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Abstract 

For pathogens that infect multiple species the distinction between reservoir hosts and spillover hosts is 

often difficult. In Alaska, three variants of the arctic rabies virus exist with distinct spatial 

distributions. We test the hypothesis that rabies virus variant distribution corresponds to the 

population structure of the primary rabies hosts in Alaska, arctic foxes (Vulpes lagopus) and red foxes 

(V. vulpes) in order to possibly distinguish reservoir and spill over hosts.  We used mitochondrial 

DNA (mtDNA) sequence and nine microsatellites to assess population structure in those two species. 

mtDNA structure did not correspond to rabies virus variant structure in either species. Microsatellite 

analyses gave varying results. Bayesian clustering found 2 groups of arctic foxes in the coastal tundra 

region, but for red foxes it identified tundra and boreal types. Spatial Bayesian clustering and spatial 

principal components analysis identified 3 and 4 groups of arctic foxes, respectively, closely matching 

the distribution of rabies virus variants in the state. Red foxes, conversely, showed eight clusters 
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comprising 2 regions (boreal and tundra) with much admixture. These results run contrary to previous 

beliefs that arctic fox show no fine-scale spatial population structure. While we cannot rule out that 

the red fox is part of the maintenance host community for rabies in Alaska, the distribution of virus 

variants appears to be driven primarily by the artic fox  Therefore we show that host population 

genetics can be utilized to distinguish between maintenance and spillover hosts when used in 

conjunction with other approaches. 

 

Introduction 

Infectious agents can be isolated from wildlife reservoir or spillover hosts, which can have drastically 

different roles in long-term disease maintenance and dynamics of epizootics. Maintenance hosts can 

perpetuate a pathogen and as a reservoir host can serve as a source for the infection of spillover host 

populations that cannot maintain the infectious agents beyond short-lived chains of pathogen 

transmission (Haydon et al. 2002). Prevalence and incidence rates in suspected reservoir and target 

species is often used to distinguish between these types of hosts in a system (Lembo et al.2008, Viana 

et al. 2014). The specific role of a species as a wildlife reservoir host or spillover host is not easily 

distinguished as can be seen in the case of Ebola virus in the tropical rain forest where fruit bats have 

been implicated as reservoir hosts (Leroy et al. 2009) but the role of intermediate spillover hosts in 

human infection is still not clear (Dhama et al. 2015). Rabies is another example of a disease where 

the agents are isolated from multiple hosts (Dyer et al. 2014).  

Here we demonstrate how host population genetic structure may be used to further our insight into the 

role of two different host species in disease transmission dynamic, using rabies in Alaska as a model 

system. This model system also addresses infectious disease dynamics in the face of environmental 

change, as it involves a disease that has potentially spread with its host species, posing a significant 

public health concern (Hueffer et al. 2013). Disease spread between species and disease maintenance 

by highly mobile species such as arctic foxes (Vulpes lagopus) can have far-reaching consequences as 

can be seen by the incursion of arctic rabies variant 1 into southern Ontario and its establishment in 
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red fox (V. vulpes) populations as well as other host species (Nadin-Davis et al. 2006). Another 

example is phocine distemper outbreaks in European harbor seals (Phoca vitulina). These very 

sedentary animals were likely infected from more mobile grey seals (Halichoerus grypus), or this 

species could serve as a subclinical wildlife reservoir (Härkönen et al 2006). 

Rabies is a zoonotic disease of global public health importance.  The causative virus normally 

is maintained in a primary mammalian reservoir host (Rupprecht et al. 2011).  Host species vary 

regionally and different genetic variants of rabies virus are associated with each host (Rupprecht et al. 

2002). During an epizootic outbreak, the disease can spillover into other mammalian species that can 

also spread infection temporally, although these spillover hosts do not maintain the virus over long 

periods in their populations (Dyer et al. 2014).  

The rabies virus is common in Alaska along the northern and western coasts, an area that is 

characterized by continuous tundra habitat.  On the other hand, the Alaska Interior, southcentral 

Alaska, and southeastern Alaska are currently devoid of endemic rabies in terrestrial mammals (Fig. 

1a).  Kuzmin et al. (2008) and Nadin-Davis et al. (2012) identified three different variants of arctic 

rabies virus among Alaska rabies isolates.  Arctic rabies virus variant 2 is generally restricted in 

Alaska to the Seward Peninsula and regions on the mainland in close proximity with only two 

isolations described from the North Slope region.  Arctic rabies virus variant 3 is found on the 

northern coast of Alaska, whereas arctic rabies virus variant 4 is found in southwestern Alaska (Fig. 

1a).  However, the precise boundaries cannot be easily determined given the limited numbers of virus 

isolated over the large area of Alaska. Currently, arctic rabies variant 4 has only been isolated in 

Alaska (Kuzmin et al. 2008). The distributions of isolates have been geographically stable at least 

between 1989 until 2008 with only the two exceptions mentioned above, suggesting that these 

variants are locally maintained between epizootic outbreaks (Kuzmin et al. 2008; Nadin-Davis et al. 

2012).  How the distinct spatial structure of the virus is maintained over multiple epizootics in Alaska 

is currently not well understood. However, geographic stability clearly indicates that the virus is 

transmitted in a spatially limited fashion, which could be explained by limited contact of infected 
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hosts with susceptible hosts. Alternative explanations could be local genetic adaptations of the virus 

or hosts that favor transmission in a given ecological or genetic context.  

Arctic and red foxes both occur in Alaska and both species can function as wildlife reservoirs 

of endemic rabies infections in the arctic and temperate regions respectively. (Rupprecht et al. 2002).  

