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Abstract

In the north-central United States, the blacklegged tick (/xodes scapularis) is currently known to
vector seven human pathogens. These include five bacteria (Borrelia burgdorferi sensu stricto,
Borrelia mayonii, Borrelia miyamotoi, Anaplasma phagocytophilum, Ehrlichia muris
eauclairensis), one protozoan (Babesia microti) and one virus (Powassan). We sought to assess the
prevalence and distribution of these pathogens in host-seeking nymphs collected throughout
Minnesota, a state on the northwestern edge of the tick’s expanding range, where reported cases of
1. scapularis-borne diseases have increased in incidence and geographic range over the past
decade. Among the 1240 host-seeking /. scapularis nymphs that we screened from 64 sites, we
detected all seven pathogens at varying frequencies. Borrelia burgdorferi s.s. was the most
prevalent and geographically widespread, found in 25.24% of all nymphs tested. Anaplasma
phagocytophilum and Babesia microti were also geographically widespread, but they were less
prevalent than Bo. burgdorferis.s. (detected in 6.29% and 4.68% of ticks, respectively). Spatial
clusters of sites with high prevalence for these three pathogens were identified in the north-central
region of the state. Prevalence was less than 1.29% for each of the remaining pathogens. Two or
more pathogens were detected in 90 nymphs (7.26%); coinfections with Bo. burgdorferis.s. and
either A. phagocytophilum (51 nymphs, 4.11%) or Ba. microti (43 nymphs, 3.47%) were the most
common combinations. The distribution and density of infected ticks mirrors the distribution of
notifiable tick-borne diseases in Minnesota and provides information on the distribution and
prevalence of recently described human pathogens.
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1. Introduction

In the eastern United States, the incidence and geographic range of /xodes scapularis-borne
diseases have been increasing over the last two decades (Eisen and Eisen, 2018; Mead,
2015). Correspondingly, the known geographic distribution of /. scapularis has also
increased substantially and the number of recognized /. scapularis-borne human pathogens
has increased from none prior to 1970, to seven in 2016 (Eisen and Eisen, 2018; Eisen et al.,
2016). Over the past decade, some of the most substantial changes in the epidemiology and
ecology of /. scapularis-borne infections have been documented in the upper Midwest,
particularly in Minnesota. For example, from the mid-1990s to present, the number of
counties in Minnesota with established populations of /. scapularis has increased more than
five-fold and investigators have described two novel pathogens (Ehrlichia muris
eauclairensis and Borrelia mayonif)that appear to be restricted to the upper Midwest (Pritt et
al., 2011; Robinson et al., 2015).

Lyme disease, caused by Borrelia burgdorferi sensu stricto (or less commonly by Borrelia
mayonii) and transmitted by /. scapularis in the eastern United States, is the most commonly
reported vector-borne disease in the United States, with more than 30,000 cases reported
annually (Burgdorfer et al., 1982; Dolan et al., 2016; Pritt et al., 2016b; Schwartz et al.,
2017). Minnesota is one of fourteen high-incidence states from which the majority of Lyme
disease cases are reported (Mead, 2015). In addition to Lyme disease, which is the most
commonly reported /. scapularis-borne disease in Minnesota, five other /. scapularis-borne
diseases have been recognized in that state (Robinson et al., 2015; http://
www.health.state.mn.us/divs/idepc/newsletters/dcn/sum15/lyme.html). These include
anaplasmosis (Anaplasma phagocytophilum), babesiosis (Babesia microti), Powassan virus
disease (Powassan virus), ehrlichiosis (Ehrlichia muris eauclairensis), and Borrelia
miyamotoi disease (Birge and Sonnesyn, 2012; Johnson et al., 2011; Pritt et al., 2011;
Robinson et al., 2015). Although cases of anaplasmosis and babesiosis are less frequently
reported than Lyme disease, they follow a similar spatial distribution (Robinson et al., 2015).
Each of the other pathogens has been detected in ticks collected in Minnesota, but little is
known about their distribution or prevalence throughout the state (Birge and Sonnesyn,
2012; Hahn et al., 2017; Johnson et al., 2015, 2011, Pritt et al., 2016b, 2011; Stromdahl et
al., 2014).

To complement existing epidemiological surveillance data, we assessed the acarological risk
for exposure to seven /. scapularis-borne pathogens by sampling host-seeking nymphs at 81
publicly-owned sites across the tick’s current range in Minnesota. We focused on the
nymphal life stage because it frequently bites humans and has been shown to be the most
epidemiologically significant life stage for the most common /. scapularis-borne human
infections (des Vignes et al., 2001; Falco et al., 1999; Merten and Durden, 2000; Piesman,
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1993; Spielman, 1976; Telford et al., 1996). The density of infected nymphs is commonly
used as a measure of acarological risk for human exposure to /. scapularis-borne diseases,
particularly Lyme disease, and is often positively correlated with Lyme disease incidence
(Mather et al., 1996; Pepin et al., 2012; Stafford et al., 1998). The goals of this study were
to: 1) report the prevalence Bo. burgdorferis.s., Bo. mayonii, Bo. miyamotoi, A.
phagocytophilum, Ba. microti, E. muris, and Powassan virus in hostseeking nymphs
collected throughout Minnesota, 2) identify spatial patterns in the distribution of pathogen-
infected nymphs, and 3) map the density of host-seeking nymphs infected with each of these
pathogens (DIN).

