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Until recently, influenza A viruses from wild waterfowl in South America were rarely isolated and/or
characterized. To explore the ecology of influenza A viruses in this region, a long-term surveillance program
was established in 2006 for resident and migratory water birds in Argentina. We report the characterization
of 5 avian influenza viruses of the H6 hemagglutinin (HA) subtype isolated from rosy-billed pochards (Netta
peposaca). Three of these viruses were paired to an N2 NA subtype, while the other two were of the N8 subtype.
Genetic and phylogenetic analyses of the internal gene segments revealed a close relationship with influenza
viruses from South America, forming a unique clade and supporting the notion of independent evolution from
influenza A viruses in other latitudes. The presence of NS alleles A and B was also identified. The HA and NA
genes formed unique clades separate from North American and Eurasian viruses, with the exception of the HA
gene of one isolate, which was more closely related to the North American lineage, suggesting possible
interactions between viruses of North American and South American lineages. Animal studies suggested that
these Argentine H6 viruses could replicate and transmit inefficiently in chickens, indicating limited adaptation
to poultry. Our results highlight the importance of continued influenza virus surveillance in wild birds of South

America, especially considering the unique evolution of these viruses.

Extensive epidemiological studies have revealed that influ-
enza viruses can infect a wide range of hosts, including many
types of birds, humans, pigs, horses, dogs, cats, and other
mammals (16). Of these species, aquatic birds are considered
the natural reservoir of avian influenza A viruses (AIVs), as all
16 known hemagglutinin (HA) subtypes (H1 to H16) and all 9
known neuraminidase (NA) subtypes (N1 to N9) have been
recognized in these hosts (7). Influenza viruses have been iso-
lated from different parts of the world. Phylogenetic analyses
have revealed that influenza viruses in Eurasia and Australia
are genetically distinct from those in North America, which is
consistent with the notion of the confinement of birds to dis-
tinct flyways in each hemisphere (16).

In contrast to the extensive animal influenza virus surveillance
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activities carried out in Southern China, East Asia, Northern
Europe, Australia, and North America (23), such efforts have
been limited in South America. The first reported outbreak of
avian influenza virus in South America occurred in commercial
chickens and turkeys in Chile in 2002. This outbreak was caused
by an H7N3 virus (21) that was later demonstrated to be closely
related to an AIV from a wild duck from Bolivia [A/Cinnamon
teal/Bolivia/4537/01 (H7N3)] (18, 19).

Since 2006, in Argentina, a partnership between the Na-
tional Institute of Agricultural Technology (INTA), the Argen-
tinean National Animal Health Service (SENASA), the
Wildlife Conservation Society (WCS), and the University of
Maryland, College Park, in the United States has implemented
a long-term AIV surveillance program. AIV surveillance is
carried out for resident and migratory water birds, seabirds,
and shorebirds along the Argentine Atlantic coast and in fresh-
water wetlands formed by two of the major river systems in
South America, the Parand and Uruguay rivers. Surveillance
efforts are aimed at exploring the ecology of AIVs in wild
aquatic birds and to generate epidemiological data for an early
warning of the introduction of AIV into commercial poultry.
Alkelp gull/Argentina/LDC4/06 (H13N9) was isolated from
these initial surveillance studies (17). As the surveillance ef-
forts continued, additional AIVs were isolated from different
species of wild aquatic birds (Table 1). In the present study, we
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TABLE 1. Bird species, numbers of samples, and numbers of isolates obtained between 2007 and 2010

Species Common name

No. of samples

No. of RRT-PCR-

positive samples Isolate subtype(s) (no. of isolates)*

Brazilian teal
Cinnamon teal

Red shoveler

Silver teal

Ringed teal

Fulvous whistling duck
White-faced whistling duck
Kelp gull

Rosy-billed pochard
Imperial shag
Magellanic penguin
South American tern

Amazonetta brasiliensis
Anas cyanoptera

Anas platalea

Anas versicolor
Callonetta leucophrys
Dendrocygna bicolor
Dendrocyna viduata
Larus dominicanus
Netta peposaca
Phalacrocorax atriceps
Spheniscus magellanicus
Sterna hirundinacea
Others

Total

1,679 14

144
19
279
479 1
157
258
218
104

H7NO9 (1)

SN ==

H5N3 (1)

H6N2 (3), H6NS (2), HIN2 (1)
207
457
139
364

4,504 28

“ The total number of isolates was 8.

focus on the characterization and phylogenetic analysis of H6
AlVs isolated from rosy-billed pochards (Netta peposaca) in
Argentine wetlands because they were the subtype most con-
sistently isolated. We investigated the replication and trans-
mission of these H6 Argentine AIVs in chickens and compared
these strains to prototypic H6 strains from North America and
Eurasia. Our studies suggest the existence of an H6 South
American influenza virus lineage in which viruses do not ap-
pear to be mixing with and are evolving independently from
influenza viruses in other latitudes. Interestingly, one of the
HA genes appears to have been derived from a virus of the
North American lineage, indicating the presence of more than

o,

Bolivia

one H6 subtype cluster. Our studies also suggest a limited
adaptation of these viruses to poultry and that additional mo-
lecular changes would be required for these viruses to replicate
and transmit efficiently in chickens. Our study highlights the
importance of the continuous surveillance of AIVs in South
America as an integral part of worldwide efforts to better
understand the ecology of these viruses and to prevent the
emergence of novel, potentially pandemic strains.

