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Abstract

Landscape complexity influences patterns of animal dispersal, which in turn may affect

both gene flow and the spread of pathogens. White-nose syndrome (WNS) is an intro-

duced fungal disease that has spread rapidly throughout eastern North America, caus-

ing massive mortality in bat populations. We tested for a relationship between the

population genetic structure of the most common host, the little brown myotis (Myotis
lucifugus), and the geographic spread of WNS to date by evaluating logistic regression

models of WNS risk among hibernating colonies in eastern North America. We

hypothesized that risk of WNS to susceptible host colonies should increase with both

geographic proximity and genetic similarity, reflecting historical connectivity, to

infected colonies. Consistent with this hypothesis, inclusion of genetic distance

between infected and susceptible colonies significantly improved models of disease

spread, capturing heterogeneity in the spatial expansion of WNS despite low levels of

genetic differentiation among eastern populations. Expanding our genetic analysis to

the continental range of little brown myotis reveals strongly contrasting patterns of

population structure between eastern and western North America. Genetic structure

increases markedly moving westward into the northern Great Plains, beyond the cur-

rent distribution of WNS. In western North America, genetic differentiation of geo-

graphically proximate populations often exceeds levels observed across the entire

eastern region, suggesting infrequent and/or locally restricted dispersal, and thus rela-

tively limited opportunities for pathogen introduction in western North America.

Taken together, our analyses suggest a possibly slower future rate of spread of the

WNS pathogen, at least as mediated by little brown myotis.
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Introduction

The spatial spread of emerging infectious diseases is

shaped in part by complex landscapes, which influence

host dispersal and in turn the genetic structure of host

populations. The geographic structure of genetic varia-

tion in hosts and pathogens can thus shed light on dis-

ease dynamics across space and time (Archie et al. 2009;

Biek & Real 2010). Genetic variation in pathogens has

been used to reveal sources of infection, reservoir hosts

or refugia (Girard et al. 2004; Rambaut et al. 2008), as

well as invasion and spatial diffusion dynamics

(Holmes 2004; Biek et al. 2007; Tian et al. 2015). Less

commonly, population genetics has been used to mea-

sure the connectivity of host populations over heteroge-

neous landscapes to understand rates and routes of

host-mediated pathogen dispersal (Blanchong et al.

2008; Rioux Paquette et al. 2014). We assessed host pop-

ulation genetic structure to test whether historical pat-

terns of connectivity and gene flow are correlated with

the spatial spread to date of white-nose syndrome
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(WNS), an emerging infectious disease of hibernating

bats.

WNS is a disease of North American bats that first

emerged in 2006 in a hibernaculum near Albany, New

York (Blehert et al. 2009). Available evidence suggests

that WNS is one of a growing list of emerging infec-

tious diseases caused by exotic pathogens (Puechmaille

et al. 2011; Warnecke et al. 2012) with detrimental

effects to native species (Daszak et al. 2000). WNS is

caused by the fungal pathogen Pseudogymnoascus

destructans, which grows maximally at temperatures

characteristic of bat hibernacula (Lorch et al. 2011; Ver-

ant et al. 2012; Minnis & Lindner 2013). Transmission of

P. destructans occurs through direct contact between

infected and susceptible bats (Lorch et al. 2011), with

infection prevalence highest during the hibernation sea-

son (Langwig et al. 2015). Following its emergence,

WNS spread rapidly throughout eastern North Amer-

ica, causing massive mortality in several bat species,

leading to predictions of regional extinction for at least

two species (Frick et al. 2010; Langwig et al. 2012; Thog-

martin et al. 2013). WNS continues to spread, extending

into southern Canada, southward to Mississippi, and as

far west as eastern Oklahoma, reaching locations over

1800 km from the epicentre in New York (USFWS

2015).

The spread of WNS across the landscape has not fol-

lowed a simple diffusion pattern from its site of origin

in North America (Maher et al. 2012). For example,

WNS appeared as far south as southern Virginia before

it reached the western edge of New York. Previous

analyses indicate that colony size, species composition,

habitat patchiness and climate influence WNS risk and

consequently the overall pattern of spread across the

landscape (Wilder et al. 2011; Maher et al. 2012; Thog-

martin et al. 2012). Ultimately, spatial expansion of an

infectious disease depends on pathogen dispersal,

which, for pathogens transmitted directly between

hosts, depends in turn on the connectivity of host popu-

lations. If bats are the primary mode of dispersal for

P. destructans, then introduction of the fungal pathogen

and risk of WNS to susceptible colonies should be a

function of dispersal of bats from infected to susceptible

winter colonies. Geographic distance to an infected col-

ony is known to be negatively correlated with the tim-

ing of WNS arrival at susceptible colonies (Wilder et al.

2011; Thogmartin et al. 2012). Additional heterogeneity

in pathogen dispersal may exist as a result of barriers

to and/or corridors for host dispersal, which should

be reflected in patterns of host population genetic

structure. Therefore, we hypothesized that the probabil-

ity of WNS infection would decrease with increasing

genetic differentiation between susceptible and infected

colonies.

