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a b s t r a c t

Using cryo-electron tomography, we are developing a refined description of native cellular structures in
the pathogenic spirochete Treponema denticola. Tightly organized bundles of periplasmic flagella were
readily observed in intact plunge-frozen cells. The periplasmic space was measured in both wild-type
and aflagellate strains, and found to widen by less than the diameter of flagella when the latter are pres-
ent. This suggests that a structural change occurs in the peptidoglycan layer to accommodate the pres-
ence of the flagella. In dividing cells, the flagellar filaments were found to bridge the cytoplasmic
cylinder constriction site. Cytoplasmic filaments, adjacent to the inner membrane, run parallel to the
tightly organized flagellar filaments. The cytoplasmic filaments may be anchored by a narrow plate-like
structure. The tapering of the cell ends was conserved between cells, with a patella-shaped structure
observed in the periplasm at the tip of each cytoplasmic cylinder. Several incompletely characterized
structures have been observed in the periplasm between dividing cells, including a cable-like structure
linking two cytoplasmic cylinders and complex foil-shaped structures.

! 2008 Elsevier Inc. All rights reserved.

1. Introduction

Treponema sp. are causative agents of diseases such as syphilis,
yaws, and pinta. Treponemes are also involved in polymicrobial
diseases in human and animals, including periodontal diseases,
endodontic infection, and digital dermatitis (Simonson et al.,
1988; Choi et al., 1997; Siqueira and Rocas, 2004). The Treponema
denticola load has been correlated with the severity of both peri-
odontal tissue destruction (Simonson et al., 1988), and endodontic
infection (Siqueira et al., 2000). Pathogenicity among spirochetes
and treponemes varies genetically.

While phylogenetically distant from Gram-negative bacteria
(Paster et al., 1991), Treponema sp., Borrelia sp., Brachyspira sp.,
and Leptospira sp. share a common membrane organization (Hov-
ind-Hougen, 1976). Spirochetes have outer and inner membranes,
defining a peptidoglycan-containing periplasmic space that con-
tains a species-characteristic number of flagellar filaments (Hov-
ind-Hougen, 1976). All spirochetes have the ability to penetrate
into dense media and some species can penetrate into tissues
(Lux et al., 2001), a capability associated with the periplasmic

location of the flagellar filaments (Limberger, 2004). The organiza-
tionof theperiplasm, particularly in relationship to thearrangement
of the flagellar filaments in the presence of the peptidoglycan layer,
is poorly understood. Spirochetes have the smallest ratio of cell
diameter to length among pathogenic bacteria, and consequently
are extremely sensitive to the dehydration and fixation techniques
conventionally used in prior ultrastructural studies.

Cryo-electron tomography of vitreously frozen cell whole-
mounts allows 3-D study of cellular ultrastructure in the native
state, and the in situ visualization of macromolecular complexes
(Koster et al., 1997; Frank, 2006). The main advantage of cryo-elec-
tron microscopy resides in the ability to observe the sample in a
fully hydrated physiological state in the absence of stain or chem-
ical treatment (Dubochet et al., 1988). Improvements in electron
tomography techniques now allow the visualization of intact pro-
karyotic cells and associated structures. From the first cryo-tomo-
grams of Archaea (Grimm et al., 1998) to the present, the
resolution has greatly improved. It has become possible to observe
the organization of cytoskeleton filaments (Izard et al., 2004; Kur-
ner et al., 2005), cellular organization (Matias et al., 2003), mem-
brane invaginations (Zhang et al., 2004), molecular motors
(Murphy et al., 2006), and extra-cellular structures (Nickell et al.,
2003). In this report, cells of T. denticola wild-type and aflagellate
mutant strains were observed fully hydrated and ‘‘caught in
action” (flash-frozen) in their growth medium.
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Comparison of the flagellate (wild-type) and aflagellate (mu-
tant) strains of the pathogen T. denticola has allowed us to ana-
lyze the organization of the periplasm in the presence and
absence of flagellar filaments, and to clarify the relationship be-
tween flagellar and cytoplasmic filaments. Study of wild-type
dividing cells has revealed organizational details of overlapping
flagellar filaments and led to the discovery of periplasmic struc-
tural elements that will need to be characterized at the molecu-
lar level.

