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Abstract

Phylogenetic analysis of a collection of rabies viruses that currently circulate in Canadian

big brown bats (Eptesicus fuscus) identified five distinct lineages which have emerged

from a common ancestor that existed over 400 years ago. Four of these lineages are

regionally restricted in their range while the fifth lineage, comprising two-thirds of all

specimens, has emerged in recent times and exhibits a recent demographic expansion

with rapid spread across the Canadian range of its host. Four of these viral lineages are

shown to circulate in the US. To explore the role of the big brown bat host in

dissemination of these viral variants, the population structure of this species was

explored using both mitochondrial DNA and nuclear microsatellite markers. These data

suggest the existence of three subpopulations distributed in British Columbia, mid-

western Canada (Alberta and Saskatchewan) and eastern Canada (Quebec and Ontario),

respectively. We suggest that these three bat subpopulations may differ by their level of

female phylopatry, which in turn affects the spread of rabies viruses. We discuss how

this bat population structure has affected the historical spread of rabies virus variants

across the country and the potential impact of these events on public health concerns

regarding rabies.
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Introduction

Lyssaviruses are single-stranded RNA viruses with neg-

ative sense genomes of the family Rhabdoviridae, and

are the agents responsible for eliciting rabies-like disease

in a wide range of mammals. The lyssavirus genome

comprises five genes (reviewed by Wunner 2007), of
nce: Susan A. Nadin-Davis,

.nadin-davis@inspection.gc.ca
which three, N, G and P, have been extensively charac-

terized. The conserved N gene, which encodes the

nucleoprotein that regulates viral transcription and rep-

lication through genome encapsidation, has been used

for genotype discrimination (Kuzmin et al. 2005). The

less conserved G gene encodes the surface glycoprotein

that is responsible for viral attachment to host cells and

critical to viral pathogenicity (Badrane & Tordo 2001).

The P gene sequence encodes a highly variable multi-
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functional phosphoprotein that permits finely detailed

epidemiological studies (Nadin-Davis et al. 2002).

Currently the Lyssavirus genus is divided into seven

distinct genotypes (GTs 1-7; Tordo et al. 2004). Many

species of chiroptera figure prominently as reservoir

hosts for all but one genotype (GT 3; Badrane & Tordo

2001) while as yet unclassified lyssaviruses have been

recovered from various Eurasian bat species (Kuzmin

et al. 2003, 2005). Classical rabies virus (RABV), which

constitutes GT 1, is globally distributed in various carni-

vore reservoirs but associated with chiroptera only on

the American continent (Kissi et al. 1995; Nadin-Davis

et al. 2002). Since 1950s, when North American bats

were first identified as RABV vectors (reviewed in Baer

& Smith 1991), passive surveillance has identified sev-

eral hundreds of bat rabies cases annually. Moreover,

bat rabies has emerged as a significant public health

issue since, in recent years, a high percentage of human

rabies cases indigenously acquired in North America

have been due to exposure to bat RABVs (Messenger

et al. 2002). Antigenic and genetic typing methods dif-

ferentiate several distinct RABV strains, each associated

with particular chiropteran species (Smith et al. 1995;

Nadin-Davis et al. 2001).

In Canada and in the United States (US), the nonmi-

gratory big brown bat (Eptesicus fuscus), a member of

the Vespertilionidae family in the suborder Microchi-

roptera, is the bat species most frequently reported as

rabies positive (Pybus 1986; Rosatte 1987; Mondul et al.

2003). The role of the big brown bat as a rabies vector

does however decrease from north (e.g., NY; Childs

et al. 1994) to south (e.g. AL, TX), where other bat spe-

cies are increasingly important in this regard (Rohde

et al. 2004; Hester et al. 2007). While prior genetic char-

acterization of RABVs associated with big brown bats

in the US and Canada suggested that these viruses are

relatively heterogeneous and can be divided into at

least two quite distinct groupings that differ in their

regional distribution (Smith et al. 1995; Nadin-Davis

et al. 2001; Jackson et al. 2008), a comprehensive study

of these RABV variants and their range across North

America has never been described.

The big brown bat is the only representative of the

Eptesicus genus indigenous to the US and Canada

where its range extends throughout the US and into

most southern regions of Canada (Kurta & Baker 1990).

Based on morphological variation and differences in

reproductive and ecological traits across its North

American range, several regionally distributed subspe-

cies of E. fuscus have been proposed of which three

occur in distinct regions of Canada (Kurta & Baker

1990). However, genetic support for this species subdi-

vision in Canada is lacking and information about the

population structure of big brown bats across the coun-
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try is scant. The nonmigratory and relatively sedentary

lifestyle of these bats, together with their small home

ranges, suggest that the population may be divided into

several discrete groups with limited inter-group gene

flow; such a population structure could play a major

role in limiting transmission and spread of rabies.

DNA barcoding has recently emerged as a genetic

tool that purports to facilitate eukaryote species identifi-

cation (Hebert et al. 2003) and, more controversially, to

use sequence data to identify cryptic species (Hebert

et al. 2004). Certain characteristics of mitochondrial

genetics, such as its maternal inheritance pattern, varia-

tion in the mutation rate of the targeted cytochrome

oxidase I (COX1) gene, mitochondrial introgression, het-

eroplasmy and interference from nuclear pseudogenes

could complicate and ⁄ or preclude accurate species

assignment and identification in certain situations (Fré-

zal & Leblois 2008). However, for many eukaryotic taxa,

this approach appears to have performed well, espe-

cially when ecological characteristics of the specimens

under study have been considered as, for example, in a

study of Lepidoteran specimens (Hajibabaei et al. 2006).

DNA barcoding has yielded novel insights into bat spe-

cies identification (Clare et al. 2007; Mayer et al. 2007).

For more detailed population studies, nuclear microsat-

ellite loci have provided great insights into the biology,

ecology and evolution of several members of the chi-

roptera (see Kerth et al. 2002; Neubaum et al. 2007;

Ngamprasertwong et al. 2008).

