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Abstract

We previously demonstrated that H9N2 subtype avian influenza viruses (AIVs) isolated from 1994 

to 2008 evolved into distinct antigenic groups (C, D, and E) and then underwent antigenic drift 

from commercial vaccines, causing a country-wide outbreak during 2010–2013. In this study, 

H9N2 AIVs isolated from chickens during 2009–2013 were antigenically analyzed by performing 

hemagglutination inhibition and neutralization assays using a panel of polyclonal antibodies. Our 

findings confirmed the antigenic drift of recent H9N2 viruses from the commercial vaccine and 

showed that most of these antigenic variants form a novel HI antigenic group, F, with a few 

belonging to groups D and E. Slight antigenic variation was observed in group F viruses. Genetic 

analysis of amino acid sequences deduced from hemagglutinin (HA) gene sequences indicated that 

9 of 15 mutations predominant in the 2009–2013 viruses can be mapped to known antigenic sites, 

which might be responsible for the novel antigenicity of group F. These antigenic changes make it 

necessary to modify the influenza vaccine to ensure efficient protection. A vaccine candidate, 

Ck/HeB/YT/10, was selected and provided significant protection against viruses from different 
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antigenic groups in terms of reduction in virus shedding, suggesting broad cross-reactivity. Taken 

together, our results indicate that the H9N2 chicken influenza viruses in China have evolved from 

distinct antigenic groups into a novel group F that became dominant during the country-wide 

outbreak and now seems to be undergoing new antigenic divergence. Systematic surveillance and 

timely updating of vaccine strains are important for viral prevention and control in the future.
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1. Introduction

H9N2 influenza virus, characterized as a low-pathogenicity pathogen, has been circulating 

worldwide in multiple avian species, resulting in great economic losses due to reduced egg 

production or high mortality associated with co-infection with other pathogens (Sun and Liu, 

2015; Webster et al., 1992; Xu et al., 2007). In China, H9N2 viruses were first isolated from 

diseased chickens in 1994 (Chen et al., 1994); they have since become widespread in these 

populations (Li et al., 2005; Pu et al., 2014; Sun et al., 2010; Zhang et al., 2009). H9N2 

viruses also pose a threat to public health, having caused repeated human infections in China 

since 1998 (Perdue and Swayne, 2005; Sun and Liu, 2015; Webster et al., 1992; Xu et al., 

2007). Serologic surveillance indicates that a certain proportion (4.6%–37.2%) of people in 

China might be seropositive for H9N2 viruses (Liang et al., 2003; Yu et al., 2013). Since 

2013, all 6 internal genes of the novel H7N9 and H10N8 viruses isolated from humans have 

been found in H9N2 viruses circulating in China (Chen et al., 2014; Gao et al., 2013; Pu et 

al., 2014). Thus, H9N2 influenza viruses are high on the list of candidates that could cause 

another human influenza pandemic.

To prevent H9N2 AIV infections in chickens, farms in China have administered 

commercially inactivated vaccines such as A/chicken/Shandong/6/1996 (Ck/SD/6/96) and 

A/chicken/Shanghai/F/1998 (Ck/SH/F/98) to their flocks since 1998 (Li et al., 2005; Zhang 

et al., 2008). However, the antigenic drift of H9N2 AIVs continues to occur and induce 

sporadic disease outbreaks in vaccinated chicken flocks (Huang et al., 2010; Li et al., 2005; 

Pu et al., 2014; Sun et al., 2012; Zhang et al., 2008; Zhang et al., 2012). Since 2010, 

antigenic variants of H9N2 viruses have possessed increased fitness to escape immunization 

pressure and caused the country-wide outbreaks in chickens that contributed to the 

generation of the novel H7N9 viruses (Pu et al., 2014). These facts emphasize that 

understanding the antigenicity of circulating viruses and updating matched vaccine strains 

are extremely urgent actions.

