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ABSTRACT

H9N2 avian influenza virus has been prevalent in poultry in many parts of the world since the 1990s and occasionally crosses the
host barrier, transmitting to mammals, including humans. In recent years, these viruses have contributed genes to H5N1 and
H7N09 influenza viruses, threatening public health. To explore the molecular mechanism for the airborne transmission of HON2
virus, we compared two genetically close strains isolated from chickens in 2001, A/chicken/Shanghai/7/2001(SH7) and A/chick-
en/Shanghai/14/2001 (SH14). SH7 is airborne transmissible between chickens, whereas SH14 is not. We used reverse genetics
and gene swapping to derive recombinant SH7 (rSH7), rSH14, and a panel of reassortant viruses. Among the reassortant viruses,
we identified segments HA and PA as governing the airborne transmission among chickens. In addition, the NP and NS genes
also contributed to a lesser extent. Furthermore, the mutational analyses showed the transmissibility phenotype predominantly
mapped to the HA and PA genes, with HA-K363 and PA-L672 being important for airborne transmissibility among chickens. In
addition, the viral infectivity and acid stability are related to the airborne transmissibility. Importantly, airborne transmission
studies of 18 arbitrarily chosen HIN2 viruses from our collections confirmed the importance of both 363K in HA and 672L in PA

in determining their levels of transmissibility. Our finding elucidates the genetic contributions to HON2 transmissibility in
chickens and highlights the importance of their prevalence in poultry.

IMPORTANCE

Our study investigates the airborne transmissibility of HON2 viruses in chickens and the subsequent epidemic. HON2 virus is the
donor for several prevalent reassortant influenza viruses, such as H7N9/2013 and the H5N1 viruses. Poultry as the reservoir
hosts of influenza virus is closely associated with human society. Airborne transmission is an efficient pathway for influenza vi-
rus transmission among flocks and individuals. Exploring the mechanism of the airborne transmission of the HON2 virus in
chickens could provide essential data regarding prevention and control of influenza endemics and pandemics.

9N2 avian influenza virus in poultry has been endemic to

many parts of the world (1) and also transmits to mammalian
species, such as swine and canines (2, 3). Since the late 1990s,
multiple human cases of HIN2 infection have been reported in
Asia (4-7). In recent years, the reassortant viruses that originated
from HIN2 and other subtype influenza viruses may extend the
host range or increase the virulence of the original virus, thereby
threatening both the poultry industry and public health (8-10). It
is reported that HON?2 viruses contribute to the genetic and geo-
graphic diversity of H5N1 viruses (1, 11). The emerging novel
H7N9/2013 viruses share 6 internal genes with the HON2 virus
that is currently circulating in China (12). Some H7N9 viruses
potentially transmit among human beings via respiratory droplets
(13, 14). Whether the internal genes of HON2 origin play an im-
portant role in the transmission is not clear.

Aerosols, droplets, and direct contact are three transmission
routes for influenza A viruses. Among poultry, the fecal/oral route
is common for the transmission of avian influenza virus. The air-
borne route, including aerosols and droplet particles, would cause
the efficient transmission of influenza viruses among poultry, and
even people, in intensive farms. Airborne transmission would in-
crease the likelihood of interspecies transmission. The transmissi-
bility methods of different subtypes of influenza A viruses in dif-
ferent species are various, and the mechanism underlying
airborne transmission of influenza virus is multifactorial. Reverse
genetics and serial passage in vivo are applied to study the relation-
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ship between viral characteristics and airborne transmissibility
(15-18). It is reported that aerosol transmissibility is associated
with some viral genes and key amino acids. The amino acids in the
receptor binding site (RBD) in hemagglutinin (HA), which con-
tribute to the interaction between viruses and hosts (19), play a
pivotal role in cross-species transmission due to sialic acid (SA)
receptor differences in hosts (20). Avian influenza viruses prefer-
entially bind a-2,3-linked SA (21), whereas human influenza vi-
ruses more readily bind to a-2,6 linked SA (22, 23). Additionally,
the amino acid residue at position 226 (H3 numbering), which is
in the receptor binding site of HA, is vital for transmissibility (16,
24). Some artificially modified viruses showed that other amino
acid positions in HA, PB2, and other genes may be involved in
airborne transmission (15, 16, 18, 25), such as the amino acids in
N-glycosylation sites of HA and the amino acid residue at position
627 in PB2. The NA and M genes also may contribute to airborne
transmissibility to some extent (26-28).
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Although reports on HIN2 viruses and their infections are
highly documented, studies related to the transmission route and
underlining mechanism are scarce. As HON2 subtype influenza
viruses have become prevalent in poultry in many countries in
recent years, clarifying the mechanism of transmission would im-
prove our understanding of their biological characteristics of
rapid spreading and would help eventually formulate better pre-
vention and control of HIN2 virus. In the current study, we chose
two of our previously characterized HIN2 viruses (29), which are
genetically close to each other but differ in transmissibility, to
explore the mechanism for the airborne transmission of HON2
viruses in chickens. We further used 18 wild-type HON?2 strains to
confirm the effect of 363K in HA and 672L PA for viral airborne
transmissibility.

MATERIALS AND METHODS

Ethics statement. All animal experiments were approved by the Jiangsu
Administrative Committee for Laboratory Animals (permission number
SYXK-SU-2007-0005) and complied with the Jiangsu Laboratory Animal
Welfare and Ethics guidelines of the Jiangsu Administrative Committee of
Laboratory Animals.

