JVI

Journals.ASM.org

Transmission of H7N9 Influenza Viruses with a Polymorphism at PB2
Residue 627 in Chickens and Ferrets

Geraldine S. M. Luk, Connie Y. H. Leung,? Sin Fun Sia,® Ka-Tim Choy,® Jie Zhou,? Candy C. K. Ho,® Peter P. H. Cheung,®
Elaine F. Lee,? Chris K. L. Wai,® Pamela C. H. Li,? Sin-Ming Ip,® Leo L. M. Poon,® William G. Lindsley,® Malik Peiris,® Hui-Ling Yen®

Agriculture, Fisheries and Conservation Department, The Government of Hong Kong SAR, Hong Kong?; School of Public Health, LKS Faculty of Medicine, The University of
Hong Kong, Hong Kong®; Allergy and Clinical Immunology Branch, Health Effects Laboratory Division, National Institute for Occupational Safety and Health, Morgantown,
West Virginia, USA®

ABSTRACT

Poultry exposure is a major risk factor for human H7N9 zoonotic infections, for which the mode of transmission remains un-
clear. We studied the transmission of genetically related poultry and human H7N9 influenza viruses differing by four amino ac-
ids, including the host determinant PB2 residue 627. A/Silkie chicken/HK/1772/2014 (SCk1772) and A/HK/3263/14 (HK3263)
replicated to comparable titers in chickens, with superior oropharyngeal over cloacal shedding; both viruses transmitted effi-
ciently among chickens via direct contact but inefficiently via the airborne route. Interspecies transmission via the airborne
route was observed for ferrets exposed to the SCk1772- or HK3263-infected chickens, while low numbers of copies of influenza
viral genome were detected in the air, predominantly at particle sizes larger than 4 pm. In ferrets, the human isolate HK3263
replicated to higher titers and transmitted more efficiently via direct contact than SCk1772. We monitored “intrahost” and “in-
terhost” adaptive changes at PB2 residue 627 during infection and transmission of the Sck1772 that carried E627 and HK3263
that carried V/K/E polymorphism at 60%, 20%, and 20%, respectively. For SCk1772, positive selection for K627 over E627 was
observed in ferrets during the chicken-to-ferret or ferret-to-ferret transmission. For HK3263 that contained V/K/E polymor-
phism, mixed V627 and E627 genotypes were transmitted among chickens while either V627 or K627 was transmitted to ferrets
with a narrow transmission bottleneck. Overall, our results suggest direct contact as the main mode for H7N9 transmission and
identify the PB2-V627 genotype with uncompromised fitness and transmissibility in both avian and mammalian species.

IMPORTANCE

We studied the modes of H7N9 transmission, as this information is crucial for developing effective control measures for preven-
tion. Using chicken (SCk1772) and human (HK3263) H7N9 isolates that differed by four amino acids, including the host deter-
minant PB2 residue 627, we observed that both viruses transmitted efficiently among chickens via direct contact but inefficiently
via the airborne route. Chicken-to-ferret transmission via the airborne route was observed, along with the detection of viral ge-
nome in the air at low copy numbers. In ferrets, HK3263 transmitted more efficiently than SCk1772 via direct contact. During
the transmission of SCk1772 that contained E and HK3263 that contained V/K/E polymorphism at PB2 residue 627, positive se-
lections of E627 and K627 were observed in chickens and ferrets, respectively. In addition, PB2-V627 was transmitted and stably
maintained in both avian and mammalian species. Our results support applying intervention strategies that minimize direct and
indirect contact at the poultry markets during epidemics.

H uman zoonotic infections by avian influenza viruses of vari-
ous subtypes (H5N1, HON2, H7N9, H6N1, H10NS8, and
H5N6) are of considerable, but dissimilar, public health concern.
The zoonotic and pandemic potential of H7N9 avian influenza
virus is evidenced by the rapid surge of human H7N9 disease since
2013 (1). Detection of H7N9 patients through the influenza-like
illness surveillance suggests a substantial number of mild or sub-
clinical H7N9 infections in humans (2) and further implies the
zoonotic potential of this virus.

The H7N9 virus acquired its surface hemagglutinin (HA) and
neuraminidase (NA) glycoproteins from ducks and wild birds and
the six internal genes from the HIN2 virus that has been endemic
in Asian and Middle Eastern countries for more than a decade
(3-6). With expanded geographic distribution, the H7N9 viruses
further reassorted with regional HON2 viruses and increased their
genetic diversity in the internal genes (7-9). Genetic comparison
of human and poultry H7N9 isolates has identified mammalian
adaptive mutations; in particular, many of the human H7N?9 iso-
lates contained the well-established mammalian adaptive signa-
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ture K627 or N701 in the PB2 protein, as opposed to the E627 or
D701 signature found in avian H7N9 isolates (7, 8, 10, 11). It is
known that the E627K substitution, which confers increased viral
replication and transmissibility in mammalian hosts (12—18), may
emerge during the viral replication and adaptation inside human
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hosts, as seen in the Dutch H7N7 human case in 2003 (19, 20).
However, the relative fitness of E627 and K627 during the avian-
mammalian interspecies transmission of the H7N9 viruses is not
fully characterized. In addition to the E627K mutation, V627 has
also been identified in the PB2 protein of a human H7N9 isolate
(A/Hong Kong/5731/2014; GISAID, accession no. EPI520861).
The E627V mutation has been previously reported for HIN2
avian influenza viruses circulating in Hong Kong (A/chicken/
Hong Kong/YU158/2011 [GenBank accession no. KF260870]
and A/chicken/Hong Kong/JV75/2011 [GenBank accession no.
KF260871]), Israel (29 insolates in 2000 to 2006) (21), and Egypt
(A/chicken/Egypt/BSU-CU/2011) (22). Valine is nonpolar com-
pared to the positively charged lysine or the negatively charged
glutamic acid at residue 627. Applying the minireplicon reporter
assay with polymerase proteins derived from the A/Puerto Rico/
8/34 virus, the relative polymerase activity of PB2-627V was in
between those of PB2-627E and PB2-627K in both human 293T
and avian DF-1 cell lines (23).

Epidemiological studies identified exposure to the infected
poultry or the contaminated environment at live-poultry markets
as one of the major risk factors for human H7N9 infections (24—
27). However, approximately 45% of H7N9 patients did not have
a definite poultry contact history prior to infection (25). While
influenza virus may be transmitted among humans via fomites,
droplets, or aerosols (28), the mode of H7N9 transmission re-
mains unclear. Closure of live-poultry markets was effective in
temporarily reducing human cases (29-31), but close to 200 hu-
man infections were reported during the winter of 2014-2015,
with a wider geographic distribution to Xinjiang and Jilin in 2014
(1). While chicken is the most common species in the live-poultry
markets harboring the H7N9 virus (6, 32, 33), the predominant
mode that facilitates the spread of H7N9 virus among poultry is
also not fully understood. Recent studies have established the po-
tential of wild bird species as carriers for H7N9 viruses and the
potential transmission to domestic poultry via the contact but not
the airborne route (34). To develop effective control measures for
H7N9 infections among poultry and from poultry to humans, it is
crucial to acquire a comprehensive understanding of the modes of
the transmission of the H7N9 virus.

