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Leptospira interrogans is the primary causative agent of the most widespread zoonotic disease, leptospirosis. An in-depth struc-
tural characterization of L. interrogans is needed to understand its biology and pathogenesis. In this study, cryo-electron tomog-
raphy (cryo-ET) was used to compare pathogenic and saprophytic species and examine the unique morphological features of this
group of bacteria. Specifically, our study revealed a structural difference between the cell envelopes of L. interrogans and Lepto-
spira biflexa involving variations in the lipopolysaccharide (LPS) layer. Through cryo-ET and subvolume averaging, we deter-
mined the first three-dimensional (3-D) structure of the flagellar motor of leptospira, with novel features in the flagellar C ring,
export apparatus, and stator. Together with direct visualization of chemoreceptor arrays, DNA packing, periplasmic filaments,

spherical cytoplasmic bodies, and a unique “cap” at the cell end, this report provides structural insights into these fascinating

Leptospira species.

he genus Leprospira belongs to the phylum Spirochetes and

includes both pathogenic and saprophytic species (37). L. in-
terrogans is the predominant pathogenic species causing leptospi-
rosis, a global reemerging zoonotic disease (for reviews, see refer-
ences 17 and 20). In nature, L. interrogans colonizes the renal
tubules of reservoir hosts (e.g., wild rodents). Humans are in-
fected via contact with infected animals or contaminated soil or
water. Outbreaks occur frequently in tropical regions (2, 20), with
more than 500,000 reported severe cases of leptospirosis annually
with a 10% mortality rate (29). In contrast, Leptospira biflexa is a
free-living saprophytic organism that is unable to infect the mam-
malian host despite its extensive genetic and structural similarities
with L. interrogans. Recent comparative genomic analyses of L.
interrogans and L. biflexa have identified many unique genes in L.
interrogans that may be potentially associated with virulence and
pathogenesis (6, 35, 40, 42, 49).

Leptospira spp. share a number of general features with other
spirochetes, yet they differ in many ways from other spirochetal
pathogens, such as Treponema pallidum and Borrelia burgdorferi
(42). As with other spirochetes, Leptospiral motility is driven by
the rotation of periplasmic flagella (PF) that are located between
the inner membrane (IM) and outer membrane (OM). PF of Lep-
tospira species extend a relatively short distance from each pole,
resulting in the characteristic hook-shaped ends of the cells (11).
Leptospira also has an abundance of lipopolysaccharide (LPS) that
is absent from both T. pallidum and B. burgdorferi (42).

Cryo-electron tomography (cryo-ET) is a powerful three-
dimensional (3-D) imaging technique that is capable of visualiz-
ing cellular components in living organisms at the molecular level
(23, 26, 30). This technique involves collecting a tilt series of im-
ages from different angles at high magnification and computa-
tionally reconstructing a 3-D density map of the intact organism.
Recently, cryo-ET has been extensively utilized to study many
spirochetes (1, 7, 14, 15, 19, 28, 32, 33), particularly, in our hands,
to study the intact flagellar motor structure of B. burgdorferi (25)
as well as the cell envelope architecture of T. pallidum (24).

0021-9193/12/$12.00 Journal of Bacteriology p. 1299-1306

In this work, we employed cryo-ET for a systematic compari-
son of cellular structures from pathogenic L. interrogans and sap-
rophytic L. biflexa. Our study revealed cellular features unique to
Leptospira spp., as well as structural differences between patho-
genic L. interrogans and nonpathogenic L. biflexa. Possible impli-
cations of our findings in leptospiral motility, physiology, and
pathogenesis are discussed.

MATERIALS AND METHODS

Leptospira culture preparation. L. interrogans serovar Lai strain Lai
56601 and L. biflexa serovar Patoc strain Patoc I (Paris) were kindly pro-
vided by James Matsunaga at the VA Medical Center in Los Angeles, CA.
Leptospira spp. were cultured in 50 ml Ellinghausen-McCullough-
Johnson-Harris (EMJH) medium at 30°C under aerobic conditions for
100 h to reach exponential growth phase. Leptospiral pellets were har-
vested by centrifugation at 4,000 X gat 22°C for 20 min and resuspended
in EMJH medium.

