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Abstract

Tick-borne relapsing fever is an infectious disease caused by Borrelia species and are pri-

marily transmitted by Ornithodoros ticks. Prior work indicated that in vitro cultivated spiro-

chetes remain infectious to mice by needle inoculation; however, the impact of laboratory

propagation on the pathogens natural life cycle has not been determined. Our current study

assessed the effect of serial cultivation on the natural tick-mammalian transmission cycle.

First, we evaluated genomic DNA profiles from B. turicatae grown to 30, 60, 120, and 300

generations, and these spirochetes were used to needle inoculate mice. Uninfected

nymphal ticks were fed on these mice and acquisition, transstadial maintenance, and subse-

quent transmission after tick bite was determined. Infection frequencies in mice that were

fed upon by ticks colonized with B. turicatae grown to 30, 60, and 120 generations were

100%, 100%, and 30%, respectively. Successful infection of mice by tick feeding was not

detected after 120 generations. Quantifying B. turicatae in tick tissues indicated that by 300

generations they no longer colonized the vector. The results indicate that in vitro cultivation

significantly affects the establishment of tick colonization and murine infection. This work

provides a foundation for the identification of essential genetic elements in the tick-mamma-

lian infectious cycle.

Introduction

Relapsing fever (RF) is a global and emerging vector-borne disease caused by spirochetes in

the genus Borrelia. The pathogens are transmitted by human body lice, ixodid, and argasid

ticks [1,2], and the disease is particularly burdensome on the impoverished. Clinical manifesta-

tion includes high fever, neurological symptoms, nausea, vomiting, preterm labor, and miscar-

riage [1]. As a neglected disease, there are several knowledge gaps regarding pathogenesis and

the overall genomic stability of the spirochetes during laboratory cultivation.

The impact of genomic instability on the tick-mammalian transmission cycle of vector

borne spirochetes has been demonstrated in Lyme disease (LD) causing pathogens [3,4]. The
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genome of LD causing spirochetes is complex containing between seven and 23 linear and

nine circular plasmids [5,6]. Schwan et al. demonstrated that subculturing LD spirochetes

resulted in a loss of a 7.6 and 22 kb plasmid, and this was associated with pathogen attenuation

in mice [4]. Early studies by Kelly in the RF spirochete, Borrelia hermsii, reported that in vitro
propagation after eight months (~326 generations) did not affect the pathogen’s infectivity in

mice after needle inoculation [7].

Through recent efforts, the genomic organization and stability of RF spirochetes is gaining

clarity. In general, these pathogens contain a linear chromosome and five to 10 linear and cir-

cular plasmids [8–10]. Work in B. hermsii and Borrelia turicatae demonstrated that while plas-

mids were retained during in vitro cultivation, segmental rearrangements and loss of DNA

portions were observed by 520 generations in laboratory culture [11]. However, both species

remained infectious in mice by needle inoculation after prolonged cultivation. While the stud-

ies provided insight into biological differences between LD and RF spirochetes, the conse-

quence of prolonged in vitro cultivation on the tick-mammalian transmission cycle of RF

spirochetes is unknown.

The infectious cycle of argasid-borne RF spirochetes requires adaptation to three environ-

ments, the tick midgut and salivary glands, and vertebrate host. Within the blood of the mam-

malian host, RF Borrelia species can reach between 1 x 104 to 1 x 108 spirochetes per ml of

blood. Moreover, the pathogens up-regulate genes involved with antigenic variation to facili-

tate the escape from the host antibody response [12]. The dynamics between the host antibody

response and antigenic variation can continue for several months, providing multiple opportu-

nities for the acquisition of spirochetes by uninfected ticks. During an infectious bloodmeal,

RF spirochetes enter the midgut, and in the following weeks a population migrates and colo-

nizes the salivary glands. Salivary gland colonization is important because transmission occurs

within seconds of tick bite [13], and this population of RF spirochetes is preadapted for estab-

lishing early mammalian infection. Given the dynamics of tick colonization and transmission,

an improved understanding of the outcomes of in vitro propagation on the pathogen’s natural

life cycle is critical.