The common and wide-ranging little brown myotis

(Myotis lucifugus) is among the most severely affected

and thoroughly studied WNS host species. While it is

just one of several bat species affected by WNS, little

brown myotis is likely the most important disperser of

P. destructans over the landscape relative to other spe-

cies due to its high abundance and dense aggregation

in hibernacula (Brack 2007; Wilder et al. 2011; Langwig

et al. 2012), high rate of infection by P. destructans

(Langwig et al. 2015) and long dispersal distances

(Davis & Hitchcock 1965; Humphrey & Cope 1976; Nor-

quay et al. 2013); the number of little brown myotis in

mixed-species hibernacula is positively associated with

WNS risk to the colony (Wilder et al. 2011). In Pennsyl-

vania, three hibernating colonies of little brown myotis

that had higher levels of differentiation in mitochon-

drial DNA (mtDNA) haplotype frequencies also became

WNS positive later than other colonies (Miller-Butter-

worth et al. 2014). This observation lends some support

to the hypothesis that barriers to gene flow in little

brown myotis may slow the spread of WNS. In this

study, we quantitatively test for a relationship between

population genetic structure among hibernating colo-

nies of little brown myotis and the spatial spread of

WNS in eastern North America, predicting that the

inclusion of genetic data in models with geographic dis-

tance will significantly improve the estimates of WNS

risk to susceptible colonies as compared to models with

geographic distance alone. We then present data on the

population genetic structure of little brown myotis on a

continental scale to qualitatively assess the potential for

future spread of WNS across the continent. We used

mtDNA and double-digest, restriction site-associated

DNA sequencing (ddRAD-seq; Baird et al. 2008;

DaCosta & Sorenson 2014), which generates data from

thousands of loci scattered throughout the genome. Our

work illustrates that genetic analysis of host popula-

tions can identify cryptic barriers and/or corridors to

dispersal and heterogeneity in population connectivity

that may strongly influence disease spread, allowing a

prospective assessment of the permeability of popula-

tions to pathogen invasion and improving predictions

of the future dynamics of emerging infectious diseases.

Materials and methods

Sample collection

To evaluate the relationship between host population

genetic structure and the spread of WNS, we obtained

tissue samples (heart muscle, pectoral muscle or wing

membrane) from 128 little brown myotis captured at 14

hibernacula located within the current distribution of

WNS in eastern North America between the months of

© 2015 John Wiley & Sons Ltd
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September and April in 2008–2010. At each hibernacu-

lum, between 2 and 14 (Table S1, Supporting informa-

tion) individual bats were sampled prior to or at the

onset of die-offs from WNS and thus are representative

of populations in the pre-WNS period.

For a continental, rangewide assessment of popula-

tion genetic structure in little brown myotis, we

obtained tissue samples from a total of 599 bats col-

lected at 71 maternity colonies, swarming sites, hiber-

nating colonies or foraging sites across North America

(Table S1, Supporting information); all samples were

collected prior to or at the onset of die-offs from WNS.

Tissues were obtained from previously collected tissues

archived at Boston University, from natural history

museums and other research institutes, from other

workers conducting research in the field and through

our own fieldwork. All bats captured through our field-

work were handled using methods approved by the

Institutional Animal Care and Use Committee at Boston

University (Protocols 10-032 and 13-041). DNA was

extracted using the DNeasy Blood and Tissue Kit (QIA-

GEN, Hilden, Germany).

Population genetic structure

To evaluate continental patterns of population genetic

structure for a maternally inherited marker, we

sequenced 536 bp of the mitochondrial cytochrome b

(cytb) gene for 557 individuals from 68 sampling sites.

Cytb primers L15524 (50-ACRGGRTCYAACAAYCCAA

CAGG-30) and H16064 (50-TCCCCTTTTCTGGTTTA

CAAGACC-30) were used to amplify and sequence a

portion of the cytb locus using a standard touchdown

PCR protocol (Balakrishnan & Sorenson 2007). PCR

products were sequenced from the forward primer on

an ABI PRISM 3100 sequencer. A haplotype network

was constructed from a maximum parsimony tree gen-

erated in PAUP (Swofford 2002); additional Myotis

sequences from GenBank were included as out-groups

in the phylogenetic analysis.

We also used a ddRAD-seq protocol developed by

DaCosta & Sorenson (2014) to generate genomewide

sequence data for 308 bats from 58 sampling sites.

Genomic DNA was digested with SbfI and EcoRI restric-

tion enzymes (New England Biolabs, Ipswich, MA,

USA). Amplification and sequencing adapters, each

with a unique barcode or index sequence, were ligated

onto the digested DNA. Samples were run on a 2%

agarose gel, and DNA in the 300–450 bp size range

(178–328 bp excluding adapters) was excised from the

gel and amplified with 22 cycles using Phusion High-

Fidelity DNA Polymerase (Thermo Scientific, Waltham,

MA, USA). Each sample library was pooled in equimo-

lar amounts and sequenced to 97 bp from the SbfI adap-

ter on an Illumina HiSeq 2000 or HiSeq 2500 (Illumina,

San Diego, CA, USA).

