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Background Wild birds are the natural hosts for influenza A

viruses (IAVs) and provide a niche for the maintenance of this

virus.

Objectives This study was undertaken to analyze nucleotide

sequences of the matrix (M) gene of AIVs isolated from wild

birds and live bird markets (LBMs) to index the changes

occurring in this gene.

Methods M-gene of 229 avian influenza virus (AIV) isolates

obtained from wild birds and LBMs was amplified and sequenced.

Full-length sequences (�900 nt.) thus obtained were analyzed to

identify changes that may be associated with resistance to

adamantanes. Phylogenetic analysis of all sequences was

performed using clustalw, and evolutionary distances were

calculated by maximum composite likelihood method using MEGA

(ver. 5.0) software.

Results Twenty-seven different viral subtypes were represented

with H3N8 being the most dominant subtype in wild birds and

H7N2 being the predominant subtype among isolates from LBMs.

Phylogenetic analysis of the M-gene showed a high degree of

nucleotide sequence identity with US isolates of AIVs but not

with those of Asian or European lineages. While none of the

isolates from wild birds had any antiviral resistance–associated

mutations, 17 LBM isolates carried polymorphisms known to

cause reduced susceptibility to antiviral drugs (adamantanes). Of

these 17 isolates, 16 had S31N change and one isolate had V27A

mutation.

Conclusions These results indicate independent evolution of

M-gene in the absence of any antiviral drugs leading to mutations

causing resistance indicating the need for continued active

surveillance of AIVs.
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Introduction

Wild birds, belonging to the order Anserifomes (ducks,

geese, and swans), are the natural reservoirs and historic

source of all influenza A viruses (IAVs).1,2 They harbor all

known hemagglutinin (HA) and neuraminidase (NA) sub-

types, and at least 103 of the possible 144 combinations of

HA and NA have been found in them.3,4 These viruses are

generally non-pathogenic to wild birds but can cause sig-

nificant morbidity and mortality in domesticated birds and

occasionally in humans.5,6

The genome of IAVs consists of eight segments of single-

stranded, negative-sense RNA encoding for 11 proteins.7

Each segment encodes one protein except for the matrix

(M), non-structural (NS), and PB-1 genes, each of which

encodes two proteins.8 Of the two proteins encoded by the

matrix gene, M1 is important in initiating progeny virus

assembly, while M2, an integral membrane protein, acts as

a multifunctional ion channel and has a role in virus entry

as well as in virus assembly and budding.9

The avian influenza virus (AIV) in wild birds is main-

tained for a long time, and the infection rate can be as high

as 30%.10 One important method of virus transfer from

one to the other host is live bird markets (LBMs) where

these birds come in close contact with domestic poultry

and provide an easy route for their dissemination into the

human population through the food chain. Live bird mar-

kets provide an ideal environment, whereby several avian
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species captured from different sources come together. In

the past, LBMs have been linked with outbreak of many

diseases, as these markets are the major contact point

between humans and live animals and provide optimal

conditions for the zoonotic transfer of pathogens.11,12 In

fact, recent outbreaks of influenza in commercial poultry

and humans have been linked to birds in LBMs.13,14 Con-

tinual movement of birds into and out of LBMs provides

opportunities for introduction and dissemination of

AIVs,15 which necessitates continuous surveillance of these

markets to monitor the evolutionary changes in the AIV

subtypes.

As virus control measures are difficult to implement in the

wild, understanding the ecology of AIV in its natural host is

important to develop strategies to control or prevent out-

breaks in domestic poultry and humans.16,17 Despite the

importance of gene pool of AIVs in wild birds and the

potential that pandemic strains can evolve from viruses from

wild birds, knowledge about this gene pool is limited.18

Vaccination is the primary method to control influenza

infections in humans, but antiviral agents have also been

developed to treat infections. Two classes of antiviral drugs,

the M2 channel inhibitors (amantadine and rimantadine)

and neuraminidase inhibitors (zanamivir and oseltamivir),

are available for treatment of human influenza.19 Adaman-

tanes were the first class of antiviral drugs approved for

treatment of human influenza. Unfortunately, their wide-

spread use has led to the emergence of antiviral resistance

against this class of drugs. According to one estimate, >60%

of human H3N2 and >90% avian H5N1 viruses are resis-

tant to this drug.20,21 So far, five mutations, for example,

single amino acid substitutions at positions 26, 27, 30, 31,

and 34, have been shown to be responsible for resistance to

adamantanes.22 All these mutations are located on the M2

protein, in helix–helix packing interface of the protein.23

The most commonly observed mutation is at position 31

leading to change from serine to asparagine (S31N).22

From an evolutionary point of view, IAVs are broadly

divided into two lineages: North American and Eurasian.

Genetic diversity of HA and NA sequences of isolates from

wild birds has been well established24,25, but studies on the

allelic variation among internal proteins such as the M-

gene are scarce. It has been suggested that the M-gene is

highly conserved and that it has evolved into host-specific

lineages.26,27 Recent studies have suggested that migratory

birds might play an important role in the spread of highly

pathogenic avian influenza (HPAI) viruses.1,28 This necessi-

tates continuing surveillance of AIV evolution in its natural

host so that information on the emerging HPAI and poten-

tial human pandemic strains can be obtained.

This study was undertaken to compare nucleotide

sequences of the matrix gene of IAVs from wild birds and

those from LBMs to index the extent of allelic variations in

this segment as well as identify any changes that might be

associated with antiviral drug resistance. In this study, we

sequenced M-gene as amino acid changes in this gene can

significantly impact the pathogenesis and host range of AIV

infection.

Materials and methods

Virus isolation and subtyping
Avian influenza virus isolates were obtained from the Uni-

versity of Georgia, Athens, GA, USA. All AIVs were isolated

from cloacal swabs of wild birds collected during 2007–

2008. Virus isolation was carried out by inoculation of

embryonated chicken eggs via the allantoic route. Real-time

RT-PCR29 was used to confirm the presence of AIVs in

harvested allantoic fluids, and viral subtyping was carried

out using the previously published methods.30,31 The AIV

isolates from LBMs (n = 128) were purchased from the

National Veterinary Services Laboratory (NVSL), Ames,

Iowa. All AIVs were isolated from samples collected from

LBMs located in northeastern United States during 1994–

2004 and were subtyped at NVSL.

RT-PCR and nucleotide sequencing of M-gene
Viral RNA was extracted from infected allantoic fluids

using QIAamp Viral RNA extraction kit (Qiagen, Valencia,

CA, USA). RT-PCR was performed to amplify the entire

open reading frame of M-gene, using previously described

primers.32 The reaction conditions were as follows: initial

reverse transcription step at 50�C for 30 minutes followed

by initial denaturation at 95�C for 15 minutes, 35 cycles of

denaturation at 94�C for 30 seconds, annealing at 43�C for

30 seconds, and extension at 72�C for 7 minutes, and a

final extension step at 72�C for 10 minutes. The PCR prod-

ucts were separated by electrophoresis on 1Æ2% agarose gel

and purified using PCR product purification kit (Qiagen).

Purified products were submitted to the University of Min-

nesota’s Advanced Genomic Analysis Center (AGAC) for

sequencing. Both strands (forward and reverse) were

sequenced using the primers used for amplification. To

obtain full-length sequence, forward and reverse sequences

of a given isolate were aligned using sequencer (ver 4Æ8)

software (Gene Codes, Ann Arbor, MI, USA).

Phylogenetic analysis
The nucleotide sequences of all isolates were aligned by

clustalW (Tempe, AZ, USA), and evolutionary distances

were calculated by maximum composite likelihood method

using MEGA ver 5.0 (www.megasoftware.net) software.33.

Phylogenetic tree was constructed by aligning nucleotide

sequences of all isolates with reference sequences obtained

from GenBank, using the neighbor-joining (NJ) method

and bootstrap analysis (500 replicates).
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Antiviral resistance
Sequences were analyzed using annotation tools available at

http://www.ncbi.nlm.nih.gov, to identify any antiviral drug

resistance–associated mutations in the M-gene.

Results

Amplification of M-gene
In this study, matrix gene of 229 AIV isolates was amplified

and sequenced. In total, 27 different combinations of HA

and NA subtypes were identified, with H3N8 being the

dominant subtype from wild birds and H7N2 from LBMs.

List of subtypes isolated from different hosts is listed in

Table 1. A sequence of approximately 900 nucleotides (nt)

in length, encoding for two proteins, that is, M1 (26–

784 nt) and M2 (26–51, 740–1000) for each isolate was

obtained. No insertions or deletions were observed in any

of the sequences.

Phylogenetic analysis of M-gene
Phylogenetic analysis showed that M-gene from all isolates

in this study belonged to North American avian lineage

(Figure 1). Within this lineage, all isolates were divided

into two major groups, I and II, with most of the isolates

belonging to group I with nucleotide homology between

the isolates ranging from 93% to 100%. There was no dis-

tribution of isolates in the phylogenetic tree on the basis of

host, year of isolation, or subtype. All AIVs in the sublin-

eages I and II clustered with other AIVs of North American

avian-like lineage separate from those of Eurasian avian

lineage (Figure 1).

