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Vibrio species are Gram-negative rod-shaped bacteria that are ubiq-
uitous and often highly motile in aqueous environments. Vibrio
swimming motility is driven by a polar flagellum covered with a
membranous sheath, but this sheathed flagellum is not well under-
stood at themolecular level because of limited structural information.
Here, we use Vibrio alginolyticus as a model system to study the
sheathed flagellum in intact cells by combining cryoelectron tomog-
raphy (cryo-ET) and subtomogram analysis with a genetic approach.
We reveal striking differences between sheathed and unsheathed
flagella in V. alginolyticus cells, including a novel ring-like structure
at the bottom of the hook that is associated with major remodeling
of the outer membrane and sheath formation. Using mutants defec-
tive in flagellar motor components, we defined a Vibrio-specific fea-
ture (also known as the T ring) as a distinctive periplasmic structure
with 13-fold symmetry. The unique architecture of the T ring provides
a static platform to recruit the PomA/B complexes, which are required
to generate higher torques for rotation of the sheathed flagellum
and fast motility of Vibrio cells. Furthermore, the Vibrio flagellar mo-
tor exhibits an intrinsic length variation between the inner and the
outer membrane bound complexes, suggesting the outer membrane
bound complex can shift slightly along the axial rod during flagellar
rotation. Together, our detailed analyses of the polar flagella in intact
cells provide insights into unique aspects of the sheathed flagellum
and the distinct motility of Vibrio species.
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Motility is often important for the virulence of bacterial
pathogens, and the flagellum is the main organelle for

motility in many bacteria. In most externally flagellated bacteria,
such as Escherichia coli and Salmonella enterica, the flagella func-
tion as propellers: counterclockwise rotation of the flagella results
in bundling together of the flagella and smooth swimming of the
cell (running), whereas clockwise rotation of the flagella causes
random turning of the cell with little translational motion (tum-
bling) (1–3). A sophisticated chemotactic signaling system allows
the bacterium to sense chemical stimuli and effectively swim to-
ward favorable environments by a biased random walk, a combi-
nation of “runs” and “tumbles” (1, 4).
The flagellum is a large macromolecular assembly composed of

a long filament, a hook, and a motor. The flagellar motor is a
remarkable nanomachine embedded in the bacterial cell envelope.
More than 20 different proteins are required for the assembly of
the motor, which can be divided into several morphological do-
mains. The MS ring is embedded in the cytoplasmic membrane.
The C ring, known as the switch complex, and the export apparatus
are located in the cytoplasmic side of the MS ring. The rod con-
nects the MS ring and the hook and is commonly divided into the
distal rod and the proximal rod. The L and P rings on the rod
function as bushings at the outer membrane and at the peptido-
glycan layer, respectively. The stator is the torque generator em-
bedded in the cytoplasmic membrane. In E. coli and Salmonella, a
two-membrane protein complex consisting of MotA and MotB
functions as the stator by being anchored to the peptidoglycan
layer. Powered by the proton motive force, the stator generates the

torque required to rotate the motor, the hook, and the filament.
The stator shares several common features despite the difference
in ions and proteins involved. Typically, multiple stator units work
together (5), although a single stator is enough to generate rota-
tional torque (6). Stepwise photo-bleaching of a functioning motor
region revealed that the stator is highly dynamic and can associate
into or dissociate from the rotor rapidly (5). Recent reports
revealed that the stator–rotor association is dependent on con-
ducting ions (7, 8) and torque load (9–11).
Vibrio species are highly motile and possess polar sheathed fla-

gella (12), which are quite different from the unsheathed flagella
found in E. coli and Salmonella. The membranous sheath appears as
an extension of the outer membrane, but its function remains poorly
understood. An earlier study indicated that Vibrio with a sheath
flagellum could potentially prevent the host immune response from
recognizing the filament (13). A more recent study suggested that
rotation of sheathed flagella releases lipopolysaccharide that could
promote immune recognition during Vibrio fischeri infection (14).
Recently, a fast and high-resolution fluorescent imaging study was
used to visualize in vivo assembly of sheathed flagella (15). The
studies provide evidence in support of synchronized growth between
the sheath and the filament. However, the mechanism underlying
sheath formation remains unknown.
Vibrios use sodium ions as the energy source for flagellar rota-