Sequences that passed the Illumina quality filter were

parsed into samples based on barcode and index

sequences, and identical sequence reads within each

sample were condensed, retaining the number of obser-

vations of each unique sequence as a weight for down-

stream analysis (DaCosta & Sorenson 2014). Data for all

samples were pooled and clustered into putative loci

using the UCLUST method in USEARCH v. 5 (Edgar 2010)

with an identity threshold of 0.85 and compared to the

Myotis lucifugus draft genome using BLAST v. 2.2.25

(Altschul et al. 1990). Clusters that aligned to the same

or nearly the same position in the genome were

merged. Sequences for each cluster (putative locus)

were then aligned using MUSCLE v. 3.8.31 (Edgar 2004).

The aligned sequence data were run through a custom

script to identify single-nucleotide polymorphisms

(SNPs) and insertions/deletions (indels) and to identify

the alleles for each sample and locus (DaCosta & Soren-

son 2014). We examined alignments for all loci with

three or more variable sites in the last five alignment

positions, and loci that fell in the tail of the distribution

for number of polymorphisms per locus, excluding loci

or manually re-aligning sequences as warranted. Loci

with missing genotypes for >10% of samples were

removed from further analyses.

To summarize rangewide genomic variation, we used

principal components analysis (PCA) of the SNP and

indel data in the R package adegenet v. 1.3-4 (Jombart

2008; R Development Core Team 2010). We replaced

missing data at SNP/indel sites in the PCA with the

mean frequency of the given allele across all samples.

To measure the correlation between genetic and geo-

graphic distances between populations/sampling sites,

we calculated pairwise ΦST values for sites with ≥4 indi-

viduals using a custom Python script for a sample of

716 RAD loci at which genotypes were successfully

scored in all rangewide samples. All ΦST estimates were

based on pairwise nucleotide differences between

sequences (Excoffier et al. 1992). Nucleotide diversity

for each population was also estimated from these loci

using the Python script. Statistical significance of the

correlation between genetic and geographic distances

was tested by the Mantel test using MANTELPIECE v. 1.0 in

R (R Development Core Team 2010; Postma 2011).

The rangewide analysis included eastern samples

collected from maternity colonies, swarming sites, hiber-

nating colonies and foraging sites, whereas western sam-

ples were collected only from maternity colonies and

foraging sites because the locations of few hibernacula in

western North America are known (see Results for a

delineation of ‘eastern’ and ‘western’; Table S1, Support-

ing information). In some bat species, female philopatry

© 2015 John Wiley & Sons Ltd
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to natal maternity colonies leads to greater mitochondrial

structure among maternity colonies than among swarm-

ing sites at hibernacula, where individuals from many

maternity colonies gather to mate (Kerth et al. 2000, 2002;

Veith et al. 2004). Conversely, if there is fidelity to

swarms and hibernacula, mating in swarms at hibernac-

ula should result in greater autosomal structure among

hibernacula. To test for potential biases resulting from

differences in sampling between regions, we tested for

differences in structure between maternity colonies,

hibernacula and foraging sites. We plotted ΦST against

geographic distance for each capture site type for RAD

and mtDNA sequence data, respectively (Fig. S1; see

Table S1, Supporting information, for sample sizes and

site types). We found no significant differences in slopes

between hibernacula, maternity colonies and foraging

sites for RADs or for mtDNA in the eastern region (all

P > 0.109; Fig. S1B,D, Supporting information), or

between maternity colonies and foraging sites in the

western region (all P > 0.738; Fig. S1A,C, Supporting

information). Likewise, comparisons of structure

between western maternity colonies and eastern mater-

nity colonies were essentially identical to comparisons of

western maternity colonies and eastern hibernacula

(Fig. S2, Supporting information). These findings are con-

sistent with population genetic and mark–recapture stud-
ies of M. lucifugus, which found relatively high rates of

female dispersal among maternity colonies, hibernacula

and swarming sites (Dixon 2011a; Norquay et al. 2013;

Burns et al. 2014), suggesting that philopatry to natal

maternity colonies is not sufficient to cause significant

differences in population structure among site types. In

addition, the ‘sampling location error’ generated by sea-

sonal dispersal and sampling at different times of year

should be small relative to the size of the continent in a

broad-scale assessment of continental population struc-

ture. Thus, samples from all site types were analysed

together when assessing continental genetic structure.

To measure genetic differentiation among the 14

hibernating colonies within the WNS-affected region for

the WNS spread model, we generated RAD-seq data for

62 samples and sequenced cytb for 128 samples. We

used 871 RAD loci at which genotypes were success-

fully scored in all samples and calculated pairwise ΦST

values between colonies using a custom Python script.

For cytb, pairwise ΦST values were calculated in AR-

LEQUIN v. 3.5 (Excoffier et al. 2005). We tested the corre-

lation between ΦST and geographic distance among

colonies using MANTELPIECE in R (Postma 2011).

