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DISEASES AND DISORDERS

The mechanism of two-phase motility in the spirochete
Leptospira: Swimming and crawling

Hajime Tahara,’ Kyosuke Takabe,’* Yuya Sasaki,>* Kie Kasuga,** Akihiro Kawamoto,®"
Nobuo Koizumi,? Shuichi Nakamura'

Many species of bacteria are motile, but their migration mechanisms are considerably diverse. Whatever mechanism
is used, being motile allows bacteria to search for more optimal environments for growth, and motility is a crucial
virulence factor for pathogenic species. The spirochete Leptospira, having two flagella in the periplasmic space,
swims in liquid but has also been previously shown to crawl over solid surfaces. The present motility assays show
that the spirochete movements both in liquid and on surfaces involve a rotation of the helical cell body. Direct
observations of cell-surface movement with amino-specific fluorescent dye and antibody-coated microbeads sug-
gest that the spirochete attaches to the surface via mobile, adhesive outer membrane components, and the cell
body rotation propels the cell relative to the anchoring points. Our results provide models of how the spirochete
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switches its motility mode from swimming to crawling.

INTRODUCTION

Bacterial motility is considerably diverse: Escherichia coli and Salmonella
spp. swim by rotating their flagella, which are a major motility machinery
composed of a basal motor and helical filament (1, 2); Pseudomonas
aeruginosa and Neisseria gonorrhoeae exhibit a twitching motility
using type IV pili (3); and gliding bacteria such as Mycoplasma mobile
(4) and Myxococcus xanthus (5) require a direct interaction between
external complexes and surfaces. In the zoonotic spirochete Leptospira,
swimming motility is well known as their major method of migration
(6, 7), but an early study by Cox and Twigg (8) showed that spirochetes
had a “crawling” movement on solid surfaces. The morphology and cell
structure of Leptospira are unique (Fig. 1A). The outer membrane wraps
around the right-handed helical protoplasmic cylinder (PC), and the cell
configuration is a right-handed helix due to PC shape. Two flagella reside
between the outer membrane and the peptidoglycan layer, known as peri-
plasmic flagella (PFs) (9). P. aeruginosa uses the flagellum and pilus for
swimming and twitching, respectively (10). However, PFs are the sole mo-
tility machinery of Leptospira, and none specified for motility on surfaces
have been identified. How does Leptospira realize two-phase motility? To
address this question, we analyzed the cell motilities and cell-surface move-
ment of the nonpathogenic Leptospira biflexa in liquid and on surfaces.

RESULTS

Analysis of swimming motility

When Leptospira swims, PF rotations transform the cell ends into a left-
handed spiral-shape (Spiral-end) or half-circle hook-shape (Hook-end)
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and gyrate them counterclockwise (CCW; defined by viewing a swim-
ming cell from the anterior side to the posterior side) (movie S1). Mean-
while, PC rotates clockwise (CW), and because PFs are attached to
PC via basal rotary motors (flagellar motors), PC is believed to be ro-
tated by counter-torques of PF rotations. Both ends of the Leptospira
cell body frequently change their shape between spiral and hook shapes
with a switching of rotational direction, and cell configuration is asso-
ciated with the motility form; when displaying the spiral shape at one
end and the hook shape at the other end, the cell swims in the direction
of the Spiral-end, and when displaying symmetric configurations (for
example, both cell ends exhibit the spiral shape), the cell rotates with-
out net displacement (6, 11, 12). Figure 1B shows a kymograph of a
cell swimming in a motility medium. The PC helix is observed as a series
of bright spots by a dark-field illumination, and the spots move back-
ward with PC rotation (Fig. 1B, right) (7). The backward speed of the

