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Influenza A H9N2 viruses are common poultry pathogens that occasionally infect swine and humans. It has been shown previ-
ously with H9N2 viruses that reassortment can generate novel viruses with increased transmissibility. Here, we demonstrate the
modeling power of a novel transfection-based inoculation system to select reassortant viruses under in vivo selective pressure.
Plasmids containing the genes from an H9N2 virus and a pandemic H1N1 (pH1N1) virus were transfected into HEK 293T cells to
potentially generate the full panel of possible H9 reassortants. These cells were then used to inoculate ferrets, and the population
dynamics were studied. Two respiratory-droplet-transmissible H9N1 viruses were selected by this method, indicating a selective
pressure in ferrets for the novel combination of surface genes. These results show that a transfection-based inoculation system is
a fast and efficient method to model reassortment and highlight the risk of reassortment between H9N2 and pH1N1 viruses.

Influenza A H9N2 virus began appearing in domestic poultry in
the late 1980s. Throughout most of the 1990s, these viruses re-

mained in domestic and wild bird populations and displayed typ-
ical avian receptor and species specificity (1–4). However, in the
later part of the decade, the virus began showing more human-like
receptor specificity, and in 1998, the first swine H9N2 virus was
isolated (5). A year later, the first human H9N2 virus was isolated
in Hong Kong (6). Since then there have been several more isola-
tions of H9N2 virus from humans. However, the minimal clinical
symptoms associated with the subtype combined with seropreva-
lence surveys suggest the possibility of a higher incidence in hu-
mans (7, 8).

The segmentation of the influenza virus genome allows the
exchange of genetic material upon coinfection of the same cell in a
process called reassortment. Natural reassortment of H9N2 vi-
ruses can have significant impacts on human health (9). Phyloge-
netic analyses showed that the highly pathogenic H5N1 virus from
1997 and the G1-like H9N2 virus have common internal genes,
indicating a past reassortment event (10). This suggests a contri-
bution from an H9N2 virus to the internal genes of the HPAI
H5N1 virus that infected humans (10). Genetic drift has caused
distinct lineages of H9N2 virus to emerge in Eurasia, and between
three and five Eurasian H9N2 lineages have been proposed (11–
13). Recent data have shown that H9N2 reassortment, together
with adaptive mutations, can generate novel reassortant viruses
that are more transmissible and more pathogenic in mammalian
models than the parental viruses (14, 15). The emergence of the
2009 pandemic H1N1 (pH1N1) virus further heightened concern,
as H9N2 viruses have been shown to be compatible for reassort-
ment with the newly emerged pandemic virus (16, 17). The recent
H7N9 virus outbreak in China further highlights the importance
of H9N2 viruses in reassortment, as the outbreak virus is itself a
reassortant with an H9N2 virus (18). This virus, containing inter-
nal genes from an avian H9N2 virus, infected more than 130 peo-
ple and was associated with more than 40 fatalities (19, 20).

With eight segments in each virus, studying reassortment rep-
resents a large combinatorial problem, with 256 distinct genome
constellations existing between any virus pairs. Previous studies
investigating reassortment have used several methods: blunt
force, arbitrary genome selection, or coinfections. The first two

methods use directed reassortment to create all or a select few of
the total possible combinations, respectively (16, 17). The first of
the two methods is time intensive, and although it may yield de-
tailed information on genomic compatibility, it reveals little about
competition or population dynamics. The second method gener-
ates a minimal set of constellations through directed reassort-
ment. This may answer a number of other biologically important
questions but poorly mimics the complexity of natural reassort-
ment. Finally, some studies have selected for viruses by coinfecting
either cell culture or an appropriate animal model (21, 22). While
this may better simulate a natural coinfection, replication of the
inoculated viruses may outcompete less abundant, but potentially
more fit, reassortant constellations. In this study, we developed a
15-plasmid transfection-based inoculation (TBI) system to
quickly and efficiently mimic a reassortment event between an
H9N2 virus and pH1N1 virus in ferrets. This system potentially
generates all possible reassortant viruses in a biologically relevant
animal model under in vivo selective pressure and without com-
petition from high-titer wild-type inoculated viruses.