In fact, all three arctic virus variants from Alaska have been found in both species of fox (Kuzmin et 

al. 2008; Nadin Davis et al. 2012). However, in Alaska, endemic rabies infections are maintained 

only in areas that closely match the range of the arctic fox, whereas areas inhabited solely by red fox 

are considered free of endemic rabies (Fig. 1a and b).  This distribution suggests that red foxes 

represent a spillover host rather than a true reservoir in Alaska.  However, in the spring of 2013 rabies 

virus was detected in two wolves (Canis lupus) in the northern part of Interior Alaska (Alaska 

Department of Fish and Game 2013), an area solely inhabited by red foxes. Although the red fox 

clearly represents a significant portion of rabid wildlife in Alaska (Kim et al. 2013), it is not clear if 

this species is a maintanance or spillover host for arctic rabies virus in the state. 

 Differences in movements between the two host species could greatly affect disease 

transmission and the distribution of rabies virus variants.  Arctic foxes travel long distances in search 

of food, particularly during the winter months (Pamperin et al. 2008; Tarroux et al. 2010).  Red foxes 

are comparatively sedentary, with home ranges in tundra habitats of around 16 km2 (Jones & 

Theberge 1982).  

Factors decreasing gene flow in carnivores include geographic features (McRae et al. 2005), 

sea ice patterns (Paetkau et al. 1999), and human development (Proctor et al. 2005).  In arctic foxes, 

population structure is influenced by seasonal variation in movements (Norén et al. 2011b), habitat 

fragmentation (Dalén et al. 2006), kin structure (Ehrich et al. 2012), and variability in food resources 

(Norén et al. 2011b). Throughout the circumpolar range of the arctic fox, sea ice greatly influences 

gene flow and plays an important role in the connectivity of different populations (Dalén et al. 2007, 

Geffen et al. 2007; Norén et al. 2011a). In addition, a recent modeling study identified a correlation 

between sea ice extent and reported rabies cases in foxes (both red and arctic) in Alaska (Kim et al. 
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2013), though a causal relationship for this correlation cannot necessarily be assumed. In Alaska, 

population genetics studies on arctic foxes have been limited to island populations (Geffen et al. 

2007) and animals from the northern coastal plain of Alaska (Carmichael et al. 2007).  

Climate change in the Arctic has been more pronounced than at lower latitudes (Meehl et al. 2007). Movement of red foxes into more northern areas of Alaska and other regions has been 

documented and is expected to continue as the Arctic’s climate warms ((Hersteinsson et al. 1989, 

Stickney et al. 2014, Foden & Stuart 2009). A replacement of arctic foxes by red foxes would have 

unknown consequences on the distribution of rabies and other diseases based on differences in the 

behavior and ecology of these two fox species (Hueffer et al. 2011). Therefore rabies virus ecology in 

a rapidly changing Arctic can serve as a model to better understand the effects of climate change on 

the dynamics of host-pathogen interactions. In this study we explored if population structure of the 

two main hosts (red and arctic foxes) of rabies virus in Alaska can be used to further our 

understanding of their respective role in rabies ecology in Alaska as reservoir or spillover hosts.  

 

Methods 

Sample collection 

Fox tissue samples or extracted DNA samples from across Alaska were donated by a variety of 

agencies and organizations including Alaska Department of Fish and Game, Centers for Disease 

Control and Prevention - Rabies Program, Alaska Department of Health and Social Services – Public 

Health Laboratory, the Alaska Trappers Association, the University of Alaska Museum of the North, 

and by individual trappers across the state (Fig. S1).  For mitochondrial DNA (mtDNA) we analyzed 

294 samples of red fox and 93 samples of arctic fox.  For microsatellites, we analyzed 257 red fox 

samples and 78 arctic fox samples. Sample distribution by region and year for both analyses is 

included in Tables 2-5 and Supplemental Table 1. DNA was extracted from the tissue samples using 

the DNEasy Blood and Tissue Kit (QIAGEN, Germantown, Maryland, USA).  When possible, tissue 

samples paired with skulls were deposited into the curated tissue bank at the University of Alaska 
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Museum of the North. The Arctos Database contains data associated with specific samples such as 

location and date of collection as well as links to data deposited in Genbank and Dryad. 

For some analyses, samples from both species were assigned a geographic location within the 

state of Alaska corresponding to the distribution of arctic rabies virus variants described by Kuzmin et 

al. (2008) and Nadin-Davis et al. (2012), referred to as Seward Peninsula (arctic rabies virus variant 

2), North Slope (arctic rabies virus variant 3), or Southwest (arctic rabies virus variant 4), or a 

geographic area in Alaska without endemic rabies, the Interior or Southcentral (Fig. 1a, Fig. 2). The 

Interior is the central area of Alaska, north of the Alaska Range and south of the Brooks Range.  

Southcentral is the area of the state south of the Alaska Range; these are referred to as sampling areas.  

Finally, the red fox samples were also split into tundra foxes (Seward Peninsula, North Slope, and 

Southwest) and boreal foxes (Interior and Southcentral) according to the dominant habitat type of the 

region for some analyses; these are referred to as regions. 

 

Analysis of rabies isolate sequences 

We used a 500-base pair (bp) segment of the rabies virus nucleoprotein gene to construct an Alaska-

specific phylogeny of rabies isolates.  Sequences of isolates collected in Alaska were obtained from 

Genbank and stem from studies by Kuzmin et al. (2008) and Nadin-Davis et al. (2012), both of which 

provide location information but often only at a coarse level.  Kuzmin et al. (2008) determined that 

variants were segregated geographically so we assumed geographic location based on variant 

identification.  Nadin-Davis et al. (2012) provided community names for collection sites along with 

variant identification. A maximum likelihood phylogeny was created in MEGA 6.06 (Tamura et al. 

