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Abstract
Mx (myxovirus-resistant) proteins are induced by interferon and inhibit viral replication as part of
the innate immune response to viral infection in many vertebrates. Influenza A virus appears to be
especially susceptible to Mx antiviral effects. We characterized exon 13 and the 3’ UTR of the Mx
gene in wild ducks, the natural reservoir of influenza virus and explored its potential relevance to
influenza infection. We observed a wide range of intra- and interspecies variation. Total nucleotide
diversity per site was 0.0014, 0.0027, 0.0044, 0.0051, and 0.0061 in mallards, northern shovelers,
northern pintails, American wigeon, and American green-winged teals, respectively. There were 61
haplotypes present across all five species and four were shared among species. Additionally, we
observed a significant association between Mx haplotype and influenza infection status in northern
shovelers. However, we found no evidence of balancing or diversifying selection in this region of
the Mx gene. Characterization of the duck Mx gene is an important step in understanding how the
gene may affect disease resistance or susceptibility in wild populations. Furthermore, given that
waterfowl act as a natural reservoir for influenza virus, the Mx gene could be an important determinant
in the ecology of the virus.
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1. Introduction
Mx (myxovirus-resistant) proteins play a key role in the innate immune response to viral
infection. Discovered in 1962 in an inbred mouse strain resistant to influenza infection
(Lindenmann, 1962), Mx proteins have since been shown to provide resistance to a wide array
of both DNA and RNA viruses (reviewed by Haller et al., 2007). The Mx gene is readily induced
by type I and type III interferon (IFN) and where examined, Mx proteins have been found in
mammals, birds and fish (reviewed by Haller et al., 2007). Once induced, Mx proteins associate
with the smooth endoplasmic reticulum (Stertz et al., 2006) or localize to distinct subnuclear
compartments (Engelhardt, 2001; Engelhardt, 2004) depending on the organism and site of
Mx expression.
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Prevention of viral replication is dependent on the co-localization of Mx proteins and the viral
replication stage. In the case of orthomyxoviruses and bunyaviruses, a physical interaction
occurs between Mx and the viral nucleoprotein (NP) component of the nucleocapsid (Haller
et al., 2008). If both occur in the same location, Mx traps viral nucleoproteins and shuttles them
elsewhere in the cell (Haller and Kochs, 2002). It is hypothesized that Mx can also bind and
cover nuclear localization signals on the viral nucleoprotein, blocking entrance to the nucleus
(Kochs and Haller, 1999). The nucleoprotein of most viruses is a generally well-conserved
portion of the virus because of its critical role in the virus’ structure. However, in a recent study
of over 2500 influenza A NP amino acid sequences, it was found that sequence conservation
varies considerably by protein domain; 80.7% of residues in the head domain are conserved,
whereas only 66.1% and 67.5% of residues in the body and tail loop domains, respectively,
are conserved (Ng et al., 2009). It is unknown at this time with which domain Mx interacts,
but by targeting the nucleoprotein rather than other viral proteins, it is thought that the Mx
protein is better able to maintain viral recognition and prevent viral immune evasion (Sadler
and Williams, 2008).

Interaction with viral components is mediated by the effector domain of the Mx protein
(Johannes et al., 1997). The effector domain, also called the leucine zipper region, is coded for
in exon 13 of the Mx gene. This region is characterized by a series of leucines that appear to
be involved in self-assembly and oligomerization (Schumacher and Staeheli, 1998). It is
thought the formation of oligomers creates a stable pool from which monomeric Mx proteins
can be recruited (Janzen et al., 2000; Kochs et al., 2002a). The effector domain also contains
amino acids important for viral target recognition. Glutamic acid at position 645 in the human
Mx protein (MxA) was mutated to arginine and the protein became ineffective against vesicular
stomatitis virus and LaCrosse virus, but still inhibited influenza and Thogoto virus (Zürcher
et al., 1992; Kochs et al., 2002b).