Analysis of the M1 and M2 protein sequences
For further analysis of M-gene, amino acid sequences of

M1 and M2 proteins were analyzed separately. The pre-

dicted amino acid sequences of M1 and M2 proteins were

compared with that of A ⁄ turkey ⁄ Canada ⁄ 1963(H6N8)

(GU052877). For M1, a region between amino acids 10–

252, and for M2, a region between amino acids 10–92, was

analyzed. Phylogenetic analysis of M-gene on the basis of

amino acid sequences showed considerable difference from

that done on the basis of nucleotide sequences. Phyloge-

netic analysis on the basis of M1 and M2 amino acid

sequences showed little variation among different lineages

as compared to nucleotide-based tree, and there were few

sublineages (Figures 2 and 3).

Comparison of predicted amino acid sequence of M1

protein from all isolates with the reference sequence [A ⁄ tur-

key ⁄ Canada ⁄ 1963(H6N8); GU052877] and substitutions at

16 amino acid positions were observed over a span of 230

amino acid residues, with 1–2 substitutions per sequence

(Table 2). In contrast to M1 protein, more variation was

observed in M2 protein with substitutions observed at 26

positions as compared to the reference sequence (Table 2).

Most of the isolates had one or two substitutions over a

span of 70 amino acids. Most of the amino acid changes

were observed in LBM isolates as compared to WB isolates.

Antiviral resistance
All sequences were analyzed using the annotation tools

available online, to determine any mutations that might

confer resistance to adamantanes. While none of the wild

bird isolates had any mutation, 17 of the 128 isolates from

LBMs (13Æ3%) were found to have mutations that are

known to confer adamantine resistance. Of these 17

isolates, 16 had S31N change and one isolate had V27A

mutation (Table 2).

Table 1. List of avian influenza virus subtypes isolated from live

bird markets (LBMs) and wild birds

Source Species Subtype

Live bird

markets

Unknown avian

species (n = 50)*

H5N2 (6*); H5N8 (1);

H7N2 (43)

Chicken (n = 48)

Gallus gallus domesticus

H2N2 (14); H7N2 (34)

Duck (n = 8) H2N2 (1); H2N3 (1);

H5N2 (1); H7N2 (5)

Environment (n = 3) H2N2 (1); H7N2 (2)

Guinea fowl (n = 11) H2N2 (5); H2N3 (1);

H7N2 (5)

Quail (n = 2) H7N2 (2)

Turkey (n = 5)

Meleagris gallopavo

H7N2 (5)

Waterfowl (n = 1) H7N2 (1)

Total 128

Wild birds Blue-winged teal

(n = 9)

Anas discors

H3N8 (3); H4N5 (1); H4N6 (1);

H4N8 (4)

Green-winged

teal (n = 4)

Anas crecca

H6N2 (2); H6N8 (1); H11N9 (1)

Northern shoveler

(n = 22)

Anas clypeata

H1N1 (2); H3N1 (1); H3N8 (16);

H4N4 (1); H4N6 (1); H8N4 (1)

Mallard (n = 65)

Anas platyrhynchos

H1N1 (3); H1N3 (1); H1N9 (1);

H2N3 (1); H3N4 (1); H3N6 (1);

H3N8 (24); H4N6 (5); H4N8 (4);

H6N1 (3); H6N2 (1); H6N8 (1);

H8N4 (9); H10N6 (1); H10N3 (2);

H10N7 (4); H11N2 (1); H11N9 (1);

H12N9 (1)

Ruddy-turnstone

(n = 1)

Arenaria interpres

H3N2 (1)

Total 101

Grand total 229

*Numbers in parenthesis indicate number of isolates.