2. Materials and methods

2.1. Site selection and tick sampling

We collected ticks from 81 publicly-owned wooded sites located in 42 of Minnesota’s 87
counties as described previously (Johnson et al., 2018). To quantify the density of host-
seeking /. scapularis nymphs, we sampled each site on two occasions between 31 May and
30 June 2015, with the two sampling sessions each separated by at least six days. We drag
sampled 750 m?2 of forest floor using a 1-m? drag that we inspected for ticks every 15 m. For
individual sites, we used the sampling date with the highest count to estimate nymphal
density. For pathogen detection, we aimed to collect 50 /. scapularis nymphs from each site.
If a total of ten, but less than 50 nymphs had been collected after both sampling sessions, we
conducted extra sampling in the immediate vicinity of the sampling transect; ticks collected
during extra sampling were not included in the density estimates, but were reported
previously (Johnson et al., 2018; Fig. S1). We shipped and stored ticks in 70% ethanol and
identified them to species (Coley, 2015; Durden and Keirans, 1996; Keirans and Litwak,
1989) prior to pathogen testing.

2.2. Nucleic acid extraction

We prepared nucleic acid from individual /. scapularis nymphs as previously described
(Graham et al., 2018). Briefly, we prepared a 470-ul homogenate from each of 1241
nymphs, extracted nucleic acid from 200 ul homogenate, and eluted each sample in 100 pl
buffer AVE using the QIAcube HT automated nucleic acid isolation system and the cador
Pathogen 96 QlAcube HT kit (Qiagen, Valencia, CA). The remaining homogenate from each
sample and all nucleic acid extracts were stored at 4 °C for up to 13 days, then at —80 °C.
We subsequently prepared a second nucleic acid extract from 200 pl of the leftover
homogenate from each specimen. With the exception of 96 samples that were stored at 4 °C
for up to 2 days, all second extracts were stored at —80 °C within a few hours of extraction.
As described in Graham et al. (2018), where the DNA in the first extract was of poor quality
or yielded ambiguous pathogen test results, we used the second extract to complete testing
for Borreliaspp., A. phagocytophilum, and Ba microti. In cases where we ran out of the first
extract, we also used the second extract to complete testing for these pathogens as well as £.
muris eauclairensis. We used the second set of nucleic acid extracts, which had spent limited
time at 4 °C, for all Powassan virus testing.
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One of the 1241 nymphs from which we extracted nucleic acid failed to yield DNA of
sufficient quality and quantity for analysis. We excluded this sample from all analyses. We
tested the remaining 1240 nymphs for Bo. burgdorferis.\., Bo. mayonii, Bo. miyamotoi, A.
phagocytophilum, Ba. microti, and E. muris eauclairensis, and we tested all nymphs for
which there was enough remaining sample (N = 1233) for Powassan virus.

2.3. Pathogen detection

We tested each /. scapularis nymph for Bo. burgdorferis.s., Bo. mayonii, Bo. miyamotoi, A.
phagocytophilum, and Ba. microti using a published algorithm (Graham et al., 2018).
Briefly, we first screened all samples using paired multiplex assays to detect two A.
phagocytophilum targets (genes encoding P44 outer membrane proteins and major surface
protein 4), two Ba microtitargets (genes encoding secreted antigen 1 and 18S rRNA),
Borrelia 16S rDNA (a pan-Borreliatarget), and a segment of the Bo. burgdorferis.s.
flagellin gene also present in Bo. mayonii. With regard to Babesiaand Anaplasma, our
testing algorithm was designed to be B. microti-and A. phagocytophilum specific (Hojgaard
et al., 2014). We have tested the Ba microti 18S primer-probe set against one Ba. odocoilei
strain and found that it did not detect that strain (data not shown), and Souza et al. (2016)
found that neither the Ba microti sal nor the Ba microti 18S primer-probe set detected other
Babesia spp. The algorithm was not designed, however, to distinguish A. phagocytophilum-
ha (human associated) from A. phagocytophilum-vari, a deer associated variant which has
not been associated with human disease. The paired assays also included an /. scapularis
actin target that allowed us to verify the presence of amplifiable DNA in each tick-derived
sample. Each test reaction included 4.8 pl extract (equivalent to approximately 2% of a total
tick homogenate). We previously determined that these assays consistently detected A.
phagocytophilum, Ba. microti, Bo. burgdorferis.s., Bo. mayonii, and Bo. miyamotoi at
concentrations as low as 3-6 pathogen genomes per reaction. Following the initial screening,
we used a duplex TagMan real-time PCR assay targeting the Bo. burgdorferis.s. and Bo.
mayonii oligopeptide permease periplasmic A2 gene (oppA2), and a pair of TagMan real-
time PCR assays targeting the Bo. miyamotoi adenylosuccinate lyase (purB) and
glycerophosphodiesterase (g/oQ) genes, to detect and differentiate Bo. burgdorferis.s., Bo.
mayonil, and Bo. miyamotoi in Borrelia-positive samples. All reaction components and
cycling conditions were performed as previously described (Graham et al., 2018, 2016).