To better understand the factors contributing to rabies

virus transmission in this bat host in Canada, we have

undertaken studies to: (i) better define the spatial distri-

bution of all rabies viral variants that are harboured by

the big brown bat, (ii) explore the bat’s species sub-

structure using DNA barcoding methods, (iii) examine

the big brown bat population structure across the coun-

try using several newly identified polymorphic micro-

satellite loci. As such, this combined analysis of viral

phylogeography and host genetic variation sheds light

on the phylodynamics (Grenfell et al. 2004) of this path-

ogen–host relationship with new insights into the emer-

gence and spread of rabies in this host.
Materials and methods

Bat sampling

This study employed a collection of 388 big brown bats

drawn from submissions received at the two laborato-

ries, Nepean, ON and Lethbridge, AB, responsible for

rabies diagnosis across Canada. Specimens were desig-

nated as follows: a two digit number indicating year of

submission, a two letter code representing the province

of origin, a four or five digit specimen identifier
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followed by the two letter suffix BB to indicate the spe-

cies as big brown bat. A few specimens of other bat

species, included for comparative viral analysis, were

identified to species using the following suffices: HB,

hoary bat (Lasiurus cinereus), LB, little brown bat (Myotis

lucifugus), RB, red bat (Lasiurus borealis) and SH, silver-

haired bat (Lasionycteris noctivagans). Specimens

spanned the years 1972–2007, although the majority

were recovered in the years 2003–2004, and represent

the range of the big brown bat across the country. Few

specimens were recovered from the eastern provinces

adjacent to the Atlantic Ocean because of the species’

rarity in this region. Specimens were identified to spe-

cies based on their morphological characters and brain

tissue from each sample was tested for the presence of

rabies virus by Direct Fluorescent Antibody testing

(Webster & Casey 1988). Both rabies-positive and

rabies-negative bats were selected for host genome mi-

crosatellite scoring to increase the geographical cover-

age of the population analysis. A smaller subgroup of

these specimens was employed for partial COX1 locus

characterization. The use of this collection for all three

analyses, grouped according to the province of origin of

the specimens, is summarized in Table 1.

Rabies-infected brain tissue was used as a source of

viral RNA; where possible tissue was recovered from

the original bat specimen but when material was in

short supply the virus was passaged once through

suckling mice according to Canadian Council of Animal

Care guidelines. Total brain RNA was extracted using

TRIzol reagent (Invitrogen, Burlington, ON, Canada)

according to the supplier’s directions, dissolved in

RNase-free water and stored at )80 �C. For microsatel-

lite or COX1 gene analysis, DNA was recovered from

approximately 50 mg bat brain or lung tissue by grind-

ing in a hexadecyl trimethyl ammonium bromide solu-

tion followed by phase separation with the addition of

chloroform and alcohol precipitation as described previ-

ously (Desloire et al. 2006). The final dried DNA pellet

was dissolved in TLE buffer (10 mM Tris–HCl, pH 8.0,
Table 1 Provincial distribution of numbers of specimens

employed for each analysis on all 388 bat specimens

Province

RABV P

sequencing

Microsatellite

scoring

Barcoding

(COX1)

AB 16 25 10

BC 55 82 34

NB 3 0 2

ON 125 125 39

QC 14 37 11

SK 19 26 11

Total 232 295 107
0.1 mM EDTA) and stored at )20 �C. Nucleic acid con-

centration was determined spectrophotometrically.
Virus sequencing and phylogeny

Total rabies-infected brain RNA was used as template

to amplify the complete viral P gene using standard

RT-PCR methods (Nadin-Davis 1998) with the RabP-

for ⁄ RabPrev primer pair (see Table S1, Supporting

Information). Thermal cycling, performed in a Gene-

Amp 9700 thermocycler (Applied Biosystems, Foster

City, CA, USA) used the profile: 94 �C, 2 min; 94 �C,

0.5 min, 50 �C, 0.5 min, 72 �C, 2 min · 35 cycles; 72 �C,

3 min; 4 �C hold. For samples yielding little to no visi-

ble product, a second round of PCR was performed

using a nested primer pair, RabP967 ⁄ Rabp995 (see

Table S1, Supporting Information) to generate a 664 bp

amplicon; the thermocycling profile was similar to that

of the first round except that it employed only 30 cycles

with an extension time of 1 min. Amplicons, purified

using a Wizard PCR preps purification system (Pro-

mega, Madison, WI, USA), were subjected to thermocy-

cling sequencing reactions using a Thermosequenase kit

(GE Healthcare, Baie d’Urfé, QC, Canada) and IR-dye

labelled primers corresponding to the nested PCR prim-

ers. Nucleotide sequences were resolved on a NEN

4200L automated system (Li-Cor Biosciences, Lincoln,

NE, USA), manually edited using E-seq ver. 2 software

(Li-Cor) and downloaded in FASTA format for subse-

quent alignment using Clustal-X version 1.8 (Thompson

et al. 1997). An alignment of 582 nucleotides for 237

RABV specimens, including five reference samples of

other RABV strains, was employed for phylogenetic

analysis using both the neighbour joining (NJ) algo-

rithm implemented in PHYLIP version 3.63 with 1000

bootstrap replicates (Felsenstein 2005) and subsequently

by a maximum likelihood (ML) method using PhyML

version 3.0 with 1000 bootstrap replicates (Guindon

et al. 2009). Of the 232 big brown bat RABV strain

sequences, five were removed from the data set, as they

were found to result from spillover transmission from

other bat reservoirs (see section ‘Results’). The final data

set of 227 sequences was then used to reconstruct the

phylogenetic tree with MrBayes version 3.1.2 (Ronquist

& Huelsenbeck 2003). Using the DNA substitution

model GTR + C4 + I selected with the Akaike Informa-

tion Criterion as implemented in ModelTest (Posada &

Crandall 1998), two independent runs were performed

for 100 million generations with sampling every 1000

generations; convergence of the two runs was observed

by 8 000 000 generations, as determined by comparing

time-series plots. A Maximum Clade Credibility tree

was constructed using the TreeAnnotator software of

the BEAST package (Drummond et al. 2006). Finally,
� 2010 Crown in the right of Canada
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neutrality was assessed with the Tajima test (Tajima

1989), as implemented in the R package pegas (Paradis

2010); in all rigor, codon models cannot be used with

our data since these models assume that nonsynony-

mous differences are fixed, which is not the case at the

population level.