tion, and PomA and PomB proteins comprise the Na+-driven
stator (16). Unlike the MotA/B stator complex, the PomA/B stator
complex needs additional Vibrio components, MotX and MotY.
They form a ring-like structure called the T ring, which appears to
be specific to the sodium-driven flagellar motor (17–20). Another
Vibrio specific ring-like structure (named as the H ring) is located
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on the top of the T ring. FlgT is the main protein component of the
H ring. Evidence suggests that both the rings are required for stator
assembly and function of the PomA/B stator complex (19, 21).
To better understand the structure and function of the flagella

from different species, cryoelectron tomography (cryo-ET) has
been extensively used to visualize intact flagella in their cellular
context (22–24). Despite having common themes, these analyses
have demonstrated striking structural diversity of these nano-
machines in different bacteria (22). For example, a Vibrio motor
has 13 stators assembled around the rotor (25), whereas a Borrelia
burgdorferi motor has 16 stators and a distinctive periplasmic
feature (26). To further our understanding of the sheathed fla-
gellum as well as structural features specific to Vibrios, we chose
Vibrio alginolyticus as a model system. Extensive genetic, func-
tional, and structural studies have made the V. alginolyticus polar
flagellum one of the mostly characterized sheathed flagella. Al-
though V. alginolyticus possesses a single Na+-driven polar fla-
gellum, mutations have resulted in multiple polar flagellar
phenotypes (27–30), which are ideal for high-resolution in situ
structural characterization. Here, we use high-throughput cryo-ET
and subtomogram averaging to extensively analyze the motors in
several V. alginolyticus mutants, providing insights into aspects of
the sheathed flagella and Vibrio motility.

Results
Visualization of Vibrio Sheathed Flagella in Intact Cells. V. alginolyticus
VIO5 typically has a single polar sheathed flagellum (Fig. 1A). To
our surprise, we also observed an unsheathed flagellum after vi-
sualizing more than 30 wild-type cells (Fig. 1B), suggesting it is rare
but possible to assemble unsheathed flagella in V. alginolyticus. As
expected, the diameter of the unsheathed filament is considerably
smaller than that of the sheathed filament, and the motors are also
noticeably different in the original cell reconstructions (Fig. 1 A
and B). To better reveal the difference between the two distinct
flagellar types, we wanted to compare them side by side in the
same cell. To do this, we used an flhG mutant, which is known to
assemble multiple polar flagella (27, 28). Importantly, multiple
polar flagella commonly form a large cluster at one cell pole; the
small cell diameter near the pole is optimal for high-resolution
cryo-ET analysis (Fig. 1C).

Novel Vibrio Flagellar Motor Structures. From ∼600 tomograms of
different bacterial cells, we generated ∼4,000 reconstructions
from motors embedded in cell envelope. After extensive sub-
tomogram alignment and averaging, we obtained two distinct
Vibrio motor structures with unprecedented detail (Fig. 1 D and
E) and compared these structures with the motor structure from
E. coli (Fig. 1F). The motor structures shared several common
themes: they are similarly embedded in the cytoplasmic and the
outer membranes and possess a C ring, MS ring, export appa-
ratus, and rod (including the proximal rod and the distal rod)
and its surrounding L/P rings (Fig. 1 G–I).
Despite these similarities, the Vibrio motors exhibit several

notable differences from the E. coli structures. For example, the
Vibrio motors possess additional densities (colored in yellow)
around the L/P rings (Fig. 1G andH) that likely correspond to the
Vibrio-specific structures such as the H and T rings. We also ob-
served additional structures around the C ring (Fig. 1 D and G) in
Vibrio that are absent in the E. coli motor. There is an external
ring-like structure only associated with the sheathed flagellum
(Fig. 1D andG), but not with unsheathed flagellum (Fig. 1 E and F),
that we named the O ring (outer membrane ring). Interestingly, the
presence of this ring is correlated with a striking 90° outer membrane