A Hook-end Spiral-end
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Fig. 1. Cell structure and swimming motility of Leptospira. (A) Schematic diagram
of Leptospira cell structure. The thin black arrow indicates the swimming direction. A cross
section of the cell body is depicted below the dashed line: outer membrane (OM), PF,
peptidoglycan layer (PG), inner membrane (IM), and cytoplasm (CP). The rotational direc-
tion is viewed from the Hook-end to the Spiral-end, as indicated by the thick black arrow.
Blue and white arrows indicate the rotational directions of PF and the PC, respectively. At
the ends of the cell body surrounded by a dashed square, the flagellar motor of each PF is
embedded into PG and IM. (B) Kymograph of a cell swimming in motility medium. Yellow
lines indicate cell movement. The area surrounded by a red square is enlarged on the
right, and dotted lines indicate the apparent movements of the PC helix.
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bright spots ( f,.') is a net value resulting from the backward movement
by the actual PC rotation ( f,) and the forward movement of the helical
cell body by swimming (v,.) (13-15). The value of v, is determined
from the swimming speed (v) and PC pitch length by v, = v/p,,; there-
fore, foc = fo' + VIppe Where the backward movement is defined as pos-
itive. The ratio of v to f,, (that is, v/f,.) indicates the distance that the
cell migrates in one revolution. Moreover, the ratio of v/f,, to py. (that
is, V/fpc/ppc) indicates how much the cell slips during swimming, which
can be interpreted as swimming efficiency. The average values of v and
Joc were 8.3 £ 1.9 um/s and 59 + 12 Hz, respectively (n = 21 cells), and
Ppc Was 0.60 + 0.08 um (n = 64 helices on 10 cells). Therefore, the
swimming efficiency of Leptospira was 0.23, which can be compared
with data from other bacteria measured in a water-based medium with-
out any polymers; it is about twofold higher compared to Salmonella
enterica (0.11) (14) and threefold for Vibrio alginolyticus (0.07) (13).
Results for simultaneous measurements of swimming speeds, Spiral-
end gyration rates, and PC rotation rates are shown in fig. S1.

Analysis of crawling motility

To assess Leptospira crawling, we demonstrated its movement on a
glass surface (movie S2). A kymograph (Fig. 2A) shows that the ap-
parent PC helix movement is not observed during crawling, indicat-
ing that Leptospira crawls without slip; when f,." = 0, v/pyc = foo
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therefore, (v/foc)/ppc = 1 (further examples are shown in fig. 52). Al-
though Leptospira crawling motility was observed without modifica-
tion of the glass, the crawling speeds were significantly increased by
coating the glass with an anti-lipopolysaccharide rabbit antibody
(Ab-LPS) (Fig. 2B and movie S3). Bacterial adhesion is mediated
by LPS and other cell surface components (16, 17). Crawling motility
requires these adhesive molecules not only to attach to but also to de-
tach from solid surfaces as the cell progresses (18), and a high affinity
to the surface will retard crawling. Leptospira has abundant LPSs and
proteins that protrude outside the cell (19, 20). Although the affinity
of Leptospira adhesins to surfaces was not fully elucidated, Ab-LPS
(~10 nm) could inhibit the attachment of adhesins with a higher af-
finity than LPS (schematically explained in Fig. 2B), thereby promot-
ing a crawling motility.