Matrix gene of influenza A viruses
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 A/avian/New York/Sg-00403/2003(H7N2) (CY053459)
 A/avian/New York/Sg-00404/2003(H7N2) (CY053460)
 A/avian/New York/Sg-00428/2004 (H7N2) (CY055136)
 A/avian/New York/Sg-00411/2003(H7N2) (CY053464)
 A/avian/New York/Sg-00417/2003 (H7N2) (CY055130)
 A/avian/New York/Sg-00405/2003(H7N2) (CY053461)
 A/avian/New York/Sg-00419/2003 (H7N2) (CY055132)
 A/avian/New York/Sg-00407/2003(H7N2) (CY053462)
 A/chicken/New York/Sg-00416/2003 (H7N2) (CY055129)
 A/avian/New York/Sg-00410/2003(H7N2) (CY053463)
 A/chicken/New York/16326-4/2005(H7N2) (CY029834)
 A/environment/New York/3181-2/2006(H7N2) (CY034736)
 A/guinea fowl/New York/19501-4/2006(H7N2) (CY028597)
 A/avian/New York/Sg-00420/2003 (H7N2) (CY055133)
 A/avian/New York/Sg-00396/2002(H7N2) (CY053457)
 A/avian/New York/Sg-00397/2002(H7N2) (CY053458)
 A/guinea fowl/Massachusetts/Sg-00390/2002(H7N2) (CY053453)
 A/avian/New York/Sg-00398/2002 (H7N2) (CY055128)
 A/mallard/Minnesota/Sg-00202/2007(H3N8) (CY048688)
 A/avian/New York/Sg-00347/2000(H7N2) (CY053431)
 A/chicken/New York/Sg-00383/2001(H7N2) (CY053450)
 A/avian/New York/Sg-00360/2001(H7N2) (CY048763)
 A/avian/New York/Sg-00361/2001(H7N2) (CY048764)
 A/chicken/New Jersey /Sg-00341/2000(H7N2) (CY053425)
 A/avian/New York/Sg-00344/2000(H7N2) (CY053428)
 A/avian/New York/Sg-00357/2001(H7N2) (CY053437)
 A/quail/New Jersey /Sg-00342/2000(H7N2) (CY053426)
 A/avian/New York/Sg-00371/2001(H7N2) (CY053441)
 A/avian/New York/Sg-00362/2001(H7N2) (CY053438)
 A/avian/New York/Sg-00368/2001(H7N2) (CY053440)
 A/avian/New York/Sg-00348/2000(H7N2) (CY053432)
 A/avian/New York/Sg-00353/2000(H7N2) (CY053434)
 A/avian/New York/Sg-00351/2000(H7N2) (CY053433)
 A/avian/New York/Sg-00354/2000(H7N2) (CY053435)
 A/avian/New York/Sg-00365/2001(H7N2) (CY053439)
 A/avian/New York/Sg-00376/2001(H7N2) (CY053443)
 A/chicken/New Jersey /Sg-00380/2001(H7N2) (CY053447)
 A/chicken/New Jersey /Sg-00379/2001(H7N2) (CY053446)
 A/guinea fowl/New Jersey /Sg-00382/2001(H7N2) (CY053449)
 A/mallard/Minnesota/Sg-00171/2007(H4N6) (CY048666)
 A/mallard/Minnesota/Sg-00190/2007(H3N8) (CY048682)
 A/chicken/New Jersey /Sg-00340/2000(H7N2) (CY053424)
 A/blue-winged teal/Louisiana/Sg-00165/2007(H4N6) (CY048658)
 A/green-winged teal/Minnesota/Sg-00197/2007(H6N8) (CY048686)
 A/avian/New York/Sg-00343/2000(H7N2) (CY053427)
 A/blue-winged teal/Texas/Sg-00188/2007(H4N8) (CY048680)
 A/avian/New York/Sg-00338/1999(H7N2) (CY053422)
 A/mallard/Minnesota/Sg-00185/2007(H3N6) (CY048677)
 A/mallard/Minnesota/Sg-00184/2007(H3N8) (CY048676)
 A/avian/New York/Sg-00337/1999(H7N2) (CY053421)
 A/mallard/Minnesota/Sg-00179/2007(H11N9) (CY048673)
 A/blue-winged teal/Texas/Sg-00173/2007(H4N8) (CY048669)
 A/mallard/Minnesota/Sg-00176/2007(H4N6) (CY048670)
 A/avian/New York/Sg-00339/2000(H7N2) (CY053423)
 A/green-winged teal/Minnesota/Sg-00180/2007(H6N2) (CY048674)
 A/chicken/New York/Sg-00305/1998(H7N2) (CY048746)
 A/chicken/New York/Sg-00306/1998(H7N2) (CY048747)
 A/chicken/New York/Sg-00298/1997(H7N2) (CY048739)
 A/avian/New York/Sg-00363/2001(H7N2) (CY048765)
 A/mallard/Minnesota/Sg-00200/2007(H3N8) (CY048687)
 A/avian/New York/Sg-00345/2000(H7N2) (CY053429)
 A/avian/New York/Sg-00366/2001(H7N2) (CY048767)
 A/avian/New York/Sg-00359/2001(H7N2) (CY048762)
 A/mallard/Minnesota/Sg-00210/2007(H4N6) (CY048689)
 A/avian/New York/Sg-00355/2000(H7N2) (CY053436)
 A/avian/New York/Sg-00364/2001(H7N2) (CY048766)
 A/avian/New York/Sg-00370/2001(H7N2) (CY048769)
 A/avian/New York/Sg-00346/2000(H7N2) (CY053430)
 A/avian/New York/Sg-00378/2001(H7N2) (CY053445)
 A/environment/New Jersey /Sg-00393/2002(H7N2) (CY053454)
 A/avian/New York/Sg-00375/2001(H7N2) (CY053442)
 A/chicken/New York/Sg-00381/2001(H7N2) (CY053448)
 A/chicken/New York/Sg-00386/2001(H7N2) (CY053451)
 A/turkey /New Jersey /Sg-00312/1998(H7N2) (CY048752)
 A/chicken/New Jersey /Sg-00311/1998(H7N2) (CY048751)
 A/quail/New Jersey /Sg-00318/1998(H7N2) (CY048758)
 A/duck/New York/Sg-00310/1998(H7N2) (CY048750)
 A/avian/New York/Sg-00322/1999(H7N2) (CY048760)
 A/waterfowl/New Jersey /Sg-00316/1998(H7N2) (CY048756)
 A/chuckar/New Jersey /Sg-00317/1998(H7N2) (CY048757)
 A/environment/Pennsy lvania/Sg-00321/1998(H7N2) (CY048759)
 A/chicken/New Jersey /Sg-00313/1998(H7N2) (CY048753)
 A/chicken/New York/Sg-00307/1998(H7N2) (CY048748)
 A/chicken/New York/Sg-00308/1998(H7N2) (CY048749)
 A/duck/New Jersey /Sg-00315/1998(H7N2) (CY048755)
 A/avian/New York/Sg-00323/1999(H7N2) (CY048761)
 A/chicken/New Jersey /Sg-00304/1997(H7N2) (CY048745)
 A/chicken/New Jersey /Sg-00314/1998(H7N2) (CY048754)
 A/chicken/New York/Sg-00285/1996(H7N2) (CY048728)
 A/chicken/New York/Sg-00288/1996(H7N2) (CY048731)
 A/guinea fowl/New York/Sg-00272/1995(H2N2) (CY048715)
 A/chicken/New Jersey /Sg-00276/1995(H2N2) (CY048719)
 A/chicken/New Jersey /Sg-00268/1995(H2N2) (CY048711)
 A/duck/New Jersey /Sg-00266/1995(H2N2) (CY048709)
 A/guinea fowl/New York/Sg-00262/1995(H2N2) (CY048705)
 A/guinea fowl/New York/Sg-00278/1995(H2N2) (CY048721)
 A/guinea fowl/New Jersey /Sg-00265/1995(H2N2) (CY048708)
 A/chicken/New Jersey /Sg-00267/1995(H2N2) (CY048710)
 A/turkey /New York/Sg-00263/1995(H7N2) (CY048706)
 A/chicken/New York/Sg-00256/1994(H2N2)(CY048699)
 A/chicken/New York/Sg-00303/1997(H2N2) (CY048744)
 A/chicken/New York/Sg-00289/1996(H2N2) (CY048732)
 A/chicken/New York/Sg-00301/1997(H2N2) (CY048742)
 A/chicken/New Jersey /Sg-00264/1995(H2N2) (CY048707)
 A/chicken/New York/Sg-00293/1996(H2N2) (CY048735)
 A/chicken/New York/Sg-00260/1995(H2N2) (CY048703)
 A/chicken/New York/Sg-00273/1995(H2N2) (CY048716)
 A/guinea fowl/New York/Sg-00302/1997(H2N2) (CY048743)
 A/avian/New York/Sg-00387/2002(H5N2) (CY053452)
 A/mallard/Ohio/298/1987 (H4N6)
 A/turkey /New York/Sg-00255/1994(H7N2) (CY048698)
 A/duck/New York/Sg-00259/1994(H7N2) (CY048702)
 A/chicken/New York/Sg-00254/1994(H7N2) (CY048697)
 A/guinea fowl/New York/Sg-00257/1994(H7N2) (CY048700)
 A/chicken/New York/Sg-00270/1995(H7N2) (CY048713)
 A/chicken/New York/Sg-00274/1995(H7N2) (CY048717)
 A/chicken/Rhode Island/Sg-00282/1996(H7N2) (CY048725)
 A/chicken/New York/Sg-00279/1995(H7N2) (CY048722)
 A/chicken/New York/Sg-00261/1995(H7N2) (CY048704)
 A/turkey /New York/Sg-00284/1996(H7N2) (CY048727)
 A/guinea fowl/New York/Sg-00271/1995(H7N2) (CY048714)
 A/chicken/New York/Sg-00277/1995(H7N2) (CY048720)
 A/chicken/New Jersey /Sg-00275/1995(H7N2) (CY048718)
 A/guinea fowl/New York/Sg-00283/199(H7N2) (CY048726)
 A/chicken/New Jersey /Sg-00292/1996(H7N2) (CY048734)
 A/chicken/New Jersey /Sg-00280/1995(H7N2) (CY048723)
 A/chicken/New York/Sg-00299/1997(H7N2) (CY048740)
 A/chicken/New York/Sg-00300/1997(H2N2) (CY048741)
 A/chicken/New Jersey /Sg-00295/1996(H7N2) (CY048737)
 A/chicken/New York/Sg-00294/1996(H7N2) (CY048736)
 A/chicken/New York/Sg-00281/1996(H7N2) (CY048724)
 A/duck/New York/Sg-00291/1996(H7N2) (CY048733)
 A/duck/New Jersey /Sg-00286/1996(H7N2) (CY048729)
 A/turkey /New Jersey /Sg-00287/1996(H7N2) (CY048730)
 A/turkey /Canada/1963(H6N8) (GU052877)
 A/northern shoveler/Ohio/454/1987 (H3N8)
 A/guinea fowl/New Jersey /Sg-00296/1996(H2N3) (CY048738)
 A/northern shoveler/Minnesota/Sg-00651/2008(H1N1) (CY048848)
 A/northern shoveler/Minnesota/Sg-00655/2008(H1N1) (CY048855)
 A/mallard/Minnesota/Sg-00628/2008(H1N1) (CY048815)
 A/mallard/Minnesota/Sg-00627/2008(H1N1) (CY048813)
 A/northern shoveler/Minnesota/Sg-00661/2008(H3N1) (CY048865)
 A/northern pintail/Alberta/11701/2005 (H3N8)
 A/mallard/Minnesota/Sg-00630/2008(H10N7) (CY048817)
 A/mallard/Minnesota/Sg-00168/2007(H3N8) (CY048663)
 A/mallard/Minnesota/Sg-00169/2007(H3N8) (CY048664)
 A/chicken/Pennsy lvania/1370/1983(H5N2)
 A/chicken/MA/11801/1986(H5N2)
 A/duck/Pennsy lvania/Sg-00269/1995(H2N3) (CY048712)
 A/mallard/Alberta/300/1977 (H4N3)
 A/mallard/Minnesota/Sg-00182/2007(H6N1) (CY048675)
 A/mallard/Minnesota/Sg-00214/2007(H6N1) (CY048693)
 A/mallard/Minnesota/Sg-00170/2007(H6N1) (CY048665)
 A/mallard/Minnesota/Sg-00167/2007(H6N1) (CY048661)
 A/northern pintail/Interior Alaska/8MP0262R2/2008(H7N3)
 A/chicken/New Jersey /Sg-00258/1994(H7N3) (CY048701)
 A/avian/New York/Sg-00377/2001(H5N2) (CY053444)
 A/avian/New York/Sg-00369/2001(H5N2) (CY048768)
 A/duck/New York/Sg-00373/2001(H5N2) (CY048771)
 A/blue-winged teal/Ohio/101/1993 (H11N9)
 A/northern shoveler/Minnesota/Sg-00664/2008(H3N8) (CY048871)
 A/northern shoveler/Minnesota/Sg-00671/2008(H3N8) (CY048882)
 A/northern shoveler/Minnesota/Sg-00662/2008(H3N8) (CY048867)
 A/northern shoveler/Minnesota/Sg-00658/2008(H3N8) (CY048860)
 A/northern shoveler/Minnesota/Sg-00656/2008(H3N8) (CY048857)
 A/northern shoveler/Minnesota/Sg-00654/2008(H3N8) (CY048853)
 A/northern shoveler/Minnesota/Sg-00653/2008(H3N8) (CY048851)
 A/northern shoveler/Minnesota/Sg-00652/2008(H3N8) (CY048850)
 A/blue-winged teal/Minnesota/Sg-00650/2008(H3N8) (CY048846)
 A/blue-winged teal/Minnesota/Sg-00649/2008(H3N8) (CY048844)
 A/northern shoveler/Minnesota/Sg-00645/2008(H3N8) (CY048836)
 A/mallard/Minnesota/Sg-00644/2008(H3N8) (CY048834)
 A/mallard/Minnesota/Sg-00643/2008(H3N8) (CY048832)
 A/mallard/Minnesota/Sg-00640/2008(H3N8) (CY048827)
 A/mallard/Minnesota/Sg-00639/2008(H3N8) (CY048825)
 A/mallard/Minnesota/Sg-00638/2008(H3N8) (CY048824)
 A/mallard/Minnesota/Sg-00637/2008(H3N8) (CY048823)
 A/mallard/Minnesota/Sg-00634/2008(H3N8) (CY048821)
 A/mallard/Minnesota/Sg-00162/2007(H1N3) (CY048655)
 A/mallard/Minnesota/Sg-00633/2008(H3N8) (CY048820)
 A/mallard/Minnesota/Sg-00641/2008(H3N8) (CY048829)
 A/northern shoveler/Minnesota/Sg-00667/2008(H3N8) (CY048875)
 A/northern shoveler/Minnesota/Sg-00668/2008(H3N8) (CY048877)
 A/northern shoveler/Minnesota/Sg-00659/2008(H3N8) (CY048862)
 A/northern shoveler/Minnesota/Sg-00670/2008(H3N8) (CY048880)
 A/northern shoveler/Minnesota/Sg-00663/2008(H3N8) (CY048869)
 A/northern shoveler/Minnesota/Sg-00669/2008(H3N8) (CY048879)
 A/northern shoveler/Minnesota/Sg-00660/2008(H3N8) (CY048864)
 A/mallard/Minnesota/Sg-00191/2007(H3N8) (CY048683)
 A/blue-winged teal/Louisiana/Sg-00189/2007 (H3N6) (CY048681)
 A/mallard/Minnesota/Sg-00187/2007(H11N2) (CY048679)
 A/northern shoveler/Minnesota/Sg-00646/2008(H4N4) (CY048838)
 A/northern shoveler/Minnesota/Sg-00648/2008(H8N4) (CY048842)
 A/green-winged teal/Minnesota/Sg-00213/2007(H11N9) (CY048692)
 A/mallard/Minnesota/Sg-00693/2008(H4N6) (CY048920)
 A/northern shoveler/Minnesota/Sg-00647/2008(H4N6) (CY048840)
 A/mallard/Minnesota/Sg-00694/2008(H4N6) (CY048921)
 A/mallard/Minnesota/Sg-00688/2008(H8N4) (CY048914)
 A/mallard/Minnesota/Sg-00690/2008(H8N4) (CY048917)
 A/mallard/Minnesota/Sg-00689/2008(H8N4) (CY048916)
 A/mallard/Minnesota/Sg-00684/2008(H8N4) (CY048908)
 A/mallard/Minnesota/Sg-00682/2008(H8N4) (CY048904)
 A/mallard/Minnesota/Sg-00681/2008(H8N4) (CY048902)
 A/mallard/Minnesota/Sg-00678/2008(H8N4) (CY048896)
 A/mallard/Minnesota/Sg-00675/2008(H8N4) (CY048890)
 A/mallard/Minnesota/Sg-00673/2008(H8N4) (CY048886)
 A/mallard/Minnesota/Sg-00680/2008(H3N4) (CY048900)
 A/mallard/Minnesota/Sg-00177/2007(H12N9) (CY048671)
 A/mallard/Minnesota/Sg-00172/2007(H10N6) (CY048668)
 A/mallard/Minnesota/Sg-00178/2007(H10N3) (CY048672)
 A/mallard/Minnesota/Sg-00186/2007(H1N9) (CY048678)
 A/mallard/Minnesota/Sg-00217/2007(H1N1) (CY048694)
 A/mallard/Minnesota/Sg-00692/2008(H2N3) (CY048919)
 A/muscovy  duck/New York/21211-5/2005(H1N1) (CY029842)
 A/unknown/New Jersey /456488/2006(H5N8) (GU049974)
 A/avian/Colorado/456648/2006(H5N8) (GQ923236)
 A/chicken/Pennsy lvania/Sg-00426/2004 (CY055134)
 A/chicken/Pennsy lvania/Sg-00427/2004 (CY055135)
 A/blue-winged teal/Texas/Sg-00212/2007(H4N5) (CY048691)
 A/avian/New York/Sg-00394/2002(H5N2) (CY053455)
 A/avian/New York/Sg-00395/2002(H5N2) (CY053456)
 A/avian/New York/Sg-00372/2001(H5N2) (CY048770)
 A/avian/New York/Sg-00418/2003(H5N8) (CY055131)
 A/environment/New York/494227/2007(H5N2) (GU049960)
 A/blue-winged teal/Louisiana/Sg-00163/2007(H4N8) (CY048656)
 A/green-winged teal/Nova Scotia/14687/2005 (H4N6)
 A/environment/New Jersey /Sg-00422/2004(H2N2) (CY053465)
 A/mallard/Minnesota/Sg-00631/2008(H4N8) (CY048818)
 A/mallard/Minnesota/Sg-00635/2008(H4N8) (CY048822)
 A/mallard/Minnesota/Sg-00626/2008(H4N8) (CY048811)
 A/mallard/Minnesota/Sg-00625/2008(H4N8) (CY048810)
 A/ruddy  turnstone/Delaware/Sg-00469/2008(H3N2) (CY048787)
 A/blue-winged teal/Minnesota/Sg-00691/2008(H4N8) (CY048918)
 A/mallard/Minnesota/Sg-00166/2007(H6N2) (CY048659)
 A/green-winged teal/Minnesota/Sg-00222/2007(H6N2) (CY048696)
 A/mallard/Minnesota/Sg-00164/2007(H3N8) (CY048657)
 A/mallard/Minnesota/Sg-00194/2007(H10N3) (CY048684)
 A/mallard/Minnesota/Sg-00195/2007 (H10N3) (CY048685)
 A/mallard/Minnesota/Sg-00221/2007 (CY048695)
 A/mallard/Minnesota/Sg-00632/2008(H10N7) (CY048819)
 A/mallard/Minnesota/Sg-00672/2008(H3N8) (CY048884)
 A/mallard/Minnesota/Sg-00674/2008(H3N8) (CY048888)
 A/mallard/Minnesota/Sg-00676/2008(H3N8) (CY048892)
 A/mallard/Minnesota/Sg-00677/2008(H3N8) (CY048894)
 A/mallard/Minnesota/Sg-00679/2008(H3N8) (CY048898)
 A/mallard/Minnesota/Sg-00683/2008(H3N8) (CY048906)
 A/mallard/Minnesota/Sg-00687/2008(H3N8) (CY048912)
 A/quail/Italy /544/1966(H10N8)
 A/chicken/Brescia/1902(H7N7)
 A/Quail/Shanghai/8/1996(H9N2)
 A/avian/Saudi Arabia/910135/2006(H9N2) (GU050288)
 A/mallard/Netherlands/12/2000 (H7N3)
 A/avian/Egypt/920431/2006(H9N2) (GU050303)
 A/chicken/Italy /312/1997(H5N2)
 A/domestic Mallard duck/Hunan/79/2005 (H5N1)
 A/northern shoveler/Netherlands/1/2006 (H8N4)
 A/chicken/Victoria/1985(H7N7)
 A/mallard/Korea/KNU YP09/2009 (H1N1)
 A/chicken/NSW/1/1997(H7N4)
 A/northern pintail/Akita/714/2006 (H5N2)
 A/duck/Hong Kong/562/1979(H10N9)
 A/chicken/Hong Kong/14/1976(H1N1)
 A/chicken/Germany /n/1949(H10N7)
 A/chicken/Scotland/1959(H5N1)
 A/northern pintail/Sweden/1/2003 (H5N2)
 A/WildDuck/Guangdong/314/2004(H5N1)
 A/environment/Hong Kong/674.15/2002(H5N1) (GU186681)
 A/environment/Viet Nam/NCVDCDC59/2005(H5N1) (GU186665)
 A/unknown/Prachinburi (Thailand)/6231/2004(H5N1) (GU186641)
 A/avian/Hong Kong/1993/2007(H5N1) (GU050342)
 A/domestic Mallard duck/Hunan/67/2005 (H5N1)
 A/mallard/Italy /835/2006 (H5N1)
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Figure 1. Phylogenetic analysis of matrix

