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Borrelia burgdorferi Needs Chemotaxis To Establish Infection in
Mammals and To Accomplish Its Enzootic Cycle

Ching Wooen Sze,® Kai Zhang,® Toru Kariu,® Utpal Pal,” and Chunhao Li®

Department of Oral Biology, The State University of New York at Buffalo, Buffalo, New York, USA,* and Department of Veterinary Medicine, University of Maryland and
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Borrelia burgdorferi, the causative agent of Lyme disease, can be recovered from different organs of infected animals and pa-
tients, indicating that the spirochete is very invasive. Motility and chemotaxis contribute to the invasiveness of B. burgdorferi
and play important roles in the process of the disease. Recent reports have shown that motility is required for establishing infec-
tion in mammals. However, the role of chemotaxis in virulence remains elusive. Our previous studies showed that cheA,, a gene
encoding a histidine kinase, is essential for the chemotaxis of B. burgdorferi. In this report, the cheA, gene was inactivated in a
low-passage-number virulent strain of B. burgdorferi. In vitro analyses (microscopic observations, computer-based bacterial
tracking analysis, swarm plate assays, and capillary tube assays) showed that the cheA, mutant failed to reverse and constantly
ran in one direction; the mutant was nonchemotactic to attractants. Mouse needle infection studies showed that the cheA, mu-
tant failed to infect either immunocompetent or immunodeficient mice and was quickly eliminated from the initial inoculation
sites. Tick-mouse infection studies revealed that although the mutant was able to survive in ticks, it failed to establish a new in-
fection in mice via tick bites. The altered phenotypes were completely restored when the mutant was complemented. Collec-
tively, these data demonstrate that B. burgdorferi needs chemotaxis to establish mammalian infection and to accomplish its nat-

ural enzootic cycle.

Lyme disease, the most commonly reported tick-borne disease
in the United States (2, 55), is caused by the spirochete Borrelia
burgdorferi (6, 26). In nature, B. burgdorferi is maintained via an
enzootic cycle comprising both mammalian hosts and an Ixodes
tick vector (6, 22). The enzootic cycle begins with feeding by un-
infected tick larvae on an infected vertebrate. After the feeding, the
spirochetes remain in the tick gut throughout the molting process.
At the time that the infected nymph takes a blood meal on a mam-
mal, the spirochetes begin to multiply and migrate from the tick
gut to the salivary glands, from which they are transmitted to a
new host, thereby completing the enzootic cycle. After being de-
posited into the skin of mammals following tick bites, the B. burg-
dorferi cells traverse the intracellular matrix, penetrate the vascu-
lar endothelial cell lining, enter the circulatory system of the host,
and subsequently cause systemic infection (12, 13, 56, 65). The
spirochetes can be recovered from different organs and tissues of
infected animals (e.g., heart, joint, and bladder) (4) and patients
(e.g., skin, blood, and endomyocardial and brain tissues) (18, 38,
54), demonstrating that B. burgdorferi is highly invasive.
Accumulating evidence has revealed that motility is an impor-
tant virulence factor that is linked to the invasiveness and enzootic
cycle of B. burgdorferi (11). First, B. burgdorferi has the ability to
swim in highly viscous gel-like media (20, 24), including the con-
nective tissue, and this ability is abrogated in aflagellated nonmo-
tile mutants of B. burgdorferi (29, 35, 48). Second, real-time intra-
vital microscopy analysis revealed that B. burgdorferi is able to
penetrate the endothelium of blood vessels and quickly dissemi-
nate from the microvasculature in living mice and that the trans-
lational motility appears to be essential for transendothelial mi-
gration (34, 39). Third, a recent report indicates that B. burgdorferi
transitions from a nonmotile phase to a motile phase during the
period when the spirochete penetrates the tick gut basement
membrane and migrates to the salivary glands of feeding ticks
(14). Finally, our recent report describes a fliG] mutant strain
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which is unable to translate in highly viscous media and fails to
cause infection in a mouse model of the disease (29). Since bacte-
rial motility is directed by chemotaxis (61), many Lyme disease
researchers have long believed that chemotaxis may also be in-
volved in the disease processes (11, 28, 44, 47, 52, 53) (e.g., facili-
tating spirochete migration from the tick gut to the salivary glands
and initiating a new infection and/or dissemination from the site
of deposition into the circulatory system of mammalian hosts).
However, supporting evidence is very limited, owing primarily to
the difficulty of constructing and complementing mutants in vir-
ulent strains of B. burgdorferi.