We studied the modes of transmission of a pair of genetically
related human and poultry H7N9 viruses in chickens and ferrets.
The poultry H7N9 virus (A/SCk/HK/1772-3/14, here referred to
as SCk1772) was isolated from Silkie chickens imported from
China without apparent clinical signs in January 2014. The isola-
tion of the SCk1772 virus has led to the decision of the Hong Kong
government to cull 22,604 poultry. The human H7N9 virus (A/
Hong Kong/3263/14, here called HK3263) was isolated from the
nasopharyngeal swab of a patient with a nonfatal case. Sanger
sequencing results showed that these two viruses only differed by
4 amino acids, including PB2 residue 627. Clonal sequencing con-
firmed that SCk1772 virus retained the avian signature E, while
HK3263 carried V/K/E polymorphism at PB2 residue 627. We
thus further investigated the “interhost” and “intrahost” adaptive
changes at PB2 residue 627 during interspecies transmission. Our
results support the species-specific adaptive changes of E627 and
K627 in avian and mammalian hosts, respectively. Furthermore,
the V627 genotype, which was transmitted and stably maintained
in both avian and mammalian species, may serve as an interme-
diate genotype and facilitate interspecies jump.
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FIG 1 Experiment settings for chicken-to-chicken and chicken-to-ferret
transmission. Donor chickens (n = 3; middle shelf) were inoculated via a
natural route with 5 X10° EIDss of the SCk1772 or HK3263 virus. An addi-
tional 6 chickens (bottom shelf) were inoculated with SCk1772 or HK3263
virus for pathology examinations at 2, 4, and 6 dpi (data not shown). At 1 dpi,
two direct-contact chickens were introduced and cohoused with the three
inoculated donors; in addition, three naive airborne-contact chickens were
introduced to the adjacent cage to evaluate the airborne-transmission effi-
ciency of SCk1772 or HK3263. The airborne-contact chickens were separated
from the donors and direct-contact chickens with a perforated (0.5-cm holes
separated by 1 cm) stainless steel divider (dotted blue line). Two naive ferrets
were introduced at 1 dpi and were housed separately above the chickens. The
two ferrets were separated with a solid stainless steel divider (solid blue line).

Naive contact ferret

MATERIALS AND METHODS

Viruses and cells. The avian A/SCk/HK/1772/14 H7N9 virus was isolated
from pooled oropharyngeal swabs of Silkie chickens after one passage in
the allantoic cavity of embryonated chicken eggs. The virus was further
propagated once in eggs prior to the experiments. The A/Hong Kong/
3263/14 virus was kindly provided by Department of Health, Hong Kong;
it was isolated from the nasopharyngeal swab of a 65-year-old male pa-
tient who eventually recovered from the infection. The A/Hong Kong/
3263/14 virus has been propagated twice in Madin-Darby canine kidney
(MDCK) cells prior to the experiments. All experiments involving live
H7NO9 viruses were performed in a biosafety level 3 containment facilities
at the University of Hong Kong, in compliance with all applicable guide-
lines. MDCK cells were obtained from the ATCC and were maintained in
minimal essential medium (MEM) supplemented with 10% fetal calf
serum.

Infectivity. The 50% tissue culture infectious dose (TCIDs,) was de-
termined as described previously (35). The 50% egg infectious dose
(EIDs,) was determined in 10-day-old embryonated eggs with 100-p.l
serially diluted samples; the eggs were incubated at 37°C for 4 days. A
hemagglutination assay using 5% turkey or chicken erythrocytes was per-
formed to determine the endpoint of infection; the infectious dose was
calculated using the Reed-Muench method.

Ethics statement. All animal experiments were approved by the Com-
mittee on the Use of Live Animals in Teaching and Research (CULATR) at
the University of Hong Kong (CULATR number 3231-14), by following
the Code of Practice for care and use of animals for experimental purposes
established by the Animal Welfare Advisory Group, approved by the Gov-
ernment of the Hong Kong.

Chicken-to-chicken transmission. The experiments were performed
inside walk-in bioisolators with directional airflow (Fig. 1). The airflow
rates (mean * [SD]) were adjusted to 81.3 = 1.2 ft per min, which led to
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42.3 * 0.2 (mean = SD) air changes per h for all walk-in bioisolators.
White Leghorn chickens were hatched from specific-pathogen-free (SPF)
eggs and raised in a clean environment. Nine-week-old SFP chickens were
inoculated via a natural route (0.1 ml by ocular route, 0.1 ml intranasally,
and 0.3 mlintratracheally) with 5 X 10° EID s of the SCk1772 or HK3263
viruses in 0.5 ml of phosphate-buffered saline (PBS) and served as donors
for the transmission experiment. An additional six chickens were also
inoculated with 5 X 10° EID,s of the SCk1772 or HK3263 virus, and two
were sacrificed at 2, 4, and 6 days postinoculation (dpi) for pathology
examinations (data not shown). At 1 dpi, two direct-contact chickens and
three airborne-contact chickens were introduced to evaluate the trans-
mission efficiency of SCk1772 or HK3263. The inoculated chickens were
housed together with the direct-contact chickens in one cage, while the
airborne-contact chickens were housed in a separate cage 4 cm apart; the
two cages were separated by a perforated (0.5-cm holes separated by 1 cm)
stainless steel divider (Fig. 1). Oropharyngeal and cloacal swabs were col-
lected every other day from all chickens, and the body weights of the
donor and direct-contact chickens were monitored from 2 dpi (1 day
postcontact [dpc]) to 14 dpi (13 dpc). Pre- and postcontact sera collected
at —7 dpiand 18 dpi (17 dpc) were applied to monitor anti-HA antibody
using hemagglutination inhibition assay (HI) or anti-influenza A NP an-
tibody using an ID Screen influenza A virus antibody competition en-
zyme-linked immunosorbent assay (ELISA) kit (ID.vet) by following the
manufacturer’s instructions.

H5 vaccination in chickens. The H5 vaccine (Re-6) was developed by
the Harbin Veterinary Research Institute and has been used in China since
2012. White Leghorn SPF chickens were vaccinated intramuscularly in the
pectoral muscle with 0.5 ml of the vaccine on days 21 and 42. Sera were
collected prior to the experiments from all vaccinated chickens with con-
firmed HI titers against the vaccine antigen ranging from 768 to 4,096.