Across border comparison was not possible based on

the viral P gene, as few submissions from the US for

this locus are deposited in GenBank, so an N gene

sequence data set was used to explore whether the

Canadian situation extended south into the US. Using

selected sequences generated in a previous study (Na-

din-Davis et al. 2001), together with sequence data on

US isolates recovered from GenBank, NJ and ML trees

were generated. This analysis assumes, probably cor-

rectly (Chare et al. 2003), that no recombination occurs

between the N and P genes. This assumption was tested

on N and P gene sequences arranged contiguously by

analysing for recombination using several local statisti-

cal methods including: Gene Conversion (Geneconv:

Padidam et al. 1999), the Maximum chi-square test

(MaxChi: Maynard Smith 1992), maximum mismatch

chi-square (Chimaera: Posada & Crandall 2001), the

RDP method (Martin & Rybicki 2000) and 3Seq (Boni

et al. 2007), with use of Bootscan (Martin et al. 2005)

and sister-scanning (SiScan: Gibbs et al. 2000) reserved

for confirmatory testing, as implemented in the recom-

bination detection program (RDP) version 3b41 (Heath

et al. 2006) available at http://darwin.uvigo.es/rdp/

rdp.html.

Maps of the spatial distribution of all viral variants

were constructed using the software package ESRI Arc-

GIS ArcView, version 8.
Bayesian skyline plots of viral populations

The final data set of 227 viral sequences was further

analysed in a Bayesian framework with BEAST version

1.4.8 (Drummond et al. 2006), first to reconstruct a

rooted phylogeny from serially sampled sequences, sec-

ond to estimate the divergence times of these sequences

and third, to infer the past demographics of the sam-

pled sequences. Two Markov chain Monte Carlo

(MCMC) samplers were run to check convergence, and

each sampler included 100 million steps with a thinning

of 1000; the first 10% of each chain was removed as

burn-in, as determined by time–series plots. The same

model of evolution, GTR + C4 + I, was used as above.

Rates of evolution were assumed to follow an uncorre-

lated lognormal distribution (Drummond et al. 2006),

while speciation was assumed to follow one of three

demographic prior processes: the basic coalescent (con-

stant population size), a coalescent with exponential

growth and a coalescent with piecewise population size
� 2010 Crown in the right of Canada
(the piecewise-constant Bayesian skyline model) with

m = 10 and m = 100 groups (Drummond et al. 2005).

Results were analysed with Tracer

(tree.bio.ed.ac.uk ⁄ software ⁄ tracer). To test for the effect

of potential population structure, we also split the origi-

nal 227 sequence data set according to the five groups

identified by our phylogenetic analysis (see section

‘Results’) and ran the same Bayesian skyline models as

described above (with m = 10 only and 100 million

steps in the MCMC) on each of these five groups. The

strict molecular clock was tested in a maximum likeli-

hood framework with baseml in PAML version 4.2b

(Yang 2007) using the ML tree estimated above, as well

as in a Bayesian framework with BEAST to take into

account the fact that sequences were sampled at differ-

ent dates.
Bat COX1 sequencing

Big brown bat DNA was used as template for amplifi-

cation of a 707 bp 5¢ proximal region of the mitochon-

drial COX1 gene with primer pair COXF2 ⁄ COXR1 (see

Table S1, Supporting Information). These primers, orig-

inally designated as FishF1 and FishR1 (Ward et al.

2005), are useful for a broad range of vertebrates. The

thermocycling profile employed was 94 �C, 4 min fol-

lowed by 30 cycles of 94 �C for 15 s, 45 �C for 35 s,

72 �C for 1.5 min, 72 �C for 5 min. Amplicon purifica-

tion and automated nucleotide sequencing on both

strands were performed as detailed above using IR-dye

labelled versions of the COX PCR primers and the

reads resolved using AlignIR software. Multiple

sequence alignment was performed with Clustal-X and

phylogenetic analyses were performed with PHYLIP

under NJ and with PhyML version 3 under ML as

described. Neutrality was assessed with the Tajima test

as described above.
Bat microsatellite typing

Microsatellite loci based on dinucleotide (GT) repeats

were isolated using established protocols (Glenn & Sch-

able 2005). Clones generated in the pCR-TOPO vector

(Invitrogen) were initially characterized by restriction

endonuclease analysis and those having inserts in the

400–900 bp size range were sequenced. A total of nine

clones containing suitable microsatellite loci were iden-

tified as detailed elsewhere (Feng 2006) and amplifica-

tion primers flanking each locus (summarized in

Table S2, Supporting Information) were designed using

Primer 3 software (Rozen & Skaletsky 2000). The for-

ward primer of each microsatellite primer pair included

the M13 reverse primer sequence at its 5¢ end to facili-

tate sizing and scoring as detailed previously (Kovar
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et al. 2005). Microsatellite PCRs were performed in

10 ll reactions containing 0.2 mM dNTPs, 0.5 pmol each

microsatellite primer, 1 pmol IR 700 labelled M13

reverse primer, 1 unit of Taq DNA polymerase and

20 ng of genomic DNA. The thermocycling profile was

95 �C, 2 min; 95 �C, 30 s, 55 �C, 40 s, 65�C, 1 min · 30

cycles; 65 �C, 7 min; 4 �C hold. Certain reactions could

be multiplexed due to substantial differences in size of

the loci under study. Products were analysed by dena-

turing gel electrophoresis run through a 0.25 mm 6%

polyacrylamide gel on a NEN 4200L sequencing system

and sized using an IR 700 dye-labelled 50-350 DNA size

standard electrophoresed in multiple wells across the

gel in each run. SAGA generation 2 software (Li-Cor)

was employed for automatic allele size scoring.
Analysis of bat population structure

GenePop was used to test the microsatellite data for

Hardy–Weinberg equilibrium (HWE) and for linkage

disequilibrium. P-values were estimated with 1000 per-

mutations with Genetix version 4.05.2 (Belkhir et al.

1996, 2004). GenePop was also used to test for null

alleles, whose impact was assessed by generating a sec-

ondary data set with FreeNA (Chapuis & Estoup 2007),

a program that removes the effect of null alleles.

Evidence for selection was assessed with LOSITAN

(Antao et al. 2008), which is built upon FDIST (Beau-

mont & Nichols 1996). The method consists in using the

relationship between FST and heterozygosity to detect

loci that are potentially under balancing or positive

selection. Confidence intervals are generated by coales-

cent simulations under a simple island model with con-

stant population size. Here, we performed 100 000

replicates. The program was run under the two muta-

tion models implemented, the infinite allele and the

stepwise models. The neutral FST was estimated in two

steps as in Antao et al. (2008) by checking the options

‘neutral mean FST’ and ‘force mean FST’.

