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ABSTRACT

Myxovirus-resistant (Mx) 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 (n/bp) 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 an 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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INTRODUCTION 

Innate immunity and the Mx gene

The innate immune system is an organism’s first line of defense against viral and 

bacterial pathogens. Physical and chemical barriers are the first hurdles a pathogen must 

overcome. Once inside the organism, pathogen-associated molecular patterns (PAMPs) 

are recognized by host pattern recognition receptors (PRRs). PAMPs make it possible for 

the innate immune system to recognize entire classes of pathogens because they generally 

do not vary and are usually vital in some way to the pathogen for infectivity or structural 

integrity (e.g. membrane components, nucleic acids, flagella). When a PAMP is 

recognized by a PRR, a signaling cascade begins that promotes differential gene 

expression, results in communication with the adaptive immune system, and ultimately, 

triggers an immune response to control infection by the pathogen (Mogensen, 2009).

Upon viral infection, the innate immune system recognizes characteristic viral 

PAMPs such as double-stranded RNA, single-stranded RNA, DNA, and surface 

glycoproteins (Mogensen, 2009). Recognition results in the production of 

proinflammatory cytokines and interferon (IFN). Type I (a/p) IFN is a potent activator of 

antiviral proteins and other immunomodulatory cytokines, and its production is critical to 

mounting an effective response to viral infection (reviewed by Haller et al., 2006). The 

most extensively studied proteins induced by IFN are protein kinase R (PKR), 2'-5'- 

oligoadenylate synthetase (2-5 OAS), and Mx GTPase (Haller et al., 2007a).



Mx GTPases have proven to be key mediators in the antiviral innate immune 

response (Lindenmann, 1962; Lindenmann, 1964). After an inbred mouse strain proved 

to be resistant to infection with influenza A virus, an infection lethal to other laboratory 

mice, a gene called Mx1 (myxovirus-resistant) was found to be responsible for the 

resistance. Later work revealed the mouse genome contained a second Mx gene, Mx2, 

and both genes are present and intact in wild mice (Jin et al., 1998; Jin et al., 1999). 

Subsequently, the presence of Mx was confirmed in most vertebrate species, including 

humans, birds and fish (Staeheli et al., 1989; Horisberger, 1992; Bazzigher et al., 1993; 

Bernasconi et al., 1995).

Most species possess two or more Mx genes, but not all are antivirally active. 

Humans have one antivirally active form, MxA, and a non-antiviral form, MxB (Aebi et 

al., 1989). Rats are unique as they have two antivirally active forms, Mx1 andMx2, and 

one non-antiviral form, Mx3 (Meier et al., 1988). This is in contrast to chickens and 

ducks, which each only have one Mx gene, and controversy exists over their antiviral 

activities (Bazzigher et al., 1993; Bernasconi et al., 1995; Ko et al., 2004; Benfield et al., 

2008). At this time, it is unknown if the non-antiviral forms of Mx serve other biological 

functions.

The sequence and structure of vertebrate Mx proteins are generally conserved. 

They are a subclass of the dynamin superfamily and thus contain dynamin-like features 

such as an N-terminus GTP-binding domain, a central interactive domain, and a C- 

terminus effector domain with a leucine zipper motif (Haller et al., 2007c). Also common
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to dynamin-like molecules is the ability to self-assemble into oligomers; Mx proteins 

form helical and ring-like structures in vitro (Kochs, 2002). Forming oligomers appears 

to be important for long-term stability and hydrolyzing GTP, as mutating the MxA 

leucine zipper region (L612K) stops self-assembly and GTP hydrolysis; and the protein is 

rapidly degraded (Janzen et al., 2000; Haller et al., 2007c).

Mx protein subcellular localization differs between species, and in rodents, it 

determines antiviral specificity. Human MxA is found in the cytoplasm and is effective 

against a wide range of RNA and DNA viruses (Haller et al., 2007b). Mouse Mx1 is 

found in the nucleus and inhibits influenza virus and Thogoto virus, while Mx2 localizes 

to the cytoplasm and inhibits vesicular stomatitis virus (VSV) and Hantaan virus 

(Pavlovic et al., 1992; Zurcher et al., 1992; Haller et al., 1995; Jin et al., 1999; Jin et al., 

2001). Chicken Mx protein localizes to the cytoplasm and early reports stated that it 

lacked antiviral activity (Bernasconi et al., 1995). More recently, Ko et al. (2004) 

proposed that antiviral activity against influenza virus and VSV was determined by a 

nonsynonymous substitution (S631N) in the effector domain. This finding was not 

supported by a subsequent study (Benfield et al., 2008). However, researchers are 

interested in the considerable polymorphism at the chicken Mx locus and the impact it 

might have on protein function in a wide variety of avian species.