Antiviral activity of Mx protein varies among organisms. Only the cytoplasmic form (MxA)
in humans is antivirally active (Pavlovic et al., 1990), while both forms (nuclear, Mx1;
cytoplasmic, Mx2) are active in mice (Arnheiter et al., 1980). Although chicken Mx proteins
were not thought to be antivirally active (Bernasconi et al., 1995), work has shown a single
amino acid change (S631N) determines antiviral activity against influenza virus and vesicular
stomatitis virus in vitro (Ko et al., 2004). However, this finding remains controversial as
additional researchers have not successfully replicated the experiment (Benfield et al., 2008).
The demonstration that single amino acid changes may determine antiviral activity of some
forms of the Mx protein against many different types of virus suggests that genetic variation
in the domains of the protein that interact with viral proteins for innate defense may be critical
to co-evolving host-pathogen relationships such as what appears to exist with dabbling ducks
and influenza.

Duck Mx was also reported as inactive against influenza infection (Bazzigher et al., 1993).
However, that study was limited by the extremely small sample size and effectively neglected
the possible effects of inter-individual variation in the innate immune response. In addition, to
test for resistance to influenza, chicken and turkey-adapted influenza virus strains were used
in mouse and chicken-derived cell lines, but it is now well established that the immune response
to influenza is strain dependent in both ducks and chickens (reviewed by Cardona et al.,
2009). This fact makes it equally likely that the effects observed in a limited number of tissues
and a single species were highly dependent on the lab adapted strain of virus used. Taken
together, prior studies leave the function of the Mx protein in wild duck populations in question.

Wild duck populations are an important part of the ecology of the influenza virus. Prevalence
of low pathogenic avian influenza (LPAI) is highest in ducks compared to other birds and in
juveniles compared to other age classes (Webster et al., 1992; Olsen et al., 2006; Runstadler
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et al., 2007). Dabbling ducks (genus Anas) are infected with influenza more often than diving
ducks (Olsen et al., 2006). This difference in prevalence may be due to dabbling ducks’ feeding
and migratory behavior (Olsen et al., 2006). Dabbling ducks serve as the natural reservoir for
low pathogenic strains and it appears they likely carry and shed the virus without overt
symptoms (Kida et al., 1980; Webster et al., 1992; Jourdain et al., 2010). However, when
experimentally infected with LPAI virus, pekin ducks and mallards produce a relatively weak
antibody response, but are still protected against reinfection with the same virus (Kida et al.,
1980; Jourdain et al., 2010). The role of the primary innate immune system in response to LPAI
infection in ducks is worth further exploration.

Multiple studies suggest the Mx protein is fundamental to the innate immune response to
influenza infection in mice, rats, humans, and pigs (Lindenmann and Klein, 1966; Meier et al.,
1988; Pavlovic et al., 1990; Nakajima et al., 2007). Given the differing level of conservation
in the influenza NP and the ability of Mx to recognize the NP of many different viruses, it
could be advantageous for a population to harbor multiple Mx alleles. In this study, we
sequenced and analyzed a portion of the Mx gene which codes for the leucine zipper region of
the translated protein which is thought to direct the antiviral effects of the Mx protein in other
species. Using those sequences, we were also able to test for an association between Mx allele
and influenza infection status.

We used samples from multiple individuals with a known infection status representing five
dabbling duck species: American green-winged teal (Anas crecca carolinensis, hereafter teal),
American wigeon (Anas americana, hereafter wigeon), mallard (Anas platyrhynchos), northern
pintail (Anas acuta, hereafter pintail) and northern shoveler (Anas clypeata, hereafter shoveler).
We sampled at summer breeding grounds in Interior Alaska where large numbers of these birds
converge and where, historically, dabbling ducks in these sites have a high prevalence of LPAI
infection (Ito et al., 1995; Runstadler et al., 2007). Nucleotide diversity at the Mx locus would
support further investigation of the functional differences between alleles and the impact on
influenza infection in wild duck populations, the major reservoir of influenza in nature.

