reactivity with any 306 
consensus heterologous sera (Table S1).  307 

The generation of a humoral response that interferes with the interaction of HA with its 308 
receptor is key to achieving sterilizing immunity against FLUAV. Seven residues (145, 155, 156, 309 
158, 159, 189, and 193, H3 numbering) near the RBS were identified as the major determinants 310 
of antigenic drift in human and swine H3N2 FLUAVs (35, 39). Similarly, amino acid substitutions 311 
were identified as the major drivers of antigenic diversity of H5N1 clade 2.1, human H2N2, and 312 
pandemic H1N1 FLUAVs (37, 40, 41). For H9N2, molecular signatures of antigenicity are poorly 313 
characterized. Over 40 amino acid positions have been described for the H9 HA as antigenically 314 
relevant, mainly through generating escape mutants using mouse monoclonal antibodies and/or 315 
inferred from HI data (13, 14, 16, 19, 42-45). Using chicken sera, 24 amino acid positions 316 
distributed over the entire H9 HA were considered antigenically relevant (17). Based on the 317 
initial antigenic characterization (Fig 2), full cluster transitions from WF10 (cyan) to the h9.4.2 318 
(blue) and h9.3.9 (orange) antigenic profiles were readily observed with the WF10-9p-h9.4.2 319 
(substitutions at positions 72, 131, 135, 180, 186, 188, 198, and 217) and WF10-7p-h9.3.9a/b 320 
antigens (substitutions at positions 127, 131, 146 or 173, 180, 182, 183, and 217), respectively 321 
(Fig 3 and 4). The impact of single or double amino acid substitutions was less clear (Figs 5 322 
and 6). The E180A-h9.4.2 single mutant (Fig 5C) and the R131K/E180A-h9.4.2 double mutant 323 
(Fig 5E) showed the strongest effect, with antigens positioning at <3.0 AU from the cyan and 324 
blue antigenic cluster. These observations suggest a role for position 180 since the R131K 325 
single mutant had minimal effect on HI activity compared to the WF10 h9.4.1 HA (Fig 5A). 326 
Consistent with these observations, a previous report using the strain A/chicken/Shanghai/F/98 327 
(H9N2) determined position 180 as directly responsible for antigenic drift (30). Variability at 328 
position 180 was also reported in field isolates from Morocco between 2018-2019, reinforcing a 329 
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preponderant role of position 180 in evading pre-existing immunity (46). Consistent with the 330 
Morocco study, molecular characterization of H9N2 viruses from local markets in southern 331 
China also revealed a potential role of position 180 (and other positions) on antigenic properties 332 
(28). Spatiotemporal dynamics analysis from live-poultry markets in China has shown selection 333 
pressure in positions 146, 150, and 180 (47). A role of position 180 has been suggested also for 334 
the cross-species barrier where the 180V mutation favors the replication of H9N2 in mice (48). 335 
Other studies have attributed antigenic modulation to several HA residues without including 336 
position 180 (27, 49). The latter is consistent with the idea that additional positions within the HA 337 
can modulate the antigenic properties, which is consistent with the findings in this report where 338 
8 or 9 substitutions were introduced (Fig 3 and 4). A previous report also described the role of 339 
position 217 in H9 antigenicity. However, in the global scale analysis, position 217 alone is 340 
insufficient for an antigenic cluster transition suggesting modest effects on antigenicity (29). 341 
Position 183 was also recently suggested as a modulator of the antigenic properties and overall 342 
replication of H9N2 viruses (50). This is consistent with the results observed between WF10 343 
h9.4.1 (cyan) and h9.4.2 (blue). Antigenically relevant positions such as 180 and 217 have also 344 
been shown to affect receptor-binding avidity (29, 51, 52), as it has position 216 (4, 24, 53). 345 

Other single or double substitutions showed changes in the level of antigenicity; 346 
however, none were enough on their own to produce complete antigenic cluster transitions (Fig. 347 
5). Reduced HI activity against the parental WF10 antiserum was observed for substitutions at 348 
positions G149N-h9.3.5 and F150A- h9.3.5 (1.7 AU and 1.5 AU respectively), but no reciprocal 349 
increase in cross-reactivity against the target antiserum was observed (Table 4). The 350 
F150L/Q217I-h9.4.2 double mutant had a higher impact on the parental WF10 than the single 351 
mutant Q217I-h9.4.2 (1.7 AU for 150-217-h9.4.2 versus 0.7 AU for 217-h9.4.2), and a similar 352 
effect was observed against the target h9.4.2 antiserum (4.5 AU for F150L/Q217I-h9.4.2 versus 353 
3.5 AU for Q217I-h9.4.2). These observations point to relatively few additional substitutions as 354 
likely responsible for antigenic cluster transitions.  355 

Despite the remarkable plasticity of the H9 HA of WF10, reversions were observed in 5 356 
out of 19 mutants, suggesting that tolerability of changes in antigenically relevant amino acids 357 
may be context dependent and likely encompass compensatory substitutions  (36, 54). In 358 
addition, we identified a set of non-cross-reactive strains (Table 2 and Fig 2C) whose initial 359 
sequence information would predict to fall in at least one of the antigenic clusters described. 360 
These strains included A/dk/HK/448/1978, A/qa/Saudi A/489_46v08/2006, 361 
A/ck/NKorea/99020/99 and A/ma/Eng/7798_6499/2006.  The strain, A/ck/Tun/345/2011, with an 362 
HA1 region almost identical to A/ck/Tun/812/2012 in key amino acid signatures, failed to show 363 
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cross-reactivity with members of the blue cluster, suggesting the involvement of other potentially 364 
relevant epitopes.  365 