Viruses. A/chicken/Shanghai/2/1999 (SH2), A/chicken/Shanghai/3/
2000 (SH3), A/chicken/Shanghai/7/2000 (SH7), A/chicken/Shanghai/14/
2000 (SH14), A/chicken/Shanghai/1/2001 (SH101), A/chicken/Shanghai/
1/2002 (SH1), and A/chicken/Shanghai/3/2002 (SH302), which were
isolated from vaccinated flocks in a broiler chicken farm in eastern China,
are genetically close to each other. Previous data showed that SH7 and
SH1 are airborne transmissible, whereas SH2, SH3, and SH14 are not (29).
Other wild-type HIN?2 viruses (see Fig. 6) were isolated from chickens in
a live bird market and a chicken farm in recent years (29).

Reverse genetics and site-directed mutagenesis. The gene segments
of SH7 and SH14 were amplified and cloned into the pHW2000 plasmid
as previously described (30, 31). A site-directed mutagenesis kit (Trans
Gene, Inc.) was used to create specific mutations in the HA and PA genes,
and the primers are available upon request. Virus rescue of a panel of
reassortant viruses with either SH7 or SH14 as the backbone virus was
performed as previously described (32, 33).

Transmission study. Six-week-old specific-pathogen-free (SPF)
chickens were divided into infected and exposed groups (three chickens
per group). On the first day postinoculation (dpi), naive chickens of the
exposed group were placed in a cage directly adjacent to an infected group
for airborne transmission, with a distance of 50 cm between cages. The
infected group was inoculated intranasally and via the conjunctiva with
10°50% egg infective doses (EID5,) of viruses. Oropharyngeal swabs were
collected every 2 days from both infected and exposed groups beginning 3 dpi,
and the virus was titrated in 10-day-old embryonated SPF chicken eggs for
EID;,/ml counts (34). Sera were collected from all chickens at 21 dpi for the
hemagglutinin inhibition (HI) test as outlined in the OIE Manual of Diagnos-
tic Tests and Vaccines for Terrestrial Animals (http://www.oie.int/manual-of
-diagnostic-tests-and-vaccines-for-terrestrial-animals/).

Median infective dose for chickens. To determine the median (50%)
infective dose for chickens (CIDs,), groups of four 6-week-old SPF chick-
ens were inoculated intranasally and via the conjunctiva with dilutions of
viruses, and oropharyngeal and cloacal swabs were collected over 11 days.
To measure viral shedding, 10-day-old SPF chickens eggs were inoculated
with the swabs. The viral CID5, was calculated using the method of Reed
and Muench (34).

Acid stability studies. To determine viral acid stability, viral infectiv-
ity was measured as 50% tissue culture infective doses (TCIDsy). First,
viruses were diluted 10-fold in phosphate-buffered saline (PBS). The pH
of the diluted viruses was lowered by careful, dropwise addition of 0.1 M
citric acid until the desired pH was reached. Different pH buffers were
used, ranging from pH 4.4 to 7.2. The viruses then were incubated at 37°C
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TABLE 1 Airborne transmission study of wild-type and rescued SH7
and SH14 viruses

Vi heddi “
Virus and irus shedding on day Seroconversion”
group 3 5 7 9 (HI titer)
SH7
Inoculated 3/3 3/3 2/3 0/3 3/3 (1,280, 1,280, 1,280)
Exposed 1/3 3/3 3/3 3/3 3/3 (640, 640, 1,280)
SH14
Inoculated 3/3 3/3 2/3 0/3 3/3 (1,280, 1,280, 1,280)
Exposed 0/3 0/3 0/3 0/3 0/3 (<10, <10, <10)
rSH7
Inoculated 3/3Y 3/3 2/3 0/3 3/3 (1,280, 1,280, 1,280)
Exposed 1/3 3/3 3/3 3/3 3/3 (320, 320, 640)
rSH14
Inoculated 3/3 3/3 2/3 0/3 3/3 (1,280, 1,280, 1,280)
Exposed 0/3 0/3 0/3 0/3 0/3 (<10, <10, <10)

“ The number of days after chickens were inoculated/exposed. Data are numbers of
chickens shedding virus/total number of chickens.
b HI antibody titers of chickens on day 21 postinoculation/postexposure.

for 1 h. The titers of acid-treated viruses were determined by TCID, assay
in MDCK cells.

Stochastic general airborne transmission probability of prevalent
H9N2 virus. To investigate the airborne transmission potential of preva-
lent HON2 viruses, we found the complete sequences of the effective genes
of HIN2 viruses in GenBank and analyzed the frequencies of the poly-
morphisms in their coding effective amino acid residues. We used all of
the complete coding sequences from 1996 to 2013.

Nucleotide sequence accession numbers. The nucleotide sequence
data obtained in this study are available from GenBank under the acces-
sion numbers KF835981 to KF835986, JQ356873,]JQ356882, KJ000697 to
KJ000710, and EU753303 to EU753326.

RESULTS

Distinct airborne transmission ability between SH7 and SH14.
The transmissibility-divergent SH7 and SH14 viruses (29) were
used to rescue recombinant SH7 (rSH7) and rSH14 by reverse
genetics. Airborne transmission experiments with rSH7 and
rSH14 were conducted together with their wild-type counterparts
SH7 and SH14 in chickens. The exposed chickens in the rSH7 and
SH7 groups shed viruses at 3, 5, 7, and 9 dpi, whereas rSH14 and
SH14 groups did not shed viruses (Table 1). The peak titer of
viruses in the oropharyngeal swabs of rSH7-exposed chickens
reached 10°° EID,/ml (Fig. 1A), and the HI titers were 320 to 640
on 21 dpi (Table 1). In contrast, the rSH14-exposed chickens did
not shed virus (Fig. 1B), and seroconversion was not detected
(Table 1). The results showed that rSH7 and rSH14, like their
wild-type counterparts SH7 and SH14, had distinct airborne
transmission abilities.

