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Abstract
Two highly pathogenic avian influenza virus strains, A/duck/Hokkaido/WZ83/2010 (H5N1)

(WZ83) and A/duck/Hokkaido/WZ101/2010 (H5N1) (WZ101), which were isolated from wild

ducks in Japan, were found to be genetically similar, with only two amino acid differences in

their M1 and PB1 proteins at positions 43 and 317, respectively. We found that both WZ83

andWZ101 caused lethal infection in chickens but WZ101 killed themmore rapidly than

WZ83. Interestingly, ducks experimentally infected with WZ83 showed no or only mild clini-

cal symptoms, whereas WZ101 was highly lethal. We then generated reassortants between

these viruses and found that exchange of the M gene segment completely switched the

pathogenic phenotype in both chickens and ducks, indicating that the difference in the path-

ogenicity for these avian species betweenWZ83 andWZ101 was determined by only a sin-

gle amino acid in the M1 protein. It was also found that WZ101 showed higher pathogenicity

than WZ83 in mice and that WZ83, whose M gene was replaced with that of WZ101,

showed higher pathogenicity than wild-type WZ83, although this reassortant virus was not

fully pathogenic compared to wild-type WZ101. These results suggest that the amino acid

at position 43 of the M1 protein is one of the factors contributing to the pathogenicity of

H5N1 highly pathogenic avian influenza viruses in both avian and mammalian hosts.

Introduction
Influenza A viruses are pleomorphic, enveloped RNA viruses belonging to the family Ortho-
myxoviridae and have a genome with eight segments of negative-strand RNA. Influenza A
viruses are divided into subtypes based on the antigenicity of two envelope glycoproteins,
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hemagglutinin (HA) and neuraminidase (NA) and known to have a wide host range including
many avian and mammalian species. Epidemiological studies have revealed that wild water
birds, especially migratory ducks, are the natural hosts of influenza A viruses. All of the known
subtypes of influenza A viruses, except H17N10 and H18N11 whose genomes were detected in
bats [1, 2], have been found in water birds [3, 4]. Furthermore, influenza A viruses circulating
in nature are nonpathogenic in ducks and evolutionarily stable, suggesting that these viruses
and their natural hosts have reached a long-established adaptive optimum [5, 6].

In 1997, outbreaks of highly pathogenic avian influenza (HPAI) caused by H5N1 viruses
occurred at live bird markets in Hong Kong and human cases of H5N1 HPAI virus (HPAIV)
infection were reported [7, 8]. Since then, H5N1 HPAIVs have been circulating in poultry for
more than a decade [9], and huge numbers of wild and domestic birds have died or been eutha-
nized. In 2002, a large number of water birds, including ducks, geese, and other birds, died due
to H5N1 HPAIV infection in Hong Kong [10]. Furthermore, in 2005, approximately 6,000
migratory water birds were found dead with H5N1 HPAIV infection in Qinghai Lake, China
[11]. Since then, many cases of fatal HPAIV infection of wild birds, including ducks, have been
reported in several countries.

In addition to infection of avian species, it has been reported that H5N1 HPAIVs are occa-
sionally transmitted to humans and cause severe pneumonia with high case mortality rates
[12]. Since HPAIV transmission to humans with a fatal outcome was first reported in 1997,
826 human cases of H5N1 HPAIV infection have been reported (as of 31 March in 2015,
http://www.who.int/). Although several genetic and molecular factors contributing to HPAIV
pathogenicity in mammalian hosts have been reported, the mechanisms underlying the high
pathogenic potential of H5N1 HPAIVs in mammalian hosts are not fully understood [13, 14].

HPAIVs are currently restricted to viruses of H5 and H7 HA subtypes that have multiple basic
amino acids at their cleavage sites which are recognized by ubiquitous proteases such as furin
[15], rendering these viruses capable of causing systematic infection with fatal outcomes in chick-
ens. This mechanism plausibly explains the high lethality of HPAIVs in chickens but not in mice
[16]. Interestingly, HPAIVs are, in general, known to show no or only mild pathogenicity for
ducks although some H5N1 HPAIV strains are reported to kill them [10, 17]. Thus, other factors
in addition to the presence of multiple basic amino acids at the cleavage site of the HA should con-
tribute to the pathogenicity of HPAIVs for some hosts (e.g., mice and ducks) [18].