2. Materials and methods

2.1. Strains and culture

Treponema denticola ATCC 33520 wild-type and the flgE-inter-
rupted aflagellate mutant (Limberger et al., 1999) were grown in
New Oral Spirochete medium (NOS) with 10% heat-inactivated
rabbit serum and 10 lg of cocarboxylase per ml at 36 "C in an
anaerobic chamber (Coy Laboratory Products Inc., Grass Lake, MI)
under an atmosphere of 85% nitrogen, 10% carbon dioxide, and
5% hydrogen (Limberger et al., 1999).

2.2. Sample preparation

Quantifoil EM specimen grids (type R2/1 or R3.5/1; Quantifoil
Microtools, Jena, Germany) were pre-treated with a 10-nm colloi-
dal gold suspension, which was dried down to provide fiducial
markers for alignment of the tomographic tilt series (Penczek
et al., 1995). T. denticola cells in anaerobic liquid culture (reduced
medium), maintained at 36 "C, were applied to the grid without
dilution or washing. The excess medium was blotted with filter pa-
per. The grid was immediately plunge-frozen into liquid ethane at
liquid-nitrogen temperature (Dubochet et al., 1988). This proce-
dure avoided the step of mixing the gold solution with the cells,
and allowed plunge-freezing after only several seconds of exposure
to aerobic conditions. The endogenous O2 utilization by T. denticola
cells (Caldwell and Marquis, 1999; Lai and Chu, 2008) may also
provide moderate protection against damage by reactive oxygen
species. Grids were stored under liquid nitrogen for future
examination.

2.3. Electron microscopy and tomographic reconstruction

Images were recorded at !178 "C, using a JEOL JEM4000FX
equipped with a Gatan GIF2002 energy filter. The microscope
was operated at 400 kV acceleration voltage, in zero-loss energy-
filtered mode. Single-axis tilt series were collected with a 1" incre-
ment and 120" angular range. The thickness of the ice layer was
250–400 nm, as measured by electron energy-loss spectroscopy
(Egerton, 1996). This was sufficient to avoid flattening of the cells,
as evidenced by the cross-sections from the tomograms. The total
electron dose for a tilt series was 70–90 e!/Å2, with the higher dose
used for thicker specimens. The calculated limit to resolution
(Crowther et al., 1970) in the x–y plane (parallel to the grid) was
6–10 nm, with the better resolution corresponding to thinner spec-
imens. The calculated z (depth) resolution was 1.6 times the x–y
resolution due to the limited tilt range in these single-tilt axis
reconstructions (Radermacher and Hoppe, 1980). The underfocus
value, 15 lm, was chosen to maximize the transfer of information
in images at the expected resolution limit (McEwen et al., 2002).
All image processing was done using SPIDER (Frank et al., 1996),
and the reconstructions were computed by weighted back-projec-
tion (Radermacher, 1992). Twelve wild-type cells, including three
dividing cells, were present in six independent tomograms. Four-
teen aflagellate mutant cells were present in four independent
tomograms.

2.4. Measurements and visualization

Reconstructed 3-D volumes were viewed slice-by-slice in Ima-
geJ (http://rsb.info.nih.gov/ij/). The line tool was used to measure
the distance between two points, or the width of a feature. The ori-
ginal pixel size of the tilt-series images, as well as the voxel size of
the reconstructions, was 1.8 nm. All measurements were made on
x–y plane slices, to avoid effects of elongation due to limited tilt
range. Averages were calculated using 0.1 nm precision, and
rounded to the nearest integer for inclusion in text and tables. Val-
ues are based on nominal instrument magnification with an ex-
pected accuracy of ±5%. The standard deviation of measurements
made on consecutive slices was less than the pixel size.