Influenza virus and dabbling ducks

Influenza A viruses are a group of RNA viruses that can infect warm blooded 

animals such as birds, horses, swine, and humans. Due to its segmented genome and
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error-prone RNA polymerase, influenza viruses are subject to genetic recombination, 

mutation, and reassortment (Webster et al., 2007). The genetic changes observed in the 

virus may depend on the host it is adapted to. Influenza viruses from mammals and 

domestic poultry show evidence of reassortment, recombination, insertion/deletion, while 

only mutation and reassortment have been seen in wild birds (Obenauer et al., 2006). 

Influenza viruses can be divided into host defined lineages: wild aquatic birds, humans, 

pigs, horses, and domestic poultry, and geographical superfamilies: Eurasian and North 

American (Webster et al., 2007). These divisions are certainly not static; transmission 

occurs between hosts and occasionally between geographical clades (reviewed by 

Webster et al., 2007).

It is hypothesized that there is a cycle of reservoirs, hosts and intermediates that 

facilitate adaptation and transmission. Avian influenza viruses can be passed from wild 

waterfowl to chickens and then on to mammals, including humans. Pigs are thought to be 

an important intermediate host because their lungs contain both a2-6 sialic acid (human

like influenza receptors) and a2-3 sialic acid (avian-like influenza receptors). Chickens 

also possess both receptors, but a2-6 sialic acid residues are the dominant type in the 

tracheal epithelium (Kuchipudi et al., 2009). Other means and/or barriers to transpecies 

transmission are being investigated, but studies of the host factors that impact 

transmission between wild bird reservoirs of influenza are very limited.

Wild waterfowl are considered the natural reservoirs of influenza virus and harbor 

all known subtypes (Webster et al., 1992). They appear to be infected by and shed low
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pathogenic virus without displaying overt clinical symptoms (Webster et al., 1992). 

Prevalence of infection is higher in ducks than other birds, and greater in dabbling ducks 

(genus Anas) than diving ducks (Webster et al., 1992; Olsen et al., 2006). This difference 

in prevalence may be due to ducks’ use of aquatic environments, feeding behavior, and 

migratory patterns (Olsen et al., 2006). Additionally, ducks can be coinfected with 

different influenza subtypes (Sharp et al., 1997). Frequent co-infection would provide an 

environment conducive for genetic reassortment (Hatchette et al., 2004).

Given the unique role of ducks in the ecology of the influenza virus, there is 

surprisingly little work investigating host immunogenetics and the impact it may have on 

influenza infection and disease. Overall, data are sparse concerning the genetics of wild 

duck populations. The Mx locus is of interest due to its historical and experimental 

association with influenza virus and the questions left unanswered by the previous 

investigation of duck Mx.

Investigations in other species involved in the ecology of influenza are beginning 

to reveal the complexity of the Mx locus. The porcine Mx1 locus contains alleles with 

differential antiviral activity against influenza and one isoform displayed a stronger 

repression of viral replication than human MxA (Palm et al., 2007). Additionally 

researchers have described extensive polymorphism and evidence of selection on chicken 

Mx (Ko et al., 2002; Hou et al., 2007; Li et al., 2007; Berlin et al., 2008), which suggests 

this may be the case at the duck Mx locus as well. Finally, associations are seen between 

particular chicken Mx alleles and both commercial traits and antibody titers to
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vaccinations (Livant et al., 2007; Qu et al., 2009). It is clear a precedent exists to study 

variation at the Mx locus and associations with influenza virus.

This study had three objectives regarding the Mx gene in wild ducks. The first 

was to characterize a region of the gene in five wild duck species commonly infected by 

influenza A viruses by sequencing DNA. The second was to assess variation and 

evidence of selection in the duck Mx sequences. The final objective was to investigate 

whether an association exists between Mx allele and influenza infection status. Five 

dabbling duck species were used: American green-winged teal (Anas crecca 

carolinensis), American wigeon (Anas americana), mallard (Anasplatyrhychos), 

northern pintail (Anas acuta), and northern shoveler (Anas clypeata). We sampled at 

summer breeding grounds in Interior Alaska where large numbers of these birds converge 

and where dabbling ducks at these sites historically have a high prevalence of influenza 

infection (Ito et al., 1995; Runstadler et al., 2007).
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CHAPTER 1: Mx gene diversity and influenza association among five wild dabbling

duck species (Anas spp.)1

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 (n/bp) 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 of the viral ecology and evolution.

