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ABSTRACT Genotyping of Ixodes scapularis Say (Acari: Ixodidae) ticks could enhance understanding of the occurrence and genotypes of I. scapularis-borne pathogens. We investigated the utility of
mitochondrial (mt) Cytochrome C Oxidase subunit I gene (cox1) sequences as a tool for understanding the population structure of I. scapularis collected in Canada, where we also investigated the
geographic occurrence of different cox1 haplotypes. Sequences obtained from 414 ticks were one of
55 unique haplotypes, most of which grouped into one of six clades. Demographic analysis suggested
that cox1 sequences have haplotype and nucleotide diversity comparable to other mt genes. All
haplotypes were connected in a single minimum spanning network tree. Despite low Þxation index
values there were signiÞcant differences in the frequency of occurrence of haplotypes of different
clades among four geographic regions: 1) Alberta to western Ontario, 2) eastern Ontario, 3) Quebec,
and 4) Atlantic Provinces; suggesting that cox1 sequences could reveal population structure differences between I. scapularis in geographically separated populations of northeastern and midwestern
North America. Spatial clusters of ticks of the same haplotype identiÞed in regions of southern Quebec
and southern Ontario where I. scapularis is invading were consistent with population bottlenecks
associated with founder events. These Þndings suggest that cox1 sequences are useful for the study
of I. scapularis population structure, are of sufÞcient diversity that spatial analyses of haplotypes can
be used to identify where I. scapularis is emerging in southern Canada, and may be useful for exploring
differences between northeastern and midwestern populations of I. scapularis.
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The Lyme disease epidemic in the United States began
in the late 1970s possibly because of recent reforestation (reversing post-Columbian de-forestation) after land-use changes, with associated increases in populations of the wild animal hosts for the tick vector
Ixodes scapularis Say, 1821 (Acari: Ixodidae) and the
bacterial agent of Lyme disease Borrelia burgdorferi
(Johnson et al. 1984, Barbour 1998). In the 1980s there
was only one known population of I. scapularis in
Canada, at Long Point on Lake Erie, Ontario (Barker
et al. 1988) but Lyme disease is now emerging in
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2 Department of Biology and Biochemistry, University of Bath,
Bath, United Kingdom.
3 Environmental Health, Entomology-Biological Control, Agriculture and Agri-Food Canada, London, ON, Canada.
4 Department of Integrative Biology, University of Guelph, Guelph,
ON, Canada.
5 Zoonoses and Special Pathogens Division, National Microbiology
Laboratory, Public Health Agency of Canada, Winnipeg, MB, Canada.
6 Redpath Museum, McGill University, Montreal, QC, Canada.
7 Zoonoses Division, Public Health Agency of Canada, Saint-Hyacinthe, QC, Canada.
8 Corresponding author, e-mail: nicholas.ogden@phac-aspc.gc.ca.

