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ABSTRACT
The segmented genome of influenza A virus has conferred significant evolutionary advantages to this virus through
genetic reassortment, a mechanism that facilitates the rapid expansion of viral genetic diversity upon influenza co-
infections. Therefore, co-infection of genetically diverse avian influenza viruses in poultry may pose a significant
public health risk in generating novel reassortants with increased zoonotic potential. This study investigated the
reassortment patterns of a Pearl River Delta-lineage avian influenza A(H7N9) virus and four genetically divergent
avian influenza A(H9N2) viruses upon co-infection in embryonated chicken eggs and chickens. To characterize
“within-host” and “between-host” genetic diversity, we further monitored the viral genotypes that were subsequently
transmitted to contact chickens in serial transmission experiments. We observed that co-infection with A(H7N9) and
A(H9N2) viruses may lead to the emergence of novel reassortant viruses in ovo and in chickens, albeit with different
reassortment patterns. Novel reassortants detected in donor chickens co-infected with different combinations of the
same A(H7N9) virus and different A(H9N2) viruses showed distinct onward transmission potential to contact chickens.
Sequential transmission of novel reassortant viruses was only observed in one out of four co-infection combinations.
Our results demonstrated different patterns by which influenza viruses may acquire genetic diversity through co-
infection in ovo, in vivo, and under sequential transmission conditions.
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Introduction

Avian influenza viruses (AIVs) are the primordial
source of influenza viruses that have established them-
selves in humans and other animal species [1].
Through adaptive mutations and genetic reassort-
ments, AIVs may continue to drive the generation of
the next influenza pandemic [2]. Live poultry markets,
where birds infected with genetically diverse AIVs
congregate are known to facilitate co-infections and
the emergence of novel AIVs with increased zoonotic
potential [3]. However, the onward transmission
potential of novel reassortant genotypes generated
after co-infections is currently unknown.

Recent studies have provided valuable insights into
the mechanisms driving the genetic reassortment of
influenza A viruses [4]. Using two homologous
influenza A(H3N2) viruses that differ by 2–6 synon-
ymous mutations in each segment, previous studies
have shown that homologous reassortment is highly
efficient, although the co-infection conditions may

determine the reassortment frequency of the viral pro-
geny [5–7]. For example, in vitro co-infection at a high
multiplicity of infection (MOI) of 10 plaque-forming
units (PFU)/cell supported a high level of reassort-
ment, with an average reassortment frequency of
88.4%; however, the reassortment frequency dropped
to 9.5% at an MOI of 0.01 [5]. In comparison, heter-
ologous reassortments are less efficient in generating
genetically diverse viral progeny due to vRNA-vRNA
or protein-protein incompatibilities [4]. For example,
the packaging signals restricted genetic shift of hae-
magglutinin (HA) segments from H5N2 or H7N9
AIVs to human influenza A(H3N2) viruses [8,9].
Protein incompatibility in forming a functional het-
erotrimer between polymerase acidic protein (PA) of
equine influenza A(H7N7) virus and polymerase
basic protein 2 (PB2) and 1 (PB1) of A(H3N2) virus
limited genetic reassortment between the two heter-
ologous viruses [10]. Although guinea pigs co-infected
with two homologous viruses could transmit reassor-
tants to co-housed contact guinea pigs [7], there
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have been limited studies focusing on the co-infection
of heterologous viruses and the onward transmission
potential of reassortants in animal models.

Avian influenza A(H9N2) viruses are enzootic
among terrestrial poultry species in Asian, Middle
Eastern, and African countries [11]. A(H9N2) viruses
have phylogenetically established at least three
lineages, the G1-like lineage, the Y280-like lineage
(also known as BJ94 or G9 lineages) and the Y439 line-
age [12]. Human infections by A(H9N2) viruses have
been sporadically reported mainly from both G1-like
and Y280-like lineages [11], with most infections lead-
ing to mild clinical signs in children [13]. In addition
to directly causing new infections in humans [14,15],
A(H9N2) viruses have contributed to the internal
genes of multiple avian influenza strains that have
caused lethal human infections in China [16]. The
internal genes of the G1-like lineage A(H9N2) viruses
are genetically related to those of the 1997 A(H5N1)
viruses [17]. Since 2010, genotype 57 (G57), which
evolved from the Y280-like lineage A(H9N2) viruses,
has replaced other genotypes and has gained domi-
nance in chickens [18]. The G57 A(H9N2) viruses
subsequently donated all six internal gene segments
to A(H7N9) viruses that emerged in 2013 [18,19]. A
(H9N2) viruses also provided internal genes for the
emergence of A(H5N6), A(H10N8) and A(H10N3)
viruses that have zoonotic potential [20–22].

Among all known AIVs that have caused human
zoonotic infections, the 2013 A(H7N9) virus is of
most concern as the virus has caused 1568 confirmed
human infections including 616 fatal cases [15]. The
low pathogenic A(H7N9) viruses were generated by
multiple reassortments, comprising genes from AIVs
detected in ducks, migratory birds and chickens
[23]. They have evolved into two lineages (Yangzte
River Delta lineage and Pearl River Delta lineage)
with multiple transient genotypes [24–26]. In late
2016, highly pathogenic A(H7N9) virus with insertion
of multiple basic amino acid residues at the HA clea-
vage site emerged from the Yangtze River Delta line-
age [27]. Although there was extensive genetic
diversity present among A(H7N9) viruses, the virus
predominantly obtained internal genes from A
(H9N2) viruses that belongs to G57, which has been
continuously evolving in chickens [28,29].