Chicken-to-ferret transmission. Two naive ferrets were introduced
at 1 dpi into the isolator where the chicken-to-chicken transmission ex-
periments were performed. The ferrets were housed individually in two
separate cages above the chicken cages to prevent any physical contact
(Fig. 1). The ferrets were monitored for clinical signs daily, and the nasal
washes were collected every other day from 2 to 12dpc to monitor viral
shedding. The chickens and ferrets were handled on alternate dates to
avoid cross-contamination. Each animal was handled with separate tools,
with frequent decontamination in between procedures. Seroconversion
was determined using paired sera collected at —3 dpi and 18 dpi (17 dpc)
to monitor anti-influenza A virus NP antibody using an ID Screen Influ-
enza A virus antibody competition ELISA kit (ID.vet) by following the
manufacturer’s instructions.

Ferret-to-ferret transmission. The experiments were performed as
described previously (35). In brief, donor ferrets (n = 2 for each virus)
were inoculated intranasally with 10° TCIDs,s of the SCk1772 or the
HK3263 virus in 0.5 ml of medium. At 1 dpi, each donor was cohoused
with one naive direct-contact ferret and one respiratory-droplet-contact
ferret in the adjacent cage. Clinical signs were monitored and nasal washes
were collected daily from 1 to 10 dpc. The naive contact animals were
handled first with separate tools, with frequent Virkon decontamination
in between procedures. Pre- and postcontact sera collected at 2 dpiand 18
dpi (17 dpc) were applied to monitor anti-influenza A NP antibody using
an ID Screen influenza A virus antibody competition ELISA kit (ID.vet).

RNA extraction and qRRT-PCR for viral load quantification in
chicken swabs. Chicken oropharyngeal or cloacal swabs were collected in
1,500 pl of virus transport medium (VIM). RNA was extracted from 200
wl of the medium using NucliSENS easyMAG automated nucleic acid
extraction system (bioMérieux, Boxtel, The Netherlands) and resus-
pended in 50 pl of NucliSENS easyMAG extraction buffer 3. H7 quanti-
tative real-time reverse transcription-PCR (qQRRT-PCR) was performed
using the LightCycler 480 system (Roche Applied Science, Mannheim,
Germany) and the One Step RT-PCR kit (Qiagen, Inc., Hilden, Germany)
(36). In each H7 qRRT-PCR run, a standard curve for virus quantification
was established with plasmid DNA containing the HA sequence derived
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from influenza virus A/Anhui/1/2013 (37). Five microliters of the eluted
RNA was amplified in a 25-pl reaction mixture, in a fashion similar to that
of the plasmid standard. The copy numbers were extrapolated from the
standard curve. The limit of detection was determined to be 15.7 copies
per reaction or 785 copies/ml of the original VITM.

Air sampling. NIOSH samplers that are capable of collecting aerosols
at three different size ranges (>4, 1 to 4, and <1 pum) were applied to
sample the air at the walk-in isolators where the infected chickens were
housed. During the transmission experiments when air samplings were
performed, the temperatures were recorded at 20 to 21°C and the relative
humidity was recorded at 79%. Samplings were performed for 30 min at
3.5 liter air per minute every other day from 2 to 8 dpi. MEM was added to
retrieve the particles collected by the NIOSH sampler at each of the three
fractions (1 ml per fraction). Viral RNA was extracted (RNeasy; Qiagen) using
400 pl of the medium from each of the three fractions with RNA eluted in 30
pl of nuclease-free water. Influenza virus M gene copy numbers were deter-
mined by quantitative real-time RT-PCR (qRRT-PCR) using the LightCycler
480 system (Roche Applied Science, Mannheim, Germany). Experiments
were performed in 25-pl reaction mixtures with 5 pl of the eluted RNA and
the AgPath-ID One-Step RT-PCR reagents (Life Technology) with primers
(forward, 5'-GACCRATCCTGTCACCTCTGAC-3', and reverse, 5'-AGGG
CATTYTGGACAAAKCGTCTA-3") and probes (5'-6-carboxyfluorescein
[FAM]-TGCAGTCCTCGCTCACTGGGCACG-black hole quencher 1
[BHQ1]-3") reported by the WHO.

Genotyping assay for PB2 residue 627. A two-step TagMan single
nucleotide polymorphism (SNP) genotyping assay with absolute quanti-
tation was applied to quantify the proportion of V/K/E at PB2 residue 627.
The primers (forward, 5'-GGACATTTGACACTGTTCAAATAATAAA
GCT-3', and reverse, 5'-CTCACGTTCACAGTTAGAGAAGAGA-3")
and probes (5'-VIC-CCCGCCGAAGCAGAG-MGB-3' and 5'-FAM-
CCGCCGGAGCAG-MGB-3') for the first reaction differentiate the pro-
portion of A/G at the first nucleotide of the codon encoding residue 627,
which provided an estimate for the copy numbers of K627 (AAG); the
primers (forward, 5'-CTATTACCATTTGCAGCAGCCC-3', and reverse,
5'-CTCACGTTCACAGTTAGAGAAGAGA-3') and probes (5'-VIC-
CGCCGGAGCAGAGT-MGB-3’ and 5'-FAM-CGCCGGTGCAGAGT-
MGB-3") for the second reaction may differentiate the proportion of A/T
at the second nucleotide of the codon, which provided an estimate for the
copy numbers for V627 (GTG) and E627 (GAA or GAG); the proportion
was then calculated based on the copy numbers of each genotype. The
specificity of the two-step genotyping assay was evaluated using control
PB2 plasmids (PB2 gene derived from A/Shanghai/2/2013) each encoding
K627, E627, or V627 at concentrations ranging from 10" to 10° copies per
L. The genotyping assay was only performed using samples containing
>100 copies/p.l of the PB2 gene.

Full-genome sequencing and clonal sequencing. Total RNA was ex-
tracted from the viral culture supernatants (RNeasy; Qiagen). The full
genome was amplified by RT-PCR using the universal primers (38) and
subjected to dideoxynucleotide sequencing. To determine the genotype
at PB2 residue 627, a 488-bp PCR product (forward, 5'-TGGGNGTRGA
TGARTAYTC-3', and reverse, 5'-ATTCCKGAGCCTCTCACATTCA
CAG-3') fragment spanning the region of residue 627 was amplified by
RT-PCR (Qiagen) and cloned into the pCR4-TOPO vector (Invitrogen).
Plasmid DNA was isolated (Miniprep; Qiagen) and subjected to dideoxy-
nucleotide sequencing using the amplification primers.

Statistical analysis. The total amount of virus shed in infected chick-
ens was estimated by calculating the area under the curve (AUC) values
using the viral copy numbers determined at different days postinocula-
tion or postcontact. The AUC values were compared using the Mann
Whitney test or the Wilcoxon matched-pair signed-rank test. A P value of
<0.05 was considered statistical significant.