Bacterial chemotaxis is defined as a swimming behavior to-
ward or away from chemical stimuli (61). The chemotaxis re-
sponse is executed by a complex two-component phosphorelay
system that is composed of a family of chemoreceptor proteins, a
sensor histidine kinase (CheA), and a response regulator (CheY).
The chemoreceptors sense a chemical stimulus and activate CheA
viaphosphorylation. Theactivated CheA then relays the phosphor-
yl group to CheY, yielding phosphorylated CheY (CheY-P).
CheY-P in turn interacts with the motor switch proteins and con-
trols the rotational direction of flagellar motors. In the well-stud-
ied model organisms Escherichia coli and Salmonella enterica sero-
var Typhimurium, there is only one copy each of cheA and cheY,
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and these genes are essential for chemotaxis. The null mutants of
cheA or cheY run continuously and are nonchemotactic to attract-
ants (42). In contrast, B. burgdorferi has multiple chemotaxis
genes, e.g., two cheA genes (cheA, and cheA,) and three cheY genes
(cheY, cheY,, and cheYs) (11, 17). We recently identified several
genes that are essential for the chemotaxis of B. burgdorferi, in-
cluding cheA,, cheYs, and cheX (an analogue of cheZ from E. coli)
(28,36, 37). The cheA, and cheY; mutants fail to reverse and con-
stantly run, while the cheX mutant constantly flexes. All of these
mutants are unable to sense and respond to attractants (3, 28, 36,
37). In this study, the cheA, gene was chosen as a target to decipher
the role of chemotaxis in the process of establishing disease. In
vitro studies showed that the cheA, gene is essential for che-
motaxis. In vivo experiments revealed that chemotaxis is required
for the spirochete to establish infection in mammals and for trans-
mission from the tick vector to a mammalian host.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Infectious clone A3-68 Abbe02
(wild type), a derivative strain from B. burgdorferi sensu stricto B31A3,
was used in this study (45). This strain was a kind gift from P. Rosa (Rocky
Mountain Laboratories, NIAID, NIH). Cells were grown in Barbour-
Stoenner-Kelly IT (BSK-II) medium as previously described (57), with an
appropriate antibiotic(s) for selective pressure as needed, i.e., streptomy-
cin (50 pg/ml), kanamycin (300 pg/ml), and/or gentamicin (40 pg/ml).
To determine the expressional level of cheA,, 10° stationary-phase wild-
type cells were inoculated into 10 ml of fresh BSK-II medium and then
cultured under different conditions as previously documented (50, 63),
including 23°C and pH 7.6 (unfed ticks [UF]), 34°C and pH 7.6 (routine
laboratory cultural conditions), and 37°C and pH 6.8 (fed tick [FT] con-
ditions). To mimic the FT conditions, 10° wild-type cells cultivated at
23°Cand pH 7.6 were inoculated into 10 ml of BSK-II (pH 6.8) and grown
at 37°C. To mimic a host adaptation condition, B31A3, the parental strain
of A3-68 Abbe02, was cultivated in dialysis membrane chambers (DMC)
in rat peritonea as previously described (1).

Construction of CheA,/pBBE22G for complementing the cheA,
mutant. pGA,kan, a previously constructed vector (28), was used to in-
activate the cheA, gene in the A3-68 Abbe02 strain via allelic exchange
mutagenesis. To complement the cheA, mutant, pFlgBA,com, a previ-
ously constructed complementation vector (3), was digested with Pstl and
Sphl to excise the Py p-cheA, fragment. The obtained fragment was then
subcloned into the shuttle vector pBBE22G (27), producing CheA,/
pBBE22G (see Fig. 2A).

SDS-PAGE and Western blots. Equal amounts of B. burgdorferi
whole-cell lysates (ranging from 10 to 20 pg) were separated in SDS-
PAGE gels and transferred to polyvinylidene difluoride (PVDF) mem-
branes (Bio-Rad Laboratories, Hercules, CA). The immunoblots were
probed with antibodies against B. burgdorferi CheA,, OspC, and DnaK (as
an internal control) and developed using horseradish peroxidase-conju-
gated secondary antibody with an enhanced chemiluminescence (ECL)
luminol assay as previously described (57). Signals were quantified using a
Molecular Imager ChemiDoc XRS system with Image Lab software (Bio-
Rad Laboratories).

