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Characteristics of Influenza Virus Genome Mutations
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Although the viral factors of host adaptation from domestic poultry to humans have
been studied several times since the first cases of direct transmission of highly
pathogenic avian influenza viruses from domestic poultry to humans were confirmed in
1997, the host-specific adaptation mechanisms from waterfowl to domestic poultry
remain unknown. To study the mechanisms involved, a waterfowl-derived virus was
passaged in a chicken fibroblast cell line. This passaged virus was found to have much
higher growth titer than that of the original virus and several mutations were
discovered in its genome. One of the most characteristics was an increase of the
polymorphism of the internal genes. In addition, the general applicability of this
property to the field isolates of influenza A viruses by database sequences analysis was
confirmed, with the smallest amount of amino acid polymorphism in viral internal
proteins observed in waterfowl-derived viruses, more in domestic poultry and the most
in human-derived viruses. Although specific amino acid changes conserved in
human-derived viruses were found, such amino acid changes were not observed in
poultry-derived viruses.
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The influenza A virus is classified into the Orthomyxoviridae family and is known to be
zoonotic, having the ability to infect a range of species including birds and mammals [1].
Waterfowl, such as the mallard, are the natural hosts of the influenza virus and show no
clinical signs when infected [1-4]. Historically observed outbreaks of influenza in other
species, such as domestic birds, humans, swine, horses and canines [4], have recorded both
the severity of the disease’s symptoms and its high mortality rate. These viruses are
potentially capable of interspecies transmission [4-9], therefore it is important to elucidate
the mechanism by which these viruses adapt from species to species.

Since the outbreaks of the highly pathogenic avian influenza (HPAI) H5N1 virus in
domestic poultry in 1997, many cases of direct transmission of HPAI from domestic poultry
to humans have been reported [5, 6].  Although the viral factors involved in host adaptation
from avian species to mammals in cases of interspecies transmission have been studied
[10-12], the adaptation from waterfowl to domestic poultry has not yet been investigated in
depth. The viral susceptibility, pathogenicity and replication efficiency of waterfowl (the
natural host of the virus) and domestic poultry (a non-natural host) are quite different.
Several studies have shown that, while some were still sustainable, waterfowl-derived
viruses replicated with little success in chickens [13].

Studies of the amino acid substitutions important in the adaptation of the virus to
domestic poultry have, to date, focused mainly on the surface glycoproteins, hemagglutinin
(HA) and neuraminidase (NA) [14, 15]. However, little work has been done on the internal
viral proteins: polymerase basic protein 1 and 2 (PB1, PB2), polymerase acidic protein (PA)
and nucleoprotein (NP). In order to understand the mechanisms used by waterfowl-derived
viruses in their adaptation to domestic poultry, such virus was serially passaged in a chicken
fibroblast cell line and then characterized. In addition, the database sequences of waterfowl,
domestic poultry and human-derived viruses were compared in order to find out the mutation
propensities in each species.

MATERIALS AND METHODS

1. Viruses

A waterfowl-derived virus strain, A/duck/Shimane/188/99 (HIN1) (DK188), was
isolated during surveillance activity at Tottori University [16]. This virus was grown in
10-day-old embryonated chicken eggs and stored at -80 °C until use. Virus was titrated on
Madin-Darby canine kidney (MDCK) cells by plaque assay.

2. Cell lines

MDCK cells were maintained in Eagle's Minimum Essential Medium supplemented with
5% fatal bovine serum, NaHCO; (Cat#S8761, Sigma-Aldrich, Steinheim, Germany), MEM
vitamins solution (Cat#M6895, SIGMA), MEM amino acids solution (Cat#0683, Gibco,
Auckland, New  Zealand), 4mM  L-glutamine (Cat#G7513, Sigma) and
penicillin-streptomycin solution (Cat# P0781, Sigma-Aldrich).