Although the antigenic drift of H9N2 chicken influenza viruses from vaccine strains was 

fully addressed (Li et al., 2005; Pu et al., 2014; Sun et al., 2012), the antigenic evolution of 

prevailing viruses isolated since 2009 is not well known. We previously investigated the 

H9N2 chicken influenza viruses isolated in China from 1996 to 2008 and identified 3 major 

antigenic groups (C, D, and E) (Sun et al., 2010). In the present study, we performed 

hemagglutination inhibition (HI) and neutralization assays to further investigate the 
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antigenic evolution of the chicken H9N2 viruses isolated during 2009–2013. Additionally, 

we analyzed the genetic characterization of the HA gene, in which crucial substitutions 

might result in different antigenic properties (Boni, 2008; McHardy and Adams, 2009; 

Rambaut et al., 2008; Webster et al., 1992). On the basis of these data, we selected and 

evaluated a vaccine candidate.

2. Materials and methods

2.1. Ethics Statement

All animal research was approved by the Beijing Association for Science and Technology 

(approval ID SYXK, Beijing, 2007–0023) and performed in compliance with the Beijing 

Laboratory Animal Welfare and Ethics guide lines issued by the Beijing Administration 

Committee of Laboratory Animals and in accordance with the China Agricultural University 

(CAU) Institutional Animal Care and Use Committee guidelines (ID: SKLAB-B-2010-003) 

approved by the Animal Welfare Committee of CAU.

2.2. Virus

On the basis of their HA phylogenetic topology (Pu et al., 2014) and geographical 

distribution, 27 H9N2 chicken influenza viruses isolated from vaccinated farms from 2009 

through 2013 were selected and used in this study (Fig. 1A and Table S1). These viruses 

were distributed across 10 provinces in China: Beijing, Guangdong, Hebei, Henan, Jiangsu, 

Jilin, Liaoning, Shandong, Shanxi, and Sichuan. In addition, 6 early representative viruses 

from identified antigenic groups (Pu et al., 2014; Sun et al., 2010) were included (Fig. 1A 

and Table S1). All the tested influenza viruses were sequenced in previous studies (Pu et al., 

2014; Sun et al., 2010). Viruses were propagated in 10-day-old specific pathogen–free (SPF) 

embryonated chicken eggs. The allantoic fluid was harvested and stored at −80 °C until use.

2.3. HI assay

The HI assay was used to antigenically characterize the H9N2 viruses isolated in China from 

2009 to 2013. Antisera to 10 selected H9N2 viruses were generated in 6-week-old white 

Leghorn SPF chickens and used in the HI assays. Among these antisera, two of them against 

Ck/SD/6/96 and Ck/SH/F/98 respectively were prepared in a previous study (Pu et al., 

2014), and others were made in the current study. Briefly, chickens were subcutaneously 

vaccinated twice (at a 2-week interval) with 0.5 ml Freund’s-adjuvanted inactivated whole 

virus vaccines (HA content, 10 log2). Sera from vaccinated chickens were collected three 

weeks after the booster vaccination.

The HI test was performed using a 1% chicken red blood cell suspension as previously 

described (Edwards, 2006). The HI titer was expressed as the reciprocal of the highest serum 

dilution in which hemagglutination was inhibited.

2.4. Neutralization assay

The neutralization test was performed in SPF embryonated chicken eggs by using the 

diluted-serum constant-virus procedure (Lee et al., 2004). Briefly, antiserum was serially 

diluted 2-fold from an initial 1:10 dilution and then mixed with 100 EID50 (egg-infective 
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dose at which 50% of inoculated eggs are infected) virus for 1 h at 37 °C. This mixture was 

then inoculated into five eggs. Forty-eight hours after inoculation, allantoic fluid was 

examined for hemagglutination activity to determine the presence of the virus. The titer was 

reported as the reciprocal of the highest dilution that reduced infection by at least 50% 

(Kobasa et al., 2004).

2.5. Antigenic cartography construction

Antigenic cartography was performed by using the program AntigenMap (http://

sysbio.cvm.msstate.edu/AntigenMap), which uses matrix completion multidimensional 

scaling to map HI titers and neutralization titers in two dimensions (Cai et al., 2010).