A(H9N2) viruses were found co-circulating in
poultry with A(H7N9) viruses in China [30,31].
While A(H7N9) and A(H9N2) viruses share homolo-
gous internal genes, the reassortment patterns of
different A(H9N2) viruses co-infected with the A
(H7N9) virus in vitro and in vivo have not been eval-
uated experimentally. Here, we aimed to characterize
viral progenies generated after co-infection of A
(H7N9) and A(H9N2) viruses of different genetic
lineages in ovo and in White Leghorn chickens. We
also monitored viral genotypes that were subsequently

transmitted to the chickens in serial transmission
experiments. Our results have implications for the
evolution and transmission dynamics of AIV in
avian hosts where co-infections might occur.

Materials and methods

Ethics, biosafety, and biosecurity statement

Risk assessment of co-infection protocols was con-
ducted by the Office of Biological Safety at the Univer-
sity of Hong Kong (HKU). Chicken experiments were
approved by the Committee on the Use of Live Ani-
mals in Teaching and Research at the HKU (#4532-
17). All experiments using A(H7N9) virus were per-
formed in a biosafety level 3 facility with restricted
access following approved standard operating pro-
cedures at HKU.

Cells

Madin-Darby canine kidney (MDCK) cells were
maintained in modified Eagle’s medium (MEM) sup-
plemented with 10% fetal calf serum (FCS), 1% peni-
cillin-streptomycin (P/S), 1% vitamin, and 25 mM
HEPES (Gibco). Human embryonic kidney (293T)
cells were maintained in Opti-MEM supplemented
with 5% FCS and 1% P/S.

Viruses

A/silkie Chicken/Hong Kong/1772/2014(H7N9)
(designated as HK1772; GISAID accession #
EPI_ISL_4882548) represents the Pearl River Delta
lineage A(H7N9) viruses. The transmissibility of
HK1772 in chickens had been described well pre-
viously [32]. A/chicken/Beijing/16/2013(H9N2)
(designated as BJ16; GISAID accession #
EPI_ISL_3144854) virus is a representative strain of
G57 H9N2 viruses that co-circulated with the A
(H7N9) viruses [18]. Other A(H9N2) viruses included
in this study serve as comparators to BJ16. Specifically,
A/chicken/Zhejiang/HJ/2007 (designated as HJ;
GISAID accession # EPI_ISL_3144489) is an early
G57 H9N2 virus [18], while A/silkie chicken/Hong
Kong/YU335/2007 (designated as YU335; GISAID
accession # EPI_ISL_3144467) belongs to G44 that cir-
culated prior to the G57 viruses [33]. A/quail/Hong
Kong/G1/1997 (designated as G1; GISAID accession
# EPI_ISL_3144464)-like viruses has been established
in the Middle East countries and was also included
in the study [34]. HK1772, G1 and YU335 viruses
were stored in our lab at HKU. HJ and BJ16 viruses
were generated by plasmid-based reverse genetics
[35]. Viruses were propagated one time in 10-day
old specific-pathogen-free (SPF) embryonated chicken
eggs (JINAN SPAFAS Poultry Co., Ltd, China) and
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confirmed by next-generation sequencing (NGS).
Viral titres were determined by plaque assay on
MDCK cells or in eggs at 50% egg infective dose
(EID50) [36].

Infection in embryonated chicken eggs

Three 10-day old embryonated chicken eggs were
infected with 104 PFU or 106 PFU of virus alone or
a mixture of the A(H7N9) virus and one of the four
A(H9N2) viruses at a 1:1 ratio with 104 PFU of each
virus in a volume of 0.1 mL. After injection, eggs
were incubated at 35°C and monitored routinely.
Allantoic fluid was harvested at 1, 8, 16 or 48 hour
post-infection (hpi) and was stored at -80°C. Viral
titres were determined by plaque assay on MDCK
cells. Co-infecting samples were further analysed by
genotyping and NGS. Sequencing data are available
in the NCBI BioProject PRJNA768344.

Plaque purification

Viruses were purified using a modified plaque assay.
Confluent MDCK cells in 100 mm dishes were
infected with original samples and incubated at 37°
C. At 70 hpi, plaques were visualized by 1% agarose
containing 0.5 mg/mLMTT (Sigma-Aldrich). Individ-
ual plaques were picked randomly using 1 mL barrier
tips. RNA was extracted from the agar plug using the
QIAamp Viral RNA Mini Kit (Qiagen) according to
the manufacturer’s instructions.

Determination of virus genotypes by high
resolution melting analysis

A multiplex real-time RT-PCR was employed to sim-
ultaneously type H7/H9 and N2/N9 gene segments
based on a multiplex probe combination on a ViiA 7
Real-Time PCR system (Thermo Fisher Scientific).
Experiments were performed in 25 µL reaction mix-
tures with 5 µL of viral RNA and AgPath-ID One-
Step RT-PCR reagents (Life Technology), in duplicate,
according to the manufacturer’s instructions. High
resolution melting (HRM) analysis was performed to
differentiate six internal genes of the A(H7N9) virus
from those of co-infected A(H9N2) viruses using
LightCycler Gene Scanning Software according to
the manufacturer’s instructions. Each internal gene
segment was identified in 10 µL reaction mixtures
containing 1 µL of the cDNA and HRM master mix
(Roche) in 384-well plates, in duplicate, on the Light-
Cycler 480 II instrument (Roche). The HRM curve
was analyzed using the Light Cycler Software (Version
1.5). If any segment from a given plaque could not be
determined, the plaque was not included in the reas-
sortment analysis. Sequences of primers and TaqMan
probes used in the study were listed in sTable 1. They

were synthesized by Integrated DNA Technologies
(IDT, Singapore).