The chicken fibroblast cell line, DF-1, was maintained in high glucose Dulbecco's
modified Eagle's medium (Cat#12430, Gibco), supplemented with 10% fatal bovine serum
and penicillin-streptomycin solution (Cat#171012, Cell culture bioscience).

All cells were cultured at °C in 5% CO,.
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3. Viral passages in DF-1 cells

DF-1 cells were infected with the virus at 0.1 multiplicity of infection (MOI) with 1
pg/ml of L-(tosylamido-2-phenyl) ethyl chloromethyl ketone (TPCK)-treated trypsin
(Cat#3740, Worthington, Lakewood, New Jersey, USA). After 80% of the cells showed
cytopathic effect (CPE), supernatant was harvested using a QIAshredder (Cat#79656,
QIAGEN, Germantown, Maryland, USA) centrifuge at 15,000 rpm for 2 min, and blind
passage was continued for seven generations at 1:10 dilution. ~After these seven passages,
DK188 was propagated in 10-day-old embryonated chicken eggs and then passaged in DF-1
for additional three times. It resulted in total ten passages (DK 188-p10).

4. RNA extraction, reverse transcription polymerase chain reaction (RT-PCR) and
sequencing

Viral RNA was extracted from the viral stock by employing a QIAamp Viral RNA Mini
Kit (Cat#52906, QIAGEN). This was followed by amplifying the complementary DNA
(cDNA) using SuperScript one-step RT-PCR Platinum (Cat#12574-035, Invitrogen,
Carlsbad, California, USA). In order to detect the viral RNA, a set of universal primers for
matrix (M) segment was used; forward: atgagycttytaaccgaggtcgaaacg, reverse:
tggacaaancgtctacgctgeag (referring to the guideline of the Infectious Disease Surveillance
Center, at the National Institute of Infectious Diseases in Japan). For full segment cloning,
universal primers set specific to each segment were used [17]. Each cDNA fragment was
inserted into pCR 2.1-TOPO vector (Cat#45-0641, Invitrogen) and transformed in
COMPETENT high DH5a (Code#DNA-903, TOYOBO, Osaka, Japan). The plasmids
were extracted from the DH5a with Wizard Plus SV Minipreps (Cat#A1460, Promega,
Madison, Wisconsin, USA) and used as templates for sequencing reactions. Sequencing
reactions were carried out using a set of M13 forward primers: gtaaaacgacggccag and reverse
primers: caggaaacagctatgac, with the sequence data being collected with a ABI Model
3730x/ DNA Analyzer (Applied Biosystems, Forster City, California, USA). Accession
number of DK188 were; PB2: CY(091589, PB1: CY091590, PA: CY091591, HA: CY091592,
NP: CY091593, NA: CY091594, M: CY091595, NS: CY091596.

5. Analysis of viral growth in DF-1 cells

Growth efficiency of both DK188 and DK188-p10 were compared in DF-1 cells. Cells
were infected with the virus at 0.01 MOI with 1pg/ul TPCK-Trypsin, and supernatants were
collected at periods of 24, 48 and 72 hours post-infection (hpi). Each virus was titered in
MDCK cells by plaque assay.

6. Analysis of mutational variations using the Influenza Research Database (IRD)

Sequence data were obtained from the influenza virus recourses of the National Center
for Biotechnology Information (NCBI). In order to count the expected mutations of
DK188-p10 in the field isolates database, the number of sequences listed in table 1 was used.
The number of sequences listed in table 1 was compared with the variation in mutations
among waterfowls, domestic poultry and human. These were analyzed with web-based
sequence polymorphism calculation software provided by the Influenza Research Database
(IRD; http://www.fludb.org) [18] and a polymorphism score on each amino acid was
calculated for each segment.
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Table 1 The number of the sequence used in analysis

Sequences used for comparison with DK188-p10

Gene waterfowl domestic poultry
PB2* 980 736
PB1* 852 613
PA* 1048 731
NP* 815 709
M1* 1583 1156
NS2* 867 778
HAT* 63 12
HAZ2** 63 12
A 371 531
Sequences used for caliculation of polymorphism score
Gene waterfowl domestic poultry Human
PB2* 688 383 1000
PB1* 673 383 1000
PA* 763 430 995
NP* 627 328 747
*  All subtype except for HSN'1 and H7N7
" HIN1