Bacterial motion tracking analysis, swarm plate assays, and capil-
lary tube-based chemotaxis assays. The swimming velocity of B. burg-
dorferi cells was measured using a computer-based motion tracking sys-
tem as previously described (3). Swarm plate analysis was conducted as
previously described (28, 35). The diameters of swarm rings were mea-
sured and recorded in millimeters. The wild-type strain was used as a
positive control. A previously constructed nonmotile flaB mutant (35)
was used as a negative control to monitor the initial inoculum size. The
capillary tube assay was carried out using N-acetyl-p-glucosamine as an
attractant, as previously reported (3). The spirochete cells in the capillary
tubes were enumerated using Petroff-Hausser counting chambers. The
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mean for five replicates was determined, and the data are expressed as the
mean relative increase over a buffer control level containing no attractant.
Anincrease in the number of spirochetes of =2-fold over that in the buffer
control was considered significant.

qRT-PCR. RNA samples for quantitative reverse transcription-PCR
(qRT-PCR) analysis were prepared as previously described (25, 57, 66).
Briefly, total RNAs from mouse tissues and ticks were isolated using
TRIzol reagent (Invitrogen, Carlsbad, CA), and contaminating genomic
DNA was removed using Turbo DNase (Ambion, Austin, TX). The
DNase-treated RNAs were repurified and converted to cDNAs by use of
an AffinityScript multiple-temperature cDNA synthesis kit (Agilent Tech-
nologies, Santa Clara, CA) according to the manufacturer’s instructions.
The amounts of cDNAs were measured using iQ SYBR green Supermix
(Bio-Rad). The spirochete burdens within infected mice and ticks were
expressed as the flaB transcript levels relative the mouse or tick B-actin
transcript level.

Mouse infection studies. BALB/c, BALB/c SCID, and C3H mice at 4
to 6 weeks of age (Jackson Laboratory, Bar Harbor, ME) were used in this
study. All animal experimentation was conducted following the NTH
guidelines for housing and care of laboratory animals and was performed
in accordance with the University of Buffalo and University of Maryland
institutional regulations after review and approval by the Institutional
Animal Care and Use Committees. The animal studies were carried out as
previously described (29, 57, 66). Briefly, the mice were given a single
subcutaneous injection of 10° spirochetes and sacrificed at 3 weeks postin-
fection. Tissues from the ear, skin, joints, and/or heart were harvested and
placed into 1 ml BSK-II medium. The samples were incubated at 34°C for
up to 2 weeks and monitored microscopically for the presence of spiro-
chetes.

Experimental tick infection and tick-to-mouse infection. Ixodes
scapularis nymph ticks (Oklahoma State University, Stillwater, OK) were
artificially infected by microinjection as previously described (23, 41).
Injected ticks (3 ticks per pool; 3 pools for each B. burgdorferi strain) were
allowed to rest in the incubator for 10 days, and the borrelial burdens in
unfed ticks were analyzed by qRT-PCR as described earlier. For the anal-
ysis of spirochete levels in fed ticks and their ability to transmit to naive
hosts, unfed nymphs were infected via microinjection. Two days after the
injection, the ticks were fed to repletion on naive C3H mice (7 ticks/
mouse; 3 mice for each B. burgdorferi strain) for 5 to 7 days and allowed to
fall off. Engorged ticks were collected and subjected to qRT-PCR analysis
to determine borrelial burdens (4 ticks from each mouse). At day 14 after
the tick feeding, mice were sacrificed and tissues were subjected to either
qRT-PCR analysis for determination of pathogen levels or spirochete cul-
ture in BSK-II medium (66).

Statistical analysis. For the swarm plate, motion tracking, capillary
tube assays, and the mouse and tick infection studies, the results are ex-
pressed as means * standard errors of the means (SEM). The significance
of differences between different experimental groups was evaluated with
an unpaired Student ¢ test (P values of <0.01 were considered significant).

