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Structures of the sheathed flagellum reveal 
mechanisms of assembly and rotation in 
Vibrio cholerae
 

Wangbiao Guo    1,2,9  , Sarah Zhang3,9, Jin Hwan Park    4, Venus Stanton5, 
Merrill Asp    6,7, Helen Herrera5, Jung-Shen Benny Tai6,7, Jian Yue1,2, Jiaqi Wang1,2, 
Jiaqi Guo1,2, Rajeev Kumar1,2, Jack M. Botting    1,2, Shenping Wu8, Jing Yan    6,7, 
Karl E. Klose    5, Fitnat H. Yildiz4 & Jun Liu    1,2 

Motility promotes the complex life cycle and infectious capabilities of Vibrio 
cholerae and is driven by rotation of a single polar flagellum. The flagellar 
filament comprises four flagellin proteins (FlaA–D) and is covered by a 
membranous sheath continuous with the outer membrane. Here we combine 
in situ cryo-electron microscopy single-particle analysis, fluorescence 
microscopy and molecular genetics to determine 2.92–3.43 Å structures 
of the sheathed flagellar filament from intact bacteria. Our data reveal the 
spatial arrangement of FlaA–D, showing that FlaA localizes at the cell pole and 
functions as a template for filament assembly involving multiple flagellins. 
Unlike unsheathed flagellar filaments, the sheathed filament from V. cholerae 
possesses a highly conserved core but a smooth, hydrophilic surface adjacent 
to the membranous sheath. A tiny conformational change at the single 
flagellin level results in a supercoiled filament and curved membranous 
sheath, supporting a model wherein the filament rotates separately from the 
sheath, enabling the distinct motility of V. cholerae.

Vibrio cholerae is a highly motile Gram-negative bacterium character-
ized by a comma shape and a unipolar sheathed flagellum1. It is the 
causative agent of the severe diarrhoeal disease cholera2,3, responsi-
ble for seven global pandemics over the past two centuries as well as 
approximately 2.9 million cholera cases and 95,000 deaths worldwide 
each year4. The World Health Organization classified the global resur-
gence of cholera as a grade 3 health emergency, the highest level, due 
to the increasing number and geographic expansion of outbreaks, 
with an estimated 1.3 billion people at risk worldwide4. To enable the 
explosive spread of cholera during outbreaks and persistence during 
non-epidemic periods5, V. cholerae has evolved remarkable mechanisms 

to persist and transition between the aquatic environment and human 
hosts during its complex life cycle. Particularly critical to V. cholerae 
pathogenesis is its motility, which enables the bacteria to effectively 
penetrate thick intestinal mucus and cause infection of the host6. As 
motility plays crucial roles in infection by V. cholerae, effective cholera 
vaccines produce antibodies to inhibit motility and infection7,8.

Swimming motility in V. cholerae is achieved through rotation 
of a unipolar flagellum covered by a membranous sheath extending 
from the outer membrane. Powered by a sodium-motive force across 
the cytoplasmic membrane, the sheathed flagellum can rotate up 
to 1,700 Hz in liquid environments9. The resulting propulsive force 
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three flagellins, as well as the rest of the genome, remained wild type, 
except for the constitutive expression of mScarlet-I at a neutral locus 
for imaging purposes. The strains were stained with a fluorescent, 
cysteine-reactive maleimide, and fluorescence intensity was subse-
quently quantified along the flagellum. Each flagellin consistently 
localizes to specific regions of the sheathed filament (Fig. 1a–e). The 
FlaA signal is highest at the cell pole, decaying sharply along the length 
of the filament, although small amounts of FlaA may be interspersed 
throughout the filament (Fig. 1a,e). This result is consistent with the 
critical role of FlaA in initiating flagellar synthesis11. FlaB appears to 
localize at the filament tip, while FlaC is distributed along the filament 
(Fig. 1b,c). FlaD is the predominant flagellin and has the strongest signal 
along the filament (Fig. 1d), with its peak distribution located between 
that of FlaA and FlaB. Collectively, our fluorescence microscopy data 
reveal the distinct spatial locations of the four flagellins along the flagel-
lar filament as well as enable us to propose a flagellar filament model 
in which FlaA is located at the proximal end, FlaB forms the distal end, 
and FlaC and FlaD form the middle of the filament (Fig. 1f).