PA and HA genes of SH7 play a dominant role in airborne
transmission. To determine the critical genes for the airborne
transmission of rSH7, we generated 8 reassortant viruses with the
backbone of SH7, i.e., 7-14PB2, 7-14PB1, 7-14PA, 7-14HA,
7-14NP, 7-14NA, 7-14M, and 7-14NS, each containing a single
gene segment from the SH14 virus. The airborne transmission
studies showed that the exposed chickens in both the 7-14PA and
7-14HA groups did not shed viruses or exhibit seroconversion
(Table 2). The other six reassortant viruses were able to transmit
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FIG 1 Transmission of the rescued wild-type viruses in chickens. We inoculated groups of chickens intranasally and via the conjunctiva with 10° EID5, of rSH7
(A) and rSH14 (B). After 24 h of inoculation, three naive SPF chickens of the exposed group were placed in an adjacent cage as described in the text.
Oropharyngeal swabs were collected 3, 5, 7, and 9 dpi. Viral titers of oropharyngeal swabs were determined by endpoint titration in SPF embryonated eggs. Each
pattern bar represents the viral titers from an individual chicken. The dashed horizontal line indicates the lower limit of detection.

to exposed chickens via an airborne route (Table 2), indicating the
critical role of HA and PA in airborne transmissibility of the SH7
virus. In addition, only two of three exposed chickens in the
7-14NP and 7-14NS groups shed viruses at 7 dpi (Table 2). The HI
titers of the exposed chickens in the two groups were only 80

TABLE 2 Airborne transmission study of reassortant viruses with the
SH7 backbone and one gene from SH14

Virus and Virus shedding on day": Seroconversion”
group 3 5 7 9 (HI titer)
7-14PB2
Inoculated 2/3 3/3 2/3 0/3 3/3 (1,280, 1,280, 1,280)
Exposed 1/3 2/3 3/3 3/3 3/3 (320, 320, 640)
7-14PB1
Inoculated 2/3 3/3 3/3 0/3 3/3 (320, 640, 1,280)
Exposed 1/3 3/3 3/3 2/3 3/3 (80, 160, 160)
7-14PA
Inoculated 2/3 3/3 3/3 0/3 3/3 (320, 640, 640)
Exposed 0/3 0/3 0/3 0/3 0/3 (<10, <10, <10)
7-14HA
Inoculated 1/3 3/3 2/3 0/3 3/3 (1,280, 1,280, 1,280)
Exposed 0/3 0/3 0/3 0/3 0/3 (<10, <10, <10)
7-14NP
Inoculated 3/3 3/3 2/3 0/3 3/3 (320, 320, 320)
Exposed 0/3 1/3 2/3 0/3 2/3 (<10, 40, 80)
7-14NA
Inoculated 3/3 3/3 2/3 0/3 3/3 (1,280, 1,280, 1,280)
Exposed 0/3 1/3 3/3 1/3 3/3 (80, 80, 160)
7-14M
Inoculated 3/3 2/3 3/3 0/3 3/3 (640, 1,280, 1,280)
Exposed 2/3 2/3 3/3 2/3 3/3 (160, 320, 320)
7-14NS
Inoculated 3/3 3/3 2/3 0/3 3/3 (640, 640, 1,280)
Exposed 0/3 0/3 2/3 1/3 3/3 (20, 40, 80)

(Table 2), which were much lower than those of the parental rtSH7,
indicating that NP and NS genes, to a lesser extent, also contribute
to the airborne transmission ability.

To further determine the genes and the cooperation of these
genes required for airborne transmission ability, we subsequently
used SH14 as a backbone to rescue reassortant viruses with PA,
HA, NP, and NS genes from SH7, generating 14-7HA, 14-7PA,
14-7(PA+HA), 14-7(PA+HA+NP), 14-7(PA+HA+NS), and
14-7(PA+HA+NP+NS). Neither virus shedding nor serocon-
version was detected in any of the chickens exposed to 14-7HA
and 14-7PA (Table 3), whereas virus shedding and seroconversion

TABLE 3 Airborne transmission study of reassortant viruses with the
SH14 backbone and genes from SH7

Virus shedding
day™:
on day” Seroconversion”

Virus and group 3 5 7 9 (HI titer)
14-7HA

Inoculated 1/3  2/3 3/3 0/3 3/3(640, 640, 1,280)

Exposed 0/3 0/3 0/3 0/3 0/3(<10,<10,<10)
14-7PA

Inoculated 1/3  2/3 3/3 0/3 3/3(640, 640, 1,280)

Exposed 0/3 0/3 0/3 0/3 0/3(<10,<10, <10)
14-7(PA+HA)

Inoculated 3/3  3/3 3/3 0/3 3/3(320, 640, 1,280)

Exposed 0/3 1/3 2/3 3/3 3/3(20,40,40)
14-7(PA+HA+NP)

Inoculated 3/3 3/3 3/3 0/3 3/3(640, 1,280, 1,280)

Exposed 1/3  2/3 3/3 3/3 3/3(40, 80, 160)
14-7(PA+HA+NS)

Inoculated 1/3  3/3 3/3 0/3 3/3(160, 320, 1,280)

Exposed 0/3 2/3 3/3 3/3 3/3(20,80,80)
14-7(PA+HA+NP+NS)

Inoculated 1/3  3/3 2/3 0/3 3/3(640, 640, 1,280)