WNS spread model

The appearance of WNS in bats is mainly restricted to

the hibernating season (Blehert et al. 2009; Langwig

et al. 2015), and thus, we modelled disease spread to

uninfected (i.e. susceptible) colonies as a yearly, bino-

mial response using mixed-effects logistic regression

models. We used a logit link in the function lmer from

the lme4 package in R (R Development Core Team 2010;

Bates et al. 2011). During each year of the epizootic

(2008–2014), colonies either remained susceptible (0) or

became infected (1); colonies transitioned from suscepti-

ble to infected in the first year that WNS was reported

as suspected or confirmed for the county in which the

colony was located (USFWS 2015). Once infected, a col-

ony became a potential source of infection for suscepti-

ble colonies in subsequent years. Because we lacked

samples for the colony with the first known cases of

WNS (Howes Cave, NY, USA; Blehert et al. 2009), our

data begin in 2008 with a mine complex in Ulster

County, NY, USA, as the source of infection because it

is the geographically closest site to Howes Cave in our

sample.

We reasoned that neighbouring or well-connected

infected colonies should contribute most heavily to

infection risk at a susceptible colony, whereas distant

and genetically differentiated colonies should contribute

little. Thus, we measured the connectivity of a given

susceptible colony to infected colonies in two ways: (i)

as the genetic differentiation (ΦST) and the geographic

distance, respectively, between a focal susceptible col-

ony and the genetically most similar or geographically

closest infected colony (i.e. the genetic and geographic

proximity, respectively, to an infected colony); and (ii)

considering all infected colonies as potential sources,

we calculated ‘genetic centrality’ and ‘geographic cen-

trality’ in relation to all infected colonies, a composite

measure of connectedness to all infected colonies in the

data set. Analogous to a commonly used calculation of

the centrality of a node in a network (Opsahl et al.

2010), geographic centrality for a susceptible colony

was calculated as the sum of reciprocals of geographic

distances to all infected colonies. The centrality calcula-

tion incorporates distance information from all potential

infected source colonies to a given susceptible colony,

so that proximate infected colonies are weighted heav-

ily, and distant infected colonies make smaller contribu-

tions to the measurement. Genetic centrality for a

susceptible colony in relation to infected colonies was

similarly calculated as the sum of reciprocals of

ΦST + median ΦST, with the median RAD or cytb ΦST

value in the denominator to accommodate ΦST values

of zero (see Fig. S3, Supporting information for a more

detailed description).

We set the lower bound at zero for all ΦST estimates.

Covariates were standardized to have a mean of zero

and variance of one. To avoid highly correlated inde-

pendent variables, we evaluated sets of models using

© 2015 John Wiley & Sons Ltd
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‘centrality covariates’ (centDistance, centCytb ΦST and

centRAD ΦST) as fixed effects separately from models

using ‘proximity covariates’ (Distance, cytb ΦST and

RAD ΦST) as fixed effects. Year (random intercept) and

Site (random intercept) were considered as random

effects. We first selected random effect terms by com-

paring AICC scores of full models (i.e. models with all

fixed centrality or proximity covariates), varying only

random effects (Zuur et al. 2009). We evaluated condi-

tional modes and posterior variances of each random

effect in each model for deviations from zero, which

would suggest that a given random effect captures vari-

ation and warrants inclusion in the model (Bates 2010).

After excluding unnecessary random effects, we then

evaluated candidate models that included the retained

random effect(s), varying fixed effects only. We evalu-

ated all possible permutations of the fixed effects in

each full model (centrality covariates or proximity

covariates, analysed separately) and ranked them by

AICC using the dredge function in R (Burnham & Ander-

son 2004; Barton 2011). Model fits were evaluated using

the Hosmer–Lemeshow c statistic and AUC in the R

package pROC (Hosmer et al. 1997).

Results

Genetic structure and WNS spread in eastern North
America

Among hibernating colonies in the WNS-affected region

within eastern North America, genetic differentiation at

the mitochondrial cytochrome b (cytb) gene was vari-

able (ΦST = 0.215, P < 0.0001; range = ~0–0.537; signifi-

cance based on 10 100 permutations of the data),

whereas differentiation at nuclear RAD loci was gener-

ally lower (ΦST = 0.008, P < 0.0001; range ~0–0.045).
Genetic differentiation was weakly correlated with geo-

graphic distance for cytb (Pearson r2 = 0.112, Mantel

test, P = 0.012), but the small correlation coefficient

indicates substantial variation in ΦST not accounted for

by geographic distance. Differentiation at RAD loci was

not correlated with geographic distance (Pearson

r2 = 0.004, Mantel test, P = 0.296), and ΦST values for

cytb and RAD loci were also not significantly correlated

(Pearson r2 = 0.025, Mantel test, P = 0.188), suggesting

that the geographic distance and the two genetic differ-

entiation covariates in our model of WNS spread were

largely independent.

