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SUMMARY

Borrelia burgdorferi possesses a sophisticated and complex chemotaxis system but how the 

organism utilizes this system in its natural enzootic life cycle is poorly understood. Of the three 

CheY chemotaxis response regulators in B. burgdorferi, we found that only deletion of cheY3 
resulted in an altered motility and significantly reduced chemotaxis phenotype. Though ΔcheY3 
maintained normal densities in unfed ticks, their numbers were significantly reduced in fed ticks 

compared to the parental or cheY3-complemented spirochetes. Importantly, mice fed upon by the 

ΔcheY3-infected ticks did not develop a persistent infection. Intravital confocal microscopy 

analyses discovered that the ΔcheY3 spirochetes were motile, but appeared unable to reverse 

direction and perform the characteristic backward-forward motility displayed by the parental 

strain. Subsequently, the ΔcheY3 became “trapped” in the skin matrix within days of inoculation, 

were cleared from the skin needle-inoculation site within 96 hours post-injection, and did not 

disseminate to distant tissues. Interestingly, although ΔcheY3 cells were cleared within 96 hours 

post-injection, this attenuated infection elicited significant levels of B. burgdorferi-specific IgM 

and IgG. Taken together, these data demonstrate that cheY3-mediated chemotaxis is crucial for 

motility, dissemination, and viability of the spirochete both within and between mice and ticks.

INTRODUCTION

Bacterial cells possess sophisticated signal transduction pathways that detect changes in 

specific parameters of their dynamic external environment, allowing them to respond 

appropriately to the fluctuating environment (Falke et al., 1997, Skerker et al., 2005). 

Chemotaxis, the cellular movement in response to chemical gradients (Wadhams et al., 
2004), is one behavior that bacteria alter based on their external environment (Wolanin et al., 
2002). This movement empowers bacteria to approach and remain in beneficial 

environments or escape from noxious ones by modulating their swimming behaviors. There 
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are a vast array of signals, including nutrient concentrations, osmolarity, temperature, 

oxygen, and pH changes, which bacteria integrate together and translate into a specific 

response (Falke et al., 1997), either benign or pathogenic (Wadhams et al., 2004). Bacterial 

chemotaxis pathways are regulated by a complex two-component signal transduction system 

(Falke et al., 1997, Bourret et al., 2010, Hazelbauer, 2012). The system starts with the 

membrane-bound chemoreceptors—methyl-accepting chemotaxis proteins (MCPs)—that 

sense external stimuli. The MCPs are coupled (via the coupling protein, CheW) with CheA, 

a histidine kinase. The catalytic activity of CheA is mediated by a ligand (either attractant or 

repellant) bound to the MCPs. Once active, CheA utilizes ATP to autophosphorylate and 

then proceeds to phosphorylate the response regulator, CheY. Phosphorylated CheY (CheY-

P) then binds to the flagellar switch proteins FliM and FliN, regulating the direction of 

rotation of the flagella (Welch et al., 1993, Toker et al., 1997, Djordjevic et al., 1998, Sarkar 

et al., 2010).

Borrelia burgdorferi, the causative agent of Lyme disease (Burgdorfer et al., 1982, Lane et 
al., 1991), is the most common arthropod-borne disease in the United States and Europe 

(Mead, 2015). Chemotaxis and motility genes comprise approximately 5–6% of the genome 

of B. burgdorferi, and we have shown that motility is required for every stage of the 

infectious life cycle of B. burgdorferi (Sultan et al., 2013, Motaleb et al., 2015, Sultan et al., 
2015). In nature, B. burgdorferi cycles between the Ixodes tick vector and a mammalian host 

(Burgdorfer et al., 1982, Levine et al., 1985, Lane et al., 1991, Tsao, 2009, Brisson et al., 
2012). Completion of the enzootic cycle requires that B. burgdorferi traverse through dense 

and complex tissues within tick and vertebrate hosts; the spirochetes must migrate from the 

midgut to the salivary glands within the tick to allow transmission to the next host during 

tick feeding (Dunham-Ems et al., 2009, Radolf et al., 2012, Sultan et al., 2013), as well as 

navigate through the skin matrix of a vertebrate host after deposition via the tick-bite to 

reach a multitude of target tissues before migrating back to a feeding tick (Ribeiro et al., 
1987, Dunham-Ems et al., 2009, Pal, 2010, Radolf et al., 2012, Sultan et al., 2013). The 

spirochete must complete these tasks all by simultaneously detecting its current 

environment, determining its next optimal direction, and evading the immune systems of 

both hosts. Indeed, a recent global signature-tagged mutagenesis study identified that 

mutations in chemotaxis and motility genes were most often associated with loss in 

infectivity of B. burgdorferi, signifying their importance for its enzootic lifecycle (Lin et al., 
2012).

While chemotaxis has been extensively studied in Escherichia coli and Salmonella enterica 
(Armitage, 1999, Bren et al., 2000, He et al., 2014), the chemotaxis system of B. burgdorferi 
is poorly understood and differs greatly from those prototypic systems. The Lyme disease 

spirochete is relatively long (10 to 20 μm) and thin (0.3 μm) with a distinctive flat-wave 

morphology, and motility is generated by rotation of the periplasmic flagella (Charon et al., 
2012). Between 7 to 11 periplasmic flagella are attached near each cellular pole, causing the 

motility/chemotaxis behavior of B. burgdorferi and other spirochetes to be unique and 

complex. Tracking of B. burgdorferi swimming in vitro has described that spirochetes 

perform run, flex, and reverse swimming modes. Runs occur when the periplasmic flagellar 

motors at one pole rotate in the direction opposite that of the motors at the other pole 

(motors at one end rotate in clock-wise whereas motors at other end rotate counter clock-
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wise). The flex is a non-translational (i.e. no net motility) mode and is thought to be 

equivalent to the E. coli tumble. During the flex, the motors at both poles rotate in the same 

direction, i.e. both rotate in clock-wise (CW) or counter clock-wise (CCW). Spirochetal 

reversal occurs in translating (i.e. motile) cells when the motors at each end reverse their 

direction of rotation. For spirochetes to swim toward an attractant, the organisms must be 

able to coordinate the rotation of the motors at the two separate poles of the cell that are 

located at a considerable distance from one another (often greater than 10 μm). One of the 

questions related to spirochete chemotaxis is how the organisms are able to achieve this 

coordination (Li et al., 2002, Motaleb et al., 2005, Motaleb et al., 2011b, Charon et al., 2012, 

Wolgemuth, 2015). The genome of B. burgdorferi encodes multiple homologs of several 

chemotaxis genes (e.g. two cheA, three cheW, three cheY, two cheB, and two cheR genes), 

making it much more complex than E. coli or S. enterica (Fraser et al., 1997, Charon et al., 
2012, Motaleb et al., 2015). In several species of pathogenic bacteria, the CheY response 

regulator has been shown to play an important role in chemotaxis, which is also needed for 

virulence (Butler et al., 2005, McGee et al., 2005, Antunez-Lamas et al., 2009, 

Lertsethtakarn et al., 2011). To date, only two studies have shown that chemotaxis—

specifically involving the histidine kinase cheA2 and phosphatase enhancer cheD—are 

essential for the infectious life cycle of B. burgdorferi (Sze et al., 2012, Moon et al., 2016).

Amino acid sequence analysis indicates that B. burgdorferi CheY1, CheY2, and CheY3 

share 25–37% identity with each other. Moreover, these proteins share 32%, 38%, and 25% 

amino acid sequence identity with E. coli CheY, respectively (Motaleb et al., 2011b). 

