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Abstract

Borrelia miyamotoi is an increasingly recognized human pathogen transmitted by /xodes ticks in
the Northern Hemisphere. In North America, infection prevalences of B. miyamotoi are
characteristically low (<10%) in /xodes scapularis (Say; Acari: Ixodidae) and Ixodes pacificus
(Cooley & Kohls; Acari: Ixodidae), both of which readily bite humans. We tested 3,255 host-
seeking /. pacificus nymphs collected in 2004 from 79 sites throughout Mendocino County in
north-coastal California for presence of B. miyamotoi. The collection sites represented a variety of
forest types ranging from hot, dry oak woodlands in the southeast, to coastal redwoods in the west,
and Ponderosa pine and Douglas fir-dominated areas in the northern part of the county. We found
that B. miyamotoi was geographically widespread, but infected /. pacificus nymphs infrequently
(cumulative prevalence of 1.4%). Infection prevalence was not significantly associated with
geographic region or woodland type, and neither density of host-seeking nymphs, nor infection
with Borrelia burgdorferi sensu stricto was associated with B. miyamotoi infection status in
individual ticks. Because B. burgdorferiprevalence at the same sites was previously associated
with woodland type and nymphal density, our results suggest that despite sharing a common
vector, the primary modes of enzootic maintenance for the two pathogens are likely different.
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Borrelia miyamotoi is a hard tick-borne relapsing fever spirochete first isolated from /xodes
persulcatus Schulze in Japan in 1994 (Fukunaga et al. 1995) that has recently gained
recognition as an emerging human pathogen (Platonov et al. 2011, Krause et al. 2015,
Molloy et al. 2015, Wagemakers et al. 2015). Human cases of B. miyamotoi disease have
now been reported in temperate regions of Asia, Europe, and eastern North America where /.
persulcatus Schultz, Ixodes ricinus L., and Ixodes scapularis (Say; Acari: Ixodidae), the ticks
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that likely serve as primary tick vectors of this pathogen to humans, are present (Platonov et
al. 2011, Chowdri et al. 2013, Hovius et al. 2013, Sato et al. 2014, Molloy et al. 2015).

Natural infection with B. miyamotoi occurs in a variety of /xodes spp., including the closely
related group responsible for transmission of Borrelia burgdorferi sensulato (s.1.), the
spirochetes that cause Lyme disease. In North America, vector competence for B. miyamotoi
has been demonstrated for /. scapularis (Scoles et al. 2001, Breuner et al. 2017) and is
suspected for Ixodes pacificus (Cooley & Kohls; Acari: Ixodidae). Though both the nymphal
and adult stages of these ticks are frequently observed biting humans, nymphs are more
commonly associated with pathogen transmission, and therefore, recognized as having
greater epidemiological significance (Merten and Durden 2000, Eisen et al. 2017). For that
reason, many surveys, including this one focus specifically on the nymphal stage. However,
there is also evidence suggesting that transmission by larval ticks may account for some
human exposure to B. miyamotoi (Barbour et al. 2009, Molloy et al. 2015, van Duijvendijk
et al. 2016).

Globally, prevalence of B. miyamotoi in host-seeking /xodes ticks ranges from 1 to 10%,
with most local estimates falling closer to the low end (Scoles et al. 2001, Barbour et al.
2009, Rollend et al. 2013, Sinski et al. 2016, Rar et al. 2017). In California, B. miyamotoi
infection prevalences of 1.6 and 1.7% were reported in /. pacificus nymphs from Mendocino
and Sonoma counties (Mun et al. 2006, Crowder et al. 2014), and 1.4% statewide (Padgett et
al. 2014). Collectively, these studies reveal that B. miyamotoi is widespread but usually at
low prevalence in host-seeking tick populations. Current genotypic evidence supports
categorizing the species into three types: Asian (primarily vectored by /. persulcatus and /.
ricinus), European (/. ricinus), and American (/. scapularis and [. pacificus), with isolates
showing little or no genetic variability within type (Geller et al. 2012, Barbour 2014,
Crowder et al. 2014, Takano et al. 2014, Mukhacheva et al. 2015, Cook et al. 2016).