Most studies of H9N2 antigenicity in poultry involve the use of chicken sera but not sera 366 
from minor land-based poultry species, such as quail. Japanese quails have been suggested as 367 
key players in the genesis of the adaptation of influenza viruses with respiratory tract tropism 368 
(21, 22). Quail are also more susceptible to H9N2 infection than chickens (31). In addition, quail 369 
show wide distribution in the respiratory tract of avian-like (SAα2.3) and human-like (SAα2.6) 370 
sialic acid receptors, which may have contributed to the emergence of the current poultry-371 
adapted H9N2 strains with human-like receptor preference (55). Thus quail might have played a 372 
role as an intermediate host between wild aquatic birds and poultry in the emergence of H9N2 373 
strains with altered host range (23, 24). The antigenic analyses using quail antisera provide 374 
significant insights into anti-HA responses in a relevant poultry species for influenza replication 375 
and evolution. The current literature shows different approaches employed for the antisera 376 
generation, including live virus inoculation and inactivated/adjuvanted virus vaccination to study 377 
antigenicity of the HA of influenza viruses. Still, none have used quail sera as a model (17, 25-378 
28). The results validate using the quail model to study the antigenicity of H9N2 as well as other 379 
viral properties such as virus replication, pathogenesis, and transmission. Although the results 380 
provide novel insights into the antigenic properties of FLUAV of the H9 subtype on a global 381 
scale, some limitations must be noted. The initial phylogenetic analysis for generating the 382 
consensus sequences was performed in 2016. As H9N2 viruses continue to evolve with 383 
inherent animal and public health risks, further studies are needed to better dissect the role of 384 
amino acid substitutions  on the HA that modulate host range, replication, pathogenesis, 385 
transmission, and antigenicity.   386 

In conclusion, phylogenetics was used to generate consensus on H9 viruses 387 
encompassing their natural diversity.  We demonstrated that these consensus H9 viruses were 388 
biologically active, capable of triggering an immune response associated with the generation of 389 
neutralizing antibodies, and manifested important distinctive biologic characteristics driven only 390 
by their differences in the HA1 domains. Using this system, we explored antigenicity and 391 
modulation of HI profiles using antisera obtained from quail. The sera obtained allowed us to 392 
narrow down antigenically relevant amino acids, as many as 9 for h9.4.2 (at positions 72, 131, 393 
135, 180, 186, 188, 198, and 217) and 6 for h9.3.9 (127, 131, 180, 182, 183, and 217) to as few 394 
as 1 (E180A), to produce antigenic cluster transitions. The results are relevant to pave the way 395 
for a better understanding of the molecular signatures of antigenicity in H9 viruses, facilitating a 396 
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rational approach for selecting more efficacious vaccines against poultry-origin H9 influenza 397 
viruses. 398 

Words: 1797 399 

MATERIALS AND METHODS 400 

Ethics statement. Use of quail for sera preparation against H9 FLUAVs adhered to and 401 
approved by the Institutional Animal Care and Use Committee of UGA under protocols 402 
A201506-026-Y3-A5. Quail studies were conducted in a USDA-approved ABSL2 facility at the 403 
Poultry Diagnostic Research Center, College of Veterinary medicine, UGA, with each group of 404 
quail housed in individual HEPA in/out isolator units. As needed, based on humane endpoints or 405 
at the end of the experiments, animals were humanely euthanized following guidelines 406 
approved by the American Veterinary Medical Association. 407 

Cells. Madin-Darby canine kidney (MDCK) cells were a kind gift from Robert Webster (St. Jude 408 
Children’s Research Hospital, Memphis, TN). Human embryonic kidney 293T cells were 409 
obtained from the American Type Culture Collection (CRL-3216, Manassas, VA). Cells were 410 
maintained in Dulbecco’s modified Eagle’s medium (DMEM; Sigma-Aldrich, St. Louis, MO) 411 
containing 10% fetal bovine serum (Sigma-Aldrich), 1% antibiotic-antimycotic (Sigma- Aldrich) 412 
and 1% L-glutamine (Sigma- Aldrich). Cells were cultured at 37°C in a humidified incubator 413 
under 5% CO2. 414 

Database and phylogenetic analysis of HA sequences. H9 HA sequences were obtained 415 
from the Influenza Research Database (IRD), the Bacterial and Viral Bioinformatics Resource 416 
Center (BV-BRC), and the Global Initiative on Sharing All Influenza Data (GISAID) (56, 57). The 417 
initial phylogenetic analysis was performed on 984 global representative H9 avian isolates from 418 
1966 to the 18th of March 2016 and was used to build the H9 consensus sequences presented 419 
in this study. The phylogenetic analysis was then updated on July 14th, 2020, and included 420 
1,316 manually curated sequences. The amino acid frequencies were analyzed using the 421 
protein sequence variant analysis tool provided by Scop3D (58). HA sequences were mapped 422 
to the A/gf/HK/WF10/1999 (WF10), GenBank accession #AY206676, (31) reference sequence 423 
using Geneious (version 10.2.3, Auckland, New Zealand). H9 HA1 sequences spanning the 424 
period from 1966 to 2020 were manually pruned to remove truncated and or repetitive 425 
sequences. An amino acid alignment was generated using default settings in MUSCLE (59). 426 
The numbering of HA corresponds to the mature H9 HA. All known key antigenic sites were 427 
considered in the phylogenetic algorithm using optimization with GARLI (60). A maximum-428 
likelihood tree was inferred using RAxML v.8.1.24 (61) with a general time-reversible (GTR) 429 
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substitution model with gamma-distributed rate variation among sites, followed by Garli for 430 
branch optimization. A starting tree was generated using parsimony methods with the best-431 
scoring tree, and statistical support was obtained using the rapid bootstrap algorithm. Initially, 432 
18 consensus sequences were produced, representative of genetic variations within 433 
phylogenetic groups. Of these, 10 consensus sequences were selected (Fig. 1).  434 

