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Abstract

Borrelia miyamotoi is a relapsing fever spirochete carried by Ixodes spp. ticks throughout the 

northern hemisphere. The pathogen is acquired either transovarially (vertically) or horizontally 

through blood-feeding and passed transtadially across life stages. Despite these complementary 

modes of transmission, infection prevalence of ticks with B. miyamotoi is typically low (<5%) in 

natural settings and the relative contributions of the two transmission modes have not been studied 

extensively. Horizontal transmission of B. miyamotoi (strain CT13–2396 or wild type strain) was 

initiated using infected Ixodes scapularis larvae or nymphs to expose rodents, which included 

both the immunocompetent CD-1 laboratory mouse (Mus musculus) and a natural reservoir 

host, the white-footed mouse (Peromyscus. leucopus), to simulate natural enzootic transmission. 

Transovarial transmission was evaluated using I. scapularis exposed to B. miyamotoi as either 

larvae or nymphs feeding on immunocompromised SCID mice (M. musculus) and subsequently 

fed as females on New Zealand white rabbits. Larvae from infected females were qPCR-tested 

individually to assess transovarial transmission rates. Tissue tropism of B. miyamotoi in infected 

ticks was demonstrated using in situ hybridization. Between 1 and 12% of ticks were positive 

(post-molt) for B. miyamotoi after feeding on groups of CD-1 mice or P. leucopus with evidence 

of infection, indicating that horizontal transmission was inefficient, regardless of whether infected 

larvae or nymphs were used to challenge the mice. Transovarial transmission occurred in 7 of 
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10 egg clutches from infected females. Filial infection prevalence in larvae ranged from 3 to 

100% (median 71%). Both larval infection prevalence and spirochete load were highly correlated 

with maternal spirochete load. Spirochetes were disseminated throughout the tissues of all three 

stages of unfed ticks, including the salivary glands and female ovarian tissue. The results indicate 

that while multiple transmission routes contribute to enzootic maintenance of B. miyamotoi, 
transovarial transmission is likely to be the primary source of infected ticks and therefore risk 

assessment and tick control strategies should target adult female ticks.
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1. Introduction

Borrelia miyamotoi is a relapsing fever group spirochete carried by Ixodes ticks in Holarctic 

regions (Fukunaga et al., 1995; Scoles et al., 2001; Richter et al., 2003; Krause et al., 2015). 

Human cases of B. miyamotoi disease (BMD) have been reported from Asia, Europe, and 

North America (Platonov et al., 2011; Hovius et al., 2013; Krause et al., 2013), though 

the extent of morbidity is unclear (Krause et al., 2014; Molloy et al., 2015; Sinski et al., 

2016; Jobe et al., 2016; Krause et al., 2018). In the United States, Ixodes scapularis (the 

blacklegged tick) and Ixodes pacificus (the western blacklegged tick) are naturally infected 

vectors of B. miyamotoi (Scoles et al., 2001; Tsao et al., 2004; Mun et al., 2006; Kingry et 

al., 2017a; Johnson et al., 2018).

Strategies aimed at preventing human exposure to zoonotic disease agents such as B. 
miyamotoi benefit from an understanding of fundamental biological relationships at the 

pathogen-vector-host interface, which can identify crucial points for disruption of enzootic 

transmission cycles. Similar to the Lyme disease spirochete Borrelia burgdorferi sensu 

stricto (s.s.), the most common tick-borne disease agent in North America, B. miyamotoi 
can be transmitted horizontally, from infected ticks to vertebrate hosts and then back from 

infectious hosts to new ticks (Scoles et al., 2001; van Duijvendjik et al., 2016). Unlike B. 
burgdorferi s. s., B. miyamotoi is also transmitted transovarially (vertically) from infected 

female Ixodes ticks, including I. scapularis and the closely related Ixodes ricinus (the 

castor bean tick) in Europe (Scoles et al., 2001; Richter et al., 2012; Rollend et al., 

2013) to their offspring. This mode of transmission may present a more effective means 

of perpetuating the spirochetes in nature compared with horizontal transmission (Lynn et 

al., 2018). Despite having the apparent advantage of multiple transmission routes, in natural 

settings the prevalence of B. miyamotoi is often 10-fold (or more) lower in nymphal and 

adult I. scapularis ticks compared with B. burgdorferi s.s. (Tsao et al., 2004; Barbour et al., 

2009; Krause et al., 2015; Nelder et al., 2016; Johnson et al., 2018). Borrelia miyamotoi 
has been detected in wild rodents, which are among the many vertebrate hosts for immature 

stages of I. scapularis (Bunikis and Barbour, 2005; Barbour et al., 2009; Salkeld et al., 

2018). However, the transmission dynamics of this organism have not been investigated 

in depth since it was recently recognized as a human pathogen, and reservoir competence 
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has only been confirmed for the white-footed mouse (Peromyscus. leucopus) (Scoles et al., 

2001). Accordingly, the question remains as to how effectively B. miyamotoi is maintained 

via horizontal transmission relative to transovarial transmission.