Canada because of the southÐnorth spread of the geographic range of I. scapularis from the northern United
States (Ogden et al. 2009). Northward spread of Lyme
disease risk into and across Canada is facilitated by
dispersion of I. scapularis (and perhaps B. burgdorferi)
by birds migrating northward in springtime (Ogden et
al. 2008a), and by a warming climate (Ogden et al.
2006a, 2010; Leighton et al. 2012). I. scapularis populations are now established from southern Manitoba,
along the north shores of lakes Erie and Ontario, eastern Ontario, southwestern Quebec, and locations in
New Brunswick and Nova Scotia (PHAC: http://
www.phac-aspc.gc.ca/index-eng.php).
Public health responses in Canada include surveillance for locations where Lyme disease risk is emerging because of I. scapularis tick population establishment (Ogden et al. 2009, KofÞ et al. 2012, Leighton et
al. 2012). However it is clear that risk from Lyme
disease is not the same wherever I. scapularis and B.
burgdorferi exist in North America; B. burgdorferi is
genetically heterogeneous with different genotypes
having different pathogenicity and capacity for detection by diagnostic tests (Baranton et al. 2001, Liveris et al. 2012). The genetic and evolutionary origins
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of these phenotypic differences among B. burgdorferi
strains may lie in 1) past or recent geographic isolation
in the geographically-separated northeastern and
midwestern populations of I. scapularis (Margos et
al. 2012) that form the source locations for invading
I. scapularis in Canada, and 2) recent host specialization associated with the recent population expansion and adaptive radiation of B. burgdorferi in
North America associated with expansion of I.
scapularis populations (Kurtenbach et al. 2006, Margos et al. 2012). Identifying predictive linkages between I. scapularis and B. burgdorferi genotypes
could therefore be useful in understanding and predicting the occurrence and spread of pathogenic B.
burgdorferi in North America.
Spatial linkages between I. scapularis and B. burgdorferi genotypes in North America have been previously sought. There is evidence that I. scapularis
population structure has shaped that of B. burgdorferi
(or at least that their populations have been similarly
shaped by the effects of shared environmental
changes) along a northÐsouth gradient of eastern
United States, and I. scapularis populations are well
delineated into northern and southern clades (Qiu et
al. 2002). However, Humphrey et al. (2010) found no
such evidence when comparing populations of I.
scapularis and B. burgdorferi in northeastern and midwestern populations in the United States, even when
the isolation of these populations (likely because of
deforestation in post-Columbian times: Margos et al.
2012) would be expected to be similarly reßected in
the genome of these two species, because B. burgdorferi is entirely dependent on ticks for transmission. These different results are curious, given the
likelihood that southeastern and northeastern I.
scapularis are connected by ticks carried by northÐ
south and southÐnorth annual bird migrations,
whereas northeastern and midwestern tick populations are likely unconnected by ticks carried by
migratory birds. This unexpected result could be
explained by a partial phylogeographic picture being identiÞed by the mitochondrial 16S rDNA sequences used in these studies. Different genes, or a
wider range of genes may be needed to better explore the geography of I. scapularis population
structure (Shao and Barker 2007).
We investigated the diversity and geography of the
Cytochrome C Oxidase subunit I gene (cox1) of I.