MATERIALS AND METHODS

Sample collection. Sampling activities were performed by trained biologists
and veterinarians. Cloacal swabs were collected from carcasses of hunter-killed

Uruguay

FIG. 1. Geographical location of the area under surveillance. Crosses indicate the exact sampling locations. The area surrounded in yellow
indicates the breeding and the feeding/wintering areas for N. peposaca. (Reprinted from Google Images [copyright 2011 NASA, TerraMetrics].)
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2 q:) § ducks donated by licensed hunters during the hunting seasons of 2007 and 2010.
S L_G 2 2 g 5 8 53 Hunter-killed ducks were processed within 2 to 4 h postmortem. Cloacal swabs
E <€ 5 were collected by using single-use polyester sterile swabs and then stored sepa-
@ . 2 ﬁ rately in single plastic cryovials containing 2 ml of phosphate buffer solution
Z s _3s x z g o 28 o E = (PBS) with 50% glycerol and 10,000 TU/ml penicillin, 5 mg/ml streptomycin, 1
i E "é E Bzl %D% E E éﬁ“% ® ] mg/ml gentamicin sulfate, 700 pg/ml kanamycin sulfate, and 10 wg/ml ampho-
FPSE | <2 i CoEESwmT | 23 tericin B (Sigma Chemical Co., St. Louis, MO). Samples were frozen in liquid
SEZE |TTzEEElUc 2E z . . .
»n 8% E FE =z 2 = = nitrogen and transported on dry ice. Once in the laboratory, all samples were
= S P! ry ry P
o % > stored at —80°C until they were processed for molecular diagnosis and virus
= £l . .
5 o= isolation.
& E g8 8 8 8 7 Z ﬁ Virus detection. Viral RNA was extracted from 140 ul of a PBS suspension
@ E % from cloacal swabs by use of a QIAamp viral RNA minikit (Qiagen Inc., Valen-
= 0.l ®© w w ® = E cia, CA) in accordance with the manufacturer’s instructions. RNA was eluted in
= Z g 'g %‘)E %E %"E %"E %E <. a final volume of 60 pl and stored at —80°C. Viral cDNA was prepared by using
SEe2E |<E<E<E<E<E |83 30 pul of viral RNA and random hexamers in a final volume of 60 ul by use of a
-5 E B B B E g < High Capacity cDNA Archive kit (Applied Biosystems, Foster City, CA). The
. z E c¢DNA was tested for avian influenza virus (AIV) by real-time reverse transcrip-
. g v a w a o o) i tion-PCR (RRT-PCR) using TagMan Universal PCR master mix (Applied Bio-
§ & é ® o S ® % g systems) directed to the matrix (M) gene. This system detects all type A influenza
2 z b5 f viruses (20). PCR was performed with an ABI Prism 7500 SDS system (Applied
< =g Biosystems).
3} ~ ~ ~ 3~ Y
g ~ ‘:‘; e % > § > ﬁ z & Virus isolation. All swab samples determined to be positive by RRT-PCR were
5 = % = i g j—; 2 § g % 2 i g %E inoculated into 9- to 11-day-old specific-pathogen-free (SPF) embryonated
%D SEESE |ZE TEE = £ E3E |2 o chicken eggs. Briefly, 200 w1 of PBS suspension from the cloacal swab samples
o @ = E © E © E E < was injected into the allantoic cavity of the eggs, and the eggs were incubated for
s = s § 72 h and harvested in accordance with standardized protocols described in the
2 @ g 4 v o o o S 2 WHO Manual on Animal Influenza Diagnosis and Surveillance (25) and according
; N ‘E e E 3 . to Argentine regulations.
; “ é g E Phylogenetic and molecular analysis. Viral RNA was extracted from infected
= 7 o 2 2 2 9 = E E allantoic fluid by using an RNeasy minikit (Qiagen). Reverse transcription fol-
= E T o & g E E E % <z g lowed by PCR was performed by using specific primers for each gene segment as
E EZE | - Z S 2 |Egs described previously (9). PCR products were purified with a QIAquick PCR
7 = - =) P P P q
I f'; 8= % % % % % © & % purification kit (Qiagen). Sequencing was performed by using the BigDye Ter-
% = é E Z % % % % g E §r minator v3.1 cycle sequencing kit on an ABI Prism 3700 DNA analyzer (Applied
=3 £ T &8 @ & & S ﬁ E Biosystems) according to the manufacturer’s instructions. The consensus amino
2 @ s 8 ©® © B EEle) acid and nucleotide sequences for all 8 gene segments of the viruses were
17 iy ;% § ;% generated by using Megalign (DNASTAR, Madison, WI). Phylogenetic analyses
.%}D © 3 S 5 3 o35 S E ":‘5 were performed by using additional influenza virus sequence data available in
—_ -
= E = @"% GenBank. Sequences were assembled and edited with Lasergene 8.1
2|« s SE =« (DNASTAR); BioEdit 7 was used for alignments and residue analyses. Neigh-
; = E.%2 |2 2 2 2 2 L2 bor-joining (NJ) trees were constructed by using PAUP* 4.0. Estimates of phy-
§' = é L5 |8 2 = % = 2 = ® & 2 % = E logenies were calculated by performing 1,000 NJ bootstrap replicates. The
i : E‘J%:j E < = = = < = < = UQ'] = E 8 § TREEVIEW program, version 1.6.6, was used for the visualization and printing
= =1 ‘R < < < < > =5 f phyl : .
=] 2} = =1 g =} =) o ) of phylogenetic trees.
Qa . 2 li‘\f; 5 Animal studies. Two-week-old SPF White Leghorn chickens (Charles River
é’ . 'g — 6 = % w g =B Laboratories, Wilmington, MA) were used throughout the studies. Groups of 3
= & E S 7& n% ~ chickens housed in HEPA-filtered isolator cages were inoculated intraocularly,
o ‘7 = % intranasally, and intratracheally with 1 ml of virus containing 10° 50% tissue
§ § ool o w w ® Z ‘E T culture infective doses (TCIDsgs). Virus transmission was monitored by intro-
- S5 g ‘g %E %E %E %E %E T g > ducing 3 direct-contact chickens into each group at 1 day postinoculation (dpi).
>. g § gn%, E < = < = < = < = < = e s § Tracheal and cloacal swabs were collected at 1, 3, 5, and 7 dpi in 1 ml freezing
ol =23 |8 ETETETE S5 3 medium (50% glycerol in PBS containing 1% antibiotics) and stored at —80°C
E . E e until use for the titration of virus in MDCK cells. The inoculated chickens were
o] g > 2" % boosted with the same amount of the corresponding viruses at 14 dpi, and serum
ﬁ & g g 3 3 3 3 E E £ samples were collected at 28 dpi. Chickens were observed daily for 28 days for
_ ‘@ % — a signs of disease. Birds were monitored for appetite, activity, fecal output, and
! oo le v ® © 30_% Z signs of distress, including cyanosis of the tongue or legs, ruffled feathers, and
c-2EE | SS9 5o 5o S § 23 respiratory distress. Experiments were carried out under animal biosafety level
£F @Jg é < Z < Z < 4 < Z < z 2 ﬁ o 2+ (ABSL2+) conditions with investigators wearing appropriate protective
© -8 = E = E = E = E = E = =R equipment and compliant with all University of Maryland Institutional Animal
;‘; a< Care and Use Committee (IACUC)-approved protocols and under Animal Wel-
‘E g,% %" fare Act (AWA) regulations. Animal experiments with strains A/mallard/Alber-
S = [N [N [N [N = =) ta s teal/Hon, on,
SE 2 8 X ; <) ) /206/1996 (HO6NS) (206/H6NS), A/teal/Hong K 312/97 (H6N1) (W312/
“ § -qé) § e H6NT1), A/rosy-billed pochard/Argentina/CIP051-557/2007 (H6N2) (557/H6N2),
2 » o o o o o é = 8 AJrosy-billed pochard/Argentina/CIP051-575/2007 (H6NS8) (575/H6NS), and
s _ZE2EISS-S—-S-S-|_8E& rosy-billed pochard/Argentina E were
£, 2285252555 |85 Afrosy-billed pochard/Argentina/CIP051-925/2008 (H6N2) (925/H6N2
5% £§82 | 5252525252 |z 2% performed twice by different laboratory personnel.
= 5.5 e e~ o= assay. Serum samples were collected to determine the antigenic related-
2 ::E E:E:EIEEE: T2 HI S pl llected to d h g lated
%E\ﬂ’ o ness between these H6 viruses at the end of the experiment. Sera were treated
a4 w oo w 2 £ § % with receptor-destroying enzyme (Accurate Chemical and Scientific Corp., West-
E ¢ & 2 % E EE ) bury, NY) to remove sialic acid receptors. The antiviral antibody titers were
> E § § § N < P evaluated by using a hemagglutination inhibition (HI) assay system outlined in
A h 8 & 2 ER the WHO Manual on Animal Influenza Diagnosis and Surveillance (25). HI assays
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N8