Cryo-ET data collection and 3-D reconstruction. Viable bacterial
cultures were centrifuged to increase the concentration to ~2 X 10° cells/
ml. four-microliter samples were deposited onto freshly glow-discharged
holey carbon grids for 1 min. The grids were blotted with filter paper and
rapidly frozen in liquid ethane using a gravity-driven plunger apparatus as
previously described (25). The resulting frozen-hydrated specimens were
imaged at —170°C using a Polara G2 electron microscope (FEI Company,
Hillsboro, OR) equipped with a field emission gun and a 4,000 (4K) X 4K
charge-coupled-device (CCD) (16-megapixel) camera (TVIPS; GMBH,
Germany). The microscope was operated at 300 kV with a magnification
of X31,000, resulting in an effective pixel size of 5.6 A after 2 X 2 binning,
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FIG 1 Ultrastructure from 3-D reconstruction of intact L. interrogans (A) or L. biflexa (B). The outer membrane (OM), inner membrane (IM), peptidoglycan
layer (PG), and periplasmic flagellum (PF), the “cap” at the cell end, and a spherical body (SB) can be discerned from the picture. Zoom-in views reveal the
structural details of the cell envelope of L. interrogans (C) or L. biflexa (D), respectively. LPS extends from the outer leaflet to a strong continuous density layer.
Density profiles across the membranes of L. interrogans and L. biflexa (dashed line) are shown in panels E and F, respectively. The LPS layer was considerably

thicker in L. interrogans than that in L. biflexa.

Using the FEI “batch tomography” program, low-dose single-axis tilt se-
ries were collected from each bacterium at —4- to —6-um defocus with a
cumulative dose of ~100 e /A? distributed over 65 images, covering an
angular range from —64° to +64°, with an angular increment of 2°. Tilted
images were aligned and reconstructed using the software package
Protomo (48). In total, 127 and 420 reconstructions were generated from
L. interrogans and L. biflexa, respectively.

Subvolume averaging of flagellar motor. A total of 496 subvolumes
(320 X 320 X 320 voxels) containing entire flagellar motors and their
surrounding membranes were extracted from the original 547 tomo-
grams. The initial orientation of each flagellar motor in each organism was
determined manually. Subvolume analysis of flagellar motors was carried
out as described before (24, 25).

Visualization of 3-D reconstruction. Tomographic reconstructions
were visualized using IMOD software (18), and surface rendering of fla-
gellar structures was carried out with the software package UCSF Chimera
(38).

Reconstructive microscopy. L. biflexa and L. interrogans at a concen-
tration of ~1 X 10° cells/ml were mounted with Hanks * buffered salt
solution (HBSS) on pads in preparation for imaging. 4’,6-Diamidino-2-
phenylindole (DAPI) and FM 1-43FX (Invitrogen) were added to the cells
at concentrations of 2.5 ug/ml and 5 ug/ml, respectively, and simultane-
ously incubated for 15 min. Specimens were scanned with an Applied
Precision DeltaVision (Issaquah, WA) system fitted with an Olympus IX
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70 inverted microscope employing a 100-W mercury arc lamp for illumi-
nation (Olympus America, Melville, NY) and excitation/emission filter
sets (Chroma Technology Corp, Brattleboro, VT) specific for each of the
fluorescent dyes. The filter set combination for DAPI (blue membrane-
permeating DNA-specific dye) was a 340-nm excitation filter with a band
pass of 20 nm and an emission filter of 390 nm with a band pass of 20 nm.
FM 1-43FX (cell envelope stain for cell localization) was visualized with an
excitation filter of 555 nm, band pass of 28 nm, and an emission filter of
617 nm, band pass of 73 nm. Image scans for each dye were acquired in
series of Z sections at a step size of 0.02 um with a Sony Interline CCD
camera—16 total images for the combined reconstruction of the two dyes
used. Objective magnification was X100. Deconvolution and image
analysis were performed on a Linux/RedHat workstation employing
the SoftWoRx software program (Applied Precision).