Importantly, all of the functional residues of the E. coli CheY response regulator were found 

to be conserved in CheY1, CheY2, and CheY3, suggesting that they all are potential 

chemotaxis response regulators. Previous reports also indicate that cheY3, but not cheY1 or 

cheY2, is important for motility and chemotaxis in vitro (Motaleb et al., 2011b). Moreover, 

the function of cheY3 cannot be substituted by the other cheYs in B. burgdorferi. 
Importantly, those cheY mutants were constructed in a high-passage, avirulent strain that 

cannot be evaluated in the tick vector or vertebrate hosts (Motaleb et al., 2011b). We 

hypothesize that cheY3 is crucial for one or more stages of the enzootic cycle. The goal of 

this study is to utilize a cheY3-mutated B. burgdorferi generated in a virulent genetic 

background to delineate the importance of CheY3 for the different host environments 

encountered by these bacteria. Our findings are significant in describing the deficiencies in 

motility and chemotaxis abilities exhibited by the ΔcheY3 strain and delineating the 

essential nature of this gene for every stage of the tick-mouse infection cycle. Based on our 

data, we propose a model indicating the importance of chemotaxis (and motility) during the 

enzootic life cycle of B. burgdorferi.

RESULTS

Construction and confirmation of ΔcheY3 and cheY3+ strains

B. burgdorferi genome sequence and transcriptional analyses indicated that the cheY3 gene 

is located on the large linear chromosome and is transcribed as a polycistronic mRNA using 

a σ70 promoter (Li et al., 2002). Previous reports also indicate that only cheY3 is essential 

for chemotaxis (Motaleb et al., 2011b). However, those studies were done in vitro under one 
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condition, using a high-passage, non-infectious clone that cannot be evaluated in the tick-

mouse infectious cycle (Motaleb et al., 2011b). To determine the importance of cheY3 in the 

pathogenic life cycle of B. burgdorferi, we constructed a ΔcheY3 in the low-passage B31-A3 

strain using a promoterless kanamycin resistance cassette, Pl-Kan (Figure 1A) (Sultan et al., 
2010). PCR data confirmed the deletion of the cheY3 gene (data not shown, see below).

The cheY3 gene is located at the end of its operon, thus integration of Pl-Kan in place of the 

cheY3 gene is unlikely to exhibit a polar effect on the expression of downstream genes. 

However, we complemented the ΔcheY3 in cis by genomic integration to ensure the 

phenotype of the mutant was solely attributed to the inactivation of the cheY3 (Figure 1A). 

Mutation and complementation of cheY3 were confirmed by western blotting as 

demonstrated by the absence or presence of CheY3 production, respectively (Figure 1B). 

Since cheY3 is in a polycistronic operon, we verified expression of other gene products 

(cheX and cheA2) in that operon. As shown in Figure 1B, expression of CheA2 and CheX 

proteins were not affected in ΔcheY3 bacteria. Furthermore, linear and circular endogenous 

plasmids of the mutant and complemented clones were verified by PCR and found that all 

clones retained the plasmids seen in the parental wild-type (WT) cells (data not shown).

In vitro phenotypes of ΔcheY3

The growth, motility, and chemotaxis phenotypes of ΔcheY3 were assessed in vitro using 

various approaches. Dark-field microscopic analysis indicated that WT and cheY3+ cells 

exhibited run-flex/pause-reverse swimming patterns, whereas ΔcheY3 cells constantly ran in 

a single direction without reversals or switching their swimming direction. Additionally, 

semi-solid plating analysis showed that ΔcheY3 formed significantly smaller swarming 

colonies compared to WT or cheY3+ (Figure 2A). Despite the altered motility and swarming 

deficiencies, ΔcheY3 had no growth defect in liquid culture relative to WT or the cheY3+ 

(data not shown). Additionally, the chemotactic response of the ΔcheY3 was measured by 

using a quantitative capillary-tube chemotaxis assay. As expected, the chemotactic ability of 

the mutant was significantly reduced when compared to the WT or complemented cells 

(Figure 2B). The complemented cells exhibited a chemotactic response that was higher than 

the WT cells. We currently do not understand why this response was enhanced, but we 

speculate that the cheY3+ cells assessed for this assay were taken from a growth phase that 

was more chemotactic than the WT cells even though we were careful to collect all clones 

from the same growth phase. Together, these data are the same as reported previously, which 

indicate that cheY3 is important for chemotaxis as well as for governing motility in B. 
burgdorferi in vitro (Motaleb et al., 2011b).

ΔcheY3 spirochetes are unable to survive in mice by needle injection

To evaluate the ability of the ΔcheY3 to establish infection in a mammalian host, groups of 

C3H/HeN mice were needle-inoculated with WT, ΔcheY3, or cheY3+, and multiple tissues 

(i.e. ear, bladder, and joint tissues from each mouse) were collected at 4 weeks post-injection 

to determine bacterial outgrowth (Table 1). WT and complemented cells were re-isolated 

from one or more tissues assessed from all mice in those groups, demonstrating that these 

cells established an infection. Alternatively, ΔcheY3 spirochetes were not re-isolated from 

any mouse tissues, even when infected with 1×106 bacteria (Table 1). These results indicate 
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that the cheY3 chemotaxis response regulator is essential for B. burgdorferi infection in a 

mammalian host.

ΔcheY3 spirochetes are unable to infect mice by Ixodes scapularis tick bite

Tick-mouse-tick infection studies were performed to determine if ΔcheY3 spirochetes are 

able to colonize, replicate, and transmit from infected ticks to naïve C3H/HeN mice. Since 

ΔcheY3 were unable to infect mice via needle inoculation, infecting ticks via feeding on 

infected mice was not feasible. Alternatively, we performed tick-immersion studies in order 

to artificially infect naïve larvae, and then the ticks were allowed to feed on naïve mice to 

determine the ability of the spirochetes to transmit from infected ticks to naïve mice. 

Additionally, the burden of spirochetes per tick was evaluated to determine the replication 

and survival of the spirochetes within the fed larvae 7 days post-repletion. 

Immunofluorescence assay using a FITC-conjugated antibody specific for B. burgdorferi 
demonstrated that spirochetes were intact within fed ticks (data not shown). However, while 

artificial immersion achieved a 90% infection rate of ticks for all strains (data not shown), 

the burden of ΔcheY3 spirochetes per tick was significantly less when compared to the WT 

or the cheY3+ cells, as determined by tick plating (Figure 3A). This result indicates that the 

non-chemotactic ΔcheY3 has a decreased ability to survive or multiply within fed larvae.

Four weeks after tick-feeding, mice were euthanized and animal tissues were cultivated to 

re-isolate B. burgdorferi in order to determine transmission from tick to mouse. No tissues 

from mice fed on by ΔcheY3-infected ticks showed bacterial outgrowth whereas 4 out of 5 

mice fed upon by WT- or cheY3+-infected larvae showed regrowth (Figure 3B). These 

assays were also performed using encapsulated artificially immersed nymphs that produced 

similar results—reduced survivability of the mutants in fed but not in unfed ticks (Figures 

4A, B). Moreover, we assessed the skin containing the tick-bite site, as well as ear, joint, and 

bladder tissues for bacterial outgrowth; PCR was also performed to detect spirochetes 

genomes. The artificially ΔcheY3-immersed nymphs were unable to establish an infection in 

any of the mice they fed upon, as the mutant bacteria were not reisolated by outgrowth in 

culture media or detected by PCR from those tissues, whereas five out of six mice were 

positive for WT bacteria and three out of six mice were positive for the cheY3+ spirochetes 

(Figure 4C). Together, these results indicate that chemotaxis is crucial for optimal survival of 

spirochetes in ticks and infection of mice by tick-bite.

