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Summary. To provideinformation on the mechanism of perpetuation of influenza
viruses among waterfowl reservoirs in nature, virological surveillance was carried
outin Alaska during their breeding season in summer from 1991 to 1994. Influenza
viruses were 1solated mainly from fecal samples of dabbling ducks in their nesting
places in central Alaska. The numbers of subtypes of 108 influenza virus isolates
were 1 H2N3, 37 H3NS, 55 H4N6, 1 H7N3, 1 H8N2, 1 HION2, 11 HION7, and
H10 N9. Influenza viruses were alsoisolated from water samples of the lakes where
they nest. Even in September of 1994 when the most ducks had left for migration
to south, viruses were still isolated from the lake water. Phylogenetic analysis of
the NP genes of the representative isolates showed that they belong to the
North American lineage of avian influenza viruses, suggesting that the majority of
the waterfowls breeding in central Alaska migrate to North America and not to
Asia. The present results support the notion that influenza viruses have been
maintained in waterfowl population by water-borne transmission and revealed the
mechanism of year-by-year perpetuation of the viruses in the lakes where they breed.

Introduction

Since 1956 numerous influenza A viruses have been isolated from a variety of
avian species [1]. All of the different subtypes of influenza A viruses (H1 to H14 and N1
to NO9) are circulating in aquatic birds, particularly in migratory waterfowls {11].
Waterfowls are, therefore, rated as a major reservoir of influenza A viruses in nature [34].

Influenza A viruses of avian origin have been implicated in outbreaks of
influenza in mammals, such as seals [12, 32, 33], whales [14], pigs [25], minks [20],
and horses [9] as well as in domestic poultries [3, 10]. These evidences indicate that a
vast influenza virus gene pool for future mammalian influenza exists in avian
sources. Since each pandemic of human influenza first appeared in China [34], the
possibility has been raised that southern China is an influenza epicenter [27]. New
human pandemic strains are believed to arise by genetic reassortment between
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human and non-human viruses [6, 21, 31]. It has been shown that H2N2 Asian and
H3N2 Hong Kong pandemic influenza viruses are genetic reassortants between
strains of human and avian origin [16, 24, 30]. Antigenic and genetic analyses of H3
influenza viruses isolated from wild ducks captured on the Asian Pacific flyway in
Japan and domestic ducks in southern China have shown that the hemagglutinins
(HAs) of these viruses were closely related to those of the earliest human H3 viruses
[18,35]. These findings indicated that the HA gene of the human pandemic strain, A/
Hong Kong/68 (H3N2) was derived from such an avian virus [19]. Therefore,
epidemiological surveillance of avian influenza would provide information on the
next epidemics for other animal species, including human pandemics.

Waterfowls such as ducks and geese in the northern hemisphere migrate to
south in autumn, back to north in spring, and breed in summer in the nesting places
in northern territories such as Alaska, Canada, or Siberia. Extensive surveillance of
influenza in migratory waterfowls was carried out in marshaling areas, where they
were gathering in preparation of migration to south, in Canada from 1978 to 1983
[13]. However, little is known about how influenza viruses are maintained in duck
population in their breeding places.

It was suggested that some ducks (e.g. Northern pintail) should migrate from
Alaska through Aleutian Islands to Asia, although the majority of migratory ducks
in Asia are from Siberia [36]. Distinct lineages of the genes of influenza viruses
isolated from avian species in different regions of the world (e.g. Noxrth America and
Eurasia) were demonstrated [4, 5,7, 8, 15, 22]. Phylogenetic analysis of the genes of
influenza virus isolates, therefore, would make it possible to presume the flyways of
the host birds.

To provide information how influenza viruses are maintained in duck
population in their breeding areas and the mechanism of perpetuation of the viruses,
virological surveillance of avian influenza was made in Alaska from 1991 to 1994 and
phylogenetic analyses of the genes of the isolates were carried out.