Fig. 1. In situ V. alginolyticus flagellar structures: sheathed and unsheathed.
(A) A representative slice of a 3D reconstruction of a wild-type V. alginolyticus
VIO5 shows a single sheathed flagellum at the cell pole. (B) Another slice shows
a single unsheathed flagellum. (C) A tomographic slice of the strain (KK148)
shows multiple polar flagella. (D) A class average shows the sheathed flagellar
motor structure. (E) Another class average shows the unsheathed flagellar
motor structure. (F) An averaged structure of the E. coli motor is used as a
reference for comparison. (G–I) Schematic models are overlaid on cryo-ET
density maps of D–F, respectively. The key differences between Vibrio and
E. coli motor structures are highlighted, with the O ring in purple, the H ring
and T ring in yellow, and the extra density (colored in pink) located outside
the C ring. CM, cytoplasmic membrane; OM, outer membrane. The stator
density is not visible in the globally averaged structures of the Vibrio and
E. coli motors likely because of the highly dynamic nature of the stators.

Fig. 2. Conformational flexibility of sheathed flagellar motors in Vibrio.
Sheathed flagellar motor structures from three distinct class averages show
variation in spacing between CM and OM (A–C). Respective schematic
models (D–F) show the outer membrane bound complex shifting slightly
along the distal rod (cyan).
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bend and the formation of a membrane sheath surrounding the
filament, suggesting the O ring may play a critical role in sheath
formation and function. In contrast, in the absence of the O ring, the
outer membrane clearly intersects the L ring in the unsheathed
Vibrio flagellum (Fig. 1 E andH), as well as the E. coli flagellum (Fig.
1 F and I).

Dynamic Nature of the Sheathed Flagellar Motor in Vibrio. Comparison
of sheathed and unsheathed flagellar motors also suggests intrinsic
flexibility, as indicated by the relative fuzzy feature of the MS ring
and the C ring in the sheathed flagellar motor (Fig. 1D). To further
examine this potential flexibility, we generated three distinct class
averages and then aligned them based on the MS ring and the C
ring (Fig. 2 A–C). Notably, the distance between the cytoplasmic
membrane and the outer membrane varied from 35 to 29 nm (Fig. 2
A, C, D, and F), although the most common class was 32 nm (Fig. 2
B and E). Interestingly, the outer membrane and the Vibrio-specific
features (the T/H/O rings) all shifted their positions coordinately,
suggesting this complex has the flexibility to slide along the distal
portion of the flagellar rod. In contrast, the unsheathed flagellum in
both Vibrio and E. coli appears to be rigid, likely because of the
intimate interaction between the outer membrane and the L ring.

Characterization of T-Ring Components in Situ. The major Vibrio specific
features are similar in both sheathed and unsheathed flagella (Fig. 1).
Although the T ring is the major Vibrio-specific feature required for
stator assembly around the rotor (19), its structure and composi-
tion remain undefined. To characterize the T ring, we used cryo-
ET to analyze ΔmotX and ΔmotYmutants in the flhG background.
In a ΔmotY mutant, we found that most of the T-ring density lo-
cated beneath the P ring is not visible compared with the wild-type

strain and the ΔpomAB mutant that lacks stators (Fig. 1 G and H
for wild type; Fig. 3 G and H for ΔpomAB; Fig. 3 B and C for
ΔmotY). In MotX-defective cells, no significant difference in the T
ring was observed (Fig. 3 D–F). A comparison between ΔmotX and
ΔpomAB flagella suggests MotX protein is likely located beneath
the MotY in situ (Fig. 3 E, F, H, and I). Furthermore, the densities
corresponding to the O ring and the H ring remain visible in these
T-ring mutants, suggesting their formation is independent of
T-ring assembly.