2013). A Kimura 2-parameter model (Kimura 1980) with gamma-distributed mutation rates (Γ = 0.22) 

was determined by the software to be the most appropriate for the data. The tree was rooted by an 

arctic-like sequence obtained from a dog in Iraq (Kuzmin et al. 2008).  
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Mitochondrial DNA analysis 

We sequenced 342 bp of the mitochondrial control region of red foxes and 366 bp of arctic foxes 

using the primer pair VVDL1 and VVDL6 (Aubry et al. 2009).  Individuals were sequenced in both 

directions and a consensus sequence was determined.  DNA sequencing was performed by Elim 

Biopharm (Hayward, CA, USA).  Chromatograms were edited using Ridom TRACEEDIT (Ridom 

GmbH, Germany) before being imported into SEAVIEW 4.5 (Guoy et al. 2010) for alignment.  

We estimated indices of molecular diversity and conducted an analysis of molecular variance 

(AMOVA) using ARLEQUIN 3.5 (Lischer and Excoffier 2010) for the three arctic fox sampling areas 

and for the five red fox sampling areas; for red foxes we added a regional level to the analysis of 

boreal versus tundra.  We computed ΦST values using pairwise differences as the distance measure 

and tested them for significance using 10,000 permutations in ARLEQUIN. 

 

Microsatellite analysis 

We selected nine previously published microsatellite loci that amplified in both arctic fox and red fox: 

CPH3, CPH9, CPH15 (Fredholm & Winterø 1995), AHT121, AHTh171, Co4.140, Co1.424, 

REN105L03, and REN247M23 (Molecular Ecology Resources Primer Development Consortium et 

al. 2010). We amplified the microsatellite loci using fluorescently labeled primers and the QIAGEN 

Multiplex PCR kit (QIAGEN, Germantown, Maryland, USA) in the following three multiplexes, 

grouped according to the web program MULTIPLX 2.1 (Kaplinski et al. 2005): Co4.140, REN105L03, 

and AHTh171; CPH3, AHT121, and REN247M23; CPH9, Co1.424, and CPH15.  DNA extracted 

from arctic fox tissues was diluted 1:10 prior to PCR amplification whereas DNA from red fox was 

diluted 1:20 prior to PCR amplification.  Multiplexed PCR products were analyzed using the fragment 

analysis protocol with the LIZ-500 size standard at the Yale University DNA Analysis Facility.  We 

scored the fragment analysis output with GENEMAPPER ver. 3.7 (Life Technologies, Grand Island, 

NY, USA). 
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We used MICRO-CHECKER (van Oosterhout et al. 2004) to identify potential null alleles, large 

allele dropout, and binning errors while scoring microsatellites. Hardy-Weinberg equilibrium (HWE) 

at both local and statewide scales, linkage disequilibrium, and extent of differentiation among 

sampling units using allelic composition were assessed using GENEPOP ver. 4.2 (Raymond & Rousset, 

1995; Rousset 2008) for both fox species. Comparisons using allelic composition were assessed using 

the default G test in Genepop. The sequential Bonferroni correction (Rice 1989) was applied to alpha 

values when conducting multiple testing.  AMOVA, pairwise FST values, and associated P-values 

were estimated using ARLEQUIN. 

We analyzed population structure with two different Bayesian clustering approaches.  First, 

we used the program STRUCTURE ver. 2.3.4 (Pritchard et al. 2000; Falush et al. 2003; Hubisz et al. 

2009) to determine the number of homogeneous clusters of individuals (K), assuming correlated allele 

frequencies with admixture. We used a burn-in of 100,000 replicates before running 400,000 

replicates for data analysis, varying K from 1-10 for red foxes and from 1-5 for arctic foxes, with 3 

iterations for each value of K.  We used the locprior option, which uses the sampling area as a prior 

and is better at detecting subtle structure (Hubisz et al. 2009).  We considered an individual as a 

member of a cluster if its probability of membership (q) was ≥0.8.  Any individual with q <0.8 for its 

assigned cluster was considered admixed.  Output summaries were submitted to the STRUCTURE 

HARVESTER website (Earl and vonHoldt 2012) for determination of the most likely value of K using 

both Pritchard’s ad hoc method (Pritchard et al. 2000) and Evanno’s ΔK method (Evanno et al. 2005). 

We also visually inspected bar plots from all levels of K to determine if biologically meaningful 

solutions existed that were not detected by the prior methods because STRUCTURE is known to be 

biased toward selecting solutions with higher-level structure (Meirmans 2015).  Finally, we used the 

programs CLUMPP (Jakobsson and Rosenberg 2007) and DISTRUCT (Rosenberg 2004) to average 

replicate runs and to generate bar graphs of STRUCTURE results, respectively. 