Per the algorithm (Graham et al., 2018), we attempted to amplify and sequence segments of
the genes encoding Clp protease subunit A (c/pA) and dipeptidyl aminopeptidase (pep.X)
from Borrelia-positive samples that tested negative for Bo. burgdorferis.s., Bo. mayonii, and
Bo. miyamotoi in order to putatively identify the infecting Borrelia species. We used the
same approach to verify the presence of Bo. burgdorferis.s. in samples considered suspect
Bo. burgdorferi positives because they returned disparate Bo. burgdorferi oppAZ2 and
Borrelia 16S Cq values (Cq difference > 4 cycles; Graham et al., 2018). We also amplified
the clpA and pepX targets to verify the presence of Bo. mayoniiin PCR-positive samples
that were negative for Bo. burgdorferis.s. Because the ¢/pA and pep.X primers generate
amplicons from all Bo. burgdorferi sensu lato species, we used a species-specific primer set
targeting a segment of Bo. mayonii circular plasmid 26 (cp26) to verify the presence of Bo.
mayonii in samples co-infected with Bo. burgdorferis.s. We amplified, purified, sequenced,
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and analyzed all targets as previously described (Graham et al., 2018). We used the Basic
Local Alignment Search Tool (BLAST) to identify similar sequences in GenBank. Using the
clpA and pepX sequences, we also queried the PUbMLST database (http://pubmlst.org/
borrelia/; Margos et al., 2015) to identify similar alleles.

We screened nymphs (in duplicate) for the presence of £. muris eauclairensis using a C1000
Touch thermal cycler with a CFX96 real time system (BioRad, USA), following the protocol
published in Allerdice et al. (2016) but using the QuantiTect Probe Kit from Qiagen instead

of the QuantiTect Multiplex PCR Kkit.

We detected Powassan virus using a TagMan RT-PCR assay targeting Powassan virus
nonstructural protein 5 targeting the primers and probe described in Aliota et al. (2014).
Each 10-pl RT-PCR reaction included 5 pl 2X iQ Multiplex Powermix (BioRad, USA),
0.125 pl MultiScribe Reverse Transcriptase (50 Units/ul) (ThermoFisher, USA), 300 nM
each primer, 200 nM probe, and 4.7 ul sample. Each 96-well plate included a non-template
control (water) and two Powassan virus (lineage 11 or “deer tick virus” strain CT390-1995
CT) RNA control reactions: one, with and one without reverse transcriptase. The RT-PCR
cycling conditions were as follows: incubation at 50 °C for 15 min, denaturation at 95 °C for
3 min, followed by 40 cycles of 95 °C for 10 s and 60 °C for 45 s on a C1000 Touch thermal
cycler with a CFX96 real time system (BioRad, USA).

2.4. Data summary and analysis

Using a maximum likelihood analysis, we estimated nymphal infection prevalence (NIP) and
associated 95% confidence intervals for each pathogen at each site and for all ticks
combined across all collection sites [Pooled Infection Rate Excel add-in; (Biggerstaff,
2009)]. We calculated the density of nymphs infected with each pathogen by multiplying
NIP (maximum likelihood point estimate) by the density of host-seeking nymphs (DON) for
each site; the DON for each site was reported previously (Johnson et al., 2018). We
estimated the confidence limits for DIN by multiplying the lower and upper 95% confidence
limits for NIP by DON and taking the difference. We used a generalized linear model, using
the number of nymphs tested from each site as an offset, to determine if DON predicted Bo.
burgdorferis.s. NIP. We excluded one site in Anoka County because it was found to have a
large amount of leverage on the model. The leverage of an observation is a measure of the
distance between its independent variable i.e., density of nymphs, and the mean of the
independent variable across all observations. A small change in the dependent variable i.e.,
infection prevalence, for a high leverage observation can change the results of a regression
dramatically. We performed the analysis with and without the high-leverage observation and
determined that its influence warranted its exclusion. Unless otherwise noted, we performed
all statistical analyses in R (R v 3.2.1, R Foundation for Statistical Computing, Vienna,
Austria), using a significance level of a = 0.05.

