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Motor Rotation Is Essential for the Formation of the Periplasmic
Flagellar Ribbon, Cellular Morphology, and Borrelia burgdorferi
Persistence within Ixodes scapularis Tick and Murine Hosts
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Borrelia burgdorferi must migrate within and between its arthropod and mammalian hosts in order to complete its natural en-
zootic cycle. During tick feeding, the spirochete transmits from the tick to the host dermis, eventually colonizing and persisting
within multiple, distant tissues. This dissemination modality suggests that flagellar motor rotation and, by extension, motility
are crucial for infection. We recently reported that a nonmotile flaB mutant that lacks periplasmic flagella is rod shaped and un-
able to infect mice by needle or tick bite. However, those studies could not differentiate whether motor rotation or merely the
possession of the periplasmic flagella was crucial for cellular morphology and host persistence. Here, we constructed and charac-
terized a motB mutant that is nonmotile but retains its periplasmic flagella. Even though AmotB bacteria assembled flagella, part
of the mutant cell is rod shaped. Cryoelectron tomography revealed that the flagellar ribbons are distorted in the mutant cells,
indicating that motor rotation is essential for spirochetal flat-wave morphology. The AmotB cells are unable to infect mice, sur-
vive in the vector, or migrate out of the tick. Coinfection studies determined that the presence of these nonmotile AmotB cells
has no effect on the clearance of wild-type spirochetes during murine infection and vice versa. Together, our data demonstrate
that while flagellar motor rotation is necessary for spirochetal morphology and motility, the periplasmic flagella display no addi-

tional properties related to immune clearance and persistence within relevant hosts.

Borrelia burgdorferi, the Lyme disease spirochete, shuttles prin-
cipally between the Ixodes ticks and a vertebrate host during its
natural infection cycle (1-5). In the tick, spirochetes reside pri-
marily in the midgut until the introduction of the host blood meal.
During tick feeding on a vertebrate host, spirochetes replicate, and
a subset of the motile organisms cross the midgut epithelium into
the hemocoel before reaching the salivary glands, where they sub-
sequently are deposited into the host dermis (6-8). Once in the
host, B. burgdorferi must migrate through the complex skin tis-
sues, including some hematogenous dissemination, and eventu-
ally colonize distant tissues, where they often produce disease
symptoms in certain hosts. Subsequently, when a naive tick feeds
on an infected reservoir host, spirochetes in the skin migrate into
the arthropod to complete the enzootic cycle (3, 4, 9). During the
spirochete’s migration within and between the hosts, periplasmic
flagellar motor rotation and, by extension, motility are thought to
be crucial for infection (10, 11). Indeed, nonmotile, reduced-mo-
tility, or nonchemotactic mutant spirochetes were found to be
attenuated in mouse infection (12-14). Additionally, our data in-
dicate that B. burgdorferi remains constantly motile in the mouse
dermis, even 2 years after needle inoculation (P. Sekar, R. M.
Wooten, and M. A. Motaleb, unpublished results). In fact, this
Lyme disease spirochete can swim at speeds that are many times
faster than that recorded for any skin-resident host immune cells
(15, 16, and R. M. Wooten, unpublished results). These findings
suggest that spirochetal motility is an important factor for both
initial dissemination and long-term persistence within the mam-
malian host.

Bacterial flagella have been studied extensively in Escherichia
coli and Salmonella enterica serovar Typhimurium (17). The fla-
gella are driven by ion infiltration through the membrane-bound
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stator complex MotA-MotB, also known as the torque-generating
units (18-20). Amino acid sequence analysis of B. burgdorferi
MotA and MotB indicates that they share 24% and 45% identity,
respectively, with those in E. coli (21). Genome sequence analyses
as well as cryoelectron tomography (cryo-ET) data suggest that
spirochetal periplasmic flagella are similar to E. coli flagella in
many aspects (22-24), although the regulation of motility and
chemotaxis genes are distinctive (11, 25). While B. burgdorferi
motility and chemotaxis genes identified to date are transcribed by
the housekeeping o7 factor of RNA polymerase, those genes in .
coli are regulated in a hierarchical manner (11, 25, 26). A periplas-
mic flagellum is composed of at least 50 proteins that can be sub-
divided into three major parts: the basal body-motor-switch com-
plex, the hook, and the filament (24, 27).

B. burgdorferi normally exhibits flat-wave morphology and has
unique modes of motility (10, 11, 28). Wild-type cells run, pause,
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or flex, and then they run in a new direction or reverse. These
modes of motility (run, flex, and reverse) are believed to be
achieved as this spirochete’s flagella rotate asymmetrically (11,
29). For an individual bacterium, 7 to 11 periplasmic flagella are
attached to each pole of the cell and extend toward the middle of
the cell as they wrap around the cell cylinder (30-32). Periplasmic
flagellar filaments form a ribbon-like pattern, and those organelles
are essential for the spirochetal flat-wave morphology and motil-
ity (14, 28, 32-35). As some studies have demonstrated that mo-
tility and chemotaxis are crucial for spirochetal infection in the
murine host (12-14, 36, 37), it is important to delineate the con-
tribution of periplasmic flagella in all aspects of the natural infec-
tious life cycle of B. burgdorferi.

In this communication, we intend to address two questions
regarding the role of periplasmic flagella in B. burgdorferi mor-
phology and persistence in relevant hosts. Recently, we reported
that flaB-deficient (AflaB) cells lack the periplasmic flagellar fila-
ment and were nonmotile (14, 33). These results indicated that the
periplasmic flagella are essential for the spirochete’s flat-wave
morphology (28). However, this does not distinguish whether
motor rotation or the mere possession of periplasmic flagella is
crucial for the flat-wave morphology; thus, we will directly address
this issue both in vitro and in vivo. Second, the AflaB mutant cells
failed to establish infection in C3H/HeN mice by either needle or
tick transmission. Bacterial flagella are a potent immunogen and
are agonists for Toll-like receptors (TLRs) (38, 39), and flagella
have been the basis of vaccine candidates (40-42). Importantly,
antibodies against the periplasmic flagellar filament are strongly
detected in all stages of Lyme disease (43), and these B. burgdor-
feri-elicited antisera have been shown to be protective against sub-
sequent infection (44), although the specific roles of endoflagel-
lum-specific antibodies were not addressed. Interestingly, our
preliminary observations of actively dividing B. burgdorferi in host
tissues using intravital microscopy appear to show endoflagellar
material exposed extracellularly for a brief period after dividing
(R. M. Wooten, unpublished), suggesting such antibodies interact
with intact spirochetes. To discriminate whether motor rotation
and/or the possession of periplasmic flagella is necessary for dis-
ease production or migration within and between relevant hosts,
we constructed a mutant of motB that retains the periplasmic fla-
gella but whose cells are paralyzed. These studies demonstrate that
motor rotation is crucial for the spirochete wave-like morphology
and further delineate the importance of periplasmic flagellar mo-
tor rotation for spirochete survival in the tick, bacterial migration
from the tick to the mouse, and infection of the mammalian host.