In 2010–2011, multiple outbreaks of H5N1 HPAI occurred in various parts of Japan [19]. In
the same year, before those outbreaks, we isolated two strains of H5N1 HPAIVs, WZ83 and
WZ101, from fecal samples of apparently healthy migratory ducks arriving at the north-
ernmost stopover site of the birds in Japan [20]. WZ83 andWZ101 are almost identical geneti-
cally and belong to the same clade, which contains several viruses detected over the whole of
Japan and Korea [19]. In this study, we found that WZ101 showed higher pathogenicity than
WZ83 for chickens, ducks, and mice, despite the high genetic identity between these strains. To
determine the molecular basis for the difference in pathogenicity between WZ83 and WZ101,
we generated reassortant viruses using a plasmid-based reverse genetics system, and found that
the amino acid at position 43 of the M1 protein, previously not identified as a molecular deter-
minant of virulence of influenza A viruses, was the major contributor to the higher pathogenic-
ity of WZ101 in both avian and mammalian species.

Materials and Methods

Viruses and cells
Influenza virus strains WZ83 and WZ101 were isolated from fecal samples of healthy migra-
tory ducks arriving at Lake Ohnuma, Wakkanai, Hokkaido, en route south from their nesting
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areas in Siberia [20]. After isolation, these viruses were passaged once in 10-day-old embryo-
nated chicken eggs at 35°C and stored at -80°C until use. Chicken and duck embryo fibroblasts
(CEF and DEF, respectively) were prepared from 10-day-old chicken embryos and 13-day-old
duck embryos, respectively, as previously described [21, 22] with slight modification. Madin-
Darby canine kidney (MDCK) cells [23], CEF, and DEF were grown in Dulbecco’s minimal
essential medium (DMEM) supplemented with 10% calf serum, 100 U/ml penicillin, and 0.1
mg/ml streptomycin. Human embryonic kidney 293T cells [24] were grown in DMEM supple-
mented with 10% fetal calf serum and antibiotics as described above. All cells were incubated at
37°C in a 5% CO2 atmosphere except otherwise indicated.

Construction of plasmids
Viral RNAs of WZ83 andWZ101 were extracted from infectious allantoic fluid using a
QIAamp Viral RNAMini Kit (Qiagen) and reverse transcribed with Moloney murine leukemia
virus reverse transcriptase (Invitrogen) using the uni12 primer (5’-AGCAAAAGCAGG) [25].
Then, for the expression of vRNAs, cDNAs of WZ83 and WZ101 gene segments were cloned
into the pHH21 vector, which contains the human RNA polymerase I promoter and the mouse
RNA polymerase I terminator separated by BsmBI sites [26]. For the viral protein expression,
the cDNAs encoding the PB2, PB1, PA, and NP genes of WZ83 and WZ101 were cloned into
the multiple-cloning site of the eukaryotic expression vector pCAGGS/MCS (controlled by the
chicken β-actin promoter) [27]. All constructed plasmids were sequenced to confirm the
absence of unexpected mutations.

Generation of viruses from plasmids
Wild-type rgWZ83 and rgWZ101 and their reassortant viruses (rgWZ-83PB1/101M; WZ83
whose M gene was replaced with that of WZ101 and rgWZ-83M/101PB1; WZ101 whose M
gene was replaced with that of WZ83) (Fig 1) were generated by reverse genetics as described
previously [26] with slight modification. Briefly, 293T cells were transfected with 1 μg of each
of the 12 plasmids (8 plasmids for viral RNA expression and 4 plasmids for viral polymerase
and NP protein expression) encoding WZ83 andWZ101 genes using TransIT-LT1 (Mirus
Bio) according to the manufacturer’s protocol. Forty-eight hours after transfection, the super-
natant of transfected 293T cells was collected, diluted at 1:10, and transferred to confluent
monolayers of MDCK cells. Rescued viruses were propagated in MDCK cells and titers were
determined as plaque-forming units (PFU) using MDCK cells and a 50% tissue culture