Intravital microscopy shows that ΔcheY3 motility behavior within skin is similar to its in 
vitro phenotype

The finding that the ΔcheY3 was unable to infect mice via needle-injection or tick-bite 

suggested this mutant would demonstrate similar deficiencies in motility/chemotaxis in vivo 
as observed in vitro. To address this, intravital confocal fluorescence microscopy was used 

to directly observe GFP-expressing strains of WT and ΔcheY3 within the intact skin tissues 

of living mice. No notable differences were observed in the shapes of the WT GFP-

expressing B. burgdorferi (WT-eGFP) and ΔcheY3-GFP-expressing B. burgdorferi (ΔcheY3-

eGFP) spirochetes, suggesting that loss of this chemotaxis protein does not alter the 

morphology of B. burgdorferi within skin tissues. Assessment of time-lapse images taken at 

6 hours post-injection showed that the majority of WT bacteria displayed a back-and-forth 
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(B/F) motion (see Experimental Procedures section for a description of different motility 

events), with only a few showing directed runs (Figure 5B and Video 1) (Harman et al., 
2012). Alternatively, while the majority of the ΔcheY3 mutants appeared non-motile, those 

that did display translational motility were unable to reverse their direction; even when they 

did stop moving, they were only able to continue movement in the same direction (Figure 

5B and Video 2). Viewing the non-motile ΔcheY3 at a higher magnification showed that the 

majority of these mutants appeared to be trying to move forward, but could only make a 

minimal gain as they appeared stuck and were returned to the same spot, resulting in no net 

movement. This suggests that certain tissue components were hindering B. burgdorferi 
movement, and since the ΔcheY3 cannot reverse direction to find an unhindered route, they 

lose translational motility. Based on our described motility patterns (see Experimental 

Procedures), WT bacteria maintained the B/F motion as the major motility behavior over a 

period of 48 hours, whereas the majority of the ΔcheY3 bacteria were non-translational by 6 

hours and almost all were non-motile at 48 hours (Figure 5C), suggesting the ΔcheY3 
mutants are either stuck or become non-motile and/or cleared. Since a significant number of 

ΔcheY3 bacteria were non-translational by 6 hours, the velocity of bacteria that could 

translocate (translational, includes both run and B/F) and the ones that could not (non-

translating bacteria defined above) were calculated separately. The average velocity of 

translating WT bacteria was 217.7 μm/min while translating ΔcheY3 bacteria was 183.4 

μm/min (Figure 5D). Thus, even though ΔcheY3 were unable to reverse direction, they could 

still achieve velocities similar to that of the WT bacteria in skin. The velocity of bacteria at 

later times post-injection was not calculated, since the majority the ΔcheY3 bacteria (>90%) 

were non-translational after 6 hours post-inoculation. These observations suggest that the 

loss of cheY3 affects the motility pattern, but not the velocity potential of B. burgdorferi 
within murine skin.

ΔcheY3 bacteria fail to disseminate from the skin injection site to other target tissues and 
are cleared within 4 days post-injection

To determine the persistence of the mutant in mice, ΔcheY3-eGFP and WT-eGFP bacteria 

were injected intradermally into ear skin and confocal microscopy images were collected at 

the indicated times post-injection for manual enumeration of the spirochetes in each image. 

The burden of WT bacteria appeared to initially decrease between 6 hours and 24 hours 

post-injection, but subsequently increased dramatically between 48 hours and 96 hours post-

injection (Figure 6A, right panel). Alternatively, the burden of ΔcheY3 steadily decreased 

after 6 hours post-injection, such that none of the mutants were visible by 96 hours post-

injection, suggesting that the murine immune system cleared the ΔcheY3 from skin tissues 

within 96 hours post-injection. Although the same number of WT and ΔcheY3 spirochetes 

was injected, there appeared to be more ΔcheY3 than WT bacteria per viewing field at 6 

hours post-injection (Figure 6A). We speculate that these differences are artificial due to 

more ΔcheY3 spirochetes becoming stuck at the injection site compared to WT spirochetes, 

since WT are capable of efficiently migrating through skin. These data indicate that loss of 

cheY3 leads to increased clearance of B. burgdorferi within murine skin tissues.

Although the ΔcheY3 appeared to be cleared relatively quickly at the inoculation site, it was 

still feasible that their limited mobility could allow dissemination to distant tissues via the 
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bloodstream or other routes. To address this, B6 mice were intradermally injected with WT-

eGFP or ΔcheY3-eGFP spirochetes and a number of target tissues (e.g. distant back skin, 

ankles, and heart) were harvested at the indicated times post-injection for bacterial 

enumeration by qPCR (Figure 6B). ΔcheY3 were cleared from all ear tissues (i.e. the 

injection site) by 96 hours post-injection, whereas WT spirochetes persisted in ear tissues 

(Figure 6B; top left), corroborating our intravital microscopy results (Figure 6A). 

Assessment of all distant tissues (i.e. back skin, heart, and ankles) indicated that WT B. 
burgdorferi were detected in all tested tissues by day 14–28 post-injection. However, no 

ΔcheY3 were detected in any of these tissues at any times post-injection, implying that these 

mutants did not escape the injection site but were instead cleared from the local ear tissues 

by the murine immune system (Figure 6B). This is consistent with the tick-mouse infection 

studies (Figure 3C and 4C), where ΔcheY3 spirochetes could not be re-isolated or detected 

from mouse tissues harvested 4–28 days after infected-ticks fed to repletion. Thus, loss of 

cheY3 leads to early clearance of B. burgdorferi in mice and an inability to disseminate to 

distant tissues.

Infection with ΔcheY3 is sufficient to elicit B. burgdorferi-specific antibodies

Typically during any infection, an immunocompetent vertebrate host initiates a primary 

antibody response that consists mainly of IgM antibodies. As this initial response starts to 

wane, the host then generates a stronger secondary antibody response that is primarily 

comprised of pathogen-specific IgG antibodies. Interestingly, B. burgdorferi infection of 

both mice and humans elicits a continuously increasing IgM response during an active 

infection together with an IgG response that is not well-maintained after the infection is 

cleared (Kalish et al., 2001, Hastey et al., 2012, Elsner et al., 2015). When the antisera from 

our current experiments were assessed by ELISA, WT bacteria elicited a strong B. 
burgdorferi-specific IgM response that continued to increase even after 60 days post-

injection (Figure 7A), similar to those studies listed previously. Alternatively, ΔcheY3 
infection elicited IgM levels similar to WT ≤28 post-injection, but these levels subsequently 

decrease by day 62 (Figure 7A). B. burgdorferi-specific IgG levels generated in response to 

the ΔcheY3 were also similar to WT ≤28 post-injection (Figure 7B); however the WT IgG 

levels continue to increase between days 28 and 62 post-injection, whereas antibody levels 

against ΔcheY3 did not increase after day 28, but was maintained for the duration of this 

experiment. Interestingly, the IgG levels against a non-motile ΔmotB (lacks the MotB motor 

stator), which we previously reported were cleared within 48–72 hours post-injection and 

elicited a minimal B. burgdorferi-specific antibody response, were lower than both WT and 

ΔcheY3 at day 62 post-injection (Sultan et al., 2015). Thus, although the IgM response is 

abbreviated in the ΔcheY3-infected mice, the infection is still sufficient to generate a robust 

B. burgdorferi-specific IgG response that persists well after bacterial clearance.

DISCUSSION

The enzootic lifecycle of B. burgdorferi requires that it cycles between a tick vector and a 

vertebrate host (Burgdorfer et al., 1982, Welch et al., 1993, Toker et al., 1997). This 

necessitates that the spirochete sense and assess its external environment, and subsequently 

responds in an appropriate fashion by changing its cellular behavior and/or gene expression 
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accordingly. The chemosensory system of B. burgdorferi would presumably aid in such 

sensing as well as traversing a path between the tick vector and the mammalian host.

Previous results indicate that all of the chemotaxis genes in the flaA-cheA2-cheW3-cheX-
cheY3 operon are important for chemotaxis in vitro (Li et al., 2002, Motaleb et al., 2005, 

Motaleb et al., 2011b, Zhang et al., 2012). Additionally, previous studies have demonstrated 

that CheA2 is capable of both autophosphorylating and transferring that phosphoryl group to 

CheY3 (Motaleb et al., 2005). Therefore, it is plausible that CheA2 and CheY3 comprise a 

two-component system in B. burgdorferi, and that CheA2 is the cognate kinase for CheY3.