2. Materials and methods
2.1. Sample Collection

We used samples from three existing collections: genomic DNA extracted from blood and
feathers collected from ducks at sites in the Yukon Flats National Wildlife Refuge (66°20’N,
147°58’W) in May and June 2006, genomic DNA extracted from blood and feathers collected
from live-trapped ducks at sites in the Minto Flats State Game Refuge (64°53′N, 148°46′W)
in August 2006, and blood collected from ducks post-mortem at Minto Flats in September 2006
and 2007. Additional feathers taken at Minto Flats in 2006 were processed and used to
supplement the existing collection. Minto Flats and Yukon Flats are both located in interior
Alaska and are important breeding areas for more than 20 waterfowl species (Clausen et al.,
1992; Petrula, 1994). Table 1 lists samples used in laboratory analysis.

2.1.1. Yukon Flats—Briefly, wigeon and shovelers were live-captured in traps during May
and June 2006. Blood and feathers were collected as described by Welsh (2008).

2.1.2. Minto Flats—Wigeon, teals, mallards, pintails, and shovelers were live-captured in
traps at Minto Flats in cooperation with Alaska Department of Fish and Game banding
operations during August 2006. Blood and feathers were collected as described by Welsh
(2008). Briefly, 0.5 to 1.5 mL of blood were collected from the brachial or jugular vein,
transferred to 2 mL EDTA tubes (BD Vacutainer), and stored at -80 °C. During September
2006 and 2007, blood was collected post-mortem via heart puncture from hunter-killed ducks.
The blood samples were stored in 2 mL EDTA tubes (BD Vacutainer) at -80 °C.
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2.2. Determination of influenza infection status
In addition to blood and feather samples, cloacal swabs were taken from all ducks using
methods described by Runstadler et al. (2007). RNA was extracted and used for the creation
of cDNA for real-time RT-PCR (RRT-PCR) as previously described (Runstadler et al.,
2007). The cDNA product was then screened for the avian influenza virus matrix gene using
primers developed by Spackman et al. (2003) and modified by Runstadler et al. (2007). A
threshold cutoff (Ct) value of <40 was used to assign infection status. The overall prevalence
in 2006 was 16.3% (173/1062) and in 2007 was 7.0% (120/1714).

2.3. Chicken and duck Mx sequences and primer design
The NCBI Genbank database was searched in June 2007 for chicken and duck Mx mRNA
sequences. The two available duck sequences (Genbank accession numbers Z21549 and
Z21550) and a chicken sequence (Genbank accession number NM_204609) were aligned using
the ClustalW algorithm in DNADynamo (Blue Tractor Software Ltd, UK). The area of duck
sequence that best aligned with exon 13 of the chicken Mx mRNA was used to design primers
in Primer3 (Rozen and Skaletsky, 2000). The forward (F) and reverse (R) primers are: Mx-F
5’ –AGCAAGTAAACGCCTCTCCA – 3’ and Mx-Rs 5’ –
GAAACTGGCAGTAAAGGTCAGC – 3’.

2.4. Genomic DNA extraction from whole blood and plucked body feathers
DNA was extracted from 5 - 10 μl of duck whole blood using the Qiagen Inc DNeasy Blood
and Tissue Kit (Qiagen Inc., California, USA) according to the manufacturer’s instructions.
The DNeasy Blood and Tissue kit was also used to extract DNA from plucked body feathers
as described by Bush et al. (2005). Briefly, one to six feather tips were placed in a 1.5 ml
microfuge tube with 25 μl of 100 mg/ml DTT solution, 20 μl Proteinase K solution (600 mAU/
ml) and 180 μl Buffer ATL. The mixture was incubated at 55 °C for 48 hours in a shaking
incubator. After incubation, DNA was extracted according to the manufacturer’s instructions
regarding tissue. DNA concentration was quantified using a NanoDrop ND-1000
spectrophotometer (Thermo Scientific, Delaware, USA).

