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Periplasmic flagella are essential for the distinctive morphology,
motility, and infectious life cycle of the Lyme disease spirochete
Borrelia burgdorferi. In this study, we genetically trapped inter-
mediates in flagellar assembly and determined the 3D structures
of the intermediates to 4-nm resolution by cryoelectron tomogra-
phy. We provide structural evidence that secretion of rod sub-
strates triggers remodeling of the central channel in the flagellar
secretion apparatus from a closed to an open conformation. This
open channel then serves as both a gateway and a template for
flagellar rod assembly. The individual proteins assemble sequen-
tially to form a modular rod. The hook cap initiates hook assembly
on completion of the rod, and the filament cap facilitates filament
assembly after formation of the mature hook. Cryoelectron to-
mography and mutational analysis thus combine synergistically
to provide a unique structural blueprint of the assembly process
of this intricate molecular machine in intact cells.
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The Lyme disease spirochete, Borrelia burgdorferi, is a highly
motile and invasive bacterium (1). Seven to eleven peri-

plasmic flagella (PFs) are inserted near both cell poles (Fig. 1A).
The PFs are essential for the flat-wave morphology, distinct mo-
tility, and infectious life cycle of B. burgdorferi (2–6). They are
different from external flagella (e.g., in Escherichia coli) in that
both the hook and the filament are located in the periplasmic
space. Nevertheless, the major components are remarkably similar
among different bacterial species (Fig. 1 B and C and refs. 7–9).
The flagellum is a sophisticated self-assembling molecular

machine (10, 11). It contains at least 25 different proteins that
form a rotary motor, a hook, and a helical filament (Fig. 1 B and
C) (11–13). The morphogenetic pathway for flagellar biosynthesis
has been extensively studied in E. coli and Salmonella typhimu-
rium, in which the expression of motility genes is coordinated
with flagellar assembly (10, 11). Assembly is initiated by the in-
sertion of the MS ring (consisting of FliF) into the cytoplasmic
membrane. The MS ring then acts as a platform for assembly of
the C ring (the switch complex), the stator (the torque genera-
tor), and the flagellum-specific type III secretion (T3S) appara-
tus. Most flagellar proteins are secreted by the T3S system, which
is powered by the transmembrane ion-motive force (14, 15). The
secretion and assembly of each substrate is highly ordered; fla-
gellar assembly proceeds in a linear fashion from proximal rod to
distal filament (10, 11). However, this progressive assembly
process has not been visualized in detail.
The flagellar rod is the first structure secreted by the T3S

system, and it functions both as a hollow secretion channel and
a drive shaft that transmits torque. The structure of the intact
rod of S. typhimurium was deduced by comparing electron mi-
croscopy images of purified flagellar basal bodies with MS ring
complexes (16, 17). Five proteins (FliE, FlgB, FlgC, FlgF, and
FlgG) are involved in assembly of the flagellar rod. FliE is pos-
tulated to be a structural adaptor between the MS ring and the

rod (18, 19). Moreover, assembly of FliE is required for ex-
porting other substrates (20). It is generally thought that the rod
proteins assemble cooperatively to build a stable rod (21, 22).
However, no direct structural evidence has been reported, be-
cause rod mutations in S. typhimurium result in structural in-
stability (22). Visualization of the nascent rod assembly, either
in vivo or in vitro, has been a formidable technical challenge.
On completion of the rod, a cap protein is required for hook

assembly. The hook-cap protein, FlgD, has been detected at the
distal end of the hook (23). Hooks are thought to assemble at
their distal ends by inserting FlgE subunits underneath the hook
cap. After the hook reaches its mature length (∼55 nm), two
junction proteins, FlgK and FlgL, and a filament cap protein,
FliD, are added sequentially to the distal end of the hook (24).
The filament cap is predicted to stay at the end of the growing
filament to facilitate polymerization of filament proteins (25).
Understanding the intermediates in this complex process will
shed light on the polymerization activity that yields a functiona-
l assembly.
Given the high degree of conservation among flagellar pro-