To evaluate the relationship between genetic differen-

tiation and WNS spread, we used mixed-effects, logistic

regression models of WNS incidence among hibernating

bat colonies in the WNS-affected region of eastern

North America. The variance estimates for levels of the

random effect site deviated from zero, whereas variance

estimates for levels of the random effect year did not

deviate from zero, suggesting that between-year varia-

tion was not sufficient to warrant incorporating it as a

random effect in the models (Bates 2010). In addition,

AICC scores indicate that model fit did not improve

when year was included as a random effect (Table S2,

Supporting information); thus, site was retained as the

sole random effect in all candidate models.

The best model using centrality covariates (which

included centCytb ΦST as the only fixed effect) fit the data

only slightly better than the null model (null model

DAICC = 2.07; Table S3, Supporting information); thus,

we focus below only on models using the proximity

covariates for genetic and geographic distance.

Consistent with our hypotheses, estimated coefficients

were negative for both genetic differentiation and geo-

graphic distance in all WNS risk models (Table 1). The

full model, including Distance, RAD ΦST and cytb ΦST,

best explained WNS risk relative to all other candidate

models (DAICC = 0; weight = 0.63; Table 1). The model

lacking genetic covariates altogether (Distance as the sole

fixed effect) was substantially worse at explaining the

data (DAICC = 6.70; weight = 0.02; likelihood ratio test

P = 0.003). Although sample sizes used to estimate RAD

ΦST were low for some hibernacula (Table S1, Supporting

information), the large number of RAD loci should pro-

vide reasonably robust estimates of ΦST. When sites with

n < 4 individuals (eight alleles) were excluded from the

data set, the model ranks remained identical and the full

model was significantly better than the model with geo-

graphic distance only. The Hosmer–Lemeshow c statistic

was nonsignificant (v2 = 3.08, P = 0.929), and the area

under the curve (AUC) for the best model was high

(AUC = 0.980), both suggesting that the model provided

a good fit to the data. Models that included genetic

covariates captured observed heterogeneity in the spatial

spread of WNS, including the rapid southward spread

early in the epizootic and delayed westward spread, gen-

erally reflecting the higher differentiation between hiber-

nacula across the Appalachians relative to hibernacula

along the eastern Appalachians (Fig. 1). For example, in

2009–2010, a colony in western Pennsylvania that was

further from infected sources became WNS positive

before colonies that were closer to, but more highly dif-

ferentiated genetically from infected sources. The same

year, a susceptible colony in West Virginia (just west of

the southern Appalachians) was within 100 km of an

infected colony, but was relatively highly differentiated

at RAD loci from infected colonies, and thus was pre-

dicted to have low WNS risk. Conversely, the presum-

ably high connectivity of colonies along the eastern

Appalachians, which are characterized by low levels of

genetic differentiation, may have facilitated the south-

ward spread of WNS in 2008–2009 (Fig. 1).

© 2015 John Wiley & Sons Ltd
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Genetic structure of the continental little brown myotis
population

Across the continent, we find substantial diversity and

geographic structure in little brown myotis cytb

sequences. Four divergent Myotis lucifugus mitochon-

drial lineages have distinct but partially overlapping

geographic distributions (Fig. 2). A widely distributed

and highly diverse eastern clade (red and pink in

Fig. 2) predominates east of the Rocky Mountains and

appears to have expanded into some western popula-

tions. A large number of low frequency haplotypes are

derived from the most common lineage in the eastern

clade, in a star-like pattern indicative of population

expansion (shown in red; Slatkin & Hudson 1991). All

bats sampled east of the Appalachian Mountains had

haplotypes within this sublineage, resulting in signifi-

cant differences in mtDNA haplotype frequencies across

the eastern region. Geographic structure is substantially

greater in the west, however, with one clade restricted

to the west coast of North America (shown in blue),

another restricted to western Montana, Wyoming, Col-

orado and Utah (green), and another present in north-

western Montana, Saskatchewan, British Columbia and

the Yukon (orange). Finally, cytb sequences from three

‘long-eared’ Myotis species (M. evotis, M. thysanodes and

M. keenii) fall within the haplotype network for M. lu-

cifugus (shown in grey in Fig. 2A), a result consistent

with previous findings (Carstens & Dewey 2010).

Nuclear RAD-seq loci were also highly polymorphic.

The final set of 4783 RAD loci had an average of one

polymorphism per 5.7 base pairs (bp) and 24.9 unique

haplotypes (alleles) per locus among the 308 little brown

myotis that we sampled across the continental range.

PCA of ~84 000 SNPs summarizes genomewide varia-

tion across North America (Fig. 3), indicating relatively

minimal differentiation among eastern little brown myo-

tis extending from the East Coast to Ontario, Minnesota,

Iowa and Missouri (shown in black in Fig. 3). Genetic

differentiation of populations increases markedly begin-

ning in North Dakota and Manitoba and moving west-

wards. Based on these results, the analyses below define

the ‘eastern region’ as including sites from the East

Coast to Missouri, Iowa, Minnesota and eastern Ontario

(shown in black in Fig. 3), and the ‘western region’ as all

sites further to the west (shown in colours in Fig. 3).