" All N1 of waterfowls except for HSN1 and H7NT,
all N'1 of domestic poultry

RESULTS

1. Biological characterization of the passaged virus in a chicken cell line

After seven blind passages in DF-1, the viral M gene of DK 188 was still undetectable by
RT-PCR. The DK188 was then propagated in 10-day-old embryonated chicken eggs before
being passaged three additional times. DF-1 infected with this re-passaged DK188
(DK 188-p10) rapidly showed CPE, and the viral M gene was detected by RT-PCR. To
examine the properties of the passaged virus, the growth of DK188 and DK188-p10 in DF-1
was compared. The viral titer of DK188-pl0 was found to be approximately 10°-fold
higher than in the original DK188 (Figure 1). These data indicate that DK188-p10 had
successfully adapted to DF-1, acquiring the ability to grow significantly in chicken
fibroblasts.
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Figure 1. Replication of original DK 188 and DK188-p10 viruses in DF-1
The viral titer of DK188-p10 (dotted line) was found to be much higher than in the original
DK188 (solid line), indicating the successful adaptation of the DK188-p10 to DF-1. Each
virus infected DF-1 cells at M.O.I 0.01 with 1pg/ul TPCK-Trypsin. The supernatants were
collected at 24 hr, 48 hr and 72 hpi.

2. Molecular changes in the genome of the passaged virus in a chicken cell line

The genome sequences of DK188-p10 were analyzed and compared to the original
DK188 (Table 2). When compared to the original DK188 virus, DK188-p10 was
discovered to have acquired two HA mutations AS09T (K172M; 3 of 3 clones) and T1039C
(F348L; 3 of 3 clones): the first located at the receptor binding site of the HA1 protein and
the second at the N-terminal of the HA2 protein. In addition, the DK188-p10 also showed
variations in NA stalk region. Two of the four clones showed NA stalk deletion, while the
other two showed T180A, T180C (W61R; 2 of 4 clones) mutations.

In PB2 of the DK 188-p10 virus, variants appeared at T728A (M243L; 2 of 8 clones). In
PBI1, the virus showed variants at AS78G (D193G; 3 of 9 clones) and G1082T (N382D; 2 of
5 clones) and, in PA, it showed additional variations in mutation in the PA N-ter region,
G79A (D27N; 3 of 10 clones) and A160G (I54V; 2 of 10 clones). In NP, DK188-p10
showed one missense variation at G251 A (S84N; 3 of 8 clones). In M1, DK188-p10 had
variants at T539C (V180A; 3 of 7 clones) and G616T (A206S; 4 of 7 clones), but no
mutations were found in the M2 gene. The NS gene encodes two non-structured proteins:
NS1 and NS2/NEP [1]. In NS2/NEP, DK188-p10 showed variations at G722A (M100I; 3 of
7 clones), but did not mutate at all in NS1. Most of these mutations in the internal genes
located at the amino acid positions where several amino acid variations are found in field’s
isolates (Table 2).

This analysis shows that the waterfowl-derived virus has an apparent propensity to
completely replace amino acids in the HA molecule during passage, while mutations in the
virus’ internal genes appeared with only a slight increase in the viral heterogeneity in the
population.
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Table 2 Comparisen of Mutations in DK188-p10 with in field isclates