teins, T3S-mediated flagellar assembly in B. burgdorferi likely re-
sembles that of other bacterial species. The multiple flagellar
motors of B. burgdorferi are located close to both of its narrow
(diameter ≤0.3 μm) cell poles. This location is optimal for cryo-
electron tomography (cryo-ET) determination of the molecular
architecture of the flagellar motor in intact cells (7–9, 26, 27). In
this study, we selectively deleted individual genes whose prod-
ucts play key roles in flagellar assembly and then used cryo-ET
and subvolume averaging to determine intermediate structures.
This approach permitted a molecular characterization of the
nascent structures of flagellar intermediates, thereby providing
detailed insights into the sequential processes of T3S-mediated
flagellar assembly.

Results
Structural Differences Between the Intact Flagellar Motor in Situ and
Purified Flagella. In B. burgdorferi, multiple flagellar motors are
embedded in the inner membrane (Fig. 1 A and D; Movie S1). A
3.5-nm-resolution structure of the intact flagellar motor (Fig. 1E)
clearly shows the straight rod with a channel in the middle. The

Author contributions: C.L. and J.L. designed research; X.Z., K.Z., T.B., B.H., M.A.M., K.A.M.,
M.E.J., N.W.C., C.L., and J.L. performed research; K.Z., M.A.M., C.L., and J.L. contributed
new reagents/analytic tools; X.Z., K.Z., M.A.M., M.D.M., S.J.N., C.L., and J.L. analyzed data;
and X.Z., M.A.M., M.D.M., S.J.N., C.L., and J.L. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

Data deposition: The electron microscopy maps have been deposited in the Electron
Microscopy Data Bank, www.ebi.ac.uk/pdbe/emdb (accession nos. EMD-5627–EMD-5633).
1X.Z. and K.Z. contributed equally to this work.
2To whom correspondence may be addressed. E-mail: Jun.Liu.1@uth.tmc.edu or cli9@
buffalo.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1308306110/-/DCSupplemental.

14390–14395 | PNAS | August 27, 2013 | vol. 110 | no. 35 www.pnas.org/cgi/doi/10.1073/pnas.1308306110

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1308306110/-/DCSupplemental/sm01.mov
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1308306110/-/DCSupplemental/01.
http://www.ebi.ac.uk/pdbe/emdb
http://www.ebi.ac.uk/pdbe-srv/emsearch/atlas/5627_summary.html
http://www.ebi.ac.uk/pdbe-srv/emsearch/atlas/5633_summary.html
mailto:Jun.Liu.1@uth.tmc.edu
mailto:cli9@buffalo.edu
mailto:cli9@buffalo.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1308306110/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1308306110/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1308306110


rod also adopts a tilted conformation (SI Appendix, Fig. S1),
suggesting it is either intrinsically flexible or has at least two fixed
orientations. The MS ring is associated with the export appara-
tus, the rod, the C ring, and the collar (Fig. 1 B and E). To define
the MS ring from the intact motor of B. burgdorferi, we purified
PFs (Fig. 1G) and determined the 3D structure of the basal body
(Fig. 1 H and I). The purified basal body was significantly smaller
than the intact motor (Fig. 1 E and F). Many membrane-associated
and periplasmic structures of the intact motor were removed
during PF purification. The remaining basal body is structur-
ally comparable to the MS ring and rod of the S. typhimurium
basal body (16) (SI Appendix, Fig. S2). On this basis, we
propose a model of the MS ring–rod complex in B. burgdorferi
(Fig. 1 F and J).