MATERIALS AND METHODS

Bacterial strains and growth conditions. A B. burgdorferi low-passage,
virulent strain, B31-A3-K10, was used as the wild-type (WT) clone
throughout the study (a kind gift from R. Rego and P. Rosa, Rocky Moun-
tain Laboratories, NIH). This strain is a derivative of B31-A3 in which the
bbe002 gene located in linear plasmid 25 (Ip25) was inactivated using a
Ppa g-aphl (Kan") cassette to increase transformation frequency (45). Pa-
rental strain B31-A3 (and B31-A3-K10) retains all endogenous plasmids
except circular plasmid 9 (cp9) (46). B31-A3 is a derivative of strain B31
that has been sequenced already (47). Construction of a motB mutant
(AmotB) and derivative strains are described below. Spirochetes were
grown in Barbour-Stoenner-Kelly II (BSK-II) broth or semisolid plating
BSK (PBSK) medium at 35°C in a humidified 2.5% CO, incubator (48).

Construction and complementation of motB mutant. The motB gene
(locus bb0280, a 783-bp gene) is located in a large motility operon con-
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sisting of 26 flagellar genes (11, 47). The motB gene overlaps the upstream
gene, motA, by 1 bp and is separated from the downstream fliL gene by 48
bp. The gene was inactivated by replacing the coding sequence of motB
with the aadA coding sequence for streptomycin/spectinomycin resis-
tance using overlapping PCR as described previously (49). The PCR prod-
uct yielded a 2,905-bp product that was gel purified and cloned into the
pGEM-T Easy vector (Promega Inc.) to yield the motB::aadA-pGEM plas-
mid. The integrity of the motB inactivation plasmid was confirmed by
PCR and restriction mapping. The plasmid motB::aadA-pGEM was di-
gested with Notl, and the purified linear DNA was electroporated into WT
B31-A3-K10 competent cells. Electroporated cells were plated in semi-
solid PBSK medium containing 80 pg/ml streptomycin plus 200 wg/ml
kanamycin (48). Resistant clones were analyzed by PCR as well as by
Western blotting (see below) to confirm motB deletion.

The previously described shuttle vector pBSV2G (50), carrying a gen-
tamicin resistance cassette (Pp-aacCl), was used to complement the
motB mutant (AmotB). The B. burgdorferi flgB promoter sequence (51, 52)
and intact motB gene sequence were amplified separately with primers
containing restriction enzyme sites Xbal and Ndel (5'-3" and 3'-5, re-
spectively). The primers used were (5’-3") the following: for the flgB pro-
moter, FlgB-Xbal-F (TCTAGAGCCGGCTAATACCCGAGC) and FIgB-
NdeI-R (CATATGGAAACCTCCCTCATTTAA), and for the motB gene,
MotB.com-F (CATATGGCTTTGCGAATTAAGA) and MotB.com-R
(TCTAGATTACTGCTTAATTTCCTT) (underlined sequences indicate
restriction sites). PCR products were cloned separately into the pPGEM-T
Easy vector to yield plasmids Pp,p-Easy and pmotB-Easy, respectively.
Both of the plasmids were digested with Ndel. The motB DNA released
from pmotB-Easy was inserted into the Ndel site of the Py g-Easy vector,
yielding the plasmid Py z-motB-Easy. This plasmid was digested with
Xbal and then cloned into the same restriction site of the shuttle vector
pBSV2G, yielding pmotB.com. Approximately 60 g of purified pmotB-
.com plasmid was used to transform competent AmotB cells by electro-
poration as described above. Transformants were selected with 40 pg/ml
gentamicin, 200 wg/ml kanamycin, and 80 pg/ml streptomycin. To con-
firm that the plasmid was complemented in trans, the pmotB.com shuttle
vector was rescued from complemented motB (motB“™) B. burgdorferi
cells, transformed, and then purified from E. coli. Purified, rescued vector
was subjected to restriction digestion and DNA sequencing to confirm the
integrity of the Pp z-motB construct.

Gel electrophoresis and Western blot analysis. Sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblot-
ting with an enhanced chemiluminescence detection method were carried
out according to the manufacturer’s instructions (GE Healthcare Co.).
Exponentially growing B. burgdorferi cells were harvested and washed
with phosphate-buffered saline (PBS) and resuspended in the same buf-
fer. The protein concentration of cell lysates was determined using a Brad-
ford protein assay kit (Bio-Rad Laboratories, Inc.). Approximately 5 ng of
lysates was loaded into each lane of an SDS-PAGE and subjected to im-
munoblotting using specific antibodies. Monoclonal and polyclonal anti-
bodies were generously provided by the following investigators: monoclo-
nal anti-B. burgdorferi FlaB (H9724) by A. G. Barbour (University of
California, Irvine, CA), monoclonal anti-B. burgdorferi DnaK by J. Benach
(SUNY at Stony Brook, NY), polyclonal anti-E. coli FliM by D. Blair (Uni-
versity of Utah, Salt Lake City, UT), and polyclonal anti-B. burgdorferi
MotB by J. Carroll (RML, NIH, Hamilton, MT). The reactivity of these
antibodies to B. burgdorferi MotB, FliL, FliM, FlaB, and DnaK has been
reported (14, 33, 49, 53, and our unpublished data).

Dark-field microscopy and swarm plate motility assays. B. burgdor-
feri cells (5 X 107 spirochetes/ml) were observed under a dark-field mi-
croscope (Zeiss Axio Imager M1), and images were captured using an
AxioCam digital camera. Swarm plate motility assays were performed as
described previously (14, 48). Approximately 10° bacteria in a 5-ul vol-
ume were inoculated into a 0.35% agarose plate containing PBSK medium
diluted 1:10 in PBS. Since B. burgdorferi is a slow-growing organism (5- to
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12-h generation time) (14), plates were incubated for 5 days at 35°C in a
2.5% CO, humidified incubator.

Statistical analysis. Statistical analyses were performed using an anal-
ysis of variance (ANOVA) test followed by a Tukey-Kramer multiple-
comparison test to determine the significance between WT, mutant, and
motB«™ samples unless otherwise indicated. A P value of =0.05 between
samples was considered significant.

Cryoelectron tomography (cryo-ET). B. burgdorferi cells were grown
to late log phase (~8 X 107 cells/ml) as described above. Bacteria were
centrifuged in 1.5-ml tubes at 5,000 X g for 5 min, and the pellets were
resuspended in 40 ul PBS at a final concentration of ~2 X 10° cells/ml.
After mixing with 15-nm gold clusters, 5 wl was deposited onto freshly
glow-discharged holey carbon grids for 1 min. Grids were blotted with
filter paper to remove excess fluid, followed by rapid freezing in liquid
ethane maintained at —180°C using a gravity-driven plunger apparatus
(22, 27). The resulting frozen-hydrated specimens were imaged at
—170°C using a Polara G2 electron microscope (FEI Company) equipped
with a field emission gun and a 4,000 by 4,000 charge-coupled device
(CCD) (16-megapixel) camera (TVIPS Gmbh, Germany). The micro-
scope was operated at 300 kV with a magnification of X31,000, resulting
in an effective pixel size of 5.7 A. Using the FEI batch tomography pro-
gram, low-dose single-axis tilt series were collected from each bacterium
at a —8-um defocus with a cumulative dose of ~100 e /A distributed
over 65 images. Tilt angles were in the range of —64° and +64° with an
angular increment of 2°. Tilt series were aligned and reconstructed using
IMOD software (54).