Cryo-EM structure of the sheathed flagellum in V. cholerae
To better understand how these four flagellin proteins form the fila-
ment in V. cholerae, we used cryo-EM to determine the in situ struc-
ture of the sheathed flagellum in intact cells. As wild-type V. cholerae 
possesses only a single flagellum at one of two poles (Fig. 2a), we con-
structed a V. cholerae ΔflhG mutant that produces hyperflagellated 
cells23 (Fig. 2b,c and Supplementary Table 2). A total of 2,145 cryo-EM 
images along flagellar filaments (Fig. 2c and Supplementary Table 3) 
were acquired and then analysed in cryoSPARC24 (Extended Data Fig. 2). 
Through extensive classification, alignment and helical refinement, 
we determined a helical reconstruction of the sheathed flagellar fila-
ment with helical rise 4.74 Å and twist 65.41° (Extended Data Fig. 2 and 
Supplementary Table 3).

As the flagellar filaments from intact bacteria exist in different 
polymorphic forms with various curvatures (Fig. 2a–c), we deployed 
an asymmetrical reconstruction approach, as described previously14, 

enables Vibrio to swim at speeds up to 90 µm s−1, considerably faster 
than most bacteria10. The polar sheathed flagellum is composed of a 
motor, hook and filament covered by a membranous sheath. As the 
largest component of the sheathed flagellum, the filament is com-
posed of multiple different flagellin proteins with a significant 61–82% 
shared identity11. Among the four flagellins (FlaA to FlaD) detected from 
purified flagella, FlaC and FlaD are the most abundant subunits of the 
filament12. However, FlaA is the only flagellin essential for flagellar syn-
thesis and motility in V. cholerae11. The fifth flagellin, FlaE, is not directly 
involved in filament formation but is instead secreted into the biofilm 
matrix13. Intriguingly, these flagellins are differentially regulated by V. 
cholerae, probably enabling assembly of flagellar filaments suitable 
for generating motility in different environments as well as providing 
antigenic variation to the filaments11.

Although unsheathed flagella have been extensively characterized 
by cryo-electron microscopy (cryo-EM) and helical reconstruction14–17, 
sheathed flagella remain poorly understood at the molecular level18. 
Two longstanding questions remain: how do multiple flagellin proteins 
coordinate filament assembly within the membranous sheath11, and 
how does the sheathed flagellum rotate19? To solve these puzzles, 
here we combine in situ cryo-EM20,21 with fluorescence microscopy 
and molecular genetics to investigate sheathed flagella in V. cholerae. 
We determine spatial arrangement and near-atomic structures of four 
distinct flagellins along the filament. Our study provides insights into 
the assembly and function of sheathed flagella and lays the foundation 
for developing strategies to inhibit V. cholerae infection.

Results
Spatial arrangement of flagellins in the sheathed flagellum
The four flagellin proteins (FlaA–D) share highly similar sequences 
and only subtle structural differences (Extended Data Fig. 1). To 
understand how these four flagellin proteins are distributed along 
the V. cholerae sheathed flagellum, we generated four mutant strains 
(Supplementary Table 1), each expressing one flagellin variant con-
taining two cysteine substitutions at equivalent positions22. The other 
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to determine a 2.92 Å in situ structure of the straight flagellar filament 
without applying helical symmetry (Fig. 2d–g and Extended Data Fig. 2). 
The filament with a diameter of 160 Å consists of 11 right-handed proto-
filaments. The lumen of the filament is 40 Å in width, and the surface 
is surrounded by the membranous sheath with a diameter of 270 Å 
(Fig. 2g). Notably, the two leaflets of the membrane are clearly vis-
ible: the inner leaflet appears relatively thin, while the outer leaflet 
is thicker. This observation is consistent with previous reports that 
the membranous sheath is an extension of the outer membrane, with 
lipopolysaccharide (LPS) in the outer leaflet and phospholipids in the 
inner leaflet25,26.