In this study, B. turicatae was continuously grown for 300 generations and evaluated in the

tick-mammalian transmission cycle. We analyzed plasmid profiles of B. turicatae cultured to

30, 60, 120, and 300 generations (g30, g60, g120, and g300) by pulse-field electrophoresis. We

confirmed the infectivity of g30, g60, g120, and g300 by needle inoculation using a lower inoc-

ulum compared to previous work [11] and observed similar infection rates. To assess the natu-

ral transmission cycle of the B. turicatae g30–g300, nymphal acquisition was performed by

feeding ticks on needle inoculated mice. After molting, these cohorts of ticks were fed again on

naïve mice and the establishment of murine infection was determined. Since midgut and sali-

vary glands colonization is essential in the pathogen’s life cycle, B. turicatae densities were also

quantified in these tissues. This work signifies the impact of in vitro propagation of the natural

life cycle of RF spirochetes and sets a foundation toward refined genetic studies for the identifi-

cation of genes that are essential in tick-mammalian transmission cycle.

Materials and methods

Ethical statement

All performed work and animal husbandry was in accordance to the United States Public

Health Service policy on Humane Care and Use of Laboratory Animals and the Guide for the

Care and Use of Laboratory Animals. Murine studies were approved by the Baylor College of

Medicine (BCM) Institutional Animal Care and Use Committee (protocols AN6563 and

AN6580).
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Bacterial isolate and pulse-field electrophoresis

A polyclonal population of the 91E135 isolate of B. turicatae was used in this study [10], and

spirochetes were cultured in modified Barbour-Stoenner-Kelly (mBSK) medium [14,15]. B.

turicatae was grown at 35˚C in 8 mL polystyrene tubes (Corning, New York, USA) to approxi-

mately 1 x 107 bacteria per ml and every ~2 days, 50 μl were passaged into 4 mL of fresh mBSK

medium that had been warmed to 35˚C. Since the stationary cultures had about 4 x 107 spiro-

chetes per ml, the 50 μl used to inoculate fresh medium contained ~5 x 105 spirochetes. Within

48 hours we quantified ~1 x 107 spirochetes per ml in 4 mL of mBSK. Thus, we calculated ~6

generations (doublings) per passage. The number of B. turicatae generations used in this study

were designated as g30, g60, g120, and g300. B. turicatae grown to 30 generations was equiva-

lent to passaging the spirochetes five times after the original isolation, and this was the lowest

passage we had in the laboratory. Genomic DNA (gDNA) from B. turicatae grown between 30

to 300 generations was isolated by phenol-chloroform extraction, and plasmid profiles were

evaluated by pulse-field agarose gel electrophoresis, as previously described [11,16].

Murine infections by needle inoculations and tick bite

The infectivity of B. turicatae g30, g60, g120, and g300 was determined in mice. For animal

studies, six to eight-week-old female Institute of Cancer Research (ICR) mice were used. These

are an outbred strain maintained at BCM. Five animals were needle inoculated intraperitone-

ally with 1 x 103 spirochetes grown to each generation. Blood samples were collected for 10

consecutive days and infection was determined as detailed below.

Murine infections by tick bite

Tick colonies used in the study were O. turicata that originated from Texas. These ticks were

laboratory reared offspring of uninfected adults, as previously described [17]. To infect O. turi-
cata, mice were needle inoculated with g60, g120, or g300 spirochetes. Cohorts of ~50 second

nymphal stage ticks were fed to repletion when bacterial densities were ~1 x 106 spirochetes

per ml of blood in the mice. After molting into the third nymphal stage, seven to 10 ticks were

subsequently fed on naïve animals. Transmission studies were performed twice with five mice

each time.

Determination of murine infection by microscopy and quantitative PCR

(qPCR)

Murine infections were evaluated, as previously described [13]. For microscopy, a drop of

blood (~2 μl) was collected by tail nick, and 20 microscopic fields were scanned with a 20x

dark field objective (Carl Zeiss Microscopy, Munich, Germany) for 10 consecutive days after

the transmission feedings. At the same time, 2.5 μl of blood was collected into 47.5 μl of Lysis-

Stabilization Buffer (Agilent, Santa Clara, California, USA) from each animal for quantifica-

tion. Primers and a probe for the flagellin gene (flaB) were used for qPCR assays and the con-

ditions used were previously described [13]. A standard curve was generated for qPCR using

in vitro grown B. turicatae serially diluted from 1 x 107 to 1 x 103 spirochetes per ml.

Immunoblotting

One month after needle inoculations and tick transmission feedings to mice, serum samples

were collected after sacrificing the animals with an overdose inhalation of isoflurane and

exsanguination by cardiac puncture. Seroconversion to B. turicatae protein lysates was deter-

mined, as previously reported [13]. Serum samples were diluted at 1:200 and the secondary
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molecule was protein G-HRP (Life Technologies, Carlsbad, CA, USA) diluted at 1:4,000. Sero-

logical reactivity to B. turicatae whole protein lysates was detected by chemiluminescence

using ECL Western Blotting Detection Reagents (GE Health Care, Buckinghamshire, UK).

qPCR of O. turicata midguts and salivary glands

Individual midguts and salivary glands were excised from fifth stage nymphal ticks, as previ-

ously described [18]. A given assay had 4 to 5 biological replicates per tissue. Each replicate

consisted of midguts or salivary glands from five ticks, and gDNA was extracted using the

DNeasy Blood and Tissue kit (Qiagen, Hilden, Germany), as previously described [19]. Quan-

tification of flaB relative to β-actin was performed in duplex qPCR assays to detect B. turicatae
DNA, as preciously described [19]. An unpaired samples t-test was performed using Graphpad

Prism 7.04 to determine if there was a significant difference in B. turicatae flaB copies between

midgut tissues of ticks colonized with different generations of spirochete. Similarly, statistical

differences in flaB copies were determined between salivary gland tissues.

Results

Plasmid profiles of B. turicatae after prolonged cultivation

To validate prior work [11], we evaluated genomic profiles of B. turicatae after prolonged culti-

vation. Pulse-field electrophoresis of B. turicatae indicated few changes in plasmid profiles. A

~40 kb linear plasmid was detected in spirochetes grown for 30 generations but was no longer

detectable by pulse-field electrophoresis in the remaining generations (Fig 1). Interestingly, a

~80 kb plasmid was observed in DNA preparations from B. turicatae grown to 60 generations

but was no longer detected in B. turicatae grown to 120 and 300 generations (Fig 1). As previ-

ously reported [11], these results suggested that plasmid rearrangements occurred during pro-

longed cultivation, and we further verified the infectious status of these spirochetes in mice.

Murine infection after needle inoculating mice with B. turicatae g30, g60,

g120, and g300

The effect of long-term in vitro cultivation on the ability of B. turicatae to infect mice was pre-

viously studied using a high inoculum (1 x 105 spirochetes) [11]. Consequently, we determined

whether a lower dose of bacteria would establish infection. Except for one mouse inoculated

with g120 spirochetes, bacteria were detected by qPCR in all the other animals inoculated with

1 x 103 B. turicatae g30, g60, g120 and g300 (Fig 2 and Table 1). Regardless of the generation

used to infect mice, spirochetes were detected in the blood by qPCR two days after inoculation.

Additionally, infection was further confirmed by evaluating seroconversion to B. turicatae pro-

tein lysates one month after needle inoculation (Fig 3). These results indicated that at a low

inoculum, B. turicatae is infectious by needle inoculation regardless of the generation.

Evaluation of the tick—mammalian infectious cycle using B. turicatae
grown from 60 to 300 generations

Since the infectious status of B. turicatae g30 by tick bite is well established [13,17–19], the

remaining studies were performed using spirochetes grown to 60 generations and beyond. We

infected mice by needle inoculation and once spirochetes attained ~1 x 106 bacteria per ml of

mouse blood, 50 third stage nymphs successfully fed to repletion. After molting, assessing tick

transmission to naïve mice indicated that B. turicatae g60 remained infectious by tick bite

(Table 1). Spirochetes were visualized in the blood by microscopy within four days after tick
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feeding. Furthermore, immunoblotting using serum samples from animals indirectly con-

firmed infection by detecting seroconversion to B. turicatae protein lysates (Fig 4 and Table 1).

An assessment of B. turicatae g120 by tick transmission indicated that the spirochetes were

attenuated. Spirochetes were detected in one of 10 mice by dark field microscopy while three

of the 10 animals seroconverted to B. turicatae protein lysates. By the 300th generation, B. turi-
catae was no longer detectable by microscopy and none of the animals seroconverted, indicat-

ing that B. turicatae failed to establish an infection in these animals.

We further quantified murine infection by qPCR to determine spirochete densities in the

blood. qPCR analysis detected B. turicatae g60 DNA within three days after tick transmission,

and all animals relapsed by 10 days (Fig 5). Spirochete densities in the blood ranged from 1 x

104 to 1 x 106 spirochetes per ml (Fig 5). These findings indicated that growing B. turicatae to

60 generations did not affect the spirochetes ability to establish and maintain an infection in

mice after tick challenge.

Fig 1. B. turicatae plasmid profiles from low to high generation passaged cultures. Genomic DNA was isolated

from B. turicatae grown continuously in vitro to 30, 60, 120 and 300 generations. Arrows indicate unique plasmids at

~40 kb in g30 and ~80 kb in g60 cultures. Generation designations are shown above each lane (g30–g300). The

molecular weight marker (MWM) shown on the left is Lambda monocut DNA. CP, circular plasmid; lp150, linear 150

kb megaplasmid.

https://doi.org/10.1371/journal.pone.0239089.g001
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One animal that was fed upon by ticks colonized with B. turicatae g120 became spirochete-

mic eight days after the transmission bloodmeal and relapsed (Fig 5). B. turicatae attained 1 x

104 spirochetes per ml of blood in the mouse. The remaining animals were negative by qPCR.

These results indicated that by 120 generations of continuous in vitro propagation, an attenu-

ated phenotype was observed for B. turicatae.

Quantification of B. turicatae g60 –g120 in tick midguts and salivary glands

Given the transmission findings after laboratory cultivation of B. turicatae, we determined

whether the ticks used in the transmission feedings were colonized with spirochetes. To

Fig 2. Quantification of spirochetes in infected murine blood after needle inoculations of B. turicatae grown to 30, 60, 120, and 300

generations. Each mark represents spirochete density from a single mouse infected by needle inoculation. Box and whisker plots show the

median and the minimum and maximum spirochete densities per ml of blood from all infected animals. The generation of B. turicatae is shown

above each box.

https://doi.org/10.1371/journal.pone.0239089.g002

Table 1. Murine infection frequencies after needle inoculation and tick transmission with B. turicatae.

B. turicatae generations No. of mice positive by microscopy No. of mice positive by immunoblotting

Needle inoculation

g30a 4/5 5/5

g60a 5/5 5/5

g120a 3/5 4/5

g300a 5/5 5/5

Tick bite

g60b 5/5 10/10

g120b 1/10 3/10

g300b 0/10 0/10

a The inoculum was 1 x 103 spirochetes.
b Seven to 10 ticks were fed on each animal.

https://doi.org/10.1371/journal.pone.0239089.t001
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accomplish this, we developed a duplex qPCR assay to quantify spirochete densities in midgut

and salivary gland tissues. A set of control qPCR experiments was performed targeting B. turi-
catae flaB and O. turicata β-actin. Primer and probe specificity and efficiency were assessed

using pCR2.1::flaB and pCR2.1::β-actin plasmids. This indicated the specificity of the primers

and we did not detect nonspecific binding. Furthermore, both primer sets were evaluated with

each plasmid, which confirmed the absence of primer inhibition. qPCR assays using individual

primer and probe sets against gDNA from B. turicatae and uninfected ticks further validated

the specificity of the primers for their respective genes. Lastly, to generate standard curves,

duplex qPCR assays were performed using 1 x 105 to 1 x 101 copies of pCR2.1::flaB and

pCR2.1::β-actin plasmids, which indicated the compatibility of primer and probe sets (S1 Fig).

qPCR assays using gDNA from the midguts and salivary glands of flat ticks that were used

in the transmission studies indicated that cohorts were similarly colonized with g60 and

g120 spirochetes (Fig 6). There was no significant difference in copies of B. turicatae flaB
detected in the midgut and salivary glands between the sample sets. However, B. turicatae
g300 were undetectable by qPCR in both midgut and salivary gland samples (Fig 6). These

findings demonstrated that prolonged in vitro cultivation impacted tick colonization and

transmission.

Fig 3. Serological responses to B. turicatae protein lysates from mice infected by needle inoculations. Immunoblots were probed with

serum samples from mice inoculated with B. turicatae g30 (A), g60 (B), g120 (C), g300 (D). A positive and negative control serum sample was

used from infected (+) and uninfected (-) mice, respectively (E). Molecular masses are indicated in kilodaltons on the left of each immunoblot.

https://doi.org/10.1371/journal.pone.0239089.g003
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Discussion

This report begins to investigate the effect of in vitro propagation on the tick-mammalian

transmission cycle of B. turicatae. Like prior work, we observed plasmid rearrangements but

each generation of B. turicatae that was tested remained infectious in mice by needle inocula-

tion [11]. While we evaluated a lower inoculum compared to prior work [11], mice still

became infected regardless of the generation used. Interestingly, we observed that continuous

laboratory cultivation disrupted the pathogen’s ability to colonize O. turicata and establish

mammalian infection by tick transmission.

Genomic plasticity was previously observed for RF spirochetes, but this did not alter the

pathogen’s ability to infect mice after needle inoculation [11]. B. hermsii and B. turicatae were

subcultured from 50 to 520 generations. Southern blot analysis of plasmid marker genes indi-

cated that DNA deletions and rearrangements occurred [11]. For example, resT, which was

localized to a ~53 kb linear plasmid in B. turicatae grown to 50 generations mapped to a ~60

kb linear plasmid after ~520 generations. Furthermore, in both species of RF spirochete the

factor H binding protein gene (fhbA) was lost from the 150 kb linear megaplasmid by ~520

Fig 4. Serological responses of mice following transmission from ticks originally infected with B. turicatae grown

to 60, 120, and 300 generations. Groups of five mice were used for tick transmissions and this was repeated for a total

of 10 animals. Shown are immunoblots from one group of five mice infected with B. turicatae grown to 60 (A), 120 (B)

and 300 (C) generations. Immunoblots using positive (+) and negative (-) control serum samples are shown and

originate from B. turicatae infected and uninfected mice, respectively (D). Molecular masses are indicated on the left of

each immunoblot in kilodaltons.

https://doi.org/10.1371/journal.pone.0239089.g004
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generations [11]. In our current study, plasmid mapping was not performed by Southern blot,

but we still observed DNA rearrangements by pulse-field electrophoresis. While the rearrange-

ments did not seem to impact the infectivity of B. turicatae g60 by tick bite, by 120 generations

we observed a phenotype.

B. turicatae g120 colonized the salivary glands of O. turicata to similar densities as g60 spi-

rochetes, but we observed an attenuated phenotype in the ability to infect mice after tick trans-

mission. We hypothesize that this was due to genomic instability and the polyclonal nature of

the spirochetes. During in vitro cultivation, the absence of immunological pressures on B. turi-
catae likely resulted in variants within the population losing genetic material that was essential

for preadapting them for mammalian infection. This was supported by our findings that seven

of 10 mice failed to become infected after tick bite even though spirochete DNA was detected

in the salivary glands at similar copies compared to the infectious B. turicatae g60.

Our findings also suggest that RF spirochetes do not transiently migrate through the midgut

to colonize salivary glands. In flat persistently infected O. turicata, two spirochete populations

are detected, one in the midgut and the other in the salivary glands [19]. Interestingly, the mid-

gut population can be detected in ticks starved over 18 months [19]; however, their role in

pathogenesis remains unclear. This is because transmission occurs within seconds of tick

attachment and it is the salivary gland population of spirochetes that enters the vertebrate host

[13]. In our study, B. turicatae DNA was undetectable in the O. turicata midguts and salivary

glands by 300 generations. We also performed these studies with B. turicatae grown to 450 and

600 generations and observed identical results. These findings suggest that prolonged labora-

tory cultivation of B. turicatae resulted in the loss of genetic material that was essential for two

likely situations. First, the ability of B. turicatae to initially colonize the tick midgut and

Fig 5. Quantification of spirochetes in murine blood following transmission from ticks originally infected with B. turicatae grown to 60,

120, and 300 generations. Each mark represents spirochete density from a single mouse infected by tick bite. Box and whisker plots show the

median and the minimum and maximum spirochete densities per ml of blood from all infected animals. Each generation of B. turicatae is

shown above each box.

https://doi.org/10.1371/journal.pone.0239089.g005
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subsequently the salivary glands. Second, spirochetes lost the ability to be transstadially main-

tained through the molt.

In this study, a polyclonal population of B. turicatae was used to assess vector competence,

and for this initial work there were advantages over using clonal populations. For example, O.

turicata is not commercially available and generating enough ticks to screen multiple clones at

each generation would have been challenging. Additionally, utilizing a polyclonal population

for spirochetes grown to 120 generations was advantageous as we began to detect a phenotype.

Alternatively, if clones would have been used, we could have erroneously concluded that B.

turicatae was no longer infectious after 120 generations. However, by 120 generations the pop-

ulation of B. turicatae was a clear mixture of infectious and noninfectious spirochetes. Now

that we understand at what point spirochetes become noninfectious, further studies will focus

on clonal populations to identify the molecular constituents essential for vector competence.

The molecular mechanisms of vector colonization and the establishment of early mamma-

lian infection are unclear. Whole genome sequencing of clonal B. turicatae grown to 30, 60,

and 120 generations will likely identify genes that were lost or disrupted during serial cultiva-

tion. Moreover, future studies will sequence infectious and noninfectious clones of B. turicatae
g120 to identify genes responsible for the establishment of early mammalian infection.

Fig 6. Quantification of B. turicatae DNA in ticks. Each midgut (MG) and salivary gland (SG) sample is a pool of

respective tissues from five ticks, and at least four samples were evaluated per group. The generation of B. turicatae
used to infect ticks is shown at the top of the image (g60–g300). Copies of flaB per 1000 copies of β-actin are also

shown.

https://doi.org/10.1371/journal.pone.0239089.g006
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Mechanistic studies are possible as these genes can be further characterized with the estab-

lished genetic system for B. turicatae [18]. We also envision the identification of gene subsets

essential for early midgut colonization of the tick and transstadial maintenance. These candi-

dates will provide proteins to target with the goal of interrupting the tick-mammalian trans-

mission cycle of RF spirochetes.

Supporting information

S1 Fig. Amplification plots of duplex qPCR standard curves. flaB and β-actin were cloned

into PCR2.1 vectors and designated PCR 2.1::flaB and PCR2.1::β-actin. To generate standard

curves of the assays, serial dilutions of each plasmid were used from 1 x 105 to 1 x 101 copies

and duplex qPCR was performed. Log copy numbers of each plasmid (flaB, blue and β-actin,

orange) are indicated on the x-axis and average Ct-values on the y-axis. The equation of a line

and the R2 values are shown.

(PDF)

S1 Raw images.

(PDF)

S1 File. The ARRIVE essential 10: Author checklist.

(PDF)

Acknowledgments

We thank Alexander Kneubehl and Michael Curtis for critical review of this manuscript, and

Tom G. Schwan for originally providing the strain of B. turicatae used in the study. The

authors declare no financial conflicts of interest.

Author Contributions

Conceptualization: Job E. Lopez.

Methodology: Aparna Krishnavajhala, Brittany A. Armstrong.

Project administration: Aparna Krishnavajhala, Brittany A. Armstrong.

Writing – original draft: Aparna Krishnavajhala.

Writing – review & editing: Job E. Lopez.

References
1. Dworkin MS, Schwan TG, Anderson DE Jr., Borchardt SM. 2008. Tick-borne relapsing fever. Infect Dis

Clin North Am 22:449–468, viii. https://doi.org/10.1016/j.idc.2008.03.006 PMID: 18755384

2. Breuner NE, Dolan MC, Replogle AJ, Sexton C, Hojgaard A, Boegler KA, et al. 2017. Transmission of

Borrelia miyamotoi sensu lato relapsing fever group spirochetes in relation to duration of attachment by

Ixodes scapularis nymphs. Ticks Tick Borne Dis 8:677–681. https://doi.org/10.1016/j.ttbdis.2017.03.

008 PMID: 28501504

3. Barbour AG. 1988. Plasmid analysis of Borrelia burgdorferi, the Lyme disease agent. J Clin Microbiol

26:475–478. https://doi.org/10.1128/JCM.26.3.475-478.1988 PMID: 3356787

4. Schwan TG, Burgdorfer W, Garon CF. 1988. Changes in infectivity and plasmid profile of the Lyme dis-

ease spirochete, Borrelia burgdorferi, as a result of in vitro cultivation. Infect Immun 56:1831–1836.

https://doi.org/10.1128/IAI.56.8.1831-1836.1988 PMID: 3397175

5. Casjens S, Palmer N, van Vugt R, Huang WM, Stevenson B, Rosa P, et al. 2000. A bacterial genome in

flux: the twelve linear and nine circular extrachromosomal DNAs in an infectious isolate of the Lyme dis-

ease spirochete Borrelia burgdorferi. Mol Microbiol 35:490–516. https://doi.org/10.1046/j.1365-2958.

2000.01698.x PMID: 10672174

PLOS ONE Effect of long-term cultivation on B. turicatae

PLOS ONE | https://doi.org/10.1371/journal.pone.0239089 October 12, 2020 11 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0239089.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0239089.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0239089.s003
https://doi.org/10.1016/j.idc.2008.03.006
http://www.ncbi.nlm.nih.gov/pubmed/18755384
https://doi.org/10.1016/j.ttbdis.2017.03.008
https://doi.org/10.1016/j.ttbdis.2017.03.008
http://www.ncbi.nlm.nih.gov/pubmed/28501504
https://doi.org/10.1128/JCM.26.3.475-478.1988
http://www.ncbi.nlm.nih.gov/pubmed/3356787
https://doi.org/10.1128/IAI.56.8.1831-1836.1988
http://www.ncbi.nlm.nih.gov/pubmed/3397175
https://doi.org/10.1046/j.1365-2958.2000.01698.x
https://doi.org/10.1046/j.1365-2958.2000.01698.x
http://www.ncbi.nlm.nih.gov/pubmed/10672174
https://doi.org/10.1371/journal.pone.0239089


6. Casjens SR, Gilcrease EB, Vujadinovic M, Mongodin EF, Luft BJ, Schutzer SE, et al. 2017. Plasmid

diversity and phylogenetic consistency in the Lyme disease agent Borrelia burgdorferi. BMC Genomics

18:165. https://doi.org/10.1186/s12864-017-3553-5 PMID: 28201991

7. Kelly R. 1971. Cultivation of Borrelia hermsi. Science 173:443–444. https://doi.org/10.1126/science.

173.3995.443 PMID: 5557322

8. Lescot M, Audic S, Robert C, Nguyen TT, Blanc G, Cutler SJ, et al. 2008. The genome of Borrelia recur-

rentis, the agent of deadly louse-borne relapsing fever, is a degraded subset of tick-borne Borrelia dutto-

nii. PLoS Genet 4:e1000185. https://doi.org/10.1371/journal.pgen.1000185 PMID: 18787695

9. Elbir H, Gimenez G, Robert C, Bergstrom S, Cutler S, Raoult D, et al. 2012. Complete genome

sequence of Borrelia crocidurae. J Bacteriol 194:3723–3724. https://doi.org/10.1128/JB.00118-12

PMID: 22740657

10. Schwan TG, Raffel SJ, Schrumpf ME, Policastro PF, Rawlings JA, Lane RS, et al. 2005. Phylogenetic

analysis of the spirochetes Borrelia parkeri and Borrelia turicatae and the potential for tick-borne relaps-

ing fever in Florida. J Clin Microbiol 43:3851–3859. https://doi.org/10.1128/JCM.43.8.3851-3859.2005

PMID: 16081922

11. Lopez JE, Schrumpf ME, Raffel SJ, Policastro PF, Porcella SF, Schwan TG. 2008. Relapsing fever spi-

rochetes retain infectivity after prolonged in vitro cultivation. Vector Borne Zoonotic Dis 8:813–820.

https://doi.org/10.1089/vbz.2008.0033 PMID: 18637723

12. Barbour AG. 1990. Antigenic variation of a relapsing fever Borrelia species. Annu Rev Microbiol

44:155–171. https://doi.org/10.1146/annurev.mi.44.100190.001103 PMID: 2252381

13. Boyle WK, Wilder HK, Lawrence AM, Lopez JE. 2014. Transmission dynamics of Borrelia turicatae

from the arthropod vector. PLoS Negl Trop Dis 8:e2767. https://doi.org/10.1371/journal.pntd.0002767

PMID: 24699275

14. Battisti JM, Raffel SJ, Schwan TG. 2008. A system for site-specific genetic manipulation of the relapsing

fever spirochete Borrelia hermsii. Methods Mol Biol 431:69–84. https://doi.org/10.1007/978-1-60327-

032-8_6 PMID: 18287748

15. Barbour AG. 1984. Isolation and cultivation of Lyme disease spirochetes. Yale J Biol Med 57:521–525.

PMID: 6393604

16. Porcella SF, Raffel SJ, Anderson DE Jr., Gilk SD, Bono JL, Schrumpf ME, et al. 2005. Variable tick pro-

tein in two genomic groups of the relapsing fever spirochete Borrelia hermsii in western North America.

Infect Immun 73:6647–6658. https://doi.org/10.1128/IAI.73.10.6647-6658.2005 PMID: 16177341

17. Krishnavajhala A, Wilder HK, Boyle WK, Damania A, Thornton JA, Perez de Leon AA, et al. 2016. Imag-

ing Borrelia turicatae producing green fluorescent protein reveals persistent colonization of Ornitho-

doros turicata midgut and salivary glands from nymphal acquisition through transmission. Appl Environ

Microbiol https://doi.org/10.1128/AEM.02503-16 PMID: 27986725

18. Lopez JE, Wilder HK, Hargrove R, Brooks CP, Peterson KE, Beare PA, et al. 2013. Development of

genetic system to inactivate a Borrelia turicatae surface protein selectively produced within the salivary

glands of the arthropod vector. PLoS Negl Trop Dis 7:e2514. https://doi.org/10.1371/journal.pntd.

0002514 PMID: 24205425

19. Krishnavajhala A, Armstrong BA, Lopez JE. 2018. Vector competence of geographical populations of

Ornithodoros turicata for the tick-borne relapsing fever spirochete Borrelia turicatae. Appl Environ

Microbiol https://doi.org/10.1128/AEM.01505-18 PMID: 30143510

PLOS ONE Effect of long-term cultivation on B. turicatae

PLOS ONE | https://doi.org/10.1371/journal.pone.0239089 October 12, 2020 12 / 12

https://doi.org/10.1186/s12864-017-3553-5
http://www.ncbi.nlm.nih.gov/pubmed/28201991
https://doi.org/10.1126/science.173.3995.443
https://doi.org/10.1126/science.173.3995.443
http://www.ncbi.nlm.nih.gov/pubmed/5557322
https://doi.org/10.1371/journal.pgen.1000185
http://www.ncbi.nlm.nih.gov/pubmed/18787695
https://doi.org/10.1128/JB.00118-12
http://www.ncbi.nlm.nih.gov/pubmed/22740657
https://doi.org/10.1128/JCM.43.8.3851-3859.2005
http://www.ncbi.nlm.nih.gov/pubmed/16081922
https://doi.org/10.1089/vbz.2008.0033
http://www.ncbi.nlm.nih.gov/pubmed/18637723
https://doi.org/10.1146/annurev.mi.44.100190.001103
http://www.ncbi.nlm.nih.gov/pubmed/2252381
https://doi.org/10.1371/journal.pntd.0002767
http://www.ncbi.nlm.nih.gov/pubmed/24699275
https://doi.org/10.1007/978-1-60327-032-8%5F6
https://doi.org/10.1007/978-1-60327-032-8%5F6
http://www.ncbi.nlm.nih.gov/pubmed/18287748
http://www.ncbi.nlm.nih.gov/pubmed/6393604
https://doi.org/10.1128/IAI.73.10.6647-6658.2005
http://www.ncbi.nlm.nih.gov/pubmed/16177341
https://doi.org/10.1128/AEM.02503-16
http://www.ncbi.nlm.nih.gov/pubmed/27986725
https://doi.org/10.1371/journal.pntd.0002514
https://doi.org/10.1371/journal.pntd.0002514
http://www.ncbi.nlm.nih.gov/pubmed/24205425
https://doi.org/10.1128/AEM.01505-18
http://www.ncbi.nlm.nih.gov/pubmed/30143510
https://doi.org/10.1371/journal.pone.0239089