As observed in Fig. 2A, Leptospira cells bend their ends into either a
spiral or hook shape during crawling in the same way as during swim-
ming. Berg et al. (12) suggested that most of the thrust for swimming in
Newtonian fluid, typically water, was generated by a gyration of the
Spiral-end. However, both bent ends of crawling cells seemed to just
beat glass surfaces (movie S2). The pairwise plot of crawling speeds
and cell body rotation rates show that crawling speeds depend on the
rotation rate of PC but not on the gyration rate of the Spiral-end (Fig.
2C, left). We also measured the crawling motility of a mutant strain
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Fig. 2. Crawling motility of Leptospira. (A) Kymograph of a cell crawling on a glass surface. The PC appears to be fixed (red dotted lines), indicating movement without slip.
(B) Effect of an Ab-LPS on crawling motility; 216 and 214 cells were measured on noncoated (—Ab-LPS) or Ab-LPS-coated (+Ab-LPS) glasses, respectively; open bars indicate
cells adhering to glass surfaces without translation. The box-and-whisker plot shows the 25th (the bottom line of the box), 50th (middle), and 75th (bottom) percentiles and
the minimum and maximum values (whiskers) of crawling speeds obtained from individual cells; statistical analysis was performed by Mann-Whitney U test (*P < 0.01). The
schematics represent a hypothetical explanation of Ab-LPS effects. Various external molecules are shown by different symbols; black dots with a bar indicate LPS; red circles
with a bar indicate Ab-LPS; and thin and thick arrows indicate slow and fast crawling, respectively (the details are described in the main text). (C) Wild-type (WT) and AfcpA cells
observed by dark-field microscopy (top) and pairwise plots of crawling speeds and cell rotation rates (bottom). Red lines in the pairwise plots are regression lines fitted to PC
data points. Correlation coefficients (R) for PC of WT and AfcpA are 0.98 and 0.97, respectively. R between Spiral-end speed and crawling speed in WT is 0.22 (no regression line
shown). (D) Effects of CCCP on the cells attached to a glass surface (movie S5). Top: Results of single-cell tracking. Microscopic images captured at 0.1-s intervals were
decimated to 5-s intervals and then integrated. Colors indicate time courses in the order of red, green, blue, purple, and yellow. The cell stopped crawling with the addition
of 5 uM CCCP (middle), and therefore, all of the colored cell images were superposed. Bottom: Crawling speed of the cell shown in the top panel. Crawling speeds determined
at 0.1-s intervals are shown in gray, and data of a 10-data-point moving average are shown in red.
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that lacks the flagellar coiling protein A (FcpA), which determines
the coiled shape of Leptospira PF (Fig. 2C, top right, and movie S4)
(21, 22). The mutant strain of L. biflexa was obtained by random in-
sertion mutagenesis using Himarl transposon (22). The AfcpA mutant
remains a helix of PC, but it lacks the Spiral-end and Hook-end due to the
PF shape anomaly (fig. S3). The crawling speed of the AfcpA mutant was
strongly correlated with PC rotation (Fig. 2C). The mutant cells showed
slower PC rotation rates and crawling speeds than the wild-type (WT)
ones, but they also crawled without slip (fig. S4). Thus, only PC rotation
propelled the Leptospira cell on the surface. Leptospira PF rotations are
inhibited by protonophore carbonyl cyanide m-chlorophenylhydrazone
(CCCP) (23). The crawling motility was inhibited by the addition of
CCCP (Fig. 2D and movie S5), suggesting that the movement is caused
by PF rotation within the cell body. The decrease in cell body rotation
rates and crawling speeds in the AfcpA strain supports the mechanism
that Leptospira crawling is based on flagellum-dependent motility.

Direct observation of outer membrane dynamics

in crawling cells

To understand the mechanism of crawling, we first observed cell body
rotation during crawling by labeling the outer membranes of cells with
amino-specific Cy3-N-hydroxysuccinimide (NHS). As a result, we ob-
served that the outer membranes of crawling cells rotated at the same
speed as PC (Fig. 3 and movie S6). This result indicates that the helical
cell body rotates freely on surfaces, although the cell body is somehow
anchored to the surface. Concerning the mechanism by which the outer
membrane rotates with PC despite the separation of these two struc-
tures (24, 25), theoretical studies on the swimming mechanism of the
Lyme disease spirochete Borrelia burgdorferi predicted interactions
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Fig. 3. Fluorescent observation of outer membrane dynamics. (A) Crawling cell
labeled with Cy3-NHS. In a kymograph, the yellow solid line indicates cell migration
(top). In an enlarged kymograph (bottom), orange and yellow dashed lines indicate
translational movements of fluorescent spots and slip-less crawling of the cell, re-
spectively. (B) A montage shows an example trajectory of a fluorescent spot. (C) The
rotation rates of the PC and Cy3 fluorescent spots determined from speed versus
time traces for individual cells are shown. The rotations of PC and Cy3 fluorescent
spots were simultaneously analyzed at several different time periods for each trace,
and data obtained from two different cells are shown by black dots and triangles
(total of 11 data points). A gray line with a slope of 1 is shown. (D) Schematic expla-
nation of fluorescent dye movement attached to a cell crawling on the surface with
rotation of a helical cell body.