Fig 1. Viruses used in this study.Wild-type (rgWZ83 and rgWZ101) and reassortant viruses (rgWZ-83PB1/
101M; WZ83 whose M gene was replaced with that of WZ101 and rgWZ-83M/101PB1; WZ101 whose M
gene was replaced with that of WZ83) were generated as described in Materials and Methods.

doi:10.1371/journal.pone.0137989.g001
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infectious dose (TCID50) using CEF, DEF, and MDCK cells. The genomes of the rescued
viruses were sequenced to confirm the absence of unexpected mutations.

Experimental infection of chickens, ducks, and mice
All experimental protocols were reviewed and approved by the Hokkaido University Animal
Care and Use Committee. Four-week-old chickens (Boris Brown), 2-week-old domestic ducks
(Cherry Valley, kindly provided by Takikawa Shinseien, Hokkaido, Japan), and 7-week-old
female mice (BALB/c) were used to assess the pathogenicity of the viruses. Eight chickens in
each group were intravenously infected with each virus (106 PFU/bird) and monitored clini-
cally at 8-hour intervals over a period of 6 days. Six chickens in each group were intranasally
infected with each virus (106 PFU/bird) and monitored clinically at 24-hour intervals over a
period of 14 days. Five ducks in each group were infected intranasally with each virus (106

PFU/bird) and monitored clinically at 12-hour intervals over a period of 14 days. Clinical signs
of infected ducks were evaluated and scored daily on a scale of 0–3 (0 = healthy; 1 = mild ill;
2 = severe ill; 3 = dead) during the observation period. Birds exhibiting severe disease signs (i.e.
severe neurological symptoms or paralysis) were euthanized with isoflurane and death was
recorded as occurring the next day. Three mice in each group were intranasally infected with
each virus (10, 102, 103, and 104 PFU/head), and their body weights and survival (fatality) rates
were monitored at 24-hour intervals over a period of 14 days. Mice with body weight loss of
more than 25% of their original body weight were euthanized with isoflurane and death was
recorded as occurring the next day. These animal experiments were carried out in the biosafety
level 3 facility at the Hokkaido University Research Center for Zoonosis Control, Japan. Statis-
tical significance of survival time for chickens that died during the experimental period and the
mean clinical score of individual ducks were calculated using student’s t-test with Bonferroni
correction.

Growth kinetics of viruses in DEF, CEF, and MDCK cells
Cultured DEF, CEF, and MDCK cells were infected with each virus at a multiplicity of infection
(MOI) of 0.001. After adsorption for 1 hour, the inoculum was removed and cells were washed
and overlaid with Eagle’s minimal essential medium (MEM) containing bovine serum albumin
(0.3%), penicillin (100 U/ml), and streptomycin (0.1 mg/ml). DEF, CEF, and MDCK cells were
incubated at 40°C or 35°C, and the culture supernatants were collected at various time points.
The titers of viruses released into cell culture supernatants were determined by plaque assays in
MDCK cells.

Cycloheximide treatment and detection of M1 protein in infected CEF
CEF were infected with each virus at an MOI of 2 and incubated for 6 hours. Then the culture
medium was replaced by MEM supplemented with bovine serum albumin (0.3%), penicillin
(100 U/ml), and streptomycin (0.1 mg/ml) containing cycloheximide (CHX) (100 μg/ml) or
ethanol (solvent for CHX) and the incubation was continued for further 6 hours at 37°C. Cells
were lysed in sodium dodecyl sulfate (SDS) buffer containing 2-mercaptoethanol (2-ME), and
the M1 protein and β-actin in whole cell lysate was detected as described below. Samples were
heated for 5 minutes at 98°C and analyzed by 10% SDS-polyacrylamide gel electrophoresis
(SDS-PAGE). After electrophoresis, separated proteins were blotted onto a polyvinylidene
difluoride membrane (Millipore). Mouse monoclonal antibodies against the M1 protein
(APH6-23-1-6) and β-actin (Abcam) were used as primary antibodies to detect the M1 and β-
actin, respectively. The bound antibodies were detected with peroxidase-conjugated goat anti-
mouse IgG (H+L) (Jackson ImmunoResearch), followed by visualization with Immobilon
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Western (Millipore). Band intensities of the M1 protein were analyzed with a VersaDocTM
Imaging System (Bio-Rad) and Image LabTM software (Bio-Rad).