The in vivo studies with the ΔcheY3 demonstrated that burden of the ΔcheY3 in fed but not 

unfed ticks was significantly reduced compared to the burden of parental spirochetes (Figure 

4A, B). The reason for this observed reduced burden in ticks is unknown. It is possible that 

since the ΔcheY3 is non-chemotactic and only able to swim in one direction it is easily 

identified and captured by the innate immune system of the tick or that ingested blood 

factors more efficiently cleared the mutant organisms (Ribeiro et al., 1990, Kern et al., 2011, 

Hajdusek et al., 2013). Based on our previous investigations with motility and cyclic-di-

GMP mutants, we proposed that back-and-forth motility is crucial to protect the spirochetes 

in the fed ticks (Sultan et al., 2010, Pitzer et al., 2011, Sultan et al., 2013, Novak et al., 2014, 

Motaleb et al., 2015, Sultan et al., 2015). The same proposal can be applied here, as the 

ΔcheY3 spirochetes are unable to reverse their swimming patterns. Nevertheless, further 

studies are needed in order to determine the cause for the reduced burden of the ΔcheY3 in 

ticks.

The inability of the chemotaxis-deficient ΔcheY3 to establish an infection in mice is not 

completely understood, but could be due to the inability of the mutant to disseminate to 

target organs and/or evade the host cellular immune responses, as these mutant cells are not 

able to relay its CheY3-associated signals to the flagellar motor, and thus would not respond 

appropriately to certain chemotactic signals within their microenvironment (Table 1 and 

Figure 3C, 4C). We noticed that the in vivo phenotype of the mutant was partially restored in 

the cheY3+ cells (Figure 4C) even though we complemented the mutant by genomic 

reconstitution, and the CheY3 protein expression was restored to WT level (Figure 1). The 

reason for the partial restoration could be due to the loss of some of the endogenous B. 
burgdorferi plasmids in part of the population of the cheY3+ cells (Sultan et al., 2013). 

Nonetheless, our current data suggest that the failure of ΔcheY3 to switch its swimming 

behavior is causing the mutant to become trapped in the skin tissues. Skin dermis is a 

meshwork composed of a variety of ECM molecules, including collagen, elastin, and an 

extrafibrillar matrix made up of glycosaminoglycans (GAGs), proteoglycans, and 

glycoproteins (Leong et al., 1998, Parveen et al., 2000, Jarvelainen et al., 2009). WT B. 
burgdorferi appear able to detect barriers in its motility pathway and subsequently reverse or 

change its direction before taking an adjacent path that might be comprised of less dense 

tissue. Alternatively, the ΔcheY3 is unable to reverse and adjust its direction, and thus will 

eventually become trapped after translocating into a dense area, indicating that back-and-

forth movement is essential for maneuvering around complex structures in the skin tissue 

(Moriarty et al., 2008, Norman et al., 2008). This is supported by the significant reduction of 

ΔcheY3 in skin by 24 hours and complete clearance by 96 hours post-injection (Figure 6A), 
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suggesting that these non-translating spirochetes were quickly recognized and efficiently 

cleared by innate immune components.

There are currently no commercially available vaccines to protect against B. burgdorferi 
infection. Many of the individual purified proteins tested as vaccines do not confer complete 

protection (Hanson et al., 1998, Exner et al., 2000, Hagman et al., 2000, Nogueira et al., 
2012, Floden et al., 2013). Passive transfer of serum from mice (or humans) injected with 

WT bacteria or with certain B. burgdorferi proteins seem to provide limited protection 

(Fikrig et al., 1994, Barthold et al., 1997, Hanson et al., 1998, Fikrig et al., 2000, Hagman et 
al., 2000, Floden et al., 2013, Small et al., 2014), suggesting that antibodies can provide 

protection if generated against critical antigens. Attenuated or killed vaccines have been 

successful in preventing many bacterial and viral infections (Mc, 1948, Mekalanos, 1994, 

Jin et al., 2015), but there are few studies screening non-infectious B. burgdorferi mutants 

for potential protective abilities. Immunization with killed or an aflagellar B. burgdorferi 
mutant conferred protection to naïve mice only if the mice were challenged early with WT 

bacteria (Johnson et al., 1986, Sadziene et al., 1996). But similar to passive immunization 

results, the protective ability of these attenuated (or killed) strains was decreased if the mice 

were challenged late (≥ 90 days post-immunization) (Johnson et al., 1986, Sadziene et al., 
1996). One of the reasons surmised for this failure to achieve long-lasting immunity was that 

these mutants did not persist more than 24 hours post-injection, which is insufficient for 

generating an effective antibody response, particularly since it theoretically would not 

provide enough time for the mutants to upregulate critical virulence proteins that are 

expressed during vertebrate infection. Our observation that the ΔcheY3 survived ≤96 hours 

post-injection suggested that these mutants might persist long enough to upregulate more 

vertebrate host-specific virulence factors that could elicit antibodies capable of conferring 

protection from subsequent challenges. Our studies showed that infection with the ΔcheY3 
generated similar levels of spirochete-specific IgM and IgG as WT B. burgdorferi through 

day 28 post-infection before reaching a significant baseline level that was maintained at least 

through day 62 post-infection. Notably, these levels were also significantly higher at all 

times tested than those generated against a non-motile ΔmotB strain that was shown to be 

cleared within 48–72 hours post-infection (Sultan et al., 2015). This implies that infection 

with the ΔcheY3 could potentially generate sufficient levels of spirochete-specific antibodies 

to confer protection against future challenges with fully virulent B. burgdorferi strains. If so, 

such studies might also allow the identification of individual antigens that can elicit 

protective antibodies, potentially leading to a vaccine based on recombinant proteins. 

Further studies are needed to demonstrate that infection with the mutant protects against WT 

infection.

As mentioned, B. burgdorferi contains three homologs of the cheY gene, which are located 

in separate operons (Motaleb et al., 2011b). However, lack of cheY3 was not compensated 

for by the other cheY homologs, and evidence suggests that cheY1 and cheY2 are not 

important for motility and chemotaxis in vitro (Motaleb et al., 2011b). So, what then is the 

function of these additional cheY genes? Many bacterial genomes contain multiple copies of 

a chemotaxis cheY gene and at least one of them is shown to be dedicated to control 

motility, similar to what we report in this communication with cheY3. The function of most 

of the additional genes is unknown (in any bacterium). There are a few instances in which 
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multiple chemotaxis-like signaling systems appear to have very different roles in the same 

species and those additional cheY genes may control other cellular non-chemotactic 

processes (Kato et al., 1999, Szurmant et al., 2004, Whitchurch et al., 2004, Berleman et al., 
2005). Consequently, it is plausible that B. burgdorferi CheY2 or CheY1 controls some non-

chemotactic cellular processes such as serving as virulence determinants rather than acting 

as a classical chemotaxis response regulator, like CheY3 (H. Xu et al—manuscript under 

review; our unpublished observations).

In summary, we have shown that the CheY3 response regulator is an essential component of 

the chemosensory system in B. burgdorferi, and that CheY3 is important for successful 

completion of the enzootic lifecycle and for continued perpetuation of Lyme disease. Based 

on our data, we propose that the chemosensory system of B. burgdorferi, and by extension 

motility, is critical during mammalian infection, dissemination, and possibly transmission 

from tick to the vertebrate host (Figure 8) (Motaleb et al., 2015). The motility/chemotaxis 

system is likely to be “active” or “on” during dissemination and persistent infection of the 

mammalian host, as well as during the tick’s blood-meal to allow navigation from the mouse 

into the tick and subsequent colonization of the mid-gut. However, after the nutrients from 

the blood-meal are depleted during the molt, B. burgdorferi must shut down flagellar 

rotation and chemotaxis to conserve energy, as this (motility/chemotaxis) system is 

unnecessary during molting (Figure 8) (Motaleb et al., 2015). Motility and chemotaxis must 

then be turned back “on” during nymphal feeding for subsequent transmission of the 

spirochetes. Although the latest time point post-injection analyzed by intravital microscopy 

in this study was 96 hours, we have examined WT-eGFP bacteria constantly swimming in 

the murine host for >2 years post-injection (R. M. Wooten and M. A. Motaleb, unpublished 

data). Accordingly, we propose that continuous chemotaxis/motility activities are necessary 

for persistent mammalian infection and are still required even after B. burgdorferi reaches its 

target colonization tissues in the mammal host. As outlined in Figure 8, CheY proteins are 

phosphorylated by CheA-P. CheY3-P then binds to the flagellar switch proteins to alter 

swimming behavior until it is dephosphorylated by the CheX phosphatase (Motaleb et al., 
2005, Pazy et al., 2010). Based on our data, only CheY3 appears to act as a classical 

response regulator, as it contributes to motility and chemotaxis. Further studies are needed to 

not only elucidate the environmental signals that trigger the “active/on” or “inactive/off” 

status of the chemotaxis/motility system, but also the exact molecular components that 

transduce these signals within the spirochete.