Alsanderling/Delaware/1258/1986 (HEN6)
Alblue-winged teal/Alberta/48/1978 (HENS5)
Alblack duck/Australia/4045/1980 (HEN5)
i 27/1979 (HBN2)

100 Agray teal/Australia/1/1979 (HEN1)
AJmallard duck/Alberta/280/1978 (HEN2)
Alwood duck/New York/60/1982 (HEN8)
Alblue-winged teal/Alberta/685/1982 (HEN4)
A/mallard duck/Alberta/155/1990 (HEN3)
A/mallard duck/Alberta/10/1985 (HEN2)
Alcoot/Alberta/134/1987 (HEN2)
Algreen-winged teal/Ohio/80/1993 (HEN8)
A/mallard/Ohio/242/1998 (HEN8)
A/mallard/Ohio/170/1999 (HEN5)
A/mallard/Maryland/881/2002 (HEN2)
A/mallard/Ohio/648/2002 (HEN2)
_m{—_A/gooselHong Kong/W217/97 (HENS)
AJduck/Hainan/6/2004 (HEN2)
Alshearwater/Australia/1/1972 (HEN5)
A/shearwater/Australia/1/1973 (HENS)

a)

Alruddyturnstone/Delaware/106/98 (HEN2)
AJshorebird/Delaware/127/97 (HEN2)
AJring-billed gull/GA/421733/2001 (HEN4)