2.6. Sequence collection, alignment, and phylogenetic analysis

All previously published sequences of Chinese H9N2 influenza A virus (1994–2013) were 

collated from FluDB (www.fludb.org), GISAID (www.gisaid.org), and NCBI 

(www.ncbi.nlm.nih.gov/genomes/FLU). All replicate submissions were removed by 

identifying sets of isolates with identical sequences. The resulting sequences were aligned 

by using MAFFT v6 (Katoh et al., 2002), manually adjusted to correct frame-shift errors, 

and subsequently translated. Downstream phylogenetic analyses were performed on the HA 

region of 190-1563. The unrooted phylogenetic tree was constructed by using MEGA 

(version 4.1) to perform the neighbor-joining method with 1000 bootstrap replicates (Zhang 

et al., 2009). Clade classification was based on our previous definition (Pu et al., 2014).

2.7. Vaccination and virus challenge

The A/chicken/Hebei/YT/2010 (Ck/HeB/YT/10)-containing allantoic fluid was inactivated 

at 37 °C for 18 h in a 0.02% nal concentration of formalin and emulsified with Freund’s 

adjuvant as previously described (Tumpey et al., 2001). The oil-emulsion inactivated vaccine 

prepared from Ck/HeB/YT/10 was used for vaccination. These experiments were designed 

as previously described (Pu et al., 2014) and were performed in unvaccinated and vaccinated 

chickens. Three-week-old SPF white Leghorn chickens were subcutaneously vaccinated 

twice (at a 2-week interval) with a Ck/HeB/YT/10-based vaccine (HA content, 10 log2). HI 

titers to homologous antigen were measured in 2-fold serum dilutions 2 weeks after the 

second inoculation and expressed as the log2 reciprocal of the end point. The vaccinated 

chickens were divided into 2 groups for challenge experiments: those with a low antibody 

level (HI titer, 6–9) and those with a high antibody level (HI titer, 10–12). Seven-week-old 

SPF white Leghorn chickens were used as the unvaccinated group. Eight H9N2 viruses were 

used to inoculate chickens. In inoculated groups, birds (n = 10 per group) were inoculated 

intranasally with 106 EID50 of each virus in a 0.2-mL volume. Tracheal and cloacal swabs 

were collected at 3, 5, and 7 days post inoculation (dpi). The virus titers of positive samples 

were measured by determining the EID50; the lower limit of detection was 1.0 

log10EID50/mL. In contact groups, 5 chickens were placed in physical contact (i.e., in the 

same cage, sharing food and water) with inoculated birds 24 h after inoculation. Tracheal 

and cloacal swabs were collected at 3, 5, and 7 dpi for viral detection and titration, as just 

described.
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2.8. Statistical Analysis

Experimental groups were statistically compared by using Prism 5.0 software (GraphPad 

Software, La Jolla, CA) to perform ANOVA. P < 0.05 was considered to indicate a 

statistically significant difference.

3. Results

3.1. Antigenic analysis of H9N2 chicken influenza viruses

Among the 27 newly identified viruses isolated in 2009–2013, 3 belonged to the previously 

identified antigenic groups D and E, and all others formed a novel antigenic group, F (Fig. 2 

and Table S1). Most group F viruses had low or moderate reactivity to group C and E 

antisera but reacted well with group D and F antisera (Table S1). Further comparison of 

groups D and F showed that group F viruses have a different antigenic profile in reactions 

with antisera to the recent viruses Ck/HeB/YT/10, Ck/GD/01/11, Ck/JS/TS/10, and Ck/SD/

06/11. The group C viruses Ck/SD/6/96 and Ck/SH/F/98 are the commercial vaccine strains 

commonly used in chickens since 1998. The low reactivity to vaccine antisera indicated that 

the recent H9N2 viruses are antigenically distinct from the vaccine strains, which is similar 

to our previous finding (Pu et al., 2014). In the described HI assay, the viruses from all 

identified antigenic groups showed high reactivity to the antisera of Ck/HeB/YT/10 virus. 