Protein Substitution Mutation Waterfow! Domestic poultry Function
FB2 T728A M243L M (978/980) M (701/738) Cap binding site
L (2/980) L (28/738)
S (5/738)
T (1/738)
F (1/738)
PB1 G399A E - -
AST8G D193G D (851/852) D (611/613) Nuclear localization signal
A {1/852) E {1/613)
G (1/813)
G1082T N382D N (852/852) N (613/813) cRNA binding site
T1532C E - -
PA GT9A D27N D (1035/1048) D (B83/731) Endonuclease activity
N (63/1048) N (46/731)
W (2/1048) v (2/731)
T (1/1048)
Y (1/1048)
E (2/1048)
K (1/1048)
A160G 154V | (1044/1048) | (725/731) Endonuclease activity
v (4/1048) v {5/731)
A {1/731)
NP G251A S84N S (807/815) S (B92/709)
N (7/815) N (16/709)
H (1/815) I (1/709)
M1 T539C V180A Vo (1583/1583) Voo (1156/1156) vRNA binding site
GE16T A206S A (1583/1583) A (1156/1158) vRNA binding site
NS1 T219C E - -
NS2 GTT2A M1001 M (691/867) M (B54/778) M1 binding site
L (155/867) L (91/778)
I (21/867) I (21/778)
v (11/778)
K (1/778)
HA1 A509T KAT24** K (62/63) K (12/12) Receptor binding site
E (1/83)
HAZ2 T1039C F348L* F (62/63) F {12/12)
I (1/83)
NA del*** del del (4/371) del (473/531) NA stalk region
full (367/371) full (58/531)
T180A/C WE1R w (371/371) w (531/531) NA stalk region

All sequence data are available in influenza sequence database at NCBI
* silent mutation

**HA residue is numbered according to H3 number

*** del- deletion

3. Analysis of mutational variations in PB1, PB2, PA and NP

To understand the general applicability of the increasing variation of mutations to field
isolates from domestic poultry’s population, the variations found in the virus’ internal genes,
especially in PB2, PBI1, PA and NP, of the database sequences were analyzed using sequence
polymorphisms analysis software (Figure 2). Hotspots for mutations as well as areas of
considerable conservation were discovered in the proteins. Although these mutation
hotspots were largely not related to the specific function of the protein, the patterns of
mutation in each gene were quite similar in both the waterfowl (Figure 2, blue line) and
domestic poultry (Figure 2, red line). The most interesting finding was a small increase in
the polymorphism score of the domestic poultry-derived virus when compared to that of the
waterfowl-derived virus. Further, when compared to that of the human-derived viruses, the
human-derived viruses showed the highest mutation score (Figure 2, green line) and had
mutation patterns in PA and NP slightly different from those of the avian-derived viruses.
Sequence alignment analysis also showed some amino acids in the human-derived viruses
were highly-conserved when compared to those of the waterfowl-derived viruses (Figure 3).
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Figure 2. A comparison of mutation variation in waterfowls and domestic poultry.

The mutation hot spot patterns of waterfowl (blue) and domestic poultry (red) were quite
similar, but that the polymorphism score of the domestic poultry-derived virus in each
segment was slightly higher than that of the waterfowl-derived virus. The human-derived
viruses (green) had much higher polymorphism scores than the avian species-derived viruses
(blue and red).

The mutation scores were calculated using tools provided by Influenza Research Database
(IRD). All the sequence data used in this analysis were from the NCBI Influenza Virus
Recourses Database. The scheme of the functional domain for each protein was referred to
Naffakh et al [19].
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Figure 3. Conserved amino acids specific to species.
Comparing the amino acids of avian and human isolates, several highly conserved amino
acids in internal proteins specific to humans were found; however, such differences were not
observed between waterfowl and domestic poultry throughout the segments. The ratios of the
residues at the each amino acid position were colored by each amino acid.