Diameters of cells (delimited by the outer membrane) and of
cytoplasmic cylinders (delimited by the inner membrane) were
measured in consecutive slices of cell cross-sections, then averages
were calculated. The measurements were made in the mid-section
of the cell in the horizontal plane, avoiding regions containing fla-
gella. The diameter of each flagellar filament was taken using the
greatest width within a single slice, thus avoiding the effects of cur-
vature. Themeasurementswere repeated in slices above and below.

Surface-rendered models were created using segmentation rou-
tines in Sterecon (Marko and Leith, 1996) and SPIDER (Frank et al.,
1996). Final rendering was done with NAG Iris Explorer (NAG, Ox-
ford, UK), and Amira (Mercury Computer Systems, San Diego, CA).
Animations were created using Amira.

3. Results and discussion

3.1. Organization of flagella in the periplasm

The periplasmic location of the flagellar filaments is a unique
feature common to all spirochetes. Cryo-electron tomography of
whole-cell mounts was of great benefit in understanding the struc-
ture of this region of the cell. The periplasmic space was widened
above the flagellar filaments, creating a dome- or tent-like effect
when seen in cross-section (Figs. 1A, 3D, E, and 5A).

Four characteristics of the flagellar filament organization could
bediscerned. First, after thefirst turnof the cell helix, theflagellarfil-
aments are organized in parallel into a tightly packed bundle. This
organization persists for the length of the flagella, evenwhen cross-
ing the constriction area of a dividing cell (see below). Second, the
measured diameter of a flagellar filament (18–20 nm; Table S1)
was somewhat smaller than the 23 nm previously reported by con-
ventional plastic-section electron microscopy (Ruby et al., 1997).
The difference is likely due to the preparation, but could also be
due to theuseof adifferent strainof T. denticola. Third, there is a sym-
metrical arrangement of the flagella in newly formed cells. Two fla-
gellar basal bodies are visible on either side of the cytoplasmic
cylinder constriction site (Fig. 2). Fourth, there is a uniform elec-
tron-lucent space, about 9 nmwide, between the flagellar filaments
along the length of the bundle. This inter-filament spacing may be
maintained by glycosylation of flagellar proteins (Wyss, 1998); the
sugars would not be visible because they scatter electrons in a sim-
ilar way as the surrounding water. While glycosylation of flagellar
proteins is not required for spirochetal motility (Wyss, 1998), it is
characteristic of pathogenic treponemes. Glycosylation may play a
role in mechanical dynamics during the rotations of the flagellar fil-
aments within a bundle and between overlapping bundles, and it
may also be important in protein stability (Mer et al., 1996).

3.2. Flagellar basal body organization

In T. denticola, the flagellar filaments are attached at one end of
the cell, the other being free in the periplasm; the flagellar fila-
ments originating at opposite ends of the same cell overlap at
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mid-cell (Chan et al., 1993). The formation and rotation of the fla-
gellar filament is associated with its attachment to the flagellar ba-
sal body, consisting of the motor, regulator, and export machinery,
which is embedded in the cytoplasmic membrane, and protrudes
from the cell end (Limberger, 2004).

The basal body is composed of a cytoplasmic ring (Fig. 3C) lo-
cated on the cytoplasmic face of the inner membrane, the rotor–

stator element embedded in the inner membrane, and a periplas-
mic ring located on the periplasmic face of the inner membrane
(Fig. 3E) (Limberger, 2004). The average diameter, from six peri-
plasmic rings, was 29 nm, while the rotor–stator elements and
the cytoplasmic ring were 65 nm and 55 nm in diameter, respec-
tively. These results are in agreement with the described substruc-
tures of the flagellar basal bodies of T. primitia (Murphy et al.,
2006). In contrast with T. primitia, T. denticola has, on average,
two flagella at each cell end.

At the cell end, basal bodies were often paired, with a spacing of
at least 20 nm and a center-to-center distance of 90–100 nm. Orga-
nized placement of the basal bodies was also observed in T. phag-
edenis cells (J. Izard, L.L. Slivienski-Gebhardt, W.A. Samsonoff, R.L.
Limberger, unpublished data), which have on average five flagella
per cell end (Izard et al., 1999). This organization within the cell
volume may be associated with a structural framework at the ends
of the cytoplasmic cylinder (see below).