Exposed 1/3  3/3 3/3 2/3 3/3(160, 320, 1,280)

“ The number of days after chickens were inoculated/exposed. Data are numbers of

chickens shedding virus/total number of chickens.

b HI antibody titers of chickens on day 21 postinoculation/postexposure.
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“ The number of days after chickens were inoculated/exposed. Data are numbers of
chickens shedding virus/total number of chickens.
b HI antibody titers of chickens on day 21 postinoculation/exposure.
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FIG 2 Transmission of reassortant viruses with the SH14 backbone. We inoculated groups of chickens intranasally and via the conjunctiva with 10° EIDs,
14-7(PA+HA) (A), 14-7(PA+HA+NP) (B), 14-7(PA+HA+NS) (C), or 14-7(PA+HA+NP+NS) (D). After 24 h of inoculation, three naive SPF chickens of
the exposed group were placed in an adjacent cage as described in the text. Oropharyngeal swabs were collected 3, 5, 7, and 9 dpi. Viral titers of oropharyngeal
swabs were determined by endpoint titration in SPF embryonated eggs. Each pattern bar represents the virus titers from an individual chicken. The dashed

horizontal line indicates the lower limit of detection.

were detectable in the exposed chickens with the remaining four
reassortant viruses bearing both the HA and PA genes from rSH7
(Table 3). These results suggested that both PA and HA are critical
for viral airborne transmissibility. In the 14-7(PA+HA) virus-
infected group, only one of three exposed chickens at 3 dpi shed
viruses, and the viral titer was just 10°°” EID5,/ml (Fig. 2A). All
three exposed chickens shed viruses until 9 dpi, and the HI titer of
seroconversion was relatively low (Table 3). On the other hand,
upon introducing the NP or NS gene, or both, from SH7 to SH14,
the exposed chickens were infected by the airborne route. In
groups 14-7(PA+HA+NP) and 14-7(PA+HA+NS), the ex-
posed chickens shed viruses at 7 dpi and also had higher HI titers
of seroconversion than those in group 14-7(PA+HA) (Fig. 2B and
C and Table 3). In group 14-7(PA+HA+NP+NY), all of the ex-
posed chickens shed viruses at 5 dpi, with the highest viral titer and
the highest HI titer of seroconversion being 1,280 (Fig. 2D and
Table 3). Our findings suggest that both PA and HA of SH7 are
essential for its airborne transmission among chickens, and NP
and NS may contribute to a lesser extent in this regard.

Amino acid at position 363K in HA and 672L in PA are vital
for airborne transmission of SH7. For SH7, together with the

PA

63 216

other three reported viruses of SH1, SH2, and SH3, 7 amino acids
in PA and HA commonly were different between the airborne
transmissible viruses and those that did not have airborne trans-
missibility (29) (Fig. 3). To pinpoint the effective amino acid res-
idues in HA and PA involved in airborne transmissibility, we gen-
erated a series of mutants which were independently modified.
Seven different amino acids in the seven mutant strains were dif-
ferent from those in SH14 and were named 7HA; 6, 7HAgs4375
7HAvus1m> 7PAtesvs 7PApsisns 7PAreraps and 7PAjggs;, and we
tested their transmissibility in chickens (Table 4). Even the Q216L
mutation would be likely to influence the receptor binding pref-
erence (23). The exposed chickens in the 7HA,, 4, group were
infected (Table 4). These results indicated that leucine (L) at po-
sition 216 (226 in H3 numbering) in HA does not affect the air-
borne transmission of SH7 in chickens. Two of three exposed
chickens in the 7HAv,5;,, group shed viruses at 7 dpi, and their
serum HI titers at 21 dpi were no more than 40 (Table 4). How-
ever, the mutation of position 363 in HA of SH7 resulted in no
virus shedding by the exposed chicken and no seroconversion
(Table 4). In the groups of viruses containing a mutation in PA, all
of the exposed chickens in 7PAq;y and 7PApy,;4y groups shed

Airborne
transmissible

HA

672 683 216 363 451

A/chicken/Shanghai/2/1999 [ N F L] @ R N | -

A/chicken/Shanghai /3/2000 | 0 R M ]
A/chicken/Shanghai/7/2001 [EIEND N
A/chicken/Shanghai/14/2001 | 0 R M ]
A/chicken/Shanghai/1/2002 | T

+ 1+ 1

FIG 3 Schematic diagram of commonly divergent amino acids of the HA and PA genes between airborne-transmissible viruses and viruses that are not airborne
transmissible. Differences in the amino acid residues in PA and HA between airborne-transmissible viruses and viruses that are not airborne transmissible are
shown as single-letter amino acid codes with their positions at the top of the diagram. The white and black letters indicate the amino acid regions originating from
transmissible viruses and nontransmissible viruses, respectively. The amino acid positions of HA are based on the numbering of mature H9 HA.

September 2014 Volume 88 Number 17 jviasm.org 9571


http://jvi.asm.org

Zhong et al.