Flagellar Motor Structure in a ΔfliE Mutant. To define the boundary
between the rod and the MS ring, we constructed a fliE deletion
mutant (ΔfliE), using a recently reported gene-inactivation sys-
tem that does not impose a polar effect on downstream gene
expression (28). The ΔfliE cells are rod-shaped and nonmotile
(SI Appendix, Table S1), and there is no hook or filament in the
periplasmic space (Fig. 2A; Movie S2). However, multiple fla-
gellar motors are clearly visible at the cell poles (Fig. 2 B and C).
The motor structure from the ΔfliE mutant (Fig. 2 D–F) is sig-
nificantly different from that of the wild-type motor, as the
mutant lacks the rod, the hook, and the filament. Other com-
ponents of the motor (the MS ring, the C ring, the stator, the
export apparatus, and the collar) remain unaffected, suggesting

those motor components assemble independent of the T3S-
mediated pathway.
In the absence of the rod, a socket-like domain of the MS ring

is clearly visible (Fig. 2 E and G, white arrows). It forms a well-
defined pocket for anchoring the rod. Notably, the central channel
of the MS ring is closed in the ΔfliE motor (Fig. 2 D and G),
whereas it is open in the wild-type motor (Figs. 1E and 2H). The
outer diameter of the channel is 6 nm (Fig. 2H). Apparently, the
rod assembles on top of the open channel and forms an inte-
grated complex with the MS ring (Figs. 1E and 2H).

Flagellar Motor Structures in the Rod Mutants ΔflgB, ΔflgC, and
ΔflhO. To investigate assembly of the rod in detail, we introduced
nonpolar mutations into each of the rod genes [flgB, flgC, flhO (a
flgF homolog), and flgG; SI Appendix, Table S1]. We also generated
a double-knockout mutant ΔflgBC (SI Appendix, Table S1). All of
the mutant cells were rod-shaped and nonmotile, and no flagellar
filament or hook was assembled in the periplasmic space of any
of these rod mutants. As in the ΔfliEmutant, multiple motors were
readily visible at the cell poles (SI Appendix, Fig. S3).
The central channel of the ΔflgB flagellar motor remains in

a closed conformation (Fig. 3 A, D, and G). In contrast, the
channel is in an open conformation in the ΔflgC mutant (Fig. 3
B, E, and H). An additional globular density is also evident in the
ΔflgC mutant, suggesting FlgB is secreted and accumulates in
that region. The globular density is more pronounced and ex-
tends beyond the MS-ring socket in the ΔflhO mutant (Fig. 3 C,
F, and I), suggesting FlgC also locates to the globular density.
Together, secretion of FlgB and FliE appears to trigger opening
of the channel, which then permits the secretion of other substrates.

Proximal Rod and Distal Rod Structures in the ΔflgG and ΔflgE
Mutants. The flagellar motor structure in the ΔflgG mutant
(Fig. 4 A and B) differs from those of the mutants described
earlier (Figs. 2 and 3) in that a 13-nm-long tube-shaped structure
extends from the apex of the central channel of the MS ring. It is
significantly longer than the globular densities observed in the
ΔflgC and ΔflhO mutants (Fig. 3 B and C) and constitutes the
proximal rod. The 3D structure of the proximal rod (Fig. 4C) was
derived from the difference map between the ΔflgG motor and
the ΔfliE motor. Evidently the rod undergoes a transformative
change from a globular density in the ΔflhO mutant into a tube-
like structure in the ΔflgG mutant, suggesting FlhO is essential
for the ordered assembly of a conformationally and functionally
intact proximal rod (Fig. 4A).
To reveal the structure of the distal rod, we determined the

motor structure from a mutant deleted for the flgE gene, which
encodes the major hook subunit (Fig. 4 D and E). Comparative
analysis of the intact motor (Fig. 1E) and the ΔflgG and ΔflgE
motors (Fig. 4) reveals that the intact rod is ∼17 nm long,
meaning the distal rod is ∼4 nm in length (Fig. 4F). The torus-
shaped P ring (9) is present in the ΔflgE mutant (Fig. 4D), but
not in the ΔflgG mutant (Fig. 4A), demonstrating that the distal
rod is a necessary substrate for the assembly of the P ring. The
intact rod is thus bound by the MS ring at the bottom and by the
P ring on the lateral surface at the top (Fig. 4E). The diameter
and density of the intact rod vary along its length. Therefore, the
rod is not a simple cylindrical structure with a uniform diameter.
Instead, it is composed of modular cylinders, each with well-
defined but distinct diameters ranging from 8 to 14 nm (Fig. 4F).
A plug-like structure is inserted into the distal rod in the ΔflgE

motor (Fig. 4 D and E). There is no similar structure in either the
intact motor (Fig. 1E) or the ΔflgG motor (Fig. 4A). In the ab-
sence of the hook subunit FlgE, the assembly process presumably
terminates right before the initiation of hook assembly. There-
fore, we propose that the plug-like structure represents the hook
cap, a structure that is predicted to be required for hook as-
sembly (23).