3.3. Overlapping of flagellar filaments during cell division

When a cell divides, the cytoplasmic cylinder generates two
cytoplasmic cylinders, through constriction by the FtsZ ring. In
T. denticola, the two generated cytoplasmic cylinders remain under
a unique outer membrane for an undetermined period of time
(Figs. 2 and S1). In Fig. 2, two flagellar filaments arise from basal
bodies at the upper end of the top cell cylinder (outside the field
of view). These extend downwards past basal bodies at the bottom
of the top cell (Fig. 2B and C), then through the constriction area,
and continue past the basal bodies at the top end of the lower cell
cylinder (Fig. 2D and E). The flagella extending upwards from the
basal bodies at the lower end of the upper cytoplasmic cylinder
form the four-flagella bundle seen in Fig. 2A, and the flagella aris-
ing at the upper end of the bottom cell extend downward form a
four-flagella bundle just out of the field of view in Fig. 2E.

In order to produce cell-end gyration, the flagellar filaments ro-
tate in a small fraction of the periplasmic space, in either clockwise
or counter-clockwise directions (Charon and Goldstein, 2002),

Fig. 1. Widening of the periplasmic space in the presence of flagellar filaments, and
position of the peptidoglycan layer. (A) Cross-section of wild-type cell (WT-4) with
widened periplasmic space, accommodating two flagellar filaments on the upper
right (arrows). (B) Cross-section of aflagellate mutant cell (Afla-1) showing uniform
periplasmic space and a peptidoglycan layer (arrowhead). The membranes at the
top and bottom are poorly defined due to the tomographic missing wedge. (C)
Peptidoglycan layer (arrowhead, inset) in longitudinal slice of another wild-type
cell. (D) Peptidoglycan layer (arrowhead, inset) in aflagellate mutant; longitudinal
slice represented by cross-section in (B). Tomographic slices 1.8 nm (A and B) and
9 nm (C and D) thick; scale bars = 100 nm.

Fig. 2. Overlap of periplasmic flagellar filaments at the cell constriction site (cell WT-11). (A) Four-flagellar filaments (arrows). (B) Basal body ring (arrowhead), giving rise to
flagellar filament (arrow); depth at 27 nm below (A). (C) Flagellar filament (arrow) passing through cell constriction site; side view of the second basal body ring (arrowhead);
depth 63 nm below (B). Black lines indicate position of cross-sections shown in (F), (G), and (H). (D) Crossing of the two flagellar filaments (upper arrows); basal body ring
(arrowhead) giving rise to flagellar filament (lower arrow); depth 59 nm below (C). (E) Continuation of the two flagellar filaments that crossed the constriction site (arrows);
second basal body ring (arrowhead); depth 13 nm below (D). (F) Cross-section at tip of upper cytoplasmic cylinder (black line in (C)), showing two closely apposed flagellar
filaments (arrow); separation between filaments, and continuity of the outer membrane are poorly defined due to the tomographic missing wedge. (G) Cross-section midway
between the cytoplasmic cylinders, with continuation of flagellar filaments (arrow). (H) Cross-section at the tip of the lower cytoplasmic cylinder, with continuation of
flagellar filaments (arrow). Tomographic slices, 1.8 nm thick; scale bars = 100 nm.

12 J. Izard et al. / Journal of Structural Biology 163 (2008) 10–17



while maintaining a tightly organized bundle (Fig. 2). Intracellular
hydrodynamic events, as well as mechanical constraints, may be
responsible for the limited lateral movement of the flagellar fila-
ment bundle within the periplasmic space.