Their titers were comparable to or 2- to 8-fold higher than that of the homologous virus 

(Table S1).

The group F viruses had relatively different antigenicities (Fig. 2 and Table S1); therefore, 

we further categorized them into 3 subgroups: F1, F2, and F3. Subgroup F1 viruses had the 

lowest HI titers in reactions with the antisera to group C viruses and some of group F viruses 

(Ck/HeB/YT/10 and Ck/SD/06/11) (Table S1). Most subgroup F2 viruses reacted best with 

the antisera to viruses Ck/GD/01/11 and Ck/JS/TS/10, inducing HI titers that were 2 to 16 

times greater than those of F1 and F3 viruses. Subgroup F3 viruses had antigenicity similar 

to that of F1 viruses but reacted better with the antiserum of Ck/HeB/YT/10, Ck/SD/06/11, 

and Ck/GD/01/11 than did F1 viruses.

To further confirm the antigenicity of H9N2 chicken influenza viruses and determine their 

antisera’s neutralizing activity, we performed neutralization assays with multiple polyclonal 

antisera and representative viruses from each HI antigenic group. The neutralizing reaction 

profiles show that these recent viruses of HI group F had more-obvious antigenicity 

differences than did early homologous viruses of groups C, D, and E and had at least 4-fold 

lower neutralization titers upon reaction with antisera raised against group C, D, or E viruses 

(Fig. 3, Fig. S1 and Table S2). Group F viruses also showed antigenic diversity in the 

neutralization assay: some of them reacted weakly with the antisera against Ck/SD/sd01/10 

and Ck/JS/TS/10, resulting in a 2-to 32-fold decrease in titers (Fig. 3 and Table S2). 

Consistent with the results of the HI assay, Ck/HeB/YT/10 antisera elicited cross-reactive 

neutralizing antibodies to the heterologous virus and had titers that were equal to or 2-to 4-

fold higher than that of the homologous neutralizing antibody (Fig. 3 and Table S2).

Combining the results of HI and neutralization assays shows that the newly identified HI 

group F exhibited antigenicity that is distinct from that of groups C, D, and E. Among the 
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group F viruses, slight antigenic variation was found, indicating the antigenic diversity of 

H9N2 chicken influenza viruses circulating in China. Ck/HeB/YT/10 consistently had the 

best cross-reactive response to all of the prevalent H9N2 viruses and was selected as an ideal 

vaccine candidate.

3.2. Molecular characteristics of HA genes of H9N2 chicken influenza viruses

Antigenic change is due mainly to point mutations in the HA gene of influenza viruses 

(Boni, 2008; McHardy and Adams, 2009; Rambaut et al., 2008; Webster et al., 1992). To 

investigate the molecular characteristics of the HA genes of H9N2 influenza viruses in 

China, the deduced amino acid sequences were aligned by using all available HA sequences 

from 1994 through 2013. Fifteen mutations were identified as predominant in the 2009–

2013 viruses (Fig. 1B). Phylogenetically, recent viruses belong mainly to clades 6 and 9 in 

the HA tree (Fig. 1A). Further analysis showed that these amino acid mutations in recent 

viruses are predominant in the prevalent clade 9 viruses (represented by the group F virus 

Ck/HeB/YT/10/11) but not in clade 6 viruses (represented by the group D virus Ck/GD/

01/11) (Fig. 1B).

These substitutions were mainly on the surface of the HA1 globular head (Fig. 1C). Nine of 

them can be mapped to the known antigenic sites of H1 (Caton et al., 1982), H2 (Tsuchiya et 

al., 2001), H3 (Wiley et al., 1981), H5 (Zou et al., 2012), and H9 (Kaverin et al., 2004) 

serotypes (Table S3). Another HA mutation, P297S, introduces a new glycosylation site at 

Asn295, consistent with a strategy commonly used by influenza viruses to mask and unmask 

antigenic sites from the immune system (Baigent and McCauley, 2001; Perdue and Suarez, 

2000). Therefore, the distinct antigenicity of HI group F from that of other groups may have 

been induced by these mutants, which have been predominant since 2009.