scapularis given that protein-encoding mt genes generally have more diversity than rRNA-coding sequences (Shao and Barker 2007). Our objectives were
1) to explore whether cox1 diversity has the resolution
to track pathways of tick immigration into Canada by
revealing longitudinal differences in sequences and
identifying founder populations in tick surveillance
data, and 2) to provide information on tick genetic
diversity in Canada for its future investigation as a
marker for ecological drivers that may result in different genotypes of I. scapularis being associated with
different genotypes of B. burgdorferi.
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Materials and Methods
Tick Sample Collection and DNA Analysis. In this
study we used I. scapularis ticks collected between
2005 and 2007 in a passive tick surveillance system
coordinated by the Public Health Agency of Canada
with provincial and territorial partners and participating veterinary and medical clinics (Ogden et al. 2006b,
2010). The tick samples used were collected from
companion animals and humans in southern Canada.
Many were polymerase chain reaction (PCR)-positive
for B. burgdorferi infection and these have been examined by multi-locus sequence typing (MLST)
(Ogden et al. 2011). The geographical coordinates of
the residence of the person or animal carrying the tick
was recorded at the time of collection and all ticks
used in this study came from animals or humans that
had no history of travel from their place of residence
during the two weeks before collection.
DNA was extracted from I. scapularis using Qiagen
DNeasy 96 Tissue kits (QIAGEN, Mississauga, ON,
Canada) (Ogden et al. 2011). A 658-bp sequence of
the mitochondrial gene Cytochrome C oxidase subunit one (cox1) of the ticks was ampliÞed by PCR as
previously described (Gariepy et al. 2012) using primers LCO1490 (5⬘-GGTCAACAAATCATAAAGAT
ATTGG-3⬘) and HCO2198 (5⬘-TAAACTTCAGGGT
GACCAAAAAATCA-3⬘) (Folmer et al. 1994). The
PCR products were bi-directionally sequenced on an
ABI 3730 DNA Analyzer at the Canadian Centre for
DNA Barcoding (Guelph, ON, Canada). Forward and
reverse sequences were assembled, aligned and edited
using Codon Code Aligner program, version 3.0 (Dedham, MA).
Phylogenetic Analysis. Alignment of all sequences
was conducted using ClustalW 2.1 (Thompson et al.
1997, Larkin et al. 2007). Initial alignments were conducted with a gap opening penalty of 10, a gap extension penalty of 0.2 and International Union of Biochemistry codes for nucleotide ambiguity. To
eliminate the possible occurrence of a reading frame
shift error during sequencing, we added a reference
cox1 sequence of I. scapularis (GenBank ADO64507.1
Noureddine et al. 2011) to the alignment.
For phylogenetic analysis, only one example for
each group of sequences with 100% similarity was
used. The phylogenetic tree was constructed using
the Bayesian Markov chain Monte Carlo (MCMC)
method in MrBayes 3.2 software (Ronquist et al.
2012). Bayesian methods were selected for their ability to account for uncertainty by providing a posterior
distribution of the topology in producing a consensus
tree (Ronquist and Huelsenbeck 2003). The posterior
probability for a tree or clade is computed to assess the
credibility of clades; Bayesian posterior probabilities
are conceptually straightforward to interpret (Yang
and Rannala 2005) and are currently considered the
preferred method of obtaining phylogenetic inference
(Beaumont and Panchal 2008). The MCMC was run
for 500,000 generations, with trees sampled every
1,000th generation, as recommended by Hall (2011) to
prevent the Markov chain Monte Carlo method from