AJguillemot/Sweden/3/00 (HEN2)
Al/duck/Hong Kong/960/1980 (HEN2)
Aduck/Hong Kong/221/77 (HEN8)
A/mottled duck/LA/32M/87 (HEN2)
A/mallard/Alberta/203/92 (HEN5)
Almallard/Alberta/206/96 (HEN8)
Alrosy-billed pochard/Argentina/557/2007 (H6N2)
Alrosy-billed pochard/Argentina/925/2008 (H6N2)
Alrosy-billed pochard/Argentina/575/2007 (HEN8)
Alrosy-billed pochard/Argentina/269/2007 (H6N8)
_l——NtaaIIHong Kong/W312/97 (HEN1)
Aduck/Kingmen/E322/04 (HEN2)
A/mallard/Maryland/2022/2005 (HEN8)
Algreen-winged teal/Ohio/203/1998 (HEN2)
Al/gadwall/Ohio/37/1999 (HEN2)
_r_Npin'ﬂil/AlbertaH 79/1993 (HEN1)

Algreen-winged teal/Ohio/178/1999 (HEN2)
Alturkey/France/04125/2004 (HEN2)
A/mallard/Netherlands/11/2007 (HEN5)

A/bewick"s swan/Netherlands/2/2005 (HEN8)
A/duck/Spain/539/2006 (HEN8)
A/duck/France/03136/2003 (HEN2)
A/mallard/Netherlands/16/99 (HEN5)
Alturkey/France/04027/2004 (HEN2)
Alblue-winged teal/Ohio/1387/2005 (HEN2)
AJsnow goose/Maryland/410/2005 (HEN1)
Alduck/Hong Kong/3461/99 (HEN1)
A/duck/Korea/S17/03 (HEN1)
A/mallard/New Zealand/1365-350/2005 (HEN9)
Alduck/Taiwan/WB459/04 (HEN5)
A/duck/Hokkaido/W159/2006 (HEN1)
A/mallard/Hei Longjiang/131/2006 (HEN2)
Alrosy-billed pochard/Argentina/1977/2010 (H6N2)

o Alrosy-billed pochard/Argentina/1977/2010 (HEN2)
4{ Alrosy-billed pochard/Argentina/557/2007 (HEN2)
Alrosy-billed pochard/Argentina/925/2008 (HEN2)

Alwhiskered tern/Egypt/04/2004 (HEN2)

Amallard duck/Alberta/106/1979 (H4N2)

Ahblue-winged teal/Alberta/651/1978 (HEN2)

A/mallard duck/Alberta/250/1978 (HGN2)

Algreen-winged teal/Ohio/86/1986 (HEN2)

Adblue-winged teal/Alberta/69/1985 (HEN2)
Alpintail duck//Alberta//111/1985 (HEN2)
Aflaughing gull/Delaware/2838/1987 (H13N2)
A/duck/Pennsylvania/10218/1984 (HSN2)
Algreen-winged teal/Ohio/344/1986 (HAN2)
Amuscovy duck/New York/23165-13/2005 (H7N2)
AJGuck/MN/1516/1981 (H5N2)
A/mallard/Ohio/653/2002 (HEN2)

AlcoovAlberta/134/1987 (HEN2)
Almallard duck/Alberta/294/1987 (HEN2)
Almallard/Alberta/124/1991 (H11N2)
Almallard/BC/373/2005 (H5N2)
Alduck/New Jersey/117228-7/01 (H5N2)
Alblue-winged teal/Ohio/1387/2005 (HEN2)
AlduckiNew York/191255-79/02 (HSN2)
Algreen-winged teal/Ohio/81/1999 (H11N2)
AlduckiVictoria/D23/1994 (HAN2)
u (H5N2)
A/duck/Guangxi/51/2005 (HIN2)
AlduckiNanjing/2/97 (HIN2)
Alduck/Eastern China/80/2004 (HIN2)
Alduck/Hubei/W1/2004 (HIN2)
Alduck/Shantou/2144/00 (HON2)
Alduck/Shantou/515/2004 (HON2)
Alduck/Shantou2134/00 (HON2)
Alduck/Shantou/32/2002 (HIN2)
A/duck/Tasmanial277/2007 (H7N2)
8412004 (H3N2)
322104 (HGN2)
Alguillemot'Sweden/3/00 (HEN2)
AJmallard/Netheriands/26/2005 (H11N2)
A/duck/Denmark/65047/04 (HSN2)
Almallard/Netheriands/71/2006 (HEN2)
Almallard/Hei Longjiang/131/2006 (HEN2)
Alduck/italy/4609/2003 (H7N2)
Alduck/Eastern China/36/2002 (H3N2)
AlducklHokkaido/49/98 (HON2)
Alduck/Eastem China/64/2004 (HSN2)
Alduck/Mongolia/54/2001 (HSN2)

0.1

South America
North America

Alequine/Miami/1/1963 (H3N8)
1 Alequine/Lonquen/1/2006 (H3N8)

(H3N8)
Alequine/Heilongjiang/10/2008 (H3N8)
Alequine/Xinjiang/1/2007 (H3N8)
Alequine/California/1/1980 (H3N8)
Alequine/Cordoba/18/1985 (H3N8)

Alequine/Alaska/1/91 (H3N8)
Alequine/Berlin/1/1989 (H3N8)

Alswine/Anhui/01/2006 (H3N8)

Alquailitaly/1117/1965 (H10N8)
Alshearwater/Australia/2/1972 (H10N8)
Alduck/Ukraine/1/1963 (H3N8)

Alblack-headed 1/00 (H13N8)
Ii— Alduck/Eastern China/90/2004 (H3N8)