Fig. 1. Structural differences between the intact flagellar motor and the
purified flagella. (A) Model of a B. burgdorferi cell: outer membrane (OM),
inner membrane (IM), and periplasmic flagella (PFs). (B and C) Models of a PF
and an external flagellum. (D) A section from a wild-type cell tomogram. A
central section (E) and an outline overlapping onto the map (F) of the intact
motor. The MS ring is colored green, the rod and hook are colored orange,
and the P ring (P), the export apparatus (EXP), the stator, and the collar are
labeled accordingly. (G) A section from a purified PFs tomogram. A section
(H) and an outline (I) of the basal body. The MS ring–rod complex remains in
both the basal body (I) and the intact motor (F). (J) A 3D surface rendering of
the intact motor (F).
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Flagellar Hook and Hook–Filament Junction Structures Revealed in
a flaB Mutant. The flagellar filament of B. burgdorferi contains
a major filament protein, FlaB, and a minor filament protein,
FlaA (29, 30). The B. burgdorferi flaB mutant cells are nonmotile
and rod-shaped, and they are completely deficient in filament
assembly (2, 6). Both flagellar motors and hooks are visible near
the cell poles in the flaB mutant (Fig. 5A). A ∼62-nm tube-like
structure and a ∼14-nm cap-like structure are evident in the flaB
mutant (Fig. 5 B and C), which probably represent an assembly

intermediate that contains a mature hook and hook-filament
junction associated with the filament cap, respectively.
The mature hook is ∼50 nm long (Fig. 5B), which is similar to

that of the hook in S. typhimurium (∼55 nm; 31). At the distal
end of the hook, an additional ∼12-nm-long structure differs
slightly from the hook in density and diameter (Fig. 5 B and C);
we postulate that this region represents the hook–filament junc-
tion. Furthermore, a cap-like structure is connected to the distal
end of the hook–filament junction (Fig. 5 C and D). The observed
density of the cap is structurally similar to the filament cap of
S. typhimurium (25). The filament cap is absent at the hook–
filament junction in wild-type cells (Fig. 5 E–H), supporting
the idea that the filament cap remains at the distal end of the
growing filament (24, 25).

Discussion
The PF plays critical roles in the distinct morphology, motility,
and infectivity of the Lyme disease spirochete B. burgdorferi and
other spirochetes (such as Treponema pallidum, the causative
agent of syphilis) (26). Because B. burgdorferi is genetically
tractable, it has proven to be an excellent model for visualizing
the sequential assembly of flagella in intact spirochetes (Fig. 6A
and Movie S3). In addition, the PFs of spirochetes have enough
in common with external flagella to serve as a global model for
flagellar assembly.

MS Ring Assembly. The MS ring is the first stage in the assembly of
the C ring, the export apparatus, the collar, and the stator. Those
components all assemble independent of the T3S-mediated ex-
port pathway (Fig. 6A). A socket and a central channel in the MS
ring are well defined in the absence of any rod components (Fig.
2). The socket appears similar in all of the B. burgdorferi flagellar
motor structures examined, suggesting it provides a compact and
stable platform for rod assembly. A unique segment of FliF
(residues 280–360 in E. coli) has been proposed to form the
socket domain, and mutations targeting this region cause release
of the filament and the rod from the basal body (17, 32, 33).
Before rod assembly, the channel of the MS ring is closed,

providing an explanation for the observation that substrate se-
cretion is very low in the absence of FliE (20). When the rod
substrates FliE and FlgB are secreted, the central channel adopts

Fig. 2. The flagellar motor structure of the ΔfliE mutant
reveals a closed conformation of the central channel. (A)
Multiple flagellar motors are embedded in the inner
membrane. Enlarged image (B) and 3D surface rendering
(C) of the region outlined in A. A central section (D) and 3D
surface rendering in top (E) and side (F) views of the ΔfliE
motor. (G) A central channel domain (light green) is closed
in the ΔfliE mutant. (H) Outline of the rod (orange) and the
MS ring (green), and a 3D surface rendering (I) of the wild-
type motor. The channel domain of the MS ring is in an
open conformation, and the rod is assembled on top of the
channel domain.