Tahara et al., Sci. Adv. 2018;4:eaar7975 30 May 2018

between PF and cell membranes via viscous fluid filling the periplasmic
space (26). Therefore, the outer membrane could be rotated by a hydro-
dynamic interaction with PC mediated by viscous fluid within the peri-
plasmic space; namely, PC rotation drags the outer membrane.

Movement of beads attached to the cell body via

an anti-LPS antibody

What is the mechanism by which Leptospira cell body can rotate
while being anchored to a surface? For surface movement, M. mobile
uses abundant “leg”-like machineries on the cell surface, successively
catching and releasing sialylated oligosaccharide-modified surfaces
of animal tissues to propel the cell (4). M. xanthus has a gliding ma-
chinery that consists of an external complex (Agl-Glt) and intra-
cellular motor unit (5). Flavobacterium johnsoniae glides by using
the adhesive extracellular protein SprB moving along a closed helical
path structure that is believed to be on the cell surface (18). Charon et al.
(27) showed movements of microbeads attached to the outer mem-
brane of Leptospira via an anti-whole-cell antibody. They carefully
verified what moved the beads and reported that bead movement
was caused by a viscous drag force that acted on the beads when the cell
translates (the beads were dragged in the opposite direction to the
cell movement). Although antigens targeted by the antibody were un-
specified, they showed that the antigens residing on the cell surface are
mobile, which raises the possibility that these mobile, adhesive mole-
cules are somehow involved in crawling. Because Ab-LPS affected
crawling motility (Fig. 2B), we labeled LPS with Ab-LPS-coated poly-
styrene beads. In free-swimming cells, wavy trajectories of the beads
were observed (Fig. 4A, middle), and then, we revealed that the bead
rotated in a CW direction around the cell body (Fig. 4, B to D, and
movies S7 and S8; example data are also shown in figs. S5 and S6). In
the cell shown in Fig. 4A, the rotation rate of the bead was about 3 Hz
(Fig. 4A, bottom), whereas the Spiral-end (End2), the Hook-end (End1),
and PC rotated at 16, 33, and 40 Hz, respectively (Fig. 4E). When a
large aggregate of Ab-LPS beads were attached to a cell, the aggregate
was almost fixed on the video screen without rotation. Nevertheless,
the cell rotated and moved relative to the aggregate without slip (Fig.
4F and movie S9), as previously observed (27). These results indicate
that rotations of LPS loaded with beads were delayed from the cell
body rotation; LPS rotation does not synchronize with that of the cell
body. Beads without an Ab-LPS coating nonspecifically bound to the
cell but did not translate along the cell body (fig. S7), suggesting that
the phospholipid layer of the outer membrane or adhesins with a
lower mobility than LPS embedded in the outer membrane might
be targets of nonspecific binding.

DISCUSSION

We characterized movements of the spirochete Leptospira in liquid
and over surfaces. Although swimming involves Spiral-end gyration
(12), quantification of crawling using the AfcpA mutant showed that
Leptospira only exploits PC to move on surfaces. We revealed that
the outer membrane rotates with PC while being attached to surfaces
and then showed the possibility that LPS could be a mobile adhesin
anchoring the cell to the surface. On the basis of these results, we
depicted plausible models of how Leptospira switches its motility mode
from swimming to crawling (Fig. 5). In swimming (Fig. 5A), a CCW
gyration of the Spiral-end and CW rotation of PC propel the cell.
The outer membrane rotates with PC, which produces a resistive
torque by the interaction between the cell surface and external fluid,