We used GENELAND ver. 4.0.3 (Guillot et al. 2005a; Guillot et al. 2005b; Guillot 2008; 

Guillot et al. 2008; Guedi & Guillot 2011) to conduct spatially explicit structuring.  Fox locations 

were expressed in Universal Transverse Mercator (UTM) coordinates to avoid bias introduced by 
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expressing locations as latitude and longitude measurements close to the North Pole. We specified an 

uncertainty value of 10 km for locations. This action allowed different foxes collected at the same 

location to be considered members of different populations.  We used 1,000,000 iterations of a model, 

thinning every 1000 to yield 1000 data points for analysis, the first 500 of which were discarded as 

burn-in.  We ran the program using the model for uncorrelated allele frequencies and followed that by 

running the program with the model for correlated allele frequencies.  The correlated allele 

frequencies model assumes that all populations can be traced to a single ancestral population from 

which they diverged and that they have experienced drift since the divergence (Guillot 2008), which 

we believe is a more realistic model of our system than the uncorrelated model. Again, we varied K 

from 1-10 for red foxes and 1-5 for arctic foxes. The most likely value of K was determined by 

comparing log-likelihood scores of different runs. To determine probability of membership in each 

cluster identified by GENELAND, we ran a second series of 10 iterations with K fixed for the value 

found most likely for each species. As with STRUCTURE, we considered an individual as a member of 

a cluster if its probability of membership (q) was ≥0.8.   

Spatial Bayesian clustering algorithms may sometimes overestimate the number of clusters 

due to the presence of isolation by distance in the data (Frantz et al. 2009).  The GENELAND manual 

notes that this may be true for the correlated allele frequencies model (The Geneland Development 

Group 2012).  To test for isolation by distance in our data we performed Mantel tests for each species 

using the software GENALEX ver. 6.5 (Peakall and Smouse 2012). 

We used a second spatial approach, spatial principal components analysis (sPCA; Jombart et 

al. 2008), that was independent of the assumptions of HWE and linkage equilibrium common to 

STRUCTURE and GENELAND, and, unlike those two packages, assumes autocorrelation in the data. 

First, we tested for positive spatial autocorrelation using the test described by Jombart et al. (2008). If 

autocorrelation existed, we conducted sPCA by starting with a Delauney triangulation network.  The 

number of eigenvalues to be retained for analysis was determined by examination of a screeplot. The 

first 3 lagged PCA scores were plotted on a map of the study area with the PCA scores represented as 

values along the red, green, and blue color spectra. Similar colors of individuals indicate similar 
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genetic make-up and changes in color over the landscape indicate either clinal variation or the 

presence of barriers to gene flow, depending upon the degree of color change. 

Results 

Rabies isolate phylogeny 

The data yielded a shallow phylogeny with 3 clades; each clade contained only isolates collected in 

one of the 3 rabies isolate areas with the exception of 2 isolates, representing 2 individuals, collected 

in area 3 but with sequences falling within those from area 2 (Fig. 1c). Clades representing areas 3 

(North Slope) and 4 (Southwest) were more closely related to each other than either was to the clade 

containing isolates from area 2 (Seward Peninsula).  

 

Mitochondrial data 

We detected 18 haplotypes in arctic foxes, and 20 haplotypes in red foxes.  Our results align with a 

previous study as all but one red fox were included within the Holarctic clade, the most prevalent 

clade in Alaska (Aubry et al. 2009); a single fox from Delta Junction in the Interior sampling area was 

part of the Nearctic clade, which is found less frequently in Alaska (Aubry et al. 2009). For red foxes, 

haplotype diversity was highest in the Southwest sampling area, but the number of pairwise 

differences and nucleotide diversity were greatest in the Interior. For arctic fox, all diversity indices 

were greatest in the North Slope sampling area (Fig. 2, Table 1). 

For arctic foxes, AMOVA indicated that variance among the 3 sampling areas was not 

significant (ΦST = 0.005, P = 0.32). Nonetheless, the North Slope and Southwest sampling areas 

differed marginally in pairwise comparison for ΦST (Table 2). 

Based on sampling areas, genetic structure of red fox populations could not be explained by 

habitat characteristics, i.e., boreal (populations with no endemic rabies) and tundra (populations in 

rabies virus variant areas). AMOVA based on mtDNA variation revealed an insignificant level of total 
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variance explained by that regional classification (ΦCT = 0.0004, P = 0.60) whereas variance at the 

among-sampling area level within region (ΦSC = 0.038, P = 0.0035) and at the among-sampling area 

level (ΦST = 0.038, P = 0.0008) were significant. For pairwise ΦST values, Southwest differed from all 

other areas but no other significant differences existed (Table 3).   

 

Microsatellite data 

For red foxes, no null alleles were identified by MICRO-CHECKER in the 5 areas sampled. For 

arctic foxes, MICRO-CHECKER identified one locus with potential null alleles in the Seward 

Peninsula (REN247M23) and 2 loci for the North Slope (Co1.424 and CPH15). No loci were 

identified as having null alleles in all areas; therefore, we chose not to eliminate those loci. 

For red foxes, no loci were out of Hardy Weinberg equilibrium (HWE) when considered as a 

single population when the Bonferroni correction for multiple comparisons was used. When 

split into tundra and boreal regions, no loci were out of HWE.  For arctic foxes, one locus 

(Co1.424) was out of HWE on an entire population basis after Bonferroni correction.  