gene of avian influenza isolates inferred using

the neighbor-joining method and 500

bootstrap replicates (values shown on tree).

The evolutionary distances were computed

using the number of differences method, and

evolutionary analyses were performed in MEGA

ver 5.0.
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Discussion

Wild birds are the natural hosts of IAVs, where these

viruses are known to be in evolutionary stasis26,34 but

evolve rapidly once they cross the species barrier. AIVs

from wild birds are known to switch to new hosts leading

to emergence of novel influenza A lineages transmissible to

new hosts.35 Adaptation to domestic poultry is frequent,

and LBMs provide an ideal condition for this transmission

because different species of birds are kept in close proxim-

ity to each other, where this virus can adapt itself to

domestic poultry. In the past, a few outbreaks of influenza

in commercial poultry and humans have been linked to

LBMs.13,14 Thus, surveillance of wild birds and LBMs is

important to understand the evolution of AIVs.

Matrix gene is an important structural gene encoding for

both matrix and membrane proteins and has multiple func-

tions.26 A number of studies are available on the genetic

analysis of HA and NA genes of AIVs in its natural host,25,36

but little information is available on the evolution of the

M-gene. This study was undertaken to analyze evolution and

allelic variation in the M-gene of AIVs from wild birds and

LBMs. Recent identification of zoonotic transmission of

swine H3N2 carrying the 2009 pandemic matrix gene

emphasizes that forces behind interspecies transmission tran-

scend beyond those captured by HA or NA subtyping alone.