A/duck/Eastern China/18/2005 (H3N8)
Alduck/Chabarovsk/1610/1972 (H3N8)
Alduck/Hokkaido/8/80 (H3N8)

Alred-necked stint/Western Australia/4923/1983 (H3N8)
A/duck/Hong Kong/438/1977 (H4N8)

Alwild bird feces/Korea/ES1-9/03 (H10N8)
Aduck/Beijing/40/04 (H3N8)
A/duck/Siberia/100/2001 (H3N8)
Alcockatoo/England/1972 (H4N8)
Ared-necked stint/Australia/3/2004 (H4N8)
A/mallard/Netherlands/33/2006 (H7N8)
Alturnstone/Netherlands/1/2007(H3N8)

A/mallard/Finland/12072/06 (H3N8)
Alduck/Norway/1/03 (H3N8)
Algadwall/Altai/1328/2007 (H3N8)

A/Anas plathyrhynchos/Spain/0454/2006 (H3N8)
Alblack-headed gull/Netherlands/1/2005 (HEN8)
Alduck/Spain/539/2006 (HEN8)

i (H4N8)
1001 Alrosy-billed pochard/Argentina/575/2007 (HENS)
y-billed 2007 (HGN8)
Alturkey/Minnesota/501/1978 (HEN8)

Alblue-winged teal/Alberta/120/1991(H3N8)

A/mallard/Ohio/654/2002 (H3N8)
A/mallard/Alberta/206/1996 (HEN8)

Alblue-winged teal/Alberta/569/1985 (H3N8)

A/mallard/Maryland/2022/2005 (HEN8)

A/black duck/Maryland/834/2002 (H4N8)
Alpintail/Alaska/49/2005 (H3N8)

Algreen-winged teal/Alberta/438/1979 (H3N8)
Alpintail duck/Alberta/220/1977 (H4N8)
Alpintail duck/Alberta/121/1979 (H7N8)
A/mallard/Ohio/64/1989 (HEN8)

Awood duck/New York/60/1982 (HEN8)

Aherring gull/Delaware/677/1988 (H2N8)

Allaughing gull/New Jersey/276/1989 (HEN8)
A/mallard duck/New York/194/1982 (H4N8)
A/green-winged teal/Ohio/466/1987 (H3N8)
A/mallard/Alberta/76/94 (HGN8)

Alduck/New York/191255-59/02 (HSN8)

Allongtail duck/Maryland/291/2005 (H3N8)

0.1

AJruddy turnstone/New Jersey/Sg-00471/2008 (HEN8)
AJshorebird/Delaware/12/2004 (HENS;
Alnorthern shoveler/California/HKWF216/2007 (H6N1)

Eurasia, Oceania

0.1

Lineage A (North America, Oceania)
Lineage B (North America, Eurasia, Oceania, South America)

Equine 2
Eurasia, Oceania
South America
North America

FIG. 2. Phylogenetic trees of H6 HA and N2 and N8 NA genes. Trees were generated by the neighbor-joining method with the PAUP*
program. Numbers above branches indicate neighbor-joining bootstrap values. Not all supports are shown because of space constraints. Analysis
was based on nucleotides 22 to 1036 (HA), 249 to 1303 (N2), and 41 to 1341 (N8). The H6 tree was rooted to A/mallard/Potsdam/178-4/83 (H2N2).

The N2 tree was rooted to A/equine/Prague/1/1956 (H7N7). The N8 tree was rooted to A/ruddy turnstone/Delaware/97/2000 (H12N5). Viruses
characterized in this study are highlighted in red. Scale bar, 0.1 substitutions per site.

were performed by using homologous and heterologous viruses. The serum with
highest HI titer was used to perform HI assays for antigenic analysis.

Nucleotide sequence accession numbers. The nucleotide sequences obtained
in this study are available in the GenBank database under accession numbers
CY067691 to CY067714 and CY096050 to CY096065.

RESULTS

Geographic location of sampling site. Sampling activities
were performed in the Lower Parana River Valley, along the
Parand River, one of the major river systems in South America.
The valley is composed of a mosaic of rice fields, natural
wetlands and marshes, native forests, and patches of land
within the floodplain of the Parana River (30°41'S, 60°02'W).
The Parand River is also within an important migratory bird
flyway and serves as a reservoir for multiple populations of
resident waterfowl species (Fig. 1). In contrast to the Northern
Hemisphere, South American duck populations have a more

homogeneous distribution of the number of birds throughout
the year, as winter migrations are not predominant. From May
to August, the wetlands are used for game bird hunting focus-
ing mainly on ducks, tinamous, and wild pigeons. Samples were
collected between January 2007 and July 2010 at different
hunting lodges in the Lower Parana River Valley in Argentina.
A total of 4,504 cloacal swabs representing 39 different bird
species were collected and tested for the presence of AIV
(Table 1). Twenty-eight of these samples from five different
bird species were positive for AIV by RRT-PCR (0.62%).
Fourteen positive samples were obtained from Netta peposaca
(rosy-billed pochard), 10 were obtained from Anas versicolor
(silver teal), two were obtained from Anas platalea (red shov-
eler), 1 was obtained from Amazoneta brasiliensis (Brazilian
teal), and 1 was obtained from Anas cyanoptera (cinnamon
teal). Viable AIVs were isolated from only eight RRT-PCR-
positive samples, and six out from these eight viruses were
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FIG. 3. Phylogenetic trees of PB2, PB1, and PA genes. Trees were generated as described in the legend of Fig. 2 and in Materials and Methods.
Analysis was based on nucleotides 1079 to 2138 (PB2), 42 to 1217 (PB1), and 251 to 2049 (PA). The PB2 tree was rooted to A/equine/Prague/1/1956
(H7N7), and the PB1 and PA trees were rooted to A/Brevig Mission/1/1918 (HIN1). Viruses characterized in this study are highlighted in red.
Scale bar, 0.1 substitutions per site (0.01 substitutions for PA).

from N. peposaca. In winter, N. peposaca birds migrate to the
Rio Grande Do Sul state in Brazil and then return to Argen-
tina in the summer during the breeding season. This pattern is
also shared with a variety of other duck species, including Anas
georgica (yellow-billed pintail) and Anas versicolor (silver teal).