RESULTS

The level of CheA, remains unchanged under various culture
conditions. During the enzootic cycle, B. burgdorferi robustly al-
ters its gene expression, which allows the spirochete to adapt to
and thrive in a new host (49). Whole-genome DNA microarray
analyses have shown that a variety of genes change their expres-
sion under different cultural conditions that mimic the life cycle of
B. burgdorferi in nature (5, 40, 46). Among these genes, some are
involved in chemotaxis. For instance, Revel et al. reported that the
level of cheA, transcript under culture conditions mimicking un-
fed ticks (23°C and pH 7.6) was approximately 4.6-fold higher
than thatin fed ticks (37°C and pH 6.8) (46). We reasoned that the
expression level of cheA, may be variable during the enzootic cy-
cle. To test this hypothesis, the wild-type strain was cultivated
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FIG 1 Detection of CheA, under various culture conditions. The wild-type
A3-68 Abbe02 or B31A3 (15, 45) strain was cultivated under various condi-
tions: UF conditions (23°C and pH 7.6), 34°C and pH 7.6, 37°C and pH 6.8, or
FT conditions (switch from 23°C and pH 7.6 to 37°C and pH 6.8) (A) or in the
presence of DMC (B) (1). Similar amounts of whole-cell lysates were analyzed
by SDS-PAGE and then probed with CheA,, DnaK (a loading control), and
OspC antibodies as previously described (57). Increased OspC expression was
used as a marker for cells cultured in DMC.

under different conditions as described in Materials and Methods.
The level of CheA, protein was monitored by quantitative West-
ern blotting. There was no significant change evident under all
examined conditions (Fig. 1), suggesting that the cheA, gene is
expressed constitutively during the enzootic cycle.

Isolation of cheA, mutant and its complemented strain. To
inactivate the cheA, gene, pGA,kan, a previously constructed vec-
tor (28), was linearized and electrotransformed into wild-type
competent cells. A previously described PCR analysis was first
carried out to screen for clones with the desired targeted mutagen-
esis (28). B. burgdorferi contains 21 linear and circular plasmids
(10). Because some of these plasmids are essential for infectivity
and are easily lost during in vitro cultivations (43), a previously
developed PCR method was used to determine if the obtained
positive clones contained the same plasmids as their parental
strain (15). One clone (referred to as cheA,™"") containing the
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same plasmid profile (see Fig. 3A) as the wild type was selected for
further analysis. For complementation, the plasmid CheA,/
pBBE22G (Fig. 2A) was electrotransformed into cheA,™" compe-
tent cells. The presence of CheA,/pBBE22G in antibiotic-resistant
colonies was confirmed by PCR. One clone (designated cheA,“™)
containing an identical plasmid profile to that of the wild type
(Fig. 3B) was selected for further analysis. As shown in Fig. 2B, a
band of approximately 98 kDa was detected in the wild type and
the cheA,°™ strain but absent in the cheA,™" strain, indicating
that the cognate gene product was abrogated in the mutant and
restored in the complemented strain.

The cheA,™* mutant has an altered swimming behavior. B.
burgdorferi has three different swimming modes: run, flex, and
reverse (28, 36). The cheA, mutant fails to reverse or flex and runs
constantly in one direction (28). However, all of these studies were
carried out using a high-passage-number avirulent B31A strain.
We hypothesized that a similar phenotype also applies in the vir-
ulent strain background. To test this hypothesis, the swimming
behaviors of wild-type, cheA,™", and cheA,*™ cells were ana-
lyzed using a computer-assisted cell tracker as previously de-
scribed (3, 28). Similar to B31A, the A3-68 Abbe02 strain also has
three swimming modes, with runs interrupted by reverses or
flexes approximately 2 times every 10 s (mean [ £ SEM] number of
reversals/10s = 2.2 = 0.77; n = 30 cells) (Table 1; see Movie S1 in
the supplemental material). In contrast to the wild type, cheA,™"
failed to reverse and flex; it constantly ran in one direction (Table
1; see Movie S2). However, the swimming velocity of the mutant
(15.9 £ 2.4 pm/s; n = 30 cells) was similar to that of the wild type
(14.1 = 1.9 pm/s; n = 30 cells). The altered swimming behaviors
were completely restored in the complemented strain (cheA,“™)
(Table 1; see Movie S3). The phenotype observed here is similar to
that previously reported for the avirulent background (3, 28). Col-
lectively, these results indicate that cheA,™" has altered flagellar
reversal frequency but not cell swimming velocity.