Overall sequence comparison of M-gene from all AIV

isolates used in this study with isolates from other locations

showed clear segregation of AIVs in clusters with respect to

geographic location, for example, North American being

separate from Eurasian lineage. These results are similar to

those of Manzoor et al.37, who observed that 65 of 67 iso-

lates from free-flying birds belonged to Eurasian non-gull

lineage, one to Eurasian gull-like, and one to the North

American non-gull-avian lineage, suggesting independent

evolution of M-gene along geographic lines. The assort-

ment of M-gene into sublineages was independent of host

or subtype or year of isolation. As previously reported by

Widjaja et al.17 and Manzoor et al.,37 distribution of

M-gene into sublineages varies according to number of

sequences analyzed and is independent of isolation history,

indicating multiple lines of evolution.17

In this study, we did not find any M-gene sequence that

matched closely with those from European or Asian avian-

like lineages. These results are similar to those reported by

Widjaja et al.,17 who conducted phylogenetic analysis of the

 A/avian/New York/Sg-00369/2001(H5N2)
 A/duck/New York/Sg-00373/2001(H5N2)
 A/chicken/New York/Sg-00279/1995(H7N2)
 A/guinea fowl/New Jersey/Sg-00296/1996(H2N3)
 A/avian/New York/Sg-00418/2003(H5N8)
 A/avian/New York/Sg-00387/2002(H5N2)
 A/turkey/New York/Sg-00263/1995(H7N2)
 A/chicken/New Jersey/Sg-00267/1995(H2N2)
 A/mallard/Minnesota/Sg-00164/2007(H3N8)
 A/green-winged teal/Minnesota/Sg-00213/2007(H11N9)
 A/blue-winged teal/Texas/Sg-00212/2007(H4N5)
 A/mallard/Minnesota/Sg-00187/2007(H11N2)
 A/blue-winged teal/Louisiana/Sg-00189/2007(H3N6)
 A/environment/New Jersey/Sg-00422/2004(H2N2)
 A/chicken/New York/Sg-00270/1995(H7N2)
 A/avian/New York/Sg-00377/2001(H5N2)
 A/duck/Pennsylvania/Sg-00269/1995(H2N3)
 A/mallard/Minnesota/Sg-00630/2008(H10N7)
 A/blue-winged teal/Louisiana/Sg-00163/2007(H4N8)
 A/green-winged teal/Minnesota/Sg-00222/2007(H6N2)
 A/mallard/Minnesota/Sg-00166/2007(H6N2)
 A/northern shoveler/Minnesota/Sg-00646/2008(H4N4)
 A/mallard/Minnesota/Sg-00692/2008(H2N3)
 A/mallard/Minnesota/Sg-00217/2007(H1N1)
 A/chicken/Rhode Island/Sg-00282/1996(H7N2)
 A/chicken/New York/Sg-00274/1995(H7N2)
 A/mallard/Minnesota/Sg-00687/2008(H3N8)
 A/mallard/Minnesota/Sg-00683/2008(H3N8)
 A/mallard/Minnesota/Sg-00679/2008(H3N8)
 A/mallard/Minnesota/Sg-00677/2008(H3N8)
 A/mallard/Minnesota/Sg-00676/2008(H3N8)
 A/mallard/Minnesota/Sg-00674/2008(H3N8)
 A/mallard/Minnesota/Sg-00672/2008(H3N8)
 A/mallard/Minnesota/Sg-00195/2007(H10N3)
 A/mallard/Minnesota/Sg-00194/2007(H10N3)
 A/mallard/Minnesota/Sg-00635/2008(H4N8)
 A/mallard/Minnesota/Sg-00631/2008(H4N8)
 A/mallard/Minnesota/Sg-00626/2008(H4N8)
 A/mallard/Minnesota/Sg-00625/2008(H4N8)
 A/ruddy turnstone/Delaware/Sg-00469/2008(H3N2)
 A/avian/New York/Sg-00395/2002(H5N2)
 A/avian/New York/Sg-00394/2002(H5N2)
 A/avian/New York/Sg-00372/2001(H5N2)
 A/mallard/Minnesota/Sg-00221/2007(H10N3)
 A/mallard/Minnesota/Sg-00690/2008(H8N4)
 A/mallard/Minnesota/Sg-00689/2008(H8N4)
 A/mallard/Minnesota/Sg-00688/2008(H8N4)
 A/mallard/Minnesota/Sg-00684/2008(H8N4)
 A/mallard/Minnesota/Sg-00682/2008(H8N4)
 A/mallard/Minnesota/Sg-00681/2008(H8N4)
 A/mallard/Minnesota/Sg-00680/2008(H3N4)
 A/mallard/Minnesota/Sg-00678/2008(H8N4)
 A/mallard/Minnesota/Sg-00675/2008(H8N4)
 A/mallard/Minnesota/Sg-00673/2008(H8N4)
 A/mallard/Minnesota/Sg-00178/2007(H10N3)
 A/mallard/Minnesota/Sg-00172/2007(H10N6)
 A/mallard/Minnesota/Sg-00214/2007(H6N1)
 A/mallard/Minnesota/Sg-00182/2007(H6N1)
 A/mallard/Minnesota/Sg-00170/2007(H6N1)
 A/mallard/Minnesota/Sg-00167/2007(H6N1)
 A/northern shoveler/Minnesota/Sg-00661/2008(H3N1)
 A/northern shoveler/Minnesota/Sg-00655/2008(H1N1)
 A/northern shoveler/Minnesota/Sg-00651/2008(H1N1)
 A/mallard/Minnesota/Sg-00628/2008(H1N1)
 A/mallard/Minnesota/Sg-00627/2008(H1N1)
 A/chicken/New Jersey/Sg-00295/1996(H7N2)
 A/mallard/Minnesota/Sg-00186/2007(H1N9)
 A/chicken/New Jersey/Sg-00258/1994(H7N3)
 A/turkey/Canada/1963 H6N8
 A/chicken/New York/Sg-00256/1994(H2N2)
 A/guinea fowl/New York/Sg-00262/1995(H2N2)
 A/guinea fowl/New Jersey/Sg-00265/1995(H2N2) 
 A/duck/New Jersey/Sg-00266/1995(H2N2)
 A/chicken/New Jersey/Sg-00268/1995(H2N2)
 A/guinea fowl/New York/Sg-00272/1995(H2N2)
 A/chicken/New Jersey/Sg-00276/1995(H2N2) 
 A/guinea fowl/New York/Sg-00278/1995(H2N2)
 A/mallard/Minnesota/Sg-00162/2007(H1N3)
 A/mallard/Minnesota/Sg-00634/2008(H3N8)
 A/mallard/Minnesota/Sg-00637/2008(H3N8)
 A/mallard/Minnesota/Sg-00638/2008(H3N8)
 A/mallard/Minnesota/Sg-00639/2008(H3N8)
 A/mallard/Minnesota/Sg-00640/2008(H3N8)
 A/mallard/Minnesota/Sg-00641/2008(H3N8)
 A/mallard/Minnesota/Sg-00643/2008(H3N8)
 A/mallard/Minnesota/Sg-00644/2008(H3N8)
 A/northern shoveler/Minnesota/Sg-00645/2008(H3N8)
 A/blue-winged teal/Minnesota/Sg-00649/2008(H3N8)
 A/blue-winged teal/Minnesota/Sg-00650/2008(H3N8)
 A/northern shoveler/Minnesota/Sg-00652/2008(H3N8)
 A/northern shoveler/Minnesota/Sg-00653/2008(H3N8)
 A/northern shoveler/Minnesota/Sg-00654/2008(H3N8)
 A/northern shoveler/Minnesota/Sg-00656/2008(H3N8)
 A/northern shoveler/Minnesota/Sg-00658/2008(H3N8)
 A/northern shoveler/Minnesota/Sg-00659/2008(H3N8)
 A/northern shoveler/Minnesota/Sg-00660/2008(H3N8)
 A/northern shoveler/Minnesota/Sg-00662/2008(H3N8)
 A/northern shoveler/Minnesota/Sg-00663/2008(H3N8)
 A/northern shoveler/Minnesota/Sg-00664/2008(H3N8)
 A/northern shoveler/Minnesota/Sg-00667/2008(H3N8)
 A/northern shoveler/Minnesota/Sg-00668/2008(H3N8)
 A/northern shoveler/Minnesota/Sg-00669/2008(H3N8)
 A/northern shoveler/Minnesota/Sg-00670/2008(H3N8)
 A/northern shoveler/Minnesota/Sg-00671/2008(H3N8)
 A/mallard/Minnesota/Sg-00168/2007(H3N8)
 A/mallard/Minnesota/Sg-00169/2007(H3N8)
 A/chicken/New York/Sg-00254/1994(H7N2)
 A/turkey/New York/Sg-00255/1994(H7N2)
 A/guinea fowl/New York/Sg-00257/1994(H7N2)
 A/duck/New York/Sg-00259/1994(H7N2)
 A/chicken/New York/Sg-00261/1995(H7N2)
 A/guinea fowl/New York/Sg-00271/1995(H7N2)
 A/chicken/New Jersey/Sg-00275/1995(H7N2)
 A/chicken/New York/Sg-00277/1995(H7N2)
 A/guinea fowl/New York/Sg-00283/1996
 A/turkey/New York/Sg-00284/1996(H7N2)
 A/duck/New Jersey/Sg-00286/1996(H7N2)
 A/duck/New York/Sg-00291/1996(H7N2)
 A/chicken/New Jersey/Sg-00292/1996(H7N2)
 A/chicken/New York/Sg-00294/1996(H7N2)
 A/mallard/Minnesota/Sg-00633/2008(H3N8)
 A/northern shoveler/Minnesota/Sg-00647/2008(H4N6)
 A/mallard/Minnesota/Sg-00693/2008(H4N6)
 A/mallard/Minnesota/Sg-00694/2008(H4N6)
 A/chicken/New Jersey/Sg-00280/1995(H7N2)
 A/chicken/New York/Sg-00281/1996(H7N2)
 A/chicken/Pennsylvania/Sg-00426/2004(H2N2)
 A/chicken/Pennsylvania/Sg-00427/2004(H2N2)
 A/turkey/New Jersey/Sg-00287/1996(H7N2)
 A/mallard/Minnesota/Sg-00177/2007(H12N9)
 A/mallard/Minnesota/Sg-00191/2007(H3N8)
 A/northern shoveler/Minnesota/Sg-00648/2008(H8N4)
 A/mallard/Minnesota/Sg-00632/2008(H10N7)
 A/blue-winged teal/Minnesota/Sg-00691/2008(H4N8)
 A/chicken/New York/Sg-00303/1997(H2N2)
 A/chicken/New York/Sg-00260/1995(H2N2)
 A/chicken/New Jersey/Sg-00264/1995(H2N2)
 A/chicken/New York/Sg-00273/1995(H2N2)
 A/chicken/New York/Sg-00289/1996(H2N2)
 A/chicken/New York/Sg-00293/1996(H2N2)
 A/chicken/New York/Sg-00301/1997(H2N2)
 A/guinea fowl/New York/Sg-00302/1997(H2N2)
 A/chicken/New York/Sg-00299/1997(H7N2)
 A/chicken/New York/Sg-00300/1997(H2N2)
 A/chicken/New York/Sg-00285/1996(H7N2)
 A/chicken/New York/Sg-00288/1996(H7N2)
 A/chicken/New Jersey/Sg-00311/1998(H7N2)
 A/quail/New Jersey/Sg-00318/1998(H7N2)
 A/chicken/New York/Sg-00305/1998(H7N2)
 A/chicken/New York/Sg-00306/1998(H7N2)
 A/blue-winged teal/Louisiana/Sg-00165/2007(H4N6)
 A/blue-winged teal/Texas/Sg-00173/2007(H4N8)
 A/mallard/Minnesota/Sg-00176/2007(H4N6)
 A/environment/Pennsylvania/Sg-00321/1998(H7N2)
 A/turkey/New Jersey/Sg-00312/1998(H7N2)
 A/mallard/Minnesota/Sg-00179/2007(H11N9)
 A/mallard/Minnesota/Sg-00184/2007(H3N8)
 A/mallard/Minnesota/Sg-00190/2007(H3N8)
 A/green-winged teal/Minnesota/Sg-00197/2007(H6N8)
 A/avian/New York/Sg-00337/1999(H7N2)
 A/avian/New York/Sg-00339/2000(H7N2)
 A/chicken/New Jersey/Sg-00340/2000(H7N2)
 A/avian/New York/Sg-00343/2000(H7N2)
 A/avian/New York/Sg-00351/2000(H7N2)
 A/avian/New York/Sg-00354/2000(H7N2)
 A/avian/New York/Sg-00365/2001(H7N2)
 A/avian/New York/Sg-00362/2001(H7N2)
 A/avian/New York/Sg-00368/2001(H7N2)
 A/avian/New York/Sg-00376/2001(H7N2)
 A/avian/New York/Sg-00357/2001(H7N2)
 A/chicken/New Jersey/Sg-00341/2000(H7N2)
 A/avian/New York/Sg-00344/2000(H7N2)
 A/avian/New York/Sg-00323/1999(H7N2)
 A/chicken/New Jersey/Sg-00379/2001(H7N2)
 A/chicken/New Jersey/Sg-00380/2001(H7N2)
 A/guinea fowl/New Jersey/Sg-00382/2001(H7N2)
 A/avian/New York/Sg-00348/2000(H7N2)
 A/avian/New York/Sg-00353/2000(H7N2)
 A/duck/New Jersey/Sg-00315/1998(H7N2)
 A/chicken/New Jersey/Sg-00304/1997(H7N2)
 A/chicken/New Jersey/Sg-00314/1998(H7N2)
 A/duck/New York/Sg-00310/1998(H7N2)
 A/avian/New York/Sg-00322/1999(H7N2)
 A/mallard/Minnesota/Sg-00171/2007(H4N6)
 A/green-winged teal/Minnesota/Sg-00180/2007(H6N2)
 A/quail/New Jersey/Sg-00342/2000(H7N2)
 A/chicken/New York/Sg-00298/1997(H7N2)
 A/chicken/New York/Sg-00307/1998(H7N2)
 A/chicken/New York/Sg-00308/1998(H7N2)
 A/blue-winged teal/Texas/Sg-00188/2007(H4N8)
 A/avian/New York/Sg-00338/1999(H7N2)
 A/mallard/Minnesota/Sg-00185/2007(H3N6)
 A/avian/New York/Sg-00407/2003(H7N2)
 A/avian/New York/Sg-00420/2003(H7N2)
 A/avian/New York/Sg-00405/2003(H7N2)
 A/avian/New York/Sg-00411/2003(H7N2)
 A/avian/New York/Sg-00428/2004(H7N2)
 A/avian/New York/Sg-00417/2003(H7N2)
 A/avian/New York/Sg-00404/2003(H7N2)
 A/avian/New York/Sg-00403/2003(H7N2)
 A/avian/New York/Sg-00398/2002(H7N2)
 A/guinea fowl/Massachusetts/Sg-00390/2002(H7N2)
 A/avian/New York/Sg-00397/2002(H7N2)
 A/avian/New York/Sg-00396/2002(H7N2)
 A/chicken/New York/Sg-00416/2003(H7N2)
 A/avian/New York/Sg-00419/2003(H7N2)
 A/avian/New York/Sg-00410/2003(H7N2)
 A/waterfowl/New Jersey/Sg-00316/1998(H7N2)
 A/chuckar/New Jersey/Sg-00317/1998(H7N2)
 A/avian/New York/Sg-00361/2001(H7N2)
 A/chicken/New York/Sg-00383/2001(H7N2)
 A/avian/New York/Sg-00360/2001(H7N2)
 A/avian/New York/Sg-00347/2000(H7N2)
 A/mallard/Minnesota/Sg-00202/2007(H3N8)
 A/mallard/Minnesota/Sg-00200/2007(H3N8)
 A/avian/New York/Sg-00345/2000(H7N2)
 A/avian/New York/Sg-00366/2001(H7N2)
 A/mallard/Minnesota/Sg-00210/2007(H4N6) 
 A/avian/New York/Sg-00355/2000(H7N2)
 A/avian/New York/Sg-00359/2001(H7N2)
 A/avian/New York/Sg-00346/2000(H7N2) 
 A/avian/New York/Sg-00364/2001(H7N2) 
 A/avian/New York/Sg-00370/2001(H7N2)
 A/avian/New York/Sg-00375/2001(H7N2)
 A/avian/New York/Sg-00378/2001(H7N2)
 A/chicken/New York/Sg-00381/2001(H7N2)
 A/chicken/New York/Sg-00386/2001(H7N2)
 A/environment/New Jersey/Sg-00393/2002(H7N2)
 A/chicken/New Jersey/Sg-00313/1998(H7N2)
 A/avian/New York/Sg-00371/2001(H7N2)
 A/avian/New York/Sg-00363/2001(H7N2)