Control of the length of flagella relative to that of the cell body
during cell division would seem to be critically important to avoid
interference of the flagellar filaments with outer membrane
constriction or even release of flagella outside the periplasm. Yet,
T. denticola flagellar filament length is not predetermined (ranging
from 1 to 6.1 lm; mean 3.5 lm; Slivienski-Gebhardt et al., 2004),
and varies within a single cell (data not shown). Bacterial flagellar
filament extension is directed by a cap-like terminal structure of
the flagellar filament (Yonekura et al., 2000). Released flagellar fil-
aments from the periplasm have been observed in some cells
(Charon et al., 1992), but most of the cells within a population keep
all their flagella within the periplasm. It is possible that flagellar fil-
aments are severed prior to or during outer membrane constriction
but any such severing mechanism would have to be compatible
with the flagellar filaments’ rotation.

In wild-type and mutant strains, no features were observed in
the periplasm that might restrict or limit flagellar motion. Such
limiting structure, if it existed, would have to be located between
the polar attachment sites of the flagella (basal bodies) and follow
the helical pattern of the flagellar filaments. A structure that could
resist the flagellar rotation and tension within the periplasmwould
have to be well organized along the length of the cell, and would be
expected to be visible in the tomograms. Such a structure was also
not seen in negative-stain preparations of T. denticola (L.L. Slivien-
ski-Gebhardt, W.A. Samsonoff, personal communication).

3.4. Periplasmic space organization

The periplasmic space contains two critical components of cell
architecture: the flagellar filaments and the peptidoglycan. As pre-
viously mentioned, the presence of the flagellar filaments is
accommodated by a dome-like bulging of the periplasmic space.
To evaluate the effect of such displacement, the width of the

periplasmic space was estimated by measuring the distance from
the outer edge of the inner membrane to the outer edge of the
outer membrane in cell cross-sections (Table 1). The width of the
periplasmic space was estimated by subtracting the average width
of the outer membrane (see below) from the measurement of the
distance between the outer edges of the inner and outer mem-
branes. We found this technique to be a more practical convention
than trying to measure directly the gap between the two mem-
branes. The combination of a weakly contrasted inner edge of the
outer membrane, and the close apposition of the peptidoglycan
in some cross-sections, would adversely affect the accuracy of
the latter measurements.

The width of the outer membrane (edge to edge) was measured
to be 9–11 nm. Assuming an average outer membrane width of
10 nm, the width of the periplasmic space in wild-type cells in
the absence of flagella is 15–22 nm (including the peptidoglycan
layer) (Tables 1 and 2). This space widens by 10–16 nm in the pres-
ence of flagella (Table 2). The enlargement of the periplasmic space

Fig. 3. Flagellar filament basal bodies and profiles of a plate-like structure. (A) Slice at the level of the hooks (arrowheads), attaching the flagellar filaments to the basal bodies.
(B) Slice 18 nm below (A), showing upper rings of the flagellar basal bodies (arrowheads). (C) Slice 32 nm below (B) showing the larger lower rings of the flagellar basal bodies
(indicated by radial line segments). Also seen in (C) is a cell-end patella-shaped structure (also shown in Fig. 4). (D) Slice 34 nm below (C), showing a flagellar filament (arrow)
in a widened periplasmic space, and a profile of a plate-like structure (shown in Fig. 4), the two ends of which are marked ("). (A–D) are from cell WT-10. (E) Side views of
basal bodies and hooks from cell WT-8. The periplasmic rings (arrowheads) are below the hooks (barely visible), giving rise to the flagellar filaments (arrows). This cell also
has a profile (indicated by " at both ends) of a plate-like structure. Additional membranes from an adjacent cell are seen above and below the cell end of interest in (A–D) (see
Figure S2 for a larger field of view). Tomographic slices, 1.8 nm thick; scale bars = 100 nm.