Specific amino acid mutations were also observed in the representative isolates from 

different subgroups of group F. For example, subgroup F2 virus Ck/JS/TS/11 has the N45G 

mutation in an antigenic site of H5N1 viruses, which might cause antigenic diversification of 

these subgroups (data not shown).

3.3. Protective efficacy of Ck/HeB/YT/10 vaccine candidate in chickens

Because Ck/HeB/YT/10 elicited good cross-reactions, we selected it as a vaccine candidate. 

In the unvaccinated groups, all of the tested viruses consistently showed efficient replication 

in tracheas of inoculated chickens, with titers of 3.8 to 6.1 EID50/mL and a 100% isolation 

rate (Fig. 4A and Fig. 4B). These tested viruses were also shed from the cloaca, with a 

detection rate of 20% to 100% (Fig. 4A). Most viruses maintained their growth in trachea 

and cloaca as long as 7 days (Fig. 4C). All of the test viruses transmitted efficiently (100%) 

except for Ck/BJ/3/99 (Fig. 4A).

Upon challenge in the groups with low antibody levels, immunization with Freund’s 

adjuvanted inactivated vaccine Ck/HeB/YT/10 provided complete protection against virus 

shedding of group C, group E, and homologous (Ck/HeB/YT/10) viruses in trachea and 

cloaca (Fig. 4A) and partial protection against other viruses, as shown by a 10% to 80% 

lower isolation rate in trachea and an 80% to 90% lower isolation rate in cloaca (Fig. 4A). 

Consistently, the viral titers significantly decreased at 3 dpi (P < 0.05, ANOVA) (Fig. 4B). 
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Most viruses were shed for a shorter time: they were recovered from trachea for 3–5 days 

and from cloaca for 1–3 days (Fig. 4C). However, in the high antibody level groups, 

vaccination elicited increased protection efficacy, and none of the tested viruses were 

detected in both inoculated and contact groups (Fig. 4A to 4C). In summary, these results 

demonstrated that vaccination with vaccine Ck/HeB/YT/10 efficiently inhibited the 

replication and transmission of H9N2 AIVs from different antigenic groups, especially in 

vaccinated chickens with high antibody levels.

4. Discussion

H9N2 viruses isolated during a certain period or in a certain region were previously believed 

to share similar antigenicity profiles (Webster et al., 1992; Xu et al., 2007; Zhang et al., 

2008). Therefore, vaccine strains isolated during the late 20th century were used in chicken 

flocks throughout China for more than 10 years (Li et al., 2005; Sun et al., 2012). However, 

our and other previous studies revealed that some H9N2 chicken influenza viruses isolated 

especially since 2007 underwent antigenic drift from the vaccine strains and formed distinct 

antigenic groups (Li et al., 2005; Pu et al., 2014; Sun et al., 2010; Zhang et al., 2012). In 

2010–2013, antigenic variants finally caused a country-wide outbreak of H9N2 viruses in 

chickens in China (Pu et al., 2014).

In a previous study, we found that H9N2 isolates from 2009 to 2011 underwent significant 

antigenic drift from the vaccine strains (Ck/SD/6/96 and Ck/SH/F/98) (Pu et al., 2014). In 

this study, we confirmed the antigenic drift of 2009–2011 viruses and demonstrated the 

antigenic changes also in 2012–2013 viruses, and further showed that the 2009–2013 

variants exhibited different antigenic profiles from group C, D, and E viruses, forming a 

novel HI antigenic group, F. Phylogenetically, viruses from the previous distinct antigenic 

groups C, D, and E, which were mainly isolated before 2009, were in clades 2, 6, 8, and 9 in 

the HA tree; but, the antigenic group F variants were all in clade 9. The predominant 

antigenic mutations present in the clade 9 viruses of 2009–2013 further indicated that group 