562

JOURNAL OF MEDICAL ENTOMOLOGY

placing too much signiÞcance on a few trees (Castoe
et al. 2004). The criterion for considering sequences
that clustered in the tree as a clade was a posterior
probability of ⱖ70%.
Demographic Analyses. Haplotype diversity (hd),
nucleotide diversity (Pi), number of segregating sites
(s), and number of mutations () of the Cox1 mt DNA
sequences were obtained using DnaSP v5 software
(Librado and Rozas 2009). Demographic history of
the population was inferred using TajimaÕs D Neutrality Test (Tajima 1989) in MEGA v5 software (Tamura et al. 2011), which tests for evidence of population expansion (Fu 1997) by assessing whether the
number of haplotypes is similar to, or higher than, that
expected in a random neutral population (Tajima 1989).
Under the neutral model, the TajimaÕs D test statistic is
close to 0 and its variance ⬇1 (Hamilton 2009).
A minimum spanning tree was generated using
MSTGold 2.2 (Salipante and Hall 2011). To increase
the accuracy of the estimation of the relationships
between strains, we performed the analysis by bootstrapping with 2,000 replicates as suggested by Salipante and Hall (2011).
A mismatch distribution (of pairwise nucleotide
differences) among all sequences was computed for a
constant population size, using DnaSP v5, to evaluate
possible historical population growth events (Schneider and Excoer 1999). A graph of observed frequencies of pairwise nucleotide differences was produced for comparison against expected values for
expanding and stationary populations.
Geographic Analyses. The capacity for cox 1 sequence analysis to identify geographically-differentiated I. scapularis populations was assessed by simple
analysis of relationships between genetic and geographic distance, followed by assessment of variations
in the frequencies of deduced haplotypes among
broad geographic regions and estimation of the Þxation index (Fst) values among the regions. We hypothesized that population bottlenecks in emerging I.
scapularis populations in southern Canada could be
one cause of any identiÞed geographic variation in
haplotype frequencies, and we explored this by spatial
cluster analysis of individual deduced cox 1 clades and
haplotypes as described below.
Assessing Relationships Between Genetic and Geographic Distance. First, the existence of simple linear
or polynomial relationships between genetic distance
and geographic distance was explored using the Mantel Test with 10,000 permutations (Mantel 1967) in
XLSTAT v.5.1 software (http://www.xlstat.com: Addinsoft, New York). A matrix of genetic distances
between pairs of sequences was obtained by the
method of Tamura and Nei (1993) using MEGA v5
(Tamura et al. 2011). For each pair of questing ticks,
we calculated the pairwise geographic distance in kilometers using the GenAlEx v.6.41 program in Microsoft Excel (Peakall and Smouse 2006). The coefÞcient of determination (R2) was computed in
Microsoft Excel to assess the strength of the relationship between the genetic and geographic distance
matrices (Hinton 2004).
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Second, while genetic difference may be related
directly to geographic distance, geographic variations
may be reßected in variations in the frequencies of
occurrence of different haplotypes (Weir 1996). To
explore the possibility of geographic variations in haplotype frequencies, data were grouped by geographic
region deÞned as 1) the maritime provinces (New
Brunswick, Nova Scotia and Prince Edward Island), 2)
Quebec, 3) eastern Ontario (deÞned as east of 80⬚ W
as this line of longitude may represent a dividing line
between ticks immigrating from northeastern and
midwest I. scapularis populations (Ogden et al. 2011),
and 4) central Canada comprising Alberta, Manitoba
and western Ontario (west of 80⬚ W). The nonparametric KruskallÐWallis test (Kruskall and Wallis 1952)
was used to assess whether different clades deduced
in the phylogenetic analysis described above occurred
in different broad geographic regions with different
frequencies. A more detailed analysis of the frequency
with which haplotypes of different clades occurred in
different geographic regions was conducted by correspondence analysis (Hill 1974). The correspondence analysis was run in XLSTAT v.5.1 software (Addinsoft) by using the coordinate, contribution and
cosine square of each scatter point to explain the
inertia in the scatter plot (Saporta and Lavallard 1996)
and points with similar coordinates and high cosine
square and contribution values were gathered in the
same groups (De Lagarde 1983).
All pairwise Fst values (Holsinger and Weir 2009)
were calculated in DnaSP v5 for the geographic regions as an index of population differentiation among
these locations (0 indicating panmixis and 1 indicating
completely unconnected populations).
Spatial Cluster Analysis. To further explore any spatial pattern in the occurrence of different haplotypes
deduced from the phylogenetic analysis, we performed cluster analysis of different clades and of different haplotypes when there were multiple ticks of
these haplotypes (including ticks carrying sequences
with 100% similarity to sequences FS6, FS9, FS17,
FS27, FS44 and FS94). The cluster analysis was performed in SaTScan version 9.1.1software (http://
www.satscan.org/) using a Bernoulli model (Kulldorff
1997). Maximal spatial cluster size was set at 50% of the
population. Latitude and longitude for each submitted
tick was set using coordinates obtained from Natural
Resources Canada (Geographical Names of Canada
http://gnss.nrcan.gc.ca/gnss-srt/searchName.jsp?
language ⫽ en) for the town or village of origin identiÞed on the submission. The distribution and statistical signiÞcance of the clusters were explored by 999
Monte Carlo replications. The likelihood function was
maximized over all window locations and sizes, and we
report only the most likely clusters. The level of statistical signiÞcance was P ⬍ 0.05 throughout.
Results
Phylogenetic Analysis. Sequences were obtained
from amplicons from 414 of the 476 samples. Of these
84% were readable along the full 658-bp length of the
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Fig. 1. The unrooted Bayesian consensus tree obtained using MrBayes v3.2 to determine the phylogenetic relationships
among the 55 non homologous cox1 sequences. The topology and clade probabilities (%) estimated by Bayesian inference
are shown. The scale bar represents nucleotide substitutions per site.