Materials and methods
Sample collection

In each July from 1991 to 1994, 3 120 fecal materials of birds, comprising 2 345 ducks, mainly
mallards (4nas platyrhynchos) and pintails (Anas acuta), 663 Canada geese (Branta canadensis) 6
Tundra swans (Cygnus columbianus), 7 dunlins (Calidris alpina), and 10 Mew gulls (Larus canus),
were collected at 15 different points in Alaska of the United States (Fig. 1 and Table 1). In
1992-1994, 81 water samples were also collected from 11 different ponds and lakes were ducks and
geese were nesting. In September 1994, after almost ducks migrated to south, 21 water samples of
Big Minto Lake where the viruses were isolated from ducks in the summer were collected. Samples
were put into cryotubes, the lids sealed, and transported with dry ice to the Department of
Virology and Molecular Biology, St. Jude Children’s Research Hospital, Memphis, Tennessee and
then stored at—80 °Cuntil assayed.

Virus isolation

Fach fecal sample was put into phosphate-buffered saline (PBS; pH 7.2) containing antibiotics
(2000 units of penicillin, 400 pg of streptomycin, 40 pug of gentamycin and 200 units of polymyxin B
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Fig. 1. Location of 15 different points where fecal materials of waterfowls were collected in
Alaska. ---- Arctic circle

per ml) to give 10-20% suspension. The suspension was centrifuged at 2 500 rpm for 20 minutes.
One tenth ml of the supernatant was inoculated into allantoic cavities of two 9—11-day-old fertile
hen’s eggs. The eggs were incubated at 35 °C for 2 to 3 days unless death of the embryo was
detected. At the end of the incubation period or upon embryo death, the allantoic fluids were
tested for hemagglutinating activity.

Water samples were concentrated using formalin-treated chicken erythrocytes as follows: two
ml of 5% formalin-treated chicken erythrocytes in 30 x PBS was added to each 50 ml of water
sample and mixed. After incubation for 1 hat 4 °C, samples were centrifuged at 1500 rpm for 5
minutes. After removing the supernatant, 0.2 ml of PBS containing antibiotics were added and the
erythrocytes were resuspended. One tenth ml of the resuspended erythrocytes was injected into
allantoic cavity of 2 eggs per sample. Each unconcentrated water sample was also inoculated.

Identification of isolates

Allhemagglutinating agents were identified in hemagglutination-inhibition and neuraminidase-
inhibition tests using specific antisera to the reference strains of influenza viruses {2, 26]. The
antisera were used as previously prepared and described [17].

Phylogenetic analysis of the NP genes

Phylogenetic analysis was based on partial nucleotide sequences of the NP genes (positions
1291-1430) of influenza viruses, determined by reverse transcription and PCR direct sequencing
using viral RNA as a template and oligonucleotide primers. Sequence data of each gene, together
with sequences from GenBank, were analyzed by Neighbor-joining method [23] using a computer
software, ODEN version 1.1.1 (Yasuo Ina, National Institute of Genetics, Mishima, Japan).
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Results
Isolation of influenza A viruses from fecal samples of waterfowls

To assess if waterfowls harbor influenza A viruses at their breeding areas, we
collected 3 120 fresh fecal samples of birds in different areas in Alaska, USA during
their late breeding season from 1991 to 1994. From these samples, 205 hemag-
glutinating agents were isolated. Of these, 108 were serologically identified as
influenza viruses and the remainings as paramyxoviruses. Most of the influenza
virus isolates were obtained from fecal samples of ducks, while only 4 were isolated
from those of geese (Table 1). These viruses were isolated mainly from the samples
collected in the central Alaska (i.e., pond in Nenana, Big Minto Lake, and Mallard
Lake on the Yukon flat), while the frequencies of influenza virus isolation were very
low in north and south Alaska. These results indicate that influenza viruses have
been maintained in duck population in the major breeding areas of central Alaska.