30of 6



SCIENCE ADVANCES | RESEARCH ARTICLE

0 5 10 15 20 Focal

o o-@

Bead

— Bead

<
e 49
g10 3%
= o
2 2

=
< 5 2.3

n
N

1 \//\/
1234567
Image number

o o

Relative area
of bead image
o

0 0.2 0.4 0.6 08 ==
Time (s)

m

*TEnd L)

Relative
angle
o

|
So

End 2 (H>>S)

AW

e ———

Mw

0.2 0.4 0.6 0.8
Time (s)

Relative
angle
o

ghotness_k
o o

Relative

bri
S
o3

Fig. 4. Observation of beads attached to the cell body via an antibody. (A) The upper schematic represents the bead assay. A polystyrene bead with a diameter of 200 nm
coated with Ab-LPS (red circle) was attached to the cell (black wavy line). Middle: Superposition of sequential video images. The original movie recorded at 4-ms intervals
(movie S7) was decimated to 80-ms intervals, and 10 sequential images were then superposed. The red arrow indicates the trajectory and direction of bead movement. The
cell ends were arbitrarily designated as End1 and End2. Bottom: Time traces of x and y positions of the bead. (B) Rotation of the bead based on the focal plane determined
as shown in (C) and a change in the size of the bead image shown in (D). Bead rotation is depicted by sequential diagrams below the montage, which are observed from the
direction indicated by the black arrow. (C) Enlarged image of the part indicated by the yellow square in (B). The focal plane of observation can be deduced from the
visualized helix angle of PC (yellow arrows), as schematically explained. (D) Change in the area of the bead image attributed to halation caused by a z axis displacement of
the bead. The x axis indicates image numbers shown in (B). (E) Time traces of End1, End2, and PC rotations in the cell shown in (A). Raw data (gray) were smoothed by
moving the average (black). End1 displayed the Hook-shape (H) during recording, whereas End2 changed the shape from the Hook- to Spiral-shape (S) at around 0.2 s. PC
rotation was not measured from 0.2 to 0.4 s (indicated by N.D.) due to defocusing. (F) Attachment of an aggregated bead to the cell surface. A kymograph (right) shows an
apparent PC stillness (red dashed lines), that is, movement without slip.

as predicted previously (15), but it would not produce thrust. In crawl-
ing, the cell attaches to the surface via mobile, adhesive outer membrane
components (for example, LPS and proteins), but PC and the outer mem-
brane keep rotating CW (Fig. 5B), propelling the cell relative to the po-
sition where adhesive molecules attach. Because a large variety of adhesive
molecules can exist on the Leptospira cell surface (19, 20), the crawling ? ?

BAA

A Swimming

speed could be determined by a molecule with the smallest dissociation i 1 - — —’\,—’\ —
constant value; that is, the detachment of adhesive molecules from the

surface is the rate-limiting process of crawling; attachments of immobile I\,_l\l;\
adhesive molecules to the surface would inhibit crawling. This model ’ v
predicts that PC contributes to swimming as a screw propeller, whereas B .

PC would play a role of a helical path for adhesion on surfaces. The — 7/\,7/\,7 “ Crawling
current study did not elucidate the presence of the helical path along it —

PC. Since the shape determination of PC involves penicillin-binding
proteins and the actin homolog MreB (28), such an intracellular molec-
ular system might synthesize a periodic structure beneath the outer mem-
brane. Another unanswered question is what moved the beads that were
attached to swimming cells in the direction of translation (Fig. 4A and
fig. S8). A theoretical study predicted that in a peritrichous bacterium,
cell body and flagellar bundle rotations generate flow near the cell (29).
Perhaps, PC rotation might generate a directional flow in the immediate

7\’7/\7/\* i A
AR

Fig. 5. Model of the motility form transition in Leptospira. (A) Swimming is
caused by CCW gyration of the Spiral-end and CW rotation of the PC, and ad-

hesive cell-surface molecules (black dots with a bar) rotate with the cell body.
Rotations of adhesive molecules are shown by red and purple symbols on the

Solid surface

vicinity of the cell body, thereby driving bead translation.