DISCUSSION

Here we characterized genome mutations of influenza A viruses for host adaptation.
When the mutation variations between waterfowl and domestic poultry were compared using
sequence polymorphisms analysis, with special focus on PB2, PB1, PA and NP genes
(Figure 2), it was found that the mutation hotspots were not necessarily located in the
functional area of the proteins [20]. It was also found that although the mutation hotspot
patterns of waterfowl and domestic poultry were quite similar the polymorphism score of the
domestic poultry-derived virus in each segment was slightly higher than in that of the
waterfowl-derived virus. This indicates that variants of the virus in domestic poultry
appeared at a much higher rate than in waterfowl. This finding is consistent with the in
vitro passage-model data above, which showed that serial passages of waterfowl-derived
viruses in chicken cells resulted in the appearance of many variants mainly at the mutation
hotspots. The study also showed that human-derived viruses in general had much higher
polymorphism scores than those of the avian-derived viruses. The concept of mutator
mutants, a hypothesis in which a virus having mutations in its polymerase unit shows a high
genomic mutation rate, has previously been proposed [20, 21]. Based on this theory,
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increasing variation in influenza A viruses during infection to new hosts could be the cause
and/or result of mutator mutants. This feature may contribute to the acceleration of the
adaptation process of the influenza virus from its natural waterfowl host to other species.

When comparing the amino acids of avian and human isolates, it is typical to find several
amino acids conserved in internal proteins specific to humans (Figure 3) [22]. However,
such a pattern of amino acid mutation was not observed in the internal proteins of domestic
poultry-derived viruses, and the major amino acid residues were similarly conserved in both
waterfowl and domestic poultry-derived viruses (Figure 3). This finding indicates that there
are no selective pressures in the internal molecules of waterfowl viruses during passages in
domestic poultry. In contrast, in HA molecule in our in vitro passage model, the passaged
virus showed a complete replacement of amino acids in the molecules K172M and F348L,
located at the receptor binding site of the HA1 and N-terminal of the HA2 protein (Table 2).
Three dimensional (3D) protein structure of HA1 showed that Lys172 located proximal to
amino acid residues Trpl69 and Tyr211 which are known to be important for receptor
binding [23]. Therefore mutation K172M has possibility to affect receptor binding activity
of HA1. Although these mutations were not found in the field HIN1 avian isolates, it is
well demonstrated that mutations at the HA receptor biding regions and cleavage site as well
as mutations in NA stalk region are the most frequently observed phenomenon in the
adaptation to chickens [24-26]. In addition, a close relationship between viral pathogenicity
in chickens and the mutations observed in these surface molecules has been reported [14, 27,
28]. These findings indicate that, distinct from internal molecules, there are strong selective
pressures on the surface molecules during passage of waterfowl viruses in chicken.

From this experiment, several important findings should be noted: (i) the
waterfowl-derived virus, DK 188, originally replicated poorly in the chicken fibroblasts; (ii)
another egg-passage allowed the poorly replicated strain to continue additional viral passages
in the cell; and (iii) the passaged virus acquired the ability to replicate efficiently in the
chicken fibroblast (Figure 1).

These data support the conclusion, as has been reported in other studies [13], that most
waterfowl-derived viruses show low growth efficiency in chickens. It also shows that, in
spite of this extremely low growth efficiency, small virus populations retain the potential to
infect chicken fibroblasts. Once the population of the virus is large enough, it is able to
efficiently infect chicken cells. This biological characteristic of the influenza A virus may
play an important part in the origins of outbreaks in domestic poultry under certain selective
pressures.

ACKNOWLEDGEMENTS

We thank Ms. Asako Nakagawa for her excellent technical support and Mr. Bruce
Collins for proofreading assistance. This work was supported by the Global Center of
Excellence (G-COE) for Education and Research in Integrative Membrane Biology and
Signal Transduction (Japan Science and Technology Agency); by a Grant-in-Aid for
Specially-Promoted Research; by a contract research fund for the Program of Founding
Research Centers for Emerging and Reemerging Infectious Diseases from the Ministries of
Education, Culture, Sports, Science, and Technology; by Grants-in-Aid from the Ministry of
Health, Labor, and Welfare of Japan; and by PREST and ERATO (Japan Science and
Technology Agency).

E125



10.

11.

12.

13.

14.

M. Tanaka et al.

REFERENCES

Wright P.F., Neumann G., and Kawaoka Y. in Knipe D.M., Howley P.M., Griffin
D.E., Martin M.A., and Lamb R.A. 2006 Orthomyxoviruses. (eds). Fields Virology,
5th ed. Lippincott Williams & Wilkins, Philadelphia, pp. 1691-1740.

