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ABSTRACT Efficient transmission from human to human is the prerequisite for an
influenza virus to cause a pandemic; however, the molecular determinants of influ-
enza virus transmission are still largely unknown. In this study, we explored the mo-
lecular basis for transmission of Eurasian avian-like H1N1 (EAH1N1) swine influenza
viruses by comparing two viruses that are genetically similar but differ in their trans-
missibility in guinea pigs: the A/swine/Guangxi/18/2011 virus (GX/18) is highly trans-
missible by respiratory droplet in guinea pigs, whereas the A/swine/Heilongjiang/
27/2012 virus (HLJ/27) does not transmit in this animal model. We used reverse
genetics to generate a series of reassortants and mutants in the GX/18 background
and tested their transmissibility in guinea pigs. We found that a single-amino-acid
substitution of glycine (G) for glutamic acid (E) at position 225 (E225G) in the HA1
protein completely abolished the respiratory droplet transmission of GX/18, whereas
the substitution of E for G at the same position (G225E) in HA1 enabled HLJ/27 to
transmit in guinea pigs. We investigated the underlying mechanism and found that
viruses bearing 225E in HA1 replicated more rapidly than viruses bearing 225G due
to differences in assembly and budding efficiencies. Our study indicates that the
amino acid 225E in HA1 plays a key role in EAH1N1 swine influenza virus transmis-
sion and provides important information for evaluating the pandemic potential of
field influenza virus strains.

IMPORTANCE Efficient transmission among humans is a prerequisite for a novel in-
fluenza virus to cause a human pandemic. Transmissibility of influenza viruses is a
polygenic trait, and understanding the genetic determinants for transmissibility will
provide useful insights for evaluating the pandemic potential of influenza viruses in
the field. Several amino acids in the hemagglutinin (HA) protein of influenza viruses
have been shown to be important for transmissibility, usually by increasing virus af-
finity for human-type receptors. In this study, we explored the genetic basis of the
transmissibility difference between two Eurasian avian-like H1N1 (EAH1N1) swine in-
fluenza viruses in guinea pigs and found that the amino acid glutamic acid at posi-
tion 225 in the HA1 protein plays a critical role in the transmission of EAH1N1 virus
by increasing the efficiency of viral assembly and budding.
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Human and animal influenza viruses are very closely related. The H2N2 virus and
H3N2 virus that caused the 1957 and 1968 influenza pandemics, respectively, are

reassortants of human influenza viruses and avian influenza viruses (1), and the H1N1
virus that caused the human influenza pandemic in 2009 is a swine influenza reas-
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sortant, with one parental strain containing the PB1 gene from a human influenza virus
(2). As of the end of March 2017, the H5N1 and H7N9 avian influenza viruses had caused
858 and 1,307 human infections, with 453 and 489 deaths, respectively (http://www
.who.int/influenza), representing clear pandemic threats. Recent studies indicate that
the naturally occurring Eurasian avian-like H1N1 (EAH1N1) swine influenza viruses (SIVs)
and H3N8 and H9N2 avian influenza viruses can transmit in ferrets via respiratory
droplet (3–5), revealing the pandemic potential of these overlooked animal influenza
viruses.

Efficient transmission from human to human is the prerequisite for influenza virus to
cause a pandemic. Ferret and guinea pig are two commonly used animal models to
evaluate the transmissibility of animal influenza viruses in humans (6–9). By using these
two models, researchers have identified a series of important genetic markers of
influenza virus transmissibility. Tumpey et al. reported that a 2-amino-acid change,
D190E and D225G, in the viral hemagglutinin (HA) protein abolishes the transmission
of 1918/H1N1 influenza virus in ferrets (10). The amino acids at positions 222 and 226
of HA are critical for the 2009/H1N1 virus to bind to human-type receptors and transmit
among mammals (11, 12), and PB2 271A facilitates the mutation of R to Q at position
226 of the HA of 2009/H1N1 viruses (11). Amino acids at other positions of HA and PB2
have also been shown to be critical for transmission of H5N1 influenza viruses in
mammals (13–15). Zhang et al. reported that an H5N1 virus that derived its PA or NS
gene from the 2009/H1N1 virus becomes transmissible in guinea pigs, indicating that
gene constellations also play an important role in influenza virus transmission (16).

We previously characterized EAH1N1 swine influenza viruses isolated from pigs in
China and found that these viruses have different transmissibility in ferrets (3). When we
evaluated the transmissibility of these viruses in guinea pigs, we found that two viruses,
A/swine/Guangxi/18/2011 (GX/18) and A/swine/Heilongjiang/27/2012 (HLJ/27), were
genetically similar but differed in their transmissibility: GX/18 was highly transmissible
via respiratory droplet, whereas HLJ/27 could not transmit in this animal model. In this
study, we explored the underlying mechanism of this difference in transmissibility.

RESULTS
Virus rescue and transmissibility testing. We cloned the cDNAs of each full-length

RNA segment of the GX/18 and HLJ/27 viruses into a viral RNA (vRNA)-mRNA bidirec-
tional expression plasmid (pBD) as described previously (17) and by using the gene
segment-specific primers shown in Table 1. All of the constructs were completely

TABLE 1 Primers used for pBD cDNA construction and for introducing mutations into the HA genes of the mutant viruses