The population structure predicted from these data

was examined by four different approaches. First, prin-

cipal components were extracted with R (cran.r-pro-

ject.org) from the microsatellite loci. This analysis does

not assume anything about the population structure,

which was estimated by means of the Partitioning

Around Medoids algorithm run on the first two princi-

pal components. The optimal number of populations or

clusters was determined according to the Median Split

Silhouette (Pollard & van der Laan 2002). Briefly, sil-

houettes measure the homogeneity of each principal

component that is grouped in a cluster compared to the

situation where this component is left out. The median

of these measures taken over all components and over

all clusters is a measure of the homogeneity of each
cluster, and hence constitutes an objective function to

find the most appropriate number of clusters. This

objective function is a measure of cluster heterogeneity

that can be minimized to estimate the number of clus-

ters.

Second, fixation indices (FST and RST) between pairs

of samples were estimated with GenePop version 4.0

(Raymond & Rousset 1995). Numbers of migrants were

estimated using the estimate first derived by Wright

(1943), under the assumptions of the infinite allele

model and neglecting quadratic terms in the expression

of FST at equilibrium (see Hartl & Clark 2007). Third,

we used the population genetics-based models imple-

mented in Structure version 2.3.3 (Pritchard et al. 2000)

both to infer the number of clusters (or subpopulations)

and to assign individuals to these subpopulations. We

either assumed the presence of admixture, or not, and

the analysed loci were considered to be independent.

Each MCMC sampler was run for 1 000 000 steps and

the first 250 000 steps were discarded as burn-in peri-

ods, as very conservatively determined by time–series

plots. Convergence was carefully checked as with the

MCMC samplers run above on the DNA alignments.

The number of clusters was estimated by taking inspira-

tion from the gap statistic (Tibshirani et al. 2001), which

is the actual justification of the method used by Evanno

et al. (2005). Briefly, Structure was run for K subpopula-

tion for K varying from 1 to 10 and K = 15 and 20. Each

MCMC sampler was run twice under each K to check

for convergence. The harmonic mean of the log-likeli-

hood values sampled from the posterior distribution, an

estimate of the marginal log-likelihood (Newton & Raf-

tery 1994) was then plotted as a function of K. The opti-

mal number K*of populations was taken at the largest

gap of marginal log-likelihood between two consecutive

values of K.

Fourth, the genetic analysis was combined with the

geographic information about exact sampling locations

with Geneland version 3.1.5 (Guillot et al. 2008), which

clusters genetic samples into subpopulations so that

each achieve HWE and each loci are in linkage equilib-

rium. The spatial distribution of subpopulations is

assumed to follow the coloured Poisson–Voronoi tessel-

lation model. Allele frequencies are assumed to be inde-

pendent and to follow a Dirichlet prior distribution.

Under this general setup, two MCMC samplers were

run for 106 steps and a thinning of 100. The first 2 · 105

steps were discarded as burn-in periods, as determined

by time-series plots. First, the number of subpopula-

tions was estimated by setting a uniform prior U(0,50)

and running the samplers described above. Then, fol-

lowing Guillot et al. (2008), the same samplers were run

by fixing the number of subpopulations to that esti-

mated in the first series of runs. Two models were run,
� 2010 Crown in the right of Canada
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either assuming that allele frequencies are correlated or

uncorrelated.

The nucleotide sequence data generated during the

course of this study have been deposited to GenBank

and assigned the following accession numbers:

GU207610–GU207834 for the rabies virus P gene, and

GU207502–GU207609 for the big brown bat COX1 gene.
Results

RABV phylogeny and spatial distribution of variants

Phylogenetic analysis of 237 RABV specimens, charac-

terized over a 582 bp coding region of the P gene, was

initially performed by a NJ analysis (Fig. S1A, Support-

ing Information). To allow comparison with prior

results (Nadin-Davis et al. 2001), this collection

included previously characterized viruses from both the

big brown bat host and single representatives of the

viruses known to circulate in other bat species. The

resulting tree identified six main clades, all of which

were supported with high bootstrap values, and a sepa-

rate branch for the little brown bat RABV specimen.

The most divergent clade (designated as ‘spillover’

group) comprised eight samples including five big

brown bat specimens together with the two Lasiurus

variants and the silver-haired variant. This grouping

illustrates that five specimens recovered from big

brown bats represented viral strains normally associ-

ated with other bat hosts: Four were of the silver-haired

bat type and one of the hoary bat type. These five

sequences, which are unrepresentative of big brown bat

viruses, were removed from all subsequent studies. The

remaining five clades, which represent viruses normally

associated exclusively with big brown bats, were desig-

nated BB1-5 (Fig. S1A, Supporting Information). The

ML analysis returned a very similar tree topology

(Fig. S1B, Supporting Information).
Virus population structure and dynamics

The final data set of 227 RABV sequences was then

examined by Bayesian methods. First the Bayesian gen-

erated a consensus tree with a clustering pattern virtu-

ally identical to that observed by NJ (not shown).

Second, the strict molecular clock was severely rejected

(2Dl = 588.04, P < 0.0001; log10 Bayes factor in favour of

a relaxed clock = 4.85, which is ‘substantial’ evidence

[Kass & Raftery 1995; ]), thereby justifying the use of a

relaxed molecular clock model. Third, using the Bayes

factor as implemented in BEAST (see Suchard et al.

2005), the three coalescent prior distributions (constant

population size, exponential growth and piecewise coa-

lescent) were compared. The estimated marginal log10-
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likelihoods of the three models were )3039.667,

)3038.397 and )3036.268, respectively, hereby suggest-

ing that a piecewise coalescent prior model is strongly

favoured. All the results below are therefore based on

this model. The Bayesian phylogenetic analysis gener-

ated a topology in excellent agreement with that of the

NJ and ML analyses performed above and suggests that

all big brown bat rabies viruses can be traced back to a

series of relatively ancient diversification events, but

that a variant of more recent origin is most widespread

(Fig. 1). Tajima’s D was found to be slightly negative

(D = )0.243), but not significantly different from 0

(P = 0.860, with the assumption that D follows a beta

distribution under the null hypothesis of neutrality).

The spatial distribution of each of these five groups

across Canada is illustrated in Fig. 2.