amplicon, while an additional 6% had readable sequences between 500 and 657 bp, so the vast majority
(90%) met or exceeded the 500-bp barcode compliance criteria for sequence length. The remaining 10%
provided high-quality sequences ranging from 300 to
499 bp and allowed resolution at the species level
based on this smaller portion of the DNA barcode
gene. Only data from ticks with ⱖ500-bp sequences
were used in phylogenetic and spatial analyses. From
the alignment, the overall mean similarity was 98% of
pairwise comparisons ranging from 98 to 100% and
only 2% had ⬍97% of similarity. The 414 specimens
with sequence length ranging from 307 to 658 bp were
all identiÞed as I. scapularis based on matches with
DNA barcode records for voucher specimens. Sequences and supporting data are available on the
BOLD database (http://www.boldsystems.org) under the project PHGEO in Human Pathogens and
Zoonoses.
There were 55 unique haplotypes available for phylogenetic analysis (GenBank accession numbers
KC488261 to KC488315). The Bayesian consensus tree
revealed Þve clades that were distinct with a posterior
probability ⬎80% and an additional clade distinct with
a posterior probability of ⬎70% from the other haplotypes (Fig. 1).
Demographic Analyses. Basic statistics on the degree of polymorphism in the sample were: haplotype

diversity (hd) ⫽ 0.654, nucleotide diversity (Pi) ⫽
0.00977, and the number of segregating sites (s) ⫽ 18.
The TajimaÕs D Neutrality Test (D ⫽ ⫺1.27975) indicates that the observed number of haplotypes was
not signiÞcantly different than that expected in a random neutral population (P ⬎ 0.10). The mean dN/dS
ratio was 0.01, a low value that would be expected for
this mitochondrial housekeeping gene (Castoe et al.
2008).
A minimum spanning network tree representing the
relationships of the 55 sequence strains of I. scapularis
in Canada is depicted in Fig. 2. In total 55 nodes and
51 edges were detected in the network and all were
connected in a single network; in general bootstrap
values were low (only three being ⱖ70%).
The frequency distribution of pairwise nucleotide
differences among the 406 sequences Þt a negative
binomial distribution (Fig. 3). This Þnding is consistent with a population that has undergone recent
expansion (Aris-Brosou and ExcofÞer 1996, Schneider
and Excoer 1999).
Geographic analyses. Relationships Between Genetic
and Geographic Distance. Genetic distance and geographic distance were signiÞcantly correlated according to the MantelÕs r coefÞcient (r ⫽ 0.026, P ⬍ 0.0001);
however the relationship was complex and did not
follow linear or simple polynomial forms. There was
evidence for broad differences in geographic occur-
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Fig. 2. A bootstrapped minimum spanning network tree of the 55 cox1 haplotypes of I. scapularis deduced in this study.
The bootstrap value (%) and the weight of each edge are shown. Edges that occur in ⱖ90% of the replicate MSTs are drawn
in a bold line. Edges that occur between 70 and 89% of the replicates are drawn as solid lines. Edges that occur in ⬍70% of
replicates are drawn in dashed lines.

rence of different deduced clades. Clades 1, 5, and 6
were absent from central Canada (Table 1), although
the KruskallÐWallis test showed this absence was only
signiÞcant for clade 1.
The correspondence analysis revealed signiÞcant
variations in the frequency of occurrence of haplotypes of different clades among geographic regions
(2 ⫽ 262.15; df ⫽ 162; P ⬍ 0.001), which may explain
the complex nonlinear relationship between genetic
and geographic distance. A group of four haplotypes

was more frequently found in the western range of the
study area comprising western Ontario, Manitoba, and
Alberta (FS106, FS134, FS10, and FS7), which respectively contributed 9.5, 5.4, 16.2 and 5.4% to the overall
inertia (cosine2 [cos2] ⫽ 0.919, 0.555, 0.555 and 0.555
respectively), in one plane (deÞned by axes F1 and F2:
Fig. 4a) while haplotype FS128 was more frequently
found in Ontario (contribution to inertia ⫽ 15.9%,
cos2 ⫽ 0.862). Also a group of three haplotypes that
were more commonly found in the Maritime Prov-

Fig. 3. Pairwise mismatch distribution of 406 samples of ticks according to their mtDNA Cox1 sequences in Canada (Obs)
compared against the expected distribution for a population under expansion (Exp).
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Table 1. Distribution of sequences of different clades (deduced
in the Bayesian consensus tree) amongst four broad regions of
central and eastern Canada
Sequence

Maritime
Provinces

Quebec

East
Ontario

West Ontario,
Manitoba,
Alberta

FS43
FS52
FS44
FS211
FS226
FS352
FS42
FS68
FS259
FS178
FS377
FS228
FS96A
FS248
FS393
FS250
FS106
FS142
FS145
FS19
FS276
FS84
FS92
FS27
FS113
FS203
FS140
FS464
FS479
FS13

1
5
6
0
0
0
1
1
2
0
0
1
0
1
0
3
0
1
0
14
0
1
4
11
0
0
0
1
0
6

0
3
13
0
0
1
0
0
3
0
1
0
0
0
1
2
0
2
0
7
1
0
4
6
0
0
0
0
1
2

1
2
5
1
1
0
1
0
0
1
1
0
1
0
0
0
2
3
1
9
0
0
1
2
2
1
4
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
2
1
0
1
0
0
0
0
0
0
0
0
0
0

P value

Clade
no.

0.03

1

0.592

2

0.530

3

0.839

4

0.175

5

0.445

6

P value of the KruskalÐWallis test was computed with a 95% conÞdence interval.