Generation of chimeric HA plasmids for reverse genetics. The cDNA copies encoding the 435 
HA1 consensus or mutant sequences were synthesized by Genscript (Piscataway, NJ, USA) 436 
and then sub-cloned into the plasmid pDP-BsmbI-WF10_HA2 encoding the HA2 portion of 437 
WF10. All chimeric constructs contained the identical cleavage site motif (PARSSR) of the WT 438 
HA of WF10.  439 

Viruses. Chimeric HA plasmids were used for reverse genetics using the previously described 440 
WF10 backbone (53, 62). Reverse genetics was performed using co-cultured 293T and MDCK 441 
cells, as previously detailed (63). Virus stocks were prepared in MDCK cells or 9 to 11-day-old 442 
specific pathogen-free (SPF) embryonated chicken eggs.  Virus stocks were aliquoted and 443 
stored at -80ºC until use. Virus stocks were titrated by tissue culture infectious dose 50 (TCID50) 444 
as described (64).  445 

Sequencing. Standard Sanger sequencing was performed on all HA plasmids and HA PCR 446 
products from all H9 virus stocks by Psomagen (Rockville, MD, USA). Next-generation 447 
sequencing (NGS) was performed on all consensus viruses' whole genomes to exclude 448 
unwanted substitutions. For whole-genome sequencing, amplicon sequence libraries were 449 
prepared using the Nextera XT DNA library preparation kit (Illumina, San Diego, CA) according 450 
to the manufacturer’s protocol. Barcoded libraries were multiplexed and sequenced on a high-451 
throughput Illumina MiSeq sequencing platform in a paired-end 150-nucleotide run format. De 452 
novo genome assembly was performed as described previously (65). 453 

Preparation of H9 antisera in quail. 3-week-old Japanese quails (Coturnix c. japonica, 454 
n=6/group) were inoculated by the oculo-nasal-tracheal route with 106 TCID50/quail of the 455 
following WF10-chimeric HA (H9N2) viruses: h9.1.1, h9.2.2, h9.3.3, h9.3.4, h9.3.5, h9.3.7, 456 
h9.3.9, h9.4.1 (WF10) and h9.4.2. A negative control (n=6, mock-inoculated with PBS) was 457 
included. Active infections were monitored by Flu DETECT (Zoetis, Kalamazoo, Michigan) on 458 
tracheal swabs collected from days 1-7 post-inoculation. Boost vaccination was performed with 459 
the homologous virus inactivated at 4ºC for 3 days with 0.1% beta propiolactone (BPL) (Sigma-460 
Aldrich Corporation, St. Louis, MO) as previously described (66). On the day of the boost, 512-461 
1024 HAU/50ul of the corresponding virus was mixed 1:1 (vol/vol) with Montanide ISA 71 VG 462 
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adjuvant (Seppic, Paris, France), in an emulsion, as per manufacturer protocol. Then, quail 463 
were inoculated subcutaneously in the neck with 300 µL (150 µL inactivated virus + 150 µL 464 
Montanide) of the homologous virus-adjuvant emulsion. At 14 days post-boost (dpb), quails 465 
were terminally bled under anesthesia, and sera were collected for HI assays. After testing each 466 
bird's seroconversion level, sera with similar titers were pooled, three quail/pool, two sera 467 
pools/antigen (Table 1).  468 

Antigenic characterization. Standard hemagglutination (HA) and HI assays were performed 469 
as previously described (67). Before HI testing, sera were heat inactivated at 56°C for 30 min 470 
and adsorbed with 50% chicken red blood cells (RBCs) to remove nonspecific inhibitors of 471 
hemagglutination. Sterile PBS was added, allowing the sera to reach a final dilution of 1:10. 472 
Then sera were transferred to 96-well plates and serially diluted 2-fold in 25 µL of sterile PBS 473 
and mixed with 4 HAU/25 µL of each virus. The virus-sera mixture was incubated for 15 min at 474 
room temperature and then added 50 µL per well of 0.5% chicken RBCs (100 µL final 475 
volume/well). The HI activity was determined after 45 min of incubation. 476 

Antigenic cartography. The HI data using quail sera (Table S1) was analyzed separately and 477 
merged through the ACMACS antigenic cartography website (https://acmacs-web.antigenic-478 
cartography.org) as previously described (68, 69). HI data sets were subject to a dimensional 479 
analysis in all dimensions (2D, 3D, 4D and 5D) with 2,000 optimizations and an automatic 480 
minimum column basis parameter to identify which model best fits this data set. Antigens that 481 
exploited no to low (<40) reactivity against the entire antisera panel were removed from the 482 
analysis and annotated. The distance between the spheres (antigens) and antisera (squares) is 483 
inversely correlated to the log2 titer measured by the HI assay. One antigenic unit is the 484 
equivalent of a 2-fold loss/gain in HI activity. Clusters were initially established by applying the 485 
Ward method of hierarchical clustering. Within these, reference antigens were selected based 486 
on their biological significance, and clusters were adjusted to enclose antigens exclusively 487 
within a 3 AU radius from these selected reference antigens. We used 3 AU or a ≥8-fold loss in 488 
cross-reactivity, as defined by the WHO recommendation to update human seasonal vaccine 489 
strains, as the threshold of significant antigenic difference. 490 

Site Direct Mutagenesis. The site-directed mutagenesis kit (ThermoFisher, Waltham, MA) 491 
generated single and double amino acid substitutions in the WF10 HA gene segment following 492 
manufacturer conditions. Plasmid sequences were confirmed by Sanger sequencing. 493 