Intriguingly, Lyme disease spirochetes typically infect /xodes nymphs with greater
frequency (prevalence 3-49%) than B. miyamotoiin areas where the two pathogens are
sympatric (Barbour et al. 2009, Wagemakers et al. 2015, Rar et al. 2017) and there is
considerably more genetic diversity within the B. burgdorferis.l. species complex than B.
miyamotoi (Girard et al. 2009, Margos et al. 2011, Mechai et al. 2015, Rar et al. 2017). In
California, prevalence of B. burgdorferis.l. in host-seeking /. pacificus nymphs is typically
2-3 times (3.2-4.9%) that of B. miyamotoi (Padgett et al. 2014).

Here we 1) describe the distribution and prevalence of B. miyamotoi in host-seeking /.
pacificus nymphs collected throughout Mendocino County, CA, a county where both B.
miyamotoi and B. burgdorferis.s. are maintained in enzootic cycles and the ecology of the
latter has been well-studied, 2) compare infection prevalence in nymphs across woodland
types, and 3) compare these findings with those previously described for B. burgdorferi
sensu stricto (s.s.) in the same sample population of ticks.
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Materials and Methods
Study Sites and Tick Collection

The /. pacificus nymphs tested in this study were collected from 79 dense woodland sites
throughout Mendocino County, CA, in 2004 (Eisen et al. 2006, Eisen et al. 2010). Locations
were sampled twice within the period of peak nymphal activity in the spring (late April to
early June). The collection sites were selected to reflect the variability of climate across the
range of /. pacificus habitat in Mendocino County as well as to account for the ecological
diversity associated with the different forest types where these ticks are present. Woodland
categories were designated based on the predominant tree species at the sampling sites,
including redwood (/7= 11), coastal pine (/7= 3), inland pine (n = 8), hardwood (7= 19),
hardwood/conifer (7= 22), mixed tan oak/madrone or Douglas fir with a redwood influence
(n=4), or tanoak (n=12).

Tree species found at sites categorized as redwood included coastal redwood (Sequoia
sempervirens D. Don), Douglas fir (Pseudotsuga menziesii [Mirb.] Franco), tanoak
(Lithocarpus densiflorus [Hook. & Arn.] Manos, Cannon & S.H. Oh), and California bay
(Umbellularia californica[Hook & Arn.] Nutt.). Coastal pine sites included mainly Bishop
pine (Pinus muricata D. Don) with coastal redwood or Douglas fir. Inland pine woodlands
consisted of Ponderosa pine (Pinus ponderosa Douglas ex C. Lawson) and Douglas fir.
Hardwood sites were comprised of Quercus spp. oaks, Pacific madrone (Arbutus menziesii
Pursh) and California bay. Hardwood/conifer sites included mixed oaks, Pacific madrone,
California bay, and Douglas fir or Ponderosa pine. Sites designated as mixed tanoak/
madrone or Douglas fir with a redwood influence included mixed tanoak, Pacific madrone,
or Douglas fir with redwood influence in or adjacent to the sampling site. Tanoak consisted
primarily of tanoak with coastal redwood, Douglas fir, or Pacific madrone. More detailed
climatic data and tick sampling methodology can be found in Eisen et al. (2006) and Eisen et
al. (2010).

PCR-Based Detection of B. miyamotoi in Tick Samples

For most sites (17=59), DNA extracts from at least 45 individual /. pacificus nymphs were
tested. Another eight sites contributed between 11 and 32 nymphs, leaving 12 sites with 10
or fewer ticks tested. DNA had been previously extracted using the DNeasy Blood and
Tissue kit (Qiagen, Valencia, CA) according to the manufacturer’s protocol for animal tissue
(Girard et al. 2009), eluted in 50 pl deionized sterile water, and stored at —20°C. We used a
pair of real-time TagMan PCR assays (Graham et al. 2016) to detect B. miyamotor. a
singleplex assay targeting the glycerophosphodiester phosphodiesterase (g/pQ) gene of B.
miyamotoi, and a duplex assay targeting the adenylosuccinate lyase (purB) gene of B.
miyamotoi and the actin gene in /. scapularis and /1. pacificus. The actin target allowed us to
verify the presence of amplifiable DNA in each sample. Each reaction included 4.8 pl DNA
extract and 5.2 pl master mix as described in Graham et al. (2016).