EXPERIMENTAL PROCEDURES

Ethics statement

East Carolina University and University of Toledo are both accredited by the International 

Association for the Assessment and Accreditation of Laboratory Animal Care. All animal 

procedures received Institutional Animal Care and Use Committee approvals and were in 

accordance with federal guidelines for the care and use of laboratory animals.
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Mouse strains

All intravital microscopy experiments were performed utilizing C57BL/6 (B6; National 

Cancer Institute); all other experiments were completed using C3H/HeN mice (Charles 

River Laboratories, Raleigh, NC). These mouse strains contain equivalent susceptibilities to 

infection with B. burgdorferi and have been shown to contain similar bacterial numbers in 

most tissues during persistent infection, even though they can yield different levels of 

disease severity (Ma et al., 1998, Brown et al., 1999b, Weis et al., 1999).

Bacterial strains and growth conditions

Low-passage, virulent B. burgdorferi strain B31-A3 was utilized as the WT clone throughout 

this study (Elias et al., 2002). This clone was used to infect naïve C3H/HeN mice and then 

was reisolated from the mouse tissues, subcloned, and used as the parental clone for all of 

our subsequent studies. The genome of this strain is known to contain 12 linear and 9 

circular plasmids, for a total of 21 plasmids, in addition to a 960-kbp linear chromosome 

(Fraser et al., 1997, Casjens et al., 2000). This strain lacks circular plasmid 9 (cp9), but still 

maintains its infectivity in tick-mouse infection studies (Elias et al., 2002, Jewett et al., 
2009). Amplified genomic DNA from B31-A3 was used as the foundation to construct the 

ΔcheY3 (explained below). B. burgdorferi cells were grown in liquid Barbour-Stoenner-

Kelly (BSK-II) medium, and cells were plated using plating BSK (P-BSK), which was 

prepared using 0.5% agarose (Motaleb et al., 2007, Stewart et al., 2008b, Sultan et al., 
2013). Cells were grown at 35°C in a 2.5% CO2 incubator, as previously described (Elias et 
al., 2002, Smith et al., 2003, Motaleb et al., 2007). When required, culture and plating 

medium were supplemented with appropriate antibiotics at the following concentrations: 200 

μg/ml kanamycin and 100 μg/ml streptomycin. The endogenous plasmid contents from all B. 
burgdorferi strains were confirmed before commencing any in vivo study involving ticks or 

mice.

Construction of the ΔcheY3, complement, and green-fluorescent protein (GFP) strains

The B. burgdorferi cheY3 gene was identified from the genomic sequence of B. burgdorferi 
and was annotated as bb0672 (441 bp) (Fraser et al., 1997). Construction of the cheY3-
deletion plasmid, electroporation, and plating conditions were described previously (Sultan 

et al., 2010, Pitzer et al., 2011). Briefly, three pieces of DNA fragments were amplified 

separately by PCR: cheY3 gene plus adjacent DNA from the 5′-end (1 kb), the promoterless 

kanamycin resistance cassette, and the 3′-flanking DNA of cheY3 (1 kb). PCR primer 

sequences are not shown here but can be obtained upon request. These three pieces of 

fragments were gel purified and then ligated by overlapping PCR, as described in detail 

(Motaleb et al., 2011a). The PCR product was then ligated into the pGEM-T Easy vector 

(Promega, Inc.), yielding pCheY3-Pl-Kan-Easy. DNA containing cheY3-Pl-Kan was 

linearized by NotI restriction digestion to remove the ampicillin marker of the vector and 

electroporated into competent B31-A3 cells to obtain mutants (Motaleb et al., 2000, Sultan 

et al., 2013). Transformants were screened by PCR for proper recombination of the cheY3 
inactivation cassette. The ΔcheY3 GFP-expressing strain was constructed in the same 

manner as the ΔcheY3, except the linearized DNA was electroporated into a B31-A3-GFP 

expressing strain, as described previously (Sultan et al., 2015).
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In order to complement the cheY3 mutation, the cheY3 and cheX gene were amplified from 

genomic DNA along with adjacent flanking DNA using the primers (5′-3′): 
CheY3.FORWARD (TTGGATGCTGCTTCTTCGG) and CheY3.REVERSE 

(GCTGCTTGCATTGTTAG). The resulting PCR product was ligated into the pGEM-T Easy 

vector, yielding RCY3-Easy. The PflgB-aadA cassette, which confers resistance to 

streptomycin (Frank et al., 2003), was similarly amplified with engineered HindIII sites by 

PCR using the following primers (5′-3′): Flg-F (AAGCTTCCCGAGTTCAAGGAAGAT) 

and Strep-R (AAGCTTATTATTTGCCGACTACCTTGG). The cassette was then inserted 

into the unique HindIII site after the cheY3 gene. DNA containing cheX-cheY3-aadA was 

linearized by restriction digestion and was then electroporated into competent ΔcheY3 cells 

in order to obtain complemented cells. Transformants were selected with streptomycin.

Western blot analysis was used to confirm the inactivation and restoration of CheY3 in the 

mutant and complemented cells, respectively, and that no disruption of other gene products 

in the operon had occurred as a result of the genetic manipulation (see below). Linear and 

circular plasmid contents of all B. burgdorferi transformants were confirmed by PCR using 

primers described previously (Elias et al., 2002, Sultan et al., 2010, Pitzer et al., 2011).

SDS-PAGE and immunoblot analyses

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and 

immunoblotting with an enhanced chemiluminescent detection method (GE Health Inc.) 

were performed as reported previously (Motaleb et al., 2000). A Bio-Rad protein assay kit 

determined the concentration of protein in cell lysates. Unless otherwise noted, 5 μg of 

lysate protein was subjected to SDS-PAGE and immunoblotting using specific antibodies. 

Antibodies kindly provided by other investigators included the following: anti-DnaK by J. 

Benach (State University of New York [SUNY], Stony Brook, NY), and polyclonal E. coli 
anti-CheA by R. Silversmith (University of North Carolina, Chapel Hill, NC). CheY3 and 

CheX antibodies are described elsewhere (Motaleb et al., 2005, Motaleb et al., 2011b). 

Mouse serum collected at indicated times post-injection was utilized as the ‘primary 

antibody’ in western blot analysis to determine the B. burgdorferi-specific antibody 

response.

Dark-field microscopy and swarm plate assays

Exponentially growing B. burgdorferi clones (1–3×107 cells/ml) were imaged using a Zeiss 

Imager M1 dark-field microscope connected to a digital camera to determine morphology 

and motility. Swarming ability of individual bacterial colonies of each strain was determined 

by plating no more than 50 cells into a petri dish (95 mm × 15 mm) containing semi-solid P-

BSK (0.35% agarose) diluted 1:10 in Dulbecco’s phosphate-buffered saline (Motaleb et al., 
2000, Motaleb et al., 2007, Motaleb et al., 2011a). Plates were incubated for three weeks at 

which time colony diameters were measured. At least 11 colony diameters were measured 

for each strain in each assay.

Capillary tube chemotaxis assay

The chemotactic ability of B. burgdorferi was quantitatively determined as previously 

described (Motaleb et al., 2011b) with slight modifications. Briefly, WT, ΔcheY3, or cheY3 
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complement (cheY3+) B. burgdorferi were grown to approximately 1×108 cells/ml. 