RESULTS AND DISCUSSION

Three-dimensional (3-D) reconstructions of 547 different organ-
isms were generated using cryo-ET to examine the cellular char-
acteristics of pathogenic and saprophytic Leptospira (Fig. 1). The
data presented are organized from the exterior to the center of the
organisms as follows: cell envelope, cell end “cap,” periplasmic
filaments, flagellar motor, chemoreceptor receptors, spherical
bodies, and DNA.
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FIG 2 A gallery of the cell end reconstructions reveals a “cap”-like feature of L. biflexa (A to D) and L. interrogans (E to H).

Ultrastructure of leptospiral cell envelope. Leptospira has a
dual-membrane architecture similar to that of Gram-negative
bacteria. Leptospiral LPS and outer membrane proteins are major
components of the outer membrane and play important roles in
pathogenesis during infection (12, 34, 47). Cryo-ET of intact or-
ganisms provided a detailed view of the leptospiral cell envelope
(Fig. 1). The envelope is composed of an IM, OM, and peptidogly-
can (PG) layer. The IM contains two density layers corresponding
to the phospholipid bilayer with a 4.0-nm spacing (Fig. 1E and F).
There are three distinct density layers associated with the Lepto-
spira OM, which is considerably thicker than the OMs of B. burg-
dorferi and T. pallidum (24, 25). The first two density layers likely
correspond to the inner leaflet and the outer leaflet of the OM,
with a spacing of 5.3 nm and 5.8 nm in L. interrogans and L. biflexa,
respectively. A major structural difference between L. interrogans
and L. biflexa was the third layer of the OM, which appears more
pronounced in L. interrogans than in L. biflexa (Fig. 1C, D, E, and
F). This third layer was 9.2 nm away from the outer leaflet of the
OM in L. interrogans, compared to 6.0 nm in L. biflexa. Proteinase
K treatment was ineffective in eliminating any of the OM layers
(see Fig. S1 in the supplemental material), suggesting that none of
the three density layers is formed solely by outer membrane pro-
teins (which is unlike what has been observed in B. burgdorferi
[25]). In addition, the outermost density layer is absent in T. pal-
lidum, a spirochete that lacks both LPS and major outer surface
proteins (24), suggesting that LPS likely extends from the outer
leaflet of the OM to the third density layer on the envelope of
Leptospira. LPS appears more abundant and longer (9.2 nm) in L.
interrogans than that in L. biflexa (6.0 nm) (Fig. 1E and F). This
finding supports the model that LPS is highly variable on cell
surfaces of pathogenic and saprophytic species and plays an essen-
tial role in leptospiral virulence (34, 47).

Cryo-ET revealed the most detailed images of Leptospira spe-
cies to date (Fig. 1C and D). Multiple density layers were observed
in the periplasmic space, in an arrangement similar to that ob-
served in T. pallidum (24). Therefore, we hypothesize that spiro-
chetes share a similar envelope architecture (24), with a thin PG
layer lying between two putative lipoprotein layers that are asso-
ciated with either the IM or the OM. In addition, we observed that
membrane vesicles are commonly formed by the OM without
obvious involvement of the PG/IM layer (see Fig. S2 in the sup-
plemental material), suggesting that despite the presence of LPS,
the OM is fluid and loosely connected to the cell body.
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Cryo-ET also revealed a “cap”-like structure at the polar ends
in both L. biflexa (Fig. 2A to D) and L. interrogans (Fig. 2E to H).
Multiple density layers are located between the tips of OM and IM.
The “cap” structure is distinct from the cone-shaped structures
reported at the cell ends of Treponema primitia (33) and T. palli-
dum (15, 24). The leptospiral cell end is known for its attachment
to the host cells (17, 22, 35), suggesting that this “cap” structure
might play a role in mediating such interactions. The nature of the
polar “cap,” as well as its physiological functions, remains to be
explored.