The cheA,™ " mutant is defective in chemotaxis. The swarm
plate assay was first used to determine if the cheA, gene is required
for B. burgdorferi chemotaxis. The results showed that cheA,™"
exhibited a poor swarming phenotype (Fig. 4A): the diameter of
swarm rings formed by the mutant (mean = SEM = 8.3 = 0.38
mm; n = 4 plates) was substantially smaller than that for the wild
type (11.4 = 1.4 mm; n = 4 plates). The swarming ability was
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FIG 2 Detection of CheA, in the cheA,™" strain and the complemented cheA,*™ strain. (A) Construction of CheA,/pBBE22G for complementation of
cheA,™". The fused Pp,,-cheA, fragment was released from pFlgBA,com, a previously constructed vector for complementing an avirulent cheA, mutant (3), and
cloned into pBBE22G (62), a shuttle vector of B. burgdorferi, yielding CheA,/pBBE22G. (B) Western blot analysis of cheA,™"" and cheA,“™ strains. The same
amounts of wild-type, cheA,™", and cheA,“™ whole-cell lysates were analyzed by SDS-PAGE and then probed with CheA, and DnaK antibodies as previously

documented (28, 29).
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FIG 3 Detection of plasmid contents in the cheA,™"" (A) and cheA,“™ (B) strains by PCR. The primers for PCR were described previously (15).

restored in the cheA,“*™ strain (11.8 = 1.4 mm; n = 4 plates). The
chemotactic properties of cheA,™" were further analyzed using
capillary tube assays with N-acetyl-D-glucosamine, a defined che-
moattractant of B. burgdorferi (3). As shown in Fig. 4B, the wild-
type and cheA,“™ strains exhibited a strong response to the at-
tractant (the number of cells in the attractant-filled tubes was at
least 2-fold higher than that in the negative control), whereas the
cheA,™"" strain was unable to accumulate in the attractant-filled
tubes. In sum, the results from these two assays indicate that cheA,
is essential for the chemotaxis of B. burgdorferi.

The cheA,™"* mutant fails to establish infection in mice by
needle inoculation. A previously developed mouse model of dis-
ease was carried out to determine if chemotaxis is essential for the
virulence of B. burgdorferi (4). BALB/c mice were infected subcu-
taneously with equal numbers of the wild-type, cheA,™", and
cheA,®™ strains (4 mice per strain). Tissues from the ear, skin,
and joints were harvested at 3 weeks postinfection and transferred
to BSK-II medium. The wild-type and cheA,“™ strains were re-
covered successfully from all of the examined biopsy specimens,
but the mutant was not (Table 2), which indicates that the cheA,
gene is essential for B. burgdorferi to establish an infection in mice.
To further confirm this proposition, a similar experiment was
implemented using immunodeficient SCID mice (3 mice per
group). Similar to the case with immunocompetent mice, the
wild-type and cheA,“™ strains were successfully reisolated from
all tissue specimens. However, no living spirochetes were detected
in the tissues from mice infected by cheA,™""* (Table 2), suggesting
that the failure of infection cannot be ascribed to adaptive immu-
nity. Taken together, the results indicate that the chemotaxis me-
diated by CheA, is essential for the infectivity of B. burgdorferi in
mammals.

Chemotaxis may facilitate rapid dissemination of B. burgdor-
feri cells from the initial deposition sites on the skin, consequently
helping the spirochetes escape from host innate immunity and
further establishing the systemic infection (11, 28). In this regard,
the failure of cheA,™" to establish infection in SCID mice (Table
2) could be due to the loss of chemotaxis, which may be required
for dissemination and/or evasion from innate immune attacks. To
investigate these issues, the three strains were inoculated into

TABLE 1 Swimming behavior of B. burgdorferi cheA,™""