West of the Great Plains, the positions of populations

along the first two principal component axes roughly

approximate a map of their geographic locations, much

as has been observed for human populations in Europe

(Novembre et al. 2008). This result is consistent with a

correlation between genetic and geographic distance

across the landscape. Topography, however, also influ-

ences the genetic structure of little brown myotis popu-

lations; for example, MT2, just west of the Front Range

of the Rockies, clusters more closely with BC1, 550 km

to the west, rather than with AB2 or SK1, 250 km to the

north and 300 km to the east, respectively (Fig. 3). For

sites west of Minnesota and Ontario, ΦST and geographic

distance were significantly correlated (Mantel test,

r2 = 0.324, P < 0.001; coloured points, Fig. 3), whereas

this relationship was nonsignificant for populations to

the east (Mantel test, r2 < 0.001, P = 0.476; black points).

Over the entire eastern region, ΦST was low (mean

ΦST = 0.007), never exceeding 0.033 despite distances of

up to 2400 km separating sites. Over similar distances in

the western region, ΦST values were generally higher

(mean ΦST = 0.055) and ranged up to 0.195 (AK1 vs.

ND1). The ΦST value for two sites separated by <350 km

in western North Dakota and eastern Montana

Fig. 1 Fitted yearly probabilities of white-nose syndrome

among hibernating bat colonies for the top model (Dis-

tance + RAD ΦST + Cytb ΦST; DAICC = 0). Blue asterisks are

previously infected source colonies; red points are susceptible

colonies that became infected in the year indicated; black

points are susceptible colonies that had not yet become

infected. Sizes of open circles surrounding each point corre-

spond to the predicted probability of infection in the colony.

Grey shading indicates topography of the Appalachian Moun-

tains. In the final year (2013–2014; not shown), fitted probabili-

ties did not change because there were no new infections

among the sampled locations.

© 2015 John Wiley & Sons Ltd
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(A)

(B)

To outgroupFig. 2 (A) Cytochrome b haplotype net-

work. Circles represent unique haplo-

types, with area proportional to the

number of bats sharing a haplotype. Line

segments are proportional to the number

of nucleotide changes, with the shortest

branches representing a single change.

The arrow indicates the connection to

additional out-group samples in a rooted

tree. Open circles represent intermediate,

unsampled haplotypes. Grey circles rep-

resent three ‘long-eared’ Myotis species

(M. evotis, M. keenii and M. thysanodes).

(B) Cytochrome b haplotype frequencies

for little brown myotis at capture loca-

tions. Pie sizes correspond to the number

of bats sampled at each site with colours

corresponding to haplotypes as coloured

in (A). The range of little brown myotis

is shown in blue.

(A) (B) (C)

Fig. 3 (A) First and second principal components (PC) scores for individual bats based on RAD-seq data. PC1 and PC2 (x and y axes,

respectively) accounted for 2.12% and 0.61% of the total genetic variance, respectively. Meaningful groupings of samples were not

evident in plots of PC axes 3 through 10. Lines join points to the mean PC coordinate for a given capture site. Colours and labels

indicate capture sites in (B). (B) Capture sites, coloured and labelled by political boundaries. Grey shading indicates topography, with

the Rocky Mountains, Sierra Nevadas and Cascades in western North America, and the Appalachian Mountains in eastern North

America. (C) ΦST values vs. geographic distance between pairs of capture locations in western (coloured points in (B); P < 0.001),

and eastern North America (black points in B; P = 0.476).

© 2015 John Wiley & Sons Ltd
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(ΦST = 0.058; ND3 vs. MT3), for example, was greater

than the maximum level of differentiation observed for

all comparisons in the eastern region (ΦST = 0.033). Gen-

omewide nucleotide diversity within sampling sites ran-

ged from 0.0088 to 0.0111 (Table S4, Supporting

information) and was significantly higher for sites in the

western region (mean = 0.0102) than the eastern region

(mean = 0.00947; t-test, P < 0.0001).

Discussion

The significant relationship between little brown myotis

population genetic structure and the spread of WNS

within the current geographic extent of the expanding

epizootic is consistent with a coupling of pathogen

introduction and host dispersal. Reflecting historical

patterns of gene flow, genetic differentiation among

host populations may serve as a useful proxy for host

dispersal in spatially explicit models of disease spread.

We are not aware of previous studies quantitatively

linking host population genetic structure to temporal

observations of disease emergence across the landscape

and using the estimated connectivity of host popula-

tions to provide a prospective assessment of future

invasion to new regions.