We used SaTScan (v 9.4.4, Kulldorff, 1997) to detect spatial clusters of sites with
significantly higher or lower NIP as compared to surrounding sites for each pathogen. The
spatial scan statistic imposes a circular window onto the study area; the window is centered
on each sampling site in turn. For each site, the radius of the circle was allowed to vary from
zero (which allowed a single site to be a cluster) to include up to 50% of the total tick
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population tested from all sites combined. For each site, the geographic coordinates, the
number of infected ticks and the total number of ticks tested were used to calculate a spatial
scan statistic using the discrete Poisson method (Kulldorff, 1997). Under this model, the
expected number of positive nymphs is proportional to the population within the cluster,
making it possible to identify clusters of sites of higher and lower than expected infection
prevalence. We used the Gini coefficient to identify the best set of statistically significant
non-overlapping clusters of high and low NIP sites (Han et al., 2016).

3. Results

3.1. Distribution and prevalence of Ixodes scapularis-borne pathogens

We collected at least one nymph from 64 of the total 81 sites we sampled (Fig. 1). We
screened 1240 /. scapularis nymphs for the presence of the five bacterial and one protozoan
pathogens and screened 1233 nymphs for Powassan virus; the median number of nymphal
ticks tested from each site was 13.5 (range, 1-50; Table S1). We detected all seven
pathogens, although infection prevalence was variable among pathogens (Table 1, Fig. 2). A
total of 376 (30.32%; 95% CI: 27.81-32.93%) nymphs tested positive for at least one
pathogen and statewide NIP ranged from as high as 25.24% (95% ClI: 22.88-27.72%) for
Bo. burgdorferis.s. to as low as 0.49% (0.20-1.01%) for Powassan virus (Table 1). We did
not detect any pathogens in nymphs collected from nine sites in southern Minnesota and on
the western edge of the /. scapularis distribution (Fig. 2). However, the numbers of nymphs
we tested from each of these sites ranged from only one to eight. Based on maximum
likelihood estimation (upper 95% confidence limit), even though no pathogens were
detected from these sites, NIP could have been as high as 32% where eight ticks were tested
to as high as 79% for sites with a single nymph tested. Nonetheless, the likelihood of human
encounters with infected nymphs is expected to be low at these sites because of the low
DON. We explored the relationship between DON and NIP of Bo. burgdorferis.s. and found
no significant association (glm; P = 0.13).

Five nymphs tested positive for Borrelia spp. but negative for Bo. burgdorferis.s., Bo.
mayonii, and Bo. miyamotoi. Repeated efforts to amplify the Borrelia clpA and pep.X targets
from one of the samples failed. We were therefore unable to identify this Borreliato species
level. We were able to amplify and sequence the c/pA target from one of the four remaining
samples and the pep.X target from all four remaining samples. The four pep.X sequences,
derived from nymphs collected in Cass, Clearwater, and Wadena counties, showed 99-100%
identity with Borrelia kurtenbachii strains in GenBank and <96% identity with available
sequences from all other species. All four sequences contained pep.X allele 107, an allele
associated exclusively with Bo. kurtenbachiiisolates in pubMLST. The ¢/pA sequence
showed 99% identity with Bo. kurtenbachii. Borrelia kurtenbachiiis not known to cause
human disease.

3.2. Nymphal infection prevalence of Lyme disease-causing Borrelia

We detected Bo. burgdorferis.s. in 313 out of 1240 nymphs collected from 53 of 64 (83%)
sites where ticks were tested, yielding an overall prevalence of 25.24% (95% CI: 22.88—
27.72%; Table 1). We collected infected nymphs across the state, from southeast of the
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Minneapolis/St. Paul metropolitan area and along the Wisconsin border, and north/northwest
from the Minneapolis/St. Paul metropolitan area (Fig. 2). The density of Bo. burgdorferis.s.
infected nymphs per site ranged from 0.00 (95% CI: 0.00-0.24) to 2.67 (95% CI: 1.63-4.06)
nymphs/100 m? (Fig. 3). We identified a cluster of 17 sites with a higher than expected
prevalence of Bo. burgdorferis.s. compared with surrounding sites (P = 0.01). These sites
were situated near the northwestern extent of our study sites (Fig. 2); infection prevalence
ranged from 0% (95% CI: 0-49%) at one site to as high as 64% (95% CI: 35-73%) among
these sites. In total, 137 of 398 (34.4%) nymphs from these sites tested positive for Bo.
burgdorferis.s. We also identified a cluster of 21 sites in the southeastern portion of the state
with prevalence of Bo. burgdorferis.s. lower than the statewide prevalence [P = 0.04; NIP
range 0% (95% CI: 0-56%) to 100% (95% CI: 21-100%]. Within that cluster, 79 of 438
(18.0%) of nymphs tested positive for Bo. burgdorferis.s. (Fig. 2).

We detected the newly-identified Lyme disease-causing agent Bo. mayoniiin 0.65% (8 out
of 1240) of nymphs tested. We collected these B. mayonii-infected nymphs from seven of 64
sampling sites in the following counties: Becker, Clearwater, Houston, Hubbard, Mille Lacs,
and Otter Tail (Table 1, Fig. 1). We only detected Bo. mayonii from sites where Bo.
burgdorferis.s.was also present. The statewide NIP for Bo. mayoniiwas 0.65% (95% ClI:
0.30-1.22%). Infection prevalence with Bo. mayonii ranged from 0% (95% CI: 0-79%) to
as high as 11% (95% CI: 2-44%) at one site (N = 9); however, we did not observe a density
of Bo. mayonii-infected nymphs greater than 0.11 nymphs/100 m? (95% CI: 0.02-0.43; Fig.
3). We did not detect any significant spatial clustering of sites with low or high B. mayonii
NIP. However, five out of seven sites with Bo. mayonii positive nymphs were located near
the high NIP Bo. burgdorferis.s. cluster at the northwestern range of our sample sites (Fig.
2).