Fig. 3. Intermediate structures of the flagellar rod. (A–C) Three-dimensional
maps of the ΔflgB, ΔflgC, and ΔflhO flagellar motors. (D–F) Enlarged images
of the regions outlined in (A–C ). In the ΔflgB mutant, the channel in the
MS ring remains closed (D). In the ΔflgC mutant, the channel is in an open
conformation, and a globular density is visible (E ). In the ΔflhO mutant,
the globular density is larger and extends beyond the MS ring (F ). (G–I)
Three-dimensional surface rendering of the motors from the ΔflgB, ΔflgC,
and ΔflhO mutants.
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an open conformation that also serves as a template for the
initiation of the rod assembly (34). The open channel of the MS
ring and the rod forms a tightly integrated structure with no
distinguishable boundary (Fig. 1E). The presence of heptad
repeats of hydrophobic residues in the terminal regions of the
rod proteins (SI Appendix, Table S3) may mean that an α-helical
coiled-coil is the motif required to form a continuous mechan-
ically stable axial structure (35, 36). The sequence of residues
130–230 of FliF is highly conserved and contains hydrophobic
residues at several heptad positions (SI Appendix, Table S4).
Therefore, the rod proteins apparently assemble on top of the
open channel, probably through hydrophobic α-helical coiled-
coil interactions.

Rod Assembly. The flagellar rod is a multicomponent complex
that functions as an export channel and drive shaft. It has been
suggested that rod proteins assemble cooperatively to form an
intact rod but that rod intermediates are unstable (22). Here we
were able to determine structures corresponding to intermediate
stages of rod assembly. The rod elongates sequentially in ΔflgB,
ΔflgC, ΔflhO, ΔflgG, and ΔflgE mutants, implying the rod as-
sembles in the order FliE-FlgB-FlgC-FlhO-FlgG. In the presence
of FlgB, FlgC, and FlgO, the proximal rod forms a tube-like
structure (Fig. 4A), whereas the intermediate structures visible in
the ΔflgB, ΔflgC, and ΔflhO mutants do not show any tube-like
character (Fig. 3). Therefore, we conclude that the proper as-
sembly of the proximal rod requires cooperative interactions
between the FlgB, FlgC, and FlhO. FlgG can then form a distal
rod and serve as the substrate for subsequent addition of the P
ring and hook.

Hook and Filament Assembly. Hook assembly (23) and filament
assembly (24, 25) are mediated by the hook-cap protein (FlgD)
and the filament-cap protein (FliD), respectively. Assembly is
blocked right before hook formation in the ΔflgE mutant and
before filament formation in the flaB mutant. As a consequence,
we were able to capture intermediates containing the hook cap
(Fig. 4D) and the filament cap (Fig. 5B), respectively. Both the
structures can be divided into cap and leg domains (Figs. 4D and
5B); a similar cap–leg architecture was seen in a high-resolution
structure of the filament cap (25). We therefore suggest that the
hook cap facilitates assembly of the hook by a rotational mech-
anism similar to the one used by the filament cap to promote
assembly of the filament (25).