Only a few previous studies have investigated the efficiency of transmission of B. miyamotoi 
from infected ticks to naïve hosts and/or from infectious hosts to feeding ticks (Scoles et 

al., 2001; van Duijvendjik et al., 2016; Breuner et al., 2017; Breuner et al., 2018). Similarly, 

there exist only a few reports where PCR was used to determine B. miyamotoi infection 

rates in transovarially-infected larval clutches, comprising a total of 15 I. scapularis clutches 

(Scoles et al., 2001; Breuner et al., 2018; Han et al., 2019) and a single I. ricinus clutch 

(Richter et al., 2012). To compare transovarial and horizontal transmission routes, we used a 

combination of I. scapularis ticks infected experimentally by feeding on infected mice in the 

laboratory and I. scapularis with transovarially acquired infections, descended from naturally 

infected field-collected females. Horizontal transmission was initiated using infected larvae 

as well as infected nymphs to expose rodents, which included both immunocompetent 

laboratory mice (Mus musculus), and P. leucopus to simulate a natural route of enzootic 

transmission. P. leucopus were included as hosts in this study because this species (i) is 

ubiquitous in the eastern and north central United States (Kays and Wilson, 2009), where 

(ii) it is an important host for I. scapularis immatures (Spielman et al., 1984; Piesman 

and Schwan 2010), (iii) has been found naturally infected with B. miyamotoi (Bunikis and 

Barbour, 2005; Barbour et al., 2009), and (iv) is considered a natural reservoir for other 

horizontally maintained I. scapularis-borne human pathogens, including B. burgdorferi s.s., 

Anaplasma phagocytophilum, Ehrlichia muris eauclairensis, and Babesia microti (Donahue 

et al., 1987; Spielman et al., 1994; Scoles et al., 2001; Tsao et al., 2004; Barbour et al., 

2009; Castillo et al., 2015; Lynn et al., 2017; Eisen et al., 2017).

Our primary objectives were to provide an expansive experimental assessment of 

the efficiencies of horizontal and transovarial transmission of B. miyamotoi, and to 

comprehensively illustrate the distribution of spirochetes among different tissue types in 

larval, nymphal and female I. scapularis ticks.

2. Materials and methods

2.1. Regulatory compliance

All animal procedures were approved by the Centers for Disease Control and Prevention, 

Division of Vector-Borne Diseases Animal Care and Use Committee, in compliance with 

the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health 

(National Research Council Committee for the Update of the Guide for the and Use of 

Laboratory 2011).

2.2. Horizontal B. miyamotoi transmission with laboratory mouse hosts challenged by 
horizontally infected ticks

The infection chain was started with I. scapularis nymphs from the Oklahoma State 

University Tick Rearing Facility (Stillwater, OK, USA) that acquired B. miyamotoi (CT13–

2396) infection as larvae by feeding on infectious immunocompromised SCID mice (M. 
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musculus) (Charles River Laboratories, Wilmington, MA, USA), as previously described 

by Lynn et al. (2019). The infection prevalence in the challenge nymphs (ticks fed with 

the intention of exposing naïve hosts to infection) was expected to be 20–25%, based 

on previous testing of subsets of more than 200 nymphs of the same cohort exposed to 

infectious mice (Lynn et al., 2019).

Nymphal ticks that were exposed as larvae to infectious mice were placed freely on three 

groups of five CD-1 mice (Charles River Laboratories), where Groups 1 and 2 (G1 and 

G2) received 15 nymphs per mouse and Group 3 (G3) received 25 nymphs per mouse 

(Fig. 1A). The first two groups of mice were limited to 15 nymphs based on the allowed 

volume of blood that could be extracted from hosts while also allowing for blood loss during 

subsequent but overlapping larval feeding. Engorged nymphs were collected after detaching 

and the number recovered was recorded for each mouse. Each of the mice from the three 

groups was then exposed to 50 freely placed uninfected larval (xenodiagnostic) ticks sourced 

from the OSU Tick Rearing Facility. The larvae were placed on the mice at different 

time points after the potentially infectious nymphs were introduced: 2 d later for G1, 4 d 

later for G2 and 10 d later for G3. While it is unknown how long after exposure to B. 
miyamotoi mice are most infectious for ticks, these time points were chosen on the criteria 

that transmission of B. miyamotoi from ticks to mice can occur as soon as 24 h after tick 

attachment, and spirochetemia is detectable in needle-inoculated immunocompetent mice for 

up to two weeks (Breuner et al., 2017; Lynn et al., 2019). In this study, challenge nymphs 

and xenodiagnostic larvae temporally overlapped in their feeding periods for up to 3 d for 

G1 mice and for up to 1 d for G2 mice, whereas the nymphal and larval feeding periods were 

temporally separate for G3 mice. Larval ticks were allowed to feed to repletion, and then 

were collected after detaching from mice and housed within glass desiccators at 95% relative 

humidity, in a growth chamber maintained at 21 to 23 °C with a 16:8 h light:dark cycle. 

PCR-based detection and quantification of B. miyamotoi spirochetes in molted nymphs 

resulting from the xenodiagnostic larvae followed methodology described below. Since 

exposure to at least 15 ticks infected at 20–25% infection prevalence was expected to result 

in the exposure of all mice to spirochetes, engorged nymphs were collected and collectively 

housed for molting and subsequent use as breeding adults, with the result that infection 

status for the nymphs was not determined.