Slemons R.D., Johnson D.C., Osborn J.S., and Hayes F. 1974. Type-A influenza
viruses isolated from wild free-flying ducks in California. Avian Dis 18: 119-124.
Kawaoka Y., Chambers T.M., Sladen W.L., and Webster R.G. 1988. Is the gene
pool of influenza viruses in shorebirds and gulls different from that in wild ducks?
Virology 163: 247-250.

Webster R.G., Bean W.J., Gorman O.T., Chambers T.M., and Kawaoka Y. 1992.
Evolution and ecology of influenza A viruses. Microbiol Rev 56: 152-179.

Subbarao K., Klimov A., Katz J., Regnery H., Lim W., Hall H., Perdue M.,
Swayne D., Bender C., Huang J., Hemphill M., Rowe T., Shaw M., Xu X., Fukuda
K., and Cox N. 1998. Characterization of an avian influenza A (H5N1) virus isolated
from a child with a fatal respiratory illness. Science 279: 393-396.

Tran T.H., Nguyen T.L., Nguyen T.D., Luong T.S., Pham P.M., Nguyen V.C.,
Pham T.S., Vo C.D., Le T.Q., Ngo T.T., Dao B.K., Le P.P., Nguyen T.T., Hoang
T.L.,, Cao V.T., Le T.G,, Nguyen D.T., Le H.N., Nguyen K.T., Le H.S., Le V.T,,
Christiane D., Tran T.T., Menno de J., Schultsz C., Cheng P., Lim W., Horby P,
and Farrar J. 2004. Avian influenza A (H5N1) in 10 patients in Vietnam. N Engl J
Med 350: 1179-1188.

Dacso C.C., Couch R.B,, Six H.R., Young J.F., Quarles J.M., and Kasel J.A. 1984.
Sporadic occurrence of zoonotic swine influenza virus infections. J Clin Microbiol 20:
833-835.

Rota P.A., Rocha E.P., Harmon M.W., Hinshaw V.S., Sheerar M.G., Kawaoka Y.,
Cox N.J., and Smith T.F. 1989. Laboratory characterization of a swine influenza virus
isolated from a fatal case of human influenza. J Clin Microbiol 27: 1413-1416.
Crawford P.C., Dubovi E.J., Castleman W.L., Stephenson 1., Gibbs E.P., Chen L.,
Smith C., Hill R.C., Ferro P., Pompey J., Bright R.A., Medina M.J., Johnson C.M.,
Olsen C.W., Cox N.J., Klimov A.l., Katz J.M., and Donis R.O. 2005. Transmission
of equine influenza virus to dogs. Science 310: 482-485.

Li J., Ishag M., Prudence M., Xi X., Hu T., Liu Q., and Guo D. 2009. Single
mutation at the amino acid position 627 of PB2 that leads to increased virulence of an
HS5NT1 avian influenza virus during adaptation in mice can be compensated by multiple
mutations at other sites of PB2. Virus Res 144: 123-129.

Yamada S., Hatta M., Staker B.L., Watanabe S., Imai M., Shinya K,
Sakai-Tagawa Y., Ito M., Ozawa M., Watanabe T., Sakabe S., Li C., Kim J.H,,
Myler P.J., Phan I, Raymond A., Smith E., Stacy R., Nidom C.A., Lank S.M.,
Wiseman R.W., Bimber B.N., O'Connor D.H., Neumann G., Stewart L.J., and
Kawaoka Y. 2010. Biological and structural characterization of a host-adapting amino
acid in influenza virus. PLoS Pathog 5: €1001034

Subbarao E.K., London W., and Murphy B.R. 1993. A single amino acid in the PB2
gene of influenza A virus is a determinant of host range. J Virol 67: 1761-1764.