Here, we present the results for a nonpathogenic strain of Leptospira,
but the pathogenic species L. interrogans also crawls on surfaces (fig. S9).
Pathogenic Leptospira percutaneously invades animals through a wound

Tahara et al., Sci. Adv. 2018;4:eaar7975 30 May 2018

right. (B) When attaching to the surface via mobile adhesins, the cell moves
relative to the anchoring points with PC rotation. In the left cartoon, first, the
red adhesin attaches to the surface, and then, the purple one participates in the
anchoring.
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site on the skin or membrane mucosa, and it then migrates to tissues
through the bloodstream and penetrates and breaks the intercellular
junction of the hepatocyte layer (20, 30, 31). In the infection process,
swimming and crawling motilities are important for migration through
the mucosa and on tissue surfaces, respectively. The WT Leptospira cells
can move over surfaces faster than in liquid (fig. S1 and Fig. 2C); while
the AfcpA mutant cells could hardly swim (21, 22), their crawling speed
reached 10 um/s (Fig. 2C). This fast translation on surfaces can be
ascribed to an improvement in translation efficiency, that is, slip sup-
pression (Fig. 2A and figs. S2 and S4). Highly efficient crawling might
benefit Leptospira infection processes. Our results showed that LPS is an
adhesive molecule candidate for crawling. Since pathogenic Leptospira
spp. are classified into more than 250 serovars based on LPS structure,
LPS heterogeneity could affect their crawling motility, as shown in Fig. 2B.
Moreover, some membrane proteins are known as virulence factors
(20, 30). Therefore, unveiling the diversity of external adhesive molecules
in Leptospira serovars and surface properties of host tissues associated
with crawling motility will help us to gain insight into the mechanism of
leptospiral host specificity and pathogenesis.

MATERIALS AND METHODS

Bacteria and media

A saprophyte L. biflexa strain Patoc I and pathogenic L. interrogans ser-
ovar Manilae strain UP-MMC-NIID were used. The AfcpA mutant was
derived from the L. biflexa strain Patoc I by random insertion mutagen-
esis using a HimarI transposon (22). The cells were grown in Ellinghausen-
McCullough-Johnson-Harris liquid medium at 30°C for 4 days until the
stationary phase. A total of 20 mM potassium phosphate buffer (pH 7.4)
was used as a motility medium. Ficoll (Sigma-Aldrich) was added to the
motility medium, as necessary.

PF isolation
PF were isolated from cells and purified by the method described by
Wunder et al. (21).

Electron microscopy and cryo-EM

Isolated PFs were applied onto the continuous carbon-coated electron
microscopy (EM) grids and negatively stained with 2% (w/v) uranyl
acetate solution. Negative-stained EM images were observed with a
JEM-1011 transmission electron microscope (JEOL) operating at 100 kV
using a TVIPS TemCam-F415MP charge-coupled device (CCD) cam-
era (TVIPS).

Quantifoil grids (Quantifoil Micro Tools) were glow-discharged in a
weak vacuum for 20 s immediately before use. Sample solutions of WT
and AfcpA mutant were applied to the grid, blotted briefly with filter
paper, and rapidly plunged into liquid ethane using Vitrobot Mark II
(FEI Company). Cryo-EM images were collected at a liquid-nitrogen
temperature using a Titan Krios electron microscope (FEI Company)
equipped with a field-emission gun and a Falcon direct electron detector
(FEI Company). The microscope was operated at 300 kV and a nominal
magnification of 29,000x with a calibrated pixel size of 5.71 A.