Nonetheless, no loci were out of HWE for more than a single area after Bonferroni 

correction. Considering that no loci were out of HWE for all 3 areas, all 9 loci were kept in 

the analysis.  Five of 36 pairwise comparisons were in linkage disequilibrium for red foxes 

and two of 36 were in disequilibrium for Arctic foxes, but none of those comparisons were 

significant after Bonferroni correction. 
Considering differences in allelic composition in red foxes on the basis of 5 sampling areas, 

all areas differed from all other areas (P < 0.0008) with the exceptions of the Seward Peninsula and 

North Slope (P = 0.17). When considered as boreal or tundra, the 2 regions differed highly 

significantly (P < 0.00001). For arctic fox, the Seward Peninsula and Southwest areas (P = 0.0006) 

and the North Slope and Southwest areas (P < 0.00001) differed significantly in allelic composition 

but not the North Slope and Seward Peninsula areas (P = 0.15).  
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For the arctic fox, AMOVA indicated significant differentiation among the three rabies 

variant regions (FST = 0.02, P = 0.001). The only significant difference between areas based on FST, 

however, was between Southwest and North Slope areas although the difference between Southwest 

and Seward Peninsula was marginal (Table 4). For red foxes, AMOVA indicated the lack of existence 

of a regional structure of boreal versus tundra when using the 5 a priori sampling areas as populations 

(FCT = 0.02, P = 0.09) but significant structure among populations within regions (FSC = 0.015, P < 

0.0001) and among populations (FST = 0.035, P < 0.0001). For pairwise FST values, all areas differed 

significantly from all other areas (Table 5). 

Results of microsatellite data from STRUCTURE indicated K = 2 for both species (Figs. S2 and 

S3, Supporting Information; Fig. 3).  For arctic foxes, the North Slope and Southwest areas were 

distinct from each other, with the Seward Peninsula showing some admixture but a closer fit with the 

North Slope than Southwest.  For red foxes, those in Southcentral and Interior comprised one group 

and North Slope, Seward Peninsula, and Southwest comprised a second group although the North 

Slope area was somewhat admixed with the Interior group.  There seemed to be a south-north cline of 

variation from Southcentral through Interior to the North Slope area within the proportion of genomes 

belonging to the tundra region. This suggests north-south directional gene flow in both tundra and 

boreal regions but little gene flow from east to west. Solutions of K = 3 and 4 for red fox also were 

biologically meaningful.  For K = 3, all tundra sampling areas clustered into a single unit whereas 

Southcentral and the Interior were assigned to their own clusters.  Except for Southcentral and 

Southwest, however, most individuals were admixed.  For K = 4, results were similar to those for K = 

3 except Southwest was assigned to its own cluster and most individuals were admixed in all clusters. 

GENELAND, when using the uncorrelated model, mirrored the results from STRUCTURE for red 

fox (i.e., K = 2; Fig. 3), with the exception that 3 individuals from Interior and 10 from the North 

Slope were considered admixed.  For arctic fox, GENELAND found K = 1 when using the uncorrelated 

model. When using the correlated model, however, arctic foxes were divided into three clusters (Fig. 

4a) that corresponded closely to the three regions for rabies strains described by Kuzmin et al. (2008) 

and Nadin-Davis et al. (2012). Of the 8 arctic foxes collected in the Seward Peninsula area, five were 
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assigned to a single cluster, 1 was assigned to the southwestern cluster and the 2 closest to the North 

Slope cluster were considered admixed.  All individuals in the North Slope and Southwest areas were 

assigned to separate clusters and none were admixed (Table 6).  For red foxes, the correlated model 

yielded K = 8. However, when admixed animals were removed from the analysis, only 6 populations 

remained (Fig. 4b).  This result remained consistent even if we lowered our threshold for membership 

to q ≥0.6. The 6 clusters were assigned within the boreal or tundra regions, with populations 1, 2, and 

4 assigned to the boreal region and populations 3, 5, and 6 assigned to the tundra region (Table 6). 

Admixed individuals were mostly found in the Seward Peninsula and North Slope areas, and admixed 

individuals made up a larger proportion of total individuals in red foxes (27%) than in arctic foxes 

(2.6%). 

Isolation by distance among arctic foxes was weak (r = 0.055, P = 0.06). The extent of 

isolation by distance among the 5 a priori red fox sampling areas varied, however. Values for 

individuals within boreal (r = 0.066, P = 0.052) and tundra (r = 0.068, P = 0.063) regions were weak 

and similar to that seen for arctic foxes, but relationships between boreal and tundra regions were 

much stronger (e.g., Southcentral-North Slope: r = 0.134, P = 0.002; Interior-North Slope: r = 0.134, 

P = 0.004; Interior-Seward Peninsula: r = 0.138, P < 0.001; Interior-Southwest: r = 0.146, P < 0.001).   

Therefore, the overall extent for red fox isolation by distance seems to be driven by inter-regional 

differences (barriers to gene flow) rather than differences within regions that would be indicative of 

limited local dispersal (isolation by distance).   

The tests for positive autocorrelation in the data were significant for both red fox (max(t) = 

0.015, P = 0.009) and arctic fox (max(t) = 0.023, P = 0.003); therefore, we went forward with sPCA.  

Three positive eigenvalues were retained for the analysis of red fox and 6 were retained for arctic fox, 

although only the first 3 were used in the color plot analysis; no negative eigenvalues were retained. 

Color for arctic foxes (Fig. 5a) indicated four separate populations in Southwestern, the Seward 

Peninsula, Northwestern, and the eastern North Slope.  The Southwestern and the Seward Peninsula 

populations coincided with the areas where rabies virus variants 4 and 2 occurred, respectively.  The 

Northwestern and eastern North Slope populations both occurred in the area where rabies virus 
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variant 3 occurred. Color variation for red fox samples (Fig. 5a) indicated that separate populations 

exist in Southcentral, Interior, Southwest, the Seward Peninsula, and the eastern North Slope. Color 

variation between the eastern North Slope and the Seward Peninsula indicate a zone of admixture in 

northwestern Alaska. This is the same area where GENELAND found many admixed individuals (Fig. 