3D visualization. Reconstructions of B. burgdorferi cells were seg-
mented manually using the three-dimensional (3D) modeling software
Amira (Visage Imaging). Three-dimensional segmentation of the flagellar
filaments and outer and inner membranes was manually constructed (22,
24,27).

Mouse infection studies. Mouse infection studies were performed as
previously described (14, 55-57) using either C3H/HeN (Charles River
Laboratories, Raleigh, NC) or C57BL/6 (National Cancer Institute) mice.
These mouse strains possess similar susceptibilities to infection with B.
burgdorferi and similar bacterial numbers in most tissues during persis-
tent infection, although they can cause different levels of disease severity
(58-60). For infectious dose studies, C3H/HeN mice were needle inocu-
lated intradermally with either 3 X 10° or 5 X 10° of the indicated B.
burgdorferi strains. Spirochetes were enumerated using a Petroff-Hausser
chamber and verified by plating the cells and counting CFU (61). Three to
four weeks postinoculation, mice were sacrificed and skin, bladder, and
joint tissues were aseptically isolated and cultured in B. burgdorferi growth
medium. Reisolation of B. burgdorferi from sacrificed mouse tissues was
monitored for up to 35 days, and the presence of spirochetes in the growth
medium was determined by dark-field microscopy. Sacrificed mouse tis-
sues also were subjected to PCR analysis to detect B. burgdorferi DNA
using flaB gene-specific primers (14).

For tick infection studies, naive Ixodes scapularis larvae were pur-
chased from Oklahoma State University (Stillwater, OK). Larvae were
artificially inoculated by immersion in exponential-phase (5 X 107 cells/
ml) B. burgdotferi cells, as described previously (62). Approximately 200
immersed ticks were allowed to feed on each mouse for 5 to 7 days and
then were collected after they dropped off the mice. Mice were sacrificed 3
weeks postrepletion, and the infectivity of each strain was assessed by
reisolation of spirochetes from mouse tissues, as described above. A subset
of larvae was dissected individually 7 days after repletion, and the isolated
midguts were analyzed by immunofluorescence assay (see below) for the
presence of spirochetes. A second set of fed larvae was analyzed by quan-
titative PCR (qPCR) at 7 days postrepletion to determine the spirochete
load per tick, as described below.

DNA extraction and qPCR analysis of fed ticks. Ticks were crushed
individually, and genomic DNA was extracted using a DNeasy blood and
tissue kit according to the manufacturer’s instructions (Qiagen Inc.). In-
dividual tick DNA was analyzed by PCR to determine tick infectivity (spi-

May 2015 Volume 83 Number 5

Infection and Immunity

MotB in Cell Morphology and In Vivo Persistence

rochete positive) using B. burgdorferi flaB gene-specific primers. Spiro-
chete burdens in the infected ticks were assessed by qPCR to quantify the
flaB copy number, which was normalized to the tick actin gene (14).

Immunofluorescence assays (IFA). Ticks were dissected in 30 l
PBS-5 mM MgCl, on Teflon-coated microscopic slides, mixed by pi-
petting, and then air dried. To avoid quenching by hemin in the blood,
dissected tick contents were 10-fold serially diluted (57, 62). Slides were
blocked with 0.75% bovine serum albumin (BSA) in PBS containing 5
mM MgCl, for 30 min and then washed twice with PBS-5 mM MgCl,.
Spirochetes were detected using a 1:100 dilution of goat anti-B. burgdor-
feri antisera labeled with fluorescein isothiocyanate (Kirkegaard & Perry
Laboratories, Inc.). Images were captured using a Zeiss Axio Imager M1
microscope connected to a digital camera.

Assessment of spirochete transmission to mice by encapsulated
nymphs. Transmission of spirochetes to naive mice was assessed using
freshly immersed nymphs. Naive nymphs were artificially infected by im-
mersion with B. burgdorferi clones as described above. Mice were anesthe-
tized, and groups of 10 to 30 nymphs were confined to capsules affixed to
the shaved backs of naive mice (14, 63, 64). Ticks were allowed to feed
until repletion (3 to 5 days). Fed and unfed (immersed) ticks were indi-
vidually crushed on day 7 postrepletion to determine spirochete burden
per tick using qPCR as described above. Mice were euthanized immedi-
ately after repletion, and the skin from the tick-bite site was extensively
washed with sterile distilled water (dH,O) to remove tick excreta. To
reisolate or detect spirochetes from the sacrificed mice, a 2-cm by 2-cm
section of skin encompassing the feeding site was excised and was cut into
two portions for analyses. One portion of the skin was rinsed in 70%
isopropanol and incubated in B. burgdorferi growth medium for up to 35
days. Joint and bladder tissues also were isolated from the sacrificed mice
to assess whether the B. burgdorferi strains could disseminate from the
infection site (i.e., negative controls). Additionally, the second portion of
the tick-bite site skin and control skin (neck skin) from each mouse were
processed for PCR to detect B. burgdorferi DNA using flaB gene-specific
primers. These mouse- and tick-related protocols were approved by the
East Carolina University Animal Care and Use Committee.

Intravital microscopy and quantitative measurement of B. burgdor-
feri in murine ear skin. C57BL/6 mice were housed in the Department of
Laboratory Animal Medicine at the University of Toledo Health Sciences
Campus. To visualize B. burgdorferi in live, intact mouse skin tissues, a
wild-type clone, B31-A3, was transformed with a gentamicin-resistant
(Ppep-aacCl) suicide plasmid containing constitutively expressed gfp
(Ppap-gfp) flanked by the endogenous cp26 DNA as described previously
(7). The insertion of Py, -gfp was within the B. burgdorferi plasmid cp26,
and this clone is referred to as B31-A3-GFP or WT-GFP. The motB mu-
tant plasmid (motB::aadA-pGEM), described above, was transformed
into competent B. burgdorferi B31-A3-GFP cells in order to construct a
motB mutant constitutively expressing green fluorescent protein (GFP)
(AmotB-GFP).

Spirochetes were enumerated by direct counting using a Petroff-
Hausser chamber and dark-field microscopy and then resuspended so
they contained the desired B. burgdorferi numbers in 10 wl BSK-II me-
dium. Two days prior to injection, the outer ear surface of the mice was
depilated (Nair) and the mice were allowed to rest. On the day of inocu-
lation, mice were anesthetized by intraperitoneal injection of a standard
restraint cocktail (ketamine, 65 to 75 mg/kg of body weight; xylazine, 6 to
8 mg/kg; and acepromazine, 1 to 2 mg/kg), followed by an intradermal
injection of 10° WT-GFP or AmotB-GFP spirochetes into an individual
ear as a 10-l bolus; the inoculum also contained 10° red fluorescent latex
beads (1 wm; Sigma-Aldrich) to mark the injection site. For imaging, the
anesthetized mouse was placed on a 37°C heated imaging stage to mount
the tip of the ear with the dorsal side down. Imaging was performed using
an Olympus FV1000 laser confocal microscope system with either a 20X
or 40X dry lens or with a 63X water lens. Mice were imaged on the day of
injection at high magnification, and digital zoom was used to capture
detailed motility events, while later images at 3, 24, 48, and 96 h postin-
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oculation were captured at X40 to compare the number of spirochetes per
viewing field.