Architecture of the Vibrio-Specific T Ring. Our data suggest MotY is
the major component of the T ring. In fact, 13 copies of MotY
monomer fit well into the distal portion of the T ring (Fig. 4), based
on the MotY crystal structure and biochemical characterization
reported previously (31). Each MotY monomer consists of two dis-
tinct domains. The C-terminal domain of MotY contains a putative
peptidoglycan-binding motif, whereas the N-terminal domain MotY
is essential for stator assembly (31). One monomer can be fitted into
each subunit of the T ring. Similarly, we fit 13 copies of the FlgT
crystal structures into the densities on top of the MotY ring, based on
structural and functional analysis (21). Together with MotY, they
form a unique Vibrio-specific structure around the P ring.

Stator Assembles Around the T Ring and C Ring.Both MotY and MotX
are involved in stator assembly and function. However, all the av-
eraged structures from wild-type motors and the T-ring mutants did
not show any obvious densities that might be contributed by the
stators. In fact, the structure of the wild-type motor is similar to that
of the ΔpomAB motor, in which the stator proteins PomA and
PomB are absent. Therefore, there is no well-defined stator struc-
ture in V. alginolyticus or E. coli. Our observation is consistent with
the notion that the stators are highly dynamic in these species.
To investigate the structure and location of stators in V. alginolyticus,

we used 3D classification to analyze the densities around the
T ring and the MS ring. In one of 20 class averages, there are
obvious extra densities surrounding the T ring (Fig. 5A), whereas
most class averages from wild type and all class averages from
ΔpomAB do not show these structures, suggesting the extra den-
sities are indeed formed by the stators (Fig. 5A). To visualize the

Fig. 3. Characterization of the T-ring components in situ. (A) Representative
slice of a tomogram from a ΔmotY strain. (B) Averaged structure of the ΔmotY
motor. (C) A schematic model of the motor lacking MotY. (D) Representative
slice of a tomogram from a ΔmotX mutant. (E) Averaged structure of the
ΔmotX motor. (F) A schematic model of the motor lacking MotX. MotY is
colored in orange. (G) A representative slice of a tomogram from a ΔpomAB
mutant. (H) Averaged structure of the ΔpomAB motor. (I) A schematic model
of the motor lacking PomA and PomB. A plausible location for MotX, which is
largely based on previous analysis (19), is labeled in yellow.

Fig. 4. Architecture of the Vibrio-specific T ring. (A) The Vibriomotor structure
with different domains is highlighted in a 3D surface rendering. (B) Crystal
structures of MotY and FlgT were fitted into themap of the T ring and the small
portion of the H ring, respectively. (C) Outer membrane and its associated fla-
gellar components were removed to have a better view of the T ring. (D) A top
view of the Vibrio motor shows the O ring, the hook, and the OM. (E) Another
top view after removing the OM-associated structures shows the CM, the hook,
and the T ring. (F) Crystal structures of FlgT and MotY fit well into the T ring.
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extra densities with more clarity, we generated a symmetric
structure of the stator complex (Fig. 5A), which was then mapped
back onto the overall motor structure, as shown in Fig. 5 B and C.

Overall Architecture of Vibrio Flagellar Motor. The T ring exhibits
unique 13-fold symmetry in both sheathed and unsheathed fla-
gella, and likely functions as a platform to recruit 13 highly dy-
namic stators assembled around the rotor (Fig. 5B). MotY,
potentially anchored to the cell wall, might function as a scaffold
for the T ring. The periplasmic domain of the stator appears to
directly interact with MotY (Fig. 5 B and C). In comparison with
the well-studied unsheathed flagellar motor in E. coli (Fig. 1 F
and I), these Vibrio-specific components not only reflect the
complexity of Vibrio sheathed flagellum (Fig. 5C) but also pro-
vide a solid foundation for establishing the characteristic high
velocity and robustness of Vibrio motility.