The most recent common ancestor (TMRCA) for the

entire RABV lineage currently circulating in big brown

bats was estimated to have emerged in 1573 (95% HPD:

1763–1338) and five main clades have subsequently

emerged from that original progenitor. Clade BB1,

which has emerged independently from the rest of the

other groups is exclusively represented in the southern

regions of the BC mainland and around Vancouver

Island. BB2 is part of a lineage that diversified in 1634

(1802–1484), and is currently only found in southern

QC, eastern ON, the Niagara region of ON immediately

adjacent to the US border and NB; the viruses har-

boured within the latter two regions, which are geo-

graphically segregated from the other members of this

clade, form a distinct sub-branch (designated BB2a) of

the BB2 clade. The progenitor of the lineage that

spawned clades BB3, BB4 and BB5 emerged around

1845 (1885–1704) and diverged shortly thereafter to gen-

erate the viruses that would yield the closely related

BB3 and BB4 clades which are almost exclusively repre-

sented today in BC; a single BB3 isolate was recovered

from SK. All the remaining sampled diversity belongs

to clade BB5, which emerged recently, from 1936 (1939–

1838) and which is widely distributed from BC to ON;

the BB5a subclade, which diversified around 1991

(1993–1972), is found only in eastern Canada.

The Bayesian skyline analysis reveals that a dramatic

change in population size occurred approximately a

decade before 2007 (Fig. 3A). From the past 250 years

at least, the ancestral effective population size of

infected bats scaled to time (Ne s) was stable around

250 individuals. Then from about 1950 to 1995, a small

decline to Ne s �160 can be detected, followed by a dra-

matic increase of almost an order of magnitude to

�1000 infected individuals. However, since about year

2000, viral population sizes appear to have stabilized.

Similar results, with larger credibility intervals, were

obtained when assuming m = 100 groups in the skyline



Fig. 1 Viral P gene phylogeny scaled to

time. Branch lengths are in units of

absolute time (years before 2007). Num-

bers at internal nodes represent clade

posterior probabilities.
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analysis (not shown). Under the assumption that the

clades detected in the phylogenetic study (Fig. 1) repre-

sent a genuine population structure, a clade-by-clade

skyline analysis shows that clades BB1, BB2 and

BB3 ⁄ BB4 show stable effective population sizes

throughout the depth of the subtrees (Fig. 3B,C). Only

clade BB5 exhibits a recent dramatic increase in effec-

tive population size (Fig. 3C) such that clade BB5

appears to be solely responsible for the recent dramatic

increase in effective population size. Taken altogether,

the phylogenetic and the skyline analyses suggest that a

recent event triggered a rapid diversification and

spread of rabies viruses belonging to clade BB5 across

Canada.
RABV variant comparison with US

To put into context the results obtained above for Can-

ada, the distribution of these RABV variants in the US

was also explored. Using N gene sequences for speci-

mens representative of each BB clade, comparison to 11

RABVs recovered from several US states was performed

by a ML analysis (Fig. 4). This phylogeny supports the

following distribution of variants within the US: viruses

belonging to clade BB1 were found in specimens from

AZ, CA and CO; viruses of clades BB2 were found in

PA and CT; a single BB3 virus was recovered from

WA, no US specimen clustered within clade BB4 while

some CO and PA specimens grouped within BB5,
� 2010 Crown in the right of Canada



(A)

(B)

Fig. 2 Maps showing the distribution

of all characterized RABVs according to

their variant designation in western (A)

and eastern Canada (B). Viral variants

are colour-coded as follows: BB1, yel-

low; BB2, grey; BB2a, black; BB3, green;

BB4, blue; BB5, red; BB5a, pink.
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Fig. 3 Bayesian skyline plot for all sampled P genes. (A) all data analysed simultaneously; (B) individual analyses of the BB1 (thin

lines) and BB2 clades (thick lines); (C) individual analyses of the BB3 plus BB4 (thin lines) and BB5 clades (thick lines). The x axes

are in years before 2007, and the y axes are equal to Ne s, the product of the effective population size and of the generation time in

years. The 95% HPD envelop (upper and lower curves) are represented in each case.
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consistent with a widespread distribution of clade BB5

across North America. To confirm that these results

were not affected by recombination events between the
� 2010 Crown in the right of Canada
N and P genes, a data set of 12 samples (1930 bases),

for which sequences at both targets were available, was

analysed for recombination using the RDP software.



Fig. 4 Phylogeny of 23 North American big brown bat viral N gene sequences by ML analysis. Each sample designation is followed

in brackets by its corresponding GenBank accession number. The group designation is indicated to the right of each clade. Branch

lengths represent genetic distance based on the scale at bottom. Numbers at internal nodes represent bootstrap values as percentages

for the clade above or to the right. A raccoon strain of rabies (99ON3306RA) was used as an outgroup.
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Using a P value cut-off of 0.01 with Bonferroni correc-

tion no recombination event was identified by the inde-

pendent detection methods used. Similarly

nonsignificant results were obtained for the 227 big

brown bat P sequences.
COX1 gene characterization of bat phylogeny

As DNA barcoding has yielded novel insights into bat

species identification, we explored its use to examine the

subspecies structure of big brown bats across Canada.

Partial COX1 gene sequences were determined for 107 big

brown bats collected from across the country; just over

half (63) of these specimens were rabies-positive. Align-

ment of these data established that there was significant

sequence variation within the group as confirmed by a NJ

analysis (data not shown) and a ML analysis (Fig. 5)

which divided the sequences into two groups (A and B)

comprising 74 and 33 individuals, respectively. Maximal

genetic divergence within the two groups ranged between

0–0.614% (group A) and 0–0.153% (group B) while inter-

group genetic divergence was 7.842–8.185%. Group B bats

all originated from BC while all group A bats, except for

one that originated from the BC ⁄ AB border east of the

Rocky Mountain range, came from other parts of the coun-

try, from AB to NB. The 20 rabies-positive group B bats

from BC harboured all four RABV variants (6, BB1; 5, BB3;

6, BB4 and 3, BB5) recovered from the province. The single

BC bat that clustered with the COX A group was also unu-
sual in that it harboured a BB3 RABV variant located well

away from the locations of other isolates of this variant

(see Fig. 2). Tajima’s D was found to be slightly negative

(D = )0.392), but not significantly different from 0

(P = 0.740), so that this marker behaves neutrally.
Bat population structure: the view from the nuclear
genome

A total of nine microsatellite loci were identified and

characterized as detailed in section ‘Materials and meth-

ods’. Attempts to score 295 bat specimens at all nine

loci resulted in an overall success rate of 98.64%. All

loci were highly polymorphic and yielded a total of 338

distinct alleles; the number of alleles per locus ranged

from 13 to 39. All loci appeared to be in linkage equilib-

rium (P values between 0.0808 and 1.0000), while the

HWE across all loci and all sampled populations is

severely rejected (P < 0.0001). Similar results for linkage

and Hardy–Weinberg expectations were obtained after

accounting for null alleles (see below).