G1 and G2 mice were euthanized 8 d after initiation of nymphal challenge and blood and 

tissue samples (heart and spleen) were collected. The methods for PCR-based detection 

and quantification of B. miyamotoi spirochetes from mouse blood and tissue samples are 

described in Section 2.5. Because xenodiagnostic infections were confirmed for all mice in 

G3, tissues were not PCR-tested for this group.

2.3. Horizontal B. miyamotoi transmission with natural mouse hosts challenged by 
transovarially-infected ticks

We exposed P. leucopus mice (8–10 wk old females from the Peromyscus Genetic Stock 

Center at the University of South Carolina; Columbia, SC, USA) to B. miyamotoi through 

tick feeding using transovarially-infected I. scapularis (Fig. 1B). Ticks used for challenge 

were either second generation nymphs (88% infection prevalence) originating from a female 
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collected in Minnesota (Breuner et al., 2018), or first generation transovarially-infected I. 
scapularis larvae (100% infection prevalence) derived from a female infected with CT13–

2396 as a larva on a SCID mouse (Lynn et al., 2019). Eight mice were challenged with 

2 ticks each (4 mice with 2 larvae each and 4 mice with 2 nymphs each); to ensure 

recovery of fed ticks, these few ticks were placed within feeding capsules attached to the 

shaved backs of the mice (Mbow et al., 1994; Breuner et al., 2017). An additional 10 

mice received larger numbers of freely placed ticks: 5 mice were challenged with 6 larvae 

each and 5 mice with 6–7 nymphs each. A single CD-1 mouse was challenged with 25 

nymphs as a positive process control from which 15 engorged nymphs were recovered (data 

not shown). Challenge ticks were collected after detaching from mice and were housed 

during molting as described in Section 2.2. Each mouse was then exposed three times 

(weekly) over a 3-wk period to 100 freely placed uninfected xenodiagnostic larvae (Medical 

Entomology Laboratory at the Centers for Disease Control and Prevention; Atlanta, GA, 

USA). Specifically, larvae were introduced at 7, 14 and 21 days after challenge ticks were 

placed on the mice. Larvae completed feeding in 5 or fewer days so that no temporal overlap 

occurred between cohorts of xenodiagnostic larvae. Engorged larvae were collected and 

housed after detaching, and then tested for B. miyamotoi infection within 6 wk after molting 

into nymphs.

2.4. Transovarial transmission

Mated female I. scapularis exposed to B. miyamotoi as either larvae or nymphs feeding 

on SCID mice (Lynn et al., 2019) were fed on New Zealand white rabbits (Charles River 

Laboratories). Replete females were housed in vented polystyrene vials incubated at 21–23 

°C (Section 2.2) until oviposition was completed. qPCR-based detection and quantification 

of B. miyamotoi spirochetes in spent females is described in Section 2.5. Larvae from 

infected females were tested individually, and 15 to 25 larvae from 34 negative females were 

tested either individually or in pools of up to 25.

2.5. DNA extraction/qPCR detection of B. miyamotoi

DNA was extracted from mouse blood and unfed ticks as previously described in Lynn 

et al. (2019). For mouse tissues, between 10 and 20 mg of tissue was removed using a 

sterile scalpel and placed in a 2 mL microcentrifuge tube with 950 μL lysis buffer (810 μL 

ATL buffer, 90 μL Proteinase K, 50 μL DX reagent, Qiagen, Valencia, CA, USA). DNA 

was extracted from 50 μl blood per mouse. Spent female ticks were placed in 2 mL tubes 

with beads (2.0 mm Very High Density Yttria stabilized zirconium oxide beads, GlenMills, 

Clifton, NJ, USA) and 1000 μL lysis buffer. A Mini-Beadbeater-96 (BioSpec Products, 

Bartlesville, OK, USA) was used for evisceration, followed by incubation for 10 min at 56 

°C to lyse cells. Tissue triturate from each mouse or spent females was split into three equal 

parts. For several spent females, failure of tick actin to amplify indicated that qPCR was 

inhibited by excessive extra-nucleic contaminants such as hemoglobin carried through the 

extraction process, requiring a second DNA purification using Qiagen DNA Easy extraction 

kit and columns. Cleaned DNA was re-eluted in the same volume as it had existed prior 

to the second purification and successfully amplified, with resulting quantitation cycle (Cq) 

values within the normal range observed for specimens that amplified on the first attempt. 

qPCR on tick samples was performed using a duplex assay targeting the B. miyamotoi 
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adenylosuccinate lyase (purB) gene (forward primer - TCC TCA ATG AAA GCT TTA, 

reverse primer - GGA TCA ACT GTC TCT TTA ATA AAG, probe – CalRd610-TCG ACT 

TGC AAT GAT GCA AAA CCT-BHQ2) (Graham et al., 2016) and the I. scapularis actin 

gene (forward primer - GCC CTG GAC TCC GAG CAG, reverse primer - CCG TCG GGA 

AGC TCG TAG G, probe – Quas705-CCA CCG CCT CTT CC-BHQ3) (Hojgaard et al., 

2014). To estimate whole tick spirochete load, a standard curve using a recombinant plasmid 

containing the purB sequence was used to convert quantitation cycle (Cq values) into gene 

copy numbers, as described in Lynn et al. (2019). This result was divided by the fraction 

of eluted DNA included in the qPCR reaction. For mouse blood and tissues, the actin 

primers and probe were exchanged with primer/probes targeting rodent GAPDH (Applied 