5b). Although red foxes in tundra habitats seemingly exhibited structure consistent with rabies virus 

variants, the high degree of admixture observed is inconsistent with the spatially distinct rabies 

structure. 

 

Discussion 

Fox population structure and rabies variant distribution 

As both red and arctic foxes are reported as rabies positive in about equal numbers in Alaska 

the roles of these two species as maintenance or spillover hosts are not clear. Furthermore, the virus 

could circulate in Alaska in a multi-host system (Fenton and Pedersen, 2005) in which more than one 

species are necessary for disease maintenance. To investigate if host population genetics could serve 

as a tool to further elucidate the role of two hosts in maintaining a pathogen we took a host population 

genetics approach to test if correlation between host population genetics and pathogen strain 

distribution in the landscape can provide information to distinguish the roles of the two hosts in rabies 

maintenance in Alaska.  Spatially based methods reveal structure in arctic foxes that mirror that of 

rabies virus variants. Although the spatial structure of tundra red foxes is also similar to that of rabies 

virus variants, the high degree of admixture shown within groups indicates high levels of gene flow 

that are inconsistent with the spatial structure of rabies. This suggests, therefore, that the arctic fox 

likely is more important in long–term disease ecology of rabies in Alaska compared to the red fox. 

Nonetheless, we recognize that different methods provided conflicting views of population structure 

in the two hosts and that these differences require explanation. 
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Although our analysis of mtDNA in red foxes clearly supports several populations with 

distinct genetic makeup in Alaska, the relatively low ΦST values from the mtDNA analysis for both 

the arctic fox and red fox suggest that there is possibly substantial gene flow among these various 

populations.  The lack of differentiation in mtDNA, however, may be indicative of historical 

processes of population colonization and expansion in eastern Beringia following the last glacial 

maximum (Kutschera et al. 2013) rather than contemporary population processes, and therefore might 

have no effect on rabies virus variant distribution.  

Analyses with microsatellite-only data indicated little structure in arctic fox, although 

AMOVA results indicated structure among the three sampling areas. This result likely was driven by 

the difference between Southwest and North Slope sampling areas as indicated by allelic composition 

data and FST values. Results from STRUCTURE also indicated two groups of arctic foxes, with 

Southwest foxes differing from Seward Peninsula and North Slope foxes. Thus we can conclude that 

Southwest foxes comprise a distinct group but that Seward Peninsula and North Slope foxes may 

exhibit admixture to some degree, particularly in northwestern Alaska. Some admixture in this area 

also seems reflected in virus variant distribution as two individuals with variant 2 haplotypes were 

found in the North Slope area (Nadin-Davis et al. 2012). 

Adding spatial data to the analysis separated Seward Peninsula arctic foxes from North Slope 

foxes when using the correlated allele frequencies approach in GENELAND. This pattern of structure 

was identical to that of rabies virus variants. We believe that the correlated model is superior to the 

uncorrelated model in GENELAND because current evidence shows that arctic foxes historically have 

exhibited high levels of gene flow around the Arctic (Dalen et al. 2005, Norén et al. 2011) and 

therefore we would expect to find correlated allele frequencies among foxes in different areas. Spatial 

Bayesian analyses of structure must be interpreted with caution, however, if isolation by distance 

occurs in the data because they can overestimate population structure (Frantz et al. 2009). Although 

isolation by distance was weak in our arctic fox data, we conducted the sPCA analysis because it 

assumes spatial autocorrelation in the data (Jombart et al. 2008), thus providing an independent 

estimate of structure that still incorporates spatial variation into the analysis. The four populations 
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identified by sPCA were identical to those identified by GENELAND with the exception that the 

northwestern Alaska foxes differed from eastern North Slope foxes and together those two 

populations were consistent with the zone of occurrence of rabies virus variant 3. 

For red fox, differences among the five sampling areas indicated regional structure although 

AMOVA results did not identify separate boreal and tundra population segments. STRUCTURE results, 

however, did show differences between boreal and tundra areas, as did the correlated allele 

frequencies model in GENELAND. Finally, sPCA results identified five separate populations with 

extensive admixture in northwestern Alaska, a finding similar to that demonstrated by GENELAND.  

 We recognize that our sample size for Seward Peninsula arctic foxes is small (n = 8) and that 

this may affect our results.  We note, however, that Landguth et al. (2012) examined the effect of 

sample size on the ability to detect spatial genetic patterns via partial Mantel tests and found that 

results from samples of 10 and 1000 were similar although results from the smaller sample size 

yielded lower precision.  Therefore, although it may be less than ideal, we consider our sample from 

the Seward Peninsula as minimally sufficient.  

 Of interest is the fact that the rabies-endemic area in Alaska is coincident with the tundra red 

fox population observed in the STRUCTURE analysis and the tundra population structure exhibited in 

the GENELAND and sPCA analyses. If red foxes are effective maintenance hosts of rabies virus, we 

would expect to see more mixing of rabies variants within this region, particularly in northwestern 

Alaska where red fox admixture is high. Nevertheless, the only mixing of virus variants observed was 

between areas 2 and 3 (Nadin-Davis et al. 2012), which come into contact in the northwest.  