Purpose

Primers (5=–3=)a

Forward Reverse

PB2 amplification CCAGCAAAAGCAGGTCAAATATATTCAA TTAGTAGAAACAAGGTCGTTTTTAA
PB1 amplification CCAGCAAAAGCAGGCAAACCATTTGA TTAGTAGAAACAAAGGCATTTTTTCATGA
PA amplification CCAGCAAAAGCAGGTACTGAT TTAGTAGAAACAAGGTACTTTTTTGGACAG
HA amplification CCAGCAAAAGCAGGGGAAAATT TTAGTAGAAACAAGGGTGTTTTT
NP amplification CCAGCAAAAGCAGGGTAGATAATCACTCA TTAGTAGAAACAAGGGTATTTTTCTT
NA amplification CCAGCAAAAGCAGGAGTTTAAAATG TTAGTAGAAACAAGGAGTTTTTTG
M amplification CCAGCAAAAGCAGGTAGATAT TTAGTAGAAACAAGGTAGTTTTTTACTC
NS amplification CCAGCAAAAGCAGGGTGACAAA TTAGTAGAAACAAGGGTGTTTTTTAT
GX/18-HA1-V15I mutation AGCTGACACCATTTGTATAGGCTAC TACAAATGGTGTCAGCTTTTAGTGC
GX/18-HA1-A103T mutation ACCCCGGAGAATTCACTGATTATGA TGAATTCTCCGGGGTAGCATGCTCC
GX/18-HA1-S138A mutation ACCAGAGGTACCACAGTTGCATGCT CAACTGTGGTACCTCTGGTGGTATC
GX/18-HA1-E225G mutation AGACCTAAAGTCAGAGGACAAGCAG CCTCTGACTTTAGGTCTTGCTACTA
GX/18-HA1-T235I mutation GAATGAATTATTACTGGATACTGTTAG ATCCAGTAATAATTCATTCTGCCTG
GX/18-HA1-H256Y mutation TAATAGCACCATGGTACGCATTTGC ACCATGGTGCTATTAAATTCCCAGT
GX/18-HA1-R269 M mutation AGTTCTGGAATTATGATGTCGGATG ATCATAATTCCAGAACTAGAGCCTT
GX/18-HA2-R27Q mutation GGTATGGATATCACCATCAAAATGA TGATGGTGATATCCATACCATCCAT
GX/18-HA2-L160P mutation TGGCACATACAATTATCCCAAATAT GGATAATTGTATGTGCCATTCTTTA
GX/18-HA2-I183V mutation ACTAGAATCAATGGGAGTTCACCAG CTCCCATTGATTCTAGTTTCACACC
HLJ/27-HA1-G225E mutation CAAGACCTAAAGTCAGAGAACAAGC TCTCTGACTTTAGGTCTTGCTACTA
aNucleotides that were changed are underlined and in boldface.
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sequenced to ensure the absence of unwanted mutations. By using these plasmids, we
rescued the GX/18 and HLJ/27 viruses, designated rGX/18 and rHLJ/27, respectively;
grew them in 10-day-old specific-pathogen-free (SPF) embryonated chicken eggs; and
compared their respiratory droplet transmission with that of the wild-type GX/18 and
HLJ/27 viruses in guinea pigs.

Three guinea pigs were inoculated intranasally (i.n.) with 106 50% egg infective
doses (EID50) of each virus and then housed separately in solid stainless-steel cages
within an isolator. Twenty-four hours later, three naive animals were placed in adjacent
cages. Nasal washes were collected from all of the animals at 2-day intervals
beginning 2 days postinoculation (p.i.) (1 day postexposure) for the detection of
virus shedding. Sera were collected from all the animals on day 21 p.i. for hemag-
glutinin inhibition (HI) antibody detection. Respiratory droplet transmission was
confirmed by detecting virus in the nasal washes or seroconversion at the end of
the 3-week observation period.

Virus was detected in all of the virus-inoculated animals between days 2 and 6 p.i.
(Fig. 1). However, in the exposed groups, virus was detected only in the three animals
exposed to guinea pigs infected with GX/18 or rGX/18 (Fig. 1A and C and Table 2); the
animals exposed to the guinea pigs infected with HLJ/27 or rHLJ/27 showed no signs
of infection (Fig. 1B and D and Table 2). Seroconversion occurred in all the inoculated
animals and in the GX18- and rGX/18-exposed animals (Table 2). These results indicate
that the rescued viruses maintained the same transmissibility phenotype as the wild-
type viruses.

The HA gene plays a major role in the difference in transmissibility in guinea
pigs between the GX/18 and HLJ/27 viruses. The GX/18 and HLJ/27 viruses differ by
54 amino acids in their 11 proteins (Fig. 2). To identify the genes that contribute to the
transmission of these viruses in guinea pigs, we generated a series of reassortant
viruses by using reverse genetics as described previously (17). We used GX/18 as the
backbone to generate eight reassortant viruses, designated rGX/18-HLJPB2, rGX/18-
HLJPB1, rGX/18-HLJPA, rGX/18-HLJHA, rGX/18-HLJNP, rGX/18-HLJNA, rGX/18-HLJM, and
rGX/18-HLJNS, and tested their transmissibility in guinea pigs. Five viruses, rGX/18-
HLJPB1, rGX/18-HLJPA, rGX/18-HLJNP, rGX/18-HLJNA, and rGX/18-HLJNS, transmitted
from the infected animals to all three exposed guinea pigs (Fig. 3B, C, E, F, and H and

FIG 1 Respiratory droplet transmission of EAH1N1 SIVs in guinea pigs. Groups of three guinea pigs were
inoculated intranasally with 106 EID50 of test viruses. Twenty-four hours later, three naive guinea pigs
were placed in adjacent cages. Nasal washes were collected at 2-day intervals, beginning 2 days p.i. (1
day postexposure), and assessed for virus shedding. Each line represents the virus titer from an individual
animal. The dashed lines indicate the values from the inoculated animals; the solid lines indicate the
values from the exposed animals. The dashed black lines indicate the lower limit of detection.
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Table 2); two viruses, rGX/18-HLJPB2 and rGX/18-HLJM, transmitted from the infected
animals to two of three exposed guinea pigs (Fig. 3A and G and Table 2). Seroconver-
sion was detected in all of the guinea pigs inoculated with or exposed to these seven
reassortant viruses (Table 2). However, the virus rGX/18-HLJHA, which carries the HA

TABLE 2 Seroconversion of guinea pigs inoculated with or exposed to EAH1N1
reassortants and mutants

Virus
Passage
historya

No. of animals with
virus shedding/total

No. of animals with seroconversion/
total (HI titer range)

