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ABSTRACT The cocirculation of zoonotic highly pathogenic avian influenza virus
(HPAIV) of subtype H5N1 and avian influenza virus (AIV) of subtype H9N2 among
poultry in Egypt for at least 6 years should render that country a hypothetical hot
spot for the emergence of reassortant, phenotypically altered viruses, yet no reassor-
tants have been detected in Egypt. The present investigations proved that reassor-
tants of the Egyptian H5N1 clade 2.2.1.2 virus and H9N2 virus of the G1-B lineage
can be generated by coamplification in embryonated chicken eggs. Reassortants
were restricted to the H5N1 subtype and acquired between two and all six of the in-
ternal segments of the H9N2 virus. Five selected plaque-purified reassortant clones
expressed a broad phenotypic spectrum both in vitro and in vivo. Two groups of re-
assortants were characterized to have retarded growth characteristics in vitro com-
pared to the H5N1 parent virus. One clone provoked reduced mortality in inoculated
chickens, although the characteristics of a highly pathogenic phenotype were re-
tained. Enhanced zoonotic properties were not predicted for any of these clones,
and this prediction was confirmed by ferret inoculation experiments: neither the H5N1
parent virus nor two selected clones induced severe clinical symptoms or were trans-
mitted to sentinel ferrets by contact. While the emergence of reassortants of Egyp-
tian HPAIV of subtype H5N1 with internal gene segments of cocirculating H9N2 vi-
ruses is possible in principle, the spread of such viruses is expected to be governed
by their fitness to outcompete the parental viruses in the field. The eventual spread
of attenuated phenotypes, however, would negatively impact syndrome surveillance
on poultry farms and might foster enzootic virus circulation.

IMPORTANCE Despite almost 6 years of the continuous cocirculation of highly
pathogenic avian influenza virus H5N1 and avian influenza virus H9N2 in poultry in
Egypt, no reassortants of the two subtypes have been reported. Here, the principal
compatibility of the two subtypes is shown by forcing the reassortment between co-
passaged H5N1 und H9N2 viruses in embryonated chicken eggs. The resulting reas-
sortant viruses displayed a wide range of pathogenicity including attenuated pheno-
types in chickens, but did not show enhanced zoonotic propensities in the ferret
model.
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Influenza pandemics are associated with the emergence of novel zoonotic influenza
A viruses which efficiently transmit between humans (1, 2). In the past, reassortment

between influenza A viruses of animal and human origin preceded the emergence of
such viruses in at least the last three pandemics (H2N2 viruses in 1957, H3N2 viruses in
1968, H1N1 viruses in 2009) (3). Transspecies transmission of fully avian or porcine
influenza A viruses and adaptation to the human host are considered an alternative
mechanism for the generation of human pandemic viruses (4, 5).

Several avian influenza viruses (AIV) with enhanced zoonotic potential have been
described over the past decade. These include highly pathogenic AIV (HPAIV) H5N1 of
the goose/Guangdong (gs/GD) lineage (6) and further AIV subtypes that are of low
pathogenicity in avian hosts: H7N9 (7), H9N2 (8), and H10N8 (9). Since their reemer-
gence in 2003, gs/GD-like H5 HPAIV have evolved rapidly, extended their geographic
distribution from Southeast Asia into Africa, Europe, and North America, and caused
devastating outbreaks in wild birds and poultry. In several countries, gs/GD-like viruses
have established an endemic status in poultry populations. It is such a status that is
associated with a high risk of exposure and spillover transmission to humans (6, 10). By
April of 2017, according to the World Health Organization (WHO), HPAIV H5N1 was
associated with more than 858 reported human cases with a fatality rate of approxi-
mately 60% (11). Among the affected countries, Egypt has reported the highest number
of human cases of HPAIV H5N1 infections (11). The currently circulating lineages of
gs/GD HPAIV H5N1 express different degrees of zoonotic propensity, but to date, none
of them has undergone an adaptation toward efficient human-to-human transmission
(6, 10). While humans are still considered dead-end hosts for gs/GD HPAIV H5 strains,
previous studies showed that limited genetic changes suffice to adapt these viruses for
efficient airborne transmission in ferrets, an animal model system in which influenza
mimics that in humans (12).

For the past 5 years, low-pathogenic avian influenza viruses (LPAIV) of the H7N9
subtype have emerged in eastern China (7). While LPAIV are still strictly avian-adapted
viruses that do not induce significant clinical signs in gallinaceous poultry, human hosts
infected with these viruses are nevertheless prone to develop severe and lethal disease
(13). The emergence of these viruses was heavily influenced by reassortment events
with LPAIV of subtype H9N2 of the G1 lineage, which contributed the whole cassette
of the six so-called internal (i.e., nonhemagglutinin [non-HA], nonneuraminidase [non-
NA]) genome segments (7). A similar upsurge in zoonotic potential was also observed
in H10 viruses in southern China following reassortment between H9N2 G1-like viruses
(9). G1-like H9N2 viruses arose in southern China in the mid-1990s and have spread
through all of southern and central Asia to the Middle East and North Africa, causing
frequent and economically tangible outbreaks among poultry and establishing an
endemic status in many of the affected countries (8). A hallmark of the G1 lineage of
H9N2 viruses is the substitutional mutation Q224L in the hemagglutinin (HA) protein,
which broadens the receptor binding specificity toward human-like alpha-2-6-linked
sialic acids (8). Consequently, 32 human cases of infection caused by the H9N2 G1
lineage but not by the other lineages have been reported, with cases being reported
from China (n � 25), Bangladesh (n � 3), and Egypt (n � 4) (14). Recent serology data
suggested that the incidence of exposure to and possible infection with H9N2 G1-like
viruses in humans may be considerably underestimated (15, 16). Unlike infection with
gs/GD H5 or H7N9 viruses, most of the reported cases of human H9N2 infection
developed mild signs of disease, and no evidence of human-to-human transmission has
been recorded (17, 18).

In Egypt, the continuous cocirculation of gs/GD HPAIV H5N1 of clade 2.2.1.2 and
LPAIV H9N2 G1 has been observed in poultry populations since 2012 (19). Although
ample opportunities for the exchange of genome segments between these two
subtypes have been expected, no reassortants have been detected in Egypt so far, and
both subtypes have maintained unchanged genotypes since their introduction in 2006
and 2010, respectively (19). This is surprising, since reassortment events between HPAIV
H5N1, although of a clade different from that of the Egyptian viruses, and LPAIV H9N2
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were reported from Dubai (20) and Bangladesh (21). A recent study using a reverse
genetics-based system indicated at least partial genetic incompatibility of some ge-
nome segments of HPAIV H5N1 in the Egyptian LPAI H9N2 backbone (22).

The current study was conducted to clarify whether incompatibilities between
HPAIV H5N1 clade 2.2.1.2 and H9N2 G1 strains that prevent further reassortment under
natural conditions might exist. Forced coamplification of the two subtypes in embry-
onated chicken eggs (ECE) finally produced five H5N1 reassortants carrying different
genome segments of H9N2; their phenotypes were analyzed in vitro and in vivo.