Biosystems® Taq-Man® Rodent GAPDH ControlReagents kit; ThermoFisher Scientific, 

Houston, TX, USA). Reactions were performed as described in Lynn et al. (2018) and 

real-time cycling conditions followed a previously described protocol (Graham et al., 2016). 

qPCR samples were analyzed using CFX Manager 3.1 software (Bio-Rad Laboratories, 

Hercules, CA, USA) with Cq determination set to regression.

2.6. In situ hybridization/imaging

To demonstrate the efficacy of our probe, CT13–2396 was cultured as previously described 

(Lynn et al., 2019; Replogle et al., 2021), centrifuged at low speed for 5 min and re-

suspended in a small volume of PBS. The spirochete suspension was mixed into liquid 2% 

agarose gel, allowed to solidify, and fixed for 24 h in 10% neutral buffered formalin solution 

(ThermoFisher Scientific). Ticks used for in situ hybridization were unfed and included 

larvae, nymphs, females and males that had acquired infection transovarially. Ticks were 

surface rinsed in Milli-Q water (Millipore Co. Billerica, MA, USA), dried on Whatman 

filter paper and fixed in formalin for 96 h. Following fixation, ticks were positioned in 2% 

agarose gel. Blocks of gel were paraffin embedded and sectioned at 5 μm thickness onto 

Leica bond plus slides (Leica Biosystems Inc., Buffalo Grove, IL, USA) at the Colorado 

State University Veterinary Diagnostic Laboratory (Fort Collins, CO, USA).

Slides were baked at 60 °C for 60 min prior to paraffin removal using HistoClear (National 

Diagnostics, Atlanta, GA, USA). In situ hybridization (ISH) was performed using the 

ViewRNA ISH Tissue 1-Plex Assay for RNA (Invitrogen, ThermoFisher) according to 

manufacturer’s instructions. Gill’s Hemotoxylin (Electron Microscopy Sciences, Hatfield, 

PA, USA) was used to stain cell nuclei, and Diamond Prolong with DAPI (Thermofisher 

Scientific) was used to mount coverslips. A custom ViewRNA DNA probe set (Cat # VF1–

6,000,540) specific for CT13–2396 (GenBank accession #CP017126, Kingry et al., 2017b) 

was hybridized to spirochete RNA. The probe contained a set of 20 oligonucleotide pairs 

targeting the 16S rRNA. Sequence was specifically selected to prevent hybridization with 

the I. scapularis endosymbiont Rickettsia buchneri (accession # JFKF01000080; locus tag 

REISMN_04040) (Kurtti et al., 2015). Probes were hybridized with a label probe that used 

Fast Red (2-amino-5-chlorotoluenehydrochloride tablets dissolved in napthol) to provide red 

labeling. The ISH assay was previously used successfully on whole sectioned ticks with 

an Ehrlichia-specific probe and validated with transmission electron microscopy (Lynn et 

al., 2015). An Olympus BX53X microscope with a DP73 camera was used for imaging 

histological specimens and Adobe Photoshop Elements software was used to edit images. 
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References used for anatomical identification of tick tissues included Sonenshine (1991), 

Balashov (1972), and Roshdy (1969).

3. Results

3.1. Horizontal B. miyamotoi transmission with laboratory mouse (CD-1) hosts 
challenged by horizontally infected ticks

For the five G1 mice, where xenodiagnostic larvae were placed on mice two d after the 

start of challenge with potentially infected nymphs, there was no evidence of B. miyamotoi 
acquisition by any of the 64 molted xenodiagnostic nymphs (Table 1). Infection was detected 

in heart and spleen tissue from one of the mice, but none of 11 unfed nymphs from larval 

xenodiagnosis of this mouse were PCR-positive. The exposure status for the other four 

mice, from which a total of 18 engorged nymphs were recovered, could not be determined 

definitively because of both the transient nature of B. miyamotoi in immunocompetent hosts 

(Lynn et al., 2019), and because the replete ticks used for challenge were reserved for use as 

adults in reproduction rather than PCR tested.

Of the five G2 mice, where xenodiagnostic larvae were placed on mice four d after 

the potentially infected nymphs were introduced, four had evidence of infection with B. 
miyamotoi either via mouse blood or tissue samples or xenodiagnostic ticks. Of three mice 

with evidence of infection in mouse blood or tissue samples, two failed to produce infected 

molted xenodiagnostic nymphs, whereas the infection prevalence in xenodiagnostic nymphs 

from the third mouse was 6.1% (Table 1). A fourth mouse without evidence of infection in 

mouse blood or tissue samples produced one infected molted xenodiagnostic nymph (5.3% 

infection prevalence). In total, three of 98 (3.1%) G2 molted nymphs from the four mice 

with confirmed exposure acquired

B. miyamotoi.—Xenodiagnostic larvae were placed on G3 mice ten d after the potentially 

infected nymphs were introduced, and all five mice yielded at least one infected molted 

xenodiagnostic nymph. The infection prevalence in xenodiagnostic nymphs (fed as larvae) 

ranged from 6.3 to 16.7% across individual mice, with an overall infection prevalence 

of 11.8%, which was significantly higher than for ticks from G2 mice with confirmed 

infections (χ2 = 5.4; d.f. = 1; P = 0.022).