2.5. Mx gene amplification and sequencing
The Mx gene fragment was amplified through polymerase chain reaction (PCR) with the
following reaction mixture: 80 ng of genomic DNA, each primer at 0.4 μM, 1 unit Platinum
Taq DNA polymerase (Invitrogen, California, USA), 0.4 mM each dNTP, 2 mM MgCl2, and
1X Platinum Taq polymerase buffer in a final volume of 25 μl. The PCR conditions were: 94
°C for 5 min followed by 35 cycles of 94 °C for 45 s, 56 °C for 45 s, 72 °C for 1 min, and a
single incubation at 72 °C for 10 min followed by a hold at 4 °C. PCR products were run on a
1.5% agarose gel and then visualized using ethidium bromide staining. The expected PCR
product size was approximately 340 bp. PCR products were cleaned with the QIAquick PCR
purification kit (Qiagen Inc.) and sequenced with the BigDye Terminator v3.1 cycle sequencing
kit (Applied Biosystems; Foster City, CA) according to the manufacturer’s recommendations.
The sequencing reactions were analyzed on an ABI 3100 sequencer at the University of Alaska
Fairbanks DNA Core Facility and/or an ABI 3730XL sequencer at Macrogen Inc., Seoul,
Korea.

2.6. DNA sequence alignment and analysis
Chromatograms were edited using Sequencher 4.7 (Gene Codes Corporation, USA), sequences
aligned with the MUSCLE alignment algorithm (Edgar, 2004), and allelic phase was
determined using PHASE v.2 (Stephens et al., 2001). Results from PHASE were verified by
cloning and sequencing 50 heterozygous individuals across all five species. Additionally,
samples with rare mutations were amplified and sequenced at least twice to ensure the
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mutations were not PCR artifacts. Summary statistics including π (Tajima, 1983) and Tajima’s
D (Tajima, 1989) were estimated using DnaSp v 4.50 (Rozas and Rozas, 1999) and SITES
(Hey and Wakeley, 1997). OmegaMap was used to search for evidence of diversifying selection
within species (Wilson, 2005). Codon-based models contained within MEGA4.1 (Tamura et
al., 2007) were also used to test for evidence of selection within species. Unrooted median-
joining haplotype networks were constructed with the program Network v 4.5.1.0 in order to
visualize how alleles were related within and between species (Bandelt et al., 1999). In order
to evaluate how genetic variation was partitioned within and among species, an analysis of
molecular variance (AMOVA) was performed using Arlequin v 3.11 (Excoffier et al., 2005).

2.7. Amino acid translation and analysis
The coding region was translated using web-based EMBOSS Transeq
(http://bioweb2.pasteur.fr/docs/EMBOSS/transeq.html) and the variable sites were located
using FaBox (http://www.birc.au.dk/~biopv/php/fabox/). SIFT was used to predict the effects
of amino acid substitutions on the functionality of the protein (Ng, 2003).

2.8. Disease association analysis
The number of influenza-positive and negative individuals in each haplotype was counted using
a Perl script (written by Dillon). In order to assess whether infection status was significantly
associated with Mx haplotype, the program CLUMP was used (Sham and Curtis, 1995). A set
of 100,000 simulations was run for each species and all species combined. The data were also
stratified by year to investigate possible effects of time on disease association. The p-value for
the normal chi-squared (T1) table was used to determine statistical significance.

3. Results
3.1. Nucleotide diversity

We sequenced a 336 bp region of the duck Mx gene that encompasses exon 13 and a portion
of the 3’ UTR. Our sample consisted of 353 individuals from five species (mean = 71, range
= 15 - 204). The total number of sequences (n) and haplotypes (H) from each species can be
seen in Table 2.

Mean pair-wise differences per site (π/bp) varied widely among species (Fig. 1). The greatest
overall diversity (πtotal) was found in teals (0.0061). Teals also had the highest π for
nonsynonymous sites (πs; 0.0078). Wigeons had the highest π for both synonymous sites (πn;
0.0198) and silent sites (synonymous and noncoding sites; πsilent: 0.0097). Mallards were the
least diverse in all categories with the exception of noncoding sites (πnoncoding: 0.0026).