RESULTS

The compatibility for natural reassortment between the Egyptian HPAIV H5N1 and
LPAIV H9N2 strains was investigated by coinfecting embryonated chicken eggs with a
representative (parental) strain of each virus. Putative and actual reassortants were
investigated in silico and in vitro as well as in vivo for replication kinetics, virulence, and
zoonotic properties.

In silico analysis of zoonotic potential of reassortants of HPAIV H5N1 and
H9N2. The Egyptian HPAIV H5N1 and LPAIV H9N2 parent strains and putative reassor-
tants were first analyzed for their zoonotic potential using the FluLeap influenza
zoonotic prediction system, a machine learning approach based on the protein se-
quences (23). Both the H5N1 and H9N2 parent strains were predicted to be of low
zoonotic risk. The host tropism protein signatures of both strains exhibited a classic
avian signature (24), with all 11 proteins individually predicted to have avian tropisms
(Fig. 1). Indeed, both strains were predicted to be avian, with very low zoonotic
probability estimates of 0.341 for the H5N1 strain and 0.066 for the H9N2 strain being
found on the basis of the host tropism protein signatures. This translates to low to
almost no zoonotic risk for both parent strains, indicating that they are fully adapted
avian strains and do not share similar signatures with zoonotic strains elsewhere.

In silico simulation of reassortment between the H5N1 and H9N2 parent strains
using their host tropism protein signatures generated a list of 128 possible unique
reassortant strains. This simulation was performed by sequentially swapping each viral
segment represented by the individual host tropism protein prediction. A zoonotic risk

FIG 1 Host tropism and zoonotic prediction between the Egyptian HPAIV H5N1 and LPAIV H9N2 strains. (A)
The host tropism signatures of proteins from both parent strains depict the individual host tropism
predictions of 11 viral proteins (HA, M1, M2, NA, NP, NS1, NS2, PA, PB1, PB1-F2, and PB2), determined using
deduced protein sequences. The intensity of the color represents the confidence in the avian or human
tropism prediction by the individual protein prediction models. Both parent strains carry a typical avian
tropism signature with 11 avian protein tropisms. (B) The signatures were next used for a second layer of
machine learning prediction for classification of avian (A), human (H), or zoonotic (Z) strains, where both
strains were predicted to show low zoonotic risks.
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analysis of the reassortant progeny again revealed that none of the 128 reassortant
strains would carry a high zoonotic risk. Only one reassortant strain with a zoonotic risk
of 0.354, which was slightly higher than that for the H5N1 parent strain, was predicted,
and it was generated by the H5N1 parent strain acquiring the NS segment from the
H9N2 strain. This suggests that neither the parent strains nor the progeny that can
potentially be generated through reassortment have the zoonotic potential to cause
widespread infection in humans.

Generation and detection of reassortants. An HPAIV H5N1 strain and an LPAIV
H9N2 strain isolated from Egypt were coamplified in ECE. Plaque-purified clones
selected after two rounds of virus neutralization in the presence of H5-specific antise-
rum (n � 50 clones) and H9-specific antiserum (n � 50 clones) and subsequent
reamplification in ECE were screened for their internal gene segment composition
using a set of 12 SYBR green-based real-time reverse transcriptase quantitative PCRs
(RT-qPCRs) that distinguished between the internal gene segments of H5N1 and H9N2.
No reassortants were observed among the H9-positive clones selected in the presence
of the H5-specific antiserum. In contrast, different genotypes were detected among the
H5N1-positive clones. Two sequential plaque purification passages were sufficient to
obtain in total five monogenotypic purified reassortant clones. These clones were
designated C5, C8, C11, C20, and C46. Figure 2A depicts the genotypes of the selected
reassortants, which were determined on the basis of SYBR green-based RT-qPCRs. C5
contained H9 NP and M, C8 contained H9 PB1, M, and NS, C11 contained all six internal
H9 segments, C20 contained H9 PB1 and M, and, finally, C46 contained PB1, PB2, and
M of the H9N2 virus. No HA/NA reassortants (H5N2 or H9N1) were detected among the
total of 100 clones examined.

Sequence and structural analysis of five H5 reassortant clones. The genotypes
determined on the basis of the SYBR green-based RT-qPCRs were confirmed by Sanger
sequencing of the whole genome of the selected clones (C5, C8, C11, C20, and C46).
Further sequence analyses focused on detection of mutations between the reassortant
clone and the parental viruses. Substitution mutations I18V in PB1 and F612V in PA of
clone C5 were identified. Compared to the original sequence deposited in the Global
Initiative on Sharing All Influenza Data (GISAID) database, an A156T substitutional
mutation was observed in the HA of all five reassortant clones as well as in the HPAIV
parent strain A/chicken/Egypt/AR236/2015 (AR236). Additionally, the T4I and T11M

FIG 2 Genotype (A) and plaque morphology (B) of five reassortant clones of HPAIV H5N1 and H9N2 strains from Egypt
generated by coinfection of embryonated chicken eggs. (A) The eight viral genome segments are indicated by dashes, which
indicate, from top to bottom, PB2, PB1, PA, HA, NP, NA, M, and NS segments. Gene segments of HPAIV H5N1 parent strain
A/chicken/Egypt/AR236/2015 (AR236) are colored in green, and those of the H9N2 subtype are shown in purple. The
genotypes of five reassortant clones (C5, C8, C11, C20, and C46, all of the H5N1 subtype) are shown. (B) The size of 25 randomly
selected plaques per clone in infected MDCK cells was measured using ImageJ software. The plaque size of parent strain AR236
was considered 100%. *, statistically significant differences in relation to the parental virus (AR236) (P � 0.001).
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mutations were found in PB2 of the H9N2 reassortant clones harboring this gene
segment as well as the H9N2 parent virus. No further amino acid mutations were
detected in other gene segments of any of the clones compared to the sequences of
those gene segments of the parental viruses.

Characterization of H5 reassortant clones in vitro. The in vitro growth properties
of the five selected reassortants, as well as the HPAIV H5N1 parent strain, comprised a
plaque morphology in MDCK II cells. The C8 and C11 viruses formed significantly (P �

0.0001) larger plaques (4.32 and 4.39 mm, respectively) than the H5N1 parent virus
AR236 (2.76 mm), while C20 and C46 revealed significantly (P � 0.0001) smaller plaques
(1.85 and 1.45 nm, respectively). The results of a percentage-based comparison are
shown in Fig. 2B (where the average size of the H5N1 parent virus was considered
100%).

