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Abstract
Avian influenza viruses are a source of genetic material that can be transmitted to humans through
direct introduction or reassortment. Although there is a wealth of information concerning global
monitoring for antiviral resistance among human viruses of the N1 and N2 neuraminidase (NA)
subtypes, information concerning avian viruses of these and other NA subtypes is limited. We
undertook a surveillance study to investigate the antiviral susceptibility of avian influenza N6 NA
viruses, the predominant subtype among wild waterfowl. We evaluated 73 viruses from North
American ducks and shorebirds for susceptibility to the NA inhibitor oseltamivir in a
fluorescence-based NA enzyme inhibition assay. Most (90%) had mean IC50 values ranging from
<0.01 to 5.0 nM; 10% were from 5.1 to 50.0 nM; and none were >50.0 nM. Susceptibility to
oseltamivir remained stable among all isolates collected over approximately three decades
(P≤0.74). Two isolates with I222V NA substitution had moderately reduced susceptibility to
oseltamivir in vitro (IC50, 30.0 and 40.0 nM). One field sample was a mixed population containing
an avian paramyxovirus (APMV) and H4N6 influenza virus, as revealed by electron microscopy
and hemagglutination inhibition assays with a panel of anti-APMV antisera. This highlights the
importance of awareness and careful examination of non-influenza pathogens in field samples
from avian sources. This study showed that oseltamivir-resistant N6 NA avian influenza viruses
are rare, and must be tested both phenotypically and genotypically to confirm resistance.
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1. Introduction
Influenza A viruses are segmented negative-sense RNA viruses that have established
waterfowl as their reservoir host (Webster et al. 1992). These viruses are divided into 16
hemagglutinin (HA) and 9 neuraminidase (NA) subtypes (Fouchier et al. 2005). The NAs
are each further divided into two groups based on their genetic relatedness: group-1 NAs
(N1, N4, N5, and N8) and group-2 NAs (N2, N3, N6, N7, and N9) (Russell et al. 2006).
Surveillance of influenza in North America (Krauss et al. 2004) and in Europe (Fouchier et
al. 2005; Munster et al. 2005) has established the immense diversity of influenza A virus
subtypes that are found among wild aquatic birds and has revealed the importance of
mallard ducks, gulls, and shorebirds in the perpetuation of all known subtypes of influenza
A viruses. These studies have been of great importance by revealing the role of genetic
material from avian viruses in influenza virus evolution and the emergence of pandemics in
humans, lower animals, and domestic poultry. Genes arising from the avian pool can
reassort and cross over to other species (Castrucci et al. 1993). Evidence of this occurred
with the human pandemic 2009 H1N1 virus, in which the NA gene was an avian-like NA of
Eurasian swine genetic lineage (Cohen, 2009; Garten et al. 2009). Most influenza subtypes
are found in the mallard duck (Anas platyrhynchos), which has been implicated as a major
host and source of influenza A viruses (Kim et al. 2010).

Monitoring the susceptibility of human influenza viruses to available anti-influenza drugs
(M2 blockers amantadine and rimantadine and NA inhibitors [NAIs] oseltamivir and
zanamivir) is a part of surveillance studies. Very little has been done concerning monitoring
the antiviral susceptibility of influenza viruses isolated from their natural reservoirs,
although these viruses can reassort and potentially enter the human population. It is the
continuous evolution of influenza viruses in the natural aquatic reservoir that results in the
random acquisition of NA mutations that can affect NAI susceptibility or even potentially
lead to drug resistance. In addition, the genetic stability of functional sites in the NA gene
can differ in different NA subtypes (Russell et al. 2006). Currently, continued monitoring of
antiviral susceptibility among influenza viruses isolated from waterfowl should be
considered an important part of surveillance.

NAIs have been designed based on the N9 NA structure (Varghese and Colman, 1991; von
Itzstein et al. 1993). Recent reports suggest that group-1 NAs contain an extra cavity, named
the 150 cavity, in the catalytic site and have an open conformation (Li et al. 2010; Russell et
al. 2006). Group-2 NAs (such as N6 NA) lack this 150 cavity and have a closed
conformation (Li et al 2010; Russell et al. 2006). Research suggests that these NA structural
differences affect oseltamivir binding (Collins et al. 2009). NAIs have been tested and
shown to be active against all 9 NA subtypes in vitro; however, only a limited number of
strains were tested in each NA subtype from avian origin (Govorkova et al. 2001; Gubareva
et al. 1995) until recently in our studies (Stoner et al. 2010). In that study we evaluated the
susceptibilities of N1 NAs from 123 influenza viruses obtained from wild waterfowl and
domestic swine to NAIs and sequenced the NAs of the identified outliers. Currently, there is
a lack of information concerning the NAI susceptibility and confirmation of molecular
markers of resistance in viruses of NA subtypes other than those detected in humans (e.g.,
viruses of N1 and N2 NA subtypes).