At the indicated times postinoculation and after live imaging, the an-
imals were euthanized and ear tissue samples were excised and flash frozen
in liquid N,. DNA then was extracted and gPCR performed using our
published methods (65, 66). Briefly, ear tissues were sequentially incu-
bated in collagenase A and proteinase A before recovering DNA by mul-
tiple phenol-chloroform extractions and ethanol precipitation, which was
interspersed with digestion of RNA using DNase-free RNase. The DNA
was quantified by absorbance at 260 nm, and working samples were di-
luted to 50 pg/ml for qPCR analyses using a Light Cycler 96 (Roche Di-
agnostics). Copy numbers for the mouse nidogen and B. burgdorferi recA
genes present in each sample were calculated by extrapolation to standard
curves using LightCycler software (Roche Diagnostics). The reported data
represent recA values that were corrected by normalization based on the
murine nidogen gene copy number. The primers (5'-3") used to detect
mouse nidogen were nido.F (CCA GCC ACA GAA TAC CAT CC) and
nido.R (GGA CAT ACT CTG CTG CCA TC). The primers for recA were
nTM17.F (GTC GAT CTA TTG TAT TAG ATG AGG CTC TCG) and
nTM17.R (GCC AAA GTT CTG CAA CAT TAA CAC CTA AAG).

Coinfection studies. Groups of C57BL/6 mice were injected using the
protocol described above for the intravital microscopy studies. Injections
were performed intradermally into the ear skin using either 10° WT (B31-
A3-K10) B. burgdorferi, 10° AmotB mutant, or a combination of 5 X 10° of
each strain (i.e., 10° total bacteria). Animals were sacrificed at the indi-
cated times, and DNA was purified from the ear tissues as indicated above.
qPCR analyses were performed as described above on the ear skin DNA to
determine the relative amounts of WT and AmotB mutant bacteria pres-
ent in those tissues. The primer sets used (5'-3") were the following: for
flaB (detects both WT and AmotB strains), flaB-FWD (TTG CTG ATC
AAG CTC AAT ATA ACC A) and flaB-REV (TTG AGA CCC TGA AAG
TGA TGC); for motB (detects WT only), motB-FWD (TGC GCA ATA
AAC AAG CAT CTC), and motB-REV (CCT CTT TCT TCT TGC CTA
ACT ACA); for aadA (streptomycin resistance gene; detects only AmotB
mutant bacteria), aadA-FWD (ATC ATT CCG TGG CGT TAT CC) and
aadA-REV (GTC AGC AAG ATA GCC AGA TCA A). The reported data
represent the values for the relevant B. burgdorferi-specific primer sets that
were corrected by normalization based on the mouse nidogen gene copy
number. To determine if there were differences in the ability of WT and
AmotB mutant bacteria, the competitive index (CI) was calculated as the
mutant/WT ratio for output (i.e., bacterial levels in the skin) divided by
the same ratio for input (67).

RESULTS

Inactivation of motB and complementation in trans. The motB
gene is located in the middle of the flgB operon, which contains 26
flagellar genes and is transcribed by the housekeeping o”° factor of
RNA polymerase (Fig. 1A) (11, 52). In several species of bacteria,
motB encodes a motor stator responsible for the generation of
flagellar motor rotation; however, the role of this putative torque-
generating unit in B. burgdorferiis unknown. To determine its role
in B. burgdorferi motility, morphology, and the infectious life cy-
cle, a motB mutant was constructed (Fig. 1A) using our recently
developed gene inactivation methodology (49). PCR (not shown)
and immunoblotting with a specific anti-MotB antibody (53)
identified a 24-kDa protein band in wild-type (WT) cells which
was not detected in the AmotB mutant cells, indicating the suc-
cessful construction of the mutant (Fig. 1B). motB is located in the
middle of an operon; thus, inactivation of this gene may cause
polar effects on downstream gene expression (Fig. 1A). Even
though our gene inactivation methodology is reported not to im-
pose any polar effects in B. burgdorferi or other spirochetes (24,
68), we performed immunoblot analyses to address this issue. Im-
munoblot analyses of WT and AmotB cell lysates with specific
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FIG 1 Inactivation and confirmation of motB::aadA (AmotB mutant) strains.
(A) Wild-type B. burgdorferi flgB operon contains 26 genes, including the
target motB (top). The AmotB genome was constructed by replacing the target
gene with the streptomycin/spectinomycin resistance gene (aadA) (bottom).
The complementation of AmotB strain using the shuttle plasmid pBSV2G
containing an intact motB gene transcribed by the fIgB promoter is not shown.
The model lists only a few of the 26 genes in the operon, and other genes are
indicated by the multiple arrowheads. (B) Western blotting using polyclonal
MotB-elicited antibody demonstrates the inhibition and restoration of MotB
protein synthesis by the AmotB and complemented motB“" spirochetes, re-
spectively. Potential AmotB polar effects on the expression of downstream
genes (fliL and fliM) were determined by FliL- and FliM-specific antisera,
respectively. Flagellar synthesis was assessed using FlaB-specific antisera.
DnaK was used as a loading control.

antisera indicated that protein synthesis of downstream FIiL or
FliM was not affected in the AmotB mutant (Fig. 1B), validating
our previous reports (24, 49).

Even though the AmotB mutant displayed no polar effects, the
mutant was complemented in trans using the shuttle vector
pBSV2G (50) containing an intact motB gene transcribed by the
native flgB promoter. Restoration of MotB protein synthesis in the
complemented motB (motB“") cells was confirmed by immuno-
blotting (Fig. 1B). Finally, we verified that these strains retained all
endogenous circular and linear plasmids that are present in the
parental WT cells by PCR (45, 55, and data not shown); this also
was supported by the ability of the motB mutant to have virulence
restored by complementation in the subsequent in vivo assays (see
below). Together, these results confirmed the construction of the
AmotB and motB“™ strains.