3.3. Nymphal infection prevalence of Anaplasma phagocytophilum

We detected A. phagocytophilum at almost half (44%; 28 out of 64) of our sampling sites
(Table 1, Fig. 2). Despite showing a geographic distribution nearly as broad as Bo.
burgdorferis.s. (Fig. 2), we only detected A. phagocytophilumin 78 of 1240 nymphs
(6.21%). The statewide NIP for A. phagocytophilum was 6.29% (95% Cl: 5.04-7.75; Table
1). DIN was < 1 nymph/100 m? at all sites except one site located in Anoka County, where
DIN was 1.03 nymphs/100 m2 (95% CI: 0.45-2.19). Two clusters of sites with A.
phagocytophilum NIP significantly higher than the surrounding sites were identified. Similar
to Bo. burgdorferis.s., both clusters, one of eight sites [P < 0.0001, NIP range: 5.7% (95%
Cl: 1.6-18.6) to 34.0% (95% CI: 22.2-48.3)] and the other consisting of four sites [P = 0.03,
NIP range: 20.0% (95% CI: 5.7-51.0%) to 36.4% (95% Cl:15.2-64.6%)], were located near
the northwestern extent of our study sites (Fig. 2). The cluster of eight sites had an A.
phagocytophilum infection prevalence of 18.0% (31 of 172) while infection prevalence in
the cluster of four sites was 17.0% (18 of 106). A cluster of 10 sites was identified as having
significantly lower than expected NIP [P = 0.02, NIP range: 0.0% (95% CI: 0.0-79.4%) to
2.0% (95% CI: 0.4-10.5%)], with only one of 171 (0.6%) ticks from these sites positive for
A. phagocytophilum. On the southwestern edge of our sampling sites, low infection
prevalence dominated the bulk of sampling sites where nymphs were collected (Fig. 2).
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3.4. Nymphal infection prevalence of Babesia microti

We detected Ba. microtiin 58 of 1240 (4.60%) nymphs from 27 of 64 sites (42%; Table 1,
Fig. 2). The geographic distribution for Ba. microti was similar to that of A.
phagocytophilum, with the exception of sites south of Minneapolis/St. Paul, where Ba.
microtiwas largely absent. Statewide estimated NIP was 4.68% (95% CI: 3.60-5.96%) and
ranged from 0% (95% CI: 0-79%) to 28% (95% CI: 13-51%) across sites (Fig. 2); DIN
ranged from 0.00 (95% ClI: 0.00-0.43) to 0.45 (95% CI: 0.20-0.97) nymphs/100 m? (Fig. 3).
Similar to the distribution of high NIP clusters for Bo. burgdorferis.s. and A.
phagocytophilum, we detected a cluster of 13 sites with high Ba. microtiNIP [P < 0.0001,
NIP range: 0.0% (95% CI: 0.0-49.0%) to 28.8% (95% CI: 12.5-50.9%)], near the
northwestern extent of our study area (Fig. 2). Among the high prevalence sites, 11.4% (35
of 308) of ticks tested positive for Ba. microti. Similar to A. phagocytophilum, we identified
a cluster of 15 sites on the south-central fringe of our sampling sites, with significantly lower
than expected NIP with Ba. microti. None of the 315 nymphs tested from this low
prevalence cluster were positive for Ba. microti (P < 0.0001; NIP 95% ClI: 0.0-79.4%).

3.5. Nymphal infection prevalence of Borrelia miyamotoi

Thirteen nymphs (1.05%) from ten (16%) sites tested positive for Bo. miyamotoi (Table 1,
Fig. 2). We detected infected nymphs in Becker, Hubbard, Clearwater, Cass, Morrison, Pine,
Anoka, and Dakota counties. The statewide NIP for Bo. miyamotoi was 1.05% (95% CI:
0.59-1.74%). NIP ranged from 0% (95% CI: 0-79%) to a high of 10% (95% CI: 8-40%) at
one site where one of ten nymphs tested positive. By site of collection, DIN was never
greater than 0.41 nymph/100 m2 (95% CI: 0.11-1.38; Fig. 3). We did not detect any
significant spatial clustering of sites with low or high Bo. miyamotoi NIP.