Since isolates belonging to the H6 subtype were those
most frequently identified, they were subjected to a more
detailed characterization. Of the 5 H6 isolates, 3 were of the
HO6N2 subtype, A/rosy-billed pochard/Argentina/CIP051-
557/2007 (H6N2), A/rosy-billed pochard/Argentina/CIP051-
925/2008 (H6N2), and A/rosy-billed pochard/Argentina/
CIP051-1977/2010 (H6N2) (herein referred to as 557/
HO6N2, 925/H6N2, and 1977/H6N2, respectively). The
other 2 isolates were of the HO6NS8 subtype, A/rosy-billed
pochard/Argentina/CIP051-575/2007 (H6N8) and A/rosy-
billed pochard/Argentina/CIP051-269/2007 (H6NS8) (herein
referred to as 575/H6NS and 269/H6NS, respectively) (Table 2).

Genetic and phylogenetic analysis. To better understand the
evolutionary relationship of the Argentine H6 subtype influ-
enza viruses with other avian influenza viruses, we performed
full-length sequencing of the open reading frames followed by
phylogenetic analysis. The internal genes of the Argentine H6
viruses were closely related to avian influenza viruses from
South America, e.g., Argentina, Bolivia, and Chile (Table 2).

Due to the lack of sequence information on H6 HA genes from
South America, their closest relative is A/mallard/Alberta/206/
1996 (HO6NS) from the North American lineage, with only 91%
nucleotide identity, except for the 1977/H6N2 isolate, which
shares 97% homology with A/shorebird/DE/12/2004 (HONS)
(Table 2). Phylogenetic analyses of the HAs of H6 subtype
viruses revealed two major distinct lineages (4a). Lineage A
contains H6 viruses almost exclusively from North America
and Oceania, whereas lineage B contains H6 viruses from
Eurasia, North America, and Oceania and the 5 strains from
Argentina (Fig. 2). Four of the H6 HA genes from the Argen-
tine influenza viruses clustered together and formed a unique
clade in lineage B, suggesting an independent evolution of the
HA H6 genes of these viruses with respect to other influenza
viruses. In contrast, 1977/H6N2 grouped with other viruses
from North America, suggesting the presence of two indepen-
dent H6 HA populations in South America and/or the poten-
tial for the exchange of gene segments from distinct lineages.
Likewise, due to the lack of N2 and N8 NA genes from South
America, their closest relatives shared only 88% and 92%
sequence identities with viruses from Eurasia, A/whiskered
tern/Egypt/04/2004 (HO6N2), and North America, A/blue-
winged teal/Alberta/120/1991 (H3N8), respectively. The N2
and N8 genes of the Argentine viruses also formed unique
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FIG. 4. Phylogenetic trees of NP, M, and NS genes. Trees were generated as described in the legend of Fig. 2 and in Materials and Methods.
Analysis was based on nucleotides 31 to 917 (NP), 49 to 864 (M), and 88 to 815 (NS). The NP, M, and NS trees were rooted to A/equine/Prague/
1/1956 (H7N7). Viruses characterized in this study are highlighted in red. Scale bar, 0.1 substitutions per site.

clades compared to the NA genes of other avian influenza
viruses from other continents (Fig. 2).

Consistent with previously reported observations, phyloge-
netic analyses of the internal genes (PB2, PB1, PA, NP, M, and
NS) suggested that the H6 Argentine viruses followed an evo-
lutionary pathway along with other influenza viruses in South
America that was distinct from that of other avian influenza
viruses (Fig. 3 and 4). In the phylogenetic trees of PB2, PBI,
PA, and M, the 5 H6 viruses clustered together into the South
American clade and were most closely related to A/red-winged
tinamou/Argentina/MP1/2008 (HIN1) (Fig. 3 and 4). A phy-
logenetic analysis of the NP genes revealed that they are
closely related to viruses from South America, although there
was a more appreciable divergence than that for the other
internal genes (Fig. 4). The NP gene of the 557/H6N2 virus was
more closely related to A/semipalmated sandpiper/Brazil/43/
1990 (H2N1) and, interestingly, belonged to a phylogenetic
cluster that contains equine influenza viruses as well as an old
(H6N2) isolate from a blue-winged teal from Alberta, Canada.
These observations make it tempting to speculate on the po-
tential for a South American origin of the so-called equine 2
influenza viruses, like A/equine/Uruguay/1/1963 (H3NS8), for at
least the NP gene. The NP genes of the other 4 viruses were
grouped among typical avian influenza viruses from South

America. Phylogenetic relationships among the PA genes re-
vealed some similarities to the NP trees, in a clade more closely
related to equine influenza viruses (Fig. 3 and 4). Phylogenetic
analyses of the NS genes showed that these Argentine H6
viruses were more diversified than the other internal genes
(Fig. 4). They belonged to alleles A (925/H6N2 and 1977/
H6N2) and B (557/H6N2, 575/H6NS, and 269/H6NS). In each
allele, the NS genes of the Argentine H6 viruses were most
closely related to AIVs from South America, forming a unique
clade.