Prior to running individual samples through the assay, we confirmed a limit of detection
equivalent to <5 genomes per reaction in the presence of background tick DNA from the
Mendocino collection extracts. Specifically, we pooled equal volumes of DNA from
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randomly selected specimens collected at 12 different sites. The pooled DNA tested positive
for the tick actin target and negative for both B. miyamotoitargets. We then spiked aliquots
of the B. miyamotoi- free tick DNA with genomic B. miyamotoi DNA. Using an estimated
genome size of 1.3 x 106 nucleotides (Kingry et al. 2017), we calculated the approximate
number of B. miyamotoi genome copies per ng of DNA. We determined the double-stranded
concentration of our B. miyamotoi DNA stock using a Qubit 2.0 fluorometer and the Qubit
dsDNA HS Assay Kit (ThermoFisher Scientific Inc., Waltman, MA) immediately before
preparing serial dilutions to achieve the equivalent of 10, 5, or 1 genome per reaction. Six
replicates of each concentration were tested and all replicates containing the equivalent of
five or more genomes were positive for both B. miyamotoi targets (purB and glpQ).
Assuming at least one genome per spirochete, we would thus expect to consistently detect B.
miyamotoi DNA in these samples down to five or fewer spirochetes per reaction.

PCR results were analyzed using CFX Manager 3.1 software (Bio-Rad, Hercules, CA) with
the regression option selected for quantitation cycle (Cq) determination. Controls on each
plate included a no-template control (elution buffer), DNA extracted from uninfected,
colony-reared /. scapularis nymphs (Centers for Disease Control and Prevention, Fort
Collins, CO), and recombinant plasmid DNA containing the purB and g/pQ target sequences
as previously described (Graham et al. 2016). Samples were considered positive if Cq values
for both B. miyamotoitargets were <40. If we initially detected only one B. miyamotoi
target in a sample, we repeated the PCR. This occurred only three times, and upon repeat, all
three samples yielded corroborating results between the two targets.

Statistical Analyses and Mapping

Point estimates and confidence limits of infection prevalence were calculated based on
maximum likelihood estimates (MLE) and score confidence intervals (Newcombe, 2012).
Global Moran’s Index was used in spatial clustering analysis based on point estimates of the
density of infected nymphs and was performed using ArcMap software (ArcGIS v. 10.4,
Redlands, CA). Logistic regression was used to assess the relationship between nymphal
infection status and density of host-seeking nymphs among sites. A chi-squared test was
used to determine whether co-infection of nymphs with B. miyamotoiand B. burgdorferis.s.
occurred as frequently as would be expected based on the probability that either agent by
itself was infected. Logistic regression and chi-squared tests were performed using JMP
11.1.1 (SAS Institute, Cary, NC). A homogeneous stratum effect (HSE) test (Zhao 2014) and
individual McNemar’s tests, stratified by site, were used to evaluate any association of B.
miyamotoi infection status with B. burgdorferis.s. infections in ticks. Logistic regression
was also used to analyze the relationship between B. miyamotoi prevalence and woodland
type using Firth’s correction (Firth 1993). The HSE test, McNemar’s tests, and second
logistic regression analysis were carried out in R (R Core Team 2017), with the latter using
the ‘brglm’ package. Maps were developed using ArcMap projected to TealAlbers zone 10
NAD 1927.
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Results and Discussion

Consistent with previous studies assessing a large humber of ticks collected across multiple
geographic locations (Barbour et al. 2009, Crowder et al. 2014, Padgett et al. 2014), we
found that B. miyamotoiis geographically widespread in Mendocino County, but occurs at
low prevalence in host-seeking /. pacificus nymphs. Of the 3,255 nymphs tested, 44 (1.4%;
95% CI: 1.0-1.8%) were PCR positive for B. miyamotoi. This overall infection prevalence
of 1.4% for B. miyamotoiin I. pacificus nymphs is in remarkable agreement with previous
studies testing ticks collected in southeastern Mendocino County (1.7%) (Mun et al. 2006)
and statewide (1.4%) (Padgett et al. 2014), and is considerably lower than the prevalence of
B. burgdorferis.s. (average of 4.9%, range among sites 0-22%) previously reported for these
host-seeking nymphal ticks (Eisen et al. 2010). We identified at least one B. miyamotor-
infected nymph from each of 24 locations (30.4% of sites sampled) extending from the hot,
dry oak-woodland dominated southeastern corner of the county, to cooler and more humid
conifer-dominated woodlands in the northeastern and northwestern parts of the county.
Given the low infection prevalences observed, it is likely that B. miyamotoi is present at
additional sites from which few ticks were available for testing. Notably, densities of host-
seeking nymphs were low in coastal redwood, inland pine and Ponderosa pine dominated
sites in the far western, and northern portions of the county resulting in wide confidence
intervals (Fig. 1). Irrespective of tick abundance, risk for human exposure to B. miyamotoi is
limited by the low prevalence of infection in ticks in these locations.