MATERIALS AND METHODS
Fifteen-plasmid TBI. HEK 293T cells were transfected with 1 �g each of
15 plasmids containing the surface gene segments from A/ferret/Mary-
land/P10-UMD/2008 (H9N2) virus (15), the internal genes from
A/guinea fowl/HK/WF10 (H9N2) virus, and 7 gene segments from A/NL/
602/2009 (H1N1) virus (23) excluding segment 4 (hemagglutinin [HA])
to ensure the resultant virus was an H9. Transfections were done using
TransIt LT-1 (Mirus, Madison, WI) in 6-well cell culture plates. The
transfected cells were lifted 24 h posttransfection (p.t.) and collected in the
transfection supernatant. Seronegative ferrets were inoculated with 1 ml
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of transfected cells/supernatant, which corresponded to one well of cells.
The ferrets were monitored for signs of disease and sampled daily by nasal
washes with 1 ml of PBS. The nasal wash fluids were tested for viral antigen
with FluDetect (Synbiotics Corp. San Diego, CA), aliquoted, and stored at
�80°C.

Virus selection. Selection of the fittest virus was determined by serial
passage of the viral population in ferrets in the following manner. The
transfected cells were used to inoculate passage 1 (P1) ferrets. The day of
peak shedding was determined by 50% tissue culture infective dose
(TCID50) titration, and 700 �l of the nasal wash sample was used to
directly inoculate P2 ferrets. Based on the shedding curve of P2 ferrets,
samples from 4 days postinoculation (p.i.) were used to inoculate the next
passage of ferrets out to P5. Ferrets for RCP5 were added to the cages of P5
ferrets in a manner to allow only respiratory contact (RC) at 1 day p.i.

Animal studies. All studies were approved by the Animal Care and
Use Committee of the University of Maryland (protocol R-09-93). Three-
to 7-month-old female ferrets were purchased from Triple F farms (Sayer,
PA). The ferrets were quarantined for 7 days in an animal biosafety level 2
(ABSL2) facility. All animals were implanted with temperature transpon-
ders (Bio Medics, Seaford, DE) to identify individual ferrets and record
body temperature. Sera were used to determine the naivety of each ferret
prior to experimentation. The ferrets were lightly anesthetized with ket-
amine (20 mg/kg of body weight) and xylazine (1 mg/kg) via an intramus-
cular injection prior to all manipulations.

Limiting dilutions. Transfection supernatant was passed in MDCK
cells once for 48 h. The cell culture supernatant was diluted 10-fold from
10�1 to 10�8 across a 96-well plate containing MDCK cells. After 72 h, an
HA assay was performed, and the well that was inoculated with the most
diluted sample that still resulted in infection was selected and assumed to
have the most homogeneous virus population. The process was repeated

12 times down the 96-well plate, thus selecting 12 different virus popula-
tions. The supernatants from the 12 selected wells were then partially
sequenced to identify the eight gene segments present.

Deep sequencing. The nasal wash sample from the day of highest
shedding for P1 and RCP5 for each lineage was selected for sequencing.
Specifically, lineage A P1 at 4 days p.i., lineage A RCP5 at 4 days p.i.,
lineage B P1 at 7 days p.i., and lineage B RCP5 at 7 days p.i. were chosen.
Viral sequencing was performed on ferret nasal wash fluids passaged once
in MDCK cells at a multiplicity of infection (MOI) of 0.1 to enrich for viral
RNA and eliminate interfering host RNA. RNA extraction and barcoded
sequence-independent, single-primer amplification (SISPA) libraries
were constructed essentially as previously described with minor modifi-
cations (24, 25). Briefly, supernatants were clarified by centrifugation at
3,000 � g for 15 min at 4°C and incubated in a DNase I (10-U)-RNase A
(50-U) mixture at 37°C for 30 min. TRIzol-LS (Invitrogen, Grand Island,
NY) was used to inactivate the nuclease mixture and lyse the virus. Sam-
ples were processed following the manufacturer’s recommendations until
the phase separation, at which point 100% ethanol was added to the aque-
ous phase at a final concentration of �40% and purified through an
RNeasy Mini spin column (Qiagen, Gaithersburg, MD). First and second
strands were transcribed with barcoded random hexamers and amplified
with barcoded primers. The amplified libraries were size selected with 0.7
volumes of Ampure XP beads (Beckman Coulter, Inc., Brea, CA) and
sequenced on the GS Junior 454 sequencer following the manufacturer’s
recommendations and omitting the nebulization step. Newbler software
was used to perform assembly, and the average read depth was greater
than 300 reads per base for each sample. A second set of samples repre-
senting nasal washes from the second-highest day of shedding for each
passage and lineage were sequenced in a manner similar to that described