3.6. Nymphal infection prevalence of Ehrlichia muris eauclairensis

Sixteen out of 1240 (1.29%) /. scapularis nymphs collected from 13 of 64 sites (20%) tested
positive for £. muris eauclairensis (Fig. 2). We detected positive ticks in nine counties, from
sites northwest of the Minneapolis/St. Paul metropolitan area (Fig. 2). The statewide
infection rate for £. muriswas 1.29% (95% ClI: 0.77-2.04%) and per site, the density of
nymphs infected with £, muriswas never higher than 0.35 nymphs/100m? (95% Cl: 2.10-
16.52; Fig. 2). We did not detect any significant spatial clustering of sites with low or high
NIP.

3.7. Nymphal infection prevalence of Powassan virus lineage ll/deer tick virus

A total of six ticks tested positive for Powassan virus. The statewide pooled infection rate for
Powassan virus was 0.49% (95% CI: 0.20-1.01%; Table 1), NIP ranged from 0% (95% CI:
00-79%) to a high of 15% (95% CI: 4-42%) at one site where two of thirteen nymphs tested
positive (Fig. 2). Four of 64 sites (6%) yielded ticks that tested positive for Powassan virus;
these were located in Cass, Crow Wing, Hubbard, and Kanabec counties. The density of
nymphs infected with Powassan virus was never greater than 0.23 nymph/100 m2 (95% ClI:
0.06-0.62; Fig. 3). Sites with elevated NIP of Powassan virus were clustered among
northcentral and east central study areas [P = 0.04, NIP range: 0.0% (95% CI: 0.0-56.2%) to
15.4% (95% CI: 4.3-42.2%); Fig. 2]; six of 413 nymphs (1.5%) from this cluster tested
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positive. The nymphs in this study were originally collected and processed for bacterial and
protozoal pathogen detection; because our methods were not optimized for viral RNA, the
Powassan virus results may represent an overall underestimation of the prevalence of the
virus in Minnesota.

3.8. Nymphal coinfections prevalence

We detected coinfections with two or more pathogens in ticks collected from 32 of 64
collection sites. While infections with a single pathogen were most common occurring in
30.32% (376 of 1240) of nymphs tested, coinfections with two pathogens were detected in
5.40% of nymphs and infections with > 2 pathogens were detected in 2.02% of all nymphs
tested. Overall, coinfections with two or more pathogens were detected in 7.26% of nymphs
tested [90 of 1240 tested (1233 nymphs were tested for Powassan virus); Table 2].
Coinfections between Bo. burgdorferis.s. and A. phagocytophilum (49 coinfected nymphs;
3.95%) or Ba. microti (45 coinfected nymphs; 3.63%) were most common (Table 2).

We identified a cluster of 13 sites with coinfection prevalence higher than surrounding sites
[P <0.0001, range: 2.1% (95% CI: 0.1-9.6%) to 36.4% (95% CI: 13.2-65.8%)]. These sites
were situated near the northwestern extent of our study area (Fig. 2). In total, 53 of 355
(14.9%) ticks from these sites were coinfected with two or more pathogens. We also
identified a cluster of 13 sites with coinfection prevalence lower than surrounding sites [P <
0.0001, range: 0.0% (95% CI: 0.0-79.4%) to 2% (95% CI: 0.1-9.3%)]; only 1 of 315 (0.3%)
nymphs tested from these sites was coinfected (Fig. 2). The distribution of sites with
elevated nymphal coinfection prevalence (NcIP) was geographically similar to the
distributions of sites with elevated NIP for Bo. burgdorferis.s., A. phagocytophilum and Ba.
microti (Fig. 2).

4. Discussion

We detected each of the seven human pathogens which /. scapufarisis known to vector from
host-seeking nymphs collected in Minnesota. Mirroring human case counts, Bo. burgdorferi
s.s. was the most common pathogen detected in ticks, followed by A. phagocytophilum and
Ba. microti. The distribution of densities of host-seeking nymphs infected with these
pathogens was similar to the reported distribution of Lyme disease, anaplasmosis and
babesiosis cases, with the majority of cases and infected ticks situated in the north-central
portion of the state (Robinson et al., 2015; http://www.health.state.mn.us/divs/idepc/
newsletters/dcn/sumi15/lyme.html). Among the pathogens for which we have limited data on
case distributions (Bo. mayonii, Bo. miyamotoi, and E. muris eauclairensis) we did not
detect any statistically significant spatial distribution patterns and each was detected at low
prevalence in host-seeking nymphs.