Neutrality was assessed based upon the method

implemented in FDIST under two mutation models. At

the 99.5% level, the infinite allele model suggested that

locus 7 was putatively evolving under positive selection

and that loci 3, 5 and 9 were under balancing selection,

while the stepwise mutation model suggested that locus

7 evolves adaptively and locus 5 is under balancing

selection (Fig. S2, Supporting Information). These
� 2010 Crown in the right of Canada



Fig. 5 Phylogeny of 107 bats by ML analysis of mitochondrial

COX1 gene sequences. Branch lengths represent genetic dis-

tance based on the scale at bottom; the tree was rooted using a

silver-haired bat sequence (06AB0448SH) as outgroup (not

shown). Numbers at internal nodes represent bootstrap values

as percentages for the clade to the right. The two groups A

and B are identified. The single BC specimen clustering in

group A is identified by *.

Table 2 FIS values of sampled populations averaged over all

seven loci evolving neutrally

FIS (raw data) FIS (FreeNA data)

AB 0.4038 )0.0027

BC 0.4843 )0.0404

ON 0.3666 )0.0148

QC 0.4196 )0.0489

SK 0.3722 )0.0250

Significant values (a = 5%) are in bold face.
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results therefore suggest that at least loci 7 and 5 may

not be neutral. All subsequent analyses were performed

without these two loci. The HWE across all loci and all
� 2010 Crown in the right of Canada
sampled populations is still severely rejected

(P < 0.0001), which shows that selection is not solely

responsible for this departure from HWE.

As detailed below, four distinct methods of microsat-

ellite loci analysis identified two big brown bat subpop-

ulations designated as eastern and western. Both

subpopulations show very high and highly significant

(P < 0.0001) FIS values on the original raw data, 0.4498

for the western subpopulation and 0.4024 for the east-

ern subpopulation with very similar FIS values

(r2(FIS) = 0.0266) determined for all analysed (7) loci.

While this might have suggested a high level of

inbreeding, evidence for null alleles was found for all

analysed loci. After adjusting the data for null alleles

using the software package FreeNA, all evidence for

inbreeding disappeared (Table 2), so that the large FIS

values represent solely the effect of null alleles.

Four approaches were applied to these data to exam-

ine the bat population structure. The simple principal

component analysis (PCA), for which the first three

components explain 21.4% of the total variance,

strongly suggests the presence of two subpopulations.

Those can be identified visually with respect to the ori-

gin of the samples: the eastern (QC and ON) and the

western (SK, AB and BC) subpopulations (Fig. 6). The

silhouette analysis confirms that the optimal number of

clusters (subpopulations) is two.

This initial result is also supported by the estimation

of pairwise FST values (Table 3), which show a low and

nonsignificant differentiation within eastern (QC and

ON) and within western (SK, AB and BC) subpopula-

tions (FST < 0.93%), and much larger and significant

indices between these two subpopulations

(FST > 3.90%). This latter FST bound still translates into

approximately five migrants per generation, which

is > 1 and therefore considered to be large enough for

population homogenization under the standard island

and infinite site models. Similar values were estimated

for pairwise RST (not shown), which suggest that our

results are robust to the maker type and to the mutation

model used to analyse these microsatellite data.



(A) (B)

Fig. 6 Principal component analysis of bat microsatellites. (A) Projection of allelic data on the first two axes of the PCA. Note that

the province of origin is represented by just a single letter as follows: A, AB; B, BC; O, ON; Q, QC; S, SK. B: Partition Around Med-

oid cluster analysis on the first two axes of the PCA where the number of clusters was identified by Median Split Silhouette. The

symbols (D) and (O) represent members of the eastern and western samples, respectively.

Table 3 Pairwise FST values between pairs of sampled popu-

lations

AB BC ON QC SK

AB – 0.0087 0.0416 0.0483 0.0054

BC 0.0093 – 0.03889 0.0440 0.0056

ON 0.0495 0.0502 – 0.00034 0.0335

QC 0.0563 0.0561 0.0021 – 0.0384

SK 0.0074 0.0049 0.0390 0.0455 –

FST values on raw data are above the diagonal; FST values on

the FreeNA data, where the effect of null alleles is removed,

are below the diagonal. Significant values (a = 5%) are in bold

face.
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The more detailed analysis based on the population

genetics model implemented in Structure showed that,

in spite of the large number of migrants suggested

under the simple island model with the assumption of

the infinite allele model, there is a strong signal

supporting the two subpopulations detected by PCA

(Fig. S3A,B, Supporting Information; solid lines). Fur-

thermore, this signal is independent of the level of

admixture (Fig. S3A,B, Supporting Information; broken

lines). This number of subpopulations K = 2 is also con-

firmed by the Geneland analysis, that incorporates geo-

graphic information (Fig. S4, Supporting Information).