FIG 1 Transfection-based inoculation and subsequent serial passage of viral lineages show consistent infectivity. Three ferrets were inoculated with transfected
cells in P1. Daily nasal wash samples were titrated by TCID50 in MDCK cells, and the nasal wash sample with the highest titer was used to inoculate the next
passage through P5. Respiratory-contact ferrets were added at 1 day p.i. of P5. Lineage A grew to higher titers and faster than lineage B. Lineage C failed to infect
the initial ferret. *, study terminated prior to complete virus clearance by the RC ferret infected with lineage B virus. dpi, days p.i.
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above. The genetic constellations and mutations matched what was re-
ported for the first set of samples.

RESULTS AND DISCUSSION

Three ferrets were inoculated intranasally with cells transfected
with 15 plasmids and monitored by nasal washes. Two of the three
ferrets became infected and began shedding virus at 3 days p.i.
(Fig. 1). Based on the potential viral diversity, we assumed the
ferrets were shedding a mixed population of viruses. To select for
a single or more homogeneous virus population, serial passages
were performed via direct inoculation of nasal washes from 5 days
p.i. into a naive ferret. This process was repeated until the nasal
washes had been serially passaged 5 times to create two distinct
lineages (A and B) originating from the initially inoculated ani-
mals. These ferrets displayed typical shedding profiles, with peak
titers between 104 and 106 TCID50/ml nasal wash and viral clear-
ance after 6 or 7 days (Fig. 1). To assess transmissibility, one RC
ferret was added to the isolator of each P5 ferret at 1 day p.i. in such
a way that physical contact was eliminated but the airspace was
shared. Both lineage A and B RC ferrets became infected; however,
due to time constraints, the experiment was terminated prior to
clearance of the infection by the RC ferret in the lineage B group.
To fully evaluate transmission, 3 ferrets were inoculated with ei-
ther lineage A or B P4 nasal wash fluid, recapitulating the fifth
passage. At 1 day p.i., a respiratory-contact (RCP5) ferret was
added to the isolator of each directly inoculated animal as de-
scribed above. The two lineages were transmitted efficiently, as all
three RCP5 ferrets in each group became infected, although the

lineage A virus was transmitted slightly faster and grew to slightly
higher titers than the lineage B virus (Fig. 2).

Next, 454 pyrosequencing was performed on the samples with the
highest titers from P1 and RCP5 from both lineages to identify the
genetic constellation of viruses in selected samples. Sequencing was
then performed on a second set of samples with the second-highest
level of shedding. All genetic constellations and mutations seen in the
highest-titer sample were confirmed in the samples with the second-
highest titers. Sequence analysis revealed that both lineages resulted in
an H9N1 virus with internal genes from both H9N2 and pH1N1
viruses (Table 1). Both lineages contained pH1N1 origin PB2, NP,
and NA gene segments and H9N2 origin PA, HA, and NS gene seg-
ments. The two lineages differed in the PB1 and M segments. These
two segments were of pH1N1 origin in lineage A and of H9N2 origin
in lineage B. The selection of an H9N1 virus is consistent with previ-
ous studies (16, 26).