Antigenic classification of the influenza A virus isolates

As shown in Table 2, subtypes of the influenza virus isolates from ducks were H3NS,
HS8N2, HION2, HI0N7, and HI0N9 in 1991, H4N6 and HION7 in 1992, H3N8,
H4N6, and H7N3 in 1993, and H2N3, H3N8, and H4N6 in 1994. In each of Big
Minto Lake and Heart Lake, influenza viruses of different subtypes were isolated at
the same time (see footnote of Table 1). Additionally, different subtypes of influenza
viruses were isolated in different years in the same lake (Big Minto Lake and
Mallard Lake). These results indicate that different subtypes of influenza A viruses
co-circulate in duck population in their breeding areas.

Isolation of influenza A viruses from lake water

To investigate the mechanism of perpetuation of the viruses from year to year, virus
isolation was carried out from water samples of the lakes where ducks were nesting.
In 1992, two viruses were isolated from the samples from different lakes in Alaska,
where the same subtypes of influenza virus were isolated from ducks (Table 3). In
the summer of 1994, 7 viruses were isolated from lake water and out of these, 2
samples contained 10'# and 10*® EID_, per ml of water samples. In the autumn of
1994, after most ducks left for migration to south, virus isolation was carried out
from the water samples of the Big Minto Lake where the viruses were isolated in the
summer. Three viruses were isolated from the water samples. These results support
the notion that influenza viruses have been maintained in waterfowls by water-borne
transmission.

Phylogenetic analyses of influenza virus isolates

To investigate the flyways of waterfowls carrying influenza viruses, phylogenetic
analyses of the NP genes of 18 representative strains which were isolated in different
years in the different lakes in Alaska was performed. Figure 2 shows an evolutionary
tree constructed on the basis of partial sequences of the NP genes together with



Duck influenza viruses in Alaska

1167

Table 1. Isolation of influenza viruses from fecal samples of waterfowls
in Alaskain 1991-1994

Location Species No. of samples with virus/
total no. of samples tested
1991 1992 1993 1994
Lake Hood/Spenard Duck 0/302 241317 0/26 015
Goose 41197 0/39 072
Gull 0/3
Lake Cheney Duck 0/293 0/133 0/34
Goose 0/185 0/8 0/3
Potter Marsh Duck 0/1 0/18
Goose 0/130
Gull 0/4
Westchester Lagoon Duck 0/134
Goose 012
Lake Hanger Duck 0/44
Fairbanks Duck 0/156 0/116 0/54
Dunlin 0/7
Gull 0/3
Nenana Duck 14°/65 0/41 282
Delta Junction Duck 0/27
Denali Nat’l Park Duck 0/6
BigMintolake Duck 9149 147205 4428
Goose 0/9
Mallard Lake Duck 465103 7853 024
Goose 0/3
Heart Lake Duck 0/29 6//39
Canvasback Lake Duck 0/6
Corville Delta Duck 0/14
Goose 0/16
Swan 0/6
Prudhoe Bay Goose 0/69
Total 271585 48/994 21/376 12/165

No. of each antigenic subtype of the isolates is as follows: *3 HION7 and 1 HS8N2, ® 14 H3NS,
°7HIONT7,1HION2, and 1 HIONY, “1 H4 N6and 1 H10N7, 46 H4N6,T7 H3NS, 6 H4NG6, and

1 H7N3,27 H3NS, "2 H3N8, 4 H3N8, and '3 H3NS, 2 H4N6, 1 H2N3

those from GenBank. Although the sequence data of the recent isolates in old world
was not available, the present approach is valid because distinct lineages between the
genes of isolates from avian species in North America and Eurasia have been
demonstrated previously in several reports [4, 5, 7, 8, 15, 22]. The results showed
that the NP genes of the viruses isolated from ducks in Alaska belong to the North
American lineage of avian influenza viruses. These results suggest that waterfowls
carrying these viruses migrate through the Continent of North America to south
and not through Aleutian Islands to Asia.
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Table2. Antigeniccharacterization of influenza A virusisolates from fecal samples
of waterfowls in Alaska from 1991 to 1994

Number of influenza A viruses

Antigenic isolated in the following year Total
subtype

1991 1992 1993 1994
H2N3 1 1
H3N8 14 14 9 37
H4NG6 47 6 2 55
HN3 1 1
HEN2 1 1
HION2 1
HI10N7 10 1 1
HI10N9 1 1
Total 27 48 21 12 108