68

46

63

51

0

12

27

88

73

31

56

4

26

44

0

0

19

38

47

62

39

49
43

71
45

20

3

0

0

0

0

0

0

0·0000·005

Figure 2. Phylogenetic analysis of M1 gene of avian influenza isolates

inferred using the neighbor-joining method and 100 bootstrap

replicates (values shown on tree). The evolutionary distances were

computed using the p-distance method and are in the units of the

number of amino acid differences per site. Evolutionary analyses were

performed in MEGA ver 5.0.
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M-gene and found that all gene sequences from mallard

ducks grouped together with those of North American

avian-like lineage. Although mixing of North American and

Eurasian lineages has been reported in wild birds, it was

not observed in this study. This is probably due to the fact

that all the birds sampled in this study were ducks and not

shorebirds. It has previously been reported that overlap of

lineages is profound in shorebirds in Bering Strait during

migration.38

Phylogenetic analysis of amino acid sequences of M1 and

M2 proteins showed that M2 protein is under greater posi-

tive selection pressure in comparison with M1 protein and

that both proteins have evolved independently. These

results are similar to those observed by Widjaja et al.17 and

Furuse et al.26 Since M1 protein plays an important role in

virus assembly and budding, any change in M1 can have

deleterious effect on virus survival, whereas M2 protein is

integral membrane protein forming pH-gated channels in

the viral lipid membrane.23 More sites in the M2 protein

under positive selection are located in the extracellular

domain, which is recognized by the host immune response

system. Thus, to evade host immune response, M2 protein

is more susceptible to mutations.26,39,40 Also, higher rate of

amino acid variations in M1 and M2 proteins was observed

in LBM isolates as compared to WB. This indicates that

chances of random selection of variants are higher in LBMs

because of close proximity of the birds. These findings are

consistent with those reported by Ilyushina et al.41 These

authors also reported that the likelihood of random selec-

tion of variants because of accumulation of random point

mutations was higher in H7 viruses circulating in poultry.