Compared with consensus sequences from North American
and Eurasian AIVs from wild birds, the amino acid sequence
homology between the Argentine H6 viruses and other AIVs
was conserved across all gene segments. The amino acid iden-
tity of most of the gene segments was more than 98% com-
pared to the North American or Eurasian consensus strains
(Table 3). These results suggest that although there is an in-
dependent evolution of South American AIVs, they share sig-
nificant amino acid identity, consistent with evolutionary stasis
in the natural reservoir (25a).

An analysis of deduced amino acids revealed that these H6
viruses were typical low-pathogenic avian influenza (LPAI)
viruses. The 5 Argentine H6 viruses have a POIETRG motif at
the HA cleavage site and retain avian-like amino acids at the
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TABLE 3. Homology of Argentine H6 AIVs with consensus amino acid sequences of North American and Eurasian AIVs

% sequence consensus”

Strain PB2 PB1 PA

HA NA M1 NS1

NA EA NA EA NA EA NA

EA NA-A EA NA EA NA EA NA EA

557/H6N2 983 982 992 992 979 979 984
575/H6N8 98.6 984 995 995 982 980  98.6
925/H6N2 984 983 993 993 98 98.2  98.6
269/H6NS 988 987 993 993 980 980 984
1977/H6N2 984 983 992 992 982 982  98.6

98.0 97.5 973 940 936 100 100 987  99.6
98.4 97.0 968 974 872 100 100  97.8  98.7
98.4 97.0 96.8 938 934 100 100 974 974
98.2 97.2 97.0 93 87.0 100 100 970 978
98.4 98.1 979 97 928 100 100 970  97.0

“ Consensus in amino acids. NA, North American lineage; EA, Eurasian lineage; NA-A, North American lineage, clade A.

receptor binding site (226Q and 228G). No mutations associ-
ated with mammalian adaptation were found, e.g., PB2-627K
or PB2-701N. Also, no M2-31N mutations, responsible for
amantadine resistance, were found (data not shown).

Virus replication and transmission in chickens. Since H6
viruses have established stable lineages in terrestrial poultry in
Eurasia (5, 6, 10-12, 14) and North America (24), we wanted
to determine whether the Argentine H6 viruses represent a
risk to local poultry. Thus, the replication and transmission of
the H6 Argentine viruses were investigated in SPF White Leg-
horn chickens (n = 3/virus + n = 3 direct contacts) (Table 4).
Two prototypic H6 viruses, one from Eurasia, A/teal/Hong
Kong/W312/97 (H6N1), and one from North America A/
mallard/Alberta/206/96 (H6NS), were included for comparison
(herein referred to as W312/H6N1 and 206/H6NS), respec-
tively. The 5 Argentine viruses showed very limited replication
and transmission in chickens. Tracheal swabs showed the pres-
ence of virus above the limit of detection in one chicken inoc-
ulated with the 575/H6NS strain (1.7 log,, 50% egg infective
doses [EIDs,]/ml at 7 dpi). In contrast, prototypic strain W312/
HO6N1, which is commonly found in live-bird poultry markets in
Southeast Asia, showed more consistent respiratory virus rep-
lication in the inoculated group (5 out 6 chickens were posi-
tive). Tracheal swabs for the direct-contact groups were below
the limit of detection irrespective of the strain used. Cloacal
swabs of inoculated chickens showed discernible virus titers
only for one chicken inoculated with W312/H6N1 (1.7 log,,

TABLE 4. Replication, transmission, and seroconversion of
chickens infected with representative H6 AIVs

No. of positive chickens/total no. of
chickens (peak virus titer
[log,o EIDs¢/ml])*

Mean HI titer (log,
serum dilution) (no.
of positive chickens/

Virus .
Inoculated Direct contact total no. of chickens)
T C T C Inoculated Contact
206/HO6NS 0/6 0/6 0/6 0/6 475 (6/6) 0/6
W312/H6N1 5/6 (3.7)" 1/6 (L7) 0/6 0/6 217 (6/6) 17 (3/6)
S57/H6N2  0/6 0/6 0/6 1/6 (3.2)7 189 (6/6) 40 (2/6)
S75/H6NS  1/6 (1.7)° 0/6 0/6 0/6 133 (6/6) 15 (2/6)
925/HO6N2 0/6 0/6 0/6 0/6 384 (6/6)  (0/6)
269/H6NS  0/3 0/3 0/3 0/3 133(33)  (03)
1977/H6N2  0/3 0/3 0/3 0/3 73 (3/3)  (0/3)

“T, trachea; C, cloaca.

? Virus shedding for 5 days and peak virus titer at 1 dpi.
¢ Titer of 1.7 log,, EIDsy/ml at 7 dpi.

4 Titer of 3.2 log,, EIDsy/ml at 5 dpi.

¢ Titer of 1.7 log,q EIDs,/ml at 7 dpi.