Inoculated Exposed Inoculated Exposed

GX/18 E3 3/3 3/3 3/3 (320–640) 3/3 (320–640)
HLJ/27 E2 3/3 0/3 3/3 (320–640) 0/3
rGX/18 E1 3/3 3/3 3/3 (640–1,280) 3/3 (320–640)
rHLJ/27 E1 3/3 0/3 3/3 (1,280–2,560) 0/3
rGX/18-HLJPB2 E1 3/3 2/3 3/3 (320–640) 3/3 (80–320)
rGX/18-HLJPB1 E1 3/3 3/3 3/3 (1,280–2,560) 3/3 (640–1,280)
rGX/18-HLJPA E1 3/3 3/3 3/3 (2,560–5,120) 3/3 (640–1,280)
rGX/18-HLJHA E1 3/3 1/3 3/3 (640–1,280) 1/3 (640)
rGX/18-HLJNP E1 3/3 3/3 3/3 (320–640) 3/3 (80–320)
rGX/18-HLJNA E1 3/3 3/3 3/3 (640–1,280) 3/3 (320–640)
rGX/18-HLJM E1 3/3 2/3 3/3 (1,280) 3/3 (320–640)
rGX/18-HLJNS E1 3/3 3/3 3/3 (640–1,280) 3/3 (320–640)
rGX/18-HLJHA-repeat E1 3/3 1/3 3/3 (640–5,120) 1/3 (2560)
rHLJ/27-GXHA E1 3/3 2/3 3/3 (640–1,280) 3/3 (1,280–2,560)
rGX18-HA1-V15I E1 3/3 3/3 3/3 (640–1280) 3/3 (160–640)
rGX18-HA1-A103T E1 3/3 2/3 3/3 (640) 3/3 (160)
rGX18-HA1-S138A E1 3/3 3/3 3/3 (640–2,560) 3/3 (640)
rGX/18-HA1-E225G E1 3/3 0/3 3/3 (320–640) 0/3
rGX18-HA1-T235I E1 3/3 2/3 3/3 (2,560–5,120) 3/3 (640–1,280)
rGX18-HA1-H256Y E1 3/3 2/3 3/3 (320–640) 3/3 (40–320)
rGX18-HA1-R269 M E1 3/3 2/3 3/3 (320–640) 3/3 (320–640)
rGX18-HA2-R27Q E1 3/3 3/3 3/3 (320–640) 3/3 (160–320)
rGX18-HA2-L160P E1 3/3 3/3 3/3 (1,280) 3/3 (160)
rGX18-HA2-I183V E1 3/3 3/3 3/3 (640–1,280) 3/3 (160–320)
rHLJ27-HA1-G225E E1 3/3 2/3 3/3 (1,280) 3/3 (80–320)
aE, chicken embryo.

FIG 2 Amino acid differences between the GX/18 and HLJ/27 viruses. The amino acid differences between the
two viruses are shown as single letters at the indicated positions. Each amino acid of GX/18 is shown before
the number of the position, and each amino acid of HLJ/27 is shown after the number of the position.
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gene of HLJ/27, transmitted to only one of the three exposed guinea pigs, as evidenced
by both virus isolation and serological testing (Fig. 3D and Table 2).

To investigate how the HA gene of the GX/18 virus affects the transmissibility of the
HLJ/27 virus, we generated a reassortant virus, rHLJ/27-GXHA, by introducing the HA
gene of GX/18 into the background of the HLJ/27 virus and tested its transmissibility in
guinea pigs. The rHLJ/27-GXHA virus was detected in all three directly infected animals
and in two of the three exposed animals (Fig. 3J and Table 2); seroconversion was
detected in all of the inoculated and exposed animals (Table 2). These results indicate
that HA plays an important role in the difference in transmissibility between the two
viruses.

The amino acid glutamic acid (E) at position 225 of HA is critical for the
transmissibility of the GX/18 virus in guinea pigs. The HA proteins of the GX/18 and
HLJ/27 viruses differ by 10 amino acids, 7 of which are at positions 15, 103, 138, 225,
235, 256, and 269 (H3 numbering) of the HA1 protein, whereas the other three are at
positions 27, 160, and 183 of the HA2 protein (Fig. 2). To determine which amino acid(s)
contributes to the transmission of the GX/18 virus, we generated 10 mutants in the
rGX/18 background, each of which carried a mutation in HA that was present in the
HLJ/27 virus at that position, and tested their transmissibility in guinea pigs. Five viruses
bearing mutations at positions 15 and 138 of HA1 and at 27, 160, and 183 of HA2
transmitted to all three exposed guinea pigs (Fig. 4A, C, H, I, and J and Table 2); four
viruses bearing mutations at positions 103, 235, 256, and 269 of HA1 transmitted to two
of three exposed guinea pigs (Fig. 4B, E, F, and G and Table 2). Seroconversion was
detected in all three animals exposed to the animals infected with each of these nine
viruses (Table 2). One virus, rGX/18-HA1-E225G, did not transmit to any of the exposed
animals (Fig. 4D and Table 2), indicating that the E225G mutation of HA1 eliminated the
transmission of the GX/18 virus in guinea pigs.

We then introduced the G225E mutation of HA1 into the HLJ/27 virus and tested the
transmissibility of the mutant in guinea pigs. We detected the rHLJ/27-HA1-G225E virus
in two of the three exposed animals (Fig. 4K and Table 2), and seroconversion was
detected in all three exposed animals (Table 2). These results indicate that the amino
acid at position 225 of HA1 contributes to the difference in transmissibility between the
GX/18 and HLJ/27 viruses in guinea pigs.

We also tested the replication of the rGX/18, rHLJ/27, rGX/18-HA1-E225G, and
rHLJ/27-HA1-G225E viruses in guinea pigs. As shown in Fig. 5, all of the viruses
replicated in the nasal tracts with titers significantly higher than those in the lungs of

FIG 3 Respiratory droplet transmission of the reassortant viruses in guinea pigs.
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guinea pigs. Of note, the viral titer in the nasal tracts of the rGX/18-inoculated animals
was significantly higher than that in the nasal tracts of the animals inoculated with the
other three viruses.

The viruses recovered from the guinea pigs that were exposed to the rGX/18-
HLJHA virus contained a D24N mutation in the HA1 gene. Although the rGX/18-
HA1-E225G variant did not transmit in guinea pigs, the rGX/18-HLJHA virus transmitted
to one of the three exposed guinea pigs, and this finding was reproducible (Fig. 3D and
I and Table 2). When we sequenced the whole genome of the rGX/18-HLJHA virus that
was recovered from the animals in the transmission studies, we found that a D24N
mutation consistently occurred in the HA1 gene of the rGX/18-HLJHA virus and that this

FIG 4 Respiratory droplet transmission of the mutant viruses in guinea pigs.

FIG 5 Replication of EAH1N1 SIVs in guinea pigs. Groups of three guinea pigs were i.n. inoculated with
106 EID50 of the indicated virus and euthanized on day 3 p.i.; nasal washes and lungs were collected for
virus titration in eggs. The results are presented as means � standard deviations for three guinea pigs
in each group. The values were statistically analyzed by using a one-tailed paired t test. *, P � 0.05; **,
P � 0.01.
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mutation was not detected in any samples that we collected from rGX/18-HLJHA-
infected animals. These results suggest that the D24N mutation in HA may play a role
in the transmission of the rGX/18-HLJHA virus.

