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SUMMARY.

Missouri, United States, is located within the Mississippi Migratory Bird Flyway where wild
waterfowl stop to feed and rest during migration and, weather permitting, to overwinter.
Historically, Missouri has experienced sporadic influenza A virus (1AV) outbreaks in poultry

and commercial swine. The introduction of 1AVs from wild, migratory waterfow! is one possible
source for the 1AV, IAV genomic segments, or both involved in these outbreaks in key agricultural
species. During 2005 through 2013, 3984 cloacal swabs were collected from hunter-harvested
waterfowl in Missouri as part of an active 1AV surveillance effort. Twenty-four avian species
were represented in the sample population and 108 (2.7%) of the samples tested positive for AV
recovery. These 1AV isolates represented 12 HA and nine NA subtypes and at least 27 distinct
HA-NA combinations. An H14 1AV isolate recovered in Missouri during the sample period
provided evidence for further establishment of the H14 subtype in North American wild waterfowl
and gave proof that the previously rare subtype is more genetically diverse than previously
detected. The present surveillance effort also produced 1AV isolates that were genomically linked
to the highly pathogenic H7N3 1AV strain that emerged in 2012 and caused severe disease

in Mexico’s domestic poultry. The presence of antigenically diverse 1AV’s circulating in wild
waterfowl in the vicinity of commercial poultry and swine, along with the association of several
wild-bird-lineage 1AV genomic segments in viruses infecting poultry in North America, justifies
continued attention to biosecurity efforts in food animal production systems and ongoing active
IAV surveillance in wild birds.

RESUMEN.

Vigilancia para el virus de influenza A en aves acuéticas en Missouri, en los Estados Unidos,
2005-2013.

El estado de Missouri, en los Estados Unidos, se encuentra dentro de la ruta de aves migratorias
del Mississippi donde las aves acuaticas silvestres paran para alimentarse y descansar durante la
migracion y para pasar el invierno bajo mejores condiciones climaticas. Histéricamente, Missouri
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ha experimentado brotes esporédicos del virus de la influenza en las aves y cerdos comerciales. La
introduccion de virus a partir de este tipo de aves acuaticas silvestres y migratorias es una fuente
posible del virus de la influenza aviar, de sus segmentos gendmicos, o de ambos que pueden estar
implicados en brotes en especies pecuarias importantes. Durante el afio 2005 hasta el 2013, se
recolectaron 3984 hisopos cloacales de aves acuaticas obtenidas de la caza en Missouri como parte
del esfuerzo de vigilancia activa contra la influenza aviar. Veinticuatro especies aviares estuvieron
representadas en la poblacién de la muestra 'y 108 (2.7%) de las muestras resultaron positivas para
la recuperacion del virus de la influenza aviar. Estos aislamientos representaron 12 subtipos de HA
y nueve subtipos de NA y al menos 27 combinaciones de HA-NA distintas. Un aislamiento H14
recuperado en Missouri durante el periodo de la muestra present6 evidencias de su establecimiento
en aves acuaticas silvestres de América del Norte y dio prueba de que este subtipo que raramente
se encuentra, es genéticamente mas diverso de lo que previamente detectado. El actual esfuerzo

de vigilancia también produjo aislamientos que estuvieron genémicamente ligados a la cepa
altamente patdgena H7N3 que surgio en el 2012 y que causé una enfermedad grave en las

aves comerciales de México. La presencia de antigénicamente diversa de los virus de influenza
aviar que circulan en las aves acudticas silvestres en las inmediaciones avicultura comercial y
porcina, junto con la asociacion de varios segmentos gendmicos procedentes de los virus en aves
silvestres que infectan a las aves de corral en América del Norte, justifica una atencion continua

a los esfuerzos de bioseguridad en los sistemas de produccion animal y en la continuacion de la
vigilancia activa de aves silvestres.
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Wild, migratory waterfowl are natural reservoirs for influenza A viruses (IAVS). The
persistence of 1AVs in these far-ranging migratory species makes them potential vehicles
for the global dissemination of these viruses (24). When wild waterfowl stopover and
wintering grounds coincide with commercial poultry and swine production facilities, the
potential for transmission of wild-bird—lineage 1AVs to domestic birds and food animals is
increased (7,8,26). Most attention is given to waterfowl-origin H5 and H7 1AVs because
they are the HA subtypes that have demonstrated potential for high pathogenicity among
birds (20). In addition to highly pathogenic (HP) IAVs, low pathogenic (LP) 1AVs are also
concerning for poultry producers because of the threat they pose to overall flock health and
production (3,15). Beyond poultry, avian-lineage 1AVs have impacted swine health as well;
most notably, North American avian-lineage gene segments (PB2 and PA) are part of the
triple-reassortant internal gene cassette that has been circulating in pigs since 1998 (26).
Monitoring 1AV activity in wild birds is an important component of comprehensive risk
assessments for poultry and swine producers in the Midwestern United States.