Replication kinetics were likewise studied in MDCK II cells employing a multistep
growth curve approach with a multiplicity of infection (MOI) of 0.001. Reassortant
clones C5, C8, and C11 replicated faster than the parent virus (AR236), reaching a peak
titer of 106.5 50% tissue culture infective doses (TCID50)/ml within 24 h (Fig. 3). The
replication characteristics of clone C20 were indistinguishable from those of the HPAIV
H5N1 parent strain. The replication kinetics of clone C46 were retarded, achieving a titer
of only 105.2 TCID50/ml within 24 h and a maximum titer of not more than 105.6

TCID50/ml after 48 h.
Antigenicity was not investigated, since no amino acid substitutions in either the HA

or the NA of the clones were detected.
Characterization of H5 reassortant clones in vivo. (i) Chickens. The results of the

intravenous pathogenicity index (IVPI) study are presented in Fig. 4A. Three patterns of
virus-induced mortality were distinguishable: infection with clones C8 and C11 and
parent strain AR236 rapidly led to the death of all inoculated birds within 48 to 72 h
postinfection (p.i.). Clones C5 and C20 induced lethal disease and mortality that was
significantly retarded compared to the disease and mortality induced by C8, C11, and
AR236 (P � 0.001 in all cases); all animals were dead at 5 days postinfection (dpi). C46
induced mortality in only 3 out of 10 chickens. However, all inoculated birds developed
severe disease within 2 dpi, consisting of depression, anorexia, diarrhea, ruffled feath-

FIG 3 Replication kinetics (multistep growth curve) of different reassortant avian influenza viruses (clones
C5, C8, C11, C20, and C46) and the HPAIV H5N1 parent strain (A/chicken/Egypt/AR236/2015) in MDCK
cells. Subconfluent monolayers of MDCK cells were infected with each of the reassortant clones (C5, C8,
C11, C20, and C46) or the parental virus (HPAIV H5N1 A/chicken/Egypt/AR236/2015) at a multiplicity of
infection of 0.001. Virus titers in the supernatants were measured in triplicate at 1, 8, 24, 48, and 72 h.
Statistically significant differences from the titers of the parental virus (AR236) were observed for C5, C8,
and C11 at 8 h after infection and for C46 at 24 h and at 48 h after infection (P � 0.01).
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ers, cyanosis of the comb, and subcutaneous hemorrhage on the feet and shank, but
recovered by 10 dpi (Table 1).

Oculonasal inoculation of chickens was performed to evaluate the pathogenicity of
the clones following infection via a natural route. The results strictly paralleled the data
obtained by the IVPI assay (Fig. 4B): all birds in the C8-, C11-, and AR236-infected groups
died within 72 h p.i. C20 and C5 infection provoked death by 4 and 5 dpi, respectively,
with a significant delay in comparison to the time to death provoked by infection with
C8, C11, and AR236, similar to the findings of the IVPI assay (P � 0.01 in all cases). In
contrast, 5 out of 10 birds infected with C46 survived. The birds which succumbed to
C46 infection died by 8 dpi. The surviving birds showed severe symptoms, as described
for the IVPI assay with C46, but recovered by 14 dpi. The surviving birds in the
C46-infected group had seroconverted by enzyme-linked immunosorbent assay (ELISA)
and an H5 hemagglutination inhibition (HI) test by day 14 (average HI titer range, 1:32
to 1:128; data not shown). Sentinel birds in all groups (including the C46-infected
group) developed clinical signs of disease by 3 to 4 dpi. All sentinel birds died by 8 dpi.

Excretion of the inoculated viruses was detected by RT-qPCR of oropharyngeal (OP)
and cloacal (CL) swab samples collected at 2 dpi from all infected birds of the respective
groups (Fig. 5). The infectivity equivalent titer in the oropharyngeal and cloacal swab
specimens from the C8- and AR236-infected groups was significantly (P � 0.05) higher
than that in the specimens from the other groups. The C46- and C20-infected groups
revealed a significantly (P � 0.01) reduced shedding compared to the AR236-infected
group. The surviving birds in the C46-infected group continued to shed virus up to 10
dpi (OP swabs, 5/5 birds; CL swabs, 1/5 birds). Effective transmission of all reassortants
and the parental virus to two sentinel chickens per group was ascertained at 4 dpi by
detection of RNA in OP and CL swab samples. OP virus excretion was significantly more
pronounced than CL shedding for all clones and the parental virus (P � 0.05).

FIG 4 Survival of chickens after intravenous (A) or oculonasal (B) inoculation with reassortant clones C5, C8, C11, C20, and C46 or HPAIV H5N1 parent strain
A/chicken/Egypt/AR236/2015. Statistically significant differences compared to the survival of chickens inoculated with the parental virus (AR236) were observed
for C5, C20, and C46 for both routes of inoculation (P � 0.01).

TABLE 1 Pathogenicity indices and percent mortality after intravenous or oculonasal
inoculation of chickens with reassortant clone C5, C8, C11, C20, or C46 or parent strain
AR236

Virus or clone

Intravenous inoculation Oculonasal inoculation

Index % mortality P valuea Index % mortality P value

AR236 2.91 100 2.71 100
C5 2.35 100 �0.001 2.38 100 0.001
C8 2.96 100 1 2.78 100 0.114
C11 2.87 100 0.331 2.59 100 1
C20 2.47 100 �0.001 2.45 100 0.005
C46 1.49 30 �0.001 1.45 50 0.001
aP values were calculated by log-rank tests on survival curves in comparison to the survival of the HPAIV
H5N1 parent strain A/chicken/Egypt/AR236/2015 (AR236) and adjusted by use of the Bonferroni comparison.
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Virus tropism was assessed using immunohistochemistry for influenza A virus
nucleoprotein antigen in brain, heart, lung, liver, kidney, spleen, pancreas, duodenum,
and cecum, including cecal tonsil, tissues from one chicken (in the group infected with
C8) or two chickens (in the groups infected with C5, C11, C20, C46, and AR236) in each
group sacrificed at day 2. The median scores for endothelial cells across all organs
within all groups were greater than or equal to those for parenchymal cells across all
organs, which demonstrated the endotheliotropism and systemic (highly pathogenic)
disease course induced by the wild-type virus and all reassortants (Table 2). Notably, all
virus strains (AR236, C8, C11) which induced the death of the chickens within 72 dpi
exhibited a coalescing to diffuse endothelial influenza A virus nucleoprotein immuno-
reactivity within all organs. The reassortants which induced a moderately prolonged
disease course (C5, C20) revealed a multifocal endothelial influenza A virus nucleo-
protein immunoreactivity within all organs, and the chicken infected with the less

FIG 5 Oropharyngeal and cloacal shedding of different reassortant clones (C5, C8, C11, C20, and C46) and
of the HPAIV H5N1 parent strain (A/chicken/Egypt/AR236/2015) in 8-week-old White Leghorn specific-
pathogen-free chickens at day 2 postinfection. Six groups of 8 week-old SPF chickens were inoculated
oculonasally with 105 TCID50 of five reassortant clones (C5, C8, C11, C20, and C46) or with the H5N1
parent strain (AR236). Viral shedding in oropharyngeal and cloacal swab specimens at 2 dpi was
determined. The y axis represents the calculated TCID50 milliliter�1 equivalents. The x axis indicates the
different reassortant clones. Within each box plot, the center line represents the median, while the top
and bottom borders mark the 75th and 25th percentiles, respectively. Whiskers represent the minimum
and maximum values. Extreme outliers are indicated by circles.