Although Fig. S4 (Supporting Information) suggests

that the posterior probability for K = 2 and K = 3 sub-

populations are relatively close (42% vs. 33%), addi-

tional analyses where K was fixed to 2, 3, 4 and 5

showed that all individuals were still assigned to two

subpopulations (Fig. S5, Supporting Information). Simi-

lar results were obtained under a model where loci

were correlated (not shown).
The integration of these results with the geographic

information about sampling locations with Geneland

suggests again a strong signal for the existence of two

subpopulations of bats, one eastern (QC and ON) and

one western (SK, AB and BC), well differentiated genet-

ically and spatially (Fig. 7). Irrespective of the correla-

tion model assumed for the loci, the relationship

between these two subpopulations is identical in that

the map of posterior probabilities of subpopulation

membership shows an apparently smooth gradient

between the eastern and the western subpopulations

(Fig. 7). However, as no further structure could be

detected by Geneland within the western and the east-

ern subpopulations, it is possible that central Canada

represents a severe barrier to gene flow between eastern

and western Canada, so that the apparently smooth

gradient (Fig. 7) is actually very steep. A greater sam-

pling effort should focus on Central Canada, particu-

larly MB and western ON, in order to confirm the

complete genetic structure of bat populations in Can-

ada.
Discussion

Viral phylodynamics

The relatively high mutation rate of pathogens, in par-

ticular of viruses, can reveal the population structure

and recent demographics of their host but the type of

information revealed by such studies depends on the

extent to which the evolutionary histories of pathogens

and hosts correlate (reviewed by Wirth et al. 2005). In a

study of raccoon RABV spread in the mid-Atlantic

region of the US, discrete viral lineages radiated out
� 2010 Crown in the right of Canada



Fig. 7 Map of posterior probabilities to

belong to the eastern (ON, QC) popula-

tion across the entire sampling range.

Sampled individuals are coloured

according to their assigned population:

red for the western and yellow for the

eastern population. Provincial and select

northern state capitals are indicated

(open circles). The number of popula-

tion K is assumed to follow a uniform

prior distribution U(1,50) and loci are

assumed to be uncorrelated.
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from the outbreak origin to generate spatially restricted

virus groups which persisted throughout the epizoono-

sis (Biek et al. 2007). That study identified periods of

exponential viral population growth during northwards

progression of the epizoonosis interspersed with peri-

ods of constant population size, a phenomenon likely

linked to habitat and host density; mountain ranges

acted as major barriers to rabies spread due to reduced

host density in forested regions of higher elevation. A

more global study of the phylogeography of RABVs in

carnivores found that the virus’ phylogenetic structure

is dominated by population subdivision rather than

gene flow such that geographically separate groups of

viruses with relatively limited inter-group contact have

emerged around the world (Bourhy et al. 2008). To

compare these phylodynamic patterns observed for

RABVs associated with terrestrial mammals with those

for viruses associated with a mammal having a distinct

aerial lifestyle, we have conducted an extensive popula-

tion genetics study of the big brown bat in Canada and

a phylogenetic analysis of its associated RABVs.

Integral to this analysis was an estimation of the time

scale over which rabies has circulated in this bat host.

The Bayesian analysis of 227 RABV P gene sequences

estimated the nucleotide substitution rate for this gene

at 1.77 · 10)4 per site per year, a value slightly below

the range (2.32 · 10)4 to 1.38 · 10)3) previously

reported for the N gene of American bat RABVs

(Hughes et al. 2005), but within the range estimated for

the N gene of viruses of European and arctic foxes

(Kuzmin et al. 2008). Under a relaxed molecular clock,

we estimated that the rabies virus variants currently

associated with these bats in Canada evolved at approx-

imately 1573 (95% HPD: 1763–1338), a significantly

earlier date than the 1825 date suggested for North
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American big brown bats by Hughes et al. (2005). It is

unclear if the differences in substitution rates estimated

in the two studies can account for this difference in

time scaling of the respective evolutionary trees, as

Hughes et al. (2005) also used a simplistic constant pop-

ulation size coalescent prior which was strongly

rejected by our data in favour of the skyline model.

Besides, this time scale difference is unlikely to reflect

an earlier evolution of the viruses in Canada as US iso-

lates form a continuum with those found in Canada,

and it is likely that several of the viruses currently cir-

culating in Canada emerged in the US (see below). It is

thus apparent that the introduction of the current rabies

virus lineage into this host species is, in evolutionary

terms, a very recent event given that the fossil record

suggests that the big brown bat was widely distributed

in North America during the Pleistocene period

(reviewed by Kurta & Baker 1990). The possibility

remains that a distinct rabies virus lineage had been

associated with this species in the past but has been

replaced with the viruses presently in circulation.

Phylogenetic analyses show that RABVs in big brown

bats of Canada form five clades that have distinct geo-

graphic locations and past population dynamics. On

each coast, the BB1 ⁄ BB3 ⁄ BB4 (West) and BB2 (East)

clades are relatively ancient, dating back over 400 years,

and these clades show no evidence of any significant

change in their population dynamics over the past

200 years. These observations would appear to be in

accord with the patterns of virus spread observed in

nonflying mammals (Bourhy et al. 2008). In contrast,

the relatively cosmopolitan clade BB5, which is found

from BC to ON, and which constitutes the majority of

our passive sample collection (68% of sampled rabies-

positive bats), shows evidence of a dramatic increase in
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prevalence between 2002 and 2004, with a subsequent

stabilization. The deepest branches within the BB5 clade

were all sampled from ON and only in more recent

times were specimens of this type recovered in the

more central and western provinces of SK, AB and BC

(Fig. 1). If we assume that human translocation of

infected bats is unlikely, then this evidence from the

skyline analyses would suggest that the BB5 clade first

emerged in the east, where this lineage grew very rap-

idly, followed by a rapid spread to western regions

either by a direct route, through central Canada, or a

more southern route through the central states of the

US. However, in the absence of samples collected from

central Canada, these two hypotheses cannot currently

be teased apart. Additionally a significant and recent

(around 1991) branching event within clade BB5 gener-

ated the BB5a subtype that appears to be restricted to

southern and eastern ON and bordering areas of QC.

To further assess the hypothesis of a continuum of

viral populations across North America, we included

RABV sequences sampled from the US in our study.

Similarly to the situation in Canada, US members of the

BB1 clade were only sampled from western states of

CA, CO and AZ, and BB3 viruses were found in WA.

On the other side of the continent, the US BB2 ⁄ 2a

viruses were recovered from the eastern states of PA

and CT, probably forming a continuum with the Cana-

dian BB2 variants from ON, QC and NB. Representa-

tives of the central clade, BB5, in the US were also

found in PA and CO. Despite the limited number of

available US sequences, this general distribution pattern

of US rabies viruses suggests that the phylodynamic

patterns found in Canada reflect the situation through-

out North America, and in particular that the spread of

the BB5 clade to the west coast was an event that

occurred throughout the entire North American conti-

nent. Moreover, the recovery of BB1 and BB2 variants

only from areas of Southern Canada close to the US

border, together with the more widespread circulation

of these variants in the US, suggests to us that these

variants probably emerged in the US and spread north-

wards into Canada.
Host population structure

In parallel to the elucidation of the viral phylodynam-

ics, the host mitochondrial COX1 analysis suggests a

significant divide between the big brown bats of BC

and those from the rest of Canada. Indeed, the approxi-

mately 8% inter-group genetic divergence compared to

a maximum intra-group distance of 0.614% is signifi-

cant given that intra-species variation at the COX1 locus

is normally not greater than 2–3% (Hebert et al. 2003)

and a 10-fold difference in genetic distances between
inter-species and intra-species groupings has been pro-

posed as a threshold for species differentiation (Hebert

et al. 2004). However, no further delineation of subspe-

cies is suggested by our COX1 phylogeny.