The prevalence of different HA and NA subtypes of influenza A viruses varies among
aquatic birds, and one of the more prevalent subtypes among influenza viruses isolated from
wild ducks is the H4N6 subtype (21.9%), followed by the H1N4 (18.8%) and H10N7
(16.7%) subtypes during 2001 to 2006 in North America (Krauss et al. 2007). Here, we
studied avian influenza viruses of the N6 NA subtype isolated from 1976 to 2010 from
North American ducks and shorebirds for their susceptibility to oseltamivir in fluorescence-
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based NA inhibition assay. In addition, we provide cautionary insight regarding mixed field
virus samples when using traditional influenza screening of isolates obtained from wild
aquatic birds and testing NAI susceptibility.

2. Materials and methods
2.1. NAIs

Oseltamivir carboxylate (oseltamivir; [3R,4R,5S]-4-acetamido-5-amino-3-[1-
ethylpropoxy]-1-cyclohexane-1 carboxylic acid) was provided by Hoffmann-La Roche
(Basel, Switzerland). Zanamivir (4-guanidino-Neu5Ac2en) was provided by the
GlaxoSmithKline (Research Triangle Park, NC). Peramivir ([1S,2S,3R,4R,1’S]-3-[1′-
acetylamino-2′-ethyl]butyl-4-[(aminoimino)-methyl]amino-2-hydroxycyclopentane-1-
carboxylic acid) was provided by BioCryst Pharmaceuticals (Birmingham, AL). The
compounds were dissolved in distilled water, and aliquots of stock were stored at −20°C
until used.

2.2. Viruses and cells
The 73 avian influenza viruses of the N6 NA subtype were obtained from the St. Jude
Children’s Research Hospital influenza repository and the University of Georgia (Table 1).
All isolates were from Canada and the United States. Viruses were isolated from 1976 to
2010 from apparently healthy wild waterfowl and were isolated from fecal samples or from
oropharyngeal or cloacal swabs obtained from Anseriformes (Ducks), Anas platyrhynchos
(Mallard), Anas acuta (Pintail), Anas dícors (Blue-wing Teal), Aythya valisineria
(Canvasback), and Bucephala albeola (Bufflehead), and from Charadriiformes (shorebirds),
Arenaria intepres (Ruddy Turnstone) and Larus argentatus (Herring Gull). The HA
subtypes of isolates used in this study were H2, H3, H4, H6, and H13. Virus stocks were
cultivated from the original archived stocks for each virus by passaging once in 10-day-old
embryonated chicken eggs. These virus stocks were frozen at −80°C until used.

2.3. NA activity and NA inhibition assay
NA activity of the avian viruses was measured in a fluorescence-based assay using the
fluorogenic substrate 2’-(4-methylumbelliferyl)-α-D-N-acetylneuraminic acid (MUNANA)
(Sigma-Aldrich, St Louis, MO) (Potier et al., 1979). Fluorometric determinations were
quantified with a Synergy 2 multi-mode microplate reader (BioTek Instruments, Winooski,
VT) based on the release of the fluorescent product 4-methyl-umbelliferone using excitation
and emission wavelengths of 360 and 460 nm, respectively. Viruses were standardized to
equivalent NA enzyme activity in the linear range of the curve and incubated with an NAI at
concentrations of 0.00005 to 5 μM. The concentration of NAI that reduced NA activity by
50% relative to a control mixture with no NAI (IC50) was determined by plotting the percent
inhibition of NA activity as a function of the compound concentrations calculated using
GraphPad Prism 4 software (GraphPad Software, La Jolla, CA). IC50 values were reported
as the means of 2-3 independent determinations.

2.4. Sequencing
The RNeasy kit (Qiagen, Chatsworth, CA) was used to extract viral RNA. Universal primers
to the N6 NA and M2 genes of influenza virus (Hoffmann et al. 2001) and specific RT-
nested primers (FIP1, FOP2 and FOP1, FOP2) to Newcastle disease virus (NDV) (Kho et al.
2000) were used for amplification. A one-step reverse transcription PCR kit was used to
generate cDNA, and PCR products were extracted and purified from a 1% agarose gel
(QIAquick gel extraction and One-Step RT-PCR kits; Qiagen Inc., Valencia, CA). Sanger
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sequencing reactions were performed by the Hartwell Center for Bioinformatics and
Biotechnology at St. Jude Children’s Research Hospital.