Morphology and motility phenotype of the AmotB mutant.
Since motB encodes the motor stator, a mutation in a functional
motB gene should result in paralyzed bacteria (69, 70). To deter-
mine the B. burgdorferi AmotB mutant motility phenotype, these
strains were analyzed in vitro using dark-field microscopy and
swarm plate motility assays. Dark-field microscopy indicated that
the mutant cells were completely nonmotile, while the WT and the
complemented cells were motile. Swarm plate assays indicated
that the WT and complemented motB“™ cells possess similar
swarming motility, but the AmotB cells were unable to migrate
from the initial site of inoculation and produced significantly less
swarm (P < 0.001) than their parental WT or motB“"™ cells (Fig. 2,
bottom). To ensure that the paralyzed phenotype is not due to a
lack of FlaB production (14, 33, 71), immunoblot analyses were
performed using FlaB-specific antibodies (Fig. 1B, FlaB blot).
AmotB cells did synthesize FlaB but were nonmotile, suggesting
that the AmotB strain lacked the torque-generation properties as-
sociated with MotB. Additionally, AmotB cells largely exhibited a
wave-like morphology similar to that of WT cells; however, the
middle portion of the AmotB cells had an irregular rod-shaped
morphology despite synthesizing similar levels of FlaB (Fig. 2,
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WT 16+ 0.5
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FIG 2 Morphology and motility phenotype of the AmotB strain in vitro. (Top)
Morphology of the B. burgdorferi strains was determined using dark-field mi-
croscopy. The bracket indicates a rod-shaped area in a AmotB cell; several
other areas also are visible. (Bottom) The indicated B. burgdorferi strains were
inoculated into 0.35% soft-agarose plates, and their swarming was measured
after 5 days. Values are indicative of the averages from at least 3 plates per
strain. An asterisk indicates values that are significantly different from those
for WT or complemented motB“™ B. burgdorferi (P < 0.001), as determined
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top). Complementation of the AmotB mutant restored the normal
flat-wave morphology and motility phenotypes (Fig. 2). Together,
these results indicated that the lack of both motility and normal
morphology that the AmotB strain exhibited was due solely to the
mutation in motB and not a secondary mutation elsewhere. MotA
and MotB together form the stator complex; thus, a mutation in
motB may interfere with the synthesis of MotA and/or assembly of
a functional stator complex. However, the fact that the AmotB mu-
tant was readily complemented, and both in vitro and in vivo pheno-
types were restored in the complemented motB“"™ cells (see below),
indicate that MotA synthesis occurred at nearly normal levels.
Periplasmic flagellar motor rotation is crucial for B. burg-
dorferi flat-wave morphology. To more directly address any
physical deficiencies that cause the irregular morphology dis-
played by the AmotB mutant, cryoelectron tomography (cryo-ET)
was performed to visualize the periplasmic flagella in intact spiro-
chetes (24, 27, 49). For WT B. burgdorferi, 7 to 11 periplasmic
flagella are inserted near each pole of the cell and extend toward
the middle of the bacteria, resulting in a structured wrap around
the cell body (11, 30). Cryo-ET data indicated that the periplasmic

by ANOVA test followed by Tukey-Kramer multiple-comparison test. flagellar filaments of the WT and the motB®" cells formed a com-

pact ribbon-like structure (Fig. 3, top left and bottom right), as

Flagella

Inner
~ membrane

Outer
membrane

FIG 3 Assessment of the flagellar ribbon formation in B. burgdorferi. The indicated B. burgdorferi strains were grown in vitro and subjected to cryo-ET. (Top left
set of images) Native cellular structures of WT B. burgdorferi. (A) Representative flat-wave cell morphology of a WT cell is shown in a low-magnification picture.
(B and C) A representative tomogram of a local region (boxed) shows the periplasmic flagellar ribbon. Shown are one slice from a 3D tomogram (B) and a 3D
surface rendering of the tomogram (C). The outer membrane (OM) is colored blue, the inner membrane is colored green, and periplasmic flagellar filaments are
colored red. (Top right) Cell morphology and flagellar ribbon of a representative AmotB cell. (A) The AmotB cell exhibits regular flat-wave morphology near the
cell pole. A cryo-ET section (B) and surface rendering (C) of the boxed region in panel A shows a normal flagellar ribbon. (Bottom left set of images) (A) Irregular,
rod-shaped morphology of a AmotB organism is shown (middle portion of the cell). A cryo-ET section from the rod-shaped region (B) and 3D surface rendering of
the tomogram (C) show that the periplasmic flagellar ribbon is not ordered in those regions boxed in panel A. (Bottom right set of images) (A) Cell morphology and
periplasmic flagellar ribbons of the motB“" spirochete. Tomograms from two different regions (B and C) show that the periplasmic flagellar ribbons are restored to
normal flat-wave morphology. (D) Surface rendering is segmented from the tomogram shown in panel B. (E) 3D surface rendering resulting from the tomogram.
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TABLE 1 AmotB strain infectivity in mice via needle inoculation”

Reisolation from tissues
(no. of specimens positive/

. No. of infected
total no. examined)

mice/total no.

Strain Dose” Ear Bladder Joint challenged
WT 3% 10° 2/4 4/4 4/4 4/4
AmotB 5% 10° 0/4 0/4 0/4 0/4
AmotB 3.75 X 10° 0/4 0/4 0/4 0/4
motB" 3.4 X 10° 3/4 4/4 4/4 4/4

“ C3H/HeN mice were injected intradermally using the indicated in vitro-grown
spirochete clones. Mice were sacrificed 3 weeks postinoculation, and infectivity was
determined by reisolation or detection of B. burgdorferi genomes by PCR from
sacrificed mouse tissue samples.

b The number of spirochetes injected per mouse was calculated by direct counting of
bacteria using a Petroff-Hausser chamber. The calculated inocula were plated to verify
the CFU, and doses shown are the actual CFU injected per mouse.

reported previously (32). While this ordered ribbon also was vis-
ible in the AmotB mutant wave-like regions (top right) and the
bacterial poles, the ribbon became distorted in the central rod-
shaped areas of the AmotB mutant (Fig. 3, bottom left). These data
suggest that rotation of the flagellar motor is crucial for the appro-
priate ribbon formation by the periplasmic flagella to produce the
spirochete’s characteristic flat-wave morphology.

AmotB cells are unable to establish murine infection by nee-
dle inoculation. To determine if the paralyzed but flagellated
AmotB cells are able to infect mice, 3 X 10 or 3 X 10° in vitro-
grown WT, AmotB, or motB“" spirochetes were intradermally
inoculated into groups of C3H/HeN mice. Three weeks postinoc-
ulation, mice were sacrificed and bacterial persistence was deter-
mined by the outgrowth of spirochetes from the collected mouse
tissues. While WT and motB“" spirochetes were detected in two
or more tissues assessed from all mice infected with the lowest
dose (3 X 10%), no positive tissues were identified in mice inocu-
lated with the AmotB mutant spirochetes, even at the highest dose
(3.75 X 10°) (Table 1). Furthermore, no tissues from AmotB mu-
tant-inoculated mice (joint and ear skin) were positive for B. burg-
dorferi DNA by PCR analysis using flaB-specific primers (not
shown), indicating that MotB is required for infection of mice.

Infection kinetics initially were assessed by intradermal injec-
tion of wild-type and AmotB strains engineered to constitutively
express GFP into murine ear skin and subsequent visualization
within the intact skin of the live mice using laser confocal micros-
copy. At 6 h postinjection, many WT-GFP bacteria were observed
displaying characteristic spirochetal morphology and motility,
whereas the majority of AmotB-GFP cells appeared in clumps.
Notably, AmotB-GFP cells were completely nonmotile and dis-
played no spirochetal morphology, even at the two poles as de-
tected in these mutants in vitro (see Fig. SI in the supplemental
material). Within 2 to 3 h postinjection, a substantial number of
WT-GFP cells were observed migrating away from the central
injection site (see red beads in Fig. S2), while a diminished number
of mutant AmotB-GFP cells remained entangled at the injection
site and displayed no motility (see Fig. S2). However, after a few
days of cell numbers remaining stable, the highly motile WT-GFP
cell numbers began to increase and were observed to have mi-
grated a substantial distance from the injection site (see Fig. S2).
However, the AmotB-GFP cells appeared to be largely cleared
from the tissues by 24 to 48 h postinoculation.
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To more definitively quantify the observed clearance, parallel
groups of mice were injected with either the WT-GFP or AmotB-
GFP cells, and the entire ear tissues were harvested at different
times postinjection for qPCR analyses to determine spirochete
numbers. At 30 min postinjection, similar numbers of WT-GFP
and AmotB-GFP genomes were detected, confirming that equal
inocula were delivered (Fig. 4). While both strains showed a sub-
stantial decrease by 24 h, the WT-GFP numbers remained stable
and were observed to increase significantly after 48 h postinjec-
tion, similar to our previous reports (66). Conversely, the AmotB-
GFP numbers were barely detectable by 24 h, and no mutant bac-
teria were detected =48 h postinfection (Fig. 4). Together, these
findings indicate that AmotB-GFP cells are completely nonmotile
in vivo and are cleared by the host immune defenses within 24 to
48 h postinoculation. These findings also are supported by en-
zyme-linked immunosorbent assay (ELISA) analyses showing
that only barely detectable levels of B. burgdorferi-specific IgG
were elicited in response to AmotB mutant infection (data not
shown).