Words: 1172 494 

  495 
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FIGURE LEGENDS 739 

Fig. 1. Global phylogenetic analysis of H9N2 FLUAV. (A) Maximum Likelihood phylogeny of 740 
1,316 H9 avian HA1 nucleotide sequences from the GISAID and IRD databases updated July 741 
14th, 2020, generated with RaxML followed by Garli branch length optimization. Nodes at the 742 
end of each branch are color-coded based on the geographic origin of each isolate. Amino acid 743 
substitutions using one-letter code and numbering based on H9 HA mature sequence are 744 
shown. Highlighted in black are H9 sub-lineages chosen to generate consensus HA1 region 745 
sequences and to produce chimeric H9 HA constructs with a constant HA2 region. Sub-lineages 746 
that were unsuccessful in reverse genetics are shown in grey. The h9.4.1 consensus is 747 
represented by the prototypic virus A/gf/HK/WF10/1999 (H9N2). (B) WebLogo by Geneious 748 
v2022.2.2 with the alignment of the consensus HA1 amino acid sequences and closest relatives 749 
in each case (under each consensus sequence) against WF10 wild-type HA1. (*) on top of 750 
amino acid positions indicate potentially relevant antigenic amino acids. The closest relative for 751 
h9.3.9 and h9.3.7 is the same (A/dk/Hunan/1/2006). No closest relative against h9.2.4 and 752 
h9.2.3 are shown since no viable virus was obtained for those clades. 753 

Fig. 2. Antigenic maps using quail sera against H9 viruses. (A) Schematic representation of 754 
the inoculation in quails produced with Biorender.com. Birds were inoculated with each 755 
consensus virus at day 0, and at 14dpi they were boosted with homologous inactivated-756 
adjuvanted virus preparations. At 28dpi, quails were bled, and the antisera were obtained. (B) 757 
Antigenic map with spheres representing consensus viruses and squares representing the 758 
different antisera. Viruses are highlighted and colored by respective clusters (cyan, red, blue, 759 
and orange). AU distances between representative antigens from each cluster are shown next 760 
to dashed grey lines connecting them. (C) Antigenic map with spheres representing consensus 761 
viruses + prototypical strains (QA/HK/G1/07, DK/HK/Y280/97, and CK/HK/G9/97) and squares 762 
representing the different antisera. Viruses are highlighted and colored by respective clusters 763 
(cyan, red, blue, and orange). AU distances between representative antigens from each cluster 764 
and prototypic strains are shown next to dashed grey lines connecting them. (D) Antigenic map 765 
with spheres representing consensus viruses + field isolates (n=46) and squares representing 766 
the different antisera. Viruses are highlighted and colored by respective clusters (cyan, red, 767 
blue, and orange). AU distances between representative antigens from each cluster are shown 768 
next to dashed grey lines connecting them. Except for the orange antigenic h9.3.9 antigen, all 769 
other antigens that showed sera reactivity but did not fall into an antigenic cluster are shown in 770 
grey as outliers. Specific viruses are denoted by codes shown in Table 2. 771 
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 772 

Fig. 3. Analysis of molecular signatures of antigenicity between cyan-blue antigenic 773 
clusters. Transitions of H9 virus mutants carrying selected amino acid substitutions. 3D 774 
structures were generated with PyMOL and color-coded as follows: Red = amino acids in the 775 
RBS (91, 143, 173, 184, 185, and 216), cyan=WF10, and blue= h9.4.2. (A) WF10-9p-h9.4.2 776 
mutant with the HA-WF10 carrying substitutions at positions 72, 131, 135, 150, 180, 186, 188, 777 
198, and 217 corresponding to the h9.4.2 consensus sequence. (B) h9.4.2-9p-WF10 mutant 778 
with the HA-h9.4.2 modified at amino acid positions 72, 131, 135, 150, 180, 186, 188, 198, and 779 
217 corresponding to the WF10 HA sequence. (C) Antigenic map showing the antigenic cluster 780 
transitions of the mutants evaluated. AUs are stated adjacent to respective arrows: Dashed 781 
lines highlight the distances between the mutant and the “target” virus and between WF10 782 
(h9.4.1) and h9.4.2.  783 

Fig. 4. Cyan-orange antigenic cluster transitions of H9 virus mutants carrying selected 784 
amino acid substitutions. (A) WF10-7p-h9.3.9a mutant with the HA-WF10 H9.4.1 and 785 
substitutions at positions 127, 131, 173, 180, 182, 183, and 217 corresponding to the h9.3.9 786 
antigen. (B) The WF10-7p-h9.3.9b mutant is the same as in A, except that substitutions are at 787 
positions 127, 131, 146, 180, 182, 183, and 217. (C) h9.3.9-8p-WF10 mutant with the HA-h9.3.9 788 
modified at amino acid positions 127, 131, 146, 173, 180, 182, 183, and 217, corresponding to 789 
the WF10 HA sequence. 3D structures as described in Fig 3, except that orange, highlights 790 
amino acids in the h9.3.9 consensus sequence. (D) Antigenic map showing the antigenic cluster 791 
transitions of the mutants evaluated. AUs are stated adjacent to respective arrows: Dashed 792 
lines highlight the distances between the mutant and the “target” viruses and between WF10 793 
(h9.4.1) and h9.3.9.  794 

Fig. 5. Antigenic cartography results for H9 virus mutants carrying single or double 795 
amino acid substitutions between WF10 h9.4.1 and h9.4.2/h9.3.5 in the WF10 HA 796 
backbone. (A) R131K-h9.4.2; (B) F150L-h9.4.2; (C) E180A-h9.4.2 (D) Q217I-h9.4.2; (E) 797 
R131K-E180A-h9.4.2; (F) F150L-Q217I-h9.4.2; (G) G149N-h9.3.5; (H) F150A-h9.3.5; (I) 798 
G149N-F150A-h9.3.5.   AUs and 3D renderings are color-coded as described in Fig. 3. Only the 799 
E180A-h9.4.2 (cyan to blue) and the R131K/E180A-h9.4.2 (cyan to blue) mutants showed 800 
cluster transitions. 801 