Sequence data accession numbers. The full genome of SCk1772 was
submitted to GISAID (accession no. EPI505122, EPI505123, and
EPI553197 to EP1553202).
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TABLE 1 Total virus shedding in the oropharyngeal and cloacal swabs, approximated by the AUC values for chickens inoculated or infected by

SCk1772 or HK3263 H7N9 virus®

AUC, mean * SD (95% CI)

SCk1772 HK3263
Airborne
Swab type Donor (n = 6) Direct contact (4/4) contact (0/6) Donor (n = 6) Direct contact (4/4) Airborne contact (3/6)
Oropharyngeal 22.4 = 1.8 (20.5-24.3) 27.3 * 3.7 (21.4-33.3)  NA 20.5 + 3.2 (17.2-23.8) 22.8 + 1.4 (20.5-25.1) 29.5 * 1.0° (27.1-32.0)
Cloacal 9.8 + 4.4 (52-14.4)  14.0 * 11.7 (—4.7-32.6) NA 73 +59(1.1-13.5) 42+ 6.8 (—6.6-15.0) 12.7 = 0.8” (10.7-14.6)

“ The AUC values were calculated to approximate the total virus shed (copies/pul) from the oropharyngeal and cloacal swabs of chickens at 2, 4, 6, 8, 10, 12, and 14 dpi (equivalent
to1,3,5,7,9, 11, and 13 dpc). CI, confidence interval; NA, not applicable, as no transmission was observed.

® Mean AUC =* SD from three infected chickens only.

RESULTS

Characterization of the human and chicken H7N9 influenza vi-
rus isolates. The SCk1772 virus was isolated from the pooled oro-
pharyngeal swabs of Silkie chickens in embryonated chicken eggs.
The SCk1772 stock virus showed higher infectivity in eggs (7.88
log,, EIDs,s/ml) than that in MDCK cells (6.46 log,, TCIDs,s/
ml). Similar to the majority of the human and avian H7N9 iso-
lates, SCk1772 contained the mammalian adaptive Q226L muta-
tion at the HA receptor-binding domain; Q226L and G228S have
been observed to confer increased binding to alpha2,6-linked
sialic acids in human H2N2 and H3N2 influenza viruses (39). In
addition, SCk1772 contained the avian-like signatures E627 and
D701 in the PB2 protein.

The human H7N9 virus HK3263 was isolated from the naso-
pharyngeal swab of a 65-year-old male with a history of travel to
Guangdong Province, China, prior to disease onset. The virus has
been propagated twice in MDCK cells. The HK3263 stock virus
showed comparable infectivity in eggs (7.75 log,, EID5,s/ml) and
MDCK cells (7.68 log,, TCIDs,s/ml). The genetic sequences of
SCk1772 and HK3263 (GISAID; accession no. EPI507080 to
EPI507087) were highly homologous and differed by 4 amino ac-
ids in the PB2 (E versus V/K/E at residue 627), PB1 (M versus L at
residue 372), PA (S versus N at residue 648), and NP (G versus R
at residue 485) proteins. Sanger sequencing of the original clinical
specimen of HK3263 identified mixed A/G at the first codon and
A/T at the second codon for PB2 residue 627. We performed
clonal sequencing using the HK3263 stock virus and observed that
6 out of 10 clones contained GTG (V), 2 out of 10 clones contained
AAG (K), 1 out of 10 clones contained GAG (E), and 1 out of 10
clones contained GAA (E). In parallel, clonal sequencing for the
SCk1772 stock virus at PB2 residue 627 showed homogenous E
(GAG) in 17 of 17 clones.

Infectivity and transmissibility of the human and chicken
H7N9 viruses in chickens. It is not known if the human H7N9
viruses with mammalian adaptive changes would transmit among
chickens at an efficiency similar to that of the poultry isolates. We
evaluated transmissibility of SCk1772 and HK3263 via the direct-
contact or airborne route in 9-week old-specific-pathogen-free
White Leghorn chickens. Donor chickens (n = 3 per group) were
inoculated with 5 X 10° EID4,s of the SCk1772 or HK3263 viruses
in 0.5 ml of PBS via a natural route (ocular, nasal, or tracheal). An
additional six chickens were inoculated for monitoring histo-
pathological changes on 2, 4, and 6 days postinoculation (dpi)
(data not shown). At 1 dpi, direct-contact chickens (n = 2) and
airborne-contact chickens (n = 3) were introduced (Fig. 1).
Transmission was monitored by determining the RNA copy num-
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bers for the HA genes of the SCk1772 and HK3263 viruses from
oropharyngeal and cloacal swabs by qRRT-PCR and by monitor-
ing seroconversion.

None of the donor chickens inoculated with SCk1772 or
HK3263 viruses showed apparent clinical signs during the course
of infection. The mean oropharyngeal peak titers were compara-
ble between chickens inoculated with SCk1772 and HK3263 (5.4
log,, RNA copies/pl for both), and the mean maximum weight
losses were detected at 4 dpi (mean = % SD;5.0 = 4.1% and 3.7 =
5.5%, respectively). The area under the curve (AUC) values were
calculated to estimate the total amount of virus shed via the oro-
pharyngeal and cloacal routes (Table 1). The SCk1772 and
HK3263 viruses replicated to comparable titers in the upper respi-
ratory tract of the inoculated chickens (Fig. 2), with peak oropha-
ryngeal shedding detected at 2 and 4 dpi and comparable mean
AUC values (Table 1). Comparable degrees of cloacal shed-
ding were also observed from SCk1772- and HK3263-inoculated
chickens, with the mean peak titers detected at 4 and 6 dpi (Fig. 2).
Higher viral loads were detected in the oropharyngeal swabs than
the cloacal swabs from chickens inoculated with either SCk1772 or
HK3263 (P = 0.03, Wilcoxon matched-pair signed-rank test)
(Table 1). Overall, the oropharyngeal shedding was superior and
generally preceded cloacal shedding for chickens inoculated with
SCk1772 or HK3263.

Transmission of SCk1772 or HK3263 to naive cage mates via
direct contact with shared food and water source (troughs) was
rapidly detected on 2 dpi (1 day postcontact [dpc]). Peak oropha-
ryngeal titers were detected from the SCk1772-infected (4.6 to 6.1
log,, RNA copies/pl) or the HK3263-infected (3.9 to 5.1 log,,
RNA copies/pl) cage mates at 3 or 5 dpc (Fig. 2). Marginally
higher oropharyngeal and cloacal viral shedding was detected for
the SCk1772-infected chickens than for those infected with the
HK3263 virus, although the differences were not statistically sig-
nificant (Table 1). Similarly, higher oropharyngeal shedding over
the cloacal shedding was observed for the chickens infected by
SCk1772 or HK3263 via direct contact (Table 1).