Co-infection and transmission in chickens

White Leghorn chickens were hatched from SPF eggs
and raised in a clean environment. Thirty-six 5-week-
old chickens were randomly separated into four
groups. For every group, three chickens (designated
as donors) were inoculated intranasally with a mixture
of the H7N9 virus and one H9N2 strain (106 EID50 per
virus) in 500 µL phosphate-buffered saline. At 1-day
post-infection (dpi), three donors were moved and
housed with three naïve contacts (designated as 1st
contacts) that were separately housed in different
cages. At 3 dpi, three 1st contacts were co-housed
with three naïve chickens (designated as 2nd contact)
in other three cages. At 5 dpi, all chickens were single-
housed until the end of the experiment (17 dpi). Oro-
pharyngeal swabs and cloacal swabs were collected
from donors at 1, 2 and 3 dpi. Donors were euthanized
at 3 dpi. Oropharyngeal swabs and cloacal swabs were
collected from 1st contacts at 2, 3, 4, 5, 7, 9, 11 and 13
dpi and 2nd contacts at 4, 5, 7, 9, 11 and 13 dpi. All
contacts were euthanized at 17 dpi. This experimental
setting allowed assessing three independent primary
transmission events (from donors to 1st contacts)
and three secondary transmission events (from 1st
contacts to 2nd contacts) under each combination of
H7N9 and H9N2 co-infection. Totally, this chicken
experiment contained 12 serially independent chicken
transmission chains.

Influenza virus M gene copy numbers in the swabs
were determined by quantitative real-time RT-PCR
using the ViiA 7 System. Plaques isolated from orig-
inal oropharyngeal swabs of donors at 1 and 3 dpi,
1st contacts at 3 dpi (2 days post-exposure (dpe))
and 2nd contacts at 5 dpi (2 dpe) were further geno-
typed. Oropharyngeal swabs of donors at 3 dpi were
analyzed by NGS. Sequencing data are available in
the NCBI BioProject PRJNA769384. Pre- and post-
sera were collected at -1 and 17 dpi from chickens
for the detection of anti-HA antibody using the
OIE’s haemagglutination inhibition assay (HI) [37]
or anti-influenza A NP antibody using an ID Screen
influenza A virus antibody competition enzyme-
linked immunosorbent assay (ELISA) kit (ID.vet,
France) according to the manufacturer’s instructions.

Statistical analysis

Data were analyzed using GraphPad Prism version
8.4.1 (GraphPad Software) and R version 4.0.4 (R
Development Core Team). Wilcoxon matched-pair
signed-rank test was used to compare the difference
of viral loads between oropharyngeal swabs and cloa-
cal swabs. Kruskal-Wallis test was used to compare the
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genotype diversity index (GDI), and area under the
curve (AUC) of viral loads of four groups followed
by Dunn’s multiple comparisons tests for pairwise
comparisons. Fisher’s exact test with Bonferroni cor-
rection was performed to identify the correlation of
genetic reassortment in eggs with donor chickens.
Difference was considered statistically significant at
P < .05.

Results

Diverse genotypes were detected after co-
infection of A(H9N2) and A(H7N9) viruses in ovo

To investigate progenies generated after co-infection
of A(H7N9) and A(H9N2) viruses, we first character-
ized the A(H7N9) virus HK1772 and four genetically
divergent A(H9N2) viruses in vitro. The four A
(H9N2) viruses replicated well in ovo (sFigure 1(a)),
with a higher increment at the dose of 104 PFU than
106 PFU at 16 hpi (P = .029, Mann-Whitney test) (sFi-
gure 1(b)). They including the A(H7N9) strain
HK1772 formed visible plaques in MDCK cells,
although the plaque sizes were not identical (sFigure
1(c)). Co-infection was performed by co-infecting
eggs in triplicate with 104 PFU/virus of H7N9 and
H9N2 viruses, and allantoic fluid was harvested at 16
hpi (peak titres) for viral genotype analysis. Plaques
were isolated from three eggs co-infected with
HK1772+G1 (N = 161) (Figure 1(a)), HK1772
+YU335 (N = 157) (Figure 1(b)), HK1772+HJ (N =
217) (Figure 1(c)), or HK1772+BJ16 (N = 164) (Figure
1(d)). Reassortants were detected at 23.2 ± 5.9%, 41.5
± 15.1%, 14.6 ± 2.4%, and 50.2 ± 1.8%, from three eggs
co-infected with HK1772+G1 (Figure 1(a)), HK1772
+YU335 (Figure 1(b)), HK1772+HJ (Figure 1(c)),
and HK1772+BJ16 (Figure 1(d)), respectively. The
parental HK1772 virus was most prevalent (>50%)
in eggs co-infected with HK1772+G1 (76.2%),
HK1772+YU335 (57.7%), and HK1772+HJ (83.5%)
(Figure 1(a–c)). NGS analyses confirmed that gene
segments of the HK1772 virus were dominant in
eggs co-infected with HK1772+G1, HK1772+YU335,
and HK1772+HJ (sFigures 2–5).

Next, we used genotype diversity index (GDI = the
number of genotypes divided by the number of pla-
ques identified) to quantify the extent of reassortment.
The GDI significantly varied among four combi-
nations (Kruskal-Wallis test, P = .0039). Specially, the
GDI of HK1772+BJ and HK1772+HJ combinations
differed the most, but insignificant (P = .055, Dunn’s
post-hoc test)(Figure 1(e)). These results suggest that
the A(H7N9) virus might possess a competitive
advantage over G1, YU335, HJ, but not BJ16 virus in
ovo. Upon co-infection, these A(H9N2) viruses have
different capacities to generate novel reassortant gen-
otypes with the A(H7N9) virus in ovo, with novel

reassortant genotypes detected at mean frequencies
of 14.6 to 50.2%.