Results

Characterization of WZ83 andWZ101
We first found that chickens infected intravenously with WZ83 or WZ101 uniformly showed
loss of appetite, lethargy, subcutaneous hemorrhages in the legs, edema of the face and legs,
and paralysis. However, it was noted that WZ101 killed the chickens more rapidly than WZ83;
chickens infected with WZ83 died at 72–128 hours post-infection (hpi) whereas those infected
with WZ101 died at 40–56 hpi (Fig 2A) (p<0.001 for the comparison of the mean death time).
We then sequenced all the RNA segments and found that WZ83 andWZ101 were almost iden-
tical and differed by only two amino acids in M1 and PB1 proteins, the primary products of the
M and PB1 RNA segments. WZ83 and WZ101 have isoleucine (Ile) and methionine (Met) at
amino acid position 43 of M1, and Ile and Met at amino acid position 317 of PB1, respectively.
We found no difference in the M2 and PB1-F2 proteins, which were also expressed by the
respective gene segments.

Pathogenicities of rgWZ83, rgWZ101, rgWZ-83PB1/101M, and rgWZ-
83M/101PB1 in chickens
To investigate the genetic basis of the difference in pathogenicity between WZ83 and WZ101,
we established a reverse genetics system for these viruses and rescued wild-type and their reas-
sortant viruses (Fig 1). Intravenous inoculation of these viruses caused similar clinical symp-
toms and 100% mortality in 4-week-old chickens. Consistent with the difference between the
original strains (Fig 2A), rgWZ101 killed chickens more rapidly than rgWZ83 (i.e., while chick-
ens infected with rgWZ83 died at 64–112 hours post-infection (hpi), those infected with
rgWZ101 died at 40–64 hpi) (p<0.01 for the comparison of the mean death time between
rgWZ83 and rgWZ101). Interestingly, the pathogenicities of rgWZ-83PB1/101M and rgWZ-
83M/101PB1 were similar to those of rgWZ101 and rgWZ83, respectively (i.e., chickens
infected with rgWZ-83PB1/101M died at 40–64 hpi whereas those infected with rgWZ-83M/
101PB1 died at 64–104 hpi) (Fig 2B) (p<0.01 for the comparison of the mean death time
between rgWZ83 and rgWZ-83PB1/101M and between rgWZ101 and rgWZ-83M/101PB1).
The pathogenicities of these viruses were also investigated in chickens infected intranasally
(Fig 2C). We found that all 4 viruses were highly lethal in intranasally infected chickens, and
there was an appreciable difference between rgWZ83 and rgWZ101, as was the case with intra-
venously infected chickens (p<0.001 for the comparison of the mean death time between
rgWZ83 and rgWZ101). Chickens infected with rgWZ101 or rgWZ-83PB1/101M died at 3–7
days post-infection (dpi), whereas chickens infected with rgWZ83 or rgWZ-83M/101PB1 died
at 5–8 dpi except one rgWZ83-infected chicken surviving during the 14-day observation period
(Fig 2C) (p<0.01 for the comparison of the mean death time between rgWZ83 and rgWZ-
83PB1/101M and between rgWZ101 and rgWZ-83M/101PB1). These results indicated that the
M gene of WZ101 contributed to the higher pathogenicity of rgWZ101 in chickens.