TABLE 2 Influenza A virus tissue topography in experimentally inoculated chickens
sacrificed on day 2 p.i. as revealed by immunohistochemistry

Tissue type

Median scorea for animals infected with:

AR236 C8 C11 C20 C5 C46

Endothelial cells (median for all organs) 3.0 3.0 3.0 2.0 2.0 1.0
Parenchymal cells (median for all organs) 1.5 1.0 1.0 1.0 1.0 1.0

Parenchymal cells
Lungs 3.0 3.0 3.0 2.0 2.0 2.0
Heart 2.5 2.0 2.0 1.0 1.0 1.0
Liver 1.0 1.0 2.0 1.5 1.5 2.0
Spleen 2.0 1.0 1.5 1.0 1.0 1.0
Brain 2.0 1.0 0.5 1.5 1.0 1.0
Kidneys 1.5 1.0 0.5 0.0 0.0 0.5
Pancreas 1.0 0.0 0.5 0.5 0.0 0.5
Cecum with cecal tonsils 1.0 1.0 0.0 0.5 0.0 0.0
Duodenum 0.0 0.0 0.0 0.0 0.0 0.0

aThe values represent the median score for all animals within each group. Scores are as follows: 0, no
influenza A virus nucleoprotein immunoreactivity; 1, focal to oligofocal influenza A virus nucleoprotein
immunoreactivity; 2, multifocal influenza A virus nucleoprotein immunoreactivity; 3, coalescing to diffuse
influenza A virus nucleoprotein immunoreactivity.
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virulent C46 strain exhibited only focal to oligofocal influenza A virus nucleoprotein-
immunoreactive endothelia.

The semiquantitative scores for the involvement of parenchymal cells differed
between the different organs, but the general trend was comparable between the
strains. Multifocal to diffuse parenchymal influenza A virus nucleoprotein immunore-
activity of all strains was observed in the lungs. On the basis of their morphology and
distribution, the infected cells were most likely alveolar epithelial cells and/or alveolar
macrophages. Notably, the parabronchial and bronchial epithelia were not affected.
Other organs with oligofocal to multifocal influenza A virus nucleoprotein immunore-
activity included the heart, liver, spleen, and brain. Focal to multifocal parenchymal
influenza A virus nucleoprotein immunoreactivity in the kidneys was also shown for the
wild-type AR236 strain. Only focal to oligofocal parenchymal influenza A virus nucleo-
protein immunoreactivity in the kidneys, pancreas, and cecal tonsils was seen for some
of the reassortants and the wild type. Notably, no influenza A virus nucleoprotein
immunoreactivity was observed in the mucosa of the duodenum or cecum in any of the
groups.

A marked difference between histopathology findings and nucleoprotein immuno-
reactivity was found, as the influenza A virus nucleoprotein was abundant within all
organs but histopathological lesions were only infrequent and mild. In particular, the
high viral load observed within the lungs had no histopathological counterpart. The
only obvious histopathological change within the lungs was mild to moderate conges-
tive hyperemia, a variable degree of alveolar edema, and pyknosis and karyorrhexis of
lymphocytes within the bronchus-associated lymphoid tissues in the AR236-infected
chicken. Lymphocytic pyknosis, karyorrhexis, and loss were also present in the spleens
and cecal tonsils of AR236- and C11-infected chickens. The most obvious histo-
pathological lesion was mild, acute, multifocal necrotizing encephalitis, observed in
both chickens infected with AR236 and one out of two chickens infected with C20,
C11, and C46.

(ii) Ferrets. The inoculated ferrets developed very mild symptoms of disease, restricted

to sneezing at 2 dpi and an increase in body temperature of 1.8 to 2.6°C, which was
observed among the inoculated ferrets of all groups from 1 to 7 dpi. Moreover, a slight
decrease in body weight (a 2 to 4% decrease compared to their body weight at 0 dpi)
was also recorded in the infected animals but not in the sentinel animals. The infected
ferrets continued to shed virus in nasal washes by 5 dpi, and only one ferret from the
AR236-infected group excreted virus at a low titer in the nasal wash for more than 5
days (up to 9 dpi) (Fig. 6). All infected ferrets were found to be seropositive for influenza
A virus antibodies by ELISA and HI assay (average titer range, 1:16 to 1:64) at the end
of the observation period at 11 dpi. Sentinel animals did not develop any signs of
disease, showed a constant body temperature, and had no episode of weight loss. Virus
was not detected in any of the nasal washes obtained by the end of the observation
period. In addition, sentinel ferrets stayed seronegative by an NP-specific ELISA.

Influenza A virus nucleoprotein was restricted to the cells of respiratory organs of
the three AR236-, C11-, and C46-infected ferrets assessed, whereas heart, thymus,
tongue, tonsilla palatina, lymphonodus tracheobronchialis medius, spleen, liver, pan-
creas, duodenum, colon, kidney, adrenal gland, skeletal musculature, brain, ganglion
trigeminale, bulbus olfactorius, nervus opticus, and retina revealed only negative results by
immunohistochemistry. Concerning the respiratory tract, influenza A virus nucleopro-
tein was detected in the nasal mucosa of the C46-infected ferret, the tonsilla pharyn-
gealis of the AR236-infected ferret (the tonsilla pharyngealis was assessed in this
ferret only), a single submucosal gland of the trachea of the AR236-infected ferret,
and a mild and variable proportion of the lungs of all three ferrets. In detail, small
amounts of focally to multifocally distributed, variable combinations of influenza A
virus nucleoprotein-immunoreactive bronchiolar epithelia, pneumocytes, and/or
alveolar macrophages were detected in two out of six lung lobes in the AR236-
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infected ferret, five out of six lung lobes in the C11-infected ferret, and two out of
six lung lobes in the C46-infected ferret (Fig. 7).

In agreement with the immunohistochemical results, histopathology revealed a
mild, acute, multifocal catarrhal and necrotizing bronchiolitis in five out of six lung
lobes in the C11-infected ferret. A slightly more pronounced and locally variable mild
to moderate, acute to subacute, multifocal, necrotizing bronchiolitis and catarrhal and
suppurative pneumonia with prominent protein-rich alveolar edema, alveolar histiocy-
tosis, mild and variable type II pneumocyte proliferation, and lymphohistiocytic infil-
tration were observed in all lung lobes of the AR236-infected ferret. Four out of six lung
lobes in the C46-infected ferret displayed a locally variable mild to moderate, subacute,
oligofocal to coalescing, proliferative pneumonia with prominent type II pneumocyte
proliferation, alveolar histiocytosis, catarrhal bronchiolitis, and bronchiolar and alveolar
collapse. In contrast, all other organs revealed no histopathological alterations.