Transmission dynamics of chickens co-infected
with A(H7N9) and A(H9N2) viruses

To characterize “within-host” and “between-host” gen-
otype diversity, we performed sequential transmission
experiments in chickens after co-infection of A
(H7N9) and A(H9N2) viruses (Figure 2(a)). Four com-
binations replicated well in donor chickens, but with
various onward transmission potential (Figure 2(b)).
None of the chickens showed apparent clinical signs
during the course of experiment; NGS analyses on oro-
pharyngeal swabs of donors did not detect insertion at
the HA cleavage site suggesting no detection of highly
pathogenic A(H7N9) virus. The AUC was calculated
to approximate viral loads. Higher viral loads were
detected in the oropharyngeal swabs than in the cloacal
swabs of all infected chickens (P = .002, Wilcoxon
matched-pair signed-rank test) (Figure 2(b) and sFi-
gure 6). Viral loads detected in the oropharyngeal
swabs of donors varied significantly among four combi-
nations (P = .027, Kruskal-Wallis test), donors co-
infected with HK1772+BJ16 of which had higher viral
loads compared to those co-infected with HK1772
+G1 (P = .027, Dunn’s post hoc test) (Figure 2(c)).

Onward transmission from co-infected donors to
1st contacts was observed for all four H7N9+H9N2
combinations, but at different efficiencies (Figure 2
(b)). The AUCs calculated from the oropharyngeal
swabs of 1st contacts exposed to donors co-infected
with HK1772+G1 (3/3 tested positive for M gene
and seroconverted), HK1772+YU335 (2/3 tested posi-
tive for M gene and seroconverted), HK1772+HJ (2/3
tested positive for M gene and 1/3 seroconverted), or
HK1772+BJ16 (3/3 tested positive for M gene and ser-
oconverted) were not significantly different (Figure 2
(d) and sTable 2). In contrast, transmission from the
1st contact to the 2nd contacts was limited, with 1/3
of the 2nd contacts infected in the HK1772+YU335
group and 3/3 of the 2nd contacts infected in the
HK1772+BJ16 group. Viral loads detected in the oro-
pharyngeal swabs of 2nd contacts varied significantly
among four combinations (P = .032, Kruskal-Wallis
test), and the 2nd contacts in the HK1772+BJ16
group shed the highest number of viruses (P = .049,
Dunn’s post hoc test) (Figure 2(e)). Overall, four A
(H7N9) and A(H9N2) combinations replicated well
in donor chickens, with HK1772+BJ16 combinations
showing the best replication capacity and onward
transmission potential.

Virus genotypes detected in donor chickens co-
infected with A(H7N9) and A(H9N2) viruses

To determine virus genotypes in donors co-infected
with HK1772+G1 (Figure 3(a)), HK1772+YU335
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Figure 1. Reassortment between A(H7N9) and genetically divergent A(H9N2) viruses might occur in eggs. The parental A(H7N9)
virus HK1772 is shown in orange. The parental A(H9N2) viruses: G1 (a), YU335 (b), HJ (c), and BJ16 (d) are shown in purple, red,
blue, and cyan, respectively. HA(4), NA(6), PB2(1), PB1(2), PA(3), NP(5), M(7), and NS(8) of plaques are shown. # represents the
number of plaques with the same genotype. In the pie charts, N indicates the total number of plaques examined in this combi-
nation. The mean ± standard deviation (SD) percent of genotype frequency is shown. New genotypes are shown in different
shades of grey. (e) Genotype diversity index is the number of different genotypes divided by the total number of plaques screened
in the egg. Statistical analyses were performed by Kruskal-Wallis test followed by Dunn’s multiple comparison test. The minimum
P values are shown.
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(Figure 3(b)), HK1772+HJ (Figure 3(c)), and HK1772
+BJ16 (Figure 3(d)), plaques in the oropharyngeal
swabs sampled from three donors at 1 and 3 dpi
were genotyped. At 1 dpi, the parental A(H9N2)
viruses were the most prevalent (> 50%) from donors
co-infected with HK1772+G1 (77.2%), HK1772
+YU335 (77.4%), and HK1772+BJ16 (84.3%). At 3
dpi, reassortants were the most prevalent in donors
co-infected with HK1772+G1 (74.1%), HK1772

+YU335 (83.4%), and HK1772+HJ (88.2%). Interest-
ingly, in donors co-infected with HK1772+BJ16, the
parental BJ16 virus remained the dominant genotype
at 1 and 3 dpi (Figure 3(d)), suggesting that BJ16
might possess a growth advantage over HK1772 in
chickens.

Taken together, these results show that novel reas-
sortants may be generated in chickens co-infected
with A(H7N9) and A(H9N2) viruses, albeit at different

Figure 2. The onward transmission of reassortants in chickens co-infected with A(H7N9) and A(H9N2) viruses varied with strains in
chickens. (a) Experimental scheme. Three chickens (designated as donors) were inoculated intranasally with a mixture of A(H7N9)
and A(H9N2) viruses. At 1-day post-infection (D1), three donors were housed with three naïve contacts (designated as 1st con-
tacts) in three cages. At D3, three 1st contacts were co-housed with three naïve chickens (designated as 2nd contact) in three
cages. At D5, all chickens were single-housed. Oropharyngeal and cloacal swabs and sera were collected at these indicated
time points; HI, hemagglutinin inhibition; (b) Viral loads detected in oropharyngeal swabs. The lines represent the average
viral M gene copies of three chickens (dots). Black horizontal dashed lines represent the limit of detection. (c, d, and e) The
area under the curve (AUC) of viral loads in oropharyngeal swabs. Statistical analyses were performed by Kruskal-Wallis test fol-
lowed by Dunn’s multiple comparison test. The P < .05 values are shown.
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Figure 3. Robust reassortment could be detected in chickens co-infected with A(H7N9) and different A(H9N2) viruses. The par-
ental A(H7N9) virus HK1772 is shown in orange. The parental A(H9N2) viruses: G1 (a), YU335 (b), HJ (c), and BJ16 (d) are shown in
purple, red, blue, and cyan, respectively. HA(4), NA(6), PB2(1), PB1(2), PA(3), NP(5), M(7), and NS(8) of individual plaques are
shown. # represents the number of plaques with the same genotype. In the pie charts, N indicates the total number of plaques
examined in this combination. The mean ± SD percent of genotype frequency is shown. New genotypes are shown in different
shades of grey.
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efficiencies. Increased genetic diversity, as indicated by
the higher detection frequencies for reassortant viruses,
was observed in co-infected donors from 1 to 3 dpi
(Figure 3). Interestingly, the frequencies of H7N9,
H9N2, and reassortants detected in ovo and in chickens
were not comparable (P < .001, Fisher’s exact test)
(sTable 3), suggesting that in addition to virus-virus
compatibility, differences in virus-host interactions
may affect the efficiency of generating genetically
diverse viral progeny after co-infections in vivo.