Reversal frequency

Strain Velocity (pm/s)* (no. of reversals/10 s)*
Wild type 14.1 = 1.9 2.3 +£0.77

cheA,™ 159 + 2.4 0

cheA, ™ 153 £ 1.6 1.8 = 0.63

@ Thirty swimming cells of each strain were tracked, and the data are expressed as
means + SEM.
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SCID mice. After the injections, the infected mice were sacrificed
at 24, 48, and 72 h. The skin specimens around the injection sites
were harvested. The specimens were then subjected either to spi-
rochete culture or to measurements of the borrelial burdens by
qRT-PCR, using the flaB transcript as a surrogate indicator (41).
At 24 and 48 h, the spirochete cells were successfully reisolated
from all of the specimens infected by all three strains. However, at
72 h, while the wild-type and cheA,®™ strains were readily reiso-
lated from the skin specimens, no living spirochetes were evident
in the samples infected by the cheA,™" strain. Consistently, qRT-
PCR analysis showed that the flaB transcripts were detectable in
the cheA,™" specimens at 24 and 48 h, but there was no trace of
the transcript detected in the sample isolated at 72 h (Fig. 5),
indicating that the mutant was cleared from all of the inoculation
sites after a critical window of 48 h. The obtained results strongly
support the hypothesis that the chemotaxis of B. burgdorferi is
involved in the process of bacterial dissemination and possibly in
innate immune evasion that occurs at the initial infection sites.

The cheA, gene is not required for artificial infection of I.
scapularis ticks. Since cheA,™" is noninfectious in mice, we used
a microinjection-based infection procedure (23, 41) to generate
infected ticks. I. scapularis nymphs were microinjected with equal
amounts of the wild type, cheA,™", and cheA,®™ strains. After
the infection, one group of ticks (unfed) remained in the unfed
condition for 10 days, while a parallel group of ticks was allowed to
feed on naive C3H mice (7 ticks/mouse; 3 mice for each strain) to
repletion. The spirochete burdens in unfed ticks and engorged
ticks were measured by qRT-PCR (66). As shown in Fig. 6, the
bacterial burdens of the three strains in unfed ticks were very
similar (P > 0.05). For the replete ticks, the bacterial burden of
cheA,™"" was slightly less than that of the wild-type (P > 0.1) and
cheA,*™ (P > 0.05) strains, but the difference is not significant.
Taken together, these results indicate that chemotaxis is not re-
quired for B. burgdorferi colonization and survival in the tick
vector.

The cheA,™" mutant fails to establish infection in mice via
tick bites. The infectivity of cheA,™" in mice was evaluated via
needle inoculation. However, this method is different from the
natural route of mammalian infection. Because cheA,™" is still
able to establish tick infection, we examined whether this mutant
is able to be transmitted to mice that are fed upon by infected ticks.
Groups of naive mice were allowed to be parasitized by artificially
infected ticks as detailed above. Fourteen days after the feeding,
the mice were sacrificed. Skin, heart, joint, and bladder tissues
were subjected either to qRT-PCR analysis for determination of
pathogen levels or to spirochete isolation as described above. Con-
sistent with the results obtained via needle inoculation, only the
tissue specimens from mice fed upon by the wild-type- and
cheA,““™-infected ticks were positive for spirochetes in culture
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FIG 4 The B. burgdorferi cheA, mutant is nonchemotactic. (A) Swarm plate assay. The assay was carried out on 0.35% agarose containing 1:10-diluted BSK-II
medium as described previously (35). The flaB mutant, a previously constructed nonmotile mutant (35), was included to determine the sizes of the inocula. The
data are presented as mean diameters (in millimeters) of rings == SEM for four plates. (B) Capillary tube chemotaxis assay. Assays were carried out using 100 mM
N-acetyl-D-glucosamine as an attractant according to a previous report (3). The results are expressed as fold increases in cell number entering the capillary tubes
containing the attractant relative to the number entering control tubes without attractant (buffer alone). Results are expressed as means = SEM for five tubes. A
2-fold increase is considered the threshold for a positive response. *, significant difference (P < 0.01).

(data not shown). Results for the qRT-PCR analysis of pathogen
burdens were consistent with the data from medium reisolation of
spirochetes. In Fig. 7, representative qRT-PCR data are shown for
skin and heart tissues, in which flaB transcripts could be detected
only in the biopsy specimens from the mice infected by the wild-
type and cheA,“™ strains. No flaB transcript was detected in the
specimens from mice infected by cheA,™", indicating that the
mutant failed to be transmitted to mice. Collectively, these results
suggest that chemotaxis is required for natural infections during
the enzootic cycle of B. burgdorferi.