The amino acid at position 225 of HA affects viral replication in MDCK cells. We
compared the multicycle growth of rGX/18 and rHLJ/27 in Madin-Darby canine kidney
(MDCK) cells and found that the rGX/18 virus grew more rapidly than did the rHLJ/27
virus and that the titers of rGX/18 were significantly higher than those of rHLJ/27 at 24,
36, and 48 h postinfection (Fig. 6). We then investigated the contribution of the amino
acid change at position 225 in HA1 to the replication of these two viruses. Titers of
rGX/18-HA1-E225G were significantly lower than those of rGX/18 at all four time points
postinfection, whereas the replication level of rHLJ/27-HA1-G225E was significantly
increased at 24, 36, and 48 h postinfection (Fig. 6). These results indicate that the amino
acid at position 225 of HA1 affects the replication of these two EAH1N1 viruses.

The mutation at position 225 of HA alters the receptor-binding affinity of the
GX/18 and HLJ/27 viruses but does not switch the receptor-binding preference.
Receptor-binding preference plays an important role in the replication and transmis-
sion of influenza viruses (18–20). Previous studies have shown that the amino acid at
position 225 in HA1 is located in the receptor-binding site (10, 21, 22). We therefore
evaluated the receptor-binding preferences of the rGX/18, rGX/18-HA1-E225G, rHLJ/27,
and rHLJ/27-HA1-G225E viruses by using solid-phase binding assays, as described
previously (5, 23, 24), with two different glycopolymers. All four viruses bound to
the �2,6-glycopolymer (human-type receptor) with higher affinity than to the �2,3-
glycopolymer (avian-type receptor) (Fig. 7), although the affinity of rHLJ/27 and rGX/
18-HA1-E225G for the �2,3-glycopolymer was higher than that of rGX/18 and rHLJ/27-
HA1-G225E. This result indicates that the E225G or G225E mutation in HA changes only
the receptor-binding affinity and does not cause a switch in the receptor-binding
preferences of the GX/18 and HLJ/27 viruses.

The amino acid at position 225 of HA does not affect viral binding to A549
cells. Host cell attachment of influenza A virus is mediated by the HA protein. We
therefore investigated whether the mutation at position 225 of HA influences viral
binding to the cell surface. A549 cells were seeded and incubated with viruses at a
multiplicity of infection (MOI) of 5 at 4°C for 1 h, and the virus-bound and unbound cells
were analyzed by using flow cytometry. We found that the cells adsorbed similar
amounts of the rGX/18, rHLJ/27, rGX/18-HA1-E225G, and rHLJ/27-HA1-G225E viruses
(Fig. 8), indicating that the mutation at position 225 of HA does not affect viral
attachment to the surfaces of A549 cells.

FIG 6 Multicycle replication of EAH1N1 SIVs in MDCK cells. MDCK cell monolayers were inoculated at an
MOI of 0.01 with test viruses; cell supernatants were collected at the indicated time points and titrated
in eggs. *, P � 0.05; **, P � 0.01. The error bars indicate standard deviations.
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The amino acid at position 225 of HA1 affects the assembly and budding
efficiencies of virus-like particles. HA initiates progeny virus particle assembly and
budding through lipid raft domains in the apical plasma membranes of infected cells
(25–27); assembling and budding efficiencies, in turn, affect influenza virus replication.
Virus-like particles (VLPs) are widely used to assess the efficiency of influenza virus
assembly and budding (28). We examined the effect of the amino acid at position 225
of HA on VLP formation by producing four different VLPs, designated rGX/18-VLP,
rHLJ/27-VLP, rGX/18-HA1-E225G-VLP, and rHLJ/27-HA1-G225E-VLP, and comparing
their productivities. We found that rGX/18-VLP and rHLJ/27-HA1-G225E-VLP produced
significantly higher levels of hemagglutinin units in the cell supernatants than did
rGX/18-HA1-E225G-VLP and rHLJ/27-VLP (Fig. 9A). We analyzed the HA levels of the four
samples in the cell pellets by Western blotting and found that the levels of intracellular
HA in GX/18 and rHLJ/27-HA1-G225E were considerably lower than those in HLJ/27 and
rGX/18-HA1-E225G (Fig. 9B). These results indicate that the amino acid at position 225
of HA1 affects the assembly and budding of these two EAH1N1 viruses, which, in turn,
affects their replication in cells and transmissibility in guinea pigs.

FIG 8 Assessment of the abilities of EAH1N1 SIVs to attach to the cell surface. A549 cells were seeded and inoculated
at an MOI of 5 with four tested viruses. (A) Virus-bound and unbound cells were analyzed by flow cytometry. (B)
Percentages of virus-bound cells as determined by using GraphPad software. The error bars indicate standard
deviations.

FIG 7 Characterization of the receptor-binding specificities of EAH1N1 SIVs. The binding of the viruses
to two different biotinylated glycans was tested in a solid-phase binding assay. The data shown are the
means of three replicates; the error bars indicate standard deviations.
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DISCUSSION

In the present study, we explored the genetic basis for the difference in transmis-
sibility in guinea pigs of two EAH1N1 swine influenza viruses, GX/18 and HLJ/27, and
found that the single-amino-acid mutation E225G in HA1 abolishes the transmissibility
of GX/18 and that the mutation G225E in HA makes HLJ/27 highly transmissible in
guinea pigs. We further investigated the underlying mechanism and demonstrated that
viruses bearing 225E in their HA1 replicate more rapidly than viruses bearing 225G in
HA1 due to differences in their assembly and budding efficiencies.

HA is an important determinant for the transmission of the various subtypes of
influenza virus, and several key amino acids in HA that are critical for this property have
been identified (10, 11, 13, 18, 19, 29). Two amino acid mutations, D190E and D225G,
abolished the ability of the 1918/H1N1 virus to transmit via respiratory droplet between
ferrets (10). 226Q in HA is important for the transmission of the 2009/H1N1 virus in both
guinea pigs and ferrets (11). The absence of glycosylation at residues 158 to 160 of the
HA gene of H5N1 viruses is pivotal for their transmission in guinea pigs (13) and ferrets
(19). All of these amino acid changes alter the transmissibility of influenza viruses by
affecting their receptor-binding preferences. Imai et al. (18) reported that HA stability
also plays an important role in virus transmission. They found that a reassortant virus
containing seven genes from pH1N1/09 and the HA gene from an H5N1 virus could
transmit between ferrets by acquiring HA-N224K/Q226L/T318I mutations. HA-N224K/
Q226L switched the receptor-binding specificity from avian to human type but simul-
taneously reduced HA heat stability, which was restored by the HA-T318I mutation.
Here, we found that the G225E mutation in HA increases the transmission of EAH1N1
viruses in guinea pigs by reducing virus affinity for the avian-type receptor and
influencing the efficiency of virus assembly and budding. These findings indicate that
the HA of influenza virus can affect its transmissibility through different mechanisms.