While none of the AIV isolates from wild birds in this

study carried resistance-associated mutations in M-gene,

13Æ3% (n = 17) of isolates from LBMs were found to have

mutation associated with adamantine resistance. Substitu-

tion at position 31 (S31N) in M2 protein was the most

commonly observed substitution with 16 of the 17 isolate

having this mutation, whereas only one isolate had V27A

change. Emergence of resistance in LBM isolates of AIVs is

a rare occurrence. In the only previous study, Lee et al.42

reported on detection of resistant isolates from live poultry

market and wild birds. High prevalence of S31N substitu-

tion in this study is in line with those observed earlier, as

this substitution is considered to be the most common

mutation conferring resistance to adamentanes20, whereas

V27A mutation is rare in frequency (1Æ6%). High

 A/chicken/New York/Sg-00270/1995(H7N2)
 A/avian/New York/Sg-00363/2001(H7N2)
 A/chicken/New York/Sg-00274/1995(H7N2)
 A/chicken/New York/Sg-00300/1997(H2N2)
 A/chicken/New York/Sg-00279/1995(H7N2)
 A/chicken/New York/Sg-00299/1997(H7N2)
 A/chicken/New Jersey/Sg-00295/1996(H7N2)
 A/chicken/New Jersey/Sg-00292/1996(H7N2)
 A/duck/New York/Sg-00291/1996(H7N2)
 A/turkey/New Jersey/Sg-00287/1996(H7N2)
 A/duck/New Jersey/Sg-00286/1996(H7N2)
 A/turkey/New York/Sg-00284/1996(H7N2)
 A/guinea fowl/New York/Sg-00283/1996(H7N2)
 A/chicken/New York/Sg-00281/1996(H7N2)
 A/chicken/New Jersey/Sg-00280/1995(H7N2)
 A/chicken/New York/Sg-00277/1995(H7N2)
 A/chicken/New Jersey/Sg-00275/1995(H7N2)
 A/guinea fowl/New York/Sg-00271/1995(H7N2)
 A/chicken/New York/Sg-00261/1995(H7N2)
 A/duck/New York/Sg-00259/1994(H7N2)
 A/guinea fowl/New York/Sg-00257/1994(H7N2)
 A/turkey/New York/Sg-00255/1994(H7N2)
 A/chicken/New York/Sg-00254/1994(H7N2)
 A/environment/New Jersey/Sg-00393/2002(H7N2)
 A/chicken/New York/Sg-00386/2001(H7N2)
 A/chicken/New York/Sg-00381/2001(H7N2)
 A/avian/New York/Sg-00378/2001(H7N2)
 A/avian/New York/Sg-00375/2001(H7N2)
 A/avian/New York/Sg-00370/2001(H7N2)
 A/avian/New York/Sg-00364/2001(H7N2)
 A/avian/New York/Sg-00346/2000(H7N2)
 A/avian/New York/Sg-00359/2001(H7N2)
 A/avian/New York/Sg-00355/2000(H7N2)
 A/mallard/Minnesota/Sg-00210/2007(H4N6)
 A/avian/New York/Sg-00366/2001(H7N2)
 A/avian/New York/Sg-00345/2000(H7N2)
 A/mallard/Minnesota/Sg-00200/2007(H3N8)
 A/chicken/New York/Sg-00294/1996(H7N2)
 A/chicken/Rhode Island/Sg-00282/1996(H7N2)
 A/guinea fowl/New York/Sg-00302/1997(H2N2)
 A/chicken/New York/Sg-00303/1997(H2N2)
 A/chicken/New York/Sg-00301/1997(H2N2)
 A/chicken/New York/Sg-00293/1996(H2N2)
 A/chicken/New York/Sg-00273/1995(H2N2)
 A/chicken/New Jersey/Sg-00264/1995(H2N2)
 A/chicken/New York/Sg-00260/1995(H2N2)
 A/chicken/New York/Sg-00289/1996(H2N2)
 A/chicken/New York/Sg-00256/1994(H2N2)
 A/chicken/New Jersey/Sg-00267/1995(H2N2)
 A/waterfowl/New Jersey/Sg-00316/1998(H7N2)
 A/chuckar/New Jersey/Sg-00317/1998(H7N2)
 A/environment/Pennsylvania/Sg-00321/1998(H7N2)
 A/duck/New York/Sg-00310/1998(H7N2)
 A/avian/New York/Sg-00322/1999(H7N2)
 A/turkey/New Jersey/Sg-00312/1998(H7N2)
 A/chicken/New York/Sg-00308/1998(H7N2)
 A/chicken/New York/Sg-00285/1996(H7N2)
 A/guinea fowl/New York/Sg-00278/1995(H2N2)
 A/chicken/New York/Sg-00306/1998(H7N2)
 A/chicken/New York/Sg-00307/1998(H7N2)
 A/chicken/New York/Sg-00305/1998(H7N2)
 A/guinea fowl/New York/Sg-00262/1995(H2N2)
 A/guinea fowl/New Jersey/Sg-00265/1995(H2N2)
 A/duck/New Jersey/Sg-00266/1995(H2N2)
 A/chicken/New Jersey/Sg-00268/1995(H2N2)
 A/guinea fowl/New York/Sg-00272/1995(H2N2)
 A/chicken/New Jersey/Sg-00276/1995(H2N2)
 A/chicken/New Jersey/Sg-00311/1998(H7N2)
 A/quail/New Jersey/Sg-00318/1998(H7N2)
 A/duck/New Jersey/Sg-00315/1998(H7N2)
 A/avian/New York/Sg-00323/1999(H7N2)
 A/chicken/New Jersey/Sg-00304/1997(H7N2)
 A/chicken/New Jersey/Sg-00314/1998(H7N2)
 A/chicken/New Jersey/Sg-00313/1998(H7N2)
 A/chicken/New York/Sg-00298/1997(H7N2)
 A/chicken/New York/Sg-00288/1996(H7N2)
 A/avian/New York/Sg-00360/2001(H7N2)
 A/avian/New York/Sg-00361/2001(H7N2)
 A/avian/New York/Sg-00347/2000(H7N2)
 A/mallard/Minnesota/Sg-00202/2007(H3N8)
 A/chicken/New York/Sg-00383/2001(H7N2)
 A/mallard/Minnesota/Sg-00171/2007(H4N6)
 A/avian/New York/Sg-00339/2000(H7N2)
 A/chicken/New Jersey/Sg-00340/2000(H7N2)
 A/avian/New York/Sg-00338/1999(H7N2)
 A/avian/New York/Sg-00337/1999(H7N2)
 A/mallard/Minnesota/Sg-00190/2007(H3N8)
 A/blue-winged teal/Texas/Sg-00188/2007(H4N8)
 A/mallard/Minnesota/Sg-00185/2007(H3N6)
 A/mallard/Minnesota/Sg-00184/2007(H3N8)
 A/mallard/Minnesota/Sg-00179/2007(H11N9)
 A/mallard/Minnesota/Sg-00176/2007(H4N6)
 A/blue-winged teal/Texas/Sg-00173/2007(H4N8)
 A/blue-winged teal/Louisiana/Sg-00165/2007(H4N6)
 A/green-winged teal/Minnesota/Sg-00180/2007(H6N2)
 A/avian/New York/Sg-00357/2001(H7N2)
 A/green-winged teal/Minnesota/Sg-00197/2007(H6N8)
 A/avian/New York/Sg-00343/2000(H7N2)
 A/avian/New York/Sg-00376/2001(H7N2)
 A/avian/New York/Sg-00344/2000(H7N2)
 A/avian/New York/Sg-00362/2001(H7N2)
 A/avian/New York/Sg-00368/2001(H7N2)
 A/chicken/New Jersey/Sg-00379/2001(H7N2)
 A/avian/New York/Sg-00351/2000(H7N2)
 A/avian/New York/Sg-00354/2000(H7N2)
 A/avian/New York/Sg-00365/2001(H7N2)
 A/chicken/New Jersey/Sg-00380/2001(H7N2)
 A/guinea fowl/New Jersey/Sg-00382/2001(H7N2)
 A/avian/New York/Sg-00348/2000(H7N2)
 A/avian/New York/Sg-00353/2000(H7N2)
 A/chicken/New Jersey/Sg-00341/2000(H7N2)
 A/quail/New Jersey/Sg-00342/2000(H7N2)
 A/avian/New York/Sg-00371/2001(H7N2)
 A/mallard/Minnesota/Sg-00168/2007(H3N8)
 A/mallard/Minnesota/Sg-00169/2007(H3N8)
 A/turkey/New York/Sg-00263/1995(H7N2)
 A/mallard/Minnesota/Sg-00633/2008(H3N8)
 A/avian/New York/Sg-00377/2001(H5N2)
 A/duck/New York/Sg-00373/2001(H5N2)
 A/avian/New York/Sg-00369/2001(H5N2)
 A/mallard/Minnesota/Sg-00187/2007(H11N2)
 A/guinea fowl/New Jersey/Sg-00296/1996(H2N3)
 A/chicken/Pennsylvania/Sg-00426/2004(H2N2)
 A/chicken/Pennsylvania/Sg-00427/2004(H2N2)
 A/northern shoveler/Minnesota/Sg-00647/2008(H4N6)
 A/mallard/Minnesota/Sg-00694/2008(H4N6)
 A/mallard/Minnesota/Sg-00693/2008(H4N6)
 A/northern shoveler/Minnesota/Sg-00659/2008(H3N8)
 A/northern shoveler/Minnesota/Sg-00670/2008(H3N8)
 A/chicken/New Jersey/Sg-00258/1994(H7N3)
 A/turkey/Canada/1963 H6N8
 A/mallard/Minnesota/Sg-00162/2007(H1N3)
 A/mallard/Minnesota/Sg-00634/2008(H3N8)
 A/mallard/Minnesota/Sg-00637/2008(H3N8)
 A/mallard/Minnesota/Sg-00638/2008(H3N8)
 A/mallard/Minnesota/Sg-00639/2008(H3N8)
 A/mallard/Minnesota/Sg-00640/2008(H3N8)
 A/mallard/Minnesota/Sg-00641/2008(H3N8)
 A/mallard/Minnesota/Sg-00643/2008(H3N8)
 A/mallard/Minnesota/Sg-00644/2008(H3N8)
 A/northern shoveler/Minnesota/Sg-00645/2008(H3N8)
 A/blue-winged teal/Minnesota/Sg-00649/2008(H3N8)
 A/blue-winged teal/Minnesota/Sg-00650/2008(H3N8)
 A/northern shoveler/Minnesota/Sg-00652/2008(H3N8)
 A/northern shoveler/Minnesota/Sg-00653/2008(H3N8)
 A/northern shoveler/Minnesota/Sg-00654/2008(H3N8)
 A/northern shoveler/Minnesota/Sg-00656/2008(H3N8)
 A/northern shoveler/Minnesota/Sg-00658/2008(H3N8)
 A/northern shoveler/Minnesota/Sg-00660/2008(H3N8)
 A/northern shoveler/Minnesota/Sg-00662/2008(H3N8)
 A/northern shoveler/Minnesota/Sg-00663/2008(H3N8)
 A/northern shoveler/Minnesota/Sg-00664/2008(H3N8)
 A/northern shoveler/Minnesota/Sg-00667/2008(H3N8)
 A/northern shoveler/Minnesota/Sg-00668/2008(H3N8)
 A/northern shoveler/Minnesota/Sg-00669/2008(H3N8)
 A/northern shoveler/Minnesota/Sg-00671/2008(H3N8)
 A/mallard/Minnesota/Sg-00627/2008(H1N1)
 A/mallard/Minnesota/Sg-00628/2008(H1N1)
 A/northern shoveler/Minnesota/Sg-00651/2008(H1N1)
 A/northern shoveler/Minnesota/Sg-00655/2008(H1N1)
 A/northern shoveler/Minnesota/Sg-00661/2008(H3N1)
 A/mallard/Minnesota/Sg-00167/2007(H6N1)
 A/mallard/Minnesota/Sg-00170/2007(H6N1)
 A/mallard/Minnesota/Sg-00182/2007(H6N1)
 A/mallard/Minnesota/Sg-00214/2007(H6N1)
 A/northern shoveler/Minnesota/Sg-00646/2008(H4N4)
 A/northern shoveler/Minnesota/Sg-00648/2008(H8N4)
 A/mallard/Minnesota/Sg-00630/2008(H10N7)
 A/duck/Pennsylvania/Sg-00269/1995(H2N3)
 A/mallard/Minnesota/Sg-00191/2007(H3N8)
 A/blue-winged teal/Louisiana/Sg-00189/2007(H3N6)
 A/green-winged teal/Minnesota/Sg-00213/2007(H11N9)
 A/avian/New York/Sg-00387/2002(H5N2)
 A/avian/New York/Sg-00411/2003(H7N2)
 A/avian/New York/Sg-00407/2003(H7N2)
 A/avian/New York/Sg-00428/2004(H7N2)
 A/avian/New York/Sg-00404/2003(H7N2)
 A/avian/New York/Sg-00403/2003(H7N2)
 A/avian/New York/Sg-00410/2003(H7N2)
 A/chicken/New York/Sg-00416/2003(H7N2)
 A/avian/New York/Sg-00417/2003(H7N2)
 A/avian/New York/Sg-00405/2003(H7N2)
 A/avian/New York/Sg-00419/2003(H7N2)
 A/avian/New York/Sg-00396/2002(H7N2)
 A/avian/New York/Sg-00397/2002(H7N2)
 A/guinea fowl/Massachusetts/Sg-00390/2002(H7N2)
 A/avian/New York/Sg-00398/2002(H7N2)
 A/avian/New York/Sg-00420/2003(H7N2)
 A/environment/New Jersey/Sg-00422/2004(H2N2)
 A/avian/New York/Sg-00418/2003(H5N8)
 A/mallard/Minnesota/Sg-00195/2007(H10N3)
 A/mallard/Minnesota/Sg-00194/2007(H10N3)
 A/avian/New York/Sg-00395/2002(H5N2)
 A/avian/New York/Sg-00394/2002(H5N2)
 A/avian/New York/Sg-00372/2001(H5N2)
 A/blue-winged teal/Louisiana/Sg-00163/2007(H4N8)
 A/mallard/Minnesota/Sg-00221/2007(H10N3)
 A/mallard/Minnesota/Sg-00632/2008(H10N7)
 A/mallard/Minnesota/Sg-00692/2008(H2N3)
 A/mallard/Minnesota/Sg-00186/2007(H1N9)
 A/mallard/Minnesota/Sg-00690/2008(H8N4)
 A/mallard/Minnesota/Sg-00689/2008(H8N4)
 A/mallard/Minnesota/Sg-00688/2008(H8N4)
 A/mallard/Minnesota/Sg-00684/2008(H8N4)
 A/mallard/Minnesota/Sg-00682/2008(H8N4)
 A/mallard/Minnesota/Sg-00681/2008(H8N4)
 A/mallard/Minnesota/Sg-00678/2008(H8N4)
 A/mallard/Minnesota/Sg-00675/2008(H8N4)
 A/mallard/Minnesota/Sg-00673/2008(H8N4)
 A/mallard/Minnesota/Sg-00178/2007(H10N3)
 A/mallard/Minnesota/Sg-00177/2007(H12N9)
 A/mallard/Minnesota/Sg-00172/2007(H10N6)
 A/mallard/Minnesota/Sg-00217/2007(H1N1)
 A/mallard/Minnesota/Sg-00680/2008(H3N4)
 A/mallard/Minnesota/Sg-00164/2007(H3N8)
 A/ruddy turnstone/Delaware/Sg-00469/2008(H3N2)
 A/mallard/Minnesota/Sg-00625/2008(H4N8)
 A/mallard/Minnesota/Sg-00626/2008(H4N8)
 A/mallard/Minnesota/Sg-00631/2008(H4N8)
 A/mallard/Minnesota/Sg-00635/2008(H4N8)
 A/blue-winged teal/Texas/Sg-00212/2007(H4N5)
 A/mallard/Minnesota/Sg-00672/2008(H3N8)
 A/mallard/Minnesota/Sg-00674/2008(H3N8)
 A/mallard/Minnesota/Sg-00676/2008(H3N8)
 A/mallard/Minnesota/Sg-00677/2008(H3N8)
 A/mallard/Minnesota/Sg-00679/2008(H3N8)
 A/mallard/Minnesota/Sg-00683/2008(H3N8)
 A/mallard/Minnesota/Sg-00687/2008(H3N8)
 A/mallard/Minnesota/Sg-00166/2007(H6N2)
 A/green-winged teal/Minnesota/Sg-00222/2007(H6N2)
 A/blue-winged teal/Minnesota/Sg-00691/2008(H4N8)