Transmission of SCk1772 or HK3263 virus between chickens
via the airborne route was less efficient than by the direct-contact
route. There were only low copy numbers of viral RNA (0.6 to 1.3
log,o RNA copies/pl) detected from the SCk1772 airborne-con-
tact chickens without seroconversion at 17 dpc. These SCk1772
airborne-contact chickens were thus considered not infected, and
no transmission to the adjacent cage occurred via the airborne
route. On the other hand, transmission of HK3263 via the air-
borne route was observed in one of the two replicate experiments.
Viral shedding was first detected from the oropharyngeal swab of
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FIG 2 Transmission of the chicken SCk1772 and human HK3263 H7N9 isolates in SPF chickens. Donor chickens were inoculated with either 5 X 10° EIDs,s of
SCk1772 or HK3263, and naive direct-contact or airborne-contact chickens were introduced at 1 dpi. Transmission of SCk1772 among chickens was monitored
by determining viral RNA copies per microliter in the oropharyngeal swabs or cloacal swabs (A). Transmission of HK3263 among chickens was monitored by
determining viral RNA copies per microliter in the oropharyngeal swabs or cloacal swabs (B). The mean viral RNA copy = SEM is shown, with the solid line
representing the limit of detection at 3.14 copies/pl. The proportion of chickens that seroconverted is shown above each group.

one out of three airborne-contact chickens at 3 dpc (4.3 log;, RNA
copies/pl), and high copy numbers of viral RNA (5.5 to 5.9 log,,
RNA copies/pl) were detected subsequently from its two cage
mates at 7 dpc. Viral RNA could be detected in both the oropha-
ryngeal and cloacal samples from the chickens infected by
HK3263 via the airborne route, with a higher viral load detected in
the oropharyngeal swabs (AUC [mean = SD] = 29.5 * 1.0) over
the cloacal swabs (AUC = 12.7 £ 0.8). The peak oropharyngeal
viral loads were detected at 5 or 7 dpc and ranged from 5.4 to
5.9 log,, RNA copies/pl (Fig. 2); seroconversion was observed
for 3 out of 6 exposed chickens at 17 dpc, with HI titers of 128
to 256.

Chickens in China are mandatorily vaccinated against H5N1
virus using the inactivated recombinant Re-6 vaccine derived
from a clade 2.3.2.1 H5NI virus, A/duck/Guangdong/S1322/
2010. We evaluated the effect of the two-dose Re-6 vaccination on
the replication and transmission of the SCk1772 virus. After chal-
lenge, the vaccinated donor chickens shed virus in the oropharyn-
geal (AUC = 20.4 = 3.4) and cloacal (AUC = 13.6 £ 7.0) swabs at
titers comparable to those from the unvaccinated donor chickens
(P = 0.39, Mann-Whitney test) (Table 1). Among the vaccinated
chickens, transmission from donors to the direct contacts was as
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efficient as observed among the nonvaccinated chickens. All
chickens in direct contact with the donors started to shed virus in
the oropharynx within 1 dpc, with an AUC value comparable to
that of the unvaccinated chickens (P = 0.66, Mann-Whitney test)
(Table 1). The peak viral titers detected in the oropharyngeal
swabs of the Re-6-vaccinated chickens (4.4 to 6.1 log,, RNA
copies/wl) (Fig. 3) were also comparable to those of the unvac-
cinated chickens (Fig. 2).

Overall, the human (HK3263) and chicken (SCk1772) H7N9
viruses replicated to comparable titers in the inoculated and in-
fected contact chickens, with no apparent clinical signs. We ob-
served rapid transmission of both the SCk1772 and HK3263
among chickens via direct contact with shared food and water
sources. Although these chickens were likely infected via fomites,
direct or indirect contact, we cannot completely exclude the pos-
sibility of close-range airborne transmission under this cohousing
setting. Transmission via the airborne route to the adjacent cage
was inefficient for HK3263 and was not observed in the two rep-
licate groups of SCk1772. Oropharyngeal shedding was superior
to the cloacal shedding for SCk1772- and HK3263-inoculated or
-infected chickens. Re-6 vaccine conferred no protection against
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FIG 3 Transmission of the SCkl1772 virus in Re-6-vaccinated chickens.
Chickens were vaccinated with Re-6 H5N1 vaccine. Donor chickens were in-
oculated with 5 X 10° EID5,s of SCk1772, and naive direct-contact chickens
were introduced at 1 dpi. Oropharyngeal swabs (A) and cloacal swabs (B) were
quantified by H7 qRRT-PCR. The mean viral RNA copy = SEM is shown, with
the solid line representing the limit of detection at 3.14 copies/l. The propor-
tion of chickens that seroconverted is shown above each group.

H7NO9 challenge in reducing H7 viral loads or preventing trans-
mission of H7N9 virus among chickens.

Stability of the mammalian adaptive changes at PB2 residue
627 during transmission of the human HK3263 virus in chick-
ens. The HK3263 stock virus contained polymorphism at PB2
residue 627; clonal sequencing confirmed that V627 (GTG) was
the dominant population, with 60% (6/10 clones), followed by
K627 (AAG), with 20% (2/10 clones), and E627,with 20% (GAG
and GAA at 1/10 clone each). We applied a two-step TagMan SNP
assay to differentiate the proportion of V/K/E at residue 627. The
first reaction allows differentiating the proportion of A/G at
the first nucleotide of the codon, which provided an estimate for
the copy numbers of K627 (AAG); the second reaction may dif-
ferentiate the proportion of A/T at the second nucleotide of the
codon, which provided an estimate for the copy numbers of V627
(GTG); the proportion of E627 was deduced after the two reac-
tions were performed. The specificity of the two-step genotyping
assay was evaluated using control PB2 plasmids each encoding
K627, E627, or V627 at concentrations from 10" to 10° copies per
Pl A minor overestimation for E627 (>1%) was observed when
the V627 plasmids were used for genotyping. Using this method,
we determined the polymorphism of V/K/E at PB2 residue 627 in
stock HK3263 virus as 64.6%, 24.9%, and 10.6%, respectively (Fig.
4), which correlated well with the clonal sequencing data.

We monitored the proportion of V/K/E at PB2 residue 627
during the transmission of HK3263 in chickens by genotyping the
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viral RNA present in the oropharyngeal swabs. In donor chickens
inoculated with HK3263, we observed that the proportion of K627
was rapidly reduced from 24.9% in the inoculum to less than 10%
in 4/6 donors at 2 dpi (Fig. 4) and further reduced to less than 5%
in 4/6 donors on 4 dpi. Conversely, the proportion of E627 grad-
ually increased, from 10.6% in the inoculum to 24.2 to 33.2% at 4
dpi. Interestingly, the proportion of V627 remained at 61.0 to
71.2% at 4 dpiand did not change significantly in the donor chick-
ens over time. Among chickens infected by HK3263, V627 was
transmitted as the dominant genotype in 3/4 direct contacts at
56.7 to 76.5%, with E627 at 23.5 to 43.3% (Fig. 4); K627 was
detected transiently in 2/4 direct-contact chickens. In one out of
two replicates, HK3263 was transmitted via the airborne route to
at least one naive chicken; both V627 and E627 were transmitted,
while the proportion of K627 remained below 1% during the
course of infection (Fig. 4A). Interestingly, mixed populations
were detected in all infected contact chickens regardless of the
route of transmission; this suggests a wide transmission bottle-
neck during transmission of SCk1772 and HK3263 among chick-
ens. Overall, the genotyping results support the greater fitness of
E627 over K627 in chickens and suggest that V627 can be stably
maintained and transmitted among chickens.