Site-specific MLE for infection prevalence ranged from 0 to 10.5% (Fig. 1), and the MLE
for density of infected nymphs collected by dragging leaf-litter or fir-needle areas was less
than 1 per 100 m? at all sites. There was no significant evidence of spatial clustering of sites
based on density of infected nymphs (Global Moran’s I., z = 1.47, P-value = 0.14),
indicating that the risk of encountering nymphs infected with B. miyamotoi does not appear
to be concentrated within geographical foci. The nymphs included in this study represent a
subset of those that were screened previously for B. burgdorferis.s. (Eisen et al. 2010),
enabling direct comparisons of infection prevalence and spatial patterns of infection between
B. burgdorferis.s. and B. miyamotoi in host-seeking /. pacificus. Woodland type was not a
significant predictor of B. miyamotoi prevalence (P-value = 0.52), nor was density of
questing nymphs associated with B. miyamotoi infection status at these locations (P-value =
1.0). As with estimates of infection prevalence per site, it is possible that relationships
between B. miyamotoi and environmental factors could be obscured by the low infection
prevalence in ticks. However, prevalence of B. burgdorferis.s. in these nymphs was
previously shown to vary significantly according to woodland type, and was also positively
associated with density of host-seeking nymphs (Eisen et al. 2010). The results from
Mendocino County align with those recently reported for /. ricinus, whereas in contrast to
the Lyme disease spirochete Borrelia afzelii, B. miyamotoi prevalence in the same sample of
nymphs was not associated with forest type (Ruyts et al. 2017).

Notably, only a single tick tested positive for both B. miyamotoiand B. burgdorferis.s.,
which did not differ significantly (P-value = 0.43) from the number of co-infections
expected based on prevalence of the two species independently. Individual tick infection
status was significantly different statistically across sites, so separate McNemar’s tests
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analyzed the relationship of the two Borrelia species by site. Forty-five of 55 sites tested (23
sites did not have enough information for the test to run) failed to show a statistically
significant relationship, suggesting that any potential interaction occurring between B.
burgdorferis.s. and B. miyamotoiis unlikely to influence infection status in ticks. These
results correspond with a previous report where B. miyamotoiand B. burgdorferis.s.
occurred at frequencies independent of one another in /. scapularis (Barbour et al. 2009).

Such comparisons reiterate important questions previously raised regarding the transmission
cycle of B. miyamotoiand in particular, why prevalence of this spirochete in nymphs is
consistently lower than that of sympatric B. burgdorferis.l. spirochetes, despite sharing
common vectors and exposure to the same potential reservoir hosts. One possibility is that in
contrast to rodents infected with B. burgdorferis.l. group spirochetes, which frequently
exhibit prolonged or chronic periods of infectiousness (Brown and Lane 1992, Richter et al.
2004, Hanincova et al. 2008, Salkeld et al. 2008), a brief duration of active B. miyamotoi
infection in rodents (Taylor et al. 2013, van Duijvendijk et al. 2016) may limit the temporal
window for naive feeding ticks to acquire infection. Perhaps more importantly, the
uniformly low prevalence of B. miyamotoi in ticks across different habitats and in the
various vertebrate host communities they feed on in Mendocino County and elsewhere
(Fukunaga et al. 1995, Bunikis and Barbour 2005, Scott et al. 2010, Hamer et al. 2012,
Taylor et al. 2013, Burri et al. 2014, Szekeres et al. 2015, Wagemakers et al. 2017) suggests
that the local composition of host species may not be a major factor influencing the
prevalence of infection in ticks. It is possible that there may not be strong amplifying
reservoir hosts for B. miyamotoi, and that enzootic transmission involving most, or all hosts
is inefficient. Moreover, acquisition of B. miyamotoi by uninfected ticks feeding on
naturally infected hosts may be inefficient. Instead, transovarial transmission may play a
more significant role than horizontal transmission in the perpetuation of B. miyamotoi. The
lack of genotypic diversity among B. miyamotoi isolates may be further evidence of this.
While it is established that vertebrate hosts drive genotypic diversity of B. burgdorferis.l.
and the geographic distribution of these genotypes (Kurtenbach et al. 2002, Brisson et al.
2004, Vollmer et al. 2011, Rudenko et al. 2014), the relative similarity among B. miyamotoi
isolates suggests that host-mediated selection associated with horizontal transmission is not
occurring at a magnitude equal to that in B. burgdorferis.l. Instead, vertical transmission of
spirochetes from female ticks to their offspring, which holds little or no importance in
natural maintenance of B. burgdorferis.l. (Rollend et al. 2013), but is well-recognized in
relapsing fever Borrelia species associated with soft ticks (Barbour 2005), is likely to be
equally or more important than enzootic transmission to natural maintenance of B.
miyamotoi. Among the studies where definitive confirmation of B. miyamotoi infection by
PCR was available, as many as 73% (Scoles et al. 2001) of the progeny from a single /.
scapularis female, and more than 90% (Richter et al. 2012) of larvae from an unspecified
number of /. ricinus females acquired infection via transovarial transmission. Future
research should define the frequency of transovarial passage at a population level over
several generations, assess the efficiency of this route in comparison to horizontal
transmission, and further explore why B. miyamotoi is surprisingly scarce in nature, despite
its ability to utilize multiple routes of transmission.
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In summary, this study evaluated a large sample of /. pacificus nymphs collected from a
single ecologically diverse Californian county for presence of B. miyamotoi. Our results
support estimates from previous studies conducted at differing spatial scales in the region,
and were presented in contrast to patterns of B. burgdorferis.s. infection among the same
group of ticks. Although B. miyamotoiis broadly distributed throughout Mendocino County
across a variety of woodland types where /. pacificus is present, density of infected nymphs
was consistently low due to low prevalence of infection in host-seeking nymphal ticks.
Prevalence of B. miyamotoi in nymphs was not associated with any of the geographic or
ecologic factors predictive of B. burgdorferis.s. infection prevalence. Much about the
natural history of B. miyamotoi remains to be explored, including the relative contributions
of horizontal, transovarial, and co-feeding transmission to its natural maintenance.