Discussion
A Vibrio flhG Strain as a Model System for in Situ Structural Analysis
of Sheathed Flagella. The V. alginolyticus polar flagellum has been
extensively studied by genetic, biochemical, functional, and structural
approaches, and is a recognized model for a sheathed flagellum (32).
However, despite the success of cryo-ET in characterizing many
other bacterial flagellar structures (23–25, 33–38), this method was
not previously used to visualize the intact wild-type V. alginolyticus
flagellar motor, in part because the single polar flagellum in large
cells of V. alginolyticus is suboptimal for high-throughput cryo-ET
analysis. Fortunately, a defective flhG locus results in multiple po-
lar flagella in V. cholerae and V. alginolyticus (27–29), as well as
Pseudomonas and Shewanella (39, 40). Recently, a defect in hubP
also conferred a multiple flagella phenotype in V. alginolyticus (30).
Although V. alginolyticus cells are still larger than optimal, the cell
pole region with multiple flagella is often thin enough for cryo-ET
imaging. Together with genetic approaches available for making
additional mutations in the flhG defective background, the multiple
polar flagellated strain of V. alginolyticus is an ideal model system for
high-resolution structural analysis of sheathed flagella in situ.

Comparison of Sheathed and Unsheathed Flagella Reveals Major
Remodeling of the Outer Membrane. As expected, most polar fla-
gella observed in V. alginolyticus cells are sheathed. However, to our
surprise, unsheathed flagella were detectable in wild-type cells of
V. alginolyticus. The combination of high-throughput cryo-ET and
cells with multiple polar flagella enabled us to generate sufficient data
to determine two distinct structures from sheathed and unsheathed
flagella in the same cell. The major components of the two distinct
Vibrio flagella are comparable to those in E. coli flagella, including

the C ring, the export apparatus, the MS ring, the rod, the P/L rings,
and the hook. Furthermore, the outer membrane appears to interact
directly with the L ring of the unsheathed flagellum in V. alginolyticus
and E. coli, although the unsheathed Vibrio flagellum possesses the
T ring and the H ring, both specific to Vibrios.
Importantly, the V. alginolyticus sheathed flagellum is strikingly

different from the unsheathed flagellum at the point where the
flagellum intersects the outer membrane. Notably, the sheathed
flagellum possesses a novel O ring, which is associated with a 90°
bend of the outer membrane that forms the sheath around the hook
and the filament. We speculate that the O ring may form a scaffold
for the dramatic remodeling of the outer membrane to form the
sheath. Notably, the O ring has not yet been found in recently
reported structures of sheathed flagella from V. fischeri (25) and
H. pylori (36). Nevertheless, the sheathed flagella from different
species share a common theme: the outer membrane does not in-
tersect directly with the L ring, which functions as a bushing em-
bedded in the outer membrane in model systems such as E. coli and
Salmonella. FlgO is an outer membrane protein required for flagellar
motility in Vibrio cholerae (41). FlgO is well conserved in Vibrio
species. We therefore speculated that the O ring might be composed
of FlgO. Mutagenesis and GFP-tag labeling together with Cryo-ET
will be required to identify genes responsible for O-ring formation.

Structure and Function of the Unique Vibrio-Specific Feature. The
V. alginolyticus flagellum possesses two Vibrio-specific features in
the periplasm: the T ring and the H ring. The T-ring structure is the
essential component of the sodium ion-driven flagellar motor
in addition to PomA/B (19). Our comparative analysis of mo-
tor structures from wild-type cells and several T ring mutants
(ΔmotXΔmotY, ΔmotX, ΔmotY) revealed that the T ring has a 13-
fold symmetry. MotY is the major protein responsible for its as-
sembly, as 13 copies of MotY fit well into the T ring. In contrast, the
location of MotX is not well defined, because deletion of the motX
gene did not change the overall shape of the T ring significantly. As
MotX interacts with MotY, and both proteins are essential for
stator assembly (19, 42), we postulate that MotX assembles at the
outer rim of the T ring.
The H ring appears to be associated with the L ring and is

important for motor assembly and function. FlgT plays a critical
role in the formation of the H ring, which is likely composed of
other flagellar proteins, such as FlgO and FlgP. However, the
overall structure of the H ring is far more complex. We propose
that FlgT forms a ring on top of the MotY ring. Our model is
supported by previous biochemical data and the observation that
ΔflgT mutant cells lose both the T and H rings (43).
Both H and T rings are intimately associated with the L/P rings.