2.5. Hemagglutination inhibition assay
Eleven chicken post-infectious sera to reference avian paramyxoviruses (APMV) and a
positive reference control antigen (B-propiolactone inactivated P/Mallard Duck/Alberta/
331/88) were used. APMV sera were treated with receptor-destroying enzyme (Accurate
Chemical and Scientific Corp., Westbury, NY), heat-inactivated at 56°C for 30 min, and
tested by hemagglutination inhibition assay with 0.5% chicken erythrocytes according to
standard procedures (Palmer et al. 1975).

2.6. Electron microscopy
Egg-grown mixed field samples of virus were prepared by fixation with 1.25%
glutaraldehyde-PBS prior to negative staining with 2% phosphotungstic acid and imaged
under transmission electron microscopy.

2.7. Statistical analysis
Differences in mean IC50 values were detected using the non-parametric Kruskal-Wallis
rank sum test. This test is distribution-free and minimizes the influence of extreme values in
a statistical analysis. Box-and-whisker plots were used to identify any extreme values and to
graphically depict groups of influenza viruses of the N6 NA subtype isolated from different
years. The mean IC50 value is indicated on the y-axis instead of log10IC50 values. Log10IC50
values were not used in the box-and-whisker plots because higher or extreme values of
(20.0-40.0 nM) would be obscured, and none of the values reached as high as 100.0 nM. The
box is bounded by the 25th and 75th percentiles. The line in the middle of the box is the
median. The interquartile range (IQR), calculated as the difference between the 75th and
25th percentile, was used to determine the length of the whiskers. The whiskers are either
the minimum (or maximum) value of the data point or 1.5 times the IQR below (or above)
the 25th (or 75th) percentile, whichever is smaller.

3. Results
3.1. Oseltamivir susceptibility among N6 NA subtype

We examined antiviral susceptibility among 73 influenza viruses of the N6 NA subtype
isolated from the two main groups of migratory waterfowl (ducks and gulls/shorebirds) in
the phenotypic NA enzyme inhibition assay (Table 1). Influenza viruses were isolated from
North America from different avian species: 31 strains from Mallard Duck, 10 strains from
Pintail Duck, 3 strains from Blue-winged Teal, 1 strain from Bufflehead Duck, and 1 strain
from Canvasback Duck, 9 strains from shorebirds, and 18 strains from gulls. Currently there
are no generally accepted criteria for the definition of antiviral resistance to NAIs based on
phenotypic assays; therefore, we used baseline mean IC50 values determined for oseltamivir
among avian influenza viruses of the N1 NA subtype: high susceptibility (mean IC50<5.0
nM), moderate susceptibility (mean IC50 = 5.1-50.0 nM), and reduced susceptibility (mean
IC50> 50.0 nM) (Stoner et al. 2010). Most of the viruses tested (90%, N=66) had mean IC50
values that were <5.0 nM; 10% (N=6) had mean IC50 values = 5.1-50.0 nM; and none were
>50.0 nM (Table 1). The mean IC50 among avian viruses of the N6 NA subtype ranged from
<0.01 to 7.5 nM for duck isolates and from <0.01 to 1.5 nM for gull/shorebird viruses.
Comparison of the oseltamivir susceptibility of viruses isolated from ducks and shorebirds
revealed no significant difference (P<0.69) in mean IC50 values (1.07 nM for ducks and 3.22
nM for gulls/shorebirds) (Fig. 1A-C). However, we identified two gull isolates (A/Herring
Gull/Delaware/660/1988 [H13N6] and A/Herring Gull/Delaware/665/1988 [H4N6]) that had
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mean IC50 values of 30.0 nM and 40.0 nM, respectively. These two isolates possessed 10- to
13-fold greater IC50 values than the other gull/shorebird isolates tested and thus exhibited
moderately reduced susceptibility to oseltamivir in vitro (Fig. 2B). These isolates were
highly susceptible to zanamivir, with mean IC50 values of 1.7 nM for A/Herring Gull/
Delaware/660/1988 (H13N6) and 1.3 nM for A/Herring Gull/Delaware/665/1988 (H4N6)
viruses.