71
67

92

25

46
61

36

30

52

78

72

57

52

71

61

66

43

11

12

20

27

47

26

37

3

23

28
30

45
52

55

42

5

5

6

1

3

10

9

0

19

19

15

0

13

20

23

21

6

4

8

1

0

0·000·02

Figure 3. Phylogenetic analysis of M2 gene of avian influenza isolates

inferred using the neighbor-joining method and 100 bootstrap

replicates (values shown on tree). The evolutionary distances were

computed using the p-distance method and are in the units of the

number of amino acid differences per site. Evolutionary analyses were

performed in MEGA ver 5.0.
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susceptibility of wild bird isolates to adamantanes is not

surprising as these isolates in the avian niche do not expe-

rience a selective pressure because of drug use. These

antiviral drugs are exclusively used to treat human infec-

tions, and the frequency of spontaneous mutations leading

to resistance against these drugs is likely very low. How-

ever, detection of resistant isolates from LBMs shows possi-

bility of de novo substitution leading to the emergence of

resistant AIV strains. These results suggest that adamantine

resistance arises as independent point mutations rather

than re-assortment or co-variation. This highlights the need

to routinely screen M-gene sequences of AIVs to under-

stand the frequency of naturally occurring mutations which

might confer resistance to adamantanes.

Results of this study indicate there are variations in the

M-gene and that overall there is a significant similarity

between gene sequences from different bird species. These

results further confirm the evolution of M-gene into dis-

tinct North American avian-like lineage in wild birds.

Detection of antiviral resistant mutants suggests importance

of surveillance studies in understanding the evolution of

IAVs and to provide information about emergence of new

subtypes which might cause outbreaks in domestic avian

species or humans.
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