Table 3. Tsolation of influenza viruses from water samples of lakes in Alaska
in1992-199%4

No. of samples with virus/
total no. of samples tested

Location
1992 1993 1994 1994
summer summer summer antumn

Lake Hood/Spenard 1°/4 02

Lake Cheney 0/3 0/3

Potter Marsh 0/4

Westchester Lagoon 0/1

Lake Hanger 0/4

Fairbanks 0/5

BigMinto Lake 0/10 7¢13 3921

Mallard Lake 182 0/5 0/17

Heart Lake 0/5

Canvasback Lake 0/3

Corville Delta 0/1

Total 2/23 0/28 7/30 3/21

No. of each antigenic subtype of the isolates is as follows: * 1 HAN6,° 1 H4N6,°4 H3N8 and 3
H4N6,°2H3N8and 1 H7TN3

Discussion

Hinshaw et al. [13] demonstrated high incidence of infection of ducks in the
marshaling areas for their migratory flyway in Canada at the end of breeding season.
They suggested that it was probably due to large numbers of susceptible juvenile
birds in the areas. The present surveillance study of waterfowls in Alaska reveals
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that high incidence of virus infection of ducks has already occurred in the breeding
places of ducks. Continuous surveillance of influenza viruses in migratory birds in
Canada and USA showed that the frequency of virus isolation from migratory
ducks coming from northern territories in autumn was high (more than 20% of
juveniles), whereas those from south in spring was extremely low (less than 0.25%)
[34], suggesting that viruses are mainly supplied when they migrate to south. The
present results suggest that first amplification of the virus by juvenile birds has
already occurred in the breeding areas of waterfowls and the viruses were brought to
southern area by their migration.

The mechanism of perpetuation of influenza viruses in avian species year by year
has not been well understood. Influenza viruses were isolated from unconcentrated
lake water when migratory ducks are present [11]. In the present study, high titers of
the viruses were isolated from water samples of different lakes in the breeding areas
of ducks in northern high latitudes in summer (Lake Hood, Mallard lake and Big
Minto Lake). Furthermore, the viruses remained viable in the lake water after that
almost ducks left for migration to south. It is possible that influenza viruses are
preserved in frozen lake water during winter when ducks are absent and that ducks
coming back from south are infected with these viruses in spring. Survival of
influenza viruses in water is dependent on the virus strain and the salinity, pH, and
temperature of the water; at 17 °C some strains remain infectious for up to 207 days,
and at 4 °C they remain infectious for longer period [28, 29]. The major breeding
areas of ducks in Alaska located in high latitudes, 65-68 degrees north, near the
arctic regions. The lake water in this area is cold enough for viruses to survive for
longer period in autumn when ducks leave for migration to south. Therefore,
influenza viruses could be preserved in the frozen lake water while ducks are absent.

The phylogenetic analysis of the NP genes of influenza virus isolates from ducks
in Alaska showed that all of those analyzed belonged to the North American lineage
(Fig. 2). Therefore, these viruses were not supposed to be the gene sources of Hong
Kong pandemic strains. Alternatively, Bean et al. [4] suggested that A/duck/
Hokkaido/21/82 (H3N8) which was isolated from a migratory duck captured on the
Asian Pacific flyway in Japan bore the North American type HA gene. There are
other major breeding areas of waterfowls in west and south Alaska such as Yukon
Delta, Seward Peninsula, and St. Lawrence Island. The possibility that waterfowls
in these areas migrate to Asia through Aleutian Islands was retained. Phylogenetic
analysis of various virus isolates from waterfowls may make it possible to presume
the migratory flyways of host birds carrying influenza viruses.