Motility assay

Swimming and crawling were analyzed by one-sided dark-field micros-
copy, as described previously, with some modifications (11). Cells were
infused into a flow chamber made by sticking a glass slide (bottom side;
Matsunami Glass Ind. Ltd.) and coverslip (upper side; Matsunami Glass
Ind. Ltd.) with double-sided tape, and their movements were observed
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through a 100x oil immersion objective lens (UPlanFLN, Olympus)
and a 5x relay lens. The microscopic images were recorded at a frame
rate of 250 Hz with a high-speed complementary metal-oxide semi-
conductor video camera (IDP-Express R2000, Photron), and the movie
was analyzed with a Visual Basic for Applications macro originally de-
veloped in Microsoft Excel.

Labeling of the outer membrane with a fluorescent dye

A 1-pl aliquot of Cy3-NHS ester (Lumiprobe) dissolved in dimethyl
sulfoxide (5 pg/ml) was mixed with 100 ul of the L. biflexa culture at
room temperature. Excess dyes free from cells were removed by centrif-
ugation at 1000g for 4 min and then suspended into the motility buffer.
The cells labeled with the dyes were observed with a fluorescent micro-
scope (BX53, UPlan-FLN 100x, U-FGW, Olympus), and their fluorescent
images were acquired with a CCD camera (WAT-910HX/RC, Watec)
at a frame rate of 30 Hz.

Labeling of the outer membrane with microbeads
Polystyrene beads were conjugated with an anti-L. biflexa LPS anti-
body by the following procedure: 3 pl of carboxylated bead suspension
(0.2 um in diameter; Thermo Fisher Scientific) was diluted into 300 pl of
50 mM MES buffer (pH 5.2) and centrifuged at 17,000g for 15 min at 23°C;
the pellet was suspended in 200 ul of MES buffer and mixed with 20 pl
of Ab-LPS; 10 mg of 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
(EDAC) (Sigma-Aldrich) was dissolved in 1 ml of MES buffer; and 20 ul
of the EDAC solution was added to the bead suspension and incubated
for 30 min at 23°C. Free antibodies and EDAC were removed by cen-
trifugation, and the pellet was suspended into 10 mM tris-HCI buffer
(pH 8.0). A total of 300 ul of Leptospira cells was centrifuged at 1000g for
10 min and suspended into 500 pl of motility medium. Five microliters
of the cell suspension was mixed with 15 pl of the anti-LPS-coated bead,
and the mixture containing the cells and beads was infused into a flow
chamber and observed using the dark-field microscope. Videos were
recorded as described in the Motility assay section and analyzed by
using Image] software (National Institutes of Health).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/5/eaar7975/DC1

fig. S1. Swimming motility of Leptospira.

fig. S2. Example kymographs of Leptospira cells crawling without slip.

fig. S3. WT and “unbent” mutant (AfcpA) strains of Leptospira.

fig. S4. Example kymographs of AfcpA mutant cells crawling without slip.

fig. S5. Movement of a microbead attached to the cell surface.

fig. S6. Movement of a microbead attached to the cell surface.

fig. S7. Kymographs of Leptospira cells labeled with Ab-LPS—coated beads or noncoated beads.
fig. S8. Relationship between swimming speed and bead movement.

fig. S9. Crawling motility of the pathogenic Leptospira.

movie S1. A L. biflexa cell swimming in a 10% Ficoll solution.

movie S2. WT L. biflexa cells crawling on a glass surface.

movie S3. Effect of an anti-LPS antibody on crawling.

movie S4. AfcpA mutant cells crawling on a glass surface.

movie S5. Effect of CCCP on Leptospira crawling.

movie S6. Fluorescent observation of the Leptospira outer membrane using Cy3-NHS.
movie S7. Movement of a small bead aggregate on the Leptospira cell body.

movie $8. Movement of a single 200-nm bead on the Leptospira cell body.

movie S9. Movement of a large bead aggregate on the Leptospira cell body.
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