DISCUSSION

In the present study, we assessed the natural ability of Egyptian HPAIV H5N1 and
LPAIV H9N2 strains to reassort with each other. Our findings suggest that reassortment
is possible in principal and that reassortment may affect the phenotype in vitro and in
vivo, leading, in one case, to remarkable growth retardation and attenuation of the
H5N1 reassortant virus.

Following the establishment of an endemic status of zoonotic HPAIV H5N1 of clade
2.2.1.X in poultry in Egypt after 2007 (25), the epidemiological situation was further
complicated after the introduction and endemic circulation in poultry of potential
zoonotic G1-like H9N2 viruses (14). Spillover infection of HPAIV H5N1 caused 858 cases
of human infection with a case fatality ratio of 60%, while only 4 clinically mild cases
of human H9N2 infection were reported from Egypt (14). The two different subtypes
carry distinct but homogeneous sets of internal genome segments. This situation
should have fostered reassortment, but despite the intensive cocirculation of the two
subtypes in poultry for at least 5 years, no reassortant viruses have been detected (19,
26) in Egypt so far.

The lack of detection of reassortant H5N1 and/or H9N2 viruses in Egypt may have
several reasons. (i) Surveillance for circulating viruses may have been insufficient to
detect reassortants since the monitoring focused on HA (and NA) genes because of
their relevance for vaccine selection. This is emphasized when comparing sequence
database entries: among all entries for Egyptian H5N1 viruses in GISAID’s EpiFlu

FIG 6 Viral shedding in nasal wash fluids of ferrets infected with reassortant clone C11 or C46 or with the
HPAIV H5N1 parent strain (A/chicken/Egypt/AR236/2015). The y axis represents the calculated TCID50

milliliter�1 equivalents extrapolated from the RT-qPCR Cq values obtained from a titration of viral
infectivity of the parental virus (AR236) in MDCK cells. The x axis indicates the results for the different
reassortant clones on 5 different days. Each bar represents a single ferret.
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database (n � 1,299), 1,122 HA and 572 NA sequences but only 172 full genome
sequences (13.2%) are represented. Moreover, among the 219 published Egyptian
H9N2 viruses among the viruses in GISAID’s EpiFlu database, 210 HA and 142 NA
sequences but only 50 full genome sequences (22.8%) are found. Thus, there is a lack
of full genome sequencing that could have detected the circulation of reassortants.
Alternatively, we have previously established (19) and also used here a set of 12 SYBR
green-based RT-qPCRs that can be used instead of sequencing to identify each of the
internal gene segments of the two subtypes.

(ii) HPAIV H5N1 and H9N2 may have circulated in mutually exclusive host popula-
tions or may have been separated by geographical or temporal barriers. The likelihood
of the importance of these scenarios is low, as the cocirculation of both viruses on the
same poultry farms at the same time, the coinfection of chickens with both viruses, and
the presence of both viruses in the same poultry field samples have been repeatedly
reported (27–29), However, the emergence and perpetuation of the now extinct HPAIV
H5N1 2.2.1.1 clade of vaccine escape mutants from 2008 to 2011 were highly restricted
to industrial poultry farms. These viruses did not spill over to backyard holdings, where
viruses of another clade (2.2.1.2) prevailed (25). Thus, divergent evolution was fostered
even by the sectoral separation of poultry populations in Egypt.

(iii) The genetic incompatibility for reassortment between these subtypes may have
played a role. Several mechanisms that directly restrict the generation of reassortants
during coinfection of different influenza A virus subtypes have been described: (i) an
inability of the RNA-dependent RNA polymerase to transcribe and/or replicate hetero-
typic viral genome segments, (ii) incompatible protein-protein interactions, (iii) the
inhibitory effects of viral proteins of one subtype on the other, or (iv) the incompati-

FIG 7 (A, B) C11-infected ferret lung at 4 dpi. (A) Mild, acute, catarrhal bronchiolitis with protein-rich fluid,
desquamated and degenerating epithelia (arrow), and scant neutrophils within the lumen. (B) Focal spot of
influenza A virus nucleoprotein-immunoreactive cellular debris, epithelial cells, and alveolar macrophages
interpreted as remnants of a necrotic bronchiolus. (C, D) AR236-infected ferret lung at 4 dpi. (C) Moderate,
acute, catarrhal and suppurative (broncho-)pneumonia with intra-alveolar neutrophils (arrow), macrophages
(arrowhead), and protein-rich edema. (D) Multifocal accumulation of influenza A virus nucleoprotein-
immunoreactive cellular debris, alveolar macrophages, and/or type II pneumocytes. (E, F) C46-infected ferret
nasal conchae at 4 dpi. (E) Mild, acute, focal degeneration of epithelial cells (arrow) within the respiratory
mucosa. (F) Multiple influenza A virus nucleoprotein-immunoreactive epithelial cells within superficial and
deeper layers of the respiratory mucosa. (G, H) C46-infected ferret lung at 4 dpi. (G) Moderate, subacute,
coalescing, proliferative pneumonia with hyperplastic type II pneumocytes (arrow) and alveolar histiocy-
tosis. (H) A discrete, large round cell with an influenza A virus nucleoprotein-immunoreactive nucleus and
cytoplasm interpreted to be an alveolar macrophage or desquamated type II pneumocyte. (A, C, E, G)
Hematoxylin and eosin stain. (B, D, F, G) Influenza A virus nucleoprotein immunohistochemistry by the
avidin-biotin-peroxidase complex method with 3-amino-9-ethylcarbazol as the chromogen and hematox-
ylin counterstain. Bars � 20 �m.
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bility of virus-specific packaging signals required for effective segment incorporation
into budding virions (30–32). Incompatibility between different influenza virus sub-
types, that is, between equine H7N7 and human H3N2 (33) and between bat influenza
virus and other avian and mammalian influenza A virus subtypes (34), was described
previously. Incompatibility between the two subtypes investigated here seems unlikely,
because H9N2 G1 viruses have been notoriously implicated as versatile donors of
internal segments, creating a bunch of highly zoonotic reassortant viruses in Southeast
Asia (21), including the gs/GD lineage of H5N1, as well H7N9 and H10N8 viruses in
China (7, 9). However, a recent study using a reverse genetics-based system to create
reassortants indicated the incompatibility of the Egyptian NA and NP genome seg-
ments of HPAIV H5N1 in the Egyptian LPAI H9N2 backbone but did not report any
reassortants of subtype H5N1 (22).