Pairwise analysis showed distinct reassortment
patterns after co-infection of A(H7N9) and A
(H9N2) viruses in ovo and in chickens

We further employed a pairwise quantified method
[38] to evaluate whether a given segment randomly
reassorts between two co-infected viruses in ovo and
in chickens. When the proportion of homologous
combinations falls in the centre of the graph, at 0.5
on each axis, it suggests that the two segments freely
exchange. In ovo, data points of HK1772+G1,
HK1772+YU335, and HK1772+HJ co-infections
were shifted to the right of the X-axis, while the Y-
axis data points were more evenly scattered between

0 and 1, suggesting a bias in maintaining homologous
A(H7N9) gene segments in viral progenies (Figure 4
(a)). This is consistent with the observation that the
parental A(H7N9) virus HK1772 was detected
(>50%) upon co-infection with G1, YU335, HJ, but
not with BJ16 A(H9N2) viruses in ovo (Figure 1).

In chickens co-infected with HK1772+G1, HK1772
+YU335, and HK1772+BJ16 at 1 dpi, Y-axis data
points were shifted towards 1, suggesting a bias in
maintaining homologous A(H9N2) gene segments in
viral progenies (Figure 4(b)). This is consistent with
the observation that the parental A(H9N2) viruses,
G1, YU335, and BJ16, were detected (>50%) upon
co-infection with HK1772 in chickens at 1 dpi (Figure
3). At 3 dpi, data points obtained from HK1772+G1
and HK1772+YU335 co-infected chickens were dis-
persed over a wider range, indicating an expansion
in the genetic diversity of viral progeny as infection
progressed over time (Figure 4(c)). In contrast, in
chickens co-infected with HK1772+BJ16, the Y-axis
data points have consistently shifted towards 1 at 1
and 3 dpi (Figure 4(b, c)), suggesting a continuous
bias in maintaining homologous BJ16 gene segments
in viral progenies and supporting the dominance of
BJ16 in co-infected chickens.

Figure 4. Pairwise comparison of genotyped segments showed various reassortment preferences between A(H7N9) and A(H9N2)
viruses in eggs (a), and in oropharyngeal swabs collected at 1 dpi (b) and 3 dpi (c). Segments are shown with different symbols and
colours. The means ± SD of homologous frequency from three independent co-infections are shown.
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Novel reassortant viruses generated in co-
infected donors demonstrated distinct onward
transmission potential to contact chickens

Since successful serial transmission was observed from
the contacts in the HK1772+YU335 and HK1772
+BJ16 groups, we genotyped the oropharyngeal
swabs collected from these infected contacts (Figure
2(b)). In the HK1772+YU335 group, seven genotypes
were detected from 24 plaques isolated from the 1st
contact, and reassortants were the most prevalent
83.3% (Figure 5(a)), suggesting the co-transmission
potential of the reassortant viruses. Onward trans-
mission was only detected in 1/3 of the 2nd contacts.
Among the seven genotypes detected in the infected
2nd contacts, six genotypes were identical to those
detected in the 1st contact (Figure 5(a)). The GDI
detected from the donor at 3 dpi (52.2%), the 1st con-
tact (29.2%), and the 2nd contact (31.8%) were similar
(Table 1), demonstrating the onward transmission
potential of the novel reassortants.

In the HK1772+BJ16 group, as BJ16 was the domi-
nant genotype in co-infected donors (Figure 3(d)), it
was also the predominant genotype detected in the
1st contacts (89.2%) and 2nd contacts (100%) (Figure 5
(b)). The total GDI detected from three donors at 3 dpi
(13.2%), three 1st contacts (4.7%) and three 2nd con-
tacts (1.9%) steadily declined (Table 1).

Taken together, we observed different transmission
dynamics in chickens following co-infections with
HK1772+YU335 and HK1772+BJ16 viruses. In the

HK1772+YU335 group, novel reassortants were
passed onwards from co-infected donors to the 1st
and 2nd contacts, demonstrating the capacity of pas-
sing on genetically diverse variants after co-infections.
In contrast, a dominant genotype (BJ16) was trans-
mitted from donors to contact chickens in the
HK1772+BJ16 group.

Discussion

In this study, we compared the genetic diversity of
viral progeny generated in ovo and in vivo upon
co-infection with four combinations of A(H7N9)
and A(H9N2) viruses. We further evaluated the
onward transmission potential of novel reassortants
in chickens. Despite of detecting multiple novel reas-
sortants in donors co-infected with four combi-
nations of A(H7N9) and A(H9N2) viruses, most of
the novel reassortants were not detected in contact
chickens after exposure. Onward transmission of
novel reassortants from co-infected donors to the
1st and the 2nd contacts was only observed in the
HK1772+YU335 group. Furthermore, among mul-
tiple novel reassortants detected in donors co-
infected with HK1772+BJ16, only the parental BJ16
virus was transmitted to the 1st and 2nd contacts.
Taken together, these findings demonstrate limited
onward transmission potential of novel reassortants
generated in chickens co-infected with A(H7N9)
and A(H9N2) viruses.