References Cited

Barbour, AG. Relapsing fever. In: Goodman, JL.Dennis, D., Sonenshine, DE., editors. Tick-Borne
diseases of humans. ASM Press; Washington, DC: 2005. p. 268-291.

Barbour AG. Phylogeny of a relapsing fever Borrelia species transmitted by the hard tick /xodes
scapularis. Infect Genet Evol. 2014; 27:551-558. [PubMed: 24813576]

Barbour AG, Bunikis J, Travinsky B, Hoen AG, Diuk-Wasser MA, Fish D, Tsao JI. Niche partitioning
of Borrelia burgdorferi and Borrelia miyamotoi in the same tick vector and mammalian reservoir
species. Am J Trop Med Hyg. 2009; 81:1120-1131. [PubMed: 19996447]

Breuner NE, Dolan MC, Replogle AJ, Sexton C, Hojgaard A, Boegler KA, Clark RJ, Eisen L.
Transmission of Borrelia miyamotoi sensu lato relapsing fever group spirochetes in relation to
duration of attachment by /xodes scapularis nymphs. Ticks Tick Borne Dis. 2017; 8:677-681.
[PubMed: 28501504]

Brown RN, Lane RS. Lyme disease in California: a novel enzootic transmission cycle of Borrelia
burgdorferi. Science. 1992; 256:1439-1442. [PubMed: 1604318]

Brisson D, Dykhuizen DE. ospC diversity in Borrelia burgdorferf. different hosts are different niches.
Genetics. 2004; 168:713-722. [PubMed: 15514047]

Bunikis J, Barbour AG. Third Borrelia species in white-footed mice. Emerg Infect Dis. 2005; 11:1150—
1151. [PubMed: 16032795]

Burri C, Schumann O, Schumann C, Gern L. Are Apodemus spp. mice and Myodes glareolus
reservoirs for Borrelia miyamotoi, Candidatus Neoehrlichia mikurensis, Rickettsia helvetica, R.
monacensis and Anaplasma phagocytophilum? Ticks Tick Borne Dis. 2014; 5:245-251. [PubMed:
24582511]

Chowdri HR, Gugliotta JL, Berardi VP, Goethert HK, Molloy PJ, Sterling SL, Telford SR. Borrelia
miyamotoi infection presenting as human granulocytic anaplasmosis: a case report. Ann Intern Med.
2013; 159:21-27. [PubMed: 23817701]

Cook VJ, Fedorova N, Macdonald WP, Lane RS, Barbour AG. Unique strain of Borrelia miyamotoi in
Ixodes pacificus ticks, California, USA. Emerg Infect Dis. 2016; 22:2205-2207. [PubMed:
27479523]

