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Summary. The recent HSN1 avian influenza outbreaks in Asia spread over more
than 8 countries. It has caused enormous economic loss and grand challenges
for the public health. During these breakouts we isolated three strains of HSN1
Avian Influenza Virus (AIV) from chickens and one from duck in different farms
of Southern China. We completely sequenced these four AIVs. Molecular char-
acterization demonstrated that these strains retain the reported HSN1 AIV se-
quence properties relevant to virus virulence and host adaptation. Phylogeny
results demonstrated that three of these isolates (except A/Chicken/Guangdong/
174/04) were closely linked to other HSN1 AIVs isolated from the recent HSN1
outbreaks in Asia. Six of 8 segments (except PA and M) of A/Chicken/Guangdong/
174/04 also shares a close linkage to other HSN1 AIVs isolated from the recent
H5N1 outbreaks. However, the PA gene of A/Chicken/Guangdong/174/04 and
another HSN1 strain forms a distinct subgroup along with an H6N1 AIV, and the M
gene of A/Chicken/Guangdong/174/04 shows a close linkage to some HSN1 AIVs
from aquatic species in China. Our findings suggest that a new genotype of AIV
(in addition to previous reported ones) was present during the 2003-04 Asian
bird flu outbreaks and that continuing virus surveillance of AIVs be conducted to
monitor the evolutionary paths of the A/Chicken/Guangdong/174/04-like AIVs.
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The bird flu is caused by the avian influenza virus (AIV), which has 8 genomic
segments (HA, NA, PA, PB1, PB2, NP, NS, and M). To date, 15 HA (haemagglu-
tinin) and 9 NA (neuraminidase) subtypes have been reported [15]. The genetic
shift and genetic drift lead to a rapid emergence of novel genotypes of the avian
influenza viruses during their evolution. The Southern China has been shown to be
the avian influenza virus pool for flu outbreaks in history, including H2N2 (1957),
H3N2 (1968), HSN1 (1997 & 2003), and HON2 (1999) [18]. After the 1997 H5N1
outbreak, several small outbreaks were reported in Hong Kong until the recent
HS5NI1 outbreaks [6-8, 14, 19, 26]. The scientists have isolated many HSN1 AIV
strains from different avian species in Hong Kong. Multiple genotypes of H5SN1
AlVs have been demonstrated to coexist within a single epidemic in Hong Kong
[6-8, 11, 13].

The recent avian influenza outbreaks, especially the HSN1 outbreaks in Asia,
have caused enormous economic loss and grand challenges for the public health.
From November 2003 to March 2004, the HSN1 avian influenza cases were
reported in more than 8 countries, including Cambodia, China, Indonesia, Japan,
Laos, South Korea, Thailand, and Vietnam (http://www.cdc.gov; http://www.
who.it/). Approximately 80 million birds died of the disease or were slaughtered.
To date, 32 out of 44 confirmed H5N1 patients died. In Mainland China, 49 areas
across China were reported with the HSN1 avian influenza based on the reports
from Chinese Minister of Agriculture. Through 53 samples (tracheal and cloacal
swaps, trachea, lung, spleen, pancreas, kidney, spleen, and brain) collected from
Southern China (Guangdong Province), we isolated 12 strains of HSN1 AIVs. The
virus isolation and related experiments are followed the biosafety level 3 (BSL-3)
Ag containment procedures [1].

We completely sequenced all 8 gene segments of four strains isolated from
different territorial areas: A/Duck/Guangdong/173/04 (H5N1) (Dk/GD/173/04 in
brief, Central Guangdong), A/Chicken/Guangdong/174/04 (H5N1) (Ck/GD/174/
04 in brief, Western Guangdong), A/Chicken/Guangdong/178/04 (H5N1) (Ck/GD/
178/04 in brief, Eastern Guangdong), and A/Chicken/Guangdong/191/04 (H5N1)
(Ck/GD/191/04 in brief, Northern Guangdong). The sequence data have been
deposited into GenBank with accession numbers AY609309 to AY609316, and
AY737285 to AY737308. Here we reported the results from genetic characteriza-
tion of these four AIVs.