Fig. 6. Antigenic cartography results for H9 virus mutants carrying single or double 802 
amino acid substitutions between WF10 h9.4.1 and h9.3.9 in the WF10 HA backbone. (A) 803 
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F150D-h9.3.9; (B) Q217M-h9.3.9; (C) F150D-E180T-h9.3.9; (D) F150D-Q217M-h9.3.9; (E) 804 
E180T-Q217M-h9.3.9. AU units and 3D renderings are color-coded, as described in Fig. 4. 805 

 806 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 19, 2023. ; https://doi.org/10.1101/2023.05.18.541344doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.18.541344


was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 19, 2023. ; https://doi.org/10.1101/2023.05.18.541344doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.18.541344


was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 19, 2023. ; https://doi.org/10.1101/2023.05.18.541344doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.18.541344


was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 19, 2023. ; https://doi.org/10.1101/2023.05.18.541344doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.18.541344


was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 19, 2023. ; https://doi.org/10.1101/2023.05.18.541344doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.18.541344


was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 19, 2023. ; https://doi.org/10.1101/2023.05.18.541344doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.18.541344


was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 19, 2023. ; https://doi.org/10.1101/2023.05.18.541344doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.18.541344


was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 19, 2023. ; https://doi.org/10.1101/2023.05.18.541344doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.18.541344


Ta
bl

e 
1.

 C
ro

ss
-H

I t
ite

rs
 a

ga
in

st
 c

hi
m

er
ic

 H
A-

W
F1

0 
(H

9N
2)

 v
iru

se
s 

us
in

g 
qu

ai
l s

er
a.

  
 

 
Q

ua
il 

Se
ra

* 
Vi

ru
s 

h9
.1

.1
_

1 
h9

.1
.1

_
2 

h9
.2

.2
_

1 
h9

.2
.2

_
2 

h9
.4

.2
_

1 
h9

.4
.2

_
2 

h9
.3

.3
_

1 
h9

.3
.3

_
2 

h9
.3

.4
_

1 
h9

.3
.4

_
2 

h9
.3

.5
_

1 
h9

.3
.5

_
2 

h9
.3

.7
_

1 
h9

.3
.7

_
2 

h9
.3

.9
_

1 
H9

.3
.9

_
2 

W
F1

0 
(h

9.
4.

1)
_1

 

W
F1

0 
(h

9.
4.

1)
_2

 
h9

.1
.1

 
80

 
16

0 
<2

0 
40

 
<2

0
<2

0
<2

0
<2

0
<2

0
<2

0
<2

0 
<2

0
<2

0
<2

0
<2

0
<2

0
<2

0
40

h9
.2

.2
 

<2
0 

<2
0 

40
 

16
0 

<2
0

<2
0

<2
0

<2
0

<2
0

<2
0

<2
0 

<2
0

<2
0

<2
0

<2
0

<2
0

<2
0

<2
0 

h9
.4

.2
 

16
0 

32
0 

32
0 

64
0 

25
60

25
60

25
60

12
80

64
0

25
60

64
0 

12
80

64
0

32
0

32
0

16
0

25
60

12
80

 

h9
.3

.3
 

16
0 

64
0 

64
0 

12
80

 
12

80
12

80
51

20
51

20
25

60
25

60
12

80
 

25
60

25
60

25
60

64
0

32
0

64
0

32
0 

h9
.3

.4
 

16
0 

64
0 

64
0 

12
80

 
12

80
12

80
51

20
51

20
25

60
51

20
25

60
 

51
20

25
60

25
60

64
0

32
0

64
0

32
0 

h9
.3

.5
 

16
0 

32
0 

64
0 

64
0 

64
0

64
0

25
60

25
60

25
60

25
60

25
60

 
25

60
12

80
12

80
32

0
16

0
16

0
16

0 

h9
.3

.7
 

16
0 

64
0 

64
0 

12
80

 
12

80
12

80
51

20
25

60
25

60
51

20
25

60
 

25
60

25
60

12
80

64
0

64
0

64
0

32
0 

h9
.3

.9
 

40
 

16
0 

16
0 

16
0 

80
40

40
16

0
80

16
0

80
 

80
40

40
51

20
51

20
12

80
64

0 

W
F1

0 
(h

9.
4.

1)
 

16
0 

16
0 

16
0 

16
0 

16
0

16
0

16
0

32
0

80
16

0
80

 
16

0
16

0
80

16
0

32
0

25
60

12
80

 

 * 
Se

ra
 w

as
 g

en
er

at
ed

 b
y 

po
ol

in
g 

se
ru

m
 s

am
pl

es
 fr

om
 3

 in
di

vi
du

al
 q

ua
il,

 2
 p

oo
ls

/v
iru

s.
 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 19, 2023. ; https://doi.org/10.1101/2023.05.18.541344doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.18.541344


Table 2. Cluster location and antigenic distances of consensus viruses and field isolates. 