AmotB spirochetes cannot infect mice via tick transmission.
Although naive mice were not infected by needle injections, it is
possible that the AmotB spirochetes could establish infection in
mice via tick bite, as arthropod-derived wild-type B. burgdorferi
were reported to show enhanced infectivity compared to that of
needle-introduced spirochetes (72, 73). Accordingly, Ixodes
scapularis larvae were artificially inoculated using immersion with
exponentially (5 X 107 cells/ml) growing WT, AmotB, or motB“"
spirochetes and subsequently allowed to feed on C3H/HeN mice.
Bacterial outgrowth analyses determined that no murine tissues
harvested at 3 weeks postinfection contained AmotB spirochetes,
whereas all mice fed with WT- and motB“" mutant-immersed
ticks showed bacterial growth (Table 2). A subset of fed ticks was
crushed individually 7 days after the blood meal, and immunoflu-
orescence assays (IFA) were performed in order to detect spiro-
chetes in the midguts. IFA results indicated that all three strains
could be detected in the midguts (see Fig. S3 in the supplemental
material). Finally, another subset of fed larvae was processed sim-
ilarly to isolate DNA for qPCR assessment of spirochetal loads per
fed tick. Notably, the AmotB spirochete load per fed larva was
significantly lower (P < 0.05 or P < 0.001) than that for the ticks
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FIG 4 Clearance kinetics of WT-GFP and AmotB-GFP bacteria from murine
skin. A total of 10° WT-GFP (wild-type) or AmotB-GFP (AmotB mutant)
bacteria were injected intradermally into murine ear skin. Entire ear tissues
were collected at the indicated times postinjection, and tissue DNA was enu-
merated for B. burgdorferi (Bb) content by gPCR. Each circle represents the
average value = standard error of the mean (SEM) (error bar) from at least
four separate ears assessed at each time point. ¥, P < 0.004 by Mann-Whitney
U test.

May 2015 Volume 83 Number 5


http://iai.asm.org

TABLE 2 AmotB strain infectivity in mice via feeding of immersion-
infected larval ticks”
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TABLE 3 Persistence of AmotB mutant spirochetes in nymphal ticks
before and after a blood meal”

Reisolation from tissues
(specimens positive/total

B. burgdorferi no. examined)

clone in

No. of mice infected/no.

larval ticks Ear Bladder Joint of mice tested”
WT 5/7 717 717 717
AmotB 0/9 0/9 0/9 0/9
motB<" 8/9 9/9 9/9 9/9

“ Larval ticks were artificially infected by immersion with exponentially growing
bacteria (5 X 107 cells per ml). Approximately 200 immersed larvae were fed per C3H/
HeN mouse. Mice were sacrificed 3 weeks postrepletion.

b Infectivity was determined by reisolation of B. burgdorferi from sacrificed mouse tissue
samples. Data represent two independent studies with different batches of ticks.

containing the WT or motB“" bacteria (Fig. 5). Together, these
results indicate that mice are not able to be infected with the
AmotB strain by larval tick bite and that either periplasmic flagella
or motility is crucial for optimal survival of spirochetes in fed
ticks.

Evaluation of AmotB strain viability in nymphal ticks and
transmission from nymphs to mice. The studies described above
suggest that AmotB spirochetes were not infectious in mice either
because they failed to migrate out of the tick during feeding or
because the mutant spirochetes were able to transmit from tick to
mice but subsequently were cleared from the mouse skin by host
immune responses. Moreover, we were unsure if the larvae that
were artificially infected (by immersion) with the mutant cells had
a spirochete burden equal to that of the parental or motB“"-in-
fected ticks, even though we immersed the ticks in the same den-
sity of spirochetes. Since the size of an immersed but unfed larval
tick is quite small (less than 1 mm), it is not technically feasible to
collect sufficient B. burgdorferi DNA from an individual larvae to
determine spirochete genomes. Alternatively, collection of DNA
from a batch of unfed larvae can lead to inaccurate results (our
unpublished observation). To address all of these issues, naive
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FIG 5 Persistence of AmotB cells in fed larval ticks. Quantitative PCR analysis
of the B. burgdorferiload in individual fed larvae that were collected 7 days after
repletion. Spirochete numbers were quantified using flaB primers and are
normalized to tick actin gene levels. A representative result from two indepen-
dent studies with different batches of ticks is shown here. Bars represent the
mean flaB values per larva * standard errors of the means (SEM) for each
isolate (4 spirochete-positive ticks per strain per assay). P values for AmotB
strain-infected ticks were significantly lower than that for the corresponding
WT (P < 0.05) or isogenic complemented motB“™ (P < 0.001) strain. Statis-
tical analysis was performed using an ANOVA test followed by Tukey-Kramer
multiple-comparison test.

WT
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No. of spirochete-infected nymphs/

total no. tested (9 iti
Nymph artificially infected otal no. tested (% positive)

with B. burgdorferi clone Unfed Fed

WT 15/15 (100) 15/15 (100)
AmotB 15/15 (100) 3/35 (8.6)
motBe™ 14/15 (93) 15/15 (100)

? Unfed and fed nymphs infected by immersion were squashed individually on day 7
postrepletion for DNA isolation. Infection efficiency of the ticks by B. burgdorferi (%
positive) was determined by flaB gene-specific PCR. A representative result from two
independent assays is shown.

nymphs were artificially infected by immersion before they were
encapsulated onto naive C3H/HeN mice. Artificially infected un-
fed and fed nymphs were squashed individually 7 days postreple-
tion, followed by flaB gene-specific PCR to determine the percent-
age of spirochete-positive ticks. Before feeding on naive mice,
100% of the nymphs were positive for both WT and mutant spi-
rochetes (Table 3, unfed nymphs). In contrast, the infection rate
of AmotB mutant-infected ticks was markedly decreased to 9%
after feeding, while this rate remained unchanged for the WT or
the complemented motB“™ cells (Table 3, fed nymphs). qPCR
assessment of the spirochete burden within the PCR-positive ticks
indicated the AmotB spirochete levels were similar or higher in
unfed ticks, indicating the immersed nymphs were infected
equally by all three B. burgdorferi strains (Fig. 6A). However, at 7
days postfeeding, the AmotB spirochete burden in ticks was sig-
nificantly lower than that of WT (P < 0.01) or motB“™ (P <
0.001) cells (Fig. 6B). Immediately after tick feeding, multiple
mouse tissues were collected and processed to determine B. burg-
dorferi transmission by using outgrowth and PCR analyses. PCR
of DNA isolated from the tick-bite site skin tissues indicated that
the AmotB genomes were not detectable using flaB or enolase
gene-specific primers, while the parental or isogenic comple-
mented motB“™ bacteria were readily detected. Similar results
were obtained by the bacterial outgrowth protocol (Table 4). To-
gether, these results indicate that motility is crucial for the persis-
tence of spirochetes in fed ticks as well as transmission to and
infection of mice.