F viruses are genetically different from the viruses belonging to groups C, D, and E. At the 

genotype level, H9N2 viruses of groups C, D, and E were previously demonstrated to belong 

to multiple genotypes, but these current variants were mostly from genotype G57 of H9N2 

viruses, which had increased dramatically since 2009 and became predominant during 

2010–2013 (Pu et al., 2014). Therefore, group F viruses shared genetic and antigenic 

characteristics different from viruses of groups C, D, and E; they evolved from distinct 

antigenic groups, caused the country-wide outbreak, and became dominant during the 

period. Genetic differences, especially those in HA gene, may be responsible for the 

antigenic divergence of group F from previous virus groups.

Since the country-wide outbreak of H9N2 viruses in chickens, this escape from 

immunological pressure may have contributed to further antigenic variation among viruses. 

Clades 6 and 9 were the 2 major circulating lineages of H9N2 viruses in 2011, but the 

representative viruses from these 2 clades respectively belong to HI groups D and F, which 

have distinct antigenicity. Group F viruses also have relatively different antigenicities from 

each other and can be categorized into 3 subgroups: F1, F2, and F3. Different subgroups of 

viruses were detected within a given geographic region or at a given time point. For 
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example, H9N2 viruses of F1, F2, and F3 were co-circulating in Shandong Province during 

2012–2013.

Viruses sharing a close genetic relationship also diverged into different antigenic groups. For 

instance, Ck/GD/01/11 and Ck/JL/0519/12 both belong to clade 6 but fall into antigenic 

groups D and E, respectively. This discrepancy may be due to the relationship between 

antigenic change and genetic change being nonlinear below the clade level (McHardy and 

Adams, 2009). Some mutations may exert a disproportionately large effect on the antigenic 

type, whereas others are “hitchhikers” with no phenotypic effect (McHardy and Adams, 

2009). The described results suggest that after escaping, H9N2 viruses circulating in China 

are transiting from a stage of decreased antigenic diversity to a stage of increased diversity. 

The antigenic diversity of prevailing H9N2 viruses highlights the importance of selecting a 

vaccine candidate that is a good antigenic match with prevailing strains and is broadly cross-

reactive.

Ck/HeB/YT/10 virus was selected here as a vaccination candidate because it was from the 

prevalent clade 9 and was highly cross-reactive with homologous and heterologous viruses 

in the HI and neutralization assays. As expected, vaccination with Freund’s adjuvanted 

inactivated vaccine Ck/HeB/YT/10 efficiently inhibited the shedding of H9N2 AIVs from 

different antigenic groups in vaccinated chickens with high-antibody levels, unlike the A/

chicken/Shandong/6/1996-based commercial vaccine, which failed to provide protection 

against these prevailing viruses (Pu et al., 2014). This protection difference can be explained 

by the data from the HI and neutralization assay. The antiserum to Ck/SD/6/96 virus from 

HI antigenic group C consistently showed low reactivity with the prevailing viruses 

especially from group D and E; however, the antiserum against Ck/HeB/YT/10 had strong 

cross reactions with all viruses of group C, D and E. These results suggest that 

Ck/HeB/YT/10 can be used as an ideal broad-spectrum vaccine strain that may provide 

efficient protection against the prevailing H9N2 viruses from different regions.

Partial protection was observed in some challenged chickens with low antibody titers, which 

is common in the development of vaccines (Bertran et al., 2013; Park et al., 2014; Tian et al., 

2005). In the field, the sera antibody titers of farmed chickens are generally 10 to 12 log2 

after vaccination with multiple doses (Cai et al., 2009; Tong et al., 2010). Therefore, in using 

the candidate vaccine strain, it is necessary to maintain high antibody titers in chicken 

flocks. In addition, veterinary biosecurity measures, including strict administration of live-

poultry markets, segregation, cleaning, and disinfection, should be highly intensified to 

prevent and control avian influenza.