TABLE 4 Airborne transmission of reassortant SH7 viruses with site-
directed mutations in HA or PA gene

Vi heddi "
Virus and irus shedding on day” Seroconversion”
group 3 5 7 9 (HI titer)
7HA | 556q°
Inoculated 1/3 3/3 3/3 0/3 3/3 (1,280, 1,280, 1,280)
Exposed 0/3 3/3 3/3 1/3 3/3 (320, 320, 640)
7HAgs63r
Inoculated 2/3 3/3 3/3 0/3 3/3 (1,280, 1,280, 1,280)
Exposed 0/3 0/3 1/3 0/3 0/3 (<10, <10, <10)
7HAv451m
Inoculated 2/3 3/3 3/3 0/3 3/3 (1,280, 1,280, 1,280)
Exposed 0/3 0/3 2/3 0/3 2/3 (<10, 20, 40)
7PAesv
Inoculated 3/3 3/3 2/3 0/3 3/3(320, 640, 1,280)
Exposed 1/3 2/3 3/3 2/3 3/3 (80, 160, 640)
7PApien
Inoculated 3/3 3/3 2/3 0/3 3/3 (320, 640, 640)
Exposed 0/3 2/3 3/3 2/3 3/3 (40, 160, 160)
7PAg7op
Inoculated 1/3 3/3 3/3 0/3 3/3 (320, 640, 1,280)
Exposed 0/3 0/3 0/3 0/3 0/3 (<10, <10, <10)
7PAjgs31L
Inoculated 1/3 3/3 3/3 0/3 3/3 (640, 640, 1,280)
Exposed 0/3 0/3 1/3 1/3 2/3 (<10, 20, 40)

“ The number of days after chickens were inoculated/exposed. Data are numbers of
chickens shedding virus/total number of chickens.

b HI antibody titers of chickens on day 21 postinoculation/postexposure.

¢ The amino acids are represented by individual letter abbreviations. L, leucine; Q,
glutamine; K, lysine; R, arginine; V, valine; M, methionine; I, isoleucine; D, aspartic
acid, N, asparaginate; F, phenylalanine.

viruses and also seroconverted (Table 4). However, viral shedding
and seroconversion were detected in only one exposed chicken of
the 7PA 4551 group, and the HI titer was only 40 by 21 dpi (Table
4). No virus was detected in the exposed chickens of the 7PA; ¢,
group, and seroconversion was less than 10 (Table 4). Taken to-
gether, the data indicated that lysine (K) at position 363 in HA and
L at position 672 in PA have a significant role in airborne trans-

TABLE 5 Viral infectivity and airborne transmissibility

Virus CIDs, (EIDs,) Airborne transmission
SH7 10*° +
SH14 10233 _
7PA; 67op 10%¢7 -
7HAg363r 10°% -

mission in chickens, whereas others, such as 451V in HA and 6831
in PA, play a minor role.

PA-L672F and HA-K363R decrease viral infectivity. To ex-
plore why the site mutations in PA and HA abolished airborne
transmissibility, we compared the viral shedding kinetics and in-
fectivities of SH7, SH14, 7PA; ¢, and 7HAy;43x- The titers of
virus shed from the oropharynx were higher than those from the
cloaca for all four viruses (Fig. 4). The results revealed that the
tissue tropisms of 7PA; ¢, and 7HA 545 Were similar to those of
SH7 and SH14, which favor the respiratory tract. At 5 dpi, the viral
titers of chickens of group SH7 were higher than those of group
SH14 (Fig. 4). The chickens that were inoculated with 7PA 4,
and 7HA ;55 shed lower levels of virus than chickens in the SH14
group (Fig. 4). We further used CIDj, titers to evaluate the infec-
tivities of the four viruses. The CIDs, of SH7 is 10*° EIDs,, and
that of SH14 is 10>’ EIDs (Table 5), indicating that the infectiv-
ity of chickens by SH7 is more than twice as likely as that by SH14.
The site mutation viruses of 7PA ¢,,; and 7HA43r, Which were
not transmissible by an airborne pathway, showed higher CID5,
titers than the parental SH7 (Table 5). These results suggested that
the site mutations at position 672 in PA and position 363 in HA
decreased the viral infectivities. If equivalent titers of SH7, SH14,
7PA| 4,01 and 7HA;45r Were used to inoculate chickens, the SH7
virions would be most successful at infecting chickens.

HA-K363R decreases viral acid stability. Amino acid position
363 is positioned at the N terminus of the HA2 subunit of hemag-
glutinin, which is thought to be the acid active site for fusion
activity (35). To determine the relationship between viral acid
stability and airborne transmissibility, we incubated aliquots of
SH7, SH14, and 7HAy;45x individually in pH-adjusted buffers
ranging from pH 7.2 to pH 4.4 for 1 h, after which we measured
the titers of the viruses (Fig. 5). The infectivity of the 7THA;43x
virus was reduced by 5-fold after exposure to the pH 6.2 bulffer,
reduced by >100-fold after exposure to the pH 6.0 buffer, and
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FIG 4 Virus-shedding titers of SPF chickens inoculated with SH7, SH14, and mutated viruses. The SPF chickens were inoculated with 10° EID,, SH7, SH14,
7HAy 5631, and 7PA ¢,y Oropharyngeal swabs and cloacal swabs were collected 3, 5, 7, and 9 dpi. Viral titers of swabs were determined by endpoint titration in
SPF embryonated eggs. Each pattern bar represents the viral titers from an individual chicken. The dashed horizontal line indicates the lower limit of detection.
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FIG 5 Acid stability of the HIN2 influenza viruses. Prestandardized virus
stock was diluted in PBS buffer adjusted to the indicated pH and incubated for

1 hat 37°C. The remaining infectious virus titer was quantified by performing
TCIDj;, assays with MDCK cells.

completely eliminated by the pH 4.8 buffer. Wild-type SH7 was
more resistant to acid inactivation than 7HA 545z was, as SH7 lost
<1log,, infectivity in the pH 6.0 buffer, lost <2 log, , infectivity in
the pH 5.2 buffer, and became completely inactivated by the pH
4.8 buffer. Similar to 7HA 5631, SH14 was sensitive to acid. It lost
>2 log,, infectivity at pH 6.2 and continuously lost infectivity in
the lower pH buffer. After incubation at pH 5.0, SH14 lost all
infectivity.