Pathogenicities of rgWZ83, rgWZ101, rgWZ-83PB1/101M, and rgWZ-
83M/101PB1 in ducks
We then compared the pathogenicities of all 4 rescued viruses in ducks (Fig 2D). All ducks
infected with rgWZ83 survived and showed no or only mild clinical symptoms (e.g. somnolen-
tia and lethargy) during the 14-day observation period. In contrast, ducks infected with
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rgWZ101 showed loss of appetite, lethargy, torticollis, uncontrollable shaking, marked loss of
balance, and paralysis, and 4 of the 5 ducks died at 5–7 dpi (p<0.01 for the comparison of the
mean clinical score between rgWZ83 and rgWZ101). Unlike rgWZ83, rgWZ-83PB1/101M
caused severe clinical symptoms in all ducks and killed 3 of the 5 infected ducks at 7–10 dpi
(p<0.01 for the comparison of the mean clinical score between rgWZ83 and rgWZ-83PB1/
101M). Interestingly, rgWZ-83M/101PB1 did not kill any ducks and caused no or only mild
clinical symptoms, as was the case with rgWZ83 (p<0.01 for the comparison of the mean clini-
cal score between rgWZ101 and rgWZ-83M/101PB1). These results indicated that the single
amino acid difference in the M1 protein was a critical factor associated with the lethality of
WZ101 in ducks.

Pathogenicities of rgWZ83, rgWZ101, rgWZ-83PB1/101M, and rgWZ-
83M/101PB1 in mice
We further compared the pathogenicities of these viruses in mice (Fig 2E). Four infectious
doses (10, 102, 103, or 104 PFU) of each virus were inoculated intranasally into mice (three
mice for each dose). We found that rgWZ101 killed all the mice, even at the lowest dose tested
(10 PFU), whereas a much higher dose (104 PFU) was required for rgWZ83 to kill all three
mice. Both rgWZ-83PB1/101M and rgWZ-83M/101PB1 were lethal for mice at the highest
dose (104 PFU) but not at the lowest dose (10 PFU). Interestingly, at the moderate dose (102

PFU), rgWZ-83PB1/101M was lethal and killed all three mice, whereas rgWZ-83M/101PB1
killed no mice. The 50% mouse lethal doses (MLD50) of rgWZ83, rgWZ101, rgWZ-83PB1/
101M, and rgWZ-83M/101PB1 were 103,<10, 3.16×10, and 1.78×103 PFU, respectively. These
results suggested that the single amino acid difference in the PB1 protein, in addition to the M1
protein, was also involved in the higher pathogenicity of WZ101 in mice.

Growth kinetics of rgWZ83, rgWZ101, rgWZ-83M/101PB1, and rgWZ-
83PB1/101M in CEF, DEF, and MDCK cells
To compare the in vitro replication capacities of the viruses, we tested their growth kinetics in
CEF, DEF, and MDCK cells at 40°C and 35°C. We found that rgWZ101 replicated more effi-
ciently than rgWZ83 in CEF and DEF at 40°C, as indicated by approximately 10-fold higher
titers than those of rgWZ83 at 48 and 72 hpi (Fig 3A and 3B). The growth kinetics of rgWZ-
83PB1/101M and rgWZ-83M/101PB1 were similar to those of rgWZ101 and rgWZ83 in CEF
and DEF, respectively (Fig 3A and 3B). Interestingly, the difference was less significant when
the viruses were grown in CEF and DEF at 35°C (Fig 3D and 3E). In MDCK cells, rgWZ101
and rgWZ-83PB1/101M showed higher titers than rgWZ83 and rgWZ-83M/101PB1 at several
time points when grown at 40°C (Fig 3C). However, unlike the growth kinetics in CEF and
DEF, overall differences between the viruses were limited and not clear in MDCK cells.

Difference in the stability of the M1 proteins in cultured cells
Since the M1 protein was shown to be important for the difference in the pathogenicity and
replication capacity between WZ83 and WZ101, we then sought to find the different biological