Virus Closest Centroid Antigenic distance Label 
h9.1.1  h9.1.1  0  h9.1.1 
h9.2.2  h9.1.1  2.9  h9.2.2 
A/ma/Finland/LI13384/2010c  h9.1.1  2.6  r1 
A/rt/New Jersey/AI11‐1946/2011  h9.1.1  0.9  r2 
A/sh/Delaware/9/1996  h9.1.1  2.0  r3 
A/ph/Republic of Ireland/PV18/1997  h9.1.1  0.3  r4 
A/dk/Hong Kong/702/1979  h9.1.1  1.4  r5 
A/sh/Delaware/277/1999  h9.1.1  0.5  r6 
 A/tk/USA/6707‐1/1996  h9.1.1  1.2  r7 
A/ck/Shijiazhuang/2/1999  h9.1.1  1.0  r8 
A/qa/Arkansas/29209/1993  h9.1.1  1.3  r9 
A/ck/Sichuan/5/1997  h9.1.1  2.7  r10 
A/ck/Jordan/554/2003  h9.1.1  1.7  r11 
h9.4.2  h9.4.2  0  h9.4.2 
h9.3.3  h9.4.2  1.3  h9.3.3 
h9.3.4  h9.4.2  1.5  h9.3.4 
h9.3.5  h9.4.2  1.3  h9.3.5 
h9.3.7  h9.4.2  1.4  h9.3.7 
A/ck/Hong Kong/G9/1997  h9.4.2  1.4  G9 
A/dk/Hong Kong/Y280/1997  h9.4.2  0.7  Y280 
A/ck/Bangladesh/301/2007  h9.4.2  0.6  b1 
A/ck/Saudi Arabia/3489V08‐50/2008  h9.4.2  0.6  b2 
A/ck/Tunisia/812/2012  h9.4.2  0.5  b3 
A/ck/Pakistan/47/2003  h9.4.2  0.8  b4 
A/ck/Saudi Arabia/3489V08‐44/2006  h9.4.2  0.7  b5 
A/ck/Nepal/PT22/2013  h9.4.2  0.7  b6 
A/ck/Bangladesh/262‐O‐SUN‐1/2016  h9.4.2  1.1  b7 
A/ck/Saudi Arabia/A/2010  h9.4.2  1.1  b8 
A/ck/Tunisia/12/2010  h9.4.2  1.0  b9 
A/ck/India/1/2003  h9.4.2  1.2  b10 
A/ck/Germany/K1009/1998  h9.4.2  0.7  b11 
A/ck/Pakistan/UDL 7/2008  h9.4.2  0.8  b12 
A/ck/Hong Kong/SF3/1999  h9.4.2  1.7  b13 
A/ck/Iran/AIV 1/2003  h9.4.2  1.6  b14 
A/ck/Iraq/30/2011  h9.4.2  1.9  b15 
A/ck/Afghanistan/329V09/2008  h9.4.2  1.5  b17 
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A/qa/United Arab Emirates/302/2001  h9.4.2  2.1 
 

A/ck/Saudi Arabia/3489V08/2005  h9.4.2  2.2  b19 
A/dk/Hunan/1/2006  h9.4.2  2.4  b20 
A/av/Middle East/2/1998  h9.4.2  1.9  b21 
A/ck/Saudi Arabia/3489V08‐47/2007  h9.4.2  2.3  b22 
A/ck/Nepal/1‐220/2013  h9.4.2  2.7  b23 
A/ck/Guangdong/11/1997  h9.4.2  2.8  b24 
A/ty/Israel/1266/2003  h9.4.2  2.3  b25 
A/guinea fowl/Hong 
Kong/WF10/1999  WF10  0  WF10 
A/qa/Hong Kong/G1/1997  WF10  1  G1 
A/ck/Saudi Arabia/S11A/2003  WF10  2.4  c1 
A/ty/Netherlands/11015452/2012  WF10  ‐  c2 
A/qa/Hong Kong/A28945/88  WF10  1.7  c3 
h9.3.9  h9.3.9  ‐  orange 
A/ck/Beijing/8/1998  ‐  ‐  y1 
A/ck/Hebei/3/1998  ‐  ‐  y2 
A/ck/United Arab Emirates/H4TR/2011  ‐  ‐  y3 
A/ck/Libyia/D31 TRACH/2006      y4 
A/ck/Jordan/901‐F5/2003      y5 
A/ck/North_Korea/99029/1999  ‐  ‐  Black 
A/ck/Tunisia/345/2011  ‐  ‐  Black 
A/dk/Hong_Kong/448/1978  ‐  ‐  Black 
A/mallard/England/7798_6499/2006  ‐  ‐  Black 
A/ql/Saudi_Arabia/489_46v08/2006  ‐  ‐  Black 
aDetermined by antigenic analysis through ACMACS.  bOne unit of antigenic distance is equal to a 2-fild difference in the HI assay 

cAll virus strains are of the H9N2 subtype except where noted. *Not Tested; 1*Non cross reactive against the panel of antisera 
Animal species acronyms dl=duck. ck=chicken, ty=turkey, ph=pheasant, qa=quail, mal=mallard, rt= ruddy turnstone, sh=shorebird, av=avian.  
 
 
 

b18
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Table 3. Antigenic distances between consensus viruses and different field isolates. 
 