The alignment of the derived amino acid sequences of these four AIVs shows
that Ck/GD/174/04 has the same motif of basic amino acids (RRRKKR) as most
of other public HSN1 2003—04 outbreak strains between the two domains of HA
(HA1 and HA2) [12]. However, Ck/Gd/178/04 and Ck/GD/191/04 have a deletion
of nucleotides in this bridge, which results in a loss of an amino acid K at the fifth
position within the motif RRRKKR, as in A/duck/China/E319.2/03. In contrast,
Dk/Gd/173/04 lost the R residue at the first position within this motif, and its motif
is RRKKR. Based on the manual of standards for diagnostic tests and vaccines
(OIE, 2000; http://www.oie.int), these basic amino acid motifs indicate that all the
2003—-04 outbreak AIVs contain features of Highly Pathogenic AIVs (HPAIVs).
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Position of GIn226 to Gly228 of HA was demonstrated to retain affinity for
avian cell-surface receptor [9, 10]. All four strains retain this molecular feature
as well as other 2003-04 outbreak strains [12]. The other amino acid residues
for amino acid binding (residue Tyr98, Trp149, lle151, His179, Glul86, Leul190)
are identical to other 2003—-04 outbreak isolates as well as A/HK/156/97. Within
the 130 loop, Dk/Gd/173/04, Ck/GD/174/04 and Ck/GD/191/04 have Ser129-
Gly130-Val130-Ser131-Ser132, Trp149, which is identical to most 2003-04
outbreak strains (except from Vietnam and Thailand), A/HK/156/97, and A/Goose/
GD/1/96. However, Ck/Gd/178/04 has a mutation at position 129 from Ser to
Leu (Leul29-Gly130-Val130-Ser131-Ser132), which is identical to some H5N1
isolates from Vietnam and Thailand. It is unknown whether this change will affect
HA binding property.

Compared to the strains isolated before 2001, the NS1 genes from all four
strains have a conserved deletion (position 80—-84) in the middle of peptide, which
is similar to other 2003—04 outbreak isolates [7, 12]. The NA genes of these four
strains have a similar 20 amino acid deletion in the stalk region (positions 49 to 68)
as the other isolates during the 2003—-04 outbreaks as well as the viruses isolated
from ducks since 2000 in Southern China [2]. This deletion may contribute to the
adaptation of AIVs from wild birds to land-based poultry [7].

Previous research demonstrated that the point mutation Lys (position 627) of
polymerase (PB2) increased the replicate efficiency in mice, which limited the
virus replication only in respiratory organs [17]. The position 627 of PB2 in all
these four strains are Glu627, which is the same as the avirulent strains of Hong
Kong H5N1 on mice and the recent outbreak isolates from chickens. However,
some H5N1 viruses isolated from Human in Vietnam were shown with Lys [12].
The Glu92 of NS1 was demonstrated to increase the virulence of the viruses in
pigs [16]. All the 4 isolates have Asp at the 92 position of NS1, which are similar
to recent outbreak isolates [12].

We performed phylogenetic analyses using nucleotide sequences for 8 genome
segments of Ck/GD/174/04 along with other published AIV sequence data in the
influenza sequence database (http://www.flu.lanl.gov). The HA genes included
all H5 nucleotide sequences and HIN2 entries, NA genes include all of N1
nucleotide sequences and HON2 entires. PA, NS, PB1, PB2, M, NP include all of
nucleotide sequences for serotypes HSN1, HON2, and H6N1 in the influenza se-
quence database. The sequence alignments were performed using ClustalW [21],
and the phylogenetic analyses were based on PAUP with the tree bisection recon-
nection branch-swapping option for heuristic search of the maximum parsimony
[20]. Phylogenetic analyses were based on different nucleotide sequence lengths
of 8 genomic segments varied from 221 to 2,342 bps: PB1 (221 to 2,342 bps),
PB2 (280 to 2,341 bps), PA (273 to 2,233 bps), HA (287 to 1,776 bps), NP (238 to
1,565 bps), NA (391 to 1,458 bps), M (231 to 1,027 bps), and NS (266 to 890 bps).

