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Time-lapse microscopy of Pseudomonas 
aeruginosa bacteria expressing green 
fluorescent protein. Bacteria were grown in 
continuous-culture-flow cells, and quickly form 
a biofilm.

Bacteria were grown in continuous-culture-
flow cells, but the flow cell chambers were 
continuously perfused with lactoferrin, 
preventing biofilm formation.

Source: A component of innate immunity prevents bacterial biofilm development. Pradeep K. Singh, Matthew R. Parsek, E. 
Peter Greenberg and Michael J. Welsh. Nature 417, 552-555 (30 May 2002) doi:10.1038/417552a

Xylella fastidiosa colony morphology. Twitching motility of wild-type 
X. fastidiosa within the peripheral fringe of a 24-hour-old colony on 
the surface of nutrient agar. Scale bars, 20 μm; time, h:min 
(Journal of Bacterioliology 187: 5560-5567, 2005).

Twitching motility of wild-Pseudomonas aeruginosa from 
Robert Moscaritolo (a former BPHS 2090 student)
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Tethering the flagella of the bacteria to a surface 
gives a good indication of the rotation that  results in 
bacterial motility.

Howard C. Berg, Rowland Institute http://
www.rowland.harvard.edu/labs/bacteria/
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of the limited resolution, only the symmetry of the stators and their
connections to the C ring was apparent. This symmetry was therefore
imposed on the entire motor, effectively smoothing the other
components (Supplementary Fig. 1c, d).
For the first time, the three-dimensional structure of the stators was

revealed in their natural position in contact with the membrane and
other motor components (Fig. 2 and Supplementary Movie). The 16
stator studs (two of which are identified by asterisks in Fig. 2c) were
8 nm wide, which is similar to the reported values of 5–7 nm seen by
other means9,10,12. Surprisingly, the volume of each stud above the
membrane was ,20-times larger than that expected for two MotB
peptidoglycan-binding domains andmuch thicker than PomA–PomB
resuspended in liposomes13. The identityof the rest of the statordensity
is unclear. The studs were spaced 7 nm apart, which is sufficient to
accommodate hypothetical models for the 18 transmembrane helices
in a (MotA)4(MotB)2 torque-generating unit

14. The average stud was
not vertical—instead, it leaned (dotted line in Fig. 2a) such that its
distal end was positioned clockwise relative to the proximal end as
viewed from inside the cell. There were thin, bridging densities
connecting the stud heads around the ring (arrowhead in Fig. 2c).
Four bridging densities (numbered 1–4 in Fig. 2b) were seen

connecting the stator (“S” in Fig. 2b) to other components of the
motor (see Supplementary Fig. 2 for contour, variance and statistical
significance maps). Bridging density 1 connected the stator to the C
ring (“C” in Fig. 2b). It is thought that a series of charged residues in a
cytoplasmic loop of MotA interacts here with complementary
charges in the C-terminal domain of FliG1. The stator–C-ring
connections were also rotated with respect to the periplasmic
studs, suggesting that they might perhaps be the terminus of a
,24-nm-long, straight component that extended from the peptido-
glycan layer all the way through the membrane to the C ring (again,
dotted line in Fig. 2a). Bridging densities 2 and 3 were finger-like
extensions connecting the stator directly to the rotor.

Bridging density 4 linked the stator to a contrast-rich ring of
density (“P” in Fig. 2b) encircling the rod above the rotor, reminis-
cent of the P- and L-ring bushings in Salmonella and Escherichia coli.
Sequenced Treponema flagellar proteins are similar to the better-
known Salmonella and E. coli versions (see Supplementary Figs 3–5),
except that the genes for the P- and L-ring proteins FlgI and FlgH are
missing15. The absence of an L ring is understandable because the
periplasmic flagella of Treponema never exit the outer membrane,
and, not surprisingly, isolated Treponema basal bodies lack any ring
structures16. In our in situ reconstructions, however, an additional
ring was seen just above the stators at the level of the peptidoglycan
layer, but ,8 nm away (surface to surface) from the rod itself. We
therefore refer to it as the ‘P collar’ to reflect its position and loose fit
around the rod, though the gene responsible for this density is
unknown. This structure may serve to limit the tilt of the flagellar
hook and may also further stabilize the stators.
The rotor itself (“R” in Fig. 2b) was bowl-shaped. Unlike previous

work on the isolated basal body, in which themembrane locationwas
not certain3,7, here the bulk of the rotor was seen to lie just beneath
the inner membrane (“IM” in Fig. 2b) submerged within the C ring.
At the bottom of the rotor, there was a small ring (arrow in Fig. 2d)

Figure 2 | Isosurface of the symmetrized average flagellar motor. a, Side
view. The dotted line indicates the tilt of the stators with respect to the
membrane. b, Cutaway view of the motor in the same orientation. The
stators (S) are embedded in the inner membrane (IM) and directly contact
the C ring (C; via bridging density 1), the rotor (R; via bridging densities 2
and 3) and the P collar (P; via bridging density 4). A rod extends from the
rotor, and a bundle (E) lies under the rotor’s pore. c, Oblique view of the
motor’s top from within the periplasm. Note the arrangement of the stator
studs (asterisks) and their linkages (arrowhead). d, Oblique view of the
motor’s bottom from within the cytoplasm, with the bundle removed to
reveal the pore ring (arrow).

Figure 3 | The Treponema motor and its comparison with the Salmonella
basal body. All objects are at the same scale. a, Axial slice through the
Treponema flagellar motor. Scale bar, 20 nm. b, Averaged image of the
Salmonella basal body. Scale bar, 20 nm. Modified from ref. 4. c, Cartoon
interpretation of the Treponema motor with its components labelled. The
arrows here and in d point to the gap between the rotor and rod, whereas the
stars indicate the gap between the C ring and rotor. The location of the
peptidoglycan layer (PG) is conjectured. The outlined objects’ locations are
approximate. The flagellum actually bends more gradually over the P collar
in presumably random directions but appears straight when averaged. The
inner membrane (IM) and outer membrane (OM) both bulge more widely
around themotor in situ than is pictured. d, Cartoon of the Salmonella basal
body for comparison. Modified from ref. 7. e, Measurements (in nm) of
various motor features.
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The Treponema motor (a, c 
and e) and its comparison 
with the Salmonella basal 
body (b, d).
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Figure 4. A propeller in the shape of a right-handed helix connected to a spherical cell, both moving 
to the right at velocity v. The propeller and cell rotate in opposite directions, at angular velocities 
Ω and w, respectively. The external force F acting on the propeller is directed to the left. 
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