Although little brown myotis is just one of seven bat

species known to be infected by Pseudogymnoascus

destructans, it is probably an important driver of WNS

spread because of the following reasons: (i) it has the

highest prevalence and loads of the fungal pathogen

throughout hibernation among known host species,

with nearly 100% of individuals infected at the onset of

the hibernation period (Langwig et al. 2015); (ii) it is

abundant, highly aggregated and densely distributed in

hibernacula (Humphrey & Cope 1976; Brack 2007; Frick

et al. 2010; Wilder et al. 2011; Langwig et al. 2012), par-

ticularly in the north-eastern United States where it

comprises nearly 90% of individuals in a typical hiber-

naculum (Wilder et al. 2011). Because of its high abun-

dance in hibernacula and susceptibility to WNS, little

brown myotis account for most P. destructans infections,

such that opportunities for pathogen dispersal by other

hosts are far less frequent; (iii) its presence in winter

colonies is associated with increased risk of WNS

(Wilder et al. 2011). The significant correlation between

WNS spread and population connectivity in eastern

North America provides further evidence of the histori-

cal importance of little brown myotis in pathogen dis-

persal in the WNS-affected region. There are 25

hibernating bat species across North America that may

be vulnerable to infection by the cold-growing fungus

(Blehert et al. 2009; Turner et al. 2011), but none are

known to be so heavily infected, widely distributed and

abundant as little brown myotis (IUCN 2015). Thus, this

species has likely been and may continue to be the

dominant host species driving WNS spread across

much of the continent.

In eastern North America, little brown myotis mate

in swarms in the fall at the cave or mine in which they

hibernate during the winter (Humphrey & Cope 1976;

Norquay et al. 2013). Following emergence from hiber-

nation in the spring, bats disperse and females may tra-

vel up to hundreds of kilometres from their

hibernaculum to a maternity colony (Davis & Hitch-

cock 1965). Fungal loads, and consequently the poten-

tial for transmission, are highest during hibernation

and drop to undetectable levels over the summer in

surviving bats, suggesting that dispersal between hiber-

nacula (as opposed to other seasonal sites) is most

likely to result in spread of the pathogen (Langwig

Table 1 Mixed logistic regression models of white-nose syndrome (WNS) risk from 2008 through 2014 based on geographic and

genetic proximity (distance and ΦST, respectively) of susceptible colonies to an infected colony in the WNS-affected region of eastern

North America

Model Intercept Distance RAD ΦST Cytb ΦST d.f. logLik AICc DAICc Weight

1 �5.23* �3.16* �5.52* �4.91 5 �13.49 38.8 0.00 0.63

2 �2.08* �2.16* �3.23* 4 �16.26 41.7 2.89 0.15

3 �2.16* �1.23* �2.89^ 4 �16.48 42.2 3.32 0.12

4 �2.40^ �1.84 �3.51^ 4 �17.57 44.3 5.50 0.04

5 �1.71^ �2.72^ 3 �18.93 44.6 5.72 0.04

6 �1.02* �1.29* 3 �19.42 45.5 6.70 0.02

7 �0.96^ �1.39 3 �21.77 50.2 11.39 0.00

8 �0.77* 2 �23.70 51.7 13.89 0.00

Model Avg. �4.05 �2.49^ (0.92) �4.04^ (0.83) �3.68 (0.82)

Coefficients for standardized covariates are presented. The intercept represents the log odds of infection when all standardized coeffi-

cients are zero (i.e. mean unstandardized values, equivalent to an infection probability of 0.005 for the top model). Model averaged

coefficients with shrinkage are presented in the last row, with covariate weight shown in parentheses. Capture site was included as a

random effect in all models. *P < 0.05; ^P < 0.10.

© 2015 John Wiley & Sons Ltd
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et al. 2015). Because mating and therefore gene flow is

associated with swarming at hibernacula (Thomas et al.

1979), host population genetic structure among hiberna-

tion sites should reflect connectivity relevant to disease

spread. Norquay et al. (2013) found that approximately

4% of bats banded and recaptured at hibernacula in

Ontario and Manitoba were recaptured at different

hibernacula in subsequent years. Hibernating colonies

in eastern North America are common across the land-

scape and frequently numbered tens of thousands of

little brown myotis before declines from WNS (Culver

et al. 1999; Frick et al. 2010; Wilder et al. 2011; Langwig

et al. 2012), providing opportunities for both gene flow

and pathogen dispersal. The minimal population

genetic structure in eastern North America (Figs 2 and

3) and the rapid spread of WNS in this region fit

expectations based on direct observations of dispersal.

Although the seasonal timing of dispersal between

hibernacula, which may influence the likelihood of

pathogen transmission, remains unknown, the signifi-

cant relationship with host population structure sug-

gests that historical patterns of dispersal in little brown

myotis are relevant to understanding contemporary

disease spread.

Genomewide differentiation of little brown myotis

populations increases substantially moving westward

from North Dakota and Manitoba, where bats from

neighbouring sites become increasingly distinguishable

in PC plots of SNP data (Fig. 3). Likewise, the geographic

distributions of divergent mitochondrial lineages and the

strong correlation between genomewide differentiation

and geographic distance (Figs 2 and 3) indicate much

lower historical connectivity and dispersal among popu-

lations in western North America. All bats sampled west

of the Great Plains were captured during the summer,

either from maternity colonies or foraging sites (Table S1,

Supporting information). Given that the genetic structure

of western populations mirrors the geography of summer

capture locations, it is unlikely that western bats disperse

widely to mate in the fall. If autosomal gene flow occurs

at hibernacula in western North America, and fidelity to

swarming sites and hibernacula is high, as has been

shown in the East (Humphrey & Cope 1976; Norquay

et al. 2013), we expect greater structure among hibernac-

ula than summer sites. Thus, the level of genetic differen-

tiation between geographically proximate summer sites

in western North America suggests contrasting patterns

of seasonal dispersal and/or mating behaviour between

the two regions. Unlike eastern bats, which disperse

widely between summer localities and swarming sites/

hibernacula (Davis & Hitchcock 1965; Humphrey & Cope

1976), western bats must remain relatively close to

swarming sites and hibernacula throughout the year.