Detection of influenza viral RNA from the air samples col-
lected during transmission. To evaluate the potential of trans-
mission of the H7N9 viruses via aerosols, NIOSH samplers (40)
were used to collect particles at three different size ranges (>4, 1 to
4, and <1 pm) for 30 min at 3.5 liters of air per minute. The air
samplings were performed when chickens were handled to collect
oropharyngeal and cloacal swabs, which may generate increased
dust and fecal particles in the air. We detected the influenza virus
M gene in the air samples from 2 to 8 dpi from the walk-in isola-
tors where the chickens infected with either SCk1772 or HK3263
were housed, although the concentrations (threshold cycle [C;]
ranged from 37.28 to 44.51) were mostly below the linear range of
quantification (3.71 copies per liter of air at a C of 38.20) (Table
2). The detection of the M gene was predominantly at particle sizes
of >4 pm, which supports the inefficient transmission of the
H7NO virus via the airborne route, as particles of <5 pm are more
likely to remain suspended in the air and lead to airborne trans-
mission. The C; values for detection, albeit below the limit of
quantification, gradually decreased from 2 to 8 dpi, suggesting an
increasing amount of influenza virus particles in the air as the
H7NO9 virus continued to be transmitted among chickens via the
direct-contact route. On two sampling occasions, we detected the
M gene copy numbers above the linear range of quantification;
these were replicates 2 for SCk1772 and HK3263 at 8 dpi (7 dpc)
(Table 2). Examining the data on viral shedding (Fig. 2), we noted
that the increased cloacal shedding from the SCk1772 direct-con-
tact chickens at 7 dpc and the transmission of HK3263 to the
airborne-contact chickens may have contributed to the increased
copy numbers of the M gene detected in the air. There was no
apparent difference in the detection rate or the copies of M genes
detected in the air from the SCk1772 and HK3263 virus groups.
None of the samples with the positive M gene detection yielded
positive viral culture in MDCK cells.

Chicken-to-ferret transmission potential of the chicken and
human H7ND9 isolates. Poultry exposure remains the major risk
factor for human zoonotic infections by avian influenza viruses.
We therefore evaluated the chicken-to-ferret transmission poten-
tial of SCk1772 (Fig. 5A) and HK3263 (Fig. 5B). Naive ferrets were

October 2015 Volume 89 Number 19


http://jvi.asm.org

Transmission of H7N9 Viruses in Chickens and Ferrets

A. Donor - G07 Donor 2 - G08 Donor 3 - G09
1001 1001 1001
80 80+ 80+
] (] @
Q o Q
2> 604 2 604 2> 604
5} o 5}
[ c q:;
S 40 S 401 S 40-
ES B ES
204 204 204
0 T v T 0 T T T 0 T v T
inoculum 2 4 inoculum 2 4 inoculum 2 4
days post-inoculation days post-inoculation days post-inoculation
Direct contact - G10 Direct contact - G11
100+ 100+
804 804
[ [
o [=X
2 604 > 604
5} o
5 5
o 401 o 404
B ES
204 204
0 T v v ] T v T
3 5 7 3 5 7
days post-contact days post-contact
Airborne contact - G12 Airborne contact - G13 Airborne contact - G14
1001 1001 1001
80 80 80
[ [ [
o [} o
2> 604 2> 604 2> 604
5} 5} 5}
c c c
S 404 S a0 & 40
ES ES X
204 204 20
[} T v v 0 T T T 0 v v T
3 5 7 7 9 11 7 9 11
days post-contact days post-contact days post-contact
B. Donor - R07 Donor - R08 Donor - R09
1001 1001 1001
80+ 804 80+ %;
2 g 8
2> 604 2> 604 2> 604
o 15} o
5 5 5
& 404 S 40 & 40
R 2 )
204 204 204
0 T v T 0 T T T 0 T v T
inoculum 2 4 inoculum 2 4 inoculum 2 4
days post-inoculation days post-inoculation days post-inoculation
Direct contact - R10 Direct contact - R11
1001 1001
80 80
3 3
o o
> 601 > 604
5} 15}
c c
S 404 & 404
® * Il 627K
204 204
2 627v
o =5 y , ol . . 1 627E
1 3 5 1 3 5
days post-contact days post-contact

FIG 4 Genotyping of V/K/E at PB2 residue 627 among chickens inoculated or infected with human HK3263 H7N9. Two-step genotyping assays were performed
to determine the proportion of V/K/E at PB2 residue 627 from the inoculum of HK3263 or the oropharyngeal swabs of chickens in two separate replicates of the
transmission experiment (A and B).
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TABLE 2 Detection of influenza virus M gene in the air using the NIOSH air sampler?

Detection of influenza virus M gene (C; value)

SCk1772 HK3263
No. of
dpi Replicate >4 pum 1-4 pm <1 pm >4 wm 1-4 pm <1 um
2 1 - — — - - —
2 - - - + (42.43) - -
4 1 + (41.12) - - + (40.80) - + (44.51)
2 + (44.23) - - + (40.57) + (40.91) -
6 1 +(39.15) - - +(39.27) - -
2 +(39.13) - - +(39.28) - -
8 1 +(39.77) - - - - -
2 + (37.46) + (36.76) + (38.97) + (37.28) - + (38.58)

@ Air sampling (30 min at 3.5 liter air per minute) was performed every other day when oropharyngeal and cloacal swabs were collected from the chickens. Viral M gene copy
numbers were determined by qRRT-PCR with the linear range limit of quantification at 3.71 copies per liter of air at a C; of 38.20.

introduced and cohoused with donor and contact chickens at 1
dpi as described (Fig. 1). Ferret nasal washes were collected on
alternate dates when the chickens were handled. Viral shedding
was detected at 6 dpc in 1/4 ferrets exposed to the SCk1772-in-
fected chickens; however, seroconversion was noted in 3/4 ex-
posed ferretsat 17 dpc (Fig. 5A). Specifically, 1/2 ferrets exposed to
SCk1772-infected chickens shed virus in nasal washes in replicate
1, while 2/2 ferrets exposed to SCk1772-infected chickens sero-
converted in replicate 2. None of the SCk1772-infected ferrets
showed apparent clinical signs over the observation period. The
SCk1772 stock virus contained E627 as the dominant genotype.
We performed a genotyping assay on viral RNA present in the
ferret nasal washes at 6 and 8 dpc to monitor the intrahost adap-
tive changes at PB2 residue 627. E627 was the dominant genotype
transmitted at 6 dpc at 97.9%; however, the proportion of K627
rapidly increased from 1.8% to 44.3% from 6 to 8 dpc (Fig. 5C).
This observation suggests that the E627 genotype may transmit
from chickens to ferrets but that the mammalian adaptation at
PB2 residue 627 may emerge rapidly posttransmission.