The natural reassortment compatibility between Egyptian HPAIV H5N1 and LPAIV
H9N2 was investigated here for the first time. The findings presented here clearly show
that reassortants with various genotypes could be generated, at least by coinfection in
embryonated chicken eggs. The reassortants analyzed here originated from a single
coinfection experiment in eggs; they were selected from a group of 100 plaque-picked
viruses on the basis of the diversity of their genotypes. Thus, the possibility that more
reassortants with different genotypes might have been present in the cloud of virus
progeny cannot be excluded. In the limited set of clones analyzed here for virulence
and replication kinetics in vitro and in vivo, the unidirectional transfer of internal
segments from H9N2 to H5N1 was evident. However, the possibility that H9N2 viruses
could have harbored internal segments of H5N1 origin cannot be excluded, and
analysis of a substantial further number of H9N2 clones may have shown that H9N2
viruses harboring internal segments of H5N1 origin were generated as well.

The small plaque size measured for clones 46 and 20 correlated with reduced
replication in MDCK II cells and also with attenuated virulence in chickens. Acquisition
of H9N2-derived PB1 and M segments contributed to attenuation (C20), which was
enhanced by the acquisition of the PB2 segment (C46), while the H9N2 NS segment
counteracted attenuation (C8). The emergence of a highly attenuated reassortant pheno-
type like that of C46 would have epidemiological implications. (i) Infected chickens
showed prolonged survival, and the surviving chickens excreted virus through the full
observation period. This could serve as a stealth mechanism facilitating the spread and
establishment of endemicity of such viruses among poultry populations. (ii) The
surviving chickens displayed substantial HI titers against H5N1 and by serology were
indistinguishable from vaccinated chickens. The spread of such viruses may lead, as a
beneficial effect, to an increased level of population immunity but, at the same time,
increase selection pressure on H5N1 viruses, which in turn would promote antigenic
drift.

A large plaque size (C8, C11) correlated with enhanced replication in MDCK cells,
especially during the first 12 h. Evidence for the further increased virulence of these
clones could not be measured because of the already very high virulence of the HPAIV
H5N1 parent strain in chickens at the chosen inoculation dose. C11 harbors the whole
set of six internal gene segments of the H9N2 virus and in this respect resembled the
highly zoonotic H7N9 and H10N8 viruses described in China (7, 9). However, no
changes in the virulence or transmissibility of C11 were observed in the ferret model.
In contrast, the H7N9 virus displayed a high degree of virulence in ferrets and was
transmitted between ferrets by contact and respiratory droplets (35, 36). This study was
limited to an examination of the effect of reassortment between these viruses. Con-
secutive passages of the reassortants selected here in chickens and ferrets might have
led to adaptive mutations that could have resulted in increased virulence, particularly
in ferrets. Zoonotic potential is one of the most important characteristics that needs to
be assessed for emerging animal influenza viruses, and the reliable prediction of
zoonotic potential from nucleotide sequence data would significantly improve the
current necessity to carry out animal infection studies. Here the machine learning
prediction results indicating that the viruses were fully avian adapted and presented
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low to no zoonotic risks were confirmed in the ferret model, as neither severe clinical
signs nor the transmission of two selected clones and the HPAIV H5N1 parent strain by
contact was detected. A similar result has previously been reported for another HPAIV
H5N1 clade 2.2.1.2 strain from Egypt (37).

In summary, natural reassortants of G1-like H9N2 and HPAIV H5N1 strains can be
generated following coinfection in ECE. Failure to detect such reassortants in the field
in Egypt is unlikely due to genetic incompatibilities between these subtypes. In the
limited set of clones analyzed here, such reassortants still represented a minority
population among the HPAIV H5N1 parent isolates after two rounds of amplification in
ECE, yet among these reassortants, a clone (C46) with grossly retarded growth char-
acteristics in vitro and an attenuated phenotype in vivo was also rescued. Competition
among reassortants in the field in Egypt is expected to favor the fittest clones. It can be
argued that so far no genotype that would outcompete the optimally fit H9N2 and
HPAIV H5N1 parent strains has evolved. The wide spectrum of phenotypic variation in
terms of virulence seen here in this limited set of reassortants was unexpected. In
particular, the attenuation of one of the clones (C46), leading to reduced mortality and
prolonged virus excretion by infected birds, might foster the spread of such viruses in
the field. Therefore, enhanced surveillance and continuous examination of the whole
genome of both subtypes are required to improve the early detection of reassortant
viruses. Moreover, further reverse genetics-based studies are recommended to explore
the specific impact of each gene segment on the virulence, transmissibility, and fitness
of reassortant viruses.

MATERIALS AND METHODS
Ethics statement. All procedures involving virus isolation, propagation, and the generation of

reassortants were handled in biosafety level 3 (BSL3) facilities at the Friedrich Loeffler Institute (FLI) after
permission was obtained from the FLI biosafety council. All animal experiments were carried out in strict
accordance with a protocol legally approved by the Ethics Commission of the Ministry of Agriculture of
the federal state of Mecklenburg-Vorpommern, Germany (LALLF MV 7221.3-1-033/15). All animal exper-
iments were conducted in BSL3 animal facilities at FLI.

Origin of viruses and virus propagation. The viruses used in the current study were obtained from
the FLI strain repository and had previously been provided by the National Laboratory for Veterinary
Quality Control on Poultry Production, Animal Health Research Institute, Giza, Egypt: LPAIV H9N2
(A/chicken/Egypt/AR755/2013; sequence data are available at the Global Initiative on Sharing All
Influenza Data [GISAID] platform under accession numbers EPI557458 to EPI557465) and HPAIV H5N1
(A/chicken/Egypt/AR236/2015; GISAID accession numbers EPI573253 to EPI573260). The viruses were
propagated in specific-pathogen-free (SPF) embryonated chicken eggs (ECE) according to standard
procedures.

Plaque assays. Plaque assays were conducted to obtain purified virus clones. In addition, plaque size
was used as an in vitro characteristic of individual clones. Briefly, 10-fold serial dilutions of each virus were
incubated on confluent MDCK II cell monolayers in six-well plates for 1 h at 37°C. The inoculum was
removed, and the cell layers were carefully washed twice with phosphate-buffered saline (PBS) before
being overlaid with Eagle’s modified essential medium (EMEM) containing 1.8% (wt/vol) Bacto agar
(Becton, Dickinson and Company, NJ, USA), 1.2% (wt/vol) bovine serum albumin fraction V (Roth,
Karlsruhe, Germany), and 100 U/ml of penicillin-streptomycin (Invitrogen, Carlsbad, CA, USA). Cells
infected with LPAIV were grown in the presence of 1 �g/ml N-tosyl-L-phenylalanine chloromethyl ketone
(TPCK)-treated trypsin in the semisolid overlay (Sigma, St. Louis, MO, USA). After 48 h of incubation at
37°C, plaques were visualized by crystal violet staining, and the areas of 25 plaques for each clone were
measured using ImageJ software (38).