Table 1
Measurementsd of cell dimensions based on tomographic slices of wild-type and
aflagellate cells

Cella Cell
diameter
(nm)

Cytoplasmic
cylinder
diameter (nm)

Ratio b Measured P and
OM (left side)c

(nm)

Measured P and
OM (right side)c

(nm)

WT-1 293 244 1.20 25 24
WT-2 270 211 1.28 30 28
WT-3 269 211 1.28 31 28
Afla-1 241 192 1.26 24 25
Afla-2 233 180 1.29 28 25
Afla-3 230 178 1.29 26 26

a WT, wild-type; Afla, aflagellate mutant.
b Cell diameter/cytoplasmic cylinder diameter.
c Combined width of periplasm (P) and outer membrane (OM), measured

between the outer edges of the inner and outer membranes. Left and right indicate
independent measurements on the cell cross-section.

d Pixel size was 1.8 nm. Standard deviation of the measurements made on con-
secutive slices was smaller than the pixel size.
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was in all cases less than the flagellar filament diameter (18–
20 nm) (Table S1). This apparent discrepancy may be accounted
for by physical change in the peptidoglycan layer adjacent to the
flagellar filaments, such as localized stretching that has been pos-
tulated in current models of peptidoglycan organization (Dmitriev
et al., 2003; Vollmer and Holtje, 2004; Meroueh et al., 2006).

In absence of the flagellar filaments, the peptidoglycan can be
observed in the periplasm mid-section closer to the outer mem-
brane in both wild-type and aflagellate strains (Fig. 1B–D). The
width of the peptidoglycan layer is at or below the tomographic
resolution limit (6 nm in the best direction). The peptidoglycan
layer was not observed in large sections of the tomograms in per-
iplasm sections containing or adjacent to flagella. However, the
spacing between the outer membrane, the peptidoglycan layer
(when visible) and the flagella, observed in cell cross-sections, sug-
gests a position of the peptidoglycan close to the outer membrane.
Genomic analysis of T. denticola coding sequences (Seshadri et al.,
2004) reveals no ortholog to FlgJ, a muramidase which allows the
flagellar rod of Gram-negative bacteria to cross the peptidoglycan
layer (Nambu et al., 1999). The absence of this enzyme is consis-
tent with a location of flagella between the inner membrane and
the peptidoglycan layer (Chevance et al., 2007).

The periplasmic dimensions of an aflagellate mutant strain
T. denticola flgE (Li et al., 1996; Limberger et al., 1999) were com-
pared to the wild-type. The width of the periplasmic space, 14–
18 nm, was in the same range as that of the wild-type strain in re-
gions lacking flagella (15–22 nm) (Fig. 1B and Table 1).

3.5. Novel periplasmic structures at the cell end

Patella-like structures were observed facing the tip of each of
the seven fully septated cells studied (Figs. 3C, 4, and S1C; Movie
S1). A comparable but more cone-shaped structure was recently
found at the cell tip of T. primitia (Murphy et al., 2008). The latter

structure was described as porous, while in T. denticola the patella-
like structure appears to have a more uniform density.

3.6. Shaping of the cell ends

In both wild-type cells and cells of the aflagellate mutant strain,
the major portion of the cytoplasmic cylinder has a constant diam-
eter (Table 1). Tapering begins about 200 nm from the end of the
cylinder, and ends with a cap facing the patella-shaped structure
at the tip of the cell (Fig. 3). The cytoplasmic cylinder diameter
was plotted against the distance from the tip, and the curves
(not shown) were found to have a nearly constant slope, which
varied little among cells. This is in contrast with the shape of the
outer membrane at the cell ends, which differs from cell to cell,
in part due to the bulges caused by the flagella. The tapered shape
of the cytoplasmic cylinder end may be maintained by a frame-
work that anchors the flagellar basal bodies and maintains distance
between them, as well as anchors the cytoplasmic filaments
through an associated attachment plate (see below).

3.7. Cytoplasmic filaments and attachment plate

Cytoplasmic filaments, formed by CfpA monomers (Izard et al.,
2001), can be observed in both flagellate and aflagellate strains
(Fig. 5). In wild-type cells, the orientation of the filament bundle

Table 2
Cell characteristics associated with enlargement of the periplasmic space by the flagellar filaments in the wild-type strain as measured on a single tomographic slice

Cell Cell diametera,b

(nm)
Cytoplasmic
cylinder diametera

(nm)

Width of P and OM with
flagella presenta,c (nm)

Width of P and OM
no flagellaa,c (nm)

Increase of width
associated with
flagella (nm)

WT-3 283 203 45 31 14
WT-4 301 228 44 31 14
WT-5 280 209 42 32 10
WT-12 286 214 45 29 16

Values are relative to the nominal pixel size.
a The measurements were made on 1.8 nm thick tomographic z-slices, at the level of the flagellar filaments.
b The irregularity of the outer membrane in the presence of flagella influences the cell diameter.
c Combined width of periplasm (P) and outer membrane (OM), measured between the outer edges of the inner and outer membranes.