In contrast to this COX1 divide for the host between

BC subpopulations and those from the rest of Canada,

the microsatellite data show evidence for two major

Canadian bat subpopulations, one in the west (BC, AB

and SK) and one in the east (QC and ON). On the basis

of both the COX1 and microsatellite data we thus dis-

tinguish three bat groupings from our studies: bats of

BC (Cox B, MSAT West), bats of the remaining western

provinces (Cox A, MSAT West) and the bats of eastern

Canada (Cox A, MSAT East). The identification of these

three groups is entirely consistent with the range of

three subspecies previously identified in Canada (Kurta

& Baker 1990): the BC big brown bats with E. fuscus ber-

nardinus (Rhoads 1902) which is found in the far west

(primarily the province of BC), the remaining western

bats with E. fuscus pallidus (Young 1908) which is

located in Alberta, Saskatchewan and Manitoba and all

eastern bats with E. fuscus fuscus (Palisot de Beauvois

1796) which occupies the eastern half of this bat’s Cana-

dian range. Further exploration of the correlation of our

genetic studies with these subspecies assignments is in

order. Based on our microsatellite studies the western

and eastern subpopulations are either linked by a

smooth migration gradient, or separated by an area in

central Canada that is devoid of E. fuscus hosts (Fig. 7).

Again, a more extensive sampling from this region

would be necessary to assess these hypotheses.

However, because the patterns of divergence of the

nuclear microsatellite markers and the maternally-inher-

ited mitochondrial genome are highly contrasted, we

posit that a high level of female philopatry is countered

by strong male-biased gene dispersal, in particular in

the BC subpopulation. Although it remains possible

that other mechanisms could explain our data, female

philopatry has been invoked to explain rather similar

observations made for microsatellite and mitochondrial

loci in Myotis bechsteinii in Europe (Kerth et al. 2002)

and in Daubenton’s bat in Scotland (Ngamprasertwong

et al. 2008). Moreover, a capture–recapture study of

European Bat Lyssavirus type 1 prevalence in colonies

of E. isabellinus in Spain found evidence for highly

philopatric female behaviour (Vázquez-Morón et al.

2008). Thus the two COX1 host groupings characterized

in this study may be interpreted by BC females (Cox B

group) with a limited migration range and limited

migration habits, perhaps due to mobility restrictions

caused by the Rocky Mountain range that runs down

the eastern side of the province, while the Cox A group,

distributed across the rest of Canada, may be inter-

preted by less philopatric females.
� 2010 Crown in the right of Canada
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Joint bat ⁄ RAVB phylodynamics

The BC subpopulation carries several rabies lineages

(BB1 ⁄ BB3 ⁄ BB4) distinct from those (BB2 ⁄ BB5) that circu-

late in the east. Only BB5, a lineage that has emerged

relatively recently, is widely distributed across much of

the country. Compared to the older rabies lineages, BB5

appears to have a higher fitness that explains its larger

prevalence today. The high spatial correlation of the BC

RABV variants with their distinctive COX1 locus is sug-

gestive of a strong sex-biased pattern of viral transmis-

sion in which virus spread occurs to a significant

degree in nurseries where males are largely excluded.

In contrast, the relatively rapid cross-continental spread

of the BB5 variant would appear to be more likely due

to transmission by less philopatric males. Further inves-

tigation of the ecological and biological factors that

influence RABV transmission in this species might shed

some light onto this apparent inconsistency and explore

the possibility that the emergence of the BB5 variant

has occurred in some measure due to changes in bat to

bat transmission patterns.

Few prior studies have explored the links between

North American big brown bat population structure

and the circulation of discrete RABV variants. Using

several (but linked) mtDNA markers to identify multi-

ple big brown bat lineages, Neubaum et al. (2007)

showed that two of these lineages circulate in CO.

However, there was no correlation between host lineage

and circulation of two RABV variants, corresponding to

groups BB1 and BB5 of this study (see Fig. 4; Shankar

et al. 2005; Neubaum et al. 2008). It was suggested that

although bats of the area were separated into two dis-

tinct subpopulations several thousand years ago, over

the last two centuries human activity has facilitated

greater bat comingling during a period of RABV variant

emergence. This situation contrasts with that in Canada

where the two identified mtDNA lineages show clear

phylogeographic structure.

To conclude, although there is little evidence for

increased case incidence, the data presented in this

work indicate that rabies in big brown bats shows

almost all the characteristics of a truly emerging zoono-

sis in Canada and more generally in North America

since the most common lineage now extant in this spe-

cies has evolved recently. In this regard, the timescale

of emergence of the viruses associated with other bat

reservoirs in Canada would be interesting to explore.

Particularly notable is the importance of bat strains of

rabies virus from a public health standpoint since the

last four cases of human rabies in Canada (in 1985,

2000, 2003 and 2007) were all due to bat variants. Rap-

idly changing human demographics and the reported

recent northward range expansion and growing popula-
� 2010 Crown in the right of Canada
tion densities of the big brown bat, facilitated by

increasing availability of heated attics which can be

used by bats as hibernacula (Agosta 2002), increase the

likelihood of human–bat contacts. Thus, this emergence

of rabies in big brown bats in Canada will be a matter

of increasing public health concern. Furthermore, the

occasional spillover of bat strains into wild and domes-

tic animals could, in rare instances, potentially establish

new viral-host associations, as has occurred in skunks

in Flagstaff, AZ (Leslie et al. 2006). In this regard our

identification of five spillover events involving viruses

normally harboured by other chiropteran hosts is nota-

ble. Improved surveillance together with better epide-

miological information on bat-associated rabies

outbreaks will help to identify emerging threats to both

human and animal health due to this deadly disease.
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