3.2. Selection
We did not find evidence of long-term positive selection on our region of interest in any of the
species studied. All species had dN/dS ratio less than one (more synonymous mutations than
nonsynonymous mutations; Table 2). Mallards showed a significantly negative Tajima’s D
value while all other species had non-significant values (Table 2). No significant posterior
probabilities of positive selection were found using omegaMap (data not shown).

3.3. Nucleotide haplotype network and disease association
Constructing a haplotype network allowed us to visualize the relationship between the
nucleotide sequences from the five duck species (Fig. 2). We found 61 haplotypes, 32 of which
were represented by two or more sequences from sampled individuals. One haplotype
accounted for 49% of all sequences and 83% of all mallard sequences (‘A,’ Fig. 2). It is possible
that more haplotypes could exist, as our primers were designed based on three available avian
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Mx sequences and may not have captured all duck Mx alleles. Overall, we observed a large
degree of interdigitation and some sharing of sequences; two haplotypes were shared by two
species (‘B’, Fig. 2) and two haplotypes were shared by three or more species (‘A,’ ‘C’, Fig.
2). With the exception of the four shared haplotypes, sequences grouped by species. Eighty-
two percent of observed variation was explained by differences among species (AMOVA; p
< 0.00001).

We used CLUMP to evaluate whether a statistical association exists between Mx allele and
influenza infection status (Table 3). Northern shovelers showed a suggestive association (χ2 =
12.1, p = 0.09), with five unique alleles contributing to this association. When data was
stratified by year, there was a significant association in shovelers during 2006 (p = 0.029) and
in all species combined during 2007 (p = 0.001).

3.4. Amino acid diversity
The coding region translated to 76 amino acids. We found 11 nonsynonymous substitutions
and one stop codon; four substitutions, including the stop codon, were predicted to affect
protein function based on sequence homology and the physical properties of amino acids (Fig.
4). Relative to the entire protein, the four substitutions were E682STOP, L701F, S702G, and
D717A. The L701F and S702G substitutions only occurred in teals; L701F appeared in four
teal sequences, but S702G was present in 79% (41/52) of all teal sequences. The majority (92%;
24/26) of teal individuals were homozygous at position 702 and both individuals exhibiting
the L701F substitution were homozygotes. The stop codon and D718A substitution each
occurred in one mallard sequence. Overall, there were 16 unique protein sequences among the
five duck species, eight of those were singletons, four were shared by multiple species, and
five were only present in the teal population (Fig. 3).

4. Discussion
We examined diversity and tested for evidence of selective pressure in a region of the Mx gene
in five duck species: American green-winged teal, American wigeon, mallard, northern pintail,
and northern shoveler. Additionally, we investigated whether an association exists between
influenza infection status and Mx haplotype in these species. Innate immune mechanisms, like
that of Mx, may play a major role in limiting infection in ducks as it does in other species
(Lindenmann, 1962; Pavlovic et al., 1990; Ko et al., 2002; Nakajima et al., 2007).

A high degree of variability exists among duck species at the Mx locus; total nucleotide
diversity (πtotal) per site ranges from 0.0014 in mallards to 0.0061 in teals (Fig. 1). Both Mx
proteins and toll-like receptor (TLR) proteins show conservation across vertebrate species but
diversity is needed in order to interact with a wide array of pathogens. In this study, there were
61 Mx haplotypes across 353 individuals. Palermo et al. (2009) explored variation at the TLR4
locus in 259 pigs and found 74 haplotypes and a total nucleotide diversity of 0.00077. The
haplotype diversity is similar to that observed at the duck Mx locus, but there is less nucleotide
diversity at the TLR4 locus in pigs. This difference in diversity may be because mammalian
TLR4 recognizes bacterial lipopolysaccharide and extensive variation at this locus may
significantly alter recognition and signal transduction (Palermo et al., 2009). Allelic diversity
at TLR loci in humans is heterogeneous; in 100 individuals the number of alleles ranged from
four to 15 across nine TLR genes (Georgel et al., 2009).