3. 2. Analysis of oseltamivir susceptibility over time and HA subtype
Of particular interest was whether the data over time would reveal a significant increase in
the number of isolates with a mean IC50 value outside the interquartile range or,
alternatively, whether a significant increase in the mean IC50 over time would be evident.
Viruses originating in North America were analyzed by year of isolation to determine
whether NAI susceptibility had varied over the 34 years between 1976 and 2010 (Fig. 1C).
Statistical analysis revealed that the medians for each of the decades of isolation were as
follows: 1976 to 1989 = 0.24, 1990-2000 = 0.14, and 2001-2010 = 0.29. Compared with the
other isolates, IC50 values of 30.0 and 40.0 nM (A/Herring Gull/ Delaware Delaware/
660/1988 [H13N6] and A/Herring Gull/Delaware/665/1988 [H4N6]) are much higher and
are real differences and not outliers. We accounted for extreme values by using the
nonparametric Kruskal-Wallis test. Thus, nearly all avian isolates remained highly
susceptible to oseltamivir over time with no significant difference in IC50 values between
the isolation years among any of the aquatic birds. The differences between years of
isolation did not show evidence of an upward linear trend but remained stable from year to
year (P<0.74). In this study, we wanted to address the question of whether different
combinations of HA subtype would reveal a trend of HA subtype correlated to the IC50
value of oseltamivir among the avian isolates. All 16 HA subtypes have been isolated from
wild aquatic birds (Krauss et al. 2004; Munster et al. 2006), and their functions are related to
the HA/NA balance (Kaverin et al. 1998; Wagner et al. 2002).

3.3. Sequence analysis
Currently, the NAI resistance–associated molecular markers for influenza viruses of the N6
NA subtype are unknown and have not been confirmed by phenotypic NA enzyme
inhibition assay. We analyzed 256 sequences of the N6 NA subtype from the NCBI database
and from the St. Jude Children’s Research Hospital database and screened for the presence
of mutations encoding amino acid substitutions at key residues shown to confer resistance to
NAIs in the N1 and N2 NA subtypes. We found that all NA catalytic and framework
residues were conserved among influenza viruses isolated from North America, with the
exception of the two gull isolates (A/Herring Gull/ Delaware/660/1988 [H13N6] and A/
Herring Gull/Delaware/665/1988 [H4N6]). These two isolates possess the I222V NA
mutation (I222V, N2 numbering; and I223V, N1 numbering). The I222V NA mutation has
been shown to confer reduced susceptibility of human influenza viruses of the N1 and N2
NA subtypes to oseltamivir in phenotypic assays (Baz et al. 2006; CDC, 2009; Pizzorno et
al. 2011).

3.4. Susceptibility of mixed field virus sample to NAIs
In the course of examining the susceptibility of wild bird isolates to NAIs, one sample was
surprisingly resistant to oseltamivir, as well as to zanamivir and peramivir, with mean IC50
of ≥500.0 μM (Fig. 2C, F). The pattern of the IC50 curve that was observed with this field
sample was much different than that of known oseltamivir-resistant A/New Jersey/15/2007
(H1N1) human influenza virus (Fig. 2A, D). Additionally, both A/Fukui/20/2004 (H3N2)
and A/New Jersey/15/2007 (H1N1) viruses yielded sigmoid-shaped inhibition curves and
were susceptible to zanamivir, while the mixed field sample appeared to be unaffected and
again exhibited an unusual inhibition curve. Electron microscopic examination revealed two
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populations of virions in this virus field sample. One population contained classic
morphologies of influenza virus, which is “kidney bean,” and the other contained a “herring
bone” coiled genome that is characteristic of APMV (S1). We did not detect NDV using
sequence analysis and specific RT-nested primers (FIP1, FOP2 and FOP1, FOP2) to NDV.
Seven of 11 APMV strain-specific antisera were positive in HI assays with titers of 640–
1280 in comparison with a positive reference antigen used (P/Mallard Duck/Alberta/
331/1988), whose HI titer was 1280. Due to cross-reactivity between different serotypes of
APMV, we were unable to determine to which group of APMV the virus belonged. We
conducted two passages on limiting dilutions in the presence of APMV antisera followed by
plaque purification in MDCK cells and isolated the influenza A/Pintail Duck/Alberta/
66/2005 (H4N6) virus that was susceptible to oseltamivir, zanamivir, and peramivir. Thus,
we identified a mixed virus population containing proportions of susceptible H4N6
influenza virus and APMV.