Residue 363K in HA and 672L in PA are critical for airborne
transmission in other prevalent HON2 viruses. Our study of
SH7/SH14 showed that residue 363K of HA and 672L of PA are
critical for airborne transmission. To test this finding more
broadly, we arbitrarily chose 18 prevalent HIN2 isolates from our
collections to examine their airborne transmissibility in chickens.
We also analyzed the 7 divergent amino acids of the 18 HON2
viruses (Fig. 6). Exposed chickens in groups SH2, SH3, SH101,
SH302, SD01, SD07, and AHO03 did not shed viruses or serocon-
vert (Table 6), indicating that the 7 viruses were incapable of air-
borne transmission. Residue 672 in PA was 672F in SD07, and the
other six viruses did not contain the 363K residue in HA (Fig. 6).

216

A/Chicken/Shanghai/1/2001 (SH101)
A/chicken/Henan/13/2008 (HN13)

A/chicken/Jiangsu/06/2008 (JS08)
A/Chicken/Shandong/07/2009 (SD07)
A/Chicken/Fujian/01/2009 (FJ09)
A/Duck/Anhui /03/2009 (AHO3)

__
A/Chicken/Shanghai/3/2002 (SH302) [N G
r o @t R W
A/Chi cken/Shangdong/01/2008 (SD01) [N L

Airborne Transmission of HIN2 Avian Influenza Virus

Virus-shedding viruses and seroconversion of the exposed chick-
ens in the groups of the other 11 viruses were detectable. This
finding suggested that the exposed chickens in each of the 11
groups were infected by the airborne route (Table 6). All 11 of the
viruses that bear both 363K in HA and 672L in PA simultaneously
were readily airborne transmissible, even though the number of
virus-shedding chickens and the HI titers of exposed chickens
varied (Table 6). The results add more data supporting the impor-
tance of position 363 in HA and 672 in PA for the airborne trans-
missibility of the HON2 virus. Three of four exposed chickens in
the FJ09 and QD4 groups, and only two in the HN13 and SD01
groups, shed viruses and seroconverted (Table 6), which revealed
different airborne transmission efficiencies of these viruses. Al-
though the four viruses both contained the 363K residue in HA
and the 672L residue in PA, the amino acid at position 451 in HA
or at position 683 in PA were the same as those of SH14 (Fig. 6),
suggesting the minor function of these two positions.
Potentially airborne-transmissible HON2 viruses were prev-
alent in recent years. We found 739 distinct complete coding PA
sequences and 1,975 distinct complete coding HA sequences from
1996 to 2013. We found 611 HIN2 strains with complete PA and
HA complete sequences in GenBank, including 403 PA sequences,
1,504 HA sequences, and 352 HIN2 strains with both PA and HA
sequences from China. Among these sequences, the amino acid
residue at position 672 of PA is L, P, or F, and the amino acid
residue at position 363 of HA is K, R, T, E, V, or N. We analyzed
the proportion of sequences with PA 672L and/or HA 363K by
year. Some strains with PA 672F were isolated even in 1996 and
1997, whereas most HON2 viruses had PA 672L (Fig. 7A). The
proportion of 363K in HA increased gradually (Fig. 7A). Among
the 130 HA sequences obtained in 2009, 38 sequences with 363T,
which were genetically close to each other and were all isolated
from South Korea, lowered the proportion of HA 363K in 2009
(36). In 1998, HIN2 influenza virus was endemic to China, and
the proportion of strains with both PA 672L and HA 363K PA
reached its first peak as well (Fig. 7B). The trend of the proportions
of HIN2 strains with both PA 672L and HA 363K was stable and
then rose sharply rose in 2003 (Fig. 7A). In the past 4 years, the
proportions of HA 363K alone and both PA 6721 and HA 363K
have been stable and are present in more than 80% of HIN2
strains worldwide and in China (Fig. 7A and B). These findings
indicate the prevalence of airborne-transmissible HON2 viruses.

PA HA

672 683 216 363 451

(v o L L e T E R
A/Chicken/Wujin/19/2011(H19) [ ) [
A/Chicken/Zhe jiang/607/2011 (ZJ607) —_
A/Chicken/Qingdao/04/2012 (QD04)
A/chicken/Jiangsu/WJ101/2012 (WJ101 )__
A/chicken/Jiangsu/N622/2012 (NG22) __

A/chicken/Shandong/QD6/2012 (QD6)

A/Chicken/Jiangsu/WJ57/2012 (J57) __

FIG 6 Key amino acid differences in the HA and PA genes of 15 arbitrarily chosen prevalent HON2 viruses used for the airborne transmission study. Differences
in the amino acid residues in PA and HA of the isolates are shown as single-letter amino acid codes with their positions at the top of the diagram. The amino acid

positions of HA are based on the numbering for mature H9 HA.

September 2014 Volume 88 Number 17

jviasm.org 9573


http://jvi.asm.org

Zhong et al.