Constructing a haplotype network is a useful tool to visualize diversity and sequence
relatedness. Figure 2 represents Mx nucleotide sequences from our five duck species and it is
clear that, with a few exceptions, the sequences are grouped by species. There are four shared
alleles, which could be an artifact of hybridization events or ancestral polymorphisms that are
still segregating in these populations.
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The low dN/dS ratios, non-positive values of Tajima’s D (Table 2), and non-significant results
from omegaMap did not show support of balancing or diversifying selective pressure on our
region of interest. In addition, the haplotype network did not show patterns of balancing or
diversifying selection. If strong selective pressure from disease or some other force was acting
on this region, we might expect to see an advantageous allele at high frequency as a result of
a selective sweep or perhaps a few alleles being maintained at stable frequencies driven by
balancing selection. Although we did not measure diversity at the Mx locus relative to other
genes, our summary statistics did not provide evidence for a selective sweep, with the possible
exception of mallards (discussed in detail below).

Berlin et al. (2008) studied Mx sequences from a small group of 14 mallards and did not find
indicators of selection in exon 13 or the 3’ UTR. However, when Berlin et al. (2008) considered
additional exons, avian Mx did show signatures of positive selection. The majority of positively
selected sites were in what the authors designated the N-terminal “avian-specific region.” The
significance of this region is unknown, but it could be important to avian Mx expression or
protein function, and will be interesting to examine in wild birds.

Given the lack of evidence for selective pressure on our region of interest, it is curious that we
discovered a suggestive association between Mx haplotype and infection status in shovelers (p
= 0.09; Table 3). This region may contribute to infection susceptibility in ducks. Shovelers are
unique among the species in our study due to their specialized bill morphology (dense lamellae)
that allows them to feed on small invertebrates filtered out of the water column (Dubowy,
1985). Shovelers devote around 80% of their foraging time to straining, while other dabbling
ducks feed in the mud or around vegetation (Dubowy, 1985). Garamszegi and Møller (2007)
found that species which employ surface-feeding foraging methods have a higher prevalence
of influenza infection and Hill et al. (2009) discovered that lamellar density was significantly
correlated with influenza prevalence. Northern shovelers’ feeding strategy may lead them to
interact with recently shed influenza virus more frequently than other dabbling ducks. Thus,
birds carrying Mx alleles conferring susceptibility to viral infection may be at a higher risk of
acquiring infection and revealing an association with disease.

Our data also illustrate temporal effects on the association between Mx haplotype and influenza
infection status (Table 3). Northern shovelers, mallards, and pintails showed a significant or
suggestive disease association in one year, but not the other (Table 3). In addition, when all
species were combined, a significant association was found in 2007 (p = 0.001). Influenza
subtypes circulating in wild duck populations change from year to year, so it is possible that
certain Mx haplotypes are better adapted to the viral repertoire of a particular year.

Disease-related associations with the Mx gene have been found in other species as well.
Nakajima et al. (2007) reported a porcine Mx1 allele that does not confer resistance to influenza
infection as the wild type does. In chickens, three SNPs in exon 13 were found to be
significantly associated with commercial traits; the SNP previously described to be important
in resistance or susceptibility to influenza infection was positively associated with increased
antibody titers to vaccination for infectious bursal disease virus (Livant et al., 2007).
Additionally, Mx genotype was also associated with differential antibody titers to influenza
virus vaccination in chickens (Qu et al., 2009), suggesting that innate immune responses
mediated by Mx in chickens, and possibly ducks, are tied to an integrated immune response to
the virus. The association seen in our study is not without precedent and warrants further
investigation. It is most likely a part of the Mx gene outside of, but still in linkage disequilibrium
with, our sequenced region that is driving the association in shovelers. A fine-mapping study
of this chromosomal area in ducks with the development of genetic markers may help focus
the true association.
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Mallards also showed unique features among the species in our study. Total, silent, and
nonsynonymous site diversity were lowest in mallards. Parker et al. (1981) also reported low
genetic diversity across 20 loci in a wintering population of mallards, in spite of their large
population size and ability to hybridize with other duck species. Berlin et al. (2008) studied
eight exons (960 bp) of the Mx gene in 14 mallards and reported πsyn (0.0080) and πnonsyn
(0.0021). Our values of πsyn and πnonsyn in mallards were lower than those reported by Berlin
et al. (2008) which is most likely a reflection of higher conservation in our region of interest
relative to the rest of the gene.