WF10 h9.4.2 h9.3.3 h9.3.4 h9.3.5 h9.3.7 h9.3.9 h9.1.1 h9.2.2 
A/guinea fowl/Hong 

Kong/WF10/1999 0.0 3.4 4.1 4.3 4.1 4.1 4.1 4.0 4.5 

h9.4.2 3.4 0.0 1.3 1.6 1.3 1.4 5.1 5.3 7.2 

h9.3.3 4.1 1.3 0.0 0.3 0.1 0.1 4.6 6.5 8.3 

h9.3.4 4.3 1.6 0.3 0.0 0.3 0.3 4.7 6.8 8.5 

h9.3.5 4.1 1.3 0.1 0.3 0.0 0.1 4.6 6.5 8.3 

h9.3.7 4.1 1.4 0.1 0.3 0.1 0.0 4.5 6.6 8.3 

h9.3.9 4.1 5.1 4.6 4.7 4.6 4.5 0.0 8.1 8.1 

h9.1.1 4.0 5.3 6.5 6.8 6.5 6.6 8.1 0.0 2.9 

h9.2.2 4.5 7.2 8.3 8.5 8.3 8.3 8.1 2.9 0.0 

A/av/Middle East/2/1998 3.7 1.9 3.2 3.4 3.2 3.3 6.6 3.8 6.3 

A/ck/Afghanistan/329V09/2008 3.5 1.5 2.8 3.0 2.8 2.9 6.3 4.1 6.4 

A/ck/Bangladesh/262-O-SUN-1/2016 4.5 1.1 1.7 1.8 1.7 1.8 6.1 5.7 8.0 

A/ck/Bangladesh/301/2007 3.9 0.6 1.5 1.7 1.5 1.6 5.6 5.3 7.4 

A/ck/Beijing/8/1998 6.7 4.6 3.3 3.0 3.3 3.2 4.8 9.7 11.1 

A/ck/Germany/K1009/1998 2.7 0.7 1.8 2.1 1.8 1.9 4.9 4.7 6.5 

A/ck/Guangdong/11/1997 4.1 2.8 4.1 4.3 4.1 4.2 7.3 3.2 6.0 

A/ck/Hebei/3/1998 7.5 4.1 4.0 3.9 4.0 4.1 8.6 8.2 10.8 

A/ck/Hong Kong/G9/1997 3.9 1.5 0.4 0.6 0.4 0.3 4.2 6.5 8.1 

A/ck/Hong Kong/SF3/1999 4.2 1.8 0.5 0.5 0.5 0.4 4.2 6.9 8.5 

A/ck/India/1/2003 4.3 1.2 2.1 2.3 2.2 2.2 6.3 5.2 7.6 

A/ck/Iran/AIV 1/2003 4.0 1.6 2.8 3.0 2.8 2.9 6.6 4.4 6.9 

A/ck/Iraq/30/2011 5.1 1.9 2.5 2.6 2.5 2.6 6.9 5.8 8.2 

A/ck/Jordan/554/2003 3.2 3.5 4.8 5.1 4.8 4.9 7.1 1.8 4.4 

A/ck/Jordan/901-F5/2003 5.9 3.4 4.3 4.4 4.3 4.4 8.5 5.2 8.1 

A/ck/Libyia/D31 TRACH/2006 5.9 4.1 5.1 5.3 5.1 5.2 9.0 4.5 7.5 

A/ck/Nepal/1-220/2013 3.0 2.7 4.0 4.2 3.9 4.0 6.5 2.6 5.1 

A/ck/Nepal/PT22/2013 4.1 0.7 1.4 1.6 1.4 1.5 5.7 5.6 7.7 

A/ck/Pakistan/47/2003 4.2 0.8 1.2 1.3 1.2 1.3 5.6 5.8 7.9 

A/ck/Pakistan/UDL 7/2008 3.3 0.8 2.1 2.3 2.1 2.2 5.7 4.6 6.7 

A/ck/Saudi Arabia/A/2010 4.3 1.1 1.9 2.1 2.0 2.0 6.2 5.4 7.7 

A/ck/Saudi Arabia/S11A/2003 1.9 3.0 4.2 4.5 4.2 4.2 5.8 2.4 4.2 

A/ck/Saudi Arabia/3489V08-44/2006 4.1 0.7 1.4 1.6 1.5 1.6 5.7 5.5 7.7 

A/ck/Saudi Arabia/3489V08-47/2007 4.8 2.3 3.4 3.5 3.4 3.5 7.4 4.7 7.4 

A/ck/Saudi Arabia/3489V08-50/2008 4.0 0.6 1.3 1.5 1.3 1.4 5.5 5.6 7.7 

A/ck/Saudi Arabia/3489V08/2005 4.5 2.2 3.3 3.4 3.3 3.4 7.2 4.4 7.1 

A/ck/Shijiazhuang/2/1999 3.8 4.4 5.7 6.0 5.7 5.8 7.8 1.0 4.0 
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A/ck/Sichuan/5/1997 5.1 4.4 5.7 5.9 5.7 5.8 8.8 2.8 5.8 

A/ck/Tunisia/12/2010 3.5 1.1 2.2 2.4 2.4 2.3 5.6 6.9 8.2 

A/ck/Tunisia/812/2012 3.7 1 2.2 2.4 2.2 2.3 6.0 4.7 7.0 
A/ck/United Arab 

Emirates/H4TR/2011 5.7 3.3 4.3 4.4 4.3 4.4 8.4 5.0 7.9 

A/ma/Finland/LI13384/2010c 2.0 4.9 5.9 6.2 5.9 5.9 5.9 2.7 2.4 

A/dk/Hong Kong/702/1979 5.3 6.0 7.3 7.6 7.4 7.4 9.4 1.4 4.0 

A/dk/Hong Kong/Y280/1997 3.5 0.7 0.7 1.0 0.7 0.7 4.5 5.8 7.5 

A/dk/Hunan/1/2006 5.1 2.4 1.1 0.8 1.1 1.1 4.9 7.6 9.4 

A/ph/Republic of Ireland/PV18/1997 3.7 5.2 6.5 6.7 6.5 6.5 7.8 0.3 2.8 

A/qa/Arkansas/29209/1993 2.8 4.8 5.9 6.2 5.9 5.9 6.8 1.3 2.5 

A/qa/Hong Kong/A28945/88 3.7 4.6 4.9 5.1 4.8 4.8 4.9 2.4 3.6 

A/qa/Hong Kong/G1/1997 0.7 3.7 4.5 4.8 4.5 4.5 4.8 3.3 3.8 

A/qa/United Arab Emirates/302/2001 2.1 2.1 3.3 3.6 3.3 3.3 5.5 3.3 5.1 

A/rt/New Jersey/AI11-1946/2011  3.6 4.4 5.7 5.9 5.7 5.7 7.6 0.9 3.8 

A/sh/Delaware/277/1999 3.7 5.2 6.5 6.7 6.5 6.5 7.8 0.5 2.6 

A/sh/Delaware/9/1996 3.8 6.3 7.4 7.7 7.4 7.4 7.7 2.1 1.0 

A/ty/Israel/1266/2003 3.6 2.3 3.5 3.8 3.5 3.6 6.7 3.4 5.9 

A/ty/Netherlands/11015452/2012 2.5 5.7 6.6 6.9 6.6 6.6 5.7 3.7 2.4 

A/tk/USA/6707-1/1996 3.1 5.1 6.3 6.6 6.3 6.3 7.2 1.2 2.2 
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Table 4. Summary of amino acid substitutions for each mutant and antigenic distances 
 