Modular Architecture of the Flagellar Rod. The flagellar rod is
formed by five proteins that interact through α-helical coiled-
coils that join the N terminus of one subunit to the C terminus of
the adjacent subunit (35–38). The rod assembles on top of the
open channel in the MS ring, likely through similar hydrophobic
interactions. The rod is further reinforced by strong interactions
with the socket of the MS ring and with the P ring (Fig. 6B). This
organization of rod components differs from that of external
flagella (Fig. 6C). The distal rod of external flagella is estimated
to consist of four turns containing 26 FlgG subunits (∼15 nm in
S. typhimurium) (11, 39). In contrast, the distal rod (∼4 nm) of
the B. burgdorferi flagellar motor is too short to penetrate the
outer membrane (Fig. 6B). We conjecture that FlgG and the
three other rod proteins (FlgB, FlgC, FlhO) in B. burgdorferi each
polymerize for only a single turn. The underlying mechanism

Fig. 4. Three-dimensional structures of the proximal rod
and fully assembled rod. A central section (A) and 3D sur-
face rendering (B) of the ΔflgG motor. A flanged tube
structure is readily observed above the channel domain of
the MS ring. (C) Three-dimensional surface rendering of the
proximal rod. A central section (D) and 3D surface render-
ing (E) of the ΔflgE motor. The fully assembled rod, the P
ring, and a cap structure (probably the hook cap) are
revealed in E. (F) Three-dimensional surface rendering of
the intact rod.

Fig. 5. Three-dimensional structures of the hook and the hook–filament
junction. (A) Cryo-tomogram of a flaB mutant cell. The flagellar hook
complex in two different orientations (B and C). The hook length is esti-
mated to be ∼50 nm, and another ∼12 nm density is probably the hook–
filament junction, as labeled in B and C. (D) Three-dimensional surface
rendering of the flaB mutant flagellar structure. The hook (together with
the hook–filament junction) and the filament cap are segmented. (E) Cryo-
tomogram of a wild-type cell showing the flagellar motor with a hook and
filament. (F and G) Three-dimensional structures of the flagellar hook and
filament in wild-type cells. The diameter of the axial structure gradually
becomes larger at the junction region. (H) Three-dimensional surface ren-
dering of an intact flagellum.
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for control of the length of the distal rod must therefore be
different during the formation of external flagella and PFs.
The flagellum and the virulence-associated injectisome share

an analogous architecture and homologous T3S components (40).
However, the structure and function of the rod are quite dif-
ferent in the two systems. The rod of the injectisome is formed
by a protein (PrgJ in S. typhimurium). Rod assembly is required
for proper anchoring of the needle structure (41). The function
of the injectisome rod is to provide a conduit for protein trans-
port from the bacterial cytoplasm to the host cell (Fig. 6D). In
contrast, the flagellar rod and its complex interactions with the
MS ring, P ring, and hook (Fig. 6B) provide dual functions: a
hollow channel for protein secretion and a sturdy drive shaft to
transmit torque between the motor and filament.
In summary, high-throughput cryo-ET, coupled with mutational

analysis, revealed a complete series of high-resolution molecular
snapshots of the periplasmic flagella assembly process in the Lyme
disease spirochete. The resulting composite picture provides a
structural blueprint depicting the assembly process of this in-
tricate molecular machine. This approach should be applicable
in determining the sequence of events in intact cells that gen-
erate a broad range of molecular machines.

Materials and Methods
Bacterial Strains. High-passage avirulent B. burgdorferi sensu stricto strain
B31A (wild-type) and its isogenic mutants (SI Appendix, Table S1) were
grown in Barbour–Stoenner–Kelly (BSK-II) liquid medium supplemented

with 6% (vol/vol) rabbit serum or on semisolid agar plates at 34 °C in the
presence of 3–5% carbon dioxide, as previously described (42). The flgB
(bb0294), flgC (bb0293), fliE (bb0292), and flgE (bb0283) genes are located in
the flgB operon (SI Appendix, Fig. S4), consisting of ∼26 motility genes (43);
flhO (bb0775, a homolog of FlgF) and flgG (bb0774) are located within the
flhO motility gene operon (42). To avoid potential polar effect on a down-
stream gene expression, our recently reported gene replacement in-frame
deletion method (28) was used to construct the targeted mutagenesis in the
flgB, flgC, flgBC (deleting both flgB and flgC), fliE, flgE, and flhO genes. See SI
Appendix, Materials and Methods) for details.