inces: FS92, FS18, and FS27 respectively contributed
1.7, 5.7, and 4.5% to the overall inertia (cos2 ⫽ 0.915,
0.903, and 0.611, respectively). In a second plane
formed by axes F1 and F3 (Fig. 4b), haplotype FS442
was more frequently found in Quebec (contribution
to inertia ⫽ 13.9%, cos2 ⫽ 0.849).
All pairwise Fst values for the broad geographic
regions of the study were low (⬍0.06) suggesting
limited differentiation among the ticks collected in the
different geographic regions (Table 2). However, consistent with correspondence analysis and results of the
KruskallÐWallis test, the Fst values suggested that ticks
collected in the region from Alberta to western Ontario were those most differentiated from ticks collected in the other regions.
Spatial Cluster Analysis. We did not Þnd any signiÞcant spatial clusters matching the clades obtained
from the phylogenetic analysis. However we did Þnd
three signiÞcant spatial clusters of individual haplotypes (Fig. 5). A signiÞcant cluster of ticks of haplotype FS442 occurred in south western Quebec centered on 45.394⬚ N and 73.965⬚ W with a radius of 16.4
km (Relative Risk [RR] ⫽ 8.15; P ⬍ 0.01) (Fig. 5a). A
second cluster of ticks carrying haplotype FS44 was
also found in southern Quebec centered on 45.164⬚ N
and 73.671⬚ W with a radius of 27.3 km (RR ⫽ 9.45; P ⬍
0.05) (Fig. 5b). A third, larger cluster of ticks of haplotype FS128 occurred in southern Ontario, centered
on 43.094 N and 79.057 W (Fig. 5c), with a radius of
309.58 km (RR ⫽ inÞnity [all ticks of this haplotype
occurred within the cluster], P ⬍ 0.001).
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Discussion
Population genetic structure studies of blood-feeding arthropods can help our understanding of the
ecology of ticks and the pathogens they transmit
(Black et al. 2001). In this study we investigated the
genetic structure of I. scapularis collected in Canada
using the cox1 gene, to evaluate whether this gene has
sufÞcient power of resolution to identify geographic
regions where the ticks are invading. If so, cox1 may be
useful as a genetic marker to map and better understand the patterns of tick population expansion into
Canada.
The cox1 gene was found to be diverse with 55
haplotypes identiÞed, and some of these clustered into
clades in an unrooted tree created using Bayesian
inference. In terms of demographic analysis, our Þndings were broadly similar to those reported in previous
studies using other mitochondrial genes. Krakowetza
et al. (2011), using the mt16S rDNA of I. scapularis in
selected resident populations in Canada, identiÞed 19
haplotypes and found that tests for neutrality were not
signiÞcantly different from zero for each population.
The degree of haplotype and nucleotide diversity of
cox1 was comparable to that for other mitochondrial
genes in other studies (ranging respectively from 0.56
to 0.82 and 0.002 to 0.004: Norris et al. 1996, Qiu et al.
2002, Humphrey et al. 2010, Krakowetza et al. 2011),
although the number of segregating sites in cox1 (18)
was higher than that in 16S rDNA (Krakowetza et al.
2011), suggesting that cox1 diversity may have more
power to identify phylogeographic patterns.
In the United States, minimum spanning trees and
mismatch distributions have revealed clear differences in the genetic composition and demographic
history between the northern and southern I. scapularis populations ( Qiu et al. 2002); northern ticks
showed a unimodal, negative binomial mismatch distribution, suggesting recent population expansion;
whereas more southern populations showed a bimodal
mismatch distribution, suggesting evidence of elements of a longer term population growth. Thus the
mismatch distribution of cox1 sequences in our study
is consistent with immigration of ticks from northeastern and midwestern populations, as we have previously suggested, based on the expected distance migratory birds travel per day and the duration that
nymphal ticks feed on these hosts (Ogden et al. 2008a,
2008b, 2010).
Recent genetic studies of Ixodes spp. have reported
low nucleotide diversity with the absence of geographic barriers both in the United States (Humphrey
et al. 2010) and in Europe (Noureddine et al. 2011).
Humphrey et al. (2010) suggested that I. scapularis
populations of the midwestern and northeastern
United States are uniform. However, although there
are no major geographic barriers between these regions, it is recognized that agricultural practices over
previous centuries have resulted in a barrier to gene
ßow among these tick populations (Margos et al.
2012). All 55 haplotypes were connected in a single
minimum spanning network tree, whereas northern
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Fig. 4. Correspondence analysis of 406 sequences of the cox1 gene of I. scapularis ticks sampled in different regions of
Canada. (a) Plot of the Þrst and second factorial axes F1-F2, which explained respectively 49.26 and 31.02% of the total inertia.
(b) Plot of the Þrst and third factorial axes F1-F3 which explained 19.72% of the total inertia. In each graph the average location
in parameter space of samples from each of four regions of Canada are indicated by the red dots. Ellipses delineate sequences
with similar coordinates and high cosine square and contribution values indicating particularly high frequency in the
associated geographic regions. (Online Þgure in color.)