The rGX/18-HLJHA virus transmitted to one guinea pig, and the D24N mutation in
HA1 occurred in the viruses that were recovered from the exposed animals in both
experiments. Zhang et al. previously reported that amino acid 271A of PB2 plays a key
role in virus acquisition of the mutation at position 226 of HA1 that confers human
receptor recognition and transmission (11). It remains to be seen whether there are
other viral factors in the GX/18 virus background that promote the acquisition of the
D24N mutation in the HA1 of HLJ/27.

Two lineages of H1N1 SIVs, classical H1N1 SIVs and EAH1N1 SIVs, have been
circulating in pigs since 1918 and 1979, respectively. The classical H1N1 SIVs emerged
in humans as a reassortant and caused the 2009 H1N1 influenza pandemic, and the HA
gene of 2009/H1N1 also belongs to the classical H1N1 SIV lineage. Our present study

FIG 9 The amino acid at position 225 in HA affects the assembly and budding of virus-like particles. 293T
cells were cotransfected with the pCAGGS-HA, pCAGGS-NA, and pCAGGS-M1 plasmids. (A) The super-
natants were collected to purify the VLPs by sucrose density gradient centrifugation, and the hemag-
glutination titer was measured to detect the amount of VLPs. **, P � 0.01. The error bars indicate
standard deviations. (B) The transfected cells were lysed to measure the amount of intracellular HA0
protein. GAPDH was used as the loading control.
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and a study by Tumpey et al. (10) indicate that 225E and 225D in HA1 play important
roles in the transmissibility of EAH1N1 SIVs and classical H1N1 SIVs, respectively. We
checked the HA sequence of the H1N1 SIVs and found that 225G was present in the
HA1 genes of the majority of strains detected before the year 2000; however, the
number of classical H1N1 SIVs that contain 225D in HA1 gradually increased after 2000
and became predominant after 2009 (Fig. 10A), and the EAH1N1 SIVs that contain 225E
in HA1 showed a similar tendency (Fig. 10B). These findings suggest that the pandemic
potential of the EAH1N1 SIVs is increasing.

MATERIALS AND METHODS
Ethics statement and facility. The present study was carried out in strict accordance with the

recommendations in the Guide for the Care and Use of Laboratory Animals of the Ministry of Science and
Technology of the People’s Republic of China. All studies were conducted in a biosecurity level 2
laboratory approved for such use by the Harbin Veterinary Research Institute (HVRI) of the Chinese
Academy of Agricultural Sciences (CAAS). The protocol was approved by the Committee on the Ethics of
Animal Experiments of the HVRI of the CAAS.

Cells and viruses. MDCK cells and human embryonic kidney cells (293T) were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 5% and 10% fetal bovine serum, respectively.
The Eurasian avian-like H1N1 viruses A/swine/Guangxi/18/2011 (GX/18) and A/swine/Heilongjiang/27/
2012 (HLJ/27) were isolated in slaughterhouses during routine surveillance from 2010 to 2013.

Construction of plasmids for virus rescue. The eight gene segments of GX/18 and HLJ/27 were
inserted into the vRNA-mRNA bidirectional transcription vector pBD to rescue rGX/18, rHLJ/27, and all of
the reassortant and mutant viruses as described previously (17). Mutations were introduced into the HA
gene in the background of GX/18 and HLJ/27 by site-directed mutagenesis (Invitrogen) according to the
manufacturer’s protocol. All of the rescue viruses were completely sequenced to ensure the absence of
unwanted mutations.

Studies in guinea pigs. Six-week-old Hartley strain female guinea pigs (Vital River Laboratories,
Beijing, China) that were serologically negative for influenza viruses were used in these studies. During
the experiments, the guinea pigs were housed in cages placed inside isolators. To examine virus
transmissibility, groups of three guinea pigs anesthetized with ketamine (20 mg/kg of body weight) and
xylazine (1 mg/kg) through intramuscular injection were inoculated intranasally with 106 EID50 of the test
viruses in a 300-�l volume (150 �l per nostril). Twenty-four hours later, three naive guinea pigs were
placed in an adjacent cage (4 cm away) separated by a double-layer net divider. The ambient conditions
were set at 20 to 22°C and 30 to 40% relative humidity. The airflow was horizontal with a speed of 0.1
m/s, and the direction was from the inoculated groups to the exposed groups. Nasal washes were
collected at 2-day intervals, beginning on day 2 p.i. (day 1 postexposure), and titrated in embryonated
chicken eggs. To avoid inadvertent physical transmission of virus by the investigators, all operational
processes were from the exposed animals to inoculated animals, and all gloves, implements, and napkins
on the worktop were changed between animals. Serum samples were collected from the guinea pigs on
day 21 p.i., treated with Vibrio cholerae receptor-destroying enzyme (DenkaSeiken) for 18 h at 37°C, heat
inactivated at 56°C for 30 min, and then tested for HI antibody titers by using 0.5% (vol/vol) chicken
erythrocytes.

To investigate virus replication in vivo, groups of three guinea pigs were i.n. inoculated with 106 EID50

of test virus in a 300-�l volume (150 �l per nostril). The animals were euthanized on day 3 p.i., and nasal
washes and lungs were collected for virus titration in eggs.

FIG 10 Amino acid at position 225 in the HA protein of naturally isolated swine influenza viruses. HA
protein sequences of CSH1N1 SIV (without the delta lineage viruses) and EAH1N1 SIV (2,078 and 565,
respectively) were downloaded from the National Center for Biotechnology Information. “X” denotes amino
acids other than D and G, or E and G.
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Receptor-binding analysis. Receptor-binding specificity was analyzed by use of a solid-phase
direct-binding assay with two different glycopolymers: �-2,3-sialylglycopolymer (Neu5Ac�2-3Gal�1-
4GlcNAc�1-para-aminophenyl [pAP]-alpha-polyglutamic acid [�-PGA]) (avian-type receptor) and the
�-2,6-sialylglycopolymer (Neu5Ac�2-6Gal�1-4GlcNAc�1-pAP-�-PGA) (human-type receptor), as de-
scribed previously (18, 23). Guinea pig antiserum against GX/18, HLJ/27, and the reassortant and mutant
viruses served as the primary antibodies, and a horseradish peroxidase (HRP)-conjugated goat anti-
guinea pig antibody was used as the secondary antibody. Absorbance was determined at a wavelength
of 490 nm. The cutoff value for the glycan binding assays was the background value of the well with 100
ng of glycopolymer in the absence of added virus.