Figure 5. Viruses were transmitted to contact chickens. The parental A(H7N9) virus HK1772 is shown in orange. The parental A
(H9N2) viruses :YU335 (a), and BJ16 (b) are shown in red and cyan, respectively. HA(4), NA(6), PB2(1), PB1(2), PA(3), NP(5), M(7),
and NS(8) of individual plaques are shown. # represents the number of plaques with the same genotype. In the pie charts, N
indicates the total number of plaques. The mean ± SD percent of genotype frequency is shown. New genotypes are shown in
different shades of grey.
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We observed that co-infection with different A
(H9N2) and the same A(H7N9) viruses may lead to
the emergence of reassortants at different efficiency
and with dissimilar patterns. Reassortment efficiency
was strongly associated with timing, dose and spatial
distribution of co-infection [6,7,39]. In the study, we
simultaneously infected eggs and chickens with a
high dose of A(H7N9) and A(H9N2) viruses. Cumu-
lative evidences have indicated the critical roles of
RNA-based intersegmental interactions in genetic
reassortment of influenza A virus [40,41]. Physiologi-
cal bottlenecks in vivo are narrower than that in ovo,
possibly limiting genetic exchange of influenza viruses
by decreasing the number of viruses that can attach to
the cells to initiate co-infection [42,43]. Furthermore,
differential tissue tropismmay also affect reassortment
frequency [44,45], as we have observed the dominance
of A(H7N9) virus in ovo and the dominance of A
(H9N2) viruses in donor chickens at 1 dpi. It remains
to be studied if the A(H7N9) or A(H9N2) viruses
possess superior replication fitness in eggs and
chickens.

Our results showed that co-infections of A(H7N9)
and different A(H9N2) viruses could support gener-
ation of novel genotypes in ovo and in vivo. Interest-
ingly, most of novel reassortant genotypes detected
in the co-infected donors were less likely to be trans-
mitted onwards to contact chickens, with the excep-
tion of novel reassortant genotypes generated in
donors co-infected with the H7N9 virus and YU335
virus. This result coincides with the surveillance
findings that multiple H7N9 genotypes were transient
and only a few genotypes have sustained more than
two waves of A(H7N9) epidemics in 2013–2017 [24–
26]. The determinants contributed to increased
onward transmission potential of specific reassortant
genotypes remain to be studied.

Our study has several limitations. First, genetic ana-
lyses may be biased towards reassortants that formed
visible plaques and, therefore overlook progenies
that didn’t form plaques. Second, A(H7N9) viruses
have two main genetic lineages in China: the Pearl
River Delta lineage and the Yangtze River Delta line-
age [24]. The A(H7N9) strain HK1772 belongs to
the Pearl River Delta lineage. Thus, reassortment
profiles of the HK1772 virus with different A(H9N2)
viruses might not be extrapolated to infer the reassort-
ment pattern of A(H7N9) viruses of the Yangtze River
Delta lineage. Lastly, the A(H9N2) viruses continue to
evolve, a recent study showed that G57-lineage viruses
isolated since 2015 have contributed to the 5th wave of
H7N9 epidemic in humans by providing mammalian
adaptive mutations in the PB2 and PA genes [29].
The effect of these adaptive changes in A(H9N2)
viruses when co-infecting with A(H7N9) viruses
remain to be studied.

Overall, we showed that co-infection of A(H7N9)
virus and different A(H9N2) viruses may lead to the
emergence of novel reassortants. Our results suggest
that most of the reassortants exhibited limited
onward transmission potential to contact chickens.
These findings provide new insights into the poten-
tial mechanism by which influenza viruses may
acquire genetic diversity through co-infection in
ovo, in vivo, and under sequential transmission
conditions.
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Table 1. Genotype diversity index (%) detected in chickens.
Genotype diversity index was determined by plaques
isolated from oropharyngeal swabs of donors at 1 and 3
days post-infection (dpi), 1st contacts at 3 dpi and 2nd
contacts at 5 dpi.

Virus combination

Donors

1st contacts 2nd contacts1 dpi 3 dpi

HK1772+G1
1 31.1% 100.0% 0.0% 0.0%
2 14.8% 53.8% 0.0% 0.0%
3 23.3% 27.8% 0.0% 0.0%
HK1772+YU335
1 10.0% 52.2% 29.2% 31.8%
2 4.9% 35.3% 4.2% 0.0%
3 0.0% 35.3% 0.0% 0.0%
HK1772+HJ
1 13.5% 29.4% 0.0% 0.0%
2 13.6% 100.0% 0.0% 0.0%
3 11.4% 0.0% 0.0% 0.0%
HK1772+BJ16
1 10.2% 28.6% 10.0% 8.3%
2 3.3% 17.4% 9.1% 5.0%
3 3.3% 8.3% 9.1% 5.0%

Emerging Microbes & Infections 2039



Data availability statement

Sequences of Sanger sequencing validated in the study were
deposited to the public database GISAID under the follow-
ing accession numbers: HK1772, GISAID accession #
EPI_ISL_4882548; G1, GISAID accession #
EPI_ISL_3144464; YU335, GISAID accession #
EPI_ISL_3144467; HJ, GISAID accession #
EPI_ISL_3144489; BJ16, GISAID accession #
EPI_ISL_3144854. NGS samples have been deposited in
the Sequence Read Archive of the NCBI under project
accession number PRJNA768344 and PRJNA769384.