1 Prepared for submission to Infection Genetics Evolution as: Dillon, D., Runstadler, J., Mx gene diversity 
and influenza association among five wild dabbling duck species (Anas spp.)
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BACKGROUND

Mx 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-based viruses (reviewed by Haller et al., 2007). They are 

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). Many 

organisms have both a cytoplasmic and nuclear form of Mx protein. Once induced, Mx 

proteins aggregate in their respective subcellular localizations. Cytoplasmic Mx 

associates with the smooth endoplasmic reticulum (Stertz et al., 2006), whereas nuclear 

Mx localizes to distinct subnuclear compartments (Engelhardt, 2001; Engelhardt, 2004).

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
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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. The effector domain, also called the leucine zipper region, is coded 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. It is thought the formation of oligomers 

creates a stable pool from which monomeric Mx proteins can be recruited (Janzen et al., 

2000; Kochs, 2002). 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 antivirally inactive against vesicular 

stomatitis virus and LaCrosse virus, but still inhibited influenza and Thogoto virus 

(Zurcher et al., 1992; Kochs et al., 2002).

Antiviral activity of Mx protein varies among organisms and it is unknown at this 

time why these differences exist. 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
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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. Bazzigher et al. (1993) discovered 

alternatively spliced versions of two duck Mx alleles which resulted in four distinct 

proteins. Despite this finding, no additional individuals or species were tested to further 

investigate the impact of multiple alleles on resistance to infection. Taken together, the
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prior studies suggest the function of the Mx protein in wild duck populations needs to be 

clarified.

Wild duck populations are an important part of the ecology of the influenza virus. 

Prevalence of influenza is highest in ducks compared to other birds and in juveniles 

compared to other age classes (Webster et al., 1992; Olsen et al., 2006). 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 (Webster et al., 1992). When experimentally infected with influenza virus, 

those duck species tested produced a relatively weak and transitory antibody response 

(Kida et al., 1980). The primary innate immune response to low pathogenic influenza 

infection in ducks remains largely unexplored.

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 nucleoprotein and the ability of Mx to recognize the 

nucleoprotein of many different viruses, it could be advantageous for a population to 

harbor multiple Mx alleles. A particular Mx allele may be more effective in binding and 

preventing viral replication than others. This has been described in chicken MHC where 

certain haplotypes are associated with a resistance to Marek’s disease and infectious
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bronchitis virus (Bacon et al., 2004; Livant et al., 2004). Thus, polymorphism at the Mx 

locus in ducks could prove to be related to their ability to effectively control viral 

infection, as seen with porcine and chicken Mx (Ko et al., 2002; Nakajima et al., 2007; 

Palm et al., 2007). Characterizing the Mx gene in wild duck species is an important step 

in investigating genetic susceptibility or resistance to influenza infection at this locus.

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 influenza 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 their impact on influenza 

infection and evolution in wild duck populations, influenza’s major reservoir in nature.
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METHODS 

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°53N, 148°46'W) in August 2006, and blood collected from ducks 

post-mortem at Minto Flats in September 2006 and 2007. 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.

Yukon Flats

Wigeon and shovelers were live-captured in traps during May and June 2006. 

Blood and feathers were collected as described by Welsh (2008).

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
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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.

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.

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’.
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Genomic DNA extraction from whole blood and plucked body feathers

DNA was extracted from 5 - 10 pl of duck whole blood using the Qiagen Inc 

DNeasy Blood and Tissue Kit (Qiagen Inc., California, USA) according to the 

manufacturers’ 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 pl of 100 mg/ml DTT 

solution, 20 pl Proteinase K and 180 pl Buffer ATL. The mixture was incubated at 55 °C 

for 48 hours in a shaking incubator. After incubation, DNA was extracted according to 

the manufacturers’ instructions regarding tissue. DNA concentration was quantified using 

a NanoDrop ND-1000 spectrophotometer (Thermo Scientific, Delaware, USA).

Mx gene amplification and sequencing

The Mx gene fragment was amplified through polymerase chain reaction (PCR) 

with the following reaction mixture: 80 ng/pl of genomic DNA, each primer at 0.4 pM, 1 

unit Platinum Taq DNA polymerase (Invitrogen), 0.4 mM each dNTP, 2 mM MgCl2, and 

1X Platinum Taq polymerase buffer in a final volume of 25 pl. The PCR conditions 

were: 94 °C for 5 minutes 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., California, USA) and 

sequenced with the BigDye Terminator v3.1 cycle sequencing kit (Applied Biosystems; 

Foster City, CA) according to the manufacturers’ recommendations. The sequencing
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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.