The relative lack of diversity in mallards in our study is illustrated by the haplotype denoted
‘A’ in Fig. 2 which represents 84% (342/408) of mallard Mx sequences. The other four species,
in contrast, have several large clusters of alleles (Fig. 2) and greater total, silent, and
nonsynonymous diversity (Fig. 1). Low genetic diversity, a significantly negative Tajima’s D,
and a star-like pattern in the haplotype network could result from a selective sweep, wherein
strong positive selection has reduced genetic diversity at this locus, or a recent population
expansion. If a selective sweep occurred, this could suggest that the major Mx allele present
in mallards confers fitness and may actually be co-adapted to tolerate or control influenza
infection better than alleles present in other species. In this case, we would expect a greater
fitness effect of infection on populations of species besides mallards. Those fitness effects have
only recently begun to be addressed (van Gils et al., 2007; Latorre-Margalef et al., 2009) and
more work will shed light on the relative effects of infection in different dabbling duck species.
However, we did not examine patterns of diversity at another locus relative to Mx and thus
cannot conclusively state if a selective sweep occurred in mallards.

Alternatively, low diversity in mallards may be due to a recent population expansion, which
is supported by mtDNA evidence (McCracken et al., 2001; Kulikova et al., 2005). In the context
of influenza virus infection, our mallard data support a hypothesis that genetic diversification
is important for maintaining immune response that prevents detectable infection from specific
pathogens. Mallards are found to be positive for influenza virus more often than other duck
species (Olsen et al., 2006) and this could be partly due to low genetic diversity at immune-
related loci and an inability to resist infection on a population level.

Without fully understanding the function of the amplified region in duck Mx protein, it is
difficult to predict the effect of amino acid substitutions. SIFT, the predictive program used
for analysis, is reliable when compared with protein function data (92% agreement; Luoma et
al., 2010) and when used in human disease studies (Budny et al., 2010). However, we propose
that the S702G mutation is not a deleterious substitution as it appears in 79% of teal sequences
and involves substituting small, uncharged glycine for the larger, uncharged serine. Steric
interactions would appear to be more of an issue in the L701F substitution wherein a large
aromatic ring is inserted in place of a branched hydrocarbon side chain. The structure of the
stalk region (middle domain and GTPase effector domain) of human MxA was recently
reported (Gao et al., 2010; Haller et al., 2010). This region is involved in oligomerization
(Schumacher and Staeheli, 1998) and antiviral activity (Zurcher et al., 1992; Johannes et al.,
1997). Our putative protein sequence aligns with the fourth and fifth alpha helices of the
crystallized region. Substitutions within those regions, particularly at interfaces between
helices, negatively affect oligomerization and subsequently, antiviral activity. These findings
support the predictions in our study that certain substitutions in the effector domain could affect
protein function, but more investigation is clearly warranted.

This is the first study to characterize the Mx locus in a large number of individuals from multiple
wild duck species. Our results demonstrate that nucleotide diversity at this locus is being
maintained at different levels in five duck species. We examined the 3’ region of this locus
because of its purported functional role, but other regions of the Mx gene may play important
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species-specific roles as well. In particular, studying diversity and selection in the avian-
specific region documented by Berlin et al. (2008) could provide valuable insight into its
functional importance. Mx gene expression in ducks in response to viral infection may provide
clues to its relative importance in the host-virus interaction, as would investigation of a possible
link between the Mx gene and antibody production. An assay of Mx protein antiviral activity
in wild ducks in response to influenza and other viruses is also a necessary step.