Fig. 4. Surface-rendered model of WT-10 cell end showing three flagellar filaments
arising from basal bodies (blue), a periplasmic patella-shaped structure (light blue),
a plate-like structure (green), and cytoplasmic filaments (yellow). The outer me-
mbrane is dark blue, and the cytoplasmic cylinder is purple. An animation of this
surface-rendered model is presented in supplemental material (Movie S1). Scale
bar = 100 nm.

Fig. 5. Cytoplasmic filaments in wild-type and aflagellate strains. (A) Cytoplasmic
filaments (thin arrows) and flagellar filaments (arrows) in wild-type cell WT-4. The
flagella are parallel and above the cytoplasmic filaments, so only the downward-
curving portion is seen in the periplasmic space. (B) Cytoplasmic filaments (thin
arrows) in the aflagellate strain (cell Afla-4). Tomographic z-slices, 1.8 nm thick;
scale bars = 100 nm.
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follows the path of the flagellar filament bundle (Fig. 5A). While
this alignment was inferred using a freeze-etch technique (Zemper
and Black, 1978), tomographic analysis of native cells clearly
shows the location of the cytoplasmic filaments directly below
the flagellar filaments. The alignment of the cytoplasmic filaments
and the flagellar filaments may be imposed by the overall geome-
try of the cells and mechanical constraints. Mutagenesis experi-
ments indicated the absence of a relationship between those two
structures (Izard et al., 2001). In a mutant strain lacking the cyto-
plasmic filament formed by CfpA proteins, the motility of single
cells was not altered (Izard et al., 2001). Possible physical contact
between the two structures may exist through the anchor proteins
of the cytoplasmic filaments located in the inner membrane of the
cell (Izard et al., 2004). Those inner-membrane anchor proteins
were observed to localize along the cytoplasmic filaments, and
are still to be identified at the genetic level (Izard et al., 2004).

In the aflagellate mutant strain, the width of the cytoplasmic fil-
ament bundle was 57 nm for a four-filament bundle, and 21 nm for
a two-filament bundle. In the wild-type strain, the width of the
cytoplasmic filament bundle was 36–38 nm for the three-filament
bundles measured. These data are consistent with previously ob-
tained measurements of the filament width (5 nm) and inter-fila-
ment spacing (10 nm) based on tomography of negatively stained
cytoplasmic cylinders (Izard et al., 2004). In wild-type cells, the
number of cytoplasmic filaments varies from cell to cell and is
uncorrelated with the number of flagella which is often lower (data
not shown; Izard et al., 1999).

A cytoplasmic plate-like structure was observed in the wild-
type cells within the tapered regions at the cell ends (Figs. 3D, E
and 4; Movie S1). Its orientation along the cytoplasmic membrane,
and its proximity to the cell tip, is consistent with it representing
the attachment point for the cytoplasmic filaments, previously ob-
served only in cells treated to disrupt the membranes (Izard et al.,
1999). Cytoplasmic filaments in tomograms of intact frozen-hy-
drated cells displayed reduced contrast at the cell ends (due in part
to their direction relative to that of the missing wedge in these
tomograms), and so could not reliably traced in this region, as in
models like that of Fig. 4. Yet, in some tomograms, short segments
of the cytoplasmic filaments could be seen to approach and termi-
nate within 20 nm of the densest part of the plate-like structures
(data not shown), suggesting possible interaction with the plate it-
self or associated material. A similar plate-like structure was ob-
served in T. primitia (Murphy et al., 2008), although no
cytoplasmic filaments were described. Whether the absence of
cytoplasmic filaments in T. primitia is due to the absence of the
gene encoding for the protein constituting the filaments (cfpA) or
to poor detectability due to their small size, or low number of fil-
aments is unknown at this time.