Our phylogeny results demonstrated that all 8 gene segments of Dk/Gd/173/04,
Ck/GD/178/04, and Ck/GD/191/04 have a close linkage to other 2003—04 out-
break isolates (Fig. 1) [12]. Six of eight gene segments (HA, NA, NS, PB1,
PB2, and NP) of Ck/GD/174/04 are closely linked to other 2003—04 outbreak
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Figs. 1A, B (continued)
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Figs. 1A, B. Phylogenetic analyses of the HSN1 AIVs isolated from Southern China during

2003-04 H5N1 outbreaks. A The HA genes of all isolates have a close linkage to other

2003-04 Asian outbreak H5N1 AIVs. B The M of Ck/GD174/04 is closer to the H5N1
AlVs isolated from ducks during 2000-2002 in China
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Fig. 1C. The PAs of Ck/GD174/04 and another strain (Ck/ST/4231/03) isolated in 2003
from Guangdong Province form a distinct subgroup, which has a close linage to an H6N1
AIV (Ck/Taiwan/7.5/99). The four isolated HSN1 strains were pointed by narrow arrows, and
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~wanx/flu/. Phylogenetic analyses were based on different nucleotide sequence lengths of
8 genomic segments varying from 221 to 2,342 bps: PB1 (221 to 2,342 bps), PB2 (280 to
2,341 bps), PA (273 to 2,233 bps), HA (287 to 1,776 bps), NP (238 to 1,565 bps), NA (391
to 1,458 bps), M (231 to 1,027 bps), and NS (266 to 890 bps). FJ, Fujian; GD, Guangdong;
GX, Guangxi; HK, Hong Kong; HN, Hunan; SH, Shanghai; ST, Shantou; THA, Thailand;
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isolates, so called genotype Z [12], especially those that isolated from duck in
Hunan Province, China [12] (Fig. 1A). However, the internal segment M of
Ck/GD/174/04 is closer to the HSN1 AIVs isolated from ducks during 2000—
2002 in China (Fig. 1B). The internal segment PAs of Ck/GD/174/04 and an-
other strain (Ck/ST/4231/03) isolated in 2003 from Guangdong Province form
a distinct subgroup (genotype V), which has a close linage to an H6N1 AIV
(Ck/Taiwan/7.5/99) (Fig. 1C). This subgroup is closer to Gs/GD/96-like virus as
well. Our phylogenetic analyses also demonstrated that PA of Ck/Taiwan/7.5/99
is far away from other nine H6N1 AIVs in the flu database, which were close
to HON2 linkages isolated from Southern China (data not shown). The results of
PB2,PB1, NP, NA, and NS are available at http://digbio.missouri.edu/~wanx/flu/.
These results suggest a new genotype is present within the 2003—-04 outbreaks in
addition to the genotypes previously reported [12].

The genetic reassortment, which was demonstrated to cause the genomic
segment exchanges within the virus subgroups, posed a grand challenge for avian
influenza prevention and control [23, 24]. Since 1997, small outbreaks occurred

Aquatic

2003

Unknown linkage
2004

_ Has a deletion

Dk/GD/173/04  Ck/GD/174/04
Ck/GD/178/04
Ck/GD/191/04

Fig. 2. The evolution model for the four isolates from Southern China during the 2003-04
HS5NI1 outbreaks. Different lines from top to bottom in each virus particle represent PB2,
PB1, PA, HA, NP, NA, M, and NS. The quote denotes as a likely ancestor
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almost every winter season in Hong Kong [6-8, 11, 13]. However, the 1997-
linkage HSN1 AIVs seem to have disappeared after the slaughtering and clearing
program in 1997 [7]. Meanwhile, many new types of HSN1 AIVs were isolated in
the past several years [6-8, 22]. The majority of 2003—04 outbreak isolates have
been originated from one subgroup from reassortment between territorial AIVs
such as HON2 and H5N1. Previous reports demonstrated that, besides HON2 [5],
HO6N1 AIVs have also been isolated very frequently in southeastern China [3].
Our results suggest that a possible active reassortment occurred between H5N1
and H6N1 AIVs and generated novel HSN1 AIVs, which could be potential seeds
for future flu pandemics. Figure 2 shows the possible reassortment model for this
new subgroup. How prevalence of the viruses closely linked to Ck/GD/174/04
and Ck/ST/4231/03 in birds is still unknown. The further surveillance of AIVs in
this area may shed some lights on this question.