In situ structure of the FlaD filament
Our 2.92 Å in situ structure of the straight flagellar filament enabled us 
to unambiguously build a model of flagellin FlaD (Fig. 3a,b). Although 
our fluorescence microscopy data indicate that four homologous 
flagellin proteins are involved in assembling the flagellar filament 
(Fig. 1), FlaD appears to be the major filament component in V. chol-
erae (Fig. 1e) because other models of flagellins (FlaA, FlaB and FlaC) 
do not fit well into the in situ structure, at least for some key residues 
(Extended Data Fig. 3). The FlaD monomer model can be subdivided 
into three structural domains: two conserved inner core domains, D0 
and D1, and one outer domain, D2 (Fig. 3a).

To understand the mechanism of filament assembly, we con-
structed a straight FlaD filament model (Fig. 3b) that shares many simi-
lar features with other bacterial species14,27 (Extended Data Fig. 4 and 
Supplementary Table 4). Our structures suggest that multiple interac-
tions at the conserved D0 and D1 domains along the 11-start protofila-
ment are similar to those in other bacterial species (Extended Data Fig. 5). 

Specifically, D94 in the N0 subunit interacts with R59 in the N11 subunit, 
and D323 in N0 makes contact with R16 in N11. N330 and E327 in N0 proba-
bly interact with M12 in the N11 subunit (Extended Data Fig. 5). Several con-
served interactions at the 5-start interface are also similar to those found 
in Pseudomonas aeruginosa, Salmonella Typhimurium and Campylobac-
ter jejuni (Extended Data Fig. 6). Therefore, the polar sheathed flagellum 
in V. cholerae shares features with unsheathed flagella in other bacterial 
species: a highly conserved filament core (D0 and D1 domains) and 
similar protein–protein interactions for filament assembly.

Sheet-and-helix motif forms a hydrophilic filament surface
D2 domains of flagellins from different species are highly vari-
able (Extended Data Fig. 4). The D2 domains in V. cholerae flagel-
lins are located at the flagellar filament surface (Fig. 3c,e and 
Extended Data Fig. 4). Specifically, residues 194–212 and 255–258 in the 
D2 domain form a three-stranded β-sheet (β8, β4 and β5) (Fig. 3c–f), and 
residues 259–267 form a helix (H5) (Fig. 3d and Supplementary Video 
1). The sheet-and-helix motif forms a smooth and hydrophilic filament 
surface adjacent to the inner leaflet of the membranous sheath. As V. 
cholerae flagellins are not known to be glycosylated, and our struc-
ture does not reveal any densities consistent with glycosylation, the 
filament surface appears to be primarily composed of hydrophilic 
residues: threonine, serine, asparagine and aspartate (Fig. 3d,e). To 
explore the conservation of the sheet-and-helix motif, we used the 
Dali server28 to search for structural homologues of the V. cholerae D2 
domain. A top match was the outer domain from the C. jejuni major 
flagellin FlaA29 (Extended Data Fig. 7). The residues in C. jejuni FlaA that 
correspond to the sheet-and-helix motif of V. cholerae FlaD are posi-
tioned alongside the outer surface of glycosylation sites, potentially 
shielding them from the surrounding milieu (Extended Data Fig. 7). 
Notably, the sheet-and-helix motif is not present in other well-studied 
flagellins, such as P. aeruginosa27, Escherichia coli30 and S. Typhimu-
rium15 (Extended Data Fig. 7).

FlaA serves as a template for filament assembly in V. cholerae
As FlaA is essential for flagellar filament assembly11 and is mainly located 
at the beginning of the filament, where FlaD is less abundant (Fig. 1), we 
specifically selected the filament–hook junction area for cryo-EM data 
collection and analysis (Fig. 4a–f and Extended Data Fig. 8a–d). From 
15,919 cryo-EM images near the proximal end of the flagellum, we deter-
mined a 3.43 Å structure of the filament–hook junction that enabled 
us to identify two layers of unique densities corresponding to 22 FlaA 
subunits between the hook–filament junction and FlaD filament and 
to build the FlaA model (Fig. 4c–f