In comparison, chicken-to-ferret transmission of HK3263 was
observed in 2/4 ferrets at 4 and 6 dpc (Fig. 5B) when viral shedding
was detected in the nasal washes. The other two contact ferrets
remained seronegative at 17 dpc. Specifically, 2/2 ferrets exposed
to HK3263-infected chickens shed virus in nasal washes in repli-
cate 1, while 0/2 ferrets exposed to HK3263-infected chickens shed
virus or seroconverted in replicate 2. None of the HK3263-in-
fected ferrets showed apparent clinical signs, significant weight
loss, or notable temperature change over the observation period.
Since HK3263 contained V/K/E polymorphism, we performed the
two-step genotyping assay to monitor the interhost and intrahost
changes at PB2 residue 627 (Fig. 5C). We observed V627 (92.9%)
and K627 (97.9%) being the dominant genotypes transmitted to
two separate ferrets, which was distinct from the observation of
mixed V/E genotypes being transmitted among chickens (Fig. 4).
Furthermore, both the V627 and K627 genotypes were stably
maintained within the same host during the course of infection
(Fig. 5C). The results suggest that the V627 and K627 genotypes
possess higher chicken-to-ferret transmission potential than E627
and suggest a narrow bottleneck during the chicken-to-ferret
transmission.

Opverall, chicken-to-ferret transmissions via the airborne route
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FIG 5 Chicken-to-ferret interspecies transmission efficiency. Naive ferrets
were exposed to SPF chickens inoculated or infected with chicken (SCk1772)
(A) or human (HK3263) (B) H7N9 virus. Ferret nasal washes were collected
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monitor chicken-to-ferret transmission via the airborne route (A and B).
Genotyping of V/K/E at PB2 residue 627 in nasal washes collected from ferrets
infected by SCk1772 and HK3263 was also conducted (C).
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FIG 6 Transmissibility of the human and chicken H7N9 isolates in ferrets. Donor ferrets were inoculated with 10° TCIDs,s of SCk1772 (A) or HK3263 (B)
intranasally, and naive direct-contact or respiratory-droplet-contact ferrets were introduced at 1 dpi. Nasal washes were collected and titrated in MDCK cells
(log,(TCIDs5, per milliliter) from all ferrets to monitor transmission via the direct-contact and airborne routes. Two-step genotyping assays were performed to
determine the proportion of V/K/E at PB2 residue 627 from the ferret nasal washes (A and B).

were observed for both SCk1772 and HK3263. A previous study
that applied the A/Anhui/1/2013 (H7N9) virus showed limited
replication in inoculated chickens and poor transmission among
chickens and from chickens to ferrets (41). SCk1772 and HK3263
showed efficient replication and transmission to direct-contact
chickens, which may contribute to the onward chicken-to-ferret
transmission. Interestingly, SCk1772 led to seroconversion with-
out detectable viral shedding in the upper respiratory tracts of 2/3
infected ferrets. From the ferret with detectable virus shedding
after SCk1772 infection, we observed initial transmission of the
E627 genotype followed by a rapid increase in the proportion of
the K627 genotype. From the two ferrets infected with HK3263
containing V/K/E polymorphism, we observed a narrow trans-
mission bottleneck selecting for either the V627 or K627 genotype
at transmission; both genotypes were stably maintained within the
host during the course of infection.

Transmission efficiency of the human and chicken H7N9 vi-
ruses in ferrets. We further compared the ferret-to-ferret trans-
missibility of SCk1772 and HK3263. Ferrets inoculated with 10°
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TCID5s of SCk1772 showed moderately elevated temperature, by
1.1°C and 1.2°C, at 2 dpi, without apparent clinical signs. Trans-
mission of SCk1772 via direct contact was inefficient, as viral
shedding was first detected in 1/2 direct-contact ferrets at 7 dpc,
with the titer at its peak (6.29 log;, TCID;,s/ml) at 9 dpc (Fig. 6A);
the AUC value was 10.5. However, seroconversion was observed
for both (2/2) direct-contact ferrets. The respiratory-droplet-con-
tact ferrets did not shed detectable virus in the nasal washes, but
one (1/2) seroconverted without showing apparent clinical signs
(Fig. 6A). A genotyping assay was performed to monitor the
changes in PB2 residue 627 from the SCk1772-inoculated donors
and the infected direct-contact ferret (Fig. 6A). In both donor
ferrets, the proportion of the K627 genotype in the nasal washes
gradually increased over time and reached 46.2% and 42.8%, re-
spectively, at 6 dpi. Both the K627 (66.2%) and E627 (33.8%)
genotypes were transmitted via direct contact at 7 dpc; however,
the K627 genotype rapidly gained dominance (>95%) within the
same host (Fig. 6A).

Ferrets inoculated with 10° TCID5,s of HK3263 shed higher
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viral loads in the nasal washes (AUC [mean = SD] = 27.6 = 0.5)
than did ferrets inoculated with SCk1772 virus (AUC = 17.8 =
4.8), although the difference was not significant due to the small
sample size. Peak titers were also detected earlier for the HK3263
donor ferrets (2 dpi) (Fig. 6B) than for the SCk1772 donors (5 dpi)
(Fig. 6A). HK3263 was transmitted more efficiently among ferrets
via direct contact than did the SCk1772 virus; viral shedding was
detected in the nasal washes of both direct-contact ferrets at 3 and
4 dpc, with peak titers detected at 4 dpc (6.46 log,, TCIDs,s/ml)
and 6 dpc (6.71 log,, TCIDs,s/ml), respectively (Fig. 6B). The
AUC for the two HK3263-infected direct-contact ferrets was 23.3
+ 1.8. Sneezing was noted for the HK3263-inoculated donor fer-
rets or infected contact ferrets, with moderate temperature eleva-
tion (ranging from 0.5 to 1.5°C above baseline). No transmission
of HK3263 via the airborne route was observed, as none of the
respiratory-droplet-contact ferrets shed virus or seroconverted
(Fig. 6B). Genotyping was performed on the nasal washes col-
lected from the HK3263-inoculated donors and infected direct-
contact ferrets (Fig. 6B). In both donor ferrets, the proportion of
the V/K/E 627 genotypes generally remained stable in the nasal
washes over the course of infection, although minor variations
were noted. We observed a narrow transmission bottleneck, with
V627 (93.6%) being the dominant genotype transmitted to one
ferret and K627 (98.8%) being the dominant genotype trans-
mitted to the other ferret. The V627 and K627 genotypes were
stably maintained within the infected hosts over the course of
infection (Fig. 6B).

Overall, we observed that the human HK3263 isolate transmit-
ted more efficiently among ferrets via direct contact than did the
chicken SCk1772 isolate. Genotyping results identified strong
positive selection from E to K at PB2 residue 627 among ferrets
inoculated or infected with the poultry SCk1772 isolate. For the
human HK3263 virus, the V/K/E 627 genotypes remained at com-
parable proportions in the nasal washes of the inoculated donor
ferrets, but the transmission to direct-contact ferrets was domi-
nated by either V627 or K627.