Crowder CD, Carolan HE, Rounds MA, Honig V, Mothes B, Haag H, Nolte O, Luft BJ, Grubhoffer L,
Ecker DJ, et al. Prevalence of Borrelia miyamotofin Ixodesticks in Europe and the United States.
Emerg Infect Dis. 2014; 20:1678-1682. [PubMed: 25280366]

Eisen RJ, Eisen L, Lane RS. Predicting density of /xodes pacificus nymphs in dense woodlands in
Mendocino County, California, based on geographic information systems and remote sensing
versus field-derived data. Am J Trop Med Hyg. 2006; 74:632—640. [PubMed: 16606998]

Eisen RJ, Eisen L, Girard YA, Fedorova N, Mun J, Slikas B, Leonhard S, Kitron U, Lane RS. A
spatially-explicit model of acarological risk of exposure to Borrelia burgdorferi-infected /xodes
pacificus nymphs in northwestern California based on woodland type, temperature, and water
vapor. Ticks Tick Borne Dis. 2010; 1:35-43. [PubMed: 20532183]

J Med Entomol. Author manuscript; available in PMC 2018 November 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lynnetal.

Page 8

Eisen RJ, Kugeler KJ, Eisen L, Beard CB, Paddock CD. Tick-borne zoonoses in the United States:
persistent and emerging threats to human health. ILAR J. 2017:1-17. [PubMed: 28586416]

Firth D. Bias reduction of maximum likelihood estimates. Biometrika. 1993; 80:27-38.

Fukunaga M, Takahashi Y, Tsuruta Y, Matsushita O, Ralph D, McClelland M, Nakao M. Genetic and
phenotypic analysis of Borrelia miyamotoi sp. nov., isolated from the ixodid tick /xodes
persulcatus, the vector for Lyme disease in Japan. Int J Syst Bacteriol. 1995; 45:804-810.
[PubMed: 7547303]

Geller J, Nazarova L, Katargina O, Jarvekilg L, Fomenko N, Golovljova I. Detection and genetic
characterization of relapsing fever spirochete Borrelia miyamotoi in Estonian ticks. Plos One.
2012; 7:¢51914. [PubMed: 23251652]

Girard YA, Travinsky B, Schotthoefer A, Fedorova N, Eisen RJ, Eisen L, Barbour AG, Lane RS.
Population structure of the lyme borreliosis spirochete Borrelia burgdorferiin the western black-
legged tick (/xodes pacificus) in Northern California. Appl Environ Microbiol. 2009; 75:7243—
7252. [PubMed: 19783741]

Graham CB, Pilgard MA, Maes SE, Hojgaard A, Eisen RJ. Paired real-time PCR assays for detection
of Borrelia miyamotoi in North American /xodes scapularis and Ixodes pacificus (Acari:
Ixodidae). Ticks Tick Borne Dis. 2016; 7:1230-1235. [PubMed: 27475875]

Hamer SA, Hickling GJ, Keith R, Sidge JL, Walker ED, Tsao JI. Associations of passerine birds,
rabbits, and ticks with Borrelia miyamotoi and Borrelia andersonii in Michigan, U.S.A. Parasit
Vectors. 2012; 5:231. [PubMed: 23057837]

Hanincova K, Ogden NH, Diuk-Wasser M, Pappas CJ, lyer R, Fish D, Schwartz I, Kurtenbach K.
Fitness variation of Borrelia burgdorferisensu stricto strains in mice. Appl Environ Microbiol.
2008; 74:153-157. [PubMed: 17981941]

Hovius JW, de Wever B, Sohne M, Brouwer MC, Coumou J, Wagemakers A, Oei A, Knol H,
Narasimhan S, Hodiamont CJ, et al. A case of meningoencephalitis by the relapsing fever
spirochaete Borrelia miyamotoi in Europe. Lancet. 2013; 382:658. [PubMed: 23953389]

Kingry LC, Replogle A, Batra D, Rowe LA, Sexton C, Dolan M, Connally N, Petersen JM, Schriefer
ME. Toward a complete North American Borrelia miyamotoi genome. Genome Announc. 2017;
5:€00960-17. [PubMed: 28912318]

Krause PJ, Fish D, Narasimhan S, Barbour AG. Borrelia miyamotoi infection in nature and in humans.
Clin Microbiol Infect. 2015; 21:631-639. [PubMed: 25700888]

Kurtenbach K, De Michelis S, Sewell HS, Etti S, Schafer SM, Holmes E, Hails R, Collares-Pereira M,
Santos-Reis M, Hanincova K, Labuda M, Bormane A, Donaghy M. The key roles of selection and
migration in the ecology of Lyme borreliosis. Int J Med Microbiol. 2002; 291:152-154. [PubMed:
12141740]