and southern I. scapularis populations formed distinct
but connected networks ( Qiu et al. 2002) and pairwise Fst values among ticks collected in the different
geographic areas of the study were low. Nevertheless,
Table 2. Pairwise fixation index (Fst) values for cox1 sequences of ticks collected in the four geographic regions of the
study
Region

Atlantic
Provinces

East
Ontario

Atlantic Provinces
East Ontario
Quebec
Alberta, Manitoba and western
Ontario

0.005
0.01
0.056

0.003
0.02

Quebec

0.027

in contrast to Humphrey et al. (2010), via correspondence analysis we found some evidence of population
structuring, in terms of the frequencies of occurrence
of different haplotypes, in ticks that likely came from
different northeastern and midwestern localities in
the United States. Members of one clade were absent
from the western part of the geographic range in our
study. The contrast between our results and the previous studies may be because of the higher genetic
variation in cox1 than in 16S rDNA sequences. Humphrey et al. (2010) reported average pairwise nucleotide divergence up to 0.35 for 16S rDNA, whereas in
our study the value was 1.48 (excluding gaps) for cox1.
Our Þndings are somewhat consistent with Þndings for
B. burgdorferi MLST types; some sequence types are
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Fig. 5. SigniÞcant spatial clusters of ticks carrying cox1 sequences 100% similar to the haplotypes (a) FS44, (b) FS 442,
and (c) FS128 are delineated by yellow ellipses. In each map, red points indicate locations of ticks carrying each of these
three haplotypes, and black points indicate the locations of ticks carrying other haplotypes. (Online Þgure in color.)
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shared between northeastern and midwestern regions, while others are not. In contrast, our studies to
date suggest population expansion of B. burgdorferi
occurred from east to west (Margos et al. 2012) but the
sequences of clade one (which does not occur in the
west) are possible descendants of sequence FS6,
which is found in the Midwest and the northeast in our
sample.
Although many ticks collected in our passive surveillance system are ticks carried into Canada from the
United States, some most likely originated from
emerging Canada-resident I. scapularis populations.
An important component of the association between
geographic distance and genetic distance was the occurrence of spatial clusters of ticks carrying a single
haplotype. These clusters were found in southwestern
Quebec and (on a larger geographic scale) in southern
Ontario. Both regions are known to be locations where
I. scapularis populations have become established in
the last decade (Ogden et al. 2008b, 2010, 2011; Krakowetza et al. 2011; KofÞ et al. 2012), so these Þndings
could reßect genetic bottlenecks associated with
founder events.
The Þnding of these clusters is important in two
ways. First, it provides genetic data that support the
hypothesis of a recent establishment of I. scapularis in
these regions of southern Canada, as raised by quantitative analyses of tick surveillance data (Leighton et
al. 2012). Second, the small size of individual clusters
found in southern Quebec, combined with the overall
diversity of cox1 haplotypes, suggest that analysis of
cox1 haplotype clusters in passive surveillance data
can identify the geographic location of emerging I.
scapularis populations among submitted adventitious
ticks and perhaps identify trajectories of spread of I.
scapularis at a within-province landscape scale useful
for public health.
In this study we investigated the genetic variability
of I. scapularis populations based on the cox1 mitochondrial gene and explored spatial variations in the
occurrence of different haplotypes in ticks collected
during surveillance in Canada. Our study suggests that
cox1 sequences are more variable than 16S rDNA, and
may be capable of identifying expected differences in
haplotypes of I. scapularis from northeastern and midwestern regions of the United States, although this
area needs additional study. Spatial clusters of ticks
carrying the same haplotype occurred in a pattern that
is logical considering the expected founder events and
genetic bottlenecks associated with locally emerging
tick populations in southeastern Canada. The spatial
resolution provided by cox1 in our study suggests that
this gene may be useful on its own, or concatenated
with other mitochondrial genes, for studying the
landscape ecology of I. scapularis in the southern
Canada zones of emergence. Additional study of
cox1 as a potential genetic marker for associations
with different species and genotypes of tick-borne
pathogens of public health signiÞcance may be
worthwhile.
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