DISCUSSION

The role of chemotaxis in bacterial pathogenicity has been studied
in several pathogens, such as Helicobacter pylori, Campylobacter
jejuni, and Vibrio cholerae (7, 16, 32, 58, 59, 64). In H. pylori,
chemotaxis plays a role in both colonization and persistence in the
gastric mucosa during infection (16, 32, 51, 59). Mutants defective
in chemotaxis are unable to establish an infection or cause only a
localized infection and are later displaced by the wild type in a
subsequent challenge, highlighting that chemotaxis is essential for
the full virulence of the bacterium. In V. cholerae, the role of che-
motaxis in the disease appears to be more complicated. In this
bacterium, the direction of flagellar rotation seems to determine
the infectivity of the cells, e.g., mutants with biased clockwise ro-

TABLE 2 The cheA,™"" mutant fails to infect mice”

No. of positive cultures/total NO' of mice
no. of specimens examined infected/
Mouse B. burgdorferi total no. of
strain strain Bar Skin Joint Allsites  mice used
BALB/c  Wild type 4/4  4/4 4/4 12/12 4/4
cheA,™" 0/4 0/4 0/4 0/12 0/4
cheA, ™ 4/4 4/4 4/4 12/12 4/4
SCID Wild type 3/3 3/3 3/3 9/9 3/3
cheA,™" 0/3 0/3 0/3 0/9 0/3
cheA, ™ 3/3 3/3 3/3 9/9 3/3

“ Groups of four BALB/c or three SCID mice were inoculated with 10° spirochetes of
the wild-type, cheA,™"", or cheA,“°™ strain. Mice were sacrificed at 3 weeks
postinoculation, and ear, skin, and tibiotarsal joint specimens were harvested for
spirochete culture in BSK-IT medium.
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tation show attenuated infection, while mutants with a biased
counterclockwise rotation have a hyperinfectious phenotype
(7-9, 33).

In pathogenic spirochetes, the linkage between chemotaxis and
virulence was first established when Lux et al. showed that a
nonchemotactic cheA mutant of Treponema denticola had im-
paired tissue penetration ability (30). Chemotaxis may be respon-
sible for tissue identification and for guiding the spirochetes to-
ward a specific tissue within the host (31). B. burgdorferi is unique
in its ability to swim and penetrate into highly viscous environ-
ments, such as the host connective tissue, during infection (11, 14,
24, 56). The spirochete is also chemotactic to several host compo-
nents (3, 52, 53), such as the extract of tick salivary glands and host
serum. The nature of its complicated life cycle strongly suggests
the requirement for a sensory guided movement in response to
changes in stimuli during transmission. Furthermore, B. burgdor-
feri devotes approximately 6% of its genome to motility and che-
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FIG 5 Detection of spirochete burdens in needle-infected SCID mice by qRT-
PCR. Groups of three mice were needle inoculated with 10 cells of the wild-
type, cheA,™", and cheA,“°™ strains. Infected animals were sacrificed at 24, 48,
and 72 h. Skin samples from areas around the inoculation sites were collected
and subjected to qRT-PCR. The bacterial burdens in these samples were mea-
sured by determining the number of copies of flaB mRNA compared to the
number of copies of mouse B-actin transcript as previously documented (41,
66). The data are expressed as the means of relative levels of flaB transcript *
SEM for three independent experiments. At 72 h, the flaB mRNA was unde-
tectable in the skin tissues infected by cheA,™"". *, significant difference (P <
0.01). Bb, B. burgdorferi.
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FIG 6 Detection of spirochete burdens in microinjected nymphal ticks before
and after feeding, using QRT-PCR. RNA samples were extracted from whole
unfed ticks (10 days after injection) and fed ticks (after repletion; 5 to 7 days)
and subjected to PCR analysis. The bacterial burdens in ticks were measured by
the number of copies of flaB mRNA compared to the number of copies of tick
{-actin transcript as previously described (23, 41). The data are presented as
the means of relative levels of flaB transcript = SEM for three groups (each
group containing 3 unfed ticks or 4 replete ticks) for each strain (wild type,
cheA,™", and cheA,*™).

motaxis genes, emphasizing the importance of motility and che-
motaxis in its life cycle (11, 17). Thus, chemotaxis has been
considered a virulence factor of B. burgdorferi. In this report, a
comprehensive study was carried out to elucidate the role of che-
motaxis in the pathogenesis of B. burgdorferi, using the virulent
A3-68 Abbe02 strain (45). The results clearly demonstrate that
chemotaxis is an important virulence factor of B. burgdorferi.