The fact that many red foxes are detected as rabid could result from continuous spillover 

infections or short-term epizootics in that species, whereas long-term maintenance, and hence 

distribution, of variants is more reliant on arctic foxes as true reservoir hosts. This view is further 

supported by an apparent correlation of areas with endemic rabies and arctic fox range, whereas areas 

solely inhabited by the red fox are considered free of endemic rabies in Alaska.  
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Alternatively a true multi-host system of pathogen maintenance (Fenton and Pederson, 2005) 

is consistent with our results of conflicting host population structure. The relative importance of red 

and arctic fox in this system could be explained by their similar population distributions in the tundra 

region of our study. Such a multi-host system could also explain the absence of endemic rabies in 

areas solely inhabited by the red fox, if both species are necessary for rabies virus maintenance. 

Further studies on rabies ecology and a more thorough understanding of fox ecology and behavior in 

different ecoregions in Alaska will be necessary to further solidify conclusions about the respective 

roles of the two fox species in rabies strain distribution in Alaska. The respective roles of these hosts 

in rabies could change with continued environmental change in the far North, including climate 

change. Although the specific consequences of that change are not well understood (Hueffer, 2011), 

the consequences would likely be different if rabies was maintained only by the arctic fox or within a 

true multi-host system.  

The distinct distribution of rabies strains could alternatively be explained through the 

distribution or movement patterns of other potential host species such as coyotes (Canis latrans), 

wolves or dogs (C. familiaris). Although the low number of diagnosed rabies cases in wolves and 

coyotes and the vaccination of dogs and human related movement of dogs makes this alternative 

explanation less likely.  Furthermore, adaptation of rabies virus to local conditions (such as different 

host species) or host species ecology as well as the fast evolutionary adaptation of viruses compared 

to their hosts could explain the rabies virus distribution. However, no data exist to support these 

alternatives for Alaska at this time. 

Arctic fox population structure 

Previous studies on the population structure of mainland Alaska arctic foxes used the North 

Slope to represent arctic fox populations throughout Alaska (Carmichael et al. 2007, Norén et al. 

2011a), which may be why no population structure had been found. Carmichael et al. (2007) studied 

microsatellite variation among arctic foxes throughout North America and found an average FST of 

0.002, which is an order of magnitude lower than our average of 0.015 for the a priori groups of this 
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study. Norén et al. (2011), also using microsatellites, found a large-scale, pan-Arctic population that 

included all North American arctic foxes as one group.  Geffen et al. (2007) and Dalén et al. (2005), 

on the other hand, found ΦST values among artic fox populations throughout the Arctic that were 

greater than what we observed among our sampling areas but their geographic scale of sampling was 

much greater than ours. 

Arctic foxes were considered to exhibit little population structure except over vast geographic 

scales or between island and mainland populations (Carmichael et al. 2007, Norén et al. 2011a), 

although kin structure in arctic foxes in Svalbard has been suggested (Ehrich et al. 2012). Arctic 

foxes, especially those without access to year-round marine resources, are known to travel long 

distances over sea ice in search of food in winter (Pamperin et al. 2008), and this scale of movement 

is often cited as a reason for genetically homogeneous populations over large geographic scales 

(Dalen et al. 2005, Carmichael et al. 2007, Norén et al. 2011) as the presence of sea ice is important 

for population connectivity (Geffen et al. 2007).  Our findings of fine-scale population structure in 

arctic foxes in Alaska seemingly contradicts those findings but actually may not.  Southwest Alaska, 

the Yukon-Kuskokwim Delta, has more inconsistent sea ice than the two more northern areas (Seward 

Peninsula and North Slope).  The lack of long-term sea ice may result in a subpopulation of arctic 

foxes in Southwest Alaska maintaining a different strain of rabies virus (arctic rabies variant 4). 

Especially as this rabies virus variant is found only in Alaska, the lack of movement of arctic foxes 

due to lack of sea ice could explain the maintenance of an Alaska-specific rabies strain and a distinct 

population of foxes similar to the genetic isolation of Iceland arctic foxes due to lack of sea ice 

connectivity (Dalen et al. 2005). Nonetheless, if rabid foxes disperse to neighboring populations, even 

if they die before getting an opportunity to breed, they would spread their genetic variant of rabies 

virus within the population.  In Alaska, this is obviously not the case on a consistent basis, and we 

hypothesize that rabid foxes likely die before being able to travel long distances, thus maintaining the 

genetic structure of rabies virus variants. 
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In summary, the population structure of the arctic fox matches that of rabies strains in Alaska 

more so than the population structure of red foxes. This supports the hypothesis that the population 

structure of the arctic fox maintains rabies strains with distinct spatial distribution in Alaska 

Alternatively a multi-host system could explain our results with a stronger role of arctic foxes in 

maintaining the virus in Alaska. We also provide evidence for fine-scale population structure in 

highly mobile arctic foxes in Alaska. 

This study shows that host population genetics can be used to determine the likely role of 

different host species as wildlife reservoirs versus spillover hosts in the dynamic of infectious agents. 

However, our study shows this approach is best utilized together with other techniques to help 

determine these roles in other systems and could improve our understanding of multi-host disease 

dynamics and management of those diseases. 
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Figure legends 

Fig. 1. Approximate a) rabies virus variant distribution and b) fox ranges by species in Alaska as well 

as c) phylogenetic relationship of Alaska rabies variants.  Circles at two branch tips of the tree 

represent variants collected in region 3 that are more closely aligned genetically with those from 

region 2. Labeling of clades refers to the previously described arctic rabies variants 2, 3, and 4. 

Bootstrap support for the organization of the major clades is provided.  Adapted from Kuzmin et al. 

(2008), MacDonald and Reynolds (2008), Nadin-Davis et al. 2012 Alaska Department of Health and 

Social Services (2014), and Angerbjörn and Tannerfeldt (2014).  