AmotB bacteria display decreased growth rate in vitro. The
studies described above indicated that the viability of AmotB spi-
rochetes in fed but not unfed ticks was significantly less than that
for the parental B. burgdorferi-infected ticks. One possibility is that
the flagellated, nonmotile AmotB mutant grows at a lower rate in
vitro than the WT, which may contribute to the lower spirochete
burden in vivo (in ticks after, but not before, feeding on mice). To
investigate this, the B. burgdorferi strains were cultured in vitro and
enumerated using a Petroff-Hausser counter daily for 7 to 8 days
or until the cells reached stationary phase (1 X 10%to 2 X 10® cells
per ml). As shown in Fig. 7, the growth rate of the AmotB mutant
is significantly lower than that of the WT or complemented mot-
B cells, suggesting a growth defect in vitro (P = 0.01).

Coinfection with AmotB mutant and wild-type B. burgdor-
feri has no effect on survival of either strain in vivo. Since mo-
tility appears to be essential for evasion of host immune clearance,
we performed coinfection studies to address whether the charac-
teristic motility exhibited by WT B. burgdorferi affects the clear-
ance of the AmotB strain and perhaps enhances evasion of host
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FIG 6 Viability of AmotB cells in fed and unfed nymphs. Naive nymphal ticks were artificially infected using in vitro-grown spirochetes. Unfed (A) and fed (B)
nymphs were crushed individually on day 7 postrepletion, and the spirochetal load per nymph was determined by qPCR using only the DNA from the
PCR-positive ticks. Results shown are means = SEM from 3 positive ticks per strain. Data are representative of two independent studies. P values were determined

by Kruskal-Wallis test followed by Dunn’s multiple-comparison test.

clearance. WT and AmotB mutant cells were needle injected intra-
dermally into murine ear skin as a single strain or as a mixture (1:1
ratio), and these tissues were harvested for DNA purification and
qPCR analysis at different times postinjection. Analyses using a
flaB primer set that detects both strains indicated that similar
doses of bacteria were inoculated into the ear skin at 6 h postin-
jection for both single-strain and coinfection groups (Fig. 8A). By
48 h, all inoculation groups were significantly reduced compared
to levels at 6 h, indicating substantial immune clearance of both
strains. However, at 96 h the mice injected only with the WT
displayed significant proliferation in tissues, whereas the mice in-
oculated only with the AmotB mutant contained no spirochetes.
Mice receiving the mixture displayed approximately 50% of the
bacterial numbers contained by the WT-infected mice, suggesting
that the surviving spirochetes represented the outgrowth of WT
only. Analyses using a motB primer set that detects only B. burg-
dorferi containing the intact motB (i.e., WT) displayed the same
survival trend as the flaB analyses, again suggesting that only the
WT bacteria were surviving (Fig. 8B). A third analysis using an
aadA primer set that only recognizes spirochetes containing the
streptomycin resistance gene (i.e., AmotB) confirmed the accu-
racy of the initial coinfection inoculum and that all of the spiro-
chetes detected at 96 h postinfection represented WT bacteria
(Fig. 8C). Calculation of the competitive index indicated that,
while no significant differences were noted at 48 h, the AmotB
mutant was much less fit than WT B. burgdorferi at 96 h postin-
fection (Fig. 8D). Together, these findings indicate that the spiro-
chetal motility displayed by WT B. burgdorferihad no effect on the

TABLE 4 Transmission of AmotB mutant spirochetes from freshly
infected nymphs to mice

No. of mice infected/total
no. of mice tested

B. burgdorferi clone used
to infect nymphs®

WT 5/6
AmotB 0/6
motB«" 6/6

@ Ten nymphs immersed in WT or motB“” mutant spirochetes and 30 nymphs
immersed in AmotB mutant spirochetes were allowed to feed per C3H/HeN mouse
using the capsule method. Immediately after most ticks dropped off, mice were
sacrificed. Two sections of skin tissue from the tick bite site were assessed for the
presence of B. burgdorferi by regrowth in culture medium and detection of B.
burgdorferi genomes using flaB-enolase gene-specific PCR.
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ability of the host immune system to clear the nonmotile AmotB
mutant and vice versa.

DISCUSSION

In many motile bacteria, MotA and MotB together form a torque-
generating unit powered by a proton motive force. Thus, a muta-
tion in motA or motB produces bacteria that are flagellated but
paralyzed. Furthermore, bacterial shape typically is not altered by
a mutation in these genes (20, 70, 74). Although B. burgdorferi
motor proteins share significant amino acid sequence homology
with other bacteria, a motA or motB mutant has not been reported
in any spirochete. Thus, the effect of motor rotation on periplas-
mic flagellar organization, cellular morphology, and infectivity/
persistence was unknown. Using cryo-ET and intravital micros-
copy images of the B. burgdorferi AmotB mutant, it was revealed
for the first time that, while the possession of periplasmic flagella is
essential for forming the normal flagellar ribbon structure, motor
rotation is required to form the highly organized ribbon that pro-
duces the characteristic flat-wave morphology exhibited by this
spirochetal bacterium. Bacterial cell cylinders and flagella are
thought to be elastic materials (11, 28). Thus, applied forces cause
these structures to deform and subsequently revert back to their
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FIG 7 In vitro growth curves of WT, AmotB, and complemented motB“" B.
burgdorferi strains. The indicated B. burgdorferi strains were inoculated into
BSK-II medium (5 X 10* bacteria/ml), incubated at 35°C, and counted at the
indicated times by direct enumeration using a Petroff-Hausser chamber. Cell
density at each time point is indicated as the mean = standard deviation from
three independent cultures (triplicates of each culture per strain). The growth
rate of the AmotB mutant strain was significantly reduced (P = 0.01; paired
Student’s ¢ test) compared to that of the parent or motB“" strain during days
2to7.
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FIG 8 Effects of coinfection on the in vivo clearance of WT and AmotB B. burgdorferi strains. A total of 10° WT (open circle), AmotB (open triangle), or both (5 X
10° each strain; open square) strains were injected intradermally into murine ear skin, and the bacterial numbers were enumerated at the indicated times
postinoculation by qPCR using three different primer sets: flaB detects both strains (A), motB detects WT only (B), and strep detects the streptomycin resistance
gene present only in the AmotB strain (C). Each symbol represents the average and standard error from at least 8 separate ear tissue samples. *, P < 0.05; **, P <
0.01; ***, P < 0.001 by Kruskal-Wallis test followed by Dunn’s multiple-comparison test. (D) Competitive index (CI) is the ratio of AmotB mutant to WT bacteria
detected at that time point (output) divided by the same ratio for the inoculum that was initially injected (input). The short horizontal lines represent the average

values.

original shape when the force is removed. Several studies have
demonstrated that the B. burgdorferi cell cylinder is rod shaped in
the absence of periplasmic flagella, whereas purified periplasmic
flagella are shown to be helical. Thus, the interaction between the
cylinder and flagella produces the distinct spirochetal flat-wave
morphology (11, 28, 32). Based on these findings, we predict that
the flagellar ribbon interacts with the cell cylinder, and this phys-
ical interaction is enhanced by forces provided by flagellar rota-
tion to produce the ordered ribbon structure, which in turn pro-
duce the spirochete’s wave-like morphology. Conversely,
spirochetal cells that exhibit any motility by rotating their motors
also should display flat-wave morphology (e.g., AcheA2, AcheY3,
AfliG1, and AcheX strains) (12, 29, 75, 76). In the absence of this
rotation force, it appears that the ribbon structure is not maintained
throughout the cell cylinder, particularly in those midsection areas
where the two opposite flagellar ribbons overlap, resulting in disor-
dered flagellar bundles and a more rod-like morphology in those
regions.