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. Diversity statistics including n (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 in 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 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).

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
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predict the effects of amino acid substitutions on the functionality of the protein (Ng, 

2003).

Disease association analysis

The number of influenza-positive and negative individuals in each haplotype was 

counted using a Perl script. 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 with both 

nucleotide and protein haplotypes. The p-value for the normal chi-squared (T1) table was 

used to determine statistical significance.

RESULTS 

Nucleotide diversity

We sequenced a 336 base pair (bp) region of the duck Mx gene which 

encompasses exon 13 and a portion of the 3’ UTR. Our sample consisted of 353 

individuals (mean = 71, range = 15 - 204) from five species. The total number of 

sequences (n) and haplotypes (H) from each species can be seen in Table 2.

Mean pair-wise differences per site (n/bp) varied widely among species (Fig. 1). 

The greatest overall diversity (rctotal) was found in teals (0.0061). Teals also had the 

highest n for nonsynonymous sites (ns; 0.0078). Wigeons had the highest n for both 

synonymous sites (nn ; 0.0198) and silent sites (synonymous and noncoding sites; nsilent :
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0.0097). Mallards were the least diverse in all categories with the exception of noncoding

sites (nnoncoding: ° .°°26).

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).

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. Overall, 

we observed a large degree of interdigitation and some sharing of sequences; two 

haplotypes were shared by two species and two haplotypes were shared by three or more 

species. With the exception of the four shared haplotypes, sequences grouped by species. 

82% of observed variation was explained by differences among species (AMOVA; p < 

0.00001).
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We used CLUMP to evaluate whether a statistical association exists between Mx 

allele and influenza infection status. Northern shovelers showed a marginally significant 

association (p = 0.09; Table 3). Five unique alleles contributed to this association.

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 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 was 

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 17 unique protein sequences among the five duck species, 

nine of those were singletons, four were shared by multiple species, and five were only 

present in the teal population (Fig. 3).

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.
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Waterfowl appear resistant to the pathogenic effects of influenza virus yet may shed virus 

at high levels. Innate immune mechanisms, like that of Mx, may play a major role in 

limiting infection in ducks like that seen 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 (ntotal) per site ranges from 0.0014 in mallards to 0.0061 in teals (Fig. 

1). In contrast, Worley et al. (2008) examined diversity at MHC loci (BF: class I and 

BLB: class II) in red jungle fowl and domestic chicken. Mean ntotal for red jungle fowl at 

the BF locus was 0.068 and 0.101 at the BLB locus. MHC loci must exhibit a vast array 

of diversity in order to effectively bind and present pathogen-derived peptides. Although 

Mx proteins do directly interact with viral components, they do not have to maintain as 

high diversity as that found at MHC loci because Mx proteins bind to more conserved 

regions such as the viral nucleoprotein or nuclear localization signal and to a more 

limited set of pathogens.

A more appropriate comparison would be between Mx proteins and toll-like 

receptor (TLR) proteins, as both 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. This difference is diversity may be because mammalian
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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. Several studies in humans, pigs, 

and cows have investigated single nucleotide polymorphisms (SNPs) at multiple TLR 

loci. It is difficult to directly compare those measures of diversity with those of the 

current study as our region is small relative to the size of TLR genes.

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.

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.
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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 the whole gene, 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 would be interesting to 

examine in wild birds. The “avian-specific region” and our study region are separated by 

over 2000 bp, a distance which may have permitted enough recombination to obscure 

signatures of selection in the region we sequenced.

Given the lack of evidence for selective pressure on our region of interest, it is 

curious that we discovered a marginally significant association between Mx haplotype 

and infection status in shovelers (p = 0.09; Table 3). 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 M0ller

(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 and perhaps this fact may imply a more important role for Mx 

than in other species.
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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 our sequenced region that is driving the association in shovelers and a fine- 

mapping study of this chromosomal area in ducks with the development of genetic 

markers may help focus the true association.

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 nsyn 

(0.0080) and nnonsyn (0.0021). Our values of nsyn and nnonsyn in mallards were lower than 

those reported by Berlin et al. which is most likely a reflection of higher conservation in 

our region of interest relative to the rest of the gene.
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The relative lack of diversity in mallards in our study is illustrated by the largest 

circle in Fig. 2 which indicates that one haplotype represents 83% (342/410) 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 and negative Tajima’s D in mallards might be the result of a recent selective 

sweep, wherein strong positive selection has reduced genetic diversity at this locus. This 

would 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.