Cryo-Electron Tomography. Frozen-hydrated specimens were prepared as
described previously (9). Briefly, the B. burgdorferi culture was centrifuged
at 5,000 × g for 5 min, and the resulting pellets were rinsed gently with 1 mL
PBS. The cells were centrifuged again and were finally suspended in 30∼50
μL PBS. The cultures were mixed with 10-nm (or 15-nm) colloidal fiducial
gold markers and then deposited onto freshly glow-discharged, holey car-
bon grids for 1 min. Grids were blotted with filter paper and then rapidly
frozen in liquid ethane, using a homemade gravity-driven plunger apparatus.

Frozen-hydrated specimens were imaged at −170 °C, using a Polara G2
electron microscope (FEI) equipped with a field emission gun and a 16-mega-
pixel CCD camera (TVIPS). The microscope was operated at 300 kV with
a magnification of 31,000×, resulting in an effective pixel size of 5.7 Å after 2 ×
2 binning. Using the FEI batch tomography program, low-dose, single-axis tilt
series were collected from cell poles at −6 to −9 μm defocus, with a cumulative
dose of ∼100 e−/Å2 distributed over 87 images and covering an angular range
of −64° to +64°, with an angular increment of 1.5°. Tilt series were automati-
cally aligned and reconstructed using a combination of IMOD (44) and RAPTOR
(45). In total, 234,552 CCD images and 2,696 tomographic reconstructions were
generated and used for further processing (SI Appendix, Table S2).

Fig. 6. Modular architecture and assembly blueprint of bacterial flagella. (A) A model of flagellar assembly in B. burgdorferi. In the pre-T3S assembly state,
many flagellar components assemble, including the MS ring, the C ring, the stators, the export apparatus, and the collar. The secretion channel in the MS ring
is closed (first panel). In the presence of FliE and FlgB, rod substrates can be secreted but are unable to form a stable structure (second panel) until all of the
proximal rod substrates (FliE, FlgB, FlgC, and FlhO) are present (third panel). The distal rod protein FlgG adds onto the proximal rod and polymerizes until it
reaches a determined length (fourth panel). A hook cap composed of FlgD forms at the distal end of the rod (fourth panel) and promotes hook assembly (fifth
panel). Assembly of the filament (FlaA and FlaB) is promoted by the filament cap (FliD) (sixth panel). (B) A cartoon model of a PF. Five rod proteins assemble
sequentially on top of the channel domain of the MS ring and are enclosed by the socket domain of the MS ring and the P ring. The FlgG distal rod in the PF is
shorter than that in the external flagellum (C). (D) A cartoon model of type III injectisome shows that the rod is anchored on a structure similar to the channel
domain of the flagellar motor. The rod is a straight tube formed by one protein, PrgJ.
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Subvolume Analysis. Conventional imaging analysis, including 4 × 4 × 4
binning, contrast inversion, and low-pass filtering, enhanced the contrast of
binned tomograms (46). The subvolumes (256 × 256 × 256 voxels) of the
flagellar motors were extracted computationally from the tomograms and
were further aligned as previously described (9, 26, 47, 48). A total of 15,380
flagellar motor subvolumes were manually selected from 2,696 recon-
structions (SI Appendix, Table S2). Class averages were computed in Fourier
space, so the missing wedge problem of tomography was minimized (46, 48).
Fourier shell correlation coefficients with a threshold of 0.5 were estimated
by comparing the correlation between two randomly divided halves of
the aligned images used to generate the final maps (SI Appendix, Table S2).

Three-Dimensional Visualization. Segmentation of 3D flagellar structure is
based on the density maps and the differencemaps (SI Appendix, Fig. S5). The
software package UCSF Chimera (49) was mainly used for 3D visualization

and surface rendering. Segmentations of cryo tomographic reconstructions
from a wild-type cell and a ΔfliE cell were constructed using the 3D mod-
eling software Amira (Visage Imaging). The filaments, the outer and inner
membranes, and the peptidoglycan layer were manually segmented (Movies
S1 and S2). The isosurface maps from the flagellar motor were computa-
tionally mapped back into the original cellular context.
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