Fig 2. Pathogenicities of H5N1 HPAIVs for chickens, ducks, andmice. Eight chickens of each group were intravenously infected with 106 PFU of 2
original isolates (WZ83 andWZ101) (A). Eight chickens of each group were intravenously infected with 106 PFU of plasmid-derived viruses (rgWZ83,
rgWZ101, rgWZ-83PB1/101M, and rgWZ-83M/101PB1) and observed for clinical symptoms every 8 hours (B). Six chickens of each group were intranasally
infected with 106 PFU of each virus and observed for clinical symptoms every 24 hours (C). Five ducks of each group were intranasally infected with 106 PFU
of rgWZ83, rgWZ101, rgWZ-83PB1/101M, or rgWZ-83M/101PB1 and observed for clinical symptoms every 12 hours (D). Three mice of each group were
intranasally infected with one of 4 infectious doses (10, 102, 103, or 104 PFU) of each virus, and MLD50 was calculated (E).

doi:10.1371/journal.pone.0137989.g002
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Fig 3. Comparison of growth kinetics of H5N1 HPAIVs in cultured cells.Growth kinetics of rgWZ83, rgWZ101, rgWZ-83PB1/101M, and rgWZ-83M/
101PB1 in CEF (A and D), DEF (B and E), and MDCK cells (C and F) at 40°C (A, B, and C) and 35°C (D, E, and F) were compared. The results are presented
as the averages and standard deviations of three independent experiments. Statistical significance was calculated using student’s t-test for the comparison
between rgWZ83 and rgWZ101, rgWZ83 and rgWZ-83PB1/101M, rgWZ101 and rgWZ-83M/101PB1, and rgWZ-83PB1/101M and rgWZ-83M/101PB1 with
Bonferroni correction for time points 48 and 72 hpi (*p<0.01 for all comparisons).

doi:10.1371/journal.pone.0137989.g003
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properties of the M1 protein among the strains. We focused on the stability of the M1 protein
since we hypothesized that it might be involved in viral pathogenesis. rgWZ83- and
rgWZ101-infected CEF were incubated for 6 hours followed by incubation with CHX for 6
more hours, and the amounts of the M1 protein were compared (Fig 4A and 4B). Without
CHX treatment, similar amounts of the M1 protein were detected in CEF infected with
rgWZ83 and rgWZ101. As expected, reduced amounts of the M1 protein of rgWZ83 and
rgWZ101 were detected in infected CEF incubated with CHX. Interestingly, we found that the
amount of the rgWZ101 M1 protein was significantly lower than that of the rgWZ83 M1 pro-
tein in CHX-treated CEF. These results suggested that the WZ101 M1 protein was more unsta-
ble and degraded more rapidly in CEF than the WZ83 M1 protein.

Fig 4. Stability of the M1 protein in cultured cells. CEF were infected with rgWZ83 and rgWZ101 and
incubated for 6 hours. Then cells were treated with CXH and further incubated for 6 hours. The amount of the
M1 protein was measured by western blotting and β-actin was used as a loading control. Representative data
of three independent experiments are shown (A). Relative percentages of band intensities of the M1 protein
are presented as the averages and standard deviations of three independent experiments (B). Statistical
significance was calculated using student’s t-test (*p<0.01).

doi:10.1371/journal.pone.0137989.g004
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Discussion
In this study, we found that two H5N1 HPAIV strains isolated in Japan, WZ83 and WZ101,
were genetically almost identical but had different pathogenicities. We demonstrated that
rgWZ101 had higher pathogenicity than rgWZ83 in chickens, ducks, and mice and that the
amino acid at position 43 in the M1 protein, not reported previously to be associated with viru-
lence of influenza A viruses, was responsible for the higher pathogenicity of WZ101. We fur-
ther demonstrated that this amino acid affected the in vitro replication capacity of WZ83 and
WZ101 and the stability of the M1 protein in infected cells.

Based on sequences obtained from the NCBI Influenza Virus Resource Database, the amino
acid at position 43 of the M1 protein is highly conserved among influenza A viruses (i.e., 1194
of 1201 viruses isolated from avian species and 2648 of 2662 viruses isolated from all hosts
have Met at this position of the M1 protein). In 2010 and 2011, many strains of the H5N1
HPAIV closely related to WZ83 andWZ101 were isolated not only in Japan but also in China,
Mongolia, Russia, and Korea. However, all of these viruses except WZ83 have Met at amino
acid position 43 of the M1 protein. These observations suggest that Met at amino acid position
43 of the M1 protein is important for the viral life cycle and/or not exposed to selection pres-
sure. Importantly, however, WZ83 still retained high pathogenicity in chickens and high repli-
cation capacity in vitro, indicating that the substitution at this position might not affect the
fundamental functions of the M1 protein.