Alternatively, low diversity in mallards may be due to a recent population 

expansion, which is supported by a significantly negative Tajima’s D (Table 2). 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.
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We examined the predicted amino acid sequences from the five duck species to 

investigate diversity at the protein level. Nine of the 17 unique protein sequences were 

rare variants, only represented by one sequence. The four high-frequency sequences were 

shared by one or more species, but five sequences were present only in the teal 

population (Fig. 3). Three substitutions and one stop codon were predicted to affect 

protein function (boxed residues, Fig. 4). Two of those substitutions, L701F and S702G, 

were present only in the teal sequences. It is interesting to note that these substitutions 

occur at adjacent positions in the amino acid sequence (Fig. 4).

Without fully understanding the function of the amplified region in duck Mx 

protein, it is difficult to predict the effect of amino acid substitutions. 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. There is a possible loss of a hydrogen bond, but theoretically there is 

no additional steric hindrance as result of the substitution. The characteristics of the 

substituted amino acid and the high frequency of the mutation suggest there could be an 

advantage for teals to have the S702G substitution. 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. Four sequences contain the L701F 

substitution, all of which come from two teal individuals homozygous at that position.

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

25



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 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 17 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 proteins 

exist in wild ducks and we found evidence in northern shoveler populations of a possible 

influenza disease association with the Mx locus. More work clarifying the role of Mx and 

immune response in these species may lead to insight on the virus pathogenicity in other 

species.
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Table 1 - Summary of samples from five species of ducks. Genomic DNA samples were 

from an archived collection originally extracted from blood and feathers (Welsh, 2008). 

Additional feathers and blood were processed as described in the text.

38

Species n Sample type Location Year

American green-winged teal 13 Genomic DNA Minto Flats 2006
(Anas crecca carolinensis) 1 Feathers Minto Flats 2006

12 Blood Minto Flats 2007
Total 26
American wigeon 5 Genomic DNA Yukon Flats 2006
(Anas americana) 10 Blood Minto Flats 2007
Total 15
Mallard 140 Genomic DNA Minto Flats 2006
(Anas platyrynchos) 11 Feathers Minto Flats 2006

53 Blood Minto Flats 2007
Total 204
Northern pintail 34 Genomic DNA Minto Flats 2006
(Anas acuta) 5 Feathers Minto Flats 2006

26 Blood Minto Flats 2007
Total 65
Northern shoveler 7 Genomic DNA Yukon Flats 2006
(Anas clypeata) 36 Blood Minto Flats 2007
Total 43
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Table 2 - Summary statistics for Mx exon 13 and 3’ UTR from five duck species

Species n a H S DTaj dN/dS

American green-winged teal
(Anas crecca carolinensis) 52 9 8 0.41 0.86

American wigeon (Anas americana) 30 9 12 -1.41 0.06

Mallard (Anas platyrynchos) 408 24 22 -2.22* 0.19

Northern pintail (Anas acuta) 130 17 16 -1.35 0.84

Northern shoveler (Anas clypeata) 86 9 9 -1.24 0.47

a n, number of alleles sampled; H, number of haplotypes; S, number of segregating sites; 

DTaj, Tajima’s D; dN/dS, the ratio of nnonsyn to nsyn; *P < 0.01



Table 3 - Significance values for disease association. Nucleotide sequences from five 

species of wild ducks were tested for an association between influenza infection state and 

Mx haplotype using CLUMP.
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Species Nucleotide
p-value

American green-winged teal 
(Anas crecca carolinensis) 0.20

American wigeon 
(Anas americana) 0.23

Mallard
(Anas platyrynchos) 0.27

Northern pintail 
(Anas acuta) 0.29

Northern shoveler 
(Anas clypeata) 0.09

All species 0.16
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Figure 1 - Mean pairwise differences (n) per base pair (bp) for exon 13 and 3’ UTR of the 

Mx gene in five duck species.
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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.
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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.



CONCLUSION

There are few studies investigating the innate immune system in wild populations, 

as it can be expensive and logistically difficult when compared to model organisms. In 

particular, little is known about the immunogenetics of dabbling ducks and how genetic 

diversity at immune-related loci may impact their role in the ecology of influenza virus. 