Margos G, Vollmer SA, Ogden NH, Fish D. Population genetics, taxonomy, phylogeny and evolution
of Borrelia burgdorferi sensu lato. Infect Genet Evol. 2011; 11:1545-1563. [PubMed: 21843658]

Mechai S, Margos G, Feil EJ, Lindsay LR, Ogden NH. Complex population structure of Borrelia
burgdorferiin southeastern and south central Canada as revealed by phylogeographic analysis.
Appl Environ Microbiol. 2015; 81:1309-1318. [PubMed: 25501480]

Merten HA, Durden LA. A state-by-state survey of ticks recorded from humans in the United States. J
Vector Ecol. 2000; 25:102-113. [PubMed: 10925803]

Molloy PJ, Telford SR 3rd, Chowdri HR, Lepore TJ, Gugliotta JL, Weeks KE, Hewins ME, Goethert
HK, Berardi VVP. Borrelia miyamotoi disease in the Northeastern United States: a case series. Ann
Intern Med. 2015; 163:91-98. [PubMed: 26053877]

Mukhacheva TA 1, Salikhova I, Kovalev SY. Multilocus spacer analysis revealed highly homogeneous
genetic background of Asian type of Borrelia miyamotoi. Infect Genet Evol. 2015; 31:257-262.
[PubMed: 25697887]

Mun J, Eisen RJ, Eisen L, Lane RS. Detection of a Borrelia miyamotoi sensu lato relapsing-fever
group spirochete from /xodes pacificus in California. J Med Entomol. 2006; 43:120-123.
[PubMed: 16506458]

Newcombe, RG. Confidence intervals for proportions and related measures of effect size. CRC Press;
Boca Raton, FL: 2012.

J Med Entomol. Author manuscript; available in PMC 2018 November 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lynnetal.

Page 9

Padgett K, Bonilla D, Kjemtrup A, Vilcins IM, Yoshimizu MH, Hui L, Sola M, Quintana M, Kramer
V. Large scale spatial risk and comparative prevalence of Borrelia miyamotoiand Borrelia
burgdorferisensu lato in /xodes pacificus. Plos One. 2014; 9:e110853. [PubMed: 25333277]

Platonov AE, Karan LS, Kolyasnikova NM, Makhneva NA, Toporkova MG, Maleev VYV, Fish D,
Krause PJ. Humans infected with relapsing fever spirochete Borrelia miyamotoi, Russia. Emerg
Infect Dis. 2011; 17:1816-1823. [PubMed: 22000350]

R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical
Computing; Vienna, Austria: 2017. https://www.Rproject.org/

Rar V, Livanova N, Tkachev S, Kaverina G, Tikunov A, Sabitova Y, Igolkina Y, Panov V, Livanov S,
Fomenko N, et al. Detection and genetic characterization of a wide range of infectious agents in
Ixodes paviovskyiticks in Western Siberia, Russia. Parasit Vectors. 2017; 10:258. [PubMed:
28545549]

Richter D, Schlee DB, Matuschka FR. Relationships of a novel Lyme disease spirochete, Borrelia
spielmani sp. nov., with its hosts in central Europe. Appl Environ Microbiol. 2004; 70:6414-6419.
[PubMed: 15528500]

Richter D, Debski A, Hubalek Z, Matuschka FR. Absence of Lyme disease spirochetes in larval /xodes
ricinus ticks. Vector-Borne Zoonotic Dis. 2012; 12:21-27. [PubMed: 21923267]

Rollend L, Fish D, Childs JE. Transovarial transmission of Borrelia spirochetes by /xodes scapularis. a
summary of the literature and recent observations. Ticks Tick-Borne Dis. 2013; 4:46-51.
[PubMed: 23238242]

Rudenko N, Golovchenko M, Belfiore NM, Grubhoffer L, Oliver JH Jr. Divergence of Borrelia
burgdorferi sensu lato spirochetes could be driven by the host: diversity of Borrelia strains isolated
from ticks feeding on a single bird. Parasites and Vectors. 2014:7. [PubMed: 24387674]

Ruyts SC, Tack W, Ampoorter E, Coipan EC, Matthysen E, Heylen D, Sprong H, Verheyen K. Year-to-
year variation in the density of /xodes ricinusticks and the prevalence of the rodent-associated
human pathogens Borrelia afzeliiand B. miyamotoi in different forest types. Ticks Tick-Borne
Dis. 2017