Missouri is an important poultry producing state, with an annual population of over 50
million broilers and laying hens combined and more than 7 million turkeys (22). As of
2013, Missouri ranked ninth in the nation in terms of poultry sales within the year with
an estimated value of US$1.4 billion (23). In addition, the state hosts a robust commercial
swine industry that produces more than 9.7 million pigs per year, ranking seventh in the
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nation for the number of swine produced (22). The susceptibility of swine to infection with
avian-, human-, and swine-lineage 1AV strains garners concern in that 1AV reassortment
occurring in swine can give rise to novel strains with pandemic potential (14). For these
reasons, a collaborative project was established between the Missouri Avian Influenza Task
Force and The Ohio State University to monitor AV activity in Missouri and obtain a
contemporary assessment of 1AV activity in wild, migratory waterfowl in the state.

Previous AV surveillance studies conducted in the northern reaches of the Mississippi
Migratory Bird Flyway documented that approximately 20% of juvenile birds were shedding
IAVs during premigration marshalling periods (1,10,24), whereas studies conducted in the
southern wintering grounds report an estimated 1AV prevalence closer to 2% (5,21). Few
current studies have focused on the AV dynamics occurring in the Midwestern United
States during southern migration periods. Therefore, in 2005 an 1AV surveillance effort was
initiated in wild waterfowl in Missouri during the fall migration season to gain insight on the
prevalence and diversity of 1AV strains in hunter-harvested wild waterfowl.

MATERIALS AND METHODS

Sample collection.

Influenza A virus surveillance was conducted during 2005 through 2013 by collecting
cloacal swabs as previously described (19). Swabs were collected from hunter-harvested
waterfowl during three distinct hunting seasons: teal season during September, open duck
season (all duck species) during November and December, and light geese season during
February through April. Samples were collected at nine different locations throughout
Missouri (Fig. 1). Each bird accessioned into the study was visually examined to determine
species, age, and sex. Sampling was contingent upon the success and participation of hunters
along with the availability of the research team members. Not all study sites were used each
year due to variable bird numbers and prior accessibility.

Laboratory testing.

Virus isolation attempts were conducted on each sample using 10-day-old specific-pathogen-
free (SPF) embryonating chicken eggs as previously described (19). All allantoic fluid with
hemagglutinating activity was tested for the presence of 1AV using the Avian Influenza Virus
Type A Antigen Test Kit (Synbiotics Corporation, San Diego, CA). The IAV isolates were
submitted to the United States Department of Agriculture (USDA) Animal and Plant Health
Inspection Service (APHIS), National Veterinary Services Laboratories (NVSL) in Ames,
lowa for antigenic HA and NA subtyping using standard hemagglutination inhibition (HI)
and neuraminidase inhibition (NI) tests, respectively.

Statistical analysis.

Data were analyzed using Stata 13.1 (StataCorp LP, College Station, TX). Frequencies

and percentages were calculated to assess descriptive information. Cross-tabulations were
utilized along with a Pearson chi-square (XZ) test to identify statistically significant
associations among nonparametric data. In addition, cross-tabulations were used to identify
any potential interactions among the factors.
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Binary logistic regression using a forward stepwise model building approach was used

to assess differences among potential predictor variables for 1AV detection. Variables
included in the final model were year, species, and age. Species was recoded into groupings
including: mallard (Anas platyrhynchos), gadwall (Anas strepera), American green-winged
teal (Anas crecca carolinensis), northern shoveler (Anas clypeata), blue-winged teal (Anas
discors), other dabbling ducks, and all other species (i.e., diving ducks, geese, etc.). Age
was categorized as hatch year, mature (after hatch year), or unknown. The categories for sex
were male, female, or undetermined.

Sampling overview.

A total of 3984 cloacal swab samples were collected representing 24 different species (Table
1). The majority of samples (3571 [89.6%]) were taken from dabbling ducks including
mallard, gadwall, American green-winged teal, blue-winged teal, northern shoveler, and
other dabblers. The remaining 413 (10.3%) samples consisted of all other species (i.e.,
diving ducks, geese, etc.). Most of the samples (3335 [83.7%]) were collected during the
later open duck season and 405 samples (10.2%) were collected during teal season, with
the remaining 244 (6.1%) collected during light goose season. For age, there were 2078
(52.1%) birds identified as mature, 1353 (34.0%) birds classified as hatch year, and 553
(13.9%) coded as unknown. When examining the sex of the sampled birds, they consisted
of 2401 (60.3%) males and 1250 (31.4%) females with the sex of 333 (8.4%) birds being
undetermined.

IAV recovery.