3.2. Horizontal B. miyamotoi transmission with natural mouse hosts (P. leucopus) 
challenged by transovarially-infected ticks

Because none of the larvae used to challenge two of the mice (2 and 9, see Table 2) 

were recovered at the conclusion of the first challenge, these mice were re-exposed to 10 

additional larvae originating from the same cohort used for challenge, which delayed the 

first xenodiagnostic infestations by one week. Two PCR-positive ticks were recovered from 

the second challenge of mouse 2, however no xenodiagnostic nymphs from this mouse 

were positive. Conversely, larvae used for challenge were not recovered from mouse 9 

after the second challenge, yet a single nymph from the 3rd week xenodiagnostic feeding 

tested positive. No differences in success of transmission of B. miyamotoi were apparent 

for ticks fed within capsules versus freely on the mice, and therefore xenodiagnostic 

Lynn et al. Page 7

Ticks Tick Borne Dis. Author manuscript; available in PMC 2024 February 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



results for mice were grouped according to the tick life stage used for challenge (Table 

2). Replete challenge ticks that tested positive for B. miyamotoi were collected from 15 of 

18 P leucopus mice. This included 8 mice exposed to infected larvae (range: 1–6 larvae 

per mouse) and seven mice exposed to infected nymphs (range: 1–4 nymphs per mouse). 

A xenodiagnostic nymph was also produced from a mouse lacking confirmed exposure 

due to a failure to recover larvae used from this individual. Infection prevalence for all 

xenodiagnostic nymphs resulting from mice challenged with PCR-confirmed infected ticks 

(larvae or nymphs) was 1.0% (8/762). A total of eight nymphs out of 213 (3.8%) acquired 

infection via larval feed from the 5 mice with xenodiagnostically confirmed infections. 

These included 5/175 (2.9%) nymphs from four of the nine mice challenged with larvae. 

Only one of seven mice fed on by infected nymphs supported horizontal transmission to 

naïve ticks, yet this mouse yielded at least one xenodiagnostic tick in each of the three 

weeks after challenge, totaling 3/38 (7.9%). Eight of 114 (7.0%) ticks acquired infection 

when at least one positive xenodiagnostic tick was recovered from the same mouse during 

that specific week. Because none of the infected larvae used to challenge mouse 38 were 

recovered after the initial challenge, a second challenge was performed with ten larvae, none 

of which were recovered. Nevertheless, successful challenge was confirmed via positive 

xenodiagnosis, although because host exposure could have occurred during either of the two 

infestations, larval acquisition of spirochetes may have occurred at either three weeks or four 

weeks after challenge.

3.3. Transovarial transmission

All pools and individual larval offspring from 34 females PCR-negative for B. miyamotoi 
also tested negative (data not shown). Of the 10 females that tested positive for B. 
miyamotoi and successfully ovi-posited, seven females produced infected larvae (Table 3). 

These females included both those infected as larvae (IsF13, IsF6, and IsFB), and as nymphs 

(IsF2, IsF3, IsF9, IsF27, and IsF29). Filial infection rate in larval batches ranged from 3.3 to 

100%, and the median rate was 71%. Low filial infection rates (3–4%) and larval spirochete 

loads were associated with low maternal purB copies (<7 × 102) in the females (r2 = 0.86, 

0.74), indicating a strong relationship between maternal load and transovarial transmission 

(Fig. 2A and B). Maternal spirochete load was estimated to be less than 3 × 103 copies in 

5 positive females, each of which produced a clutch with an infection prevalence estimated 

between 0 and 4%. Three of these females did not fully engorge, and produced relatively 

small clutches (20–100 larvae), which suggests that inadequate feeding may have limited 

spirochete growth and potentially, transovarial transmission.

3.4. Tick histology

Non-specific binding was not observed in the whole sectioned uninfected ticks (Fig. 3A) that 

were assayed, while cultured CT13–2396 B miyamotoi spirochetes suspended in agarose 

and labeled with the 16S rDNA probe were readily identified by microscopy (Fig. 3B). 

Spirochete RNA was apparent and well-disseminated in sectioned whole larval, nymphal, 

and adult female and male ticks (Figs. 4–8). Infection was apparent in a variety of tissues 

including the acini and ducts of salivary glands (Fig. 4A and B), basal lamina of midgut 

diverticulae (Fig. 5A), epithelium of Malpighian tubules (Fig. 5B), female ovarian tissue 

(Figs. 5C, D and 6B, 7, 8), synganglion (central nervous system), especially the neuropile 
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(Figs. 3A and B, 6A), various epithelial tissues (Figs. 7 and 8) and male testes (not shown). 

Furthermore, spirochetes could also be distinguished near internal mouthparts including the 

chelicerae (Fig. 4A).