EIDs,/ml at 7 dpi). The results with the W312/H6N1 strain are
consistent with data from previous reports (11, 12). The pro-
totypic North American strain, 206/H6NS, did not show signs
of replication in inoculated chickens, although it showed the
highest level of seroconversion, as measured by HI. In fact,
directly inoculated chickens showed clear seroconversion re-
gardless of the strain used, indicating that chickens had been
infected. Transmission to direct-contact chickens resulted in
no detectable virus in either tracheal or cloacal swabs, except
for one direct-contact chicken in the 557/H6N2 group (3.2
log,, EIDsy/ml at 5 dpi). However, evidence of partial trans-
mission was observed through seroconversion. Three out of six
direct-contact chickens showed seroconversion in the W312/
HO6N1 group, whereas 2 out of 6 showed discernible HI titers in
the 557/H6N2 and the 575/H6NS8 groups.

Antigenic profile of Argentine H6 AIVs. The antigenic prop-
erties of the Argentine H6 viruses were investigated by using
chicken antisera generated from the replication studies men-
tioned above. Antisera against the W312/H6N1 virus showed
significant HI titers against the homologous viruses but signif-
icantly lower titers against the Argentine viruses (=4-fold).
Likewise, antisera against the other H6 strains showed low-
level reactions against the W312/H6N1 virus (Table 5). The HI
pattern followed the phylogenetic profile, with strains 557/
HO6N2, 575/H6NS, 925/H6N2, and 269/H6NS being closer an-
tigenically to each other than to the 1977/H6N2 strain or the
206/H6NS strain.

DISCUSSION

Improved AIV surveillance efforts in wild water birds in Ar-
gentina resulted in the isolation of strains with unique evolution-
ary pathways (4, 17). In this study, we report the first H6 subtype
AV isolated from 5 N. peposaca ducks from South America.

The present study further supports the notion of a unique
South American lineage with probable independent evolution
for all viral gene segments. The internal segments of the Ar-
gentine H6 viruses were closely related to those characterized
in viruses previously isolated in this region (4, 17, 19, 21).
Particularly, we observed the presence of the NS gene alleles A
and B but forming distinct South American clades with a high
level of bootstrap support. This observation emphasizes the
possible independent evolution of South American AIVs. The
relationship between the NP and PA genes from AIVs isolated
in South America and equine influenza viruses is also remark-
able, suggesting a probable common ancestor (18). Indepen-
dent evolution is also obvious for the HA gene, although both
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TABLE 5. Antigenic profiles of representative H6 AIVs
HI titer (log, serum dilution) for sera against”:
Virus

206/H6NS W312/H6N1 557/H6N2 575/HO6N8 925/H6N2 269/H6NS 1977/H6N2
206/H6NS 320 480 320 960 480 240 120
W312/H6N1 160 3,840 160 320 160 40 40
557/H6N2 160 320 640 640 1,280 80 160
575/H6NS8 240 960 480 1,280 1,280 160 160
925/H6N2 160 1,280 640 1,280 1,280 160 160
269/H6NS8 160 640 320 640 960 320 120
1977/H6N2 120 640 640 320 640 240 160

“ HI titers for homologous viruses are in boldface type.

major lineages have representative strains from North Amer- ACKNOWLEDGMENTS

ica and Oceania. More divergent evolution is evident for the
N2 and N8 NA genes, which form clusters that lie outside other
strains from either Eurasia or North America. This observation
is particularly remarkable for the N2 NA subtype, which forms
a unique branch completely detached from the Eurasian and
the North American lineages. Given our findings, it appears
that migration patterns are responsible for the independent
evolution of these viruses. However, while it is relatively simple
to understand the significant geographic barriers that limit the
mixing of viruses between the Eurasian and North American
lineages, those barriers are less obvious between viruses from
North and South America. Further studies are needed to de-
termine these potential boundaries and to fully comprehend
the ecology of AIV on the American continent. Interestingly,
the HA gene of one virus (1977/H6N2) clustered with viruses
from North America, suggesting the presence of more than
one AIV phylogenetic lineage in South America.

Importantly, AIVs of the H6 subtype are some of the most
abundant AIVs detected in wild bird populations worldwide
(13, 15, 22). H6 AIVs have crossed the species barrier and
caused outbreaks in domestic poultry in Eurasia, North Amer-
ica, and Africa (1, 2, 11, 12, 24). In Southeast Asia, H6 AIVs
have established stable lineages, which are hard to eradicate
and likely contribute to the genetic diversity of influenza vi-
ruses in local domestic poultry (6, 10). In our animal studies
with White Leghorn chickens, the Argentine H6 viruses
showed evidence of limited replication and transmission re-
flected mainly by seroconversion, suggesting a potential risk to
local poultry. Seroconversion may be the only sign of a previ-
ous AIV infection in poultry (3); therefore, the continuing
evolution and movement of these unique Argentine H6 viruses
should be carefully monitored. Our results are also consistent
with a previous study that showed that the W312/H6N1 virus
could replicate in chickens, although transmission was limited
(8). Furthermore, long-term AIV surveillance in southern
China has found that W312/H6N1-like viruses have established
a stable lineage in live-poultry markets, especially in minor
species such as quail, chukkar, and guinea fowl (6). In sum-
mary, we describe the presence of H6N2 and H6NS AIVs
isolated from wild ducks in Argentina, their evolutionary pat-
tern, and their potential for infection of domestic poultry.
Further studies are needed to better elucidate the ecology of
AlVs in South America and to establish their host range and
pandemic potential.
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