4. Discussion
Ongoing surveillance of known and novel mutations involved in NAI susceptibility of
human influenza viruses is an informative aspect of risk assessment for a pandemic. Little is
known about avian influenza viruses whose genetic material is the primary reservoir of
novel influenza viruses. It is possible that influenza viruses harbored by aquatic birds can
develop resistance to NAIs by acquisition of naturally occurring mutations during virus
evolution, allowing them to infect humans and result in the emergence of a pandemic strain.
The overall results of our study showed that avian influenza viruses of the N6 NA subtype
are highly susceptible to the NAI oseltamivir and that natural resistance is rare among this
subtype, although we did detect two viruses in both ducks and shorebirds that had mean IC50
values (>10.0 nM, 3%) that were higher than all other isolates tested. This suggests that if
larger and diverse sample populations of isolates were collected from more birds and tested,
then a wider distribution of NAI susceptibility and resistance could be detected. We found
that shorebirds/ gulls had the highest mean IC50 values among the waterfowl tested and
oseltamivir susceptibility did not change over time (P≤0.74).

Previous studies have shown that NA-dependent resistance varies with NA subtype and that
mutations in NA may produce different resistant phenotypes (Gubareva et al. 2001; 2004).
Different drug-resistant NA mutant viruses have arisen after oseltamivir treatment of
humans infected with viruses containing either N1 or N2 NA subtypes (Aoki et al. 2007;
Baz et al. 2006). Oseltamivir-resistant N6 NA viruses have not been identified to date, and
there are no functionally defined genetic markers for oseltamivir resistance among influenza
viruses of the N6 NA subtype. Our sequence analysis verified an I222V NA residue change
in two virus isolates (A/Herring Gull/Delaware/660/1988 and A/Herring Gull/Delaware/
665/1988). Phenotypic analysis showed that these two viruses had a ~6-fold higher mean
IC50 value than overall N6 NA viruses and thus can be classified as moderately susceptible
to oseltamivir based on cutoff values (5.1-50 nM) previously described (Stoner et al. 2010).
Interestingly, substitutions of I to R, K or V, at the 222 NA residue of human H1N1 2009
viruses confer moderately reduced susceptibilities to both zanamivir and oseltamivir but,
when combined with the H275Y NA substitution, cause even higher levels of resistance to
oseltamivir and peramivir than the H275Y substitution alone (Deyde et al. 2010; Hurt et al.
2009; Pizzorno et al. 2011). The genotypic assay was applied for the detection of previously
characterized resistance-conferring mutations in avian influenza viruses (Orozovic et al.
2011). Among 5490 avian NA sequences from the NCBI database and from a European bird
observatory, 6 of 55 influenza viruses analyzed of the N6 NA subtype (10.91%) had the NA
catalytic residue change R152K, and 2 viruses (4%) had the I222V NA framework mutation
(Orozovic et al. 2011). The researchers based their conclusions on the potential role of NA
mutations in the resistance phenotype only on genetic analysis but did not confirm this
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resistance by NA enzyme inhibition assay. This demonstrates that evaluation of NAI
susceptibility must be based on both phenotypic and genotypic assays.

Oseltamivir phosphate is a prodrug that is extensively metabolized in the human liver to
oseltamivir carboxylate the active form of the drug. The active form is excreted and cannot
be removed from waste water by sewage treatment (Fick et al. 2007). Therefore, oseltamivir
carboxylate can enter the local aquatic environment in areas where oseltamivir is used for
therapeutic use, such as Japan, where it is frequently used to treat seasonal influenza. There
is some concern that wild birds harboring influenza A viruses can come into contact with
waterways and sewage containing water enriched with anti-influenza drugs, where drug
selection can occur and create resistant viruses (Fick et al. 2007; Ghosh et al. 2010a; Ghosh
et al. 2010b; Sacca’ et al. 2009; Singer et al. 2007; Söderström et al. 2009). However, to
date, there has been no change in the NAI susceptibility of either N1 (Stoner et al., 2010) or
N6 in influenza viruses from wild birds after the introduction of the NAIs, at least in the
United States.