They form a large Vibrio-specific complex underneath the outer
membrane. Importantly, we demonstrated that the 13-fold symmetry

Fig. 5. Overall architecture of the Vibrio flagellar motor. (A) One class average
of the wild-type motor. The first panel is a central section. The second panel is a
cross-section from the T ring. The third panel is a cross-section at the top of the
cytoplasmic membrane (CM). The fourth panel is the corresponding cross-sec-
tion of the third panel after applying 13-fold symmetry. A side view (B) and a
top view (C) of the overall structure of the Vibrio flagellar motor are shown.

Table 1. Bacterial strains

Strain Genotype or descriptions Source

V. alginolyticus
VIO5 VIK4 laf (Rifr Pof+ Laf−) Ref. 18
KK148 Vibrio alginolyticus laf,

flhG (Rifr Laf− multi-Pof+)
Ref. 27

NMB300 KK148 ΔpomAB (Mot−) This study
TH1 KK148 ΔmotX (Mot−) Ref. 19
TH2 KK148 ΔmotY (Mot−) Ref. 19
TH3 KK148 ΔmotXΔmotY (Mot−) Ref. 19

E. coli
WM4011 WM3433 (pBAD30-flhDC) Ref. 56

A: Rifr, rifampin resistant; Laf−, defective in lateral flagellar formation;
Pof+, normal polar flagellar formation; multi-Pof+, multiple polar flagellar
formation; Mot−, nonmotile.
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of T rings is maintained in both wild-type and ΔpomAB strains,
indicating that the symmetric features of the T ring are in-
dependent of the stators. In contrast, 13-fold symmetry of the
T ring is not visible in the V. fischerimotor structure (25), although
there are 13 stators associated with the V. fischeri motor (Fig. S1).
One possibility is that the stators in V. fischeri are more statically
localized around the motors, similar to those found in spirochetes
(24, 37). It is reasonable to propose that in V. alginolyticus, the
13-fold symmetric T ring provides a platform for recruiting up to
13 stators in dynamic fashion, perhaps in response to environ-
mental factors (44).
Indeed, whereas stator densities in V. alginolyticus can be lo-

calized outside of the T ring in some of the class averages, they are
not observed in a global average, consistent with the notion that
the stators are highly dynamic in the cytoplasmic membrane, as
demonstrated previously (9–11). The dynamic nature of the Vibrio
stators are dependent on sodium ions (7), FliL, and other proteins
(45). Indeed, the stators appear considerably different in different
species. The maximum stator number in E. coli is at least 11, as
measured using total internal reflection fluorescence microscopy
(5). A pioneering cryo-ET study of the Treponema primitia fla-
gellar motor revealed a putative stator ring with 16-fold symmetry
(24). Cryo-ET study of B. burgdorferi revealed that 16 stators are
embedded in the highly curved spirochete cytoplasmic membrane
(26, 37). A recent study of the V. fischeri flagellar motor revealed
13 stators (25), whereas H. pylori can possess 18 stators around the
rotor (36).

Intrinsic Plasticity in Sheathed Flagella. We found a surprising and
significant variation in distance between the MS ring and the outer
membrane-bound complex in our imaged V. alginolyticus flagellar
motors. As flagellar rods in wild-type cells are constant in length,
we propose that the length variation we observe is a result of the
ability of the L/P/H/T/O rings to slide along the distal rod along
with the associated outer membrane. Although it is generally
thought that the rod rotates inside the P and L rings, which
function as bushings in the PG layer and the outer membrane,
respectively, it has not been reported previously that the P/L rings
can slide along the rod. Multiple P rings were shown to assemble
around a longer polyrod; however, the P rings were not evenly
spaced (46), suggesting the P ring can interact differentially with
the underlying protein component FlgG of the distal rod. In fact, a
recent structural study showed that the distal rod has a rigid and
smooth surface ∼13 nm in diameter and 18 nm in length (47).
These overall properties of the distal rod are consistent with its
main function as a drive shaft and may allow the outer membrane-
bound complex to move flexibly with the membranous sheath