Novel filaments in the periplasm. Cryo-ET revealed two types
of filaments in the periplasmic space: flagella and novel periplas-
mic filaments (Fig. 3; see also Fig. S3 in the supplemental mate-
rial). They differ in their diameters, locations, and possible func-
tions. Flagella of Leptospira are located near the cell termini. They
are responsible for bacterial motility and for the unique hook
shape of the cell end(s) (5), but they do not determine the spiral
shape of the cell (39). In this respect, Leptospira spp. are very
different from B. burgdorferi, in which the flagella define the flat
wave shape of the cell, since inactivation of flagellar genes results
in long, rod-shaped bacteria (31). Additional filaments were
found in the periplasmic space of both Leptospira species. The
diameter of these filaments is considerably smaller than that of
flagellar filaments (8 nm versus 22 nm). They wrap around the cell
body in a right-handed fashion, particularly in the middle of the
elongated organisms (Fig. 3), where PF is absent. Given that PF of
Leptospira does not play a major role in defining the spiral shape of
the cell body (39), it has been postulated that the cell morphology
of Leptospira is determined by the cytoskeleton, the PG layer, or
another undefined structure (17). The presence of these addi-
tional filaments in the periplasmic space is intriguing, since they
represent novel candidates for shape determination in Leptospira.
Further studies are required to provide direct evidence for this
hypothesis.

Molecular architecture of leptospiral flagellar motor. Flagella
play important roles in spirochetal motility and host tissue inva-
sion (16,43). Unlike many other spirochetes (e.g., T. pallidum and
B. burgdorferi) that have multiple flagellar motors, Leptospira spe-
cies have a single flagellar motor at each end, and yet the organism
is highly motile. To better understand this fascinating nanoma-
chine, a total of 496 motors were extracted from 3-D reconstruc-
tions of intact organisms, and the molecular architecture of the
intact flagellar motor was determined by subvolume averaging
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FIG 3 Periplasmic filaments in Leptospira spp. (A) Periplasmic filaments (PFil) are visible in the middle of the elongated organisms, while PF of Leptospira is
located near the termini. (B) An enlarged section from panel A of PFil in L. interrogans. Three filaments are observed within the boundary of the outer membrane
(OM). (C) A cross-sectional view indicates that PFil are located between the outer membrane (OM) and the inner membrane (IM).

(Fig. 4). Leptospiral flagellar motors possess a relatively complex  considerably from those in T. primitia (32), B. burgdorferi (25),
structure, which includes major flagellar components, including  and T. pallidum (24). Noticeably, the hook on top of the motor is
the hook, the rod, the MS ring, the C ring, and the export appara-  wider (a diameter of ~21 nm) than that of B. burgdorferi (~16
tus (Fig. 4). It appears that the leptospiral flagellar motor differs nm). The distal rod is associated with two layers of density, iden-
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FIG 4 Molecular architecture of the intact flagellar motor of Leptospira spp. (A) Centered section parallel to the direction of the filament of an asymmetric reconstruc-
tion of the Leptospiral motors. Panels B, C, D, and E are horizontal cross sections. The locations of the sections are indicated in panel A. Panel B shows a section that lies
inside the socket formed by the collar in periplasmic space. Section C transects the cytoplasmic side of the MS ring, just above the C ring. Sections D and E are located on
the top and bottom of the C ring, respectively. Surface rendering of the Leptospira flagellar motor is presented in panels F and G. The side view (F and G) shows a novel
C-ring structure. Extra density (in pink) is found at the bottom of the C ring. In panel G, 16 ring-like structures (colored in blue) are located on top of the C ring. Each
ring is about 7.3 nm in diameter and 7.5 nm in height. The top portion of the ring is embedded in the cytoplasmic membrane, while the bottom portion is likely
interacting with the C ring. Panel H is a view 45° rotated from panel G, revealing the interaction between the C ring and the stators.
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FIG 5 Visualization of chemoreceptor arrays of Leptospira spp. Putative chemoreceptor arrays were observed in L. interrogans (A) and L. biflexa (B). The insets
are the corresponding zoom-in views of the arrays outlined with white dashed lines. The arrays appear as clusters of pillar-like densities that extend from the IM
and connect with a layer of high electron density at the membrane-distal ends. These are likely formed by CheA/W, which is known to form a continuous layer
at the bottom of the chemoreceptor arrays. An additional array, unique to the saprophytic species, is found at the cell end (C). The inset is the zoom-in image of
the array, indicating the presence of extra density layers (EL). The distance between the IM and the basal layer of CheA/W is relatively constant (25 nm) for most
of the arrays, as shown in the cross sections (D and E). However, the novel array is longer (33 nm), as shown in the cross sections (F). The scale bar is 50 nm.

tified as the putative L and P rings (Fig. 4A), as the homologous
gene products of flgl and flgH in Escherichia coli are responsible for
the L and P rings, respectively (27). The presence of flgH in Lep-
tospira species is surprising, since the leptospiral PF is located in
periplasmic space. Our map suggests that the L ring in the lepto-
spiral flagellar motor is not embedded in the outer membrane,
and therefore it likely lacks the function as a bushing.