Of the 3984 samples collected, 108 (2.7%) were positive for IAV isolation. The proportion
of 1AV-positive samples varied during the study years from a low of 1.30% in 2006 to a
high of 5.76% in 2013 (Table 2). Overall, the evaluation of the frequency of 1AV recovery
showed a significant relationship between year and the proportion of 1AV positive samples
(XZ = 33.04, £<0.0001). The Marascuilo post hoc procedure was used to compare multiple
proportions to investigate the differences between years, but no statistically significant
differences could be identified (data not shown). Differences between years could be
attributed to the addition of teal sampling during 2010 and subsequent years.

The frequency of 1AV recovery did differ (X2 =7.21, P=0.027) between sexes of sampled
bird; males 59/2401 (2.5%), females 45/1250 (3.6%), and undetermined 4/333 (1.2%). The
relationship between age and AV recovery was also significant (XZ =22.0900, < 0.001);
mature birds 42/2078 (2.0%), hatch year 59/1353 (4.4%), and unknown 7/553 (1.3%). Table
1 shows the varied distribution of 1AV isolations across the represented species. Notably,
35/388 (9.0%) blue-winged teal and 20/371 (5.4%) northern shovelers tested positive for
AV,

The multivariable model shown in Table 3 displays the adjusted odds ratios of the included
variables. Year was forced into the model due to the high variability in |AV recovery during
the sampled years. The final model shows that the adjusted odds of 1AV recovery for
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blue-winged teal and northern shovelers, when compared to all other species, were 5.04 and
2.76, respectively. The final model also shows the odds of 1AV recovery were 1.58 times
higher for hatch-year birds when compared to mature birds.

Subtype distribution.

Antigenic subtyping identified at least 12 HA and nine NA subtypes. The 27 HA-NA
combinations detected were represented in 78 isolates where a single HA and NA antigenic
subtype was detected. There were nine isolates where antigenic subtyping indicated the
presence of two or more HA, NA, or both subtypes, which may represent mixed infections.
In addition, antigenic subtyping results did not identify an HA or NA (or both together)
subtype for 21 isolates (Table 2).

DISCUSSION

The findings of the current study are comparable to the results of other investigators where
the recorded 1AV prevalence varies over seasons and is influenced by the age and species

of the sampled birds (3,5,18,25). The present surveillance study demonstrated an 1AV
prevalence of 2.7% in the sampled wild bird population. This is similar to studies conducted
in Texas during the same time period (5) but is much lower than the 1AV prevalence of
13.5% documented concurrently in Minnesota (25). While migration stops can serve as
comingling points which allow for LAV transmission, our data indicate that AV activity
among the southern migrating birds is relatively low by the time they reach Missouri.

Surprisingly, Mallards sampled in the present study were shedding IAVs at a relatively

lower frequency, contradicting surveillance data from other geographic locations within the
Mississippi Flyway (25). However, just as reported by Ferro et al. (5) from IAV surveillance
in Texas, both blue-winged teal and northern shovelers sampled within the context of

the present surveillance effort in Missouri had the highest prevalence of 1AV infections.
Blue-winged teal and northern shovelers are dabbling ducks, like mallards and green-winged
teal, but have life cycle differences that may contribute to their susceptibility to IAVs in

the more-southern regions of the United States. Blue-winged teal leave northern latitudes
before other dabbling duck species, making the migratory trek earlier in the autumn and are
among the last species to return north in the spring (4). As postulated by Ferro et al. (5) the
high energy costs of long-distance migrations of the blue-winged teal may make the species
more susceptible to IAV infections, thus constituting the high prevalence of 1AVs being shed
in this sampled population. In addition, during the present study green-winged teal were
sampled during both the early hunting seasons, which allow hunters to only harvest teal
species, and during the later duck hunting seasons when hunters can harvest all species of
dabbling ducks. Because the blue-winged teal migrate before the green-winged teal, samples
are only collected from the blue-winged teal during the earlier hunting season, which could
contribute to the appearance of an intraseason trend and thus bias the overall prevalence data
(18). No matter the reason for 1AV recovery differences, blue-winged teal are known to be
an important species to the ecology of 1AV and 1AV subtype diversity (17,21).

The higher recovery from hatch-year birds is similar to several previous surveillance studies
(9,11,16,21), and the observed inverse relationship between age and viral shedding has been
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demonstrated in an experimental setting (2). The significant difference in the frequency of
IAV recovery between sexes is an interesting finding. Even when the 333 birds for which

the sex could not be identified are removed from the dataset, the difference in IAV recovery
between males and females remains significant (= 0.048). Although statistically significant
on its own, sex was not included in the final model because the included variables of age,
species, and year provided maximum explanation of the variation.