DISCUSSION

We studied the modes of transmission of two genetically related
H7NO viruses isolated in early 2014 from Silkie chickens and a
65-year-old male patient. The chicken (SCk1772) and human
(HK3263) H7NO9 isolates, which differed by four amino acids in
the PB2 (E627V/K/E), PBI (M372L), PA (S648N), and NP
(G485R) proteins, demonstrated efficient direct-contact trans-
missibility and inefficient airborne transmissibility among chick-
ens. Early and predominant oropharyngeal shedding was noted in
chickens infected by SCk1772 or HK3263. Interspecies transmis-
sion via the airborne route was observed with ferrets exposed to
SCk1772- or HK3263-infected chickens at 4 to 6 dpc. In ferrets,
the human isolate HK3263 replicated more efficiently in the upper
respiratory tract and transmitted more efficiently to naive direct-
contact ferrets than the chicken isolate SCk1772, which predom-
inantly caused asymptomatic infections with seroconversion.
Opverall, our results identified direct contact as the main mode of
transmission for H7N9 viruses. Intervention strategies that mini-
mize poultry-poultry or human-poultry contact frequency should
be prioritized during epidemics.

Human and avian H7NO viruses differ in the adaptive amino
acid changes at PB2 residue 627 or 701 (8), suggesting a high
selection pressure in favor of K627 and N701 in humans. From the
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two donor ferrets inoculated with SCk1772, we observed a rapid
increase in the proportion of K627 over E627 in the nasal washes
during the course of infection. In the two ferrets in which chicken-
to-ferret or ferret-to-ferret transmission of SCk1772 was ob-
served, E627 or an E627/K627 mixture was detected in the first
positive nasal wash samples, followed by increased proportions of
K627 in subsequent nasal washes from both ferrets. While the
K627 mutation may enhance viral polymerase activity in mamma-
lian hosts, our results suggest that this adaptive change is not es-
sential for the avian-to-human transmission to occur. The rapid
increase in proportion of K627 over E627 would support the con-
tention that the PB2 adaptive change observed in the human
H7N9 isolates emerged rapidly within the host after interspecies
transmission (19, 20, 42).

The HK3263 virus contained a genetic polymorphism of V
(GTG)/K (AAG)/E (GAG and GAA). Considering the avian origin
of the H7N9 viruses, the emergence of K (AAG) would require a
transition mutation from G to A at the first codon, while the
emergence of V (GTG) would require a transversion mutation
from A to T at the second codon. Considering the G-to-A and
C-to-U mutational bias for influenza in humans (43), it would be
more likely to yield the K (AAG) than the V (GTG) adaptive
change in a mammalian host. The origin of the V627 genotype
observed in the HK3263 isolate remains unknown, but it is likely
to be associated with the HON2-internal gene origin (21, 22). Our
results suggest that V627 possesses uncompromised fitness and
transmissibility in both chickens and ferrets. This is in agreement
with a recent study that applied the mutagenesis approach to ex-
plore the plasticity of residue 627 in PB2 (23). The V/K/E poly-
morphism of HK3263 also allowed us to observe the differences in
transmission bottleneck in chickens and ferrets. While mixed
V627 and E627 genotypes were transmitted among chickens, only
the V627 or K627 genotype was transmitted to four ferrets where
chicken-to-ferret or ferret-to-ferret transmission of HK3263 was
observed. This observation is in agreement with the recent report
of a narrow transmission bottleneck for the H7N9 virus among
ferrets (44). However, this narrow transmission bottleneck was
not observed for SCk1772, as both E627 and K627 could be de-
tected from one of the two ferrets infected by SCk1772.

Chickens infected with H7N9 viruses portrayed the typical pat-
terns of early onset and predominant oropharyngeal shedding in
chickens following low-pathogenic avian influenza virus infection
(45) and were in agreement with other H7N9 studies with chick-
ens (11, 41, 46-49). Importantly, chickens inoculated with HON2
viruses isolated from China also shed in a similar fashion (50, 51).
The common tissue tropism shared by the HON2 and H7N9 vi-
ruses would facilitate reassortment, as evidenced by recent surveil-
lance studies (7-9, 52). The internal gene segments 1, 2, 3, 5, and 8
of the SCk1772 and HK3263 viruses we studied were derived from
the genetically related clade 3 of the ZJ-HJ/07 lineage of HON2
viruses and are different from those in the H7N9 viruses reported
in the first wave of the epidemic (8). Although the number of
ferrets tested was small, the airborne transmissibility of SCk1772
and HK3263 between ferrets was less efficient than that of the
A/Shanghai/1/2013 virus, under the same experimental settings
(35). Further studies are needed to understand if changes in the
internal gene constellation may render the viruses less transmissi-
ble in mammals.

We observed limited airborne transmission from chicken to
chicken, but interspecies transmission by the airborne route was
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detected in ferrets exposed to SCk1772- or HK3263-infected
chickens. Although we did not determine the minimal infectious
dose for SCk1772 and HK3263 in chickens and ferrets, it is possi-
ble that chickens and ferrets may differ in their susceptibility for
H7N9 viruses by the airborne route. Limited H7N9 studies with
chickens support the contention that a high inoculating dose is
needed for establishing infection (47, 49). The feasibility of air-
borne transmission was supported by the detection of low copy
numbers of the influenza viral M gene in the air, predominantly at
particle sizes of >4 pm. Such large droplets may not remain sus-
pended in the air for a prolonged period and may also confer
fomite transmission (28, 53). The air samplings were performed
when chickens were handled to collect oropharyngeal and cloacal
swabs. It is likely that similar aerosol-generating procedures occur
at the live-poultry markets when the birds are handled for inspec-
tion by the customers prior to purchase. It is of note that many of
the human patients reported no direct physical contact with the
market poultry (25), although some of them had visited a market
where live poultry were housed; our results would support the
possibility that airborne transmission may be one of the modes of
zoonotic transmission at live-poultry markets. Reducing use of
aerosol generation procedures and improved ventilation at live-
poultry markets should be encouraged. Further studies at poultry
markets are needed to monitor the quantity and sizes of influenza
virus-containing aerosols to assess the airborne-transmission po-
tential of avian influenza viruses.

Rapid transmissions of SCk1772 and HK3263 among chickens
via direct contact were observed within 24 h postexposure. Mixing
of poultry from different farms allows continuous introduction of
susceptible chickens to sustain the chain of H7N9 transmission at
live-poultry markets. The lack of apparent clinical signs in H7N9-
infected chickens further increases the challenges for outbreak
control. Intervention strategies that reduce frequency of direct or
indirect contact between poultry from different sources, such as
adopting poultry segregation by source farms, slaughtering of un-
sold chickens at the end of each day to break the infection cycle,
and thorough cage cleaning, including change of drinking water
and feed, should be considered at live-poultry markets. While clo-
sure of live-poultry markets would seem to be the ultimate control
measure in area where influenza virus is endemic, practical strat-
egies should be taken in parallel to prevent driving the live-poultry
trade underground.
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