The C ring and export apparatus in leptospiral flagellar motors
are more complex than those of any recently determined motor
structures (8). Additional density (colored in pink), which has not
been shown in other motor structures, is visible around the bot-
tom part of the C ring. The export apparatus is also different from
other motor structures. It appears that the cytoplasmic part of the
export apparatus is bigger than those from other spirochetes and
bacteria. On the top of the C ring, the putative stators embedded
in the cytoplasmic membrane were visualized in sufficient detail
to distinguish the ring shape structures with a diameter of 7.3 nm
(Fig. 4C and H). The shape and diameter of individual rings are
similar to those of a stator complex purified from Vibrio algino-
Iyticus (50). However, it remains to be answered if these rings
correspond to the individual torque generators.

Recently, analysis of a large number of spirochete genome se-
quences uncovered remarkable genetic diversity among flagellar
systems, even though many flagellar genes have been conserved
during the evolutionary process (36). Our studies indicate that the
spirochetal motors (including those of L. interrogans, T. pallidum,
and B. burgdorferi) share overall similar sizes and shapes, yet there
are considerable differences in the C ring, P ring, and export ap-
paratus. This is consistent with the recent finding that the flagellar
motors exhibit a common core architecture, despite the striking
differences in their overall appearance (8). The novel structures of
the C ring, export apparatus, and stator provide new insight into
the diversity of bacterial flagellar motors.

Morphology and distribution of chemoreceptor arrays. Che-
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motaxis is an important part of the bacterial signal transduction
system and is closely associated with bacterial motility (46).
Cryo-ET analysis allows direct visualization of the putative
chemoreceptor arrays based on the fact that they form a charac-
teristic pattern extending from the inner membrane to a concave
“basal plate” (4, 28). The locations of these putative chemorecep-
tor arrays are variable, typically from 500 nm to 1,000 nm away
from the cell ends. The width of arrays is also variable; however,
the length of the receptor (from a prominent line “base plate” to
the cell membrane) is relatively consistent at ~25 nm (Fig. 5).
Another type of array was visible in ~20% of the L. biflexa organ-
isms and was consistently located at the cell end (Fig. 5C). This
array is structurally different from the chemoreceptor arrays be-
cause of the presence of additional domains. It is slightly longer
(~33 nm) yet narrower in width and is commonly located in close
proximity to the only flagellar motor at the polar end (Fig. 5B).
Opverall, our cryo-ET observations indicate that the chemorecep-
tor arrays in L. biflexa are more readily visible than in L. interro-
gans under the current experimental conditions.

Spherical cytoplasmic bodies. Two distinct morphological
types of spherical cytoplasmic bodies were frequently observed
along the cell bodies of L. biflexa and L. interrogans. One type is of
high density (dark arrows in Fig. 6 and 7). The other type is of low
density with a uniform internal texture (white arrows in Fig. 6A
and B). These distinct spherical cytoplasmic bodies were fre-
quently observed along the cell body (Fig. 6) and occasionally
outside the cell body (Fig. 6C). No membrane boundary was
found between spherical bodies and the cytoplasm (Fig. 6). Fur-
thermore, the spherical bodies were larger in L. biflexa (~100 nm)
than in L. interrogans (~30 nm). The spherical bodies did not
contain molecular complexes, such as ribosomes, and appeared
similar to the phosphate- and carbon-rich bodies in Caulobacter
crescentus (9), suggesting a possible role in nutrient storage.