Viral replication in MDCK cells. To evaluate virus growth kinetics, monolayers of MDCK cells were
inoculated with viruses at an MOI of 0.01 and were maintained in Opti-MEM (Gibco, Grand Island, NY,
USA) containing 0.2 g/ml L-(tosylamido-2-phenyl) ethyl chloromethyl ketone (TPCK)-treated trypsin
(Sigma-Aldrich, St. Louis, MO, USA) at 37°C. Aliquots of culture supernatant collected from triplicate
cultures at various time points (hours postinfection) were immediately frozen at �70°C until they were
used.

Viral attachment assay. The ability of viruses to bind to the cell surface was evaluated by flow
cytometry. Briefly, A549 cells were infected with viruses at an MOI of 5 at 4°C for 1 h. After three washes
with PBS to remove unbound viruses, virus-bound cells were detected by adding an anti-HA rabbit
polyclonal antibody (Sino Biological Inc.) for 1 h at room temperature. After hybridization with Alexa
Fluor 488 donkey anti-rabbit secondary antibody (KPL), the cell suspensions were subjected to flow
cytometry on a FACSAria flow cytometer (BD Biosciences, Franklin Lakes, NJ). The data were analyzed by
using FlowJo software.

VLP production and Western blot analysis. pCAGGS-GX/18-HA, pCAGGS-GX/18-HA-E225G,
pCAGGS-GX/18-NA, pCAGGS-GX/18-M1, pCAGGS-HLJ/27-HA, pCAGGS-HLJ/27-HA-G225E, pCAGGS-HLJ/
27-NA, and pCAGGS-HLJ/27-M1 were constructed by inserting the corresponding cDNAs into the
SacI/NheI sites of the pCAGGS vector. All the plasmids were completely sequenced to ensure their
accuracy. Then, 293T cells grown in 10-cm dishes were cotransfected with 6 �g of HA plasmid, 6 �g of
NA plasmid, and 12 �g of M1 plasmid by using the Lipofectamine 2000 transfection reagent (Invitrogen).
After a 6-h incubation, the medium was replaced with Opti-MEM. At 60 h posttransfection, the
supernatants were collected and VLPs were purified by means of sucrose density gradient centrifugation.
Sediments were dissolved in 300 �l of PBS, and the VLP content was assessed by measuring hemag-
glutination titers. The cells were lysed in RIPA lysis buffer (Thermo; 25 mM Tris · HCl, pH 7.6, 150 mM NaCl,
1% NP-40, 1% sodium deoxycholate, 0.1% SDS) supplemented with 1� proteinase inhibitors, and the
total protein concentration was evaluated by using a bicinchoninic acid (BCA) protein assay (Pierce).
Equal amounts of total protein were fractionated by use of SDS-12% PAGE and transferred to nitrocel-
lulose membranes (Pall). The proteins were then probed with either an anti-HA rabbit polyclonal
antibody (Sino Biological Inc.) or an anti-GAPDH (glyceraldehyde-3-phosphate dehydrogenase) mouse
monoclonal antibody (Proteintech) for 2 h at room temperature. After hybridization with goat anti-rabbit
secondary antibody and goat anti-mouse secondary antibody (KPL), respectively, the membranes were
visualized with enhanced chemiluminescence reagents (Pierce). All experiments were performed in
triplicate to ensure reproducibility.

ACKNOWLEDGMENTS
We thank Susan Watson for editing the manuscript and the Yamasa Corporation for

synthesizing the sialylglycopolymers.
This work was supported by the National Natural Science Foundation of China

(31521005), the National Key Research and Development Program of China
(2016YFD0500203), and U.S. NIH CEIRS contract HHSN272201400004C.

REFERENCES
1. Kawaoka Y, Krauss S, Webster RG. 1989. Avian-to-human transmission of

the PB1 gene of influenza A viruses in the 1957 and 1968 pandemics. J
Virol 63:4603– 4608.

2. Garten RJ, Davis CT, Russell CA, Shu B, Lindstrom S, Balish A, Sessions
WM, Xu X, Skepner E, Deyde V, Okomo-Adhiambo M, Gubareva L, Barnes
J, Smith CB, Emery SL, Hillman MJ, Rivailler P, Smagala J, de Graaf M,
Burke DF, Fouchier RA, Pappas C, Alpuche-Aranda CM, Lopez-Gatell H,
Olivera H, Lopez I, Myers CA, Faix D, Blair PJ, Yu C, Keene KM, Dotson PD,
Jr, Boxrud D, Sambol AR, Abid SH, St George K, Bannerman T, Moore AL,
Stringer DJ, Blevins P, Demmler-Harrison GJ, Ginsberg M, Kriner P,
Waterman S, Smole S, Guevara HF, Belongia EA, Clark PA, Beatrice ST,
Donis R, Katz J, Finelli L, Bridges CB, Shaw M, Jernigan DB, Uyeki TM,
Smith DJ, Klimov AI, Cox NJ. 2009. Antigenic and genetic characteristics
of swine-origin 2009 A(H1N1) influenza viruses circulating in humans.
Science 325:197–201. https://doi.org/10.1126/science.1176225.

3. Yang H, Chen Y, Qiao C, He X, Zhou H, Sun Y, Yin H, Meng S, Liu L, Zhang
Q, Kong H, Gu C, Li C, Bu Z, Kawaoka Y, Chen H. 2016. Prevalence,
genetics, and transmissibility in ferrets of Eurasian avian-like H1N1 swine

influenza viruses. Proc Natl Acad Sci U S A 113:392–397. https://doi.org/
10.1073/pnas.1522643113.

4. Karlsson EA, Ip HS, Hall JS, Yoon SW, Johnson J, Beck MA, Webby RJ,
Schultz-Cherry S. 2014. Respiratory transmission of an avian H3N8 influ-
enza virus isolated from a harbour seal. Nat Commun 5:4791. https://
doi.org/10.1038/ncomms5791.

5. Li X, Shi J, Guo J, Deng G, Zhang Q, Wang J, He X, Wang K, Chen J, Li Y,
Fan J, Kong H, Gu C, Guan Y, Suzuki Y, Kawaoka Y, Liu L, Jiang Y, Tian G,
Li Y, Bu Z, Chen H. 2014. Genetics, receptor binding property, and
transmissibility in mammals of naturally isolated H9N2 avian influenza
viruses. PLoS Pathog 10:e1004508. https://doi.org/10.1371/journal.ppat
.1004508.

6. Lowen AC, Mubareka S, Tumpey TM, Garcia-Sastre A, Palese P. 2006.
The guinea pig as a transmission model for human influenza viruses.
Proc Natl Acad Sci U S A 103:9988 –9992. https://doi.org/10.1073/
pnas.0604157103.