The M1 protein is a multifunctional protein playing many essential roles throughout the
viral replication cycle. It forms the major structural component of influenza virus particles,
plays an essential role in viral assembly associated with influenza virus ribonucleoprotein
(RNP) and RNA [28–32], functions in transcription inhibition [33], and controls RNP nuclear
import and export [34–38]. However, little has been reported about the direct contribution of
the M1 protein to the pathogenicity of H5N1 HPAIVs. Two amino acid residues at positions
30 and 215 of the M1 protein were reported to be important for the pathogenicity of H5N1
HPAIVs in mice [13]. While these 2 amino acids are located in the second helix and C-terminal
domain of the M1 protein, respectively, amino acid position 43, which is responsible for the
difference in the pathogenicity between WZ83 and WZ101, is located in the N-terminal
domain and fold into the third helix of the M1 protein [39, 40]. The amino acid substitution at
position 41 of the M1 protein was reported to be associated with increased replication and viru-
lence of human influenza viruses in mice, suggesting a role in host adaptation [41]. This amino
acid residue was also implicated in determining the virion morphology (i.e., filamentous or
spherical) of influenza viruses [42, 43], while both rgWZ83 and rgWZ101 virions were spheri-
cal (data not shown). These observations suggested the different contributions of these amino
acids to the pathogenicities of H5N1 HPAIVs in different animals.

It was also noted that the difference between WZ83 and WZ101 in growth kinetics experi-
ments was most apparent in avian cells at the higher temperature. In general, avian influenza
viruses replicate at higher temperatures than human influenza viruses, most likely due to
higher temperature of avian species compared to mammals. It was shown that in vitro replica-
tion capacity at higher temperature (41°C) was correlated with the pathogenicity of some
HAPIV strains in chickens [44]. Therefore, efficient replication of WZ101 at higher tempera-
ture is likely linked to its increased pathogenicity particularly in chickens and ducks. It was also
suggested that the M gene segment of a live attenuated human influenza vaccine strain affected
temperature sensitivity of the virus [45]. Although detailed mechanisms are not clear, we
assume that amino acid position 43 is involved in the WZ101 thermal stability which might
contribute to the pathogenicity.
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It has been suggested that difference in viral protein degradation in infected cells could
affect the pathogenicity of the rabies virus [46]. A rabies virus strain with a higher degradation
rate of its G protein induced less apoptosis in infected neuronal cells and had a 50% higher
pathogenicity index for mice than a variant strain with a lower degradation rate of the G pro-
tein [46]. It is known that the M1 protein of influenza A viruses mediates activation of caspase,
which plays essential roles in inducing apoptosis both in viral infected and M1-expressing cells
[47]. Although the transient expression of WZ83 and WZ101 M1 proteins in 293T and Hela
cells did not affect the caspase activity (data not shown), our data suggested that the WZ101
M1 protein was more unstable and degraded more rapidly in virus-infected CEF than the
WZ83 M1 protein. Thus, it might still be possible that rapid degradation of the WZ101 M1
protein results in weaker anti-viral host responses due to reduced apoptosis and/or antigen pre-
sentation of infected cells.

In summary, we demonstrated that the amino acid at position 43 of the M1 protein could
be a critical factor contributing to high pathogenicities of H5N1 HPAIVs for both avian and
mammalian species, although the underlying mechanisms remain to be determined. It is note-
worthy that the amino acid difference at this position particularly affected viral pathogenicity
in ducks. Our data underscore the need for continued global monitoring of H5N1 HPAIVs for
early detection of HPAIVs with reduced virulence to ducks due to the substitution at this
amino acid position, enabling us to take preemptive measures to minimize the risk of their
transmission to domestic poultry. It is also important to investigate whether such viruses are
naturally selected and become predominant in wild duck populations.
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