Many pathogens, such as bacteria, viruses, and mycoplasma, possess NA activity and can be
isolated from wild birds. In testing the antiviral susceptibility of avian field samples, it is
important to be aware that non-influenza pathogens can be mistakenly identified as NAI-
resistant influenza viruses. The R292K NA mutation in H3N2 influenza viruses is the only
NA mutation that has been shown to cause cross-resistance to oseltamivir, zanamivir, and
peramivir (Aoki et al. 2007). Therefore, if the mean IC50 values for an influenza virus are
exceptionally high for all three NAIs, a detailed characterization must be done to determine
whether it is in fact an influenza virus. Our finding highlights a trap for the unwary when
screening NAI susceptibility among viruses isolated from wild aquatic birds. What appears
to be a resistant influenza virus may in fact be a mixed virus population containing a new
circulating APMV strain that traditional primers will not detect. Depending on the APMV
strain in a given sample, this can be a problem, because traditional influenza screening by
PCR, serotyping with available antisera, or other methods such as a rapid chromatographic
immunoassay for influenza viral antigen (BD, Sparks, MD) may not detect the unsuspected
presence of APMV or other non-influenza pathogens (Miller et al. 2010; Wang et al. 1999;
Warke et al. 2008). Field samples that display these features can be tested for other non-
influenza pathogens, imaged by electron microscopy or molecular identification techniques.

From our study, we conclude that avian influenza viruses carrying molecular markers for
resistance are more likely to arise from natural fluctuations in point mutations or
reassortment events, but these are rare. It is unknown what advantage avian influenza
viruses with these mutations have in nature. The fact that they appear infrequently suggests
that resistance is a rare event and thus is not maintained in influenza viruses isolated from
their natural aquatic reservoir. Potential causes of these mutations include natural
differences in conformation between group-1 and group-2 NA structures, phylogenetic
stability, and environmental exposure to oseltamivir inducing a drug selection pressure. Our
study did confirm that identification of molecular markers for resistance in the NA genes of
influenza viruses isolated from wild aquatic birds is not sufficient for the evaluation of NAI
susceptibility among these viruses, such as the N6 NA subtype. All genetic markers for
resistance need to be carefully validated with the phenotypic functional assays before being
used to categorize viruses. Moreover, in view of the interest in avian viruses as progenitors
of new human pandemics, the information is of essential value to the influenza community;
further sampling and monitoring of drug-resistant viruses among the avian species is
required.
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First report antiviral susceptibility of avian influenza viruses of N6 NA subtype.

Isolates with molecular marker for oseltamivir resistance moderately susceptible.

Avian influenza viruses of N6 NA subtype highly susceptible to the NAI oseltamivir.

Natural resistance is rare among the N6 subtype.
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FIG.1.
Plots showing the IC50 (nM) ranges of oseltamivir for avian influenza viruses of the N6
subtype isolated from various species of aquatic birds and tested by NAI assay. In panel A
isolates are ranked in order by the IC50. Forty-six duck and 27 gull and shorebird isolates
were analyzed by the Kruskal-Wallis rank sum test. Panel B shows the number of isolates
collected and tested for each group (N = number of isolates) and analyzed by their mean
IC50 value (below the N number of isolates). The Kruskal-Wallis test comparing the two
groups (ducks and gulls/shorebirds) showed their mean IC50 values (ducks: 1.07 nM; gulls/
shorebirds: 3.22 nM) were not significantly different (P ≤ 0.69). Panel C shows quantile box
plots illustrating the mean IC50 values for oseltamivir for all avian viruses isolated in
different years. The range of isolation years is shown on the X axis. Viruses collected were
from various wild birds from the United States and Canada. Results within the graph were
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analyzed by the Kruskal-Wallis test. No statistical difference was observed among viruses
isolated in different years (P<0.74).
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FIG. 2.
Oseltamivir susceptibility of reference influenza viruses and N6 NA isolates with the I222V
NA mutation. Panels A and D show reference human influenza viruses that are known to be
sensitive ( ) or resistant ( ) to oseltamivir. Reference panel control virus A/Fukui/20/2004
(H3N2) was susceptible to both oseltamivir and zanamivir, and A/New Jersey/15/2007
(H1N1) was oseltamivir-resistant but zanamivir-sensitive. Panels B and E show A/Herring
Gull/Delaware/665/1988 (H4N6) ( ) and A/Herring Gull/Delaware/660/1988 (H13N6) ( )
which are both moderately sensitive to oseltamivir. Panel E shows A/Herring Gull/
Delaware/665/1988 (H4N6) ( ) and A/Herring Gull/Delaware/660/1988 (H13N6) ( ),
which both were highly susceptible to zanamivir. A control wild type virus, A/Ruddy
Turnstone/ New Jersey /00502/2008 (H4N6) ( ) was run as a control (no I222V NA
mutation) and is shown in Panels B and E. Panels C and F show the susceptibility of mixed
field samples to NAIs oseltamivir and zanamivir. Panels C and F show the mixed field
sample ( ), which was oseltamivir- and zanamivir-resistant, and A/Pintail Duck/Alberta/
66/2005 (H4N6) isolate ( ), which was oseltamivir- and zanamivir-sensitive.
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TABLE 1

Susceptibility of avian influenza A viruses of the N6 NA subtype to the NAI oseltamivir.