In summary, we here genetically characterized four AIVs isolated from South-
ern China during the 2003-04 bird flu outbreaks. Our results demonstrated that
these four strains retain the reported most of HSN1 AIV sequence properties rele-
vant to virus virulence and host adaptation. Phylogenetic analyses demonstrated a
new genotype (Ck/GD/174/04-like) was present in the recent outbreaks in addition
to the genotypes reported before [12]. As a newly emerged AIV, Ck/GD/174/04-
like ATV, could be a potential factor causing future potential flu pandemic. Future
surveillance of AIVs should pay an attention to the evolutionary paths of this
distinct subgroup.

Acknowledgments

C.X.,M.L.,andT. R. thank the 10th five-year Key Technologies R&D Program of China (No:
2004BA519A12&2004BA519A02), the Natural Science Fund of China (No: 30100136), and
the Key Technologies R&D Program of Guangdong (No: 2004A2090101) for research fund-
ing. X. W. and D. X. were supported by a start-up fund from Computer Science Department,
College of Engineering, University of Missouri-Columbia.

References

1. Barbeito MS, Abraham G, Best M, Cairns P, Langevin P, Sterritt WG et al. (1995)
Recommended biocontainment features for research and diagnostic facilities where
animal pathogens are used. First International Veterinary Biosafety Workshop, Rev Sci
Tech 14: 873-887

2. Chen H, Deng G, Li Z, Tian G, LiY, Jiao P, Zhang L, Liu Z, Webster RG, Yu K (2003)
The evolution of HSN1 influenza viruses in ducks in southern China. Proc Natl Acad Sci
USA 101: 10452-10457

3. Chin PS, Hoffmann E, Webby R, Webster RG, Guan Y, Peiris M, Shortridge KF
(2002) Molecular evolution of H6 influenza viruses from poultry in southeastern China:
prevalence of H6N1 influenza viruses possessing seven A/Hong Kong/156/97 (HSN1)-
like genes in poultry. J Virol 76: 507-516

4. Dybing JK, Schultz-Cherry S, Swayne DE, Suarez DL, Perdue ML (2000) Distinct
pathogenesis of Hong Kong-origin H5N1 viruses in mice compared to that of other
highly pathogenic HS avian influenza viruses. J Virol 74: 1443-1450



10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.
21.

22.

23.

A new genotype of HSN1 AIV identified in southern China 1265

. Guan Y, Shortridge KF, Krauss S, Chin PS, Dyrting KC, Ellis TM, Webster RG, Peiris

M (2000) HON2 influenza viruses possessing HSN1-like internal genomes continue to
circulate in poultry in southeastern China. J Virol 74: 9372-9380

. Guan Y, Peiris M, Kong KF, Dyrting KC, Ellis TM, Sit T, Zhang LJ, Shortridge

KF (2002) H5NI1 influenza viruses isolated from geese in southeastern China:
evidence for genetic reassortment and interspecies transmission to ducks. Virology 292:
16-23

. GuanY, Peiris JS, Lipatov AS, Ellis TM, Dyrting KC, Krauss S, Zhang LJ, Webster RG,

Shortridge KF (2002) Emergence of multiple genotypes of HSN1 avian influenza viruses
in Hong Kong SAR. Proc Natl Acad Sci USA 99: 8950-8955

. Guan Y, Poon LLM, Cheung CY, Ellis TM, Lim W, Lipatov AV et al. (2004)

H5N1 influenza: a protean pandemic threat. Proc Natl Acad Sci USA 101:
8156-8161

. HaY, Stevens DJ, Skehel JJ, Wiley DC (2001) X-ray structures of H5 avian and H9 swine

influenza virus hemagglutinins bound to avian and human receptor analogs. Proc Natl
Acad Sci USA 98: 11181-11186

Harvey R, Martin AC, Zambon M, Barclay WS (2004) Restrictions to the adaptation of
influenza a virus h5 hemagglutinin to the human host. J Virol 78: 502-507