The present surveillance effort produced several unique 1AV isolates, some of which were
genomically linked to severe disease in domestic poultry. In summer of 2012, poultry

farms in Jalisco, Mexico experienced outbreaks of highly pathogenic avian influenza

(HPAI) virus H7N3, which spread into three additional Mexican states. The H7N3 HPAI
affected broilers, breeders, layers, and backyard poultry from 2012 through the latest
outbreak in spring 2014 and was transmitted to at least two poultry workers in Jalisco
(12,13). A recent investigation into the ancestry of this H7N3 HPAI virus revealed that

the most-closely related strain of the H7 HA was that of A/northern shoveler/Missouri/
100S4750/2010(H7N3), an isolate recovered through the present surveillance effort. While
this analysis does not infer evolutionary history, Lu ef a/. (13) did show, through Bayesian
phylogenetic methods, that the most-common ancestor of the HPAI HA gene was from

a wild bird LP H7 clade which gained basic amino acid residues at the cleavage site,
becoming HP in March 2012. Additionally, further investigation, through the National
Center for Biotechnology Information (NCBI) BLAST tool (http://www.ncbi.nlm.nih.gov/)
of selectively sequenced Missouri 1AV isolates, shows that A/blue-winged teal/Missouri/
110S2563/2011(H12N4) and A/mallard/Missouri/120S5756/2012(H10N7) have PB1 genes
that are also closely matched (=98.9% nucleotide identities) to the H7N3 HPAI isolates (data
not shown).

Although outbreaks of H7N3 HPAI were not reported in Missouri, several cases of LP

AV in commercial poultry operations were reported in Missouri shortly before and during
our surveillance period. In 2004, a year before our study commenced, there were H3N2
infections in commercial turkey breeding operations, and several serotypes were present in
two large backyard chicken flocks, both of which were depopulated (Massengill, unpubl.
data). In 2011, there was also a case of LP H7N3 detected in commercially raised turkeys,
although viruses were never isolated (Massengill, unpubl. data). Genomically, an HIN1 AV
isolate recovered from turkeys in Missouri in 1987 matches with >98% nucleotide identity
to seven of eight wild-bird—origin AV isolate segments recovered in the United States in
1986-87. The NA segment was of swine lineage (data not shown). These examples provide
evidence that even LP 1AVs circulating in wild birds have had detrimental impacts on food
animal production agriculture in Missouri, and must be considered a potential threat into the
future, therefore justifying ongoing biosecurity programs.

Another interesting finding of our 1AV surveillance in Missouri waterfowl was the
molecular detection of another lineage of H14 1AV associated with the apparent intraflyway
spread of the H14 subtype. As reported by Fries et al. (6), A/northern-shoveler/Missouri/
100S4637/2010(H14N6) was antigenically characterized as an H4, but genomic sequencing
revealed this to be an H14 lineage HA. This H14 isolate is genetically diverse from the

five H14 isolates recovered from wild waterfowl in Wisconsin during the same year (97.5%
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amino acid identity between Wisconsin and Missouri), indicating that at least two lineages
of these uncommonly recovered H14 viral isolates could be circulating and adapting in an
unsampled host in the United States (6). Although there is presently no indication that the
H14 subtype is a significant threat to poultry or swine health, it is concerning that Eurasian
gene segments can suddenly appear in, and rapidly spread throughout, the Mississippi
Flyway where major poultry and swine production units exist.

Further understanding of the natural history, genomic diversity, routes of transmission, and
ecology of waterfowl-origin 1AVs will assist both animal and public health officials in their
control of IAV in the respective populations. This can be seen in recently reported events
across Eurasia of apparently related HP H5N1, HP H5N8, and LP H7N9. Ultimately, the
ongoing need for up-to-date information about 1AV threats to animal populations advocates
the need for additional, ongoing surveillance.
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Fig. 1.
Geographic locations of nine (A-I) study sites for IAV surveillance in wild birds in the state
of Missouri, United States, 2005-2013.
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Odds ratios from multivariable logistic regression model for predictors of 1AV infection of wild birds sampled
in Missouri, United States, 2005-2013.
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Variable Oddsratio  95% Confidenceinterval P value

Age

Mature 104

Hatch year 1.58 0.99-2.52 0.056

Unknown 0.84 0.36-2.01 0.706
Species

All other species 1.0/4

Mallard 1.36 0.51-3.67 0.539

Gadwall 0.26 0.06-1.15 0.075

American green-winged teal 0.94 0.29-3.02 0.913

Northern shoveler 2.76 0.98-7.79 0.054

Blue-winged teal 5.04 1.86-13.67 0.001

Other dabbling ducks 0.89 0.23-3.49 0.866
Year

2005 104

2006 0.77 0.20-2.93 0.702

2007 1.20 0.36-4.00 0.770

2008 1.66 0.50-5.52 0.410

2009 1.60 0.47-5.49 0.454

2010 2.10 0.71-6.26 0.183

2011 0.59 0.17-2.01 0.401

2012 0.66 0.20-2.25 0.513

2013 1.94 0.64-5.94 0.244

AReferent group.
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