Sequencing. Whole-genome sequences of the selected clones were amplified using the primers
previously described by Höper et al. (39) and a SuperScript III one-step reverse transcriptase PCR (RT-PCR)
system (Invitrogen). The gene-specific RT-PCR amplicons were size separated by agarose gel electropho-
resis, excised, and purified from the gels using a QIAquick gel extraction kit (Qiagen, Hilden, Germany).
Further, purified PCR products were used directly for cycle sequencing reactions using a BigDye
Terminator (version 3.1) cycle sequencing kit (Applied Biosystems, Foster City, CA, USA) as described
previously by Naguib et al. (19). The reaction products were purified using a NucleoSeq kit (Macherey-
Nagel, Düren, Germany) and sequenced on an ABI Prism 3100 genetic analyzer (Life Technologies, CA,
USA). Assembly and editing of the sequences were carried out with Geneious software (version 9.0.5)
(40).

Generation of reassortant viruses. Natural reassortants, i.e., reassortants not produced by reverse
genetics techniques, were generated by the simultaneous inoculation of HPAIV H5N1 and LPAIV H9N2
isolates at an equal ratio of infectivity into SPF ECE. Allantoic fluid obtained from the initial amplification
round after 36 h of incubation was diluted 1:100, and 100 �l polyclonal antiserum against the H5N1 strain
and 100 �l polyclonal antiserum against the H9N2 strain, raised in chickens, were incubated at 37°C for
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2 h. Following incubation with antibodies, a new batch of ECE was inoculated for virus amplification. This
cycle was repeated once. Following the second round of virus neutralization/amplification, the allantoic
fluids were harvested and plated to allow plaque formation. Initially, 50 clones were picked from each
neutralization/amplification lot. Plugs of semisolid agar medium representing a single, isolated plaque
were resuspended in EMEM, and RNA was extracted from part of the clarified resuspension fluid. Eluates
were tested for the presence of RNA specific for H5, H9, N1, and N2 by RT-qPCRs as described by
Hoffmann et al. (41). Clones that harbored only a single HA and/or NA subtype were further analyzed by
SYBR green-based RT-qPCRs specific for each of the internal gene segments of the H5N1 and the H9N2
subtypes as previously described (19). Pure clones were obtained and finally amplified in ECE after three
consecutive cycles of the picking of plaques for each of the selected reassortant viruses.

Replication kinetics of plaque-purified reassortant clones and parental viruses. To determine
viral multistep growth curves, monolayers of MDCK II cells in six-well plates were infected at a multiplicity
of infection (MOI) of 0.001 (42) at 37°C for 1 h. The titer of infectivity of the virus inoculum was
determined by the plaque formation assay. The cell numbers in a representative well of a six-well plate
showing about 80 to 90% confluence were counted to calculate the MOI. After 1 h of incubation, the
virus inoculum was removed and the cells were washed once with sterile PBS. Cells were overlaid with
serum-free medium and incubated at 37°C in 5% CO2 in the absence of trypsin. After 1, 8, 24, 48, and 72
h, the supernatant was harvested and stored at �80°C. Removal of the cell debris from the thawed
suspension was performed by centrifugation at 800 � g for 5 min. The titers of the virus yield were
determined by measuring the 50% tissue culture infective dose (TCID50) in MDCK II cells. In brief,
monolayers of MDCK II cells at 80 to 90% confluence were incubated with 10-fold serial dilutions of the
collected viruses for 1 h at 37°C. Then, the medium was carefully removed from the cells, which were
then washed gently with PBS, and new serum-free medium was added. Finally, after 72 h, viral cytopathic
effects were recorded as the readout and the titers were calculated according to the method of Reed and
Muench (43). Each experiment was performed in triplicate, and the average and standard deviations from
the experiments were determined and plotted.

Pathogenicity and transmissibility in chickens. White Leghorn chickens hatched at FLI from SPF
ECE purchased from Lohmann Animal Health, Cuxhaven, Germany, were raised until they were 8 weeks
old. A total of 132 chickens were separated into two sections. In the first experiment, the intravenous
pathogenicity index (IVPI) of selected reassortant clones was determined (IVPI study). Sixty chickens were
divided into six groups of 10 birds each. The second experiment examined the pathobiology and
transmissibility of the viruses after inoculation via a natural infection route; this experiment included 72
chickens separated into six groups (each with 10 inoculated chickens and 2 sentinel chickens).

IVPI study. To assess the pathogenicity of the viruses according to a legally prescribed method,
chickens were inoculated intravenously with 0.1 ml of 1:10-diluted allantoic fluid containing 128 to 256
hemagglutinating units of five selected reassortants as well as the HPAIV H5N1 parent strain. The birds
were monitored daily for 10 days for clinical signs and mortality. Indices were calculated according to
World Organization for Animal Health (OIE) regulations (44).

Pathobiology and transmissibility. Virus-infected allantoic fluid was diluted using PBS in order to
obtain an inoculum with a titer of 105.0 TCID50 per 0.5 ml. Ten birds in each group were inoculated
conjunctivally (CV) and intranasally (i.n.) with a total of 105.0 TCID50 of one of the five reassortant viruses
or the HPAIV H5N1 parent strain; two birds per group were kept as sentinels and added to the infected
birds at the first day postinoculation (dpi). In order to compare virus shedding patterns via the respiratory
or digestive tract, oropharyngeal (OP) and cloacal (CL) swab specimens were collected at 2, 4, 7, and 10
dpi. Clinical signs were scored daily through the following 11 days as follows: 0, healthy (no abnormal
signs); 1, sick (showing one of the following symptoms: ruffled feathers, respiratory distress, depression,
facial edema, cyanosis of the comb and wattles, or diarrhea); 2, severely sick (showing two or more signs);
and 3, dead. Moreover, two infected birds from each inoculated group were sacrificed (except for the
group inoculated with C8, in which only one bird was sacrificed) and sampled at 2 dpi to study the virus
topography and histopathological lesions.

Pathogenicity and transmissibility in ferrets. Two reassortants (C11 and C46) were selected, in
addition to the H5N1 HPAIV parent strain, to assess their pathogenicity and transmissibility in the ferret
model. The two viruses were selected on the basis of the genotype and the pathogenicity results in
chickens. A total of 12 ferrets (Mustela putorius furo) were obtained from V. von Messling, Paul-Ehrlich-
Institut, Langen, Germany. All ferrets tested negative for influenza A virus antibodies prior to infection.
Ferrets were grouped into three groups of four individuals each and housed in cages enriched with tubes
and various bedding materials to serve species-specific behavorial patterns of the animals. The cages
were separated by double layers of stainless steel to prevent direct contact between the groups. For
intranasal (i.n.) infection with 105 TCID50 of virus as the inoculum, three ferrets in each virus-infected
group were anesthetized by inhalation of 5% isoflurane in O2 prior to infection. The ferrets were
monitored daily for clinical signs (nasal discharge; labored breathing; reduced activity; body temperature,
determined by use of a subcutaneous implantable temperature-logging device [Plexx, Elst, The Nether-
lands]; body weight; and neurological symptoms). To assess transmission by direct contact, an additional
ferret was housed with each group from 1 dpi onwards. Nasal wash samples were collected prior to
infection and at 1, 3, 5, 7, and 9 dpi from all of the ferrets while they were under light inhalation
anesthesia by applying 1 ml of PBS to each nostril and then recollecting the PBS. One ferret per
virus-infected group was sacrificed at 4 dpi, which was performed by exsanguination while the ferret was
under deep anesthesia. Ferrets underwent a complete necropsy under biosafety level 3 conditions. All
remaining ferrets were euthanized as described above at 11 dpi (the end of the experiment).
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Real-time RT-PCR. Viral RNA was extracted from the OP and CL swab specimens (obtained from
chickens) or nasal wash fluid (obtained from ferrets) using a QIAamp viral RNA kit (Qiagen). Quantification
of the titer (TCID50) of virus from the collected swab specimens was based on the quantification cycle (Cq)
values obtained by real-time reverse transcriptase quantitative PCR (RT-qPCR). Correlation of the Cq