7. Zhang Q, Shi J, Deng G, Guo J, Zeng X, He X, Kong H, Gu C, Li X, Liu J,
Wang G, Chen Y, Liu L, Liang L, Li Y, Fan J, Wang J, Li W, Guan L, Li Q,

Genetic Basis of Transmissibility of EAH1N1 SIVs Journal of Virology

November 2017 Volume 91 Issue 21 e00800-17 jvi.asm.org 11

https://doi.org/10.1126/science.1176225
https://doi.org/10.1073/pnas.1522643113
https://doi.org/10.1073/pnas.1522643113
https://doi.org/10.1038/ncomms5791
https://doi.org/10.1038/ncomms5791
https://doi.org/10.1371/journal.ppat.1004508
https://doi.org/10.1371/journal.ppat.1004508
https://doi.org/10.1073/pnas.0604157103
https://doi.org/10.1073/pnas.0604157103
http://jvi.asm.org


Yang H, Chen P, Jiang L, Guan Y, Xin X, Jiang Y, Tian G, Wang X, Qiao C,
Li C, Bu Z, Chen H. 2013. H7N9 influenza viruses are transmissible in
ferrets by respiratory droplet. Science 341:410 – 414. https://doi.org/10
.1126/science.1240532.

8. Munster VJ, de Wit E, van den Brand JM, Herfst S, Schrauwen EJ,
Bestebroer TM, van de Vijver D, Boucher CA, Koopmans M, Rimmelzwaan
GF, Kuiken T, Osterhaus AD, Fouchier RA. 2009. Pathogenesis and trans-
mission of swine-origin 2009 A(H1N1) influenza virus in ferrets. Science
325:481– 483.

9. Maines TR, Jayaraman A, Belser JA, Wadford DA, Pappas C, Zeng H,
Gustin KM, Pearce MB, Viswanathan K, Shriver ZH, Raman R, Cox NJ,
Sasisekharan R, Katz JM, Tumpey TM. 2009. Transmission and pathogen-
esis of swine-origin 2009 A(H1N1) influenza viruses in ferrets and mice.
Science 325:484 – 487.

10. Tumpey TM, Maines TR, Van Hoeven N, Glaser L, Solorzano A, Pappas C,
Cox NJ, Swayne DE, Palese P, Katz JM, Garcia-Sastre A. 2007. A two-
amino acid change in the hemagglutinin of the 1918 influenza virus
abolishes transmission. Science 315:655– 659. https://doi.org/10.1126/
science.1136212.

11. Zhang Y, Zhang Q, Gao Y, He X, Kong H, Jiang Y, Guan Y, Xia X, Shu Y,
Kawaoka Y, Bu Z, Chen H. 2012. Key molecular factors in hemagglu-
tinin and PB2 contribute to efficient transmission of the 2009 H1N1
pandemic influenza virus. J Virol 86:9666 –9674. https://doi.org/10
.1128/JVI.00958-12.

12. Lakdawala SS, Jayaraman A, Halpin RA, Lamirande EW, Shih AR, Stock-
well TB, Lin XD, Simenauer A, Hanson CT, Vogel L, Paskel M, Minai M,
Moore I, Orandle M, Das SR, Wentworth DE, Sasisekharan R, Subbarao K.
2015. The soft palate is an important site of adaptation for transmissible
influenza viruses. Nature 526:122. https://doi.org/10.1038/nature15379.

13. Gao Y, Zhang Y, Shinya K, Deng G, Jiang Y, Li Z, Guan Y, Tian G, Li Y, Shi
J, Liu L, Zeng X, Bu Z, Xia X, Kawaoka Y, Chen H. 2009. Identification of
amino acids in HA and PB2 critical for the transmission of H5N1 avian
influenza viruses in a mammalian host. PLoS Pathog 5:e1000709. https://
doi.org/10.1371/journal.ppat.1000709.

14. Linster M, Boheemen S, de Graaf M, Schrauwen EJA, Lexmond P, Manz
B, Bestebroer TM, Baumann J, van Riel D, Rimmelzwaan GF, Osterhaus
ADME, Matrosovich M, Fouchier RAM, Herfst S. 2014. Identification, charac-
terization, and natural selection of mutations driving airborne transmission
of A/H5N1 virus. Cell 157:329–339. https://doi.org/10.1016/j.cell.2014.02
.040.

15. Zhang W, Shi Y, Lu XS, Shu YL, Qi JX, Gao GF. 2013. An airborne
transmissible avian influenza H5 hemagglutinin seen at the atomic level.
Science 340:1463–1467. https://doi.org/10.1126/science.1236787.

16. Zhang Y, Zhang QY, Kong HH, Jiang YP, Gao YW, Deng GH, Shi JZ, Tian
GB, Liu LL, Liu JX, Guan YT, Bu ZG, Chen HL. 2013. H5N1 hybrid viruses
bearing 2009/H1N1 virus genes transmit in guinea pigs by respiratory
droplet. Science 340:1459 –1463. https://doi.org/10.1126/science
.1229455.

17. Li Z, Chen H, Jiao P, Deng G, Tian G, Li Y, Hoffmann E, Webster RG,
Matsuoka Y, Yu K. 2005. Molecular basis of replication of duck H5N1
influenza viruses in a mammalian mouse model. J Virol 79:12058 –12064.
https://doi.org/10.1128/JVI.79.18.12058-12064.2005.

18. Imai M, Watanabe T, Hatta M, Das SC, Ozawa M, Shinya K, Zhong G,
Hanson A, Katsura H, Watanabe S, Li C, Kawakami E, Yamada S, Kiso M,

Suzuki Y, Maher EA, Neumann G, Kawaoka Y. 2012. Experimental adap-
tation of an influenza H5 HA confers respiratory droplet transmission to
a reassortant H5 HA/H1N1 virus in ferrets. Nature 486:420 – 428. https://
doi.org/10.1038/nature10831.

19. Herfst S, Schrauwen EJ, Linster M, Chutinimitkul S, de Wit E, Munster VJ,
Sorrell EM, Bestebroer TM, Burke DF, Smith DJ, Rimmelzwaan GF, Oster-
haus AD, Fouchier RA. 2012. Airborne transmission of influenza A/H5N1
virus between ferrets. Science 336:1534 –1541. https://doi.org/10.1126/
science.1213362.

20. Xiong XL, McCauley JW, Steinhauer DA. 2014. Receptor binding proper-
ties of the influenza virus hemagglutinin as a determinant of host range.
Curr Top Microbiol 385:63–91. https://doi.org/10.1007/82_2014_423.