ORCID

Wen Su http://orcid.org/0000-0002-2291-6349

References

[1] Webster RG, Bean WJ, Gorman OT, et al. Evolution
and ecology of influenza A viruses. Microbiol Rev.
1992;56(1):152–179.

[2] Wu Y, Gao GF. Lessons learnt from the human infec-
tions of avian-origin influenza A H7N9 virus: live free
markets and human health. Sci China Life Sci. 2013;56
(6):493–494.

[3] Peiris JS, Cowling BJ, Wu JT, et al. Interventions to
reduce zoonotic and pandemic risks from avian
influenza in Asia. Lancet Infect Dis. 2016;16(2):252–
258.

[4] Lowen AC. Constraints, drivers, and implications of
influenza A virus reassortment. Annu Rev Virol.
2017;4(1):105–121.

[5] Marshall N, Priyamvada L, Ende Z, et al. Influenza
virus reassortment occurs with high frequency in the
absence of segment mismatch. PLoS Pathog. 2013;9
(6):e1003421.

[6] Tao H, Steel J, Lowen AC. Intrahost dynamics of
influenza virus reassortment. J Virol. 2014;88
(13):7485–7492.

[7] Tao H, Li L, White MC, et al. Influenza A virus coin-
fection through transmission can support high levels
of reassortment. J Virol. 2015;89(16):8453–8461.

[8] Essere B, Yver M, Gavazzi C, et al. Critical role of seg-
ment-specific packaging signals in genetic reassort-
ment of influenza A viruses. Proc Natl Acad Sci
USA. 2013;110(40):E3840–E3848.

[9] White MC, Tao H, Steel J, et al. H5n8 and H7N9
packaging signals constrain HA reassortment with a
seasonal H3N2 influenza A virus. Proc Natl Acad Sci
USA. 2019;116(10):4611–4618.

[10] Li C, Hatta M, Watanabe S, et al. Compatibility among
polymerase subunit proteins is a restricting factor in
reassortment between equine H7N7 and human
H3N2 influenza viruses. J Virol. 2008;82(23):11880–
11888.

[11] Peacock THP, James J, Sealy JE, et al. A global perspec-
tive on H9N2 avian influenza virus. Viruses. 2019;11
(7):620.

[12] Guo YJ, Krauss S, Senne DA, et al. Characterization of
the pathogenicity of members of the newly established
H9N2 influenza virus lineages in Asia. Virology.
2000;267(2):279–288.

[13] Song W, Qin K. Human-infecting influenza A (H9N2)
virus: A forgotten potential pandemic strain?
Zoonoses Public Health. 2020;67(3):203–212.

[14] Um S, Siegers JY, Sar B, et al. Human infection with
avian influenza A(H9N2) virus, Cambodia, February
2021. Emerg Infect Dis. 2021;27(10):2742–2745.

[15] WHO. Avian Influenza Weekly Update Number 809.
10 September 2021. https://www.who.int/docs/
default-source/wpro—documents/emergency/
surveillance/avian-influenza/ai-20210910.pdf?sfvrsn=
30d65594_162.

[16] Liu D, Shi W, Gao GF. Poultry carrying H9N2 act as
incubators for novel human avian influenza viruses.
Lancet. 2014;383(9920):869.

[17] Guan Y, Shortridge KF, Krauss S, et al. Molecular
characterization of H9N2 influenza viruses: were
they the donors of the “internal” genes of H5N1
viruses in Hong Kong? Proc Natl Acad Sci USA.
1999;96(16):9363–9367.

[18] Pu J, Wang S, Yin Y, et al. Evolution of the H9N2
influenza genotype that facilitated the genesis of the
novel H7N9 virus. Proc Natl Acad Sci USA.
2015;112(2):548–553.

[19] Gao R, Cao B, Hu Y, et al. Human infection with a
novel avian-origin influenza A (H7N9) virus. N Engl
J Med. 2013;368(20):1888–1897.

[20] Bi Y, Chen Q, Wang Q, et al. Genesis, evolution and
prevalence of H5N6 avian influenza viruses in
China. Cell Host Microbe. 2016;20(6):810–821.

[21] Chen H, Yuan H, Gao R, et al. Clinical and epidemio-
logical characteristics of a fatal case of avian influenza
A H10N8 virus infection: a descriptive study. Lancet.
2014;383(9918):714–721.

[22] Wang Y, Niu S, Zhang B, et al. The whole genome
analysis for the first human infection with H10N3
influenza virus in China. J Infect. 2021: S0163-4453
(21)00318-2.

[23] Liu D, Shi W, Shi Y, et al. Origin and diversity of novel
avian influenza A H7N9 viruses causing human infec-
tion: phylogenetic, structural, and coalescent analyses.
Lancet. 2013;381(9881):1926–1932.

[24] Wang D, Yang L, Zhu W, et al. Two outbreak sources
of influenza A (H7N9) viruses have been established in
China. J Virol. 2016;90(12):5561–5573.

[25] ZhuW, Dong J, Zhang Y, et al. A gene constellation in
avian influenza A (H7N9) viruses may have facilitated
the fifth wave outbreak in China. Cell Rep. 2018;23
(3):909–917.

[26] Su W, Cheng KL, Chu DKW, et al. Genetic analysis of
H7N9 highly pathogenic avian influenza virus in guang-
dong, China, 2016-2017. J Infect. 2018;76(1):93–96.

[27] Ke C, Mok CKP, Zhu W, et al. Human infection
with highly pathogenic avian influenza A
(H7N9) virus, China. Emerg Infect Dis. 2017;23
(8):1332–1340.