N6 NA influenza viruses Subtype Year of isolation Origin Mean IC50 ± SD (nM) b

Isolated from ducks a

A/Canvasback Duck/Alberta/102/1976 H3N6 1976 Canada 0.35±0.08

A/Mallard Duck/Alberta/100/1976 H3N6 1976 Canada 0.04±0.09

A/Mallard Duck/Alberta/22/1976 H3N6 1976 Canada 0.06±0.12

A/Mallard Duck/Alberta/44/1976 H3N6 1976 Canada 1.26±0.83

A/Mallard Duck/Alberta/97/1976 H3N6 1976 Canada <0.01c

A/Mallard Duck/Alberta/20/1976 H4N6 1976 Canada 0.11±0.08

A/Mallard Duck/Alberta/37/1976 H4N6 1976 Canada 0.11±0.22

A/Pintail Duck/ Alberta/1/1976 H4N6 1976 Canada 0.05±0.13

A/Pintail Duck/Alberta/53/1976 H4N6 1976 Canada 7.4±0.42

A/Pintail Duck/Alberta/211/1979 H4N6 1979 Canada 0.09±0.22

A/Pintail Duck/Alberta/358/1979 H3N6 1979 Canada <0.01

A/Mallard Duck/Minnesota/1041/1980 H6N6 1980 USA 1.28±0.05

A/Mallard Duck/Alberta/145/1981 H4N6 1981 Canada 0.68±0.71

A/Mallard Duck/Alberta/635/1985 H6N6 1985 Canada 0.2±0.28

A/Blue-wing Teal Duck/Alberta/888/1985 H4N6 1985 Canada 0.7±0.1

A/Mallard Duck/Alberta/697/1985 H4N6 1985 Canada 5.33±0.99

A/Pintail Duck/Alberta/623/1985 H4N6 1985 Canada 0.05±0.07

A/Mallard Duck/Alberta/17/1989 H4N6 1989 Canada 0.28±0.04

A/Mallard Duck/Alberta/131/1991 H2N6 1991 Canada 0.13±0.01

A/Mallard Duck/Alberta/132/1991 H2N6 1991 Canada <0.01

A/Mallard Duck/Alberta/135/1991 H2N6 1991 Canada 0.25±0

A/Mallard Duck/Alberta/25/1992 H3N6 1992 Canada 0.14±0.01

A/Mallard Duck/Alberta/35/1992 H3N6 1992 Canada 5.32±0.2

A/Mallard Duck/Alberta/183/1992 H4N6 1992 Canada 0.12±0.01

A/Mallard Duck/Alberta/119/2000 H4N6 2000 Canada 0.06±0.08

A/Mallard Duck/Alberta/35/2001 H4N6 2001 Canada 1.28±0.08

A/Pintail Duck/Alberta/269/2001 H4N6 2001 Canada 4.35±0.21

A/Mallard Duck/Alberta/76/2002 H3N6 2002 Canada 3.90±0.16

A/Pintail Duck/Alberta/166/2003 H3N6 2003 Canada 7.52±0.37

A/Mallard Duck/Alberta/237/2003 H4N6 2003 Canada 0.10±0.13

A/Mallard/Alberta/33/2004 H4N6 2004 Canada 0.35±0.08

A/Mallard Duck/Alberta/201/2005 H4N6 2005 Canada 0.41±0.12

A/Mallard Duck/Alberta/205/2005 H4N6 2005 Canada 0.27±0.15

A/Pintail Duck/Alberta/66/2005 d H4N6 2005 Canada 2.10±0.01

A/Blue-wing Teal Duck/Alberta/376/2007 H3N6 2007 Canada 0.04±0.09

A/Mallard Duck/Minnesota/Sg-000185/2007 H3N6 2007 USA 1.18±0.01

A/Bufflehead Duck/Alberta/418/2007 H4N6 2007 Canada 0.47±0.08

A/Northern Pintail Duck/Alberta/335/2007 H4N6 2007 Canada 2.37±0.1
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N6 NA influenza viruses Subtype Year of isolation Origin Mean IC50 ± SD (nM) b