3.8. Cell to cell contact

When two cells were apposed, a space of 7–10 nm was ob-
served between the outer membranes. This minimal distance
was relatively constant in both wild-type flagellated cells and afla-
gellate mutant cells (data not shown). The space is likely filled by
the sugar moieties of lipoteichoic acids (Schultz et al., 1998), which
are not visible in tomograms because they scatter electrons in a
similar way as the surrounding water. In the same manner, the su-
gar moieties of Escherichia coli lipopolysaccharides have poor con-
trast compared to membrane proteins (Matias et al., 2003).

3.9. Novel structures in dividing cells

A cable-like structure, extending between the two cytoplasmic
cylinders, was observed in two independent cells undergoing cyto-
plasmic cylinder septation. The cable-like structure had a cross-

section of approximately 10 # 15 nm (width # depth) and a length
of approximately 60 nm (Fig. 6 and Fig. S2 A and B; Movies S2 and
S3). The cable-like structure may be a characteristic of late-stage
cell division in which the cytoplasmic cylinders are not yet sepa-
rated, although the flagellar apparatus are fully formed on both
newly shaped cell ends (Izard et al., 1999; Izard and Limberger,
2006). The presence of connecting structures during the separation
of the cytoplasmic cylinders has been described in C. crescentus
(Judd et al., 2005) and in a FtsZ temperature-sensitive mutant in
E. coli (Addinall and Lutkenhaus, 1996).

Foil-shaped structures within the periplasm were also observed
in tomograms of cells in the late stage of cell division where the
two newly formed cytoplasmic cylinders are almost independent
under a common outer membrane (Figs. 6 and S2; Movies S2 and
S3). These structures may be related to the periseptal annulus ob-
served prior to the separation of the cytoplasmic cylinders in E. coli
and Salmonella typhimurium (Macalister et al., 1983; Cook et al.,
1987). More recently, slower diffusion of periplasmic proteins
was observed at the constriction site at a late stage of C. crescentus
cell division (Judd et al., 2005); consistent with the transient occur-
rence of periplasmic periseptal structures. Note that the foil-
shaped structures in T. denticola were not observed in the cell that
had fully septated cytoplasmic cylinders under a single outer
membrane (Fig. S2 C).

Cell division is a complex, multi-step process. It will be a chal-
lenge to record the large number of tomogram needed to assign the
different observed structures to a precise timeline in non-synchro-
nized bacterial cultures undergoing active cell division. At this
time, the presence and number of structural components (constric-

Fig. 6. Surface-rendered model of the cell constriction area of cell WT-11, as pre-
sented in Figures S1 A and B. The transient bridging cable linking the two cytopl-
asmic cylinders is in blue. Foil-shaped structures (pink) are seen in the periplasmic
space located at the tip of each new cytoplasmic cylinder. The outer membrane is
purple, and the cytoplasmic cylinder is blue. An animation of this surface-rendered
model (Movie S2), and the associated raw data (Movie S3) are presented in supp-
lemental material. Scale bar = 100 nm.

J. Izard et al. / Journal of Structural Biology 163 (2008) 10–17 15



tion ring, separation of cytoplasmic filament bundle, flagellar com-
ponent present at mid-cell, and presence of independent cytoplas-
mic cylinders) are used as guide to provide milestones to the cell
division processes (Izard et al., 1999; Izard and Limberger, 2006).

Resolution of finer structures will require cryo-electron
tomography of thinner specimens, which can be obtained by
cryo-ultramicrotomy (Hsieh et al., 2006) or focused-ion-beam
cryo-milling (Marko et al., 2007). Proteomic analysis of cellular
membrane fractions, and the development of methods for the con-
struction of conditional mutants in this difficult-to-grow anaerobe,
as well as of a reliable in vivo protein labeling method for
treponemes, will be required for the molecular identification of
the novel structural components observed in this study.
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