TABLE 6 Airborne transmission of 18 arbitrarily chosen prevalent HON2 viruses

Virus and Virus shedding on day”: Airborne

group 3 5 7 9 Seroconversion® (HI titer) transmissibility

SH2
Inoculated 3/4 4/4 2/4 0/4 4/4 (40, 160, 160, 320) -
Exposed 0/4 0/4 0/4 0/4 0/4 (<10, <10, <10, <10)

SH3
Inoculated 4/4 3/4 2/4 0/4 4/4 (80, 320, 320, 640) -
Exposed 0/4 0/4 0/4 0/4 0/4 (<10, <10, <10, <10)

SH101
Inoculated 2/4 4/4 4/4 0/4 4/4 (160, 320, 640, 640) -
Exposed 0/4 0/4 0/4 0/4 0/4 (<10, <10, <10, <10)

SH1
Inoculated 4/4 4/4 1/4 0/4 4/4 (1,280, 1,280, 1,280, 1,280) +
Exposed 4/4 4/4 3/4 1/4 4/4 (160, 320, 640, 640)

SH302
Inoculated 3/4 4/4 4/4 1/4 4/4 (320, 640, 640, 640) -
Exposed 0/4 0/4 0/4 0/4 0/4 (<10, <10, <10, <10)

HN13
Inoculated 3/4 4/4 4/4 0/4 4/4 (320, 320, 640, 640) +
Exposed 0/4 0/4 2/4 1/4 2/4 (<10, <10, 20, 80)

SDO1
Inoculated 4/4 4/4 3/4 0/4 4/4 (640, 640, 640, 1,280) -
Exposed 0/4 0/4 0/4 0/4 0/4 (<10, <10, <10, <10)

JS08
Inoculated 4/4 3/4 4/4 4/4 4/4 (320, 640, 640, 1,280) +
Exposed 1/4 4/4 4/4 4/4 4/4 (80, 160, 320, 320)

SD07
Inoculated 3/4 4/4 1/4 0/4 4/4 (40, 160, 320, 640) -
Exposed 0/4 0/4 0/4 0/4 0/4 (<10, <10, <10, <10)

FJjoo
Inoculated 4/4 4/4 4/4 3/4 4/4 (320, 320, 640, 640) +
Exposed 0/4 0/4 3/4 1/4 3/4 (<10, 40, 80, 80)

AHO03
Inoculated 2/4 3/4 4/4 1/4 4/4 (160, 320, 640, 1,280) -
Exposed 0/4 0/4 0/4 0/4 0/4 (<10, <10, <10)

WJ19
Inoculated 4/4 4/4 4/4 0/4 4/4 (640, 640, 1,280, 1,280) +
Exposed 0/4 4/4 4/4 4/4 4/4 (20, 80, 160, 320)

7)607
Inoculated 4/4 4/4 2/4 0/4 4/4 (640, 640, 1,280, 1,280) +
Exposed 0/4 2/4 4/4 4/4 4/4 (160, 320, 320, 1,280)

QD4
Inoculated 4/4 4/4 4/4 1/4 4/4 (320, 320, 640, 640) +
Exposed 3/4 0/4 0/4 1/4 3/4 (<10, 20, 160, 160)

WJ101
Inoculated 3/4 0/4 3/4 1/4 3/4 (80, 160, 320, 640) +
Exposed 0/4 4/4 1/4 1/4 2/4 (<10, <10, 40, 80)
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TABLE 6 (Continued)

Airborne Transmission of HIN2 Avian Influenza Virus

Virus and Virus shedding on day”: Airborne
group 3 5 7 9 Seroconversion® (HI titer) transmissibility
NG22
Inoculated 4/4 4/4 4/4 4/4 4/4 (160, 320, 320, 640) +
Exposed 1/4 1/4 2/4 4/4 4/4 (80, 320, 320, 640)
QD6
Inoculated 4/4 4/4 4/4 3/4 4/4 (320, 640, 640, 1,280) +
Exposed 4/4 4/4 3/4 1/4 4/4 (320, 320, 640, 640, 1,280)
WJ57
Inoculated 4/4 4/4 3/4 3/4 4/4 (160, 640, 1,280, 1,280) +
Exposed 3/4 4/4 2/4 2/4 4/4 (80, 80, 320, 320)

“ The number of days after chickens were inoculated/exposed. Data are numbers of chickens shedding virus/total number of chickens.

b HI antibody titers of chickens on day 21 postinoculation/postexposure.

DISCUSSION

Previous studies on influenza viruses of mammalian origin have
shown that airborne transmission is associated with the biological
properties of the virus and other factors (37-39). To ascertain the
underlying mechanism of the airborne transmission of the prev-
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FIG 7 Proportions of HIN2 viruses with PA 672L and HA 363K in GenBank
from 1996 to 2013. There were 739 distinct complete PA sequences, 1,975 HA
sequences, and 611 HIN2 strains with both PA and HA sequences (A), and
there were 403 PA sequences, 1,504 HA sequences, and 352 HON2 strains from
China (B). Ppygyor 18 the proportion of PA sequences with 672L in 739 PA
complete coding sequences in 1 year. Pyj,565¢ is the proportion of HA se-
quences with 363K in 1,976 HA complete coding sequences in 1 year.
Ppasroriasesk 1S the proportion of HIN2 viruses with both PA 672L and HA
363K in 611 HON?2 strains in 1 year.
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alent HON2 avian influenza virus (40), we generated a panel of
reassortant viruses derived from two HON2 viruses, SH7 and
SH14. We assessed airborne transmissibility by determining viral
shedding in oropharyngeal swabs and seroconversion in this
study. The viral shedding and seroconversion titers were not sig-
nificantly different between chickens in the SH7 and SH14 infec-
tion groups (Fig. 1 and 4). Airborne transmission was not obvi-
ously associated with viral shedding in inoculated chickens under
the experimental conditions of this study. The viruses possessing
both the PA and HA genes of SH7 were able to infect neighboring
chickens through the airborne route (Tables 2 and 3). In addition,
the presence of the NP and NS genes of SH7 enhanced the effi-
ciency of airborne transmission for recombined SH14 (Fig. 2B, C,
and D).