during flagellar rotation. Alternatively, the distance variations may
reflect structures that are fixed for each motor, but differ in length
among different motors.
In conclusion, our results demonstrate that the V. alginolyticus

system is ideal for studying sheathed flagellar architecture in situ.
We reveal an outer membrane ring and a large conformational
change of the outer membrane associated with sheath formation
and flagellar assembly. We also uncovered a significant variation in
motor positioning relative to the flagellar rod, suggesting a sur-
prising level of conformational flexibility in sheathed flagella. Fur-
thermore, we demonstrate a 13-fold symmetry in the motor,
providing a basis to better understand specific rotor–stator inter-
actions in Vibrio. Finally, our studies provide insights into the
unique aspects of sheathed flagella, which are widely used by many
bacterial pathogens to establish infection and disseminate in hu-
mans and other mammalian hosts.

Materials and Methods
Bacterial Growth and Sample Preparation. Bacterial strains used in this study
are listed in Table 1. V. alginolyticus strains were cultured overnight at 30 °C
on VC medium [0.5% (wt/vol) polypeptone, 0.5% (wt/vol) yeast extract,
3% (wt/vol) NaCl, 0.4% (wt/vol) K2HPO4, 0.2% (wt/vol) glucose]. The over-
night culture were diluted 100× with fresh VC medium and cultured at 30 °C
at 250 rpm (Taitec, BioShaker BR-23FH). After 5 h, cells were collected and
washed 2× and finally diluted with TMN500 medium (50 mM Tris·HCl at pH
7.5, 5 mM glucose, 5 mM MgCl, and 500 mM NaCl) (48). Colloidal gold so-
lution (10 nm diameter) was added into the diluted Vibrio samples to yield a
10× dilution and then deposited on a freshly glow-discharged, holey carbon
grid for 1 min. The grid was blotted with filter paper and rapidly plunge-
frozen in liquid ethane in a homemade plunger apparatus, as described (49).

Cryo-ET Data Collection and Image Processing. The frozen-hydrated specimens
were transferred to a Polara G2 electron microscope (FEI) equipped with a 300-kV
field emission gun and a Direct Electron Detector (Gatan K2 Summit). Images
were observed at 15,400× magnification, resulting in 0.25 nm/pixel. SerialEM
(50) was used to collect tilt series at ∼8 μm defocus. A total dose of 50 e−/Å2 is
distributed among 35 tilt images covering angles from −51° to +51° at tilt steps
of 3°. For every single tilt series collection, dose-fractionated mode was used to
generate 8–10 frames per projection image. Collected dose-fractionated data
were first subjected to the motioncorr program to generate drift-corrected
stack files (51). The stack files were aligned using gold fiducial markers and
volumes reconstructed by the weighted back-projection method, using IMOD
software (52) to generate tomograms. In total, 1,293 tomograms of wild-type
and mutant cells were generated (Table 2).

Subtomogram Analysis. Bacterial flagellar motors were detectedmanually, using
the i3 program (53, 54). We selected two points on each motor: one point at the
C-ring region, and another near the flagellar hook. The orientation and geo-
graphic coordinates of selected particles were then estimated. In total, 8,761
subtomograms of Vibriomotors and 1,200 subtomograms of E. colimotors were
used to subtomogram analysis. The i3 tomographic package was used on the
basis of the “alignment by classification” method with missing wedge com-
pensation (53, 54) for generating the averaged structure of the motor, as de-
scribed previously (33, 49).

3D Visualization and Modeling. Tomographic reconstructions were visualized
using IMOD (52). UCSF Chimera software was used for 3D surface rendering of
subtomogram averages and molecular modeling (55). The crystal structures of
MotY (PDB ID: 2ZF8) and FlgT (PDB ID: 3W1E) from V. alginolyticuswere docked
into our density maps, using the function “fit in map” in UCSF Chimera.
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