4. Discussion

Since it was formally recognized more than two decades ago, only a few studies have 

investigated the efficiency of transmission routes of B. miyamotoi, and most have included 

limited sample sizes owing in part to low prevalence in naturally infected ticks, and the 

challenges of producing infected ticks experimentally. Recent improvements in clinical 

recognition of human cases have sparked renewed interest in the ecology of B. miyamotoi. 
In this study, we evaluated both horizontal and transovarial (vertical) transmission routes 

under controlled experimental conditions, enabling a relative comparison. Using multiple 

stages of ticks to infect both a laboratory model mouse strain (CD-1) and a natural murine 

host (P. leucopus), we found that horizontal acquisition of B. miyamotoi by uninfected ticks 

was consistently inefficient, regardless of tick life stage used for the preceding infection 

challenge or the in-host incubation period between infected tick challenge and acquisition 

feed. In contrast, transovarial transmission was a substantially more effective means of 

producing newly infected ticks.

When a laboratory strain of mouse was used to evaluate horizontal transmission, 

we observed that acquisition of B. miyamotoi infection was absent or minimal in 

xenodiagnostic ticks fed shortly (two or four days) after CD-1 mice were challenged by 

nymphs infected via SCID mice as larvae. Importantly, these groups included between one 

and three days overlap in the feeding periods of ticks used for transmission and acquisition, 

allowing for the potential of co-feeding transmission. While exposure of some mice to 

challenge with infected ticks could only be inferred, acquisition success was low even 

for the subset of ticks fed on G1 and G2 mice with confirmed infection (5) via tissue 

or xenodiagnoses (3/109, 2.8%). Acquisition of infection increased modestly to 11.8% of 

xenodiagnostic ticks fed on G3 mice (larval infestation at 10 days post-challenge), which is 

likely the result of these mice having had exposure to a greater number of infected nymphs 

during challenge compared to mice in G1 and G2.

Horizontal transmission was similarly low among ticks fed on P. leucopus. Of 

xenodiagnostic ticks fed on mice challenged with I. scapularis with PCR-confirmed 

infection, 1% acquired a transstadially persistent infection; from mice with at least one 

positive xenodiagnostic tick, only 3.8% of molted nymphs were positive. Interestingly, 

xenodiagnostic acquisition occurred in each of the three weeks following challenge with 

infected ticks yet did not appear to be significantly more likely in any specific week 

following challenge, an observation that held for groups challenged by either larvae or 

nymphs.

We observed transovarial transmission to the larval progeny in seven of 10 clutches 

produced by B. miyamotoi-infected females and filial infection prevalence ranged from 

3.3 to 100%, consistent with reported ranges for transovarial transmission in captive, 

field-collected I. scapularis (Scoles et al., 2001; Han et al., 2019). Infection was detected 
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in two thirds of larvae from positive clutches and over 60% of total larvae tested from 

positive females. Filial infection prevalence and larval spirochete burden were both strongly 

correlated with maternal spirochete load. Interestingly, three of the positive females that 

engorged poorly with reduced ovulation or larval viability also had among the lowest 

maternal and larval spirochete loads and filial infection prevalence.

The similar success in horizontal transmission initiated by either infected larvae or nymphs 

suggests a potentially greater importance for larval contribution to enzootic maintenance of 

B. miyamotoi in natural settings given the tendency of small vertebrate hosts to host larger 

burdens of larvae than nymphs, especially in regions where active periods of these life stages 

are asynchronous. In line with this logic, Barbour et al. (2009) reported prevalence of B. 
miyamotoi in captured mice was highest during the period of greatest larval activity. This 

observation was contrasted with prevalence of B. burgdorferi s.s., which was highest in hosts 

during peak nymphal activity, in advance of larval peak (Barbour et al., 2009). Transovarial 

transmission is not considered important for natural enzootic maintenance of B. burgdorferi 
s.s., and acquisition of infection occurs during the larval or nymphal feed, with the initial 

vectorial opportunity occurring during the subsequent nymphal or adult stage (Kurokawa 

et al., 2020). However, interstage differences in horizontal transmission of B. miyamotoi 
are likely insignificant in comparison to the disproportionately greater role of transovarial 

transmission in natural maintenance.

Finally, assaying histological sections of whole ticks allowed an expansive anatomical 

evaluation of B. miyamotoi tissue tropism in all three life stages of I. scapularis. Our results 

corroborate previous reports where qPCR and immunofluorescence microscopy were used 

to describe presence of B. miyamotoi spirochetes in nymphal salivary glands and midguts 

(Breuner et al., 2017; Lynn et al., 2019). As Barbour et al. (2009) predicted, we observed 

systemic infections in unfed larvae, including the presence of spirochetes in salivary 

glands and internal mouthparts that facilitate a short window between tick attachment and 

transmission of spirochetes to hosts (Breuner et al., 2017, 2018). As in larvae, highly 

disseminated infections were readily apparent in nymphs, males, and female ticks with 

transovarially-acquired infections. In addition to salivary glands and the basal regions of 

midgut epithelial cells, other sites of infection included synganglion, Malpighian tubules, 

ovary, and various epithelial and secretory tissues. This broad pattern of dissemination 

closely follows a previous description of what were most likely B. miyamotoi spirochetes 

in Ixodes pacificus (Lane and Burgdorfer, 1987). Multiple foci of B. miyamotoi RNA 

observed in the ovarian tissue of unfed females indicates that spirochetes are likely to have 

a ubiquitous presence in the germinal tissue of infected females, though the exact time point 

at which spirochetes enter oocytes requires further study. Our qPCR data for unfed and 

spent females included in this study and its precursor (Lynn et al., 2019), combined with 

histological images strongly suggest that spirochete replication occurs during the female 

bloodmeal followed by migration into the oocytes during the period between engorgement 

and the development of the oocyte chorion (outer shell).