The three most commonly detected pathogens, Bo. burgdorferis.s., A. phagocytophilum,
and Ba. mictroi, had similar geographical distributions and high prevalence clusters detected
in north-central counties, including Clearwater, Becker, Otter Tail, and Hubbard (Figs. 2 and
3). As a result, coinfections with these pathogens occurred at higher rates in this region
compared with other parts of the state. Similar to other studies conducted in Lyme disease
endemic areas, Bo. burgdorferis.s. was the most commonly detected pathogen, found at
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substantially higher rates than A. phagocytophilum or Ba. microti (Telford et al., 1996;
Varde et al., 1998). The white-footed mouse (Peromyscus leucopus) is a reservoir of each of
these pathogens (Mather et al., 1990; Spielman et al., 1981). Both Bo. burgdorferis.s.- and
Ba. microti-infected P, feucopus can remain infectious to feeding ticks for long periods of
time (Mather et al., 1990; Spielman et al., 1981; Telford et al., 1996). However, larval
acquisition of Ba. microtiis inefficient and transstadial survival from larvae to nymphs is
low compared with Bo. burgdorferi (Dunn et al., 2014; Mather et al., 1990), explaining why
Ba. microtiis less common in host-seeking nymphs compared with Bo. burgdorferis.s.
Infectiousness of A. phagocytophilumin P. leucopus is transient compared with Bo.
burgdorferis.s. or Ba. microti (Levin and Ross, 2004; Stafford et al., 1999; Telford et al.,
1996). As a result, the opportunity for larval ticks to acquire A. phagocytophilum is
abbreviated compared with the other pathogens, likely resulting in fewer ticks acquiring
infection. However, larval acquisition rates and transstadial survival from larva to nymph
appear to be efficient for A. phagocytophilum (Levin and Ross, 2004). Together, these
characteristics might explain why A. phagocytophilum s less prevalent than Bo. burgdorferi
s.s., but similar to Ba. microti.

Prior to our study, the recently described Lyme disease-causing spirochete, Bo. mayonii, was
detected in /. scapularis or was cultured from small mammals collected in three counties,
Cass, Morrison, and Pine (Johnson et al., 2017; Pritt et al., 20163, b). We report Bo. mayonii
in ticks collected in six additional counties (Becker, Clearwater, Houston, Hubbard, Mille
Lacs, and Otter Tail), bringing the total number of counties from which the spirochete has
been reported in ticks or hosts to nine. The low infection prevalence documented in /.
scapularis nymphs (0.65%) is consistent with the rarity of human Bo. mayonii infections
reported to date. Pritt et al. (2016b) detected Bo. mayoniiin only six of 9197 clinical
samples obtained from residents of Minnesota, Wisconsin and North Dakota. Why Bo.
mayoniioccurs at low prevalence compared with closely-related Bo. burgdorferis.s. is
unclear, but may be related to differences in transstadial survival efficiency (Dolan et al.,
2016; Piesman and Sinsky, 1988), or pathogen-host dynamics. Although Bo. mayoniihas
been isolated from white-footed mice (Peromyscus leucopus) and an American red squirrel
(Tamiasciurus hudsonicus), reservoir competence has not yet been demonstrated for any
potential natural reservoirs (Johnson et al., 2017). One study demonstrated that outbred
laboratory mice are competent reservoirs that remain infectious to feeding ticks for at least a
year, but infection rates in xenodiagnostic ticks were highly variable among mice and time
points (Dolan et al., 2017). Additional studies are needed to identify potential natural
reservoirs for Bo. mayonii and to determine the duration of infectivity and efficiency of
transmission to feeding ticks.

Like Bo. mayonii, E. muris eauclairensis appears to be restricted to the upper Midwest,
specifically to Minnesota and Wisconsin (Johnson et al., 2015). Based on the peak of human
illness onsets in June and July, /. scapularis nymphs are assumed to be the primary bridging
vector to people (Johnson et al., 2015). Despite finding no statistically significant clustering
of sites with high prevalence of £. muris eauclairensis infection in host-seeking nymphs, the
13 sites that were positive for this pathogen followed a distribution similar to that of
suspected human ehrlichiosis exposure sites, primarily north and northwest of the
Minneapolis-St. Paul metropolitan area (Johnson et al., 2015). Reasons for low infection
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prevalence are unclear, but may be explained by the relatively short duration of infectivity in
reservoir hosts (Lynn et al., 2017).

Our B. miyamotoi results were comparable to those of a recent study of similar design that
explored the distribution of Bo. miyamotoiin [. pacificus nymphs in Mendocino County,
California. Both studies detected Bo. miyamotoi at low prevalence in host-seeking nymphs,
with neither study identifying any significant patterns in the spatial distribution of Bo.
miyamotoi-infected ticks. In general, despite vastly different host community composition
between regions, Bo. miyamotoi appears to be widespread, yet detected at low prevalence, in
Ixodes spp. ticks in Europe and the United States (Crowder et al., 2014; Wagemakers et al.,
2015). Although horizontal transmission is likely required to maintain the pathogen in
natural cycles, there may not be strong amplifying reservoir hosts, and it is possible that
transovarial transmission instead plays a major role in B. miyamotoi persistence (Lynn et al.,
2018). Similar to Bo. miyamotoi, Powassan virus can be transovarially transmitted (Costero
and Grayson, 1996), is widespread, and is found at low prevalence in /. scapulars (Ebel,
2010). Although we did not assess host community composition among study sites, this may
explain the observed clustering of sites with higher than expected prevalence of Powassan
virus in host-seeking nymphs. For example, the deer tick lineage of Powassan virus is
maintained primarily in a whitefooted mouse (Peromyscus leucopus) 1. scapularis enzootic
cycle (Ebel, 2010). If some characteristics of the landscape make it more or less suitable to
high densities of mice, POWV infection prevalence may be expected to be elevated.
Although we did not assess landscape features or host communities, it is possible for
instance that the landscape is much more fragmented in this portion of the state leading to
higher edge densities, which have been shown to be preferred habitat for white-footed mice
(Anderson et al., 2003). This portion of Minnesota is characterized by mixed vegetation of
cool temperate forests and lowland and montane boreal forests (Johnson et al., 2016).