Visualization of DNA in situ. Fluorescence microscopy anal-
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FIG 6 Two types of spherical bodies in Leptospira spp. High- and low-density spherical bodies were labeled with dark and white arrows, respectively. (A)
Cryo-ET tomogram slice of an L. biflexa cell, with spherical bodies (~100 nm in size) located in the cell center. (B) Cryo-ET of an L. interrogans cell shows that
the spherical bodies are randomly positioned along the cell body, with a diameter of ~30 nm. (C) High-magnification view of a free-in-solution spherical body

showing the absence of a phospholipid bilayer.

ysis of both L. biflexa and L. interrogans cells indicated that the
DAPI-stained nuclei, containing DNA (in blue, Fig. 71), were ho-
mogeneously distributed along the cell body but not present at the
cell ends (the cell envelope was stained in red; Fig. 7H). Unlike E.
coli, where the genomic DNA is contained within the central area
called the nucleoid (45), DNA inside Leptospira is distributed
along the cell body (Fig. 7). Cryo-ET analysis of intact leptospiral
cells revealed extensive ribosome-excluding regions, packed with
long filamentous structures. These filamentous bundles were con-
tinuous along the cell body except at the cell ends, suggesting that
they are likely related to DAPI-stained nuclei.

For better visualization of the leptospiral nuclei, we focused on
a small percentage of cells that partially lysed during preparation.
The putative DNA-containing bundles remained mostly trapped
inside the cells (Fig. 7B and D). To our surprise, this type of bundle
also existed by itself outside the cell, which allowed a more detailed
structural analysis of the bundle itself, both in a horizontal (Fig. 7E
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and F) and a perpendicular cross-section (Fig. 7G) view. The close
packing was evident in the cross-section view (Fig. 7G), with fila-
ments spaced ~4 nm apart. The filaments could be separated as
shown in the arrows in panel G, despite the poor resolution in the
Z direction. This tightly packed filamentous bundle is different
from the cytoplasmic filaments found in other bacteria. For exam-
ple, MreB is known to form filaments, yet the reported interfila-
ment distance is significantly larger (44). The structural character-
istics of the bundle were consistent with the molecular
arrangement of DNA observed in Deinococcus radiodurans nucle-
oids, in which cholesteric liquid crystalline order was observed
and the average interfilament distance was 4 nm (10). Therefore,
we suggest that the DNA in the leptospiral nucleoids forms a long
filamentous bundle along the cell body. The appearance of a liquid
crystalline organization of the putative DNA is consistent with the
notion that formation of a liquid crystalline arrays is required for
the intracellular packaging of high-density DNA materials (simi-
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2 um

FIG 7 Putative DNA bundles in intact and lysed cells and in cell medium. (A) Cryo-ET of L. biflexa cell reveals putative DNA bundles in the cell body. (B) Image
of a partially lysed L. interrogans cell, showing that the putative DNA maintains a filamentous structure. Panels C and D show the zoom-in views of the areas
highlighted in panels A and B, respectively. The contour lines outline the boundary along the putative DNA structure. (E) Top view of the putative DNA bundle
in cell medium. (F) Zoom-in view of area indicated in panel E. Orange arrows depict putative DNA strands. (G) Cross-section view of the putative DNA bundle
shown in panel F. The bundle is tightly packed by filaments with a spacing of ~4 nm and a diameter of ~2 nm. Fluorescence microscopy shows continuous dyed

DNA in blue (I), cell envelope in red (H), and a composite image (J).

lar to the situation for packaging high-copy-number supercoiled
plasmids) (41).

DNA toroids have served as a model for maximally condensed
packing in bacteriophages and viruses (3, 13). However, the mor-
phology and the packing of the condensed DNA in bacteria are
poorly understood. In addition, the arrangement of the genomic
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DNA within a long, helical bacterium has rarely been investigated.
Our study provides the first structural evidence that the putative
DNA forms a rod-like structure spanning the cell body. It does not
organize into a toroidal shape (21) or diffuse randomly as in
Deinococcus radiodurans (10). Rather, leptospiral DNA is likely
packed into a filamentous bundle (41). Nevertheless, these find-
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ings raise important questions. How do spirochetes package DNA
into this morphology? Why is DNA restricted from the cell end?
How is the DNA bundle changed during different growth phases
of Leptospira and other spirochetes? Much work will be required
to answer these questions.
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