Acknowledgements

This study was supported by Grants-in-Aid for Scientific Research 03041013 and 05044117 from
the Ministry of Education, Science and Culture, Japan and in part by Public Health Service
Research Grants AI-29680 and AI-33898 from the National Institute of Allergy and Infectious
Disease, by Cancer Center Support (CORE) Grant CA-21765, and by the American Lebanese
Syrian Associated Charities. We are grateful to R. M. Oates, R. King, S. McLean, and T. Heuer
(the U.S. Fish and Wildlife Service), J. M. Wright, and C. A. Smith (the Alaska Department of Fish
and Game) for their kind cooperation for the present surveillance study. We thank Hiroki
Takakuwa and Ayako Shimizu for technical assistance.



10.

11.

12

13.

14.

15.

16.

17.

18.

19.

Duck influenza viruses in Alaska 1171

References

Alexander DJ (1986) Avian diseases-historical aspects. In: Proceedings of the 2nd Inter-
national Symposium on avian Influenza, Richmond, Va, 1986. U.S. Animal Health Asso-
ciation, pp4-13

Aymard-Henry M, Coleman MT, Dowdle WR, Laver WG, Schild GC, Webster RG (1973)
Influenza virus neuraminidase and neuraminidase-inhibition test procedures. Bull World
Health Organ48:199-202

Bean WJ, Kawaoka Y, Wood JM, Pearson JE, Webster RG (1985) Characterization of
virulent and avirulent A/Chicken/Pennsylvania/83 influenza A viruses: potential role of
defective interfering RNAs in nature. J Virol 54: 151-160

Bean W, Schell M, KatzJ, Kawaoka Y, Neave C, Gorman O, Webster RG (1992) Evolution
of the H3 influenza virus hemagglutinin from human and nonhuman hosts. J Virol 66:
1129-1138

DonisRO, Bean W], Kawaoka Y, Webster RG (1989) Distinct lineages of influenza virus H4
hemagglutinin genes in different regions of the world. Virology 169: 408417

Easterday BC, Couch RB (1975) Animal influenza: its significance in human infection—
summary of influenza workshop V1. J Infect Dis 131: 602-612

Gorman OT, Bean WJ, Kawaoka Y, Webster RG (1990) Evolution of the nucleoprotein gene
of influenza A virus. J Virol 64: 1487--1497

Gorman OT, Donis RO, Kawaoka Y, Webster RG (1990) Evolution of influenza A virus PB2
genes: implications for evolution of the ribonucleoprotein complex and origin of human
influenza A virus. J Virol 64: 4893 -4902

Guo Y, Wang M, Kawaoka Y, Gorman OT, Ito T, Saito T, Webster RG (1992) Character-
ization of a new avian-like influenza A virus from horses in China. Virology 188: 245-255
Halvorson D, Karunakran D, Senne D, Kelleher C, Bailey C, Abraham A, Hinshaw VS,
Newman J (1993) Epizootiology of avian influenza-simultaneous monitoring of sentinel ducks
and turkeys in Minnesota. Avian Dis 27: 77-85

Hinshaw VS, Webster RG, Turner B (1980) The perpetuation of orthomyxoviruses and
paramyxoviruses in Canadian waterfowl. Can J Microbiol 26: 622629

Hinshaw VS, Bean WJ, Webster RG, Rehg JE, Fiorelli P, Early JR, Geraci JR, St Aubin DJ
(1984) Are seals frequently infected with avian influenza viruses ?J Virol 51: 863-865
Hinshaw VS, Wood JM, Webster RG, Deibel R, Turner B (1985) Circulation of influenza
viruses and paramyxoviruses in waterfowl originating from two different areas of North
America. Bull World Health Organ 63: 711-719

Hinshaw VS, Bean WJ, Geraci JR, Fiorelli P, Early G, Webster RG (1986) Characterization of
two influenza A viruses from a pilot whale. J Virol 58: 655 656

Ito T, Gorman OT, Kawaoka Y, Bean WJ, Webster RG (1991) Evolutionary analysis of the
influenza A virus M gene with comparison of the M1 and M2 proteins. J Virol 65: 5491-5498
KawaokaY, Krauss S, Webster RG (1989) Avian-to-human transmission of the PB1 gene of
influenza A virusin the 1957 and 1968 pandemics. J Virol 63: 46034608