Salkeld DJ, Leonhard S, Girard YA, Hahn N, Mun J, Padgett KA, Lane RS. Identifying the reservoir
hosts of the Lyme disease spirochete Borrelia burgdorferiin California: the role of the western
gray squirrel (Sciurus griseus). Am J Trop Med Hyg. 2008; 79:535-540. [PubMed: 18840740]

Sato K, Takano A, Konnai S, Nakao M, Ito T, Koyama K, Kaneko M, Ohnishi M, Kawabata H. Human
infections with Borrelia miyamotoi, Japan. Emerg Infect Dis. 2014; 20:1391-1393. [PubMed:
25061761]

Scoles GA, Papero M, Beati L, Fish D. A relapsing fever group spirochete transmitted by /xodes
scapularis ticks. Vector Borne Zoonotic Dis. 2001; 1:21-34. [PubMed: 12653133]

Scott MC, Rosen ME, Hamer SA, Baker E, Edwards H, Crowder C, Tsao JI, Hickling GJ. High-
prevalence Borrelia miyamotoi infection among [corrected] wild turkeys (Meleagris gallopavo) in
Tennessee. J Med Entomol. 2010; 47:1238-1242. [PubMed: 21175079]

Sinski E, Welc-Faleciak R, Zajkowska J. Borrelia miyamotoi. a human tick-borne relapsing fever
spirochete in Europe and its potential impact on public health. Adv Med Sci. 2016; 61:255-260.
[PubMed: 27100337]

Szekeres S, Coipan EC, Rigd K, Majoros G, Jahfari S, Sprong H, Féldvari G. Eco-epidemiology of
Borrelia miyamotoi and Lyme borreliosis spirochetes in a popular hunting and recreational forest
area in Hungary. Parasit Vectors. 2015; 8:309. [PubMed: 26048373]

Takano A, Toyomane K, Konnai S, Ohashi K, Nakao M, Ito T, Andoh M, Maeda K, Watarai M, Sato
K, et al. Tick surveillance for relapsing fever spirochete Borrelia miyamotoi in Hokkaido, Japan.
Plos One. 2014; 9:2104532. [PubMed: 25111141]

Taylor KR, Takano A, Konnai S, Shimozuru M, Kawabata H, Tsubota T. Borrelia miyamotoi
infections among wild rodents show age and month independence and correlation with /xodes
persulcatus larval attachment in Hokkaido, Japan. Vector Borne Zoonotic Dis. 2013; 13:92-97.
[PubMed: 23210636]

van Duijvendijk G, Coipan C, Wagemakers A, Fonville M, Erstz J, Oei A, Féldvari G, Hovius J,
Takken W, Sprong H. Larvae of /xodes ricinus transmit Borrelia afzeliiand B. miyamotoi to
vertebrate hosts. Parasit Vectors. 2016; 9:97. [PubMed: 26896940]

J Med Entomol. Author manuscript; available in PMC 2018 November 04.


https://www.Rproject.org/

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Lynnetal.

Page 10

\Vollmer SA, Bormane A, Dinnis RE, Seelig F, Dobson AD, Aanensen DM, James MC, Donaghy M,
Randolph SE, Feil EJ, et al. Host migration impacts on the phylogeography of Lyme Borreliosis
spirochaete species in Europe. Environ Microbiol. 2011; 13:184-192. [PubMed: 20722696]

Wagemakers A, Staarink PJ, Sprong H, Hovius JW. Borrelia miyamotor. a widespread tick-borne
relapsing fever spirochete. Trends Parasitol. 2015; 31:260-269. [PubMed: 25892254]

Wagemakers A, Jahfari S, de Wever B, Spanjaard L, Starink MV, de Vries HIC, Sprong H, Hovius JW.
Borrelia miyamotoi in vectors and hosts in The Netherlands. Ticks Tick Borne Dis. 2017; 8:370-
374. [PubMed: 28065617]

Zhao YD, Rahardja D, Wang DH, Shen H. Testing homogeneity of stratum effects in stratified paired
binary data. J Biopharm Stat. 2014; 24:600-607. [PubMed: 24697196]

J Med Entomol. Author manuscript; available in PMC 2018 November 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Lynnetal.

o}
©)

O

Fig. 1.

Infection prevalence estimates for Borrelia miyamotoiin Ixodes pacificus nymphs in

Mendocino County, CA.
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