Sequencing revealed a number of mutations throughout the
genomes of both lineages. Lineage A accrued four mutations dur-
ing the six ferret passages: one each in PB2 (D253N), PA (K26E),
HA (HA1 domain, S254N; 263 in H3 numbering), and NS (D2N)
(Table 2). The PB2 D253N substitution is in the NP binding and
cap binding domain (27). This mutation has been described in an
H9N2 backbone to increase replication and pathogenicity in mice
(28). The PB2 D253N substitution was not identified in the P1
sample but was seen in 100% of reads in the RCP5 sample. We also
identified the D2N mutation in NS1 and NEP. This mutation has
been identified with increased virus titers, beta interferon (IFN-�)

FIG 2 Lineage A and B viruses are transmitted by respiratory droplets in ferrets. Three directly inoculated (DI) ferrets per lineage were inoculated with 105

TCID50 of P4 virus from nasal wash. At 1 day p.i., a single RC ferret was added to each DI ferret (total, three per lineage). All ferrets were subjected to daily nasal
washes, and the samples were titrated by TCID50 in MDCK cells. The colors, symbols, and numbers indicate matched pairs (e.g., the black square DI1 was housed
with the black square AC1).
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induction, weight loss, pathology, and mortality in mice in an
H3N2 background (29, 30). We found D2N in 60% of sequencing
reads in RCP5 and in 0% of reads in P1. The other three mutations
have not been associated with any phenotypic changes (27, 31).

Lineage B accumulated six mutations during ferret passage. One
mutation arose in PB2 (A707T), PA (silent), HA (HA1, S319C; 328 in
H3 numbering), and M (E95K in M2), and two mutations arose in
PB1 (D120N and D439E) (Table 2). None of these mutations has
been associated with any specific phenotypic changes. However, the
PB2 A707T mutation lies in the PB1 binding domain and may mod-
ulate binding of a PB1 and a PB2 with different origins (31). We did
not identify the mutation in P1, but it was found at 100% in RCP5.
The PB1 D120N mutation lies in a region of PB1 with no described
function, but the base pair substitution (G382A) does result in a
3-amino-acid (aa) truncation of PB1-F2 (90 aa to 87 aa) (27, 32). The
87-aa PB1-F2 variant is often found in nature. No functional differ-
ence between the 90-aa and 87-aa PB1-F2 variants has been described
(32). This mutation was found in 30% of P1 reads and 100% of RCP5
reads. Finally, the HA S319C mutation lies in the p2 position of the
HA cleavage site. The RSSR/G motif is fairly conserved in Eurasian
avian H9 isolates, but the p2 and p3 sites are far more flexible in swine
isolates (33–35). We detected this mutation in only 20% of reads
from the RCP5 sample. However, the S319C mutation is inconsistent
with currently available H9 HA sequences deposited in GenBank. In
fact, a cysteine in such a position is likely detrimental to virus fitness
and might in part explain the low virus titers and slow transmission
kinetics of the lineage B strain in ferrets. It is also tempting to specu-
late that, just as with the presence of defective interfering particles,
some influenza virus strains may contain subpopulation variants en-
coding defective protein products that ultimately modulate virulence
and/or transmission.

Pathologically, these viruses are similar to seasonal influenza
virus (36). Alveolitis and interstitial pneumonia, characterized by
evident inflammatory infiltration of neutrophils, lymphocytes,
and macrophages, were observed in the lungs from both groups at
3 days p.i. and 5 days p.i. (Fig. 3). Congestion was more evident in
the lungs at 3 days p.i. than at 5 days p.i. in both groups, while
infiltration in the lung from the lineage B group (Fig. 3E) was
more severe than in the lung from the lineage A group (Fig. 3A) at
3 days p.i. No evident lesion appeared in the tracheas. Addition-
ally, the ferrets showed mild signs of disease. Typical signs were
mild fever, moderate body weight loss, and mild lethargy.

Lineage A virus consistently grew faster and to higher titers and
transmitted more efficiently than lineage B virus (Fig. 1 and 2).

TABLE 1 Sequencing indicates that TBI results in the
selection of H9N1 variants from a mixed populationa

a The numbers indicate the percentages of sequencing reads that map to
the H9 variant of each gene segment. Black shading indicates pH1N1
origin, while white indicates an H9 origin. Gray shading indicates a
mixed population.