Antigenic distance 
from Antigenic cluster 

Mutant Substitution Virus WF10 h9.4.2   

WF10 (H9N2) Wild type YES 0.0 3.4 cyan 

h9.4.2 HA1 YES 3.4 0.0 blue 

WF10-9p-h9.4.2 

E72G, R131K, 
G135D, F150L, 
E180A, I186T, 

N188T, D198N, 
Q217I YES 3.8 1.6 blue 

h9.4.2-9p-WF10 

G72E, K131R, 
D135G, L150F, 
A180E, T186I, 

T188N, N198D, 
I217Q YES 0.7 

 

3.2 cyan 

131-h9.4.2 R131K YES 0.6 3.7 cyan 

150-h9.4.2 F150L YES 1.7 4.9 cyan 

180-h9.4.2 E180A YES 2.2 2.8   

217-h9.4.2 Q217I YES 0.7 3.5 cyan 

131-180-h9.4.2 R131K/E180A YES 1.1 2.3 

  

150-180-h9.4.2 F150L/E180A NO - - - 

150-217-h9.4.2 F150L/Q217I YES 1.7 4.5 cyan 

180-217-h9.4.2 E180A/Q217I NO - - - 

  Substitution Virus WF10 h9.3.9 Antigenic cluster 

h9.3.9 HA1 YES 4.1 0.0 orange 

WF10-7p-h9.3.9a 

T127D, R131K, 
V173M, E180T, 
T182R, N183D, 

Q217M YES 5.0 0.9 orange 

WF10-7p-h9.3.9b 

T127D, R131K, 
Q146R, E180T, 
T182R, N183D, 

Q217M YES 5.1 1.0 orange 

h9.3.9-8p-WF10 

D127T, K131R, 
R146Q, M173V, 
T180E, R182T, 

D183N, M217Q YES 1.3 3.6 cyan 

150-h9.3.9 F150D YES 1.3 4.5 cyan 

180-h9.3.9 E180T NO - - - 

217-h9.3.9 Q217M YES 1.0 4.9 cyan 

150-180-h9.3.9 F150D/E180T YES 0.7 4.0 cyan 

150-217-h9.3.9 F150D/Q217M YES 0.6 3.5 cyan 

180-217-h9.3.9 E180T/Q217M YES 0.7 4.3 cyan 

  Substitution Virus WF10 h9.3.5 Antigenic cluster 

h9.3.5 HA1 YES 4.1 0.0 blue 

blue/cyan 

blue/cyan
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149-h9.3.5 G149N YES 1.5 5.6 cyan 

150-h9.3.5 F150A YES 1.7 5.7 cyan 

180-h9.3.5  YES 1.3 4.2 cyan 

149-150-h9.3.5 G149N/F150A YES 1.5 5.6 cyan 
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Table 5. Antigenic distances between consensus viruses and the different mutants. 1 
 2 
  WF10 h9.4.2 h9.3.3 h9.3.4 h9.3.5 h9.3.7 h9.3.9 h9.1.1 h9.2.2 

131-180-4.2 1.1 2.3 3.0 3.3 3.0 3.0 4.0 4.3 5.3 

131-4.2 0.6 3.7 4.2 4.5 4.2 4.2 3.6 4.6 4.8 

149-150-H9.3.5 1.5 4.9 5.7 5.9 5.6 5.6 4.8 3.9 3.3 

149-H9.3.5 1.5 4.9 5.6 5.8 5.6 5.5 4.5 4.3 3.7 

150-180-3.9 0.7 4.1 4.8 5.0 4.7 4.7 4.0 4.2 4.2 

150-217-3.9 0.6 3.5 4.0 4.3 4.0 4.0 3.5 4.6 4.9 

150-217-4.2 1.7 4.5 5.5 5.8 5.5 5.5 5.7 2.6 2.8 

150-H9.3.5 1.7 4.9 5.8 6.0 5.7 5.7 5.2 3.6 3.0 

150-H9.3.9 1.3 4.6 5.4 5.6 5.3 5.3 4.5 4.0 3.6 

150-H9.4.2 1.7 4.9 5.8 6.0 5.8 5.7 5.3 3.4 2.9 

180-217-3.9 0.7 4.1 4.8 5.0 5.1 4.8 4.8 4.3 4.0 

180-H9.3.5 1.3 3.2 4.2 4.5 4.2 4.2 5.3 2.8 4.0 

180-H9.4.2 2.2 2.8 4.1 4.3 4.1 4.1 6.0 2.5 4.5 

217-3.9 1.0 4.1 5.0 5.3 5.0 5.0 4.9 3.3 3.5 

217-4.2 0.7 3.5 4.4 4.7 4.4 4.4 4.8 3.3 3.9 

3.9-8PWF10 1.3 4.5 5.0 5.2 4.9 4.9 3.6 4.8 4.5 

4.2-9PWF10 0.7 3.2 3.7 4.0 3.7 3.6 3.5 4.6 5.1 

WF10-7P-3.9 C3 5.0 5.9 5.4 5.4 5.4 5.3 0.9 8.9 8.8 

WF10-7P-3.9 C4 5.1 6.0 5.4 5.4 5.4 5.3 1.0 9.0 8.9 

WF10-9P-H9.4.2 3.8 1.6 2.8 3.0 2.9 2.9 6.5 4.2 6.6 

 3 

 4 
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