21. Van Hoeven N, Pappas C, Belser JA, Maines TR, Zeng H, Garcia-Sastre A,
Sasisekharan R, Katz JM, Tumpey TM. 2009. Human HA and polymerase
subunit PB2 proteins confer transmission of an avian influenza virus
through the air. Proc Natl Acad Sci U S A 106:3366 –3371. https://doi
.org/10.1073/pnas.0813172106.

22. Stevens J, Blixt O, Tumpey TM, Taubenberger JK, Paulson JC, Wilson IA.
2006. Structure and receptor specificity of the hemagglutinin from an
H5N1 influenza virus. Science 312:404 – 410. https://doi.org/10.1126/
science.1124513.

23. Wang G, Deng G, Shi J, Luo W, Zhang G, Zhang Q, Liu L, Jiang Y, Li C,
Sriwilaijaroen N, Hiramatsu H, Suzuki Y, Kawaoka Y, Chen H. 2014. H6
influenza viruses pose a potential threat to human health. J Virol 88:
3953–3964. https://doi.org/10.1128/JVI.03292-13.

24. Liang L, Deng G, Shi J, Wang S, Zhang Q, Kong H, Gu C, Guan Y, Suzuki
Y, Li Y, Jiang Y, Tian G, Liu L, Li C, Chen H. 2015. Genetics, receptor
binding, replication and transmission in mammals of H4 avian influenza
viruses isolated from live poultry markets in China. J Virol 90:1455–1469.
https://doi.org/10.1128/JVI.02692-15.

25. Watanabe T, Kawakami E, Shoemaker JE, Lopes Tiago JS, Matsuoka Y,
Tomita Y, Kozuka-Hata H, Gorai T, Kuwahara T, Takeda E, Nagata A,
Takano R, Kiso M, Yamashita M, Sakai-Tagawa Y, Katsura H, Nonaka N,
Fujii H, Fujii K, Sugita Y, Noda T, Goto H, Fukuyama S, Watanabe S,
Neumann G, Oyama M, Kitano H, Kawaoka Y. 2014. Influenza virus-host
interactome screen as a platform for antiviral drug development. Cell
Host Microbe 16:795– 805. https://doi.org/10.1016/j.chom.2014.11.002.

26. Nayak DP, Hui EK, Barman S. 2004. Assembly and budding of influenza
virus. Virus Res 106:147–165. https://doi.org/10.1016/j.virusres.2004.08
.012.

27. Nayak DP, Balogun RA, Yamada H, Zhou ZH, Barman S. 2009. Influenza
virus morphogenesis and budding. Virus Res 143:147–161. https://doi
.org/10.1016/j.virusres.2009.05.010.

28. Das SC, Watanabe S, Hatta M, Noda T, Neumann G, Ozawa M, Kawaoka
Y. 2012. The highly conserved arginine residues at positions 76 through
78 of influenza A virus matrix protein M1 play an important role in viral
replication by affecting the intracellular localization of M1. J Virol 86:
1522–1530. https://doi.org/10.1128/JVI.06230-11.

29. Park S, Lee I, Kim JI, Bae J-Y, Yoo K, Kim J, Nam M, Park M, Yun S-H, Cho
WI, Kim Y-S, Ko YY, Park M-S. 2016. Effects of HA and NA glycosylation
pattern changes on the transmission of avian influenza A(H7N9) virus in
guinea pigs. Biochem Biophys Res Commun 479:192–197. https://doi
.org/10.1016/j.bbrc.2016.09.024.

Wang et al. Journal of Virology

November 2017 Volume 91 Issue 21 e00800-17 jvi.asm.org 12

https://doi.org/10.1126/science.1240532
https://doi.org/10.1126/science.1240532
https://doi.org/10.1126/science.1136212
https://doi.org/10.1126/science.1136212
https://doi.org/10.1128/JVI.00958-12
https://doi.org/10.1128/JVI.00958-12
https://doi.org/10.1038/nature15379
https://doi.org/10.1371/journal.ppat.1000709
https://doi.org/10.1371/journal.ppat.1000709
https://doi.org/10.1016/j.cell.2014.02.040
https://doi.org/10.1016/j.cell.2014.02.040
https://doi.org/10.1126/science.1236787
https://doi.org/10.1126/science.1229455
https://doi.org/10.1126/science.1229455
https://doi.org/10.1128/JVI.79.18.12058-12064.2005
https://doi.org/10.1038/nature10831
https://doi.org/10.1038/nature10831
https://doi.org/10.1126/science.1213362
https://doi.org/10.1126/science.1213362
https://doi.org/10.1007/82_2014_423
https://doi.org/10.1073/pnas.0813172106
https://doi.org/10.1073/pnas.0813172106
https://doi.org/10.1126/science.1124513
https://doi.org/10.1126/science.1124513
https://doi.org/10.1128/JVI.03292-13
https://doi.org/10.1128/JVI.02692-15
https://doi.org/10.1016/j.chom.2014.11.002
https://doi.org/10.1016/j.virusres.2004.08.012
https://doi.org/10.1016/j.virusres.2004.08.012
https://doi.org/10.1016/j.virusres.2009.05.010
https://doi.org/10.1016/j.virusres.2009.05.010
https://doi.org/10.1128/JVI.06230-11
https://doi.org/10.1016/j.bbrc.2016.09.024
https://doi.org/10.1016/j.bbrc.2016.09.024
http://jvi.asm.org

	RESULTS
	Virus rescue and transmissibility testing. 
	The HA gene plays a major role in the difference in transmissibility in guinea pigs between the GX/18 and HLJ/27 viruses. 
	The amino acid glutamic acid (E) at position 225 of HA is critical for the transmissibility of the GX/18 virus in guinea pigs. 
	The viruses recovered from the guinea pigs that were exposed to the rGX/18-HLJHA virus contained a D24N mutation in the HA1 gene. 
	The amino acid at position 225 of HA affects viral replication in MDCK cells. 
	The mutation at position 225 of HA alters the receptor-binding affinity of the GX/18 and HLJ/27 viruses but does not switch the receptor-binding preference. 
	The amino acid at position 225 of HA does not affect viral binding to A549 cells. 
	The amino acid at position 225 of HA1 affects the assembly and budding efficiencies of virus-like particles. 

	DISCUSSION
	MATERIALS AND METHODS
	Ethics statement and facility. 
	Cells and viruses. 
	Construction of plasmids for virus rescue. 
	Studies in guinea pigs. 
	Receptor-binding analysis. 
	Viral replication in MDCK cells. 
	Viral attachment assay. 
	VLP production and Western blot analysis. 

	ACKNOWLEDGMENTS
	REFERENCES