In this study, we found 16 unique protein sequences with 11 variable sites translated from 336
bp of the Mx locus. Four of those mutations were predicted to affect protein function, but it is
difficult to extend that prediction without a more complete understanding of the duck Mx
protein. Our results demonstrate a variety of Mx alleles exist in wild ducks and we found
evidence in northern shoveler populations of a possible influenza disease association with the
Mx locus. It is important to note that resistance or susceptibility to disease is multifactorial and
depends on the characteristics of both the host and the virus. We investigated one innate
immune response gene and its involvement in resistance to influenza infection, but many more
factors likely impact an organism’s ability to resist infection. More work clarifying the role of
Mx and other genes in these species may lead to insight concerning influenza viral pathogenicity
in other species.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Mean pairwise differences (π) per base pair (bp) for exon 13 and 3’ UTR of the Mx gene
in five duck species
Total diversity: all sites (336 bp), silent: noncoding sites and synonymous sites of coding region
(156 bp), noncoding: 3’ UTR (108 bp), synonymous: synonymous sites in coding region (48
bp), nonsynonymous: nonsynonymous sites in coding region (180 bp)
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Figure 2. Unrooted median joining network showing the relationship among Mx nucleotide
sequences (336 bp) from five duck species
Species are denoted in the legend. The area of circles is proportional to the number of sequences
in that haplotype. A - Largest haplotype, haplotype contains 49% of all sequences and 83% of
all mallard sequences. B - Haplotype is shared by two or more species. C - Haplotype is shared
by three or more species.

Dillon and Runstadler Page 14

Infect Genet Evol. Author manuscript; available in PMC 2011 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Unrooted median joining network showing the relationship among Mx protein sequences
(76 amino acids) from five duck species
Species are denoted in the legend. The area of circles is proportional to the number of sequences
in that haplotype.
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Figure 4. Unique Mx protein amino acid sequences (pos 646 – 721)
Dashed lines indicate residues are identical to the top sequence. Boxed residues are predicted
to affect protein function. Dots denote a leucine zipper motif. Species names indicate if that
sequence is present in the sample population.
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Table 1

Summary of samples collected from five species of wild ducksa

Species n Type of sample Location Year

American green-winged teal (Anas crecca carolinensis) 13 Genomic DNA Minto Flats 2006

1 Feathers Minto Flats 2006

12 Blood Minto Flats 2007

Total 26

American wigeon (Anas americana) 5 Genomic DNA Yukon Flats 2006

10 Blood Minto Flats 2007

Total 15

Mallard (Anas platyrynchos) 140 Genomic DNA Minto Flats 2006

11 Feathers Minto Flats 2006

53 Blood Minto Flats 2007

Total 204

Northern pintail (Anas acuta) 34 Genomic DNA Minto Flats 2006

5 Feathers Minto Flats 2006

26 Blood Minto Flats 2007

Total 65

Northern shoveler (Anas clypeata) 7 Genomic DNA Yukon Flats 2006

36 Blood Minto Flats 2007

Total 43

a
Genomic DNA samples were from an archived collection originally extracted from blood and feathers. Additional feathers and blood were processed

as described in the text.
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Table 3

Significance values for CLUMP disease association test in five species of wild ducksa, b.

Species All years p-value 2006 p-value 2007 p-value

American green-winged teal (Anas crecca carolinensis) 0.20 0.25 0.59

American wigeon (Anas americana) 0.23 1.00 0.29

Mallard (Anas platyrynchos) 0.27 0.53 0.089

Northern pintail (Anas acuta) 0.29 0.11 0.47

Northern shoveler (Anas clypeata) 0.09 0.029 0.18

All species 0.16 0.089 0.001

a
Nucleotide sequences from five species of wild ducks were tested for an association between influenza infection state and Mx haplotype using

CLUMP. The data were also evaluated after stratification by sample year. A p-value < 0.05 indicates a significant association.

b
Overall prevalence of infection by species and year (prevalence, positive/total sampled): 2006, teal (32.5%, 13/40), wigeon (1.2%, 1/81), mallard

(10.5%, 62/592), pintail (9.1%, 28/307), shoveler (18.2%, 4/22); 2007, teal (7.5%, 10/133), wigeon (3.5%, 6/241), mallard (9.6%, 48/499), pintail
(2.6%, 25/978), shoveler (25.4%, 30/118).
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