Interestingly, we observed that the synganglion was a focal point of infection in all life 

stages. Likewise, similar heavy colonization of this organ by Ehrlichia muris eauclairensis 
was also reported in I. scapularis, where intracellular ehrlichiae were concentrated within 
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the ganglia of the outer cortex (Lynn et al., 2015). In ticks infected with B. miyamotoi, 
we observed a clear tropism of spirochetes for the internally located neuropile, that may be 

more accessible for highly mobile spirochetes. A strong association between borreliae and 

nerve tissues has previously been noted in various species of soft ticks and lice, and in I. 
scapularis, B. miyamotoi exhibits a broader tissue tropism that is more analogous to that 

of soft tick relapsing fever group spirochetes in ticks than B. burgdorferi s.s. (Barbour and 

Hayes, 1986).

Our study is not without limitations. Our transovarially-infected larvae were the offspring 

of a female experimentally infected with a previously characterized isolate of B. miyamotoi 
(CT13–2396) cultured from a tick collected in Connecticut, whereas infected nymphs also 

used to challenge P. leucopus were descended from a wild-collected naturally infected 

female tick (also from Connecticut). Secondly, some female ticks from the first cohort 

used to evaluate transovarial transmission failed to feed, or fed minimally on the rabbit, 

and were excluded from results. It is possible that successful engorgement and oviposition 

by females could have altered our results for transovarial infection rate, though we have 

no expectation of this. Due to sample size limitations, we did not assess acquisition rates 

in fed larvae in comparison to molted nymphs, which limits our ability to determine if 

acquisition rates were low, or if infections were lost during the transstadial molt from larva 

to nymph. And finally, active infection was not detected in several CD-1 mice, leaving 

some uncertainty of whether they were exposed to spirochetes. Relapsing fever spirochete 

numbers are known to fluctuate rapidly in blood as serotype switching occurs and it is likely 

that the volume of blood tested reflected low spirochetemia in some individuals (Barbour 

and Hayes, 1986; Lynn et al., 2019). Unfortunately, we were not successful in our attempt 

to use Western blots to diagnose exposure. However, for the two G1 mice (13 and 14) fed 

on to repletion by six and seven nymphs belonging to a nymphal cohort with an infection 

prevalence of ~25%, it is unlikely that both mice avoided exposure to B. miyamotoi. Our 

previous work showed that seven of eight mice exposed to a complete blood meal by a 

single feeding B. miyamotoi-infected larvae had serologic evidence of exposure, and nearly 

two thirds of mice exposed to infected ticks lacking PCR detectable levels of B. miyamotoi 
spirochetemia nevertheless seroconverted (Breuner et al., 2018). Combined with our results, 

this suggests that infected ticks are efficient at transmission of B. miyamotoi to mice, yet 

spirochetemia may not reach the limits of PCR detection when testing is performed on low 

volumes of blood, and perhaps these levels also limit xenodiagnostic acquisition. We expect 

low host spirochetemia, and poor maintenance of infection during the primary transstadial 

transmission event in ticks (Lynn et al., 2019) to be the primary factors limiting horizontal 

transmission.
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C cortex of synganglion

Cv cervical vagina

E esophagus (as depicted in the synganglion)

G gut; Mg, midgut

MP mouth parts (cheliceral sheaths)

Mt Malpighian tubule

Od oviduct

Ov ovary

Np neuropile of synganglion

Rs rectal sac

Sd salivary duct

Sg salivary gland

T trachea

Vv vestibular vagina
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Fig. 1. 
Transmission experiment diagrams. A. Horizontal B. miyamotoi transmission with 

laboratory mouse (CD-1) hosts challenged by horizontally infected ticks. Three groups of 

5 CD-1 mice (G1, G2, G3) were challenged with Ixodes scapularis nymphs from a cohort 

infected with B. miyamotoi (infection prevalence 25%). G1 and G2 were infested with 15 

nymphs and G3 was infested with 25 nymphs. Mice were infested with uninfected larvae 

at 2 days (G1), 4 days (G2) and 10 days (G3) post-challenge (day 0). Larval feeding 

overlapped with that of nymphs on G1 and G2 mice. Replete larvae were collected, allowed 

to molt and qPCR tested for B. miyamotoi as nymphs. Blood and tissue from G1 and G2 

were collected 8 days post challenge for qPCR. B. Horizontal B. miyamotoi transmission 

with natural mouse hosts challenged by transovarially-infected ticks. Peromyscus leucopus 
were challenged with I. scapularis larvae or nymphs from cohorts with transovarially 