In E. coli, the histidine kinase CheA is a key component of the
chemotaxis signaling pathway (60, 61). B. burgdorferi has two cheA
genes (cheA; and cheA,). Our previous study in an avirulent B31A
background showed that cheA, is essential for chemotaxis, while
disruption of cheA; did not alter the chemotactic behavior of the
cells (28). In this report, the in vitro experiments indicated that the
cheA,™" mutant has a similar phenotype to that of its avirulent
counterpart derived from B31A, i.e., the mutant fails to reverse,
runs constantly in one direction, and is nonchemotactic to attract-
ant (Table 1 and Fig. 4), which further highlights that CheA2 is a
key component in the chemotaxis pathway of B. burgdorferi. The
in vivo studies of the cheA,™" mutant demonstrated that che-
motaxis is not essential for the survival of B. burgdorferi within the
tick vector but is required for mammalian infection and/or trans-
mission of spirochetes from the tick vector to a mammalian host.
For instance, the cheA,™" mutant was able to colonize ticks but
failed to establish an infection in mice via both needle inoculation
and tick bites (Fig. 7 and Table 2).

One intriguing question still stands. The tick-to-mouse infec-
tion study showed that the cheA,™"" strain failed to establish a
natural infection in mice via tick bite (Fig. 7). This could be due to
either the failure of the mutant to be transmitted from the tick
vector to mice or the failure of the mutant to survive and establish
an infection in mice after the completion of transmission. Bacte-
rial chemotaxis is likely required for the early dissemination and
invasion after initial deposition to evade incoming host innate
immune cells, such as neutrophils (21). Consistently, the kinetics
study of infection using needle inoculation revealed that the mu-
tant cells were removed from the initial inoculation site within
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FIG 7 Detection of spirochete burdens in C3H mice infected via tick bite,
using qQRT-PCR. At day 14 after tick feeding, mice were sacrificed and tissues
(skin, heart, joint, and bladder) collected for RNA isolations and then sub-
jected to qRT-PCR analysis as described in the legend to Fig. 4. The data shown
here are the results for skin and heart tissues. No trace of flaB message was
detected in the mouse tissues infected by cheA,™"; since its PCR cycle thresh-
olds (C;) are higher than that of the negative controls (no transcriptase
added), it is considered negative.

72 h (Fig. 5), implying that chemotaxis is required for the early
establishment of infection and/or immune evasion. During trans-
mission, spirochetes migrate from the tick gut toward the salivary
glands in order to be passed on to the host (14). Bacterial che-
motaxis may guide the migration of spirochetes from the tick gut
toward the salivary glands. An extract of tick salivary glands is a
strong attractant to B. burgdorferi (53). Thus, the failure to recog-
nize and swim toward attractants may block the early migration
and transmission process. At this point of our studies, both events
seem likely, and we are unable to rule out either of these two
possibilities.

The other interesting question is the role of CheA, in the che-
motaxis and pathogenicity of B. burgdorferi. As mentioned earlier,
the genome of B. burgdorferi carries multiple copies of putative
chemotaxis genes, such as two cheA genes, three cheY genes, and
three cheW genes (11, 17). The majority of these genes are located
within two gene clusters: cheA,-cheW;-cheX-cheY; and cheW,-
bb0566-cheA,-cheB,-bb0569-cheY, (17, 19, 28). The currently
standing evidence has revealed that all of the chemotaxis genes in
the cheA, cluster are required for chemotaxis (28, 36, 37). In con-
trast, the genes in the cheW, cluster that have been studied so far
are not involved in chemotaxis, e.g., cheA, and cheY, mutants have
a similar in vitro phenotype to that of the wild type (28, 37). It has
been speculated that B. burgdorferi may possess two chemotaxis
pathways that function in different hosts during the infection cy-
cle (11, 28, 37), i.e., CheA,, CheW,, and CheY; form a pathway
that executes chemotaxis in mammalian hosts, whereas CheA,,
CheW,, and CheY, constitute another pathway that guides che-
motactic responses in the tick host. Consistent with this specula-
tion, the studies in this report have shown that inactivation of
cheA, affects the ability of spirochetes to establish infection in
mice only, not in ticks. In future studies, a similar approach can be
adopted to elucidate the roles of other genes, particularly the genes
in the cheA, cluster, in the chemotaxis and virulence of B. burg-

dorferi.
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