KidaH, Yanagawa R (1979) Isolation and characterization of influenza A viruses from wild
free-flying ducks Hokkaido, Japan. Zentralbl Bakteriol Mikrobiol Hyg I Abt Orig A 244:
135-143

Kida H, Kawaoka Y, Neave CW, Webster RG (1987) Antigenic and genetic conservation of
H3 influenza virus in wild ducks. Virology 159: 109-119

Kida H (1993) Avian influenza virus as the origin of human pandemic strains. In: Proceedings
of the Third International Symposium on Avian Influenza, Madison, Wis, 1992, University of
Wisconsin-Madison, pp 85-97

Klingeborne B, Englund RR, Juntti N, Rockborn G (1985) An avian influenza A virus killing
amammalian species —the mink. Arch Virol 86:347-351



1172 T.Itoet al.: Duck influenza viruses in Alaska

21

22.

23,

24,

25.

26.

27.
28.

29.

30.

3L

32.

33.

35.

36.

Lever WG, Webster RG (1973) Studies on the origin of pandemic influenza I11. Evidence
implicating duck and equine influenza viruses as possible progenitors of the Hong Kong strain
of human influenza. Virology 51:383-391

Saito T, Kawaoka Y, Webster RG (1993) Phylogenetic analysis of the N8 neuraminindase gene
of influenza A viruses. Virology 193: 868--876

Saitou M, Nei M (1987) The neighbour-joining method: a new method for reconstructing
phylogenic trees. Mol Biol Evol 4: 406—-425

Scholtissek C, Rohde W, von Hoyningen V, Rott R (1978) On the origin of the human
influenza virus subtypes H2N2 and H3N2. Virology §7: 13-20

Scholtissek C, Burger H, Bachmann PA, Honnoun C (1983) Genetic relatedness of
hemaggiutinin of the H1 subtype of influenza A virusesisolated from swine and birds. Virology
129:521-523

Sever JL{1962) Application of a microtechnique to viral serological investigations. J Immunol
88:320--329

Shortridge KF, Stuart-Harris CH (1982) An influenza epicentre? Lancet ii: 812-813
Stallknecht DE, Kearney MD, Shane SM, Zwank PJ (1990) Effects of pH, temperature, and
salinity on persistence of avian influenza viruses in water. Avian Dis 34:412-413

Stallknecht DE, Shane SM, Kearney MD, Zwank PJ (1990) Persistence of avian influenza
viruses in water. Avian Dis 34: 406-411

Webster RG, Laver WG (1972) Studies on the origin of pandemic influenza I. Antigenic
analysis of A2 influenza viruses isolated before and after the appearance of Hong Kong
influenza using antisera to the isolated hemagglutinin subunits. Virology 48: 433444
Webster RG, Laver RG (1975) Antigenic variation of influenza viruses. In: Kilbourne ED (ed)
The influenza viruses and influenza. Academic Press, New York, pp 269-314

Webster RG, Geraci IR, Petursson G, Skirnsson K (1981) Conjuctivitis in human beings
caused by influenza A virus of seals. New EnglJ Med 304: 911

Webster RG, Hinshaw VS, Bean WJ, Van Wyke KL, GeraciJR, St Aubin DJ, Petursson G
(1981) Characterization of an influenza A virus from seals. Virology 113: 712724

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

YasudaJ, Shortridge KF, Shimizu Y, Kida H (1991) Molecular evidence for a role of domestic
ducks in the introduction of avian H3 influenza viruses to pigs in southern China, where the A/
Hong Kong/68(H3N2) strain emerged. J Gen Virol 72: 20072010

Yoshii M, Kanouchi T (1979) Migratory birds. Tokai University Press, Tokyo, Japan, p38(in
Japanese)

Authors’ address: Dr. H. Kida, Department of Veterinary Hygiene and Microbiology, School

of Veterinary Medicine, Hokkaido University, Sapporo 060, Japan

Received February 16, 1995