Fig. 2.  Distribution of mitochondrial haplotypes in a) arctic foxes and b) red foxes in regions defined 

by rabies strain distribution - North Slope region (arctic rabies variant  3) in red, Seward Peninsula 

region (arctic rabies variant 2) in green, and the Souwestern region (arctic rabies variant 4) in blue.  

The area of the pie charts are scaled to sample size. In red foxes only, samples were collected from 

two additional regions in Figure 3b – the Interior in yellow and Southcentral in orange.  Major 

regional hub cities are marked with black stars, from west to east - Nome, Bethel, Barrow, Anchorage 

and Fairbanks. 
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Fig. 3.  Results from STRUCTURE microsatellite analysis of a) arctic fox and b) red fox from Alaska.  

Vertical bars represent individuals and color indicates the proportion of the genome assignable to a 

specific cluster.  NS = North Slope, SP = Seward Peninsula, SW = Southwest, SC = Southcentral, and 

INT = Interior. 

Fig. 4.  Results from a GENELAND analysis of a) arctic fox and b) red fox in Alaska. Locations sharing 

a colored symbol indicate membership in the same cluster.  Sample locations are denoted with single 

symbols regardless of the number of samples from that location.  Black triangles indicate admixed 

individuals. 

Fig. 5.  Clustering of Alaskan a) arctic and b) red foxes as determined by spatial principal components 

analysis. 

 

 

Table 1  Indices of mitochondrial sequence diversity for arctic and red foxes.   

 Southwest Seward 

Peninsula 

North 
Slope 

Interior Southcentral 

Red foxes      

N 91 74 38 66 25 

Number of 
haplotypes 

 

11 

 

8 

 

9 

 

11 

 

5 

Haplotype 
diversity 

 

0.86 

 

0.72 

 

0.82 

 

0.75 

 

0.64 

Mean number 
of pairwise 
differences 

 

 

3.1 

 

 

2.6 

 

 

2.9 

 

 

3.3 

 

 

2.4 

Nucleotide 
diversity 

 

0.0092 

 

0.0076 

 

0.0086 

 

0.0098 

 

0.0069 
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Arctic foxes      

N 26 8 59   

Number of 
haplotypes 

 

7 

 

4 

 

16 

 
 

Haplotype 
diversity 

 

0.83 

 

0.82 

 

0.89 

 
 

Mean number 
of pairwise 
differences 

 

 

3.2 

 

 

2.4 

 

 

4.5 

 

 

Nucleotide 
diversity 

 

0.010 

 

0.0081 

 

0.015 

 
 

 

 

Table 2  Genetic differentiation between pairs of arctic fox populations based on mtDNA sequences. 

ΦST values are below the diagonal and their significance levels are above the diagonal.  Negative ΦST 

values have been changed to equal zero.    

  Southwest 
(n=43) 

Seward 
Peninsula 
(n=8) 

North Slope 
(n=42) 

Southwest 
  

0.47 0.06  
Seward 
Peninsula 

 
0.000 

 
0.71  

North 
Slope 0.031 0.000 
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Table 3  Genetic differentiation between pairs of red fox populations based on mtDNA sequences. 

ΦST values are below the diagonal and their significance levels are above the diagonal. A negative 

estimate of ΦST has been changed to zero. 

 South- 
west 
(n=56) 

Seward 
peninsula 
(n=77) 

North 
Slope 
(n=32) 

Interior
 
(n=67) 

South-
central 
(n=25) 

Southwest 
 0.005 0.019 0.001  0.014 

 
Seward 
Peninsula 

0.005   0.22
 

0.17 0.17 
 

North Slope 
0.018  0.007  0.36  0.31  

 

Interior 
0.068 0.008 0.000 0.11

 
Southcentral 0.069 0.018 0.003 0.027  

 

 

 

 

Table 4  Genetic differentiation between pairs of arctic fox populations based on microsatellites. FST 

values are below the diagonal and their significance levels are above the diagonal.  

  Southwest 
(n=26) 

Seward 
Peninsula 
(n=8) 

North Slope
(n=44) 
 

Southwest  0.06  <0.001  
 
Seward 
Peninsula 

0.017  0.31  

 
North 
Slope 

0.023 0.004  
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Table 5  Genetic differentiation between pairs of red fox populations based on microsatellites. FST 

values are below the diagonal and their significance levels are above the diagonal.  

 South- 
west 
(n=91) 

Seward 
peninsula 
(n=74) 

North 
Slope 
(n=38) 

 
Interior 
(n=66) 

South-
central 
(n=25) 

Southwest  
<0.001  0.003  <0.001  <0.001 

Seward 
Peninsula 

0.010 
 

0.040 

 

<0.001 <0.001  

North Slope 0.012 0.006  <0.001 <0.001  

Interior 0.041 0.031 0.017  <0.001  

Southcentral 0.059 0.050 0.040 0.032 
 

 

Table 6.  Proportions of arctic foxes and red foxes that were assigned to clusters using the correlated 

allele frequencies model in GENELAND comprising representatives from each sampling area. 

Membership in a cluster was assigned if q ≥0.8.  Individuals with assignments <0.8 were considered 

admixed. 

 

 

 Red fox Arctic fox 

Cluster 1 2 3 4 5 6 Admixed 1 2 3 Admixed 

N 59 17 37 9 6 58 71 29 5 42 2 

Southwest      0.88 0.01 1.00    

Seward Pen.   1.00   0.12 0.53  1.00   

North Slope     1.00  0.35   1.00 1.00 

Interior 1.00   0.67   0.04     

Southcentral  1.00  0.33   0.07     
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