[28] Bi Y, Li J, Li S, et al. Dominant subtype switch in avian
influenza viruses during 2016-2019 in China. Nat
Commun. 2020;11(1):5909.

[29] Pu J, Yin Y, Liu J, et al. Reassortment with dominant
chicken H9N2 influenza virus contributed to the
fifth H7N9 virus human epidemic. J Virol. 2021;95
(11):e01578–20.

[30] Liu W, Fan H, Raghwani J, et al. Occurrence and reas-
sortment of avian influenza A (H7N9) viruses derived
from coinfected birds in China. J Virol. 2014;88
(22):13344–13351.

[31] Yu X, Jin T, Cui Y, et al. Influenza H7N9 and H9N2
viruses: coexistence in poultry linked to human
H7N9 infection and genome characteristics. J Virol.
2014;88(6):3423–3431.

2040 W. Su et al.

http://orcid.org/0000-0002-2291-6349
https://www.who.int/docs/default-source/wpro%E2%80%94documents/emergency/surveillance/avian-influenza/ai-20210910.pdf?sfvrsn=30d65594_162
https://www.who.int/docs/default-source/wpro%E2%80%94documents/emergency/surveillance/avian-influenza/ai-20210910.pdf?sfvrsn=30d65594_162
https://www.who.int/docs/default-source/wpro%E2%80%94documents/emergency/surveillance/avian-influenza/ai-20210910.pdf?sfvrsn=30d65594_162
https://www.who.int/docs/default-source/wpro%E2%80%94documents/emergency/surveillance/avian-influenza/ai-20210910.pdf?sfvrsn=30d65594_162


[32] Luk GS, Leung CY, Sia SF, et al. Transmission of
H7N9 influenza viruses with a polymorphism at PB2
residue 627 in chickens and ferrets. J Virol. 2015;89
(19):9939–9951.

[33] Li C, Wang S, Bing G, et al. Genetic evolution of
influenza A(H9N2) viruses isolated from various
hosts in China from 1994 to 2013. Emerging
Microbes Infect. 2017;6(11):e106.

[34] Fusaro A, Monne I, Salviato A, et al. Phylogeography
and evolutionary history of reassortant H9N2 viruses
with potential human health implications. J Virol.
2011;85(16):8413–8421.

[35] Hoffmann E, Neumann G, Kawaoka Y, et al. A DNA
transfection system for generation of influenza A
virus from eight plasmids. Proc Natl Acad Sci USA.
2000;97(11):6108–6113.

[36] Reed LJ, Muench H. A simple method of estimating
fifty percent endpoints. Am J Hyg. 1938;27(3):493–
497.

[37] OIE. (2018). OIE Terrestial Manual 2018. Chapter
3.3.4-Avian influenza (infection with avian influenza
viruses). https://www.oie.int/fileadmin/Home/eng/
Health_standards/tahm/3.03.04_AI.pdf.

[38] Phipps KL, Marshall N, Tao H, et al. Seasonal H3N2
and 2009 pandemic H1N1 influenza A viruses reassort
efficiently but produce attenuated progeny. J Virol.
2017;91(17):e00830-17.

[39] Richard M, Herfst S, Tao H, et al. Influenza A virus
reassortment Is limited by anatomical compartmenta-
lization following coinfection via distinct routes. J
Virol. 2018;92(5):e02063–17.

[40] Gavazzi C, Yver M, Isel C, et al. A functional
sequence-specific interaction between influenza A
virus genomic RNA segments. Proc Natl Acad Sci
USA. 2013;110(41):16604–16609.

[41] Le Sage V, Kanarek JP, Snyder DJ, et al. Mapping of
influenza virus RNA-RNA interactions reveals a
flexible network. Cell Reports. 2020;31(13):107823.

[42] Kuiken T, Holmes EC, McCauley J, et al. Host species
barriers to influenza virus infections. Science.
2006;312(5772):394–397.

[43] Varble A, Albrecht RA, Backes S, et al. Influenza A
virus transmission bottlenecks are defined by infection
route and recipient host. Cell Host Microbe. 2014;16
(5):691–700.

[44] Jackson S, Van Hoeven N, Chen LM, et al.
Reassortment between avian H5N1 and
human H3N2 influenza viruses in ferrets: a public
health risk assessment. J Virol. 2009;83(16):8131–
8140.

[45] Zhang X, Sun H, Cunningham FL, et al. Tissue trop-
isms opt for transmissible reassortants during avian
and swine influenza A virus co-infection in swine.
PLoS Pathog. 2018;14(12):e1007417.

Emerging Microbes & Infections 2041

https://www.oie.int/fileadmin/Home/eng/Health_standards/tahm/3.03.04_AI.pdf
https://www.oie.int/fileadmin/Home/eng/Health_standards/tahm/3.03.04_AI.pdf

	Abstract
	Introduction
	Materials and methods
	Ethics, biosafety, and biosecurity statement
	Cells
	Viruses
	Infection in embryonated chicken eggs
	Plaque purification
	Determination of virus genotypes by high resolution melting analysis
	Co-infection and transmission in chickens
	Statistical analysis

	Results
	Diverse genotypes were detected after co-infection of A(H9N2) and A(H7N9) viruses in ovo
	Transmission dynamics of chickens co-infected with A(H7N9) and A(H9N2) viruses
	Virus genotypes detected in donor chickens co-infected with A(H7N9) and A(H9N2) viruses
	Pairwise analysis showed distinct reassortment patterns after co-infection of A(H7N9) and A(H9N2) viruses in ovo and in chickens
	Novel reassortant viruses generated in co-infected donors demonstrated distinct onward transmission potential to contact chickens

	Discussion
	Acknowledgements
	Disclosure statement

	Notes on contributors
	Data availability statement
	ORCID

	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.245 841.846]
>> setpagedevice