Available observations west of the Great Plains indicate

that little brown myotis over-winter in small groups (sin-

gly to dozens of individuals; Perkins et al. 1990; Nagor-

sen et al. 1993; Hendricks 2012), suggesting that the large

swarms at hibernacula that facilitate high rates of gene

flow in eastern North America may be far smaller or alto-

gether absent in the West, resulting in lower connectivity

and greater structure among populations.

Our rangewide genomic data suggest that the spread

of WNS by an important host is likely to be slower in

western North America than in the eastern half of the

continent, where a rapid geographic expansion of the

disease has been observed over the past 8 years. Given

that the spread of WNS to date has been correlated

with subtle patterns of genetic differentiation in eastern

North America, the rate of dispersal of the fungal

pathogen by little brown myotis should decrease as

WNS moves into the Great Plains, where genetic differ-

entiation among localities increases substantially. More-

over, a study of winter little brown myotis colonies in

central Canada suggests that gene flow moves predomi-

nately north-west to south-east, opposing the direction

of spread of the pathogen (Davy et al. 2015). Winter sur-

veys show that the total numbers of individuals of all

species in hibernating colonies are far smaller in west-

ern North America (Perkins et al. 1990; Nagorsen et al.

1993; Hendricks 2012; Weller et al. 2014). WNS tends to

emerge in larger colonies first, where the probability of

pathogen introduction and transmission probably

increases with the number of bats entering a hibernacu-

lum (Wilder et al. 2011), and thus, emergence of the dis-

ease may be further delayed due to smaller winter

colonies in western North America. All else being

equal, infrequent and locally restricted dispersal among

smaller populations should decrease opportunities for

spread of the pathogen over the landscape. Moreover,

the higher level of nucleotide diversity in western

North America may offer greater potential for the evo-

lution of disease resistance based on standing genetic

variation.

The prediction above relies on genetic differentiation

as a proxy for contemporary patterns of dispersal and

connectivity among populations. Genetic differentiation,

however, is influenced by a number of factors, includ-

ing time since divergence, population sizes, bottlenecks

and expansions, as well as rates of gene flow over time

(Avise 2000; Manel & Holderegger 2013). The genetic

similarity of eastern little brown myotis populations is

likely due in part to recent postglacial expansion (Dixon

2011b; Burns et al. 2014), but direct observations of

dispersal in this region are consistent with a high level

of contemporary connectivity. In contrast, substantially

greater genetic differentiation in western North America

would not be expected if rates of dispersal were as high

as have been observed in the East. Thus, our data indi-

© 2015 John Wiley & Sons Ltd
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cate substantial differences in the patterns and geo-

graphic extent of both historical and contemporary gene

flow between the two regions.

Our qualitative prediction that WNS will spread

more slowly in western North America is based primar-

ily on strong evidence of lower historical connectivity

of the populations of an important host beyond the cur-

rent distribution of the disease. The complex topogra-

phy of western North America probably increases

isolation among populations of little brown myotis and

probably affects other hibernating bat species in a simi-

lar way (Cryan et al. 2000; Piksa et al. 2011). The emer-

gence of the disease in a susceptible colony, however,

depends on a range of factors, including seasonal vari-

ability of transmission dynamics, changes in dispersal

behaviour of infected bats, bat species community com-

position and host competency, and environmental con-

ditions, many of which vary across the continent and

contribute uncertainty to our prediction (Anderson et al.

1992; Altizer et al. 2006; Paull et al. 2011). For example,

as yet unaffected host species may compensate for a

reduced rate of pathogen dispersal by little brown myo-

tis in western North America and may drive disease

spread outside the range of our focal species. Our pre-

dictions are, like any predictions of the future, subject

to a range of uncertainties. In addition, we did not find

evidence of complete isolation among any of the west-

ern little brown myotis populations we sampled. Thus,

there is currently no basis for suggesting that western

North America will not be affected by WNS.

There are few examples in the literature of studies

that quantitatively test the relationship between the

genetic structure of a host population and the observed

spread of an infectious disease (Biek & Real 2010). Our

analysis of eastern populations confirms the relation-

ship between host population structure and WNS risk

thus far and provides the basis for a qualitative predic-

tion about the future spread of WNS into western

North America by a common host. For expanding infec-

tious diseases, pathogen dispersal by hosts may

strongly influence disease dynamics, and predictions of

disease spread that assume a homogeneous host popu-

lation may fail to account for relevant and potentially

cryptic breaks and changes in rangewide connectivity

(Real & Biek 2007), particularly for widely distributed

hosts. Thus, genetic analysis of host population struc-

ture may improve predictions of the future dynamics of

emerging infectious diseases.
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