Horimoto T, Fukuda N, Iwatsuki-Horimoto K, Guan Y, Lim W, Peiris M, Sugii S, Odagiri
T, Tashiro M, Kawaoka Y (2004) Antigenic differences between HSN1 human influenza
viruses isolated in 1997 and 2003. J Vet Med Sci 66: 303-305

Li KS, Guan Y, Wang J, Smith GJ, Xu KM, Duan L et al. (2004) Genesis of a highly
pathogenic and potentially pandemic H5NT1 influenza virus in eastern Asia. Nature 430:
209-213

Lipatov AS, Krauss S, Guan Y, Peiris M, Rehg JE, Perez DR, Webster RG (2003)
Neurovirulence in mice of HSN1 influenza virus genotypes isolated from Hong Kong
poultry in 2001. J Virol 77: 38163823

Peiris JS, Yu WC, Leung CW, Cheung CY, Ng WF, Nicholls JM et al. (2004) Reemergence
of fatal human influenza A subtype H5N1 disease. Lancet 363: 617-619

Rohm C, Zhou N, Suss J, Mackenzie J, Webster RG (1996) Characterization of a
novel influenza hemagglutinin, H15: criteria for determination of influenza A subtypes.
Virology 217: 508-516

Seo SH, Hoffmann E, Webster RG (2002) Lethal H5N1 influenza viruses escape host
anti-viral cytokine responses. Nat Med 8: 950-954

Shinya K, Hamm S, Hatta M, Ito H, Ito T, Kawaoka Y (2004) PB2 amino acid at position
627 affects efficiency, but not cell tropism, of Hong Kong H5N1 influenza A viruses in
mice. Virology 320: 258-266

Shortridge KF, Stuart-Harris CH (1982) An influenza epicentre? Lancet 2: 812-813
Sturm-Ramirez KM, Ellis T, Bousfield B, Bissett L, Dyrting K, Rehg JE, Poon L, Guan
Y, Peiris M, Webster RG (2004) Reemerging HSN1 influenza viruses in Hong Kong in
2002 are highly pathogenic to ducks. J Virol 78: 48924901

Swofford DL (1998) PAUP*: Phylogenic analysis using Parsimony. Sinauer, Sunderland
Thompson JD, Higgins DG, Gibson TJ (1994) CLUSTAL W: improving the sensitivity of
progressive multiple sequence alignment through sequence weighting, positions-specific
gap penalties and weight matrix choice. Nucleic Acids Res 22: 4673-4680

Tumpey TM, Suarez DL, Perkins LE, Senne DA, Lee JG, Lee YJ, Mo IP, Sung HW,
Swayne DE (2002) Characterization of a highly pathogenic HSN1 avian influenza A
virus isolated from duck meat. J Virol 76: 6344—6355

Webby RJ, Webster RG (2003) Are we ready for pandemic influenza? Science 302:
1519-1522



1266 X.-F. Wan et al.: A new genotype of HSN1 AIV identified in southern China

24. Webster RG, Bean WJ, Gorman OT, Chambers TM, Kawaoka Y (1992) Evolution and
ecology of influenza A viruses. Microbiol Rev 56: 152-179

25. Webster RG (2004) Wet markets — a continuing source of severe acute respiratory
syndrome and influenza? Lancet 363: 234-236

26. Zhou NN, Shortridge KF, Claas EC, Krauss SL, Webster RG (1999) Rapid evolution of
HS5NT1 influenza viruses in chickens in Hong Kong. J Virol 73: 3366-3374

Authors’ addresses: To whom correspondence should be addressed regarding virus
isolation and genomic sequencing: Ming Liao or Chao-An Xin, Laboratory of Avian
Medicine, College of Veterinary Medicine, South China Agricultural University, Guangzhou,
PR. China, 510642; e-mail: pfdcaml@scau.edu.cn; To whom correspondence should be
addressed regarding molecular characterization and phylogenetic analysis: Dr. Dong Xu,
Department of Computer Science, University of Missouri, Columbia, MO 65211, USA;
e-mail: xudong @missouri.edu