values and the infectivity titers was done as outlined by Pantin-Jackwood et al. (45). Briefly, a standard
Cq curve for virus quantification was generated using viral RNA extracted from serially diluted (log10)
HPAIV H5N1 suspensions with a known infectivity titer. An RT-qPCR targeting the matrix (M) gene (46)
and an AgPath-ID one-step RT-qPCR kit (Ambion, CA USA) were employed. To relate M-specific Cq values
to viral infectivity in the examined swab specimens, the Cq values from these extracts were plotted on
the generated standard curve linking infectivity with Cq values. RT-qPCR was carried out on a Bio-Rad
CFX1000 real-time PCR system (Bio-Rad, CA, USA) using software supplied with the machine. The
resulting values were labeled the “infectivity equivalent titer.”

Histopathology and immunohistochemistry. Tissues were fixed in 10% neutral buffered formalin
for 21 days, processed, and embedded in paraffin wax using a Leica ASP 300S fully enclosed tissue
processor (Leica Biosystems, Nussloch, Germany), sectioned to a thickness of 2 to 4 �m using a Hyrax
M55 electronic rotary microtome (Carl Zeiss Microimaging GmbH, Jena, Germany), mounted on Super-
frost Plus glass slides (Menzel Gläser, Braunschweig, Germany), stained with hematoxylin and eosin using
a Medite TST 44.000C automatic tissue stainer (Medite, Burgdorf, Germany), and screened for histo-
pathological changes using an Axio Imager M2 microscope equipped with 10�, 20�, and 40� Plan
Neofluar objectives and an AxioCam ICc3 3.3-megapixel digital camera (Carl Zeiss Microscopy GmbH,
Jena, Germany). Immunohistochemistry was performed on serial sections to detect influenza A virus
antigen using the avidin-biotin-peroxidase complex method (Vectastain PK 6100; Vector Laboratories,
Burlingame, CA, USA) with citric buffer (10 mM, pH 6.0) pretreatment, a polyclonal rabbit anti-influenza
A virus FPV/Rostock/34 nucleoprotein antiserum (diluted 1:750) (47), 3-amino-9-ethylcarbazol as the
chromogen (Agilent Technologies, Santa Clara, CA, USA), and hematoxylin counterstain. The specificity
of the immunohistochemical reaction was confirmed by the use of negative tissues from noninfected
chicken and ferret archival diagnostic cases, as well as validated positive avian tissues from the recent
H5N8 outbreak (48). Serial sections of the negative controls were treated with rabbit serum instead of the
primary polyclonal antiserum. The distribution of influenza A virus nucleoprotein was semiquantitatively
assessed for each organ, discriminating endothelial and parenchymal immunoreactivity by scoring on a
severity scale of 0 to 3, where 0 was negativity for immunoreactive nuclei, 1 was focal or oligofocal
immunoreactive nuclei, 2 was multifocal immunoreactive nuclei, and 3 was coalescing to diffuse
immunoreactive nuclei.

Serology. Blood samples were collected from the chickens or ferrets prior to the animal experiment
and from the surviving animals at the end of the experiment. Serum samples were examined for
AIV-specific antibodies using an influenza A virus nucleoprotein (NP) antibody competition ELISA kit
(Idexx, Hoofddorp, The Netherlands) according to the producer’s recommendations. Positive samples
were further examined by a hemagglutination inhibition (HI) assay using the homologous H9N2 and
H5N1 viruses, applying standard protocols described by the World Organization for Animal Health (OIE)
(44).

In silico analysis of different reassortant probabilities. The two parent strains of H5N1 and H9N2
were analyzed for their zoonotic risks and reassortant possibilities using the FluLeap influenza zoonotic
prediction system (http://fluleap.bic.nus.edu.sg), based on machine learning approaches (23). The se-
quences of 11 viral proteins translated from the genomic sequences of the two strains (HA, M1, M2, NA,
NP, NS1, NEP, PA, PB1, PB1-F2, and PB2) were first subjected to individual host tropism predictions. The
protein sequences, represented by amino acid compositions and physicochemical properties, were
individually predicted to have either avian or human protein tropism using the random forest machine
learning classifier (49). The host tropism protein prediction results for the 11 proteins of each strain were
then combined as a host tropism protein signature, which illustrates the underlying avian or human
tropism of the strains (24).

A second layer of machine learning prediction was next applied to the entire host tropism protein
signatures of both parent strains for prediction of the zoonotic potential of each strain. Using the host
tropism prediction results for the 11 proteins as features, the random forest strain prediction model
classifies the strain as avian, human, or zoonotic (23), with the accompanying zoonotic probability
estimate denoting the zoonotic propensity of the strain.

Lastly, a reassortment simulation was performed for the two parent strains using their host
tropism protein signatures. The eight RNA segments, characterized by the individual host tropism
protein predictions, were sequentially recombined for segments with different predictions, gener-
ating a list of possible unique reassortant strains. The computationally simulated reassortant
progeny were then analyzed for their zoonotic risks using the zoonotic strain prediction model as
described above.

Statistical analysis. Variations in plaque sizes and in virus shedding patterns were evaluated by the
Kruskal-Wallis test and the post hoc Mann-Whitney-Wilcoxon test with the Bonferroni correction. In order
to compare replication kinetics, measurements were log10 transformed and analyzed using a linear
mixed-effects model including random effects for repeated measures for the same sample. Statistically
significant differences in replication kinetics were first confirmed by a two-way analysis of variance
(ANOVA) and further assessed by pairwise comparisons of the adjusted means per virus and per time
point using z-tests and the Benjamini-Hochberg procedure for adjusting for multiple testing. Differences
in survival probability were evaluated by means of log-rank tests (50) with the Bonferroni correction.
P values of less than 0.05 were considered significant. All analyses were conducted using R (version 3.3.1)
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software (R Foundation for Statistical Computing, http://www.r-project.org) with the packages survival,
nlme, and multcomp.
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