acquired B. miyamotoi. Mice were infested with uninfected larvae at one week (7 day) 
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intervals following challenge. Replete ticks were collected and allowed to molt, and 

infection status was determined via qPCR. * No ticks used for challenge were recovered 

from two mice. These mice were subjected to a second challenge so that larval challenges 

were delayed by one week.
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Fig. 2. 
Vertical transmission of Borrelia miyamotoi in Ixodes scapularis. (A) maternal purB copy 

representing spirochete load correlated with likelihood of transmission to larvae (filial 

infection prevalence). (B) maternal spirochete load correlated with spirochete load in 

offspring.
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Fig. 3. 
Controls for in situ hybridization (ISH) assay. (A) Uninfected adult Ixodes scapularis 
female sectioned ventrally and subjected to ISH with Borrelia miyamotoi-specific DNA 

probe demonstrating a lack of non-specific hybridization. The black figure in the lower left 

corner indicates directional orientation of sectioned tick. (B) cultured spirochetes suspended 

in agarose demonstrating successful labeling using a DNA probe targeting 16S rRNA 

sequence. 16S rDNA probe hybridization to spirochetes is indicated by red staining, blue 

indicates nuclear staining. Scale bars A = 200 μm, B = 20 μm.
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Fig. 4. 
Borrelia miyamotoi-infected Ixodes scapularis ticks sectioned ventrally (coronal plane) 

and subjected to in situ hybridization assay. (A) Unfed larva with systemic infection, 

including infection of salivary glands (acini [A] shown in left inset). (B) Unfed nymph with 

systemic infection including salivary ducts (SD) shown in the right inset. 16S rDNA probe 

hybridization to spirochetes is indicated by red staining, blue indicates nuclear staining. 

See key for anatomical feature abbreviations. The black figures in the upper right corners 

indicate directional orientation of sectioned ticks. Scale bars = 100 μm.
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Fig. 5. 
Borrelia miyamotoi-infected female Ixodes scapularis subjected to in situ hybridization 

assay. (A) spirochetes are apparent near the basal lamina of a distal diverticulum of 

the midgut, recognizable by the many straw-colored inclusion bodies evident within the 

digestive cells. (B) spirochetes are present within the densely packed epithelial cells of a 

Malpighian tubule. (C) spirochetes are present in the ovarian tissue of an unfed female. 

(D) spirochetes are apparent within and in the vicinity of an oviduct, shown as the ovaloid 

cluster of nuclei center image. 16S rDNA probe hybridization to spirochetes is indicated by 

red staining, blue indicates nuclear staining. Scale bars = 30 μm.
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Fig. 6. 
Borrelia miyamotoi-infected female Ixodes scapularis subjected to in situ hybridization 

assay. (A) Extensive infection of the neuropile region of the synganglion (note blue nuclei of 

the esophagus just above center image). B) spirochetes present at the lower (near terminus) 

regions of an ovary. 16S rDNA probe hybridization to spirochetes is indicated by red 

staining, blue indicates nuclear staining. Scale bars A = 50 μm, B = 100 μm.
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Fig. 7. 
Montage of Borrelia miyamotoi-infected adult female Ixodes scapularis sectioned ventrally 

and subjected to in situ hybridization assay. Locations of images shown in Figs. 5 and 6 

are indicated by boxes. 16S rDNA probe hybridization to spirochetes is indicated by red 

staining, blue indicates nuclear staining. See key for anatomical feature abbreviations. Scale 

bar = 400 μm. The black figure in the upper right corner indicates directional orientation of 

sectioned tick.
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Fig. 8. 
Montage of Borrelia miyamotoi-infected female Ixodes scapularis transversally sectioned 

and subjected to in situ hybridization assay. 16S rDNA probe hybridization to spirochetes 

is indicated by red staining, blue indicates nuclear staining. See key for anatomical feature 

abbreviations. Scale bar = 200 μm.
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Table 3

Transovarial transmission success and spirochete load for Ixodes scapularis females experimentally infected 

with Borrelia miyamotoi and their offspring. Spirochete load is represented by purB copies.

Female Female purB copies No. larvae 
tested

% larval infection 
prevalence

95% C.I. for % larval infection 
prevalence

Mean larval purB 
copy number

IsF2 3 2.09 × 108 50 96.0 86.5 – 98.9 11,650

IsF2 9 1.88 × 109 100 71.0 61.5 – 79.0 15,891

IsF2 27 1.34 × 108 100 81.0 72.2 – 87.5 30,459

IsF2 29 2.09 × 108 100 65.0 55.3 – 73.6 21,132

IsF1 13 1.91 × 107 15 100.0 79.6 – 100 24,816

IsF1 14 1.79 × 102 24 0 0 – 13.8 0

IsF1 15 2.52 × 103 25 0 0 – 13.3 0

IsF1 6 6.26 × 102 24 4.2 1.0 – 20.2 35 a

IsF1 A 1.21 × 103 22 0 0 – 14.9 0 b

IsF1 B 6.61 × 102 30 3.3 1.0 – 16.7 121 b

a
reduced engorgement, many unhatched eggs.

b
minimal engorgement, less than 50 larvae.
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