We further identified the effective amino acids of position 363
in HA and position 672 in PA for airborne transmission (Table 4).
The two amino acids influenced the viral shedding and infectivity
for chickens (Fig. 4 and Table 5). The viral shedding of SH7 and
SH14 were not significantly different; however, the infectivity of
SH7 was superior. In addition, the levels of infectivity and viral
shedding of SH7 were higher than those of 7HA 435, which did
not have airborne transmissibility. The substitution of E363K in
HA significantly altered the airborne transmission capability of
SH7 (Table 4) and also reduced its acid stability (Fig. 5). The
infectivity of SH7 was found to be stable in a wide range of differ-
ent pH buffers (pH 7.2 to 5.2). However, 7HA 543z and SH14 not
only were unable to transmit by the airborne pathway but also
were sensitive to acid inactivation. The sustained and efficient
airborne transmission of virus requires a certain level of stability
of the HA protein in an acidic environment due to the varied pHs
of different hosts’ respiratory tracts (16). Amino acid position 363
(position 43 in HA2) is located at the secondary structure a-helix
in the HA2 stalk (41) and participates in the conformational
change of the fusion peptide projected toward the target mem-
brane (42, 43). The mutations of a-helix residues can alter the pH
of activation of the HA protein (44-47). In addition, the pH of
activation of the HA protein is associated with viral replication,
virulence, and transmissibility (15, 16, 41, 48, 49). In this study,
the acid stability of SH7 would allow it to maintain infectivity in
the chickens’ respiratory tracts for a long time. Amino acid posi-
tion 672 of PA also was related to the airborne transmission of SH7
(Table 4). Like the alteration K363R in HA, L672F in PA decreased
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infectivity and viral shedding for chickens nearly 50-fold, but it
did not change the tissue tropism. PA is implicated in viral RNA
replication, transcription, host proteolytic activity, and viral
pathogenicity (50-53). When the influenza A virus PA C-terminal
region (residues 257 to 716) exists in the RNP complex with the
PB1 N terminus, it has a fold resembling a dragon’s head of the
RNP complex. Position 672 is positioned in the PB1 binding re-
gion (54) and is responsible for a temperature-sensitive pheno-
type (55). Position 672 in PA would affect the viral stability in the
environment, leading to diverse abilities for airborne transmissi-
bility. Thus, even though the chickens inoculated with HIN2 vi-
ruses shed similar doses of virus, the stability and fitness of the
viruses in airborne particles and in the hosts’ respiratory tracts
were varied, resulting in different levels of transmissibility.

Among the tested wild-type HON2 viruses, both 363K in HA
and 672L in PA were critical for airborne transmissibility, but the
transmission efficiencies of the viruses were different (viral shed-
ding and seroconversion) (Table 6). The results indicated that
other factors influence airborne transmission, such as position
451 in HA and 683 in PA (Tables 3 and 6). In addition, amino acid
position 216 (226 according to H3 numbering) of HA is respon-
sible for receptor binding specificity (56) and is associated with
airborne transmission in mammals (15, 37, 57). An L residue at
position 216 in HA is responsible for human virus-like receptor
specificity (56). In this study, the amino acid residue at position
216 is an L in the airborne-transmissible strain SH7, which con-
tributes to the airborne transmissibility of other influenza A virus
subtypes in mammals (15, 37, 57). However, the L216Q substitu-
tion in HA did not alter airborne transmissibility of SH7 in chick-
ens (Table 4).

The genes of SH7 and SH14 clustered together with A/chicken/
Shanghai/F/98, which belongs to the BJ/94 lineage (29, 58). HIN2
viruses circulating in recent years in China are mainly descendants
of BJ/94-like and G1-like genotypes (58-61). The representative
strain of the BJ/94-like genotype is A/chicken/Beijing/1/94, and
the representative strain of the G1-like genotype is A/quail/Hong
Kong/G1/97. Both of the strains contain residue 672L in PA and
363K in HA. The first isolated HON2 virus, A/turkey/Wisconsin/
1/1966, and the widely used reference strain A/duck/Hong Kong/
Y280/97 did not contain 672L in PA or 363K in HA. In a previous
study, wild-type A/duck/Hong Kong/702/79 (H9N2) (HK702),
which cannot transmit by the airborne route in chickens, was
adapted in quails and chickens through 23 serial passages. The
adapted HK702 strain, which is airborne transmissible in chick-
ens, bears an E363K substitution in HA as well (18). From 1966 to
1995, the availability of the complete sequences of PA and HA was
limited. Owing to the epidemic of HON2 subtype influenza virus
in several countries and the development of sequencing tech-
niques, more complete HON2 coding sequences have been sub-
mitted to GenBank since 1996. The proportion of strains with
both PA 672L and HA 363K increased in 1998, which coincided
with the epidemic of HON2 viruses (29). In recent years, HON2
viruses with both 672L in PA and 363K in HA are preponderant
(Fig. 7A and B), indicating the prevalence of airborne-transmis-
sion HON?2 strains.

Recently, HON2 viruses have been known to donate internal
genes of other influenza A virus subtypes, such as H5N1, H5N2,
and H7N9, in humans and poultry (2, 11, 40, 62). We hypothe-
sized that the HA, PA, NP, and NS genes associated with airborne
transmission as demonstrated here are transferred to other influ-
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enza viruses. Our results highlight that both 672L in PA and 363K
in HA are critical residues for airborne-transmissible HON2 virus
and elucidated the current status of HON2 avian influenza virus.
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