A/Blue-wing Teal Duck/Minnesota/Sg-00899/2008 H4N6 2008 USA 0.13±0.02

A/Mallard Duck/Alberta/121/2008 H4N6 2008 Canada 0.03±0.07

A/Mallard Duck/Alberta/572/2008 H4N6 2008 Canada 0.11±0

A/Mallard Duck/Minnesota/Sg-00569/2008 H4N6 2008 USA 0.12±0.01

A/Mallard Duck/Minnesota/Sg-00971/2008 H4N6 2008 USA 0.42±0.04

A/Mallard Duck/Minnesota/Sg-01051/2008 H4N6 2008 USA 0.12±0.01

A/Northern Pintail Duck/Minnesota/Sg-00898/2008 H4N6 2008 USA 0.15±0.01

A/Mallard Duck/Minnesota/AI10-1708/2010 H13N6 2010 USA <0.01

Overall duck isolates 1.07±1.93

Isolated from shorebirds/gulls a

A/Gull/Maryland/684/1977 H3N6 1977 USA <0.01

A/Gull/MA/18/1980 H13N6 1980 USA <0.01

A/Gull/MA/50/1980 H13N6 1980 USA 0.28±0.05

A/Gull/Minnesota/ 945/1980 H13N6 1980 USA 0.83±0.04

A/Herring Gull/Delaware/660/1988 H13N6 1988 USA 30.00±0.01

A/Herring Gull/Delaware/665/1988 H4N6 1988 USA 40.00±0.01

A/Herring Gull/New Jersey/136/1990 H3N6 1990 USA 1.28±0.27

A/Herring Gull/New Jersey/144/1990 H3N6 1990 USA 0.16±0.04

A/Gull/New Jersey/34/1992 H13N6 1992 USA 0.14±0.05

A/Gull/New Jersey/48/1992 H13N6 1993 USA 0.22±0.11

A/Ruddy Turnstone/New Jersey/AI01-1407/2001 H13N6 2001 USA <0.01

A/Shorebird/Delaware/231/2001 H13N6 2001 USA <0.01

A/Ruddy Turnstone/New Jersey/1321394/2005 H3N6 2005 USA 0.12±0

A/Shorebird/Delaware/518/2005 H3N6 2005 USA 0.30±0.39

A/Ruddy Turnstone/New Jersey/1321394/2005 H3N6 2005 USA 1.48±0.01

A/Ruddy Turnstone/New Jersey/Sg-00502/2008 H4N6 2008 USA 6.70±0.01

A/Shorebird/Delaware/606/2008 H4N6 2008 USA 0.23±0.27

A/Shorebird/Delaware/309/2008 H4N6 2008 USA 0.13±0.01

A/Ruddy Turnstone/New Jersey/Sg-00551/2008 H6N6 2008 USA 0.1±0.1

A/Ring-billed Gull/Minnesota/AI0-1784/2010 H13N6 2010 USA <0.01

A/Ring-billed Gull/Minnesota/AI0-1791/2010 H13N6 2010 USA 1.13±0.13

A/Ring-billed Gull/Minnesota/AI0-1820/2010 H13N6 2010 USA 1.29±0.08

A/Ring-billed Gull/Minnesota/AI0-1829/2010 H13N6 2010 USA 0.49±0.34

A/Ring-billed Gull/Minnesota/AI10-1725/2010 H13N6 2010 USA 0.86±0.71

A/Ring-billed Gull/Minnesota/AI10-1738/2010 H13N6 2010 USA 1.01±0.96

A/Ring-billed Gull/Minnesota/AI10-1778/2010 H13N6 2010 USA 0.19±0.01

A/Ring-billed Gull/Minnesota/AI10-1765/2010 H13N6 2010 USA 0.06±0.08

Overall shorebird/gull isolates 3.22±10.30

a
Avian influenza viruses were all from apparently healthy wild birds and were isolated from fecal samples or from tracheal/oropharyngeal or

cloacal swabs.
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b
NA inhibition assay used MUNANA as substrate at a final concentration of 100 μM. Values are the mean of two or three independent

determinations.

c
Values from 0.005 to 0.01 were included in calculating the IC50 values.

d
A/Pintail Duck /Alberta/66/2005 (H4N6) influenza virus that was sensitive to oseltamivir was counted in the total number of pintail isolates after

it was purified out.
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