TABLE 2 Multiple mutations induced by serial passages in lineage A and B viruses

Gene origin_gene
segment

Nucleotide
change

% of readsa

Amino acid
change

H3
no. Location EffectP1 RCP5

Lineage A
pH1N1_PB2 G784A 5 100 D253N NP binding domain; cap binding domain Increases titer and pathogenicity

in H9N2
WF10_PA A100G 0 92 K26E Endonuclease Unknown
P10_HA| G847A 0 100 S254N 263 HA1 stalk Unknown
WF10_NS G30A 0 60 D2N Increased titers, IFN-� induction,

pathology and mortality in
mice

Lineage B
pH1N1_PB2 G2146A 0 100 A707T PB1 binding domain; Imp�5-interacting domain Unknown
WF10_PB1 G382A 30 100 D120N PB1-F2 early termination; truncated by 3 aa Unknown
WF10_PB1 T1341A 0 97 D439E No known functional domain Unknown
WF10_PA C909A 0 98 Silent
P10_HA A1041T 0 20 S319C 328 HA1 cleavage site Unknown
WF10_M| G996A 0 100 E95K Cytoplasmic domain M2 Unknown

a Percentages of reads that contain each mutation by 454 sequencing.
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Mutational analysis revealed two mutations in lineage A (PB2
D253N and NS1/NEP D2N) that are known to increase infectivity
and pathogenicity in other viral backgrounds (28, 29). While these
changes could affect the phenotype, there is evidence that the differ-
ing M segments have a large effect, as well. Previous studies have
found that the pH1N1 M segment allows higher infectivity and in-
creased transmissibility in multiple backbones and multiple model

species (21, 37, 38). Indeed, lineage A contains the pH1N1 M segment
and showed more efficient infectivity and transmission.

Transfection with 15 plasmids is theoretically capable of pro-
ducing 128 genetically distinct viruses. To ensure our transfection
produced a mixed population, we used deep sequencing of MDCK
cell-passed transfection supernatant to confirm the presence of all
15 gene segments (Table 1). While no segment was completely
selectively lost, partial selection was observed for each segment
after 48 h in MDCK cells. In general, the tissue culture pressure
partially selected the pH1N1 PB2, PB1, HA, M, and NS and H9N2
PA, NP, and NA gene segments (Table 1). Additionally, transfec-
tion supernatants were passaged by limiting dilutions in tissue
culture to produce 11 individual viruses and one mixed population as
determined by Sanger sequencing. The results indicated that both
H9N2 origin and pH1N1 origin segments were found in at least one
of the dilutions, with the exceptions of the pH1N1 HA (not included
in the original transfection) and the pH1N1 PB1. However, we iden-
tified the pH1N1 PB1 in a virus from the ferrets (Table 1), confirming
the viability of all included plasmids. These results indicate that all
constellations were theoretically possible and that the end-result vi-
ruses were selected from the most fit segments derived from the initial
15-plasmid-transfected inoculum.

The deep sequencing and limiting dilutions of the tissue cul-
ture population showed selective pressure on the virus after only
one passage. Lineages A and B differed from the tissue culture
lineages in three and one segment, respectively (Table 1). This
highlights the potential issue with tissue culture-based methods or
selection, as the selective pressure from tissue culture skews the
results compared to in vivo selective pressure. The results also
highlight two other ways in which TBI outperforms previous
methods of selection. The genetic constellation of P1 samples is
identical to that of RCP5 samples (Table 1). This indicates that the
selection process was completed in a single passage by 4 days p.i.
Coinfection studies typically take multiple passages and require
weeks of work and a large number of animals. Similarly, creating
and testing each possible reassortant is a time-consuming pros-
pect that requires large numbers of animals. TBI may rapidly se-
lect a single reassortant virus in vivo from a mixed population in as
little as 4 days from a single animal. A similar approach can be
implemented to ascertain the gene constellation that would most
likely lead to more efficient respiratory-droplet transmission of
other avian influenza viruses in mammals.
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