Although the AmotB bacteria failed to establish infection in
mice, this result was not completely surprising given the fact that
other reported nonmotile, aflagellated, or reduced-motility mu-
tants in several spirochete species are attenuated in their respective
host (12, 14, 36, 77-80). However, flagellin molecules are recog-
nized by Toll-like receptor 5 (TLR5) and TLR11 in mice, which
can activate host inflammatory responses (81, 82). Additionally,
bacterial flagella are a potent immunogen and elicit adaptive im-
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mune responses, which has formed the basis for several vaccine
strategies (41, 42). Thus, it was unknown how the lack of the
agonistic/immunogenic properties possessed by bacterial flagella
(i.e., AflaB [14]) influenced the persistence in host tissues versus
B. burgdorferi strains that possess periplasmic flagella but are un-
able to generate the torque required for spirochetal motility (i.e.,
AmotB). Our results with the flagellated but nonmotile AmotB
mutant indicated that these bacteria also were unable to infect
mice by needle inoculation (Table 1 and Fig. 4), similar to the
AflaB strain (14). This phenotype also is similar to that for S.
Typhimurium and Helicobacter flagellated nonmotile mutants
that were less efficient than the parental cells or completely lost the
ability to colonize their respective host (83-87). Since several
pathogenic nonmotile aflagellated mutants, including the spiro-
chetes, are severely attenuated or not able to colonize their animal
hosts, we propose that spirochetal motility is crucial for evasion of
immune clearance by mammalian hosts and is independent of any
immune-associated properties related to the flagellar proteins.
The requirement of bacterial motility to establish infection ranges
from vital to expendable in different bacterial species (86, 88-91).
Since the flagella of spirochetes are periplasmic and B. burgdorferi
is an invasive organism that can travel through dense tissues (9),
we propose that the torque provided by MotB activities enable the
flagellar motility that is crucial for mediating bacterial dissemina-
tion, evasion of the cellular immune responses, and eventual col-
onization of multiple distant tissues to elicit Lyme disease. Our
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data support this, since the nonmotile AmotB bacteria are cleared
by the host immune responses within 48 h of inoculation into
murine skin (Fig. 4; also see Fig. S1 and S2 in the supplemental
material), which is substantially earlier than when B. burgdorferi-
specific antibodies normally are expressed in infected mice (92).
However, further studies using mouse strains deficient in different
innate and adaptive immune cells and/or mediators are required
to completely define which are evaded due to spirochetal motility.

In nature, mammalian hosts become infected via B. burgdor-
feri-infected tick bite (3, 4). Accordingly, we performed tick-
mouse infection assays to determine the importance of MotB in
spirochetal transmission from the tick to the mouse and for their
ability to survive in the tick. In these months-long protocols, we
demonstrated that flagellar motor rotation (i.e., motility) was cru-
cial for migration of spirochetes from the tick to the mouse (Ta-
bles 2 and 4). Because no AmotB mutant spirochetes were ob-
served by reisolation or PCR from any tick-bite site (or from other
mouse tissue samples), it appears that the AmotB strain cannot be
transmitted into the mouse via tick bite (Tables 2 and 4). This
result was not surprising, since the tick midgut epithelial cells
possess tight junctions that likely require the great force provided
by the back-and-forth spirochetal motility to traverse this barrier
and subsequently be deposited into skin (7). This is in agreement
with findings that certain spirochete mutants that lack motility,
the run-and-reverse type of motility, or fail to reverse (e.g., AflaB
and AcheA2 mutants) also were unable to migrate out of the tick
vectors (13, 14). Together, our data strongly support that motility
is a prominent factor for bacterial dissemination within and be-
tween hosts.

When spirochete viability in fed ticks was assessed in greater
detail, optimal viability was observed only in the WT and comple-
mented strains (Table 3 and Fig. 5 and 6). The lower AmotB spi-
rochete burden in the fed ticks could reflect the reduced growth
rate observed for AmotB spirochetes in vitro (Fig. 7), although no
studies could be devised to confirm whether a similar growth de-
fect occurs in vivo (i.e., in ticks). Another possibility is that fewer
AmotB bacteria were ingested during tick immersion than were
the motile strains, but the studies outlined in Fig. 6A indicate that
all strains were similarly ingested by the nymphs. Thus, the most
likely explanation for the reduced burden is that AmotB cells are
unable to replicate at the same rate as the motile strains within
ticks, or they were more efficiently cleared from the fed tick
midgut by host blood components, blood-induced tick factors
present in the midgut, or the tick immune system (93-95). It is
notable that these nonmotile mutants often grow in vitro as knots
of cells that appear to be unable to completely separate from the
mother cell, suggesting that motility is important for efficient sep-
aration of replicating cells, both in liquid media and in host tissues
(data not shown) (14, 96).

Surprisingly, we discovered that the mutant bacteria failed to
effectively survive in ticks for =7 days after the blood meal (Table
3 and Fig. 6B). Even if the AmotB bacterial burden per tick was
significantly lower due to an in vivo growth defect, the rate/per-
centage of the spirochete-positive ticks would be expected to re-
main unchanged after the blood meal. However, that did not hap-
pen. As shown in Table 3, the percentage of mutant-infected ticks
dropped sharply from 100% to 9%, while this rate remained un-
changed with the nymphs colonized with WT or the motB“" spi-
rochetes. These results led us to predict that WT motility pro-
motes an intimate bacterial interaction in the tick midgut (e.g., B.
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burgdorferi outer surface protein OspA with tick midgut protein
TROSPA), and this interaction protects the organism from poten-
tial harm from the blood-induced factors or tick immune re-
sponses (94, 97). Alternatively, the AmotB organisms may have
failed to acquire nutrients in the midgut due to their lack of mo-
tility; thus, they are less likely to survive after the blood meal.
These conclusions are supported by studies where spirochetes that
exhibit even limited modes of motility, including running in one
direction (AcheA2 and ApdeA Abb0363 mutants) or only the flex
type of motility (AcheX mutant), are able to survive normally in
fed ticks (13, 57, and our unpublished data). Altogether, our stud-
ies indicate that possession of flagella is essential for motility and
infectivity (14), but without the additional machinery that allows
periplasmic flagellar rotation (e.g., MotB), the flagellum itself pro-
vides no additional properties to enhance spirochetal infectivity or
evasion of host immune clearance.
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