Spirochetes were counted using a Petroff-Hausser chamber, and the cells needed for the 

assay (1×107 cells/ml) were collected by centrifuging for 15 minutes at 1,800 × g at room 

temperature. The cells were washed with PBS and then gently resuspended in motility buffer 

(136.9 mM NaCl, 8.10 mM Na2HPO4, 2.7 mM KCl, 1.47 mM KH2PO4, 2% recrystallized 

BSA (Sigma-Aldrich Co.), 0.1 mM EDTA, pH 7.4) to obtain a final solution of 1×107 

cells/ml, 0.5% methylcellulose (400 mesh; Sigma Aldrich Inc.). This suspension (0.2 ml) 

was added into each 1.5 ml eppendorf tube chemotaxis chamber with a perforated lid. 

Capillary tubes were filled with control solution (motility buffer) or attractant solution (100 

mM N-Acetylglucosamine in motility buffer, 0.22μm filter-sterilized) and sealed on one end 

with clay. Excess fluids on the outside of the capillary tubes were wiped off, and the 

capillary tubes were inserted into the appropriate eppendorf tube chemotaxis chambers (one 

capillary tube per chamber; 3–5 replicates per strain). Tubes were incubated at 35°C for 2 

hours, at which point the tubes were carefully wiped off to remove excess liquid on the 

outside, and the contents was expelled into a clean eppendorf tube. The contents of each 

chemotaxis tube were plated individually using P-BSK to determine colony-forming units 

(CFU). The plates were incubated at 35°C for 2–5 weeks (until colonies appeared). Each 

strain was repeated three times with each repeat containing 3 replicates, and the results are 

expressed as the average attractant/buffer ratio. An increase in the number of spirochetes 

equal to or greater than twice that of the buffer control was considered significant.

Mouse infection studies using injected B. burgdorferi

Six-to-seven weeks old C3H/HeN mice were used for infection studies, as previously 

described (Elias et al., 2002, Stewart et al., 2008a, Sultan et al., 2013). In order to determine 

the infectious ability of the spirochetes, mice (n = 5 or 2 per strain) were injected 

subcutaneously with WT (5×103), ΔcheY3 (5×103 or 1×106), or cheY3+ cells (5×104). The 

number of spirochetes was determined using a Petroff-Hausser chamber and verified by 

colony forming units (CFUs) by plating. At four weeks post-injection, mice were euthanized 

and ear skin, bladder, and tibiotarsal joints were harvested and placed in BSK-II broth for up 

to 35 days to allow bacterial outgrowth from the animal tissues (Elias et al., 2002, Grimm et 
al., 2003, Stewart et al., 2008a), which is the direct determination of the ability of 

spirochetes to infect mice by tick bite and disseminate throughout the body. The presence of 

spirochetes in the growth medium was determined by dark-field microscopy (Elias et al., 
2002, Grimm et al., 2003, Grimm et al., 2004, Sultan et al., 2013).

Tick-mouse studies

Transmission of spirochetes from infected ticks to naïve mice was assessed using tick-mouse 

infection assays (Policastro et al., 2003, Battisti et al., 2008, Stewart et al., 2008a). Naïve 

Ixodes scapularis larvae were purchased from Oklahoma State University. Naïve larvae were 

artificially inoculated by immersion in equal-density, exponential-phase (5×107 cells/ml) 

cultures of B. burgdorferi clones, as previously described (Policastro et al., 2003, Battisti et 
al., 2008, Stewart et al., 2008a). Ticks were subsequently fed to repletion on mice (3 mice 

per strain; ~200 larvae/mouse). After 5–7 days, fed ticks were collected once they dropped 

off mice. At 7 days post-repletion, a subset of ticks was individually dissected and the 

isolated midguts were analyzed by immunofluorescence (IFA; see below) for the presence of 

Novak et al. Page 13

Cell Microbiol. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



spirochetes (Stewart et al., 2008a). A second subset of ticks was surface-sterilized with 3% 

H2O2 and 70% ethanol, individually crushed in BSK-II medium, and plated in P-BSK to 

determine the number of viable spirochetes per tick (CFUs). Results are expressed as the 

spirochete burden per tick, where each dot is representative of a single tick (n = 12). A third 

subset of ticks was crushed individually and genomic DNA was extracted using the DNeasy 

blood and tissue kit, according to the manufacturer’s instructions (Qiagen Inc.). The DNA 

from each tick was then utilized for PCR to determine spirochete-positive ticks. Spirochete 

burdens in each spirochete-positive tick were determined by using quantitative real-time 

PCR (qPCR) using primers specific for the B. burgdorferi enolase gene, as described 

previously (Yang et al., 2004, Zhang et al., 2009, Pitzer et al., 2011). Copies of the B. 
burgdorferi enolase gene per tick were extrapolated from a standard curve generated using a 

known amount of plasmid DNA containing the enolase gene as the template.

To determine spirochete transmission and infection of the C3H/HeN mice, fed animals were 

euthanized four weeks post-repletion followed by bacterial outgrowth analysis. The presence 

of spirochetes in the growth medium was determined by dark-field microscopy (Sultan et al., 
2010, Sultan et al., 2011).

Transmission of spirochetes to mice by encapsulated nymphs

Naïve nymphs were artificially infected by immersion, as described above. Nymphs were 

allowed to feed on mice using a capsulated system, as previously described (Mulay et al., 
2009, Patton et al., 2011, Sultan et al., 2013). Mice were anesthetized and 15–20 nymphs 

were confined to capsules affixed to the shaved back of a naïve C3H/HeN mouse (n = 3 per 

strain per assay). The ticks were allowed to feed to repletion and then collected from the 

capsules. At 7 days post-repletion, spirochete burdens were determined from individually 

crushed ticks by qPCR, as described above. The results are expressed as mean ± SEM from 

at least 4 spirochete-positive tick data per clone per assay.

At 68 hours or 4 days post-repletion, mice were euthanized and the tick-bite sites were 

extensively washed. A section of skin comprising the tick-feeding site was excised, rinsed in 

70% isopropanol, and cut into equal portions. Part of the tick-bite site skin, ear, bladder, and 

joint tissues were cultured separately in BSK-II medium for up to 35 days to determine 

bacterial outgrowth, and the other remaining tissues were processed for PCR to detect B. 
burgdorferi DNA using enolase gene-specific primers (Pitzer et al., 2011).

Immunofluorescence Assay

IFAs were set up as previously described (Sultan et al., 2013). Briefly, ticks were 

individually dissected in phosphate-buffered saline (PBS)-5 mM MgCl2 on Teflon-coated 

microscopic slides. Dissected tick contents were then 10-fold serially diluted to avoid 

quenching by hemin in the blood (Policastro et al., 2003, Sultan et al., 2010). The slides 

were air dried and blocked with 0.75% bovine serum albumin (BSA) in PBS-5 mM MgCl2 

for 30 min. The slides were then washed twice with PBS-5 mM MgCl2, and spirochetes 

were detected using goat anti-B. burgdorferi antisera labeled with fluorescein isothiocyanate 

(1:100 dilution; Kirkegaard & Perry Laboratories, Inc.). Images were captured using a Zeiss 

Axio Imager M1 microscope connected to a digital camera.
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Intravital microscopy

Two days prior to an experiment, the outer ear surface of the mice was depilated (Nair), 

rinsed immediately with H2O, and allowed to rest. Low-passage cultures of WT-eGFP and 

ΔcheY3-eGFP were counted to contain the desired B. burgdorferi inoculum (106 bacteria) in 

10μl BSK-II medium. B6 mice were anesthetized, and the desired numbers of GFP-

expressing bacteria were injected intradermally in a 10μl bolus using a 31G insulin syringe 

via the dorsal ear surface of the mouse. The mice were allowed to rest for 6h and then re-

anesthetized for imaging at the indicated times.

Imaging was performed using an Olympus FV1000 laser confocal microscope system. For 

imaging, the mouse was placed on a 37°C heated imaging stage to mount the ear on a 

coverslip (with the template) with the dorsal surface down. For bacterial enumeration, as 

well as motility patterns and velocity determination of the bacteria, 2D images were 

collected using a 20× dry objective with a 2× optical zoom at 1 frame/1100 milliseconds for 

66 seconds (60 images) at different times post-injection. At least two time-lapse images 

were collected for each section of the template (=10 time-lapse images per ear). For bacterial 

morphology studies, images were collected between 2–6 hours post-injection using a 60× 

water immersion objective with an additional optical zoom.