Suarez D.L. 2010. Avian influenza: our current understanding. Anim Health Res Rev
11: 19-33.

Ito T., Goto H., Yamamoto E., Tanaka H., Takeuchi M., Kuwayama M., Kawaoka
Y., and Otsuki K. 2001. Generation of a highly pathogenic avian influenza A virus
from an avirulent field isolate by passaging in chickens. J Virol 75: 4439-4443,

E126



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

CHARACTERISTIC OF INFLUENZA VIRUS GENOME MUTATIONS

Li J., and Cardona C.J. 2010. Adaptation and transmission of a wild duck avian
influenza isolate in chickens. Avian Dis 54: 586-590.

Shengqing Y., Shinya K., Otsuki K., Ito H., and Ito T. 2002. Isolation of
myxoviruses from migratory waterfowls in San-in district, western Japan in winters of
1997-2000. J Vet Med Sci 64: 1049-1052.

Hoffmann E., Stech J., Guan Y., Webster R.G., and Perez D.R. 2001. Universal
primer set for the full-length amplification of all influenza A viruses. Arch Virol 146:
2275-2289.

Squires B., Macken C., Garcia-Sastre A., Godbole S., Noronha J., Hunt V., Chang
R., Larsen C.N., Klem E. Biersack K., and Scheuermann R.H. 2008.
BioHealthBase: informatics support in the elucidation of influenza virus host pathogen
interactions and virulence. Nucleic Acids Res 36: D497-503.

Naffakh N., Tomoiu A., Rameix-Welti M.A., and van der Werf S. 2008. Host
restriction of avian influenza viruses at the level of the ribonucleoproteins. Annu Rev
Microbiol 62: 403-424.

Scholtissek C., Ludwig S., and Fitch W.M. 1993. Analysis of influenza A virus
nucleoproteins for the assessment of molecular genetic mechanisms leading to new
phylogenetic virus lineages. Arch Virol 131: 237-250.

Suarez P., Valcarcel J., and Ortin J. 1992. Heterogeneity of the mutation rates of
influenza A viruses: isolation of mutator mutants. J Virol 66: 2491-2494.

Chen G.W.,, Chang S.C., Mok C.K., Lo Y.L., Kung Y.N., Huang J.H., Shih Y.H,,
Wang J.Y., Chiang C., Chen C.J., and Shih S.R. 2006. Genomic signatures of human
versus avian influenza A viruses. Emerg Infect Dis 12: 1353-1360.

Lin, T., G. Wang, A. Li, Q. Zhang, C. Wu, R. Zhang, Q. Cai, W. Song, and K. Y.
Yuen. 2009. The hemagglutinin structure of an avian HIN1 influenza A virus. Virology
392:73-81.

Hossain M.J., Hickman D., and Perez D.R. 2008. Evidence of expanded host range
and mammalian-associated genetic changes in a duck HON2 influenza virus following
adaptation in quail and chickens. PLoS One 3: ¢3170.

Li J., Zu Dohna H., Cardona C.J., Miller J., and Carpenter T.E. 2011. Emergence
and genetic variation of neuraminidase stalk deletions in avian influenza viruses. PLoS
One 6: 14722.

Said, A. W., M. Kodani, T. Usui, Y. Fujimoto, T. Ito, and T. Yamaguchi. 2010.
Molecular changes associated with adaptation of equine influenza H3N8 virus in
embryonated chicken eggs. J Vet Med Sci 73:545-8.

Kawaoka Y., Naeve C.W., and Webster R.G. 1984. Is virulence of HSN2 influenza
viruses in chickens associated with loss of carbohydrate from the hemagglutinin?
Virology 139: 303-316.

Munier S., Larcher T., Cormier-Aline F., Soubieux D., Su B., Guigand L.,
Labrosse B., Cherel Y., Quere P., Marc D., and Naffakh N. 2010. A genetically
engineered waterfowl influenza virus with a deletion in the stalk of the neuraminidase
has increased virulence for chickens. J Virol 84: 940-952.

E127