Conclusion

Taken together, our findings demonstrate the newly antigenic changes of H9N2 chicken 

influenza viruses in China from 2009–2013. The tendency of the novel group F viruses 

toward antigenic diversity highlights the necessity of monitoring antigenic variants in 

chickens. Vaccine strains should be systematically evaluated and regularly updated to 

achieve optimal protection against AIV infections.
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Highlights

• 2009–2013 H9N2 chicken viruses evolved into a novel antigenic group 

F in China.

• Group F viruses are responsible for the recent country-wide outbreak of 

H9N2.

• Slight antigenic variation in group F indicates an antigenic divergence 

trend.

• A newly evaluated H9N2 vaccine candidate inhibited the viral infection 

in chickens.
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Fig. 1. 
Genetic analysis of the HA genes of H9N2 chicken influenza viruses in China. (A) 

Phylogenetic tree of HA genes of H9N2 influenza viruses used in the HI assay. Vertical 

black lines mark the phylogenetic clades. Pink circles, orange inverted triangles, green 

triangles and blue rhombus indicate the viruses from antigenic group C, D, E, and F, 

respectively. Specific antigenic group names are given in parenthesis following the virus 

names. Abbreviations: AH, Anhui; BJ, Beijing; Ck, chicken; GD, Guangdong; HeB, Hebei; 

HN, Henan; JS, Jiangsu; JL, Jilin; LN, Liaoning; SD, Shandong; SH, Shanghai; SX, Shanxi; 

SC, Sichuan; TJ, Tianjin. (B) Prevalence of critical amino acid mutations (H9 numbering) of 

HA protein in H9N2 chicken viruses during 1994–2013 and in clade 6 and clade 9 viruses 

during 2010–2013, as compared with consensus sequences of earliest strains. Red indicates 

a high prevalence (up to 100%) of substitutions; blue indicates a low prevalence; and gray 

indicates no mutation in the given year. (C) Secondary structure of HA protein showing 

mutations. H9 mutations are shown as spheres with H9 numbering. Red spheres are on the 

surface (depth < 5 Å); blue spheres are buried.
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Fig. 2. 
Antigenic cartography representation of the HI data generated by using a panel of chicken 

antisera. Details of the HI data are shown in Table S1. The map was produced by using 

AntigenMap (http://sysbio.cvm.msstate.edu/AntigenMap). One unit (grid) represents a 2-

fold change in the HI assay results. Viruses in the same HI group are encircled in an oval.
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Fig. 3. 
Neutralization assay of H9N2 chicken influenza viruses andantisera. HI group C (n = 2), 

group D (n = 2), and group F (n = 7) viruses were selected for the neutralization assays and 

used with antisera raised against viruses from different HI groups. Details of viruses and 

antisera are shown in Table S2. The dashed line indicates the lowest limit of detection 

(Neutralization titer = 10). The red lines indicate homologous titers.
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Fig. 4. 
Protective efficacy of vaccine candidate Ck/HeB/YT/10 in chickens. Freund’s adjuvanted 

inactivated vaccine based on Ck/HeB/YT/10 was used for vaccination. Protective efficacy 

was evaluated by determining the viral replication and transmission in vaccinated chickens 

with low antibody titers of 6–9 (yellow dashed line) and in vaccinated chickens with high 

titers of 10–12 (green dashed line). Unvaccinated chickens were used as controls (red dashed 

line). The dashed lines show the differences of infection among the viruses from the 

different antigenic groups. Eight representative H9N2 chicken viruses selected from HI 

groups C, D, E, or F were tested to determine their infectivity in inoculated and contact 

chickens. (A) Isolation rates of H9N2viruses in chickens. (B) Mean titers of H9N2 viruses at 

3 dpi. Error bars represent SD. The titers in vaccinated chickens (with antibody titers of 6–9) 

were significantly lower than those in unvaccinated chickens (*P < 0.05, **P < 0.01,***P < 

0.001; one-way ANOVA). (C) The viral shedding time of H9N2 viruses.
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