Image Analysis for intravital microscopy

For bacterial enumeration and motility assessment, the first of the 60 images in a dataset was 

selected and the bacteria in that image were counted and tracked manually. Motility patterns 

and velocity were calculated for bacteria present in the viewing field since the first frame. 

For motility patterns, the movement of any bacteria that remained within the viewing field 

for ≥ 5 seconds was manually assessed and categorized as one of three groups: (1) Run—

bacteria continue to move in one direction without reversing or switching the swimming 

direction throughout the entire time of assessment, (2) Back/Forth (B/F)—bacteria reversed/

switched their direction of motion at least once throughout the entire time of assessment, and 

(3) Non-translational—bacteria had no net movement, which includes both non-motile 

bacteria and those that could move slightly, but were unable to generate net movement 

(translocate). Time of assessment of the bacteria was defined as the total time the bacteria 

were visible in the viewing field, which ranged from 5 seconds minimum up to 60 seconds. 

For calculating the velocity of the bacteria, all the 60 images of the dataset were assessed 

using MetaMorph software (Molecular Devices), and every bacterium noted on the first 

image was tracked through 60 images and the average velocity of the bacterium was 

calculated. For tracking, one end of the spirochete was chosen and it was followed until that 

end is not visible for more than 1 frame. Observations for bacteria that stayed in the field of 

view for less than 5 frames were discarded.

Quantitative measurement of B. burgdorferi in murine skin and other target tissues

The bacterial numbers in murine tissues were quantified as previously described (Brown et 
al., 1999a, Morrison et al., 1999). Briefly, naïve anesthetized B6 mice were intradermally 

injected with 5×104 bacteria per animal via the dorsal ear surface. Multiple tissues including 

the entire ears, back skin, entire ankle joints, and heart were collected at various times post-

injection. The tissues were appropriately processed to isolate DNA, as described (Brown et 
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al., 1999a, Morrison et al., 1999, Sultan et al., 2015). qPCR was performed using a Light 

Cycler 96 (Roche Diagnostics) and Syber Green detection. Mouse DNA levels were 

determined by amplifying the nidogen gene and B. burgdorferi DNA was determined by 

amplifying the flaB gene. Copy numbers for mouse and B. burgdorferi genomes present in 

each sample were calculated by extrapolation to standard curves using LightCycler software 

(Roche Diagnostics). Normalizing B. burgdorferi genomes to 1000 mouse genomes 

represented the final B. burgdorferi numbers. The primers used to detect mouse nidogen 
were nido.F (5′-CCA GCC ACA GAA TAC CAT CC-3′) and nido.R (5′-GGA CAT ACT 

CTG CTG CCA TC-3′). The oligonucleotide primers used to detect B. burgdorferi flaB 
were flaB.F (5′-TTG CTG ATC AAG CTC AAT ATA ACC A -3′) and flaB.R (5′-TTG 

AGA CCC TGA AAG TGA TGC -3′).

B. burgdorferi-specific antibody detection by ELISA from intravital microscopy studies

Serum was collected at the indicated times by either retro-orbital bleeding or 

exsanguination, and immunoglobulin (Ig) content was assessed using previously described 

methods (Brown et al., 1999a). For detection of B. burgdorferi-specific antibodies, 96-well 

high-binding ELISA plates (Costar) were coated with B. burgdorferi sonicate or goat anti-

mouse total immunoglobulin (IgG+IgM+IgA; Southern Biotech). For B. burgdorferi 
sonicates, the WT bacteria were grown at 33ºC and then shifted to 37ºC for the final 

overnight culture (Schwan et al., 2000). This temperature-shifted culture was then 

resuspended in PBS for sonication within a closed sterile tube using a bath sonicator 

(Sonifier® Cell Disruptor). The protein content of the sonicated sample was measured by 

Bicinchoninic acid assay (BCA; Pierce Thermo Scientific) and stored at −80ºC. The B. 
burgdorferi ELISA plates were made by coating appropriate wells with 5μg/ml of the 

sonicate (for sample and blank) or goat anti-mouse total Ig (to provide a purified Ig 

standard) in 0.1M carbonate-bicarbonate Buffer (pH 9.5) overnight. Serial dilutions of 

individual sera from uninfected or infected mice were added to the B. burgdorferi-coated 

plates overnight, washed to remove unbound antibodies, and bound murine Ig was detected 

using goat anti-mouse IgG conjugated to biotin (Southern Biotech). After incubation for 2–3 

hours at room temperature, the samples were visualized by adding avidin-conjugated 

Horseradish Peroxidase (avidin-HRP; Vector Labs) for 30 minutes followed by adding the 

color solution (0.4mg/ml of O-phenylenediamine and 0.01% H2O2 in citrate buffer, pH 5) 

and inhibiting the reaction with 1N hydrochloride. The content was quantified by 

comparison to standard curves constructed using the appropriate purified mouse Ig isotype 

(Southern Biotech).

Statistical analyses

The significance difference between the mean values of the groups for each experiment was 

analyzed as follows. When comparing WT, ΔcheY3, and cheY3+ (either the cheY3+ or 

ΔmotB) data was checked with D’Agostino-Pearson omnibus normality test to determine if 

the values come from a Gaussian distribution. The data that passed normality was analyzed 

via a multiple-comparison analysis using a one-way analysis of variance (ANOVA), 

followed by a Tukey’s post hoc test; if the data did not pass normality, a multiple-

comparison analysis was performed by using a Kruskal-Wallis test, followed by Dunn test. P 

< 0.05 is considered significant. For all intravital and detection of GFP-expressing bacteria 
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in mice, normality was checked using Shapiro-Wilk normality test. If data was normal than 

the difference between WT and ΔcheY3 was assessed via an unpaired t-test, whereas non-

normal data was assessed via a Mann Whitney test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Construction and complementation of the ΔcheY3
A. WT B. burgdorferi genome arrangement of flaA operon containing cheY3 (labeled as 

WT chromosome). The Pl-Kan (aph1) cassette was inserted after deleting the cheY3 gene by 

allelic exchange (ΔcheY3 chromosome). The mutant was complemented in cis by genomic 

reconstitution by inserting a WT copy of the cheY3 gene flanked by the PflgB-aadA cassette 

(cheY3+ chromosome). Arrows indicate the direction of transcription. DNAs/Plasmids are 

not drawn to scale. B. Immunoblot analysis of B. burgdorferi cells probed with the indicated 

antibodies. The CheY3 protein expression was inhibited in the mutant, but restored in the 

complemented cheY3+ cells as confirmed by using cell lysates from the indicated clones 

probed with anti-CheY3. CheY3 protein is approximately 14 kDa. The cheA2 and cheX 
genes are located in the same operon as the targeted cheY3, however, the expression of those 

gene products were not altered in the mutant or the complemented cells (see anti-CheA and 

anti-CheX blots). DnaK was used as a loading control.
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Figure 2. In vitro phenotypes of the ΔcheY3
A. ΔcheY3 colonies exhibit a significantly reduced swarming ability on semi-solid agar 

plates when compared to the parental WT or complemented cells (P = 0.0001). Values are 

mean ± SD from at least 11 individual colonies per strain. Statistical analysis was performed 

by using ANOVA followed by Tukey’s Multiple Comparisons test. A P<0.05 between 

strains is considered significant. B. The ΔcheY3 is deficient in chemotaxis as determined by 

the capillary tube chemotaxis assay using N-Acetylglucosamine as an attractant. A capillary 

tube filled with buffer without any attractant was used as a control. An increase in the 

number of spirochetes equal to or greater than twice that of the buffer control was 

considered “chemotactic”. The numbers on top of each vertical bar is the fold-increase over 

the buffer control. Results shown are mean ± SEM from three independent studies with three 

replicates per strain per assay.
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Figure 3. CheY3 is important for tick-mouse infectious cycle
A. The burden of ΔcheY3 was significantly less in fed larval ticks compared to WT or the 

complemented cheY3+. Naive larval ticks were artificially infected by immersion using in 
vitro-grown spirochetes. Larvae were crushed individually on day 7 post-repletion, and the 

spirochetal density per larva was determined by plating on semi-solid growth media 

followed by counting viable spirochetes (CFU). The p-values were determined using 

Kruskal-Wallis ANOVA test followed by Dunn Multiple Comparisons test. Results shown 

are the spirochete burden per larva, where each dot is representative of a single tick (n = 12). 