Our results reveal substantial heterogeneity in acarological risk for exposure to seven human
pathogens. Patterns in the spatial distribution and prevalence of Bo. burgdorferis.s., A.
phagocytophilum, and Ba. microti are consistent with the distribution and incidence of
reported cases of Lyme disease, anaplasmosis, and babesiosis in Minnesota. Our data
suggest that acarological risk of exposure to /. scapularis-borne pathogens other than Bo.
burgdorferis.s. is relatively low throughout the state. Nonetheless, given the diversity of
pathogens infecting host-seeking ticks and their prevalence, this study underscores the
importance of prevention strategies that aim to reduce the risk of tick bites in the state of
Minnesota.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Locations of 81 sites sampled for /xodes scapularis nymphs, Minnesota, May 31-June 30,
2015.
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Nymphal infection prevalence (NIP) and nymphal coinfection prevalence (NclIP) of /xodes
scapularis collected in Minnesota and tested for seven human disease causing pathogens.
Site-specific estimates of NIP are represented by the black dots and the corresponding width
of the 95% confidence interval is shown by the grey circles. NclP is shown by grey circles.
Site-specific estimates of NIP and corresponding 95% confidence intervals were calculated
using maximum likelihood. Sites encompassed by an large circle represent clusters of sites
with high NIP/NcIP (solid black line) and clusters of sites with low NIP/NcIP (dashed line)

identified by SaTScan (v 9.4.4).
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Density of infected /xodes scapularis nymphs (DIN=DON x NIP) and density of coinfected
nymphs (DcIN=DON x NclP) at 81 study sites sampled in Minnesota—2015. Nymphs were
tested for the presence of seven human disease causing pathogens. Site-specific estimates of
DIN are represented by the black dots and the corresponding width of the 95% confidence
intervals are shown by the grey circles. NcIP is shown by grey circles. Site-specific
estimates of NIP and corresponding 95% confidence intervals were calculated using
maximum likelihood.
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Number of nymphs testing positive for each of seven pathogens, statewide nymphal infection prevalence (NIP)
and associated 95% confidence intervals calculated using maximum likelihood, Minnesota, May 31-June 30,

2015.

No. positivesi'(&sa (%)

No. positive ticks (%)

b NIP(95% Cl)

Borrelfa burgdorferi sensu stricto 53 (83)
Anaplasma phagocytophilum 28 (44)
Babesia microti 27 (42)

Ehrlichia muris subsp. eauclairensis 13 (20)

Borrelia miyamotoi 10 (16)
Borrelia mayonii 7(11)
Powassan virus® 4(6)

313 (25.24)
78 (6.29)
58 (4.68)
16 (1.29)
13 (1.05)

8 (0.65)

6 (0.49)

25.24 (22.88-27.72)
6.29 (5.04-7.75)
4.68 (3.60-5.96)
1.29 (0.77-2.04)
1.05 (0.59-1.74)
0.65 (0.30-1.22)
0.48 (0.20-1.00)

a L
The total number of collection sites where nymphs were recovered was 64.

bThe total number of nymphal ticks collected from 64 sites was 1240.

c . A
The total number of ticks tested for Powassan virus lineage Il was 1233.

Ticks Tick Borne Dis. Author manuscript; available in PMC 2019 June 26.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Johnson et al.

Table 2

Page 20

Coinfections with two or more of the seven pathogens of /xodes scapularis nymphs tested, Minnesota, May

31-June 30, 2015.

Pathogensa

No. siteswith coinfected ticks (N=64 sites)

No. ticks coinfected (N=1240)

Bb/Aph

Bb/Bam
Bb/Aph/Bam
Bb/Eme

Bb/Bmay
Aph/Bam
Bb/Bmiy/Aph
Bb/Bmiy
Bmay/Bmiy
Bmiy/Bam
Bb/Bmay/Bam
Bb/Bam/POWV
Aph/Bam/Eme
Bb/Aph/Bam/Eme
Bb/Bmiy/Aph/Bam
Bb/Bmay/Aph/Bam

15
15

-
o

L e e = = T = T =N S R R R

25
21
19

=
o

L e T = T = T~ CH R N}

a . . . . L . . L
Bb = Borrelia burgdorferi sensu stricto; Aph = Anaplasma phagocytophilum, Bam = Babesia microti; Eme = Ehrlichia muris eauclairensis; Bmay
= Borrelia mayonii, Bmiy = Borrelia miyamotoi, POWV=Powassan virus (lineage Il, deer tick virus).

b1240 nymphs were tested for all pathogens except Powassan virus (N=1233).
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