Susceptibility or resistance to infection is likely to be impacted by the genetic 

background of the host, but genetic variation in resistance genes has not been extensively 

studied in the context of influenza virus. Data from large-scale human studies have 

suggested some likelihood of genetic predisposition towards susceptibility to influenza 

infection, but risks from exposure or behavior were not accounted for (Trammell and 

Toth, 2008). Inbred mouse lines with known genotypes have provided insight into the 

immunology of influenza virus infection, which helps identify candidate genes to study in 

other organisms. However, it is unknown to what extent these findings can be extended to 

wild populations.

This study attempted to address the deficiency of knowledge regarding 

immunogenetics in wild populations using the Mx gene, a gene that may play a role in 

resistance to influenza virus. If there is coevolution between the virus and resistance 

genes such as Mx, we may expect to see evidence of positive selection in the Mx gene. A 

336 bp region of the duck Mx gene was characterized in over 300 individuals, 

representing five wild duck species. We found a wide range of variation among the 

species studied, but did not find evidence of positive selection. However, we did find a
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surprising, if marginal, statistical association between influenza infection status and Mx 

allele in northern shovelers.

Control of immune response is likely polygenic in most cases, but evaluating 

polymorphism at one locus is a step towards understanding host genetics. In the region of 

the Mx gene studied here, we found that mallards maintained relatively low total 

nucleotide diversity and teals were the most diverse; shovelers, pintails and wigeons fell 

in between. Selective pressure does not appear to be directly acting on this region, but 

regional genetic diversity could be affected by selection acting on other parts of the gene.

Variation or a lack thereof at immune-related loci can indicate how a host and 

pathogen interact. There is an increasing body of knowledge concerning the genetic 

signatures left in both the host and pathogen genomes that can be indicative of host- 

pathogen coevolution. In their investigation of human MHC, Borghans et al. (2004) 

found the extensive variation present there is better explained by host-pathogen 

coevolution than either heterozygote advantage or frequency-dependent selection alone. 

Lobo et al. (2009) demonstrated that Flaviviridae viruses and the hosts they infect had a 

unique pattern of amino acid codon usage. Interestingly, single-host Flaviviridae viruses 

showed a codon usage pattern that was more similar to its host than to other members of 

Flaviviridae. Many factors control the generation and maintenance of genetic diversity, 

but interaction with pathogens, especially at immune-related loci, seems to be particularly 

important.
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Obtaining the sequence of the entire duck Mx gene would allow us to expand this 

investigation of the level of conservation among wild duck species and see if evidence of 

selective pressure is also present, like that seen in a small sample of mallards (Berlin et 

al., 2008). Polymorphism at the Mx locus could affect the gene and protein product in a 

number of ways. Bazzigher et al. (1993) identified alternative sites where pre- 

translational modifications were made in the duck Mx gene that resulted in four distinct 

proteins. Changes to those sites would most likely affect protein translation. Mx gene 

expression is regulated by interferon (IFN) through IFN-stimulated response elements 

(ISREs) in the promoter. A single nucleotide polymorphism (SNP) in the promoter of 

human MxA confers a four-fold increase in gene expression in response to IFN 

(Fernandez-Arcas et al., 2004). Finally, it has been demonstrated that single amino acid 

changes in the Mx protein can affect cellular localization, binding of GTP, viral target 

recognition, and self-assembly (Haller et al., 2009). Information from the complete duck 

Mx genetic sequence would allow us to evaluate whether the effects of polymorphism 

seen in other species are applicable to wild ducks as well.

Polymorphism at the Mx locus could also have downstream effects on the 

humoral immune system. A recent study connected the Mx gene with differential 

antibody production in chickens (Qu et al., 2009). This suggests the duck Mx gene could 

be involved in one or both arms of the immune response. To truly address innate immune 

activity, the antiviral activity of Mx proteins from wild avian species should be re

evaluated using low pathogenic avian influenza viruses relevant to the wild populations 

of dabbling ducks and these species. The duck antibody response to influenza infection is
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poorly understood and investigating whether wild birds with known Mx genotypes 

exhibit a similar antibody response as seen in chickens could also clarify the link between 

humoral and innate immune responses in ducks.

Closing the gap in our knowledge of immune function in ducks is necessary to 

grasp the full interaction between the reservoir and the pathogen, influenza virus. 

Extensive research on murine models of influenza and genetics has been done, but as 

mice are not implicated as major vectors of the virus, it would be more appropriate to 

develop a deeper understanding of a reservoir species. In turn, this could aid in 

developing therapies or vaccination strategies for other species involved in influenza 

ecology: poultry, swine, and humans.
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