The line denotes the mean of the entire group. A P<0.05 between strains is considered 

significant. B. CheY3 is important for establishing infection in mice by tick-bite. Naïve 

C3H/HeN mice were fed upon by artificially-infected larvae (~200 larvae/mouse, 3 mice per 

clone). Four weeks post-repletion, mice were euthanized to determine bacterial outgrowth 

from ear, joint, and bladder tissues.
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Figure 4. Mice are not infected by ΔcheY3-infected nymph bite
The burden of the mutant was significantly less in fed, but not in unfed nymphs when 

compared to the parental cells (A, unfed; B, fed nymphs). Naïve nymphs were artificially 

infected and then allowed to feed on separate naïve mice (n=3 per assay). Seven days after 

feeding, nymphs (fed and unfed) were processed for PCR analysis to determine spirochete-

positive ticks, and subsequently qPCR to determine the number of spirochete genomes using 

enolase gene-specific primers (five spirochete-positive nymphs per clone). Results shown are 

mean ± SEM. Statistical analysis was performed using ANOVA test followed by Tukey 

Multiple Comparisons test. A P<0.05 between strains is considered significant. C. Naïve 

mice fed by the ΔcheY3-infected nymphs were not able to establish persistent infection. 

Fifteen infected encapsulated nymphs per mouse were allowed to feed. Four days (or 68h, 

data not shown) after feeding, mice were euthanized to detect B. burgdorferi DNA from tick 

bite site skin, ear, joint, and bladder tissues by PCR (one half of each tissue or one joint 

tissue from each mouse). To validate the PCR data, the other half of each of those tissues 

was processed for bacterial outgrowth analysis (not shown). WT and cheY3+ spirochetes 

were detected only in the tick-bite site skin tissues, as expected, at this early time points 

when B. burgdorferi cells generally do not disseminate to the distant tissues.
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Figure 5. Comparison of motility patterns in murine ear tissue between ΔcheY3 and WT
A. Morphology of WT and ΔcheY3 B. burgdorferi was observed in vivo in ear skin tissue of 

mouse using intravital microscopy technique. 1×106 WT-eGFP or ΔcheY3-eGFP B. 
burgdorferi was injected intradermally into ear skin and images were collected between 2-6 

hours post-injection. Both WT (i–ii) and ΔcheY3 (iii–iv) bacteria demonstrate similar 

characteristic flat-wave morphologies in vivo. Scale bar is 5μm. B–C. 1×106 WT-eGFP or 

ΔcheY3-eGFP B. burgdorferi (Bb) were injected as above and time-lapse images were 

collected at different times post-injection. B. Representative images of ΔcheY3 (left) and 

WT (right) motility path tracked at 6h post-injection using MetaMorph. Colored lines 

(except green) are the tracks of the bacteria. C. For both strains, the % bacteria performing 

run, back-and-forth (B/F) and no translational motility was calculated. The majority of WT 

bacteria at all times performed B/F, whereas most of the ΔcheY3 bacteria were non-

translational. The translating ΔcheY3 performed mainly runs with occasional stops, rather 

than B/F. Results show average % motility ± SEM. ## p = 0.003 % run compared to 

ΔcheY3; $$ p = 0.0026, $$$ p ≤ 0.0003 % B/F compared to ΔcheY3; ** p = 0.0057, *** p ≤ 
0.006 % no translational motility compared to ΔcheY3. Statistics were performed using the 

Mann Whitney test. n ≥ 3 mice. D. The velocity of WT and ΔcheY3 was measured at 6h 

post-injection using MetaMorph. Results show average ± SEM. ***p<0.0001 compared to 

the non-translational counterparts; Statistics were performed using the Mann Whitney test. n 

≥ 30 bacteria under each bar.

Novak et al. Page 27

Cell Microbiol. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Dissemination and persistence of ΔcheY3 in distant target tissues
A. Groups of C57Bl/6 mice were injected intradermally in both ears with 1×106 GFP-

expressing ΔcheY3 or WT. At the indicated times, ear skin-resident bacteria were visually 

assessed using confocal fluorescent microscopy. Visual data was processed manually to 

determine motility patterns. Results shown are mean ± SD. *p = 0.04, **p < 0.0069 ***p < 

0.0001 compared to the WT; Results were analyzed using an unpaired t-test; n ≥ 3 mice 

under each bar. B. Groups of C57Bl/6 mice were injected intradermally in both ears with 

5×104 GFP-expressing ΔcheY3 or WT B. burgdorferi. Both ears, back skin, heart, and both 

ankles tissues were harvested at the indicated time points for DNA isolation. qPCR analysis 

was performed to quantify spirochete burdens. Values represent the average of B. 
burgdorferi genomes (flaB) per 1000 copies of mouse genome (nidogen); values of zero 

were assigned as 0.0001 for representation on a log scale. *p<0.05, **p<0.01, ***p<0.0001 

compared to WT; Results were analyzed using the Mann Whitney test. n ≥ 5 mice from two 

separate experiments.
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Figure 7. Infection with ΔcheY3 is sufficient to elicit B. burgdorferi-specific antibodies
The mice used in the dissemination study (Figure 6) were sacrificed at the indicated time 

post-injection and sera were collected. B. burgdorferi-specific antibodies were quantified by 

ELISA analyses using bacterial sonicates as the capture antigen. A. Detection of IgM 

antibody levels in serum from WT-, ΔcheY3- and ΔmotB-infected mice. ΔmotB spirochetes 

was used as a control as these bacteria are reported to be non-motile, fail to disseminate 

from the injection site, and are cleared from the host within 48-72h after injection. **p < 

0.01, ***p < 0.0001 as shown in the graph. # p < 0.05 and ### p < 0.0001 as compared to 

the ΔcheY3. Results were analyzed using the ANOVA test followed by the Tukey-Kramer 

Multiple Comparisons test. B. Detection of IgG antibody levels in serum from WT-, 

ΔcheY3- and ΔmotB-infected mice. **p < 0.01, ***p < 0.0001 as shown in the graph. # p < 

0.05 as compared to WT. Statistical analyses were performed using ANOVA test followed 

by Tukey-Kramer Multiple Comparisons test.
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Figure 8. Model of the B. burgdorferi chemotaxis/motility system during the enzootic cycle
A simplistic chemotaxis signaling pathway of B. burgdorferi (wave-like red shapes) is 

depicted here and is described in the Discussion. We postulate that CheY2 or CheY1 

controls some non-chemotactic cellular processes such as serving as virulence determinants 

rather than acting as a classical chemotaxis response regulator, like CheY3. Tick illustrations 

were kindly provided by the Medical Entomology and Zoonoses Ecology team at Public 

Health, England.

Novak et al. Page 30

Cell Microbiol. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Novak et al. Page 31

Table 1

ΔcheY3 lacks infectivity in mice via needle injectiona

Strain Dosage (spirochetes/mouse) Number of Mice Infected

WT 5 × 103 5/5

ΔcheY3
5 × 103 0/5

1 × 106 0/5

cheY3+ 5 × 104 2/2

a
C3H/HeN mice were injected intradermally using the indicated in vitro-grown spirochete clones. Mice were sacrificed four weeks post injection, 

and infectivity was determined by reisolation or detection of B. burgdorferi genomes by PCR from the murine ear skin, tibiotarsal joint, and bladder 
tissue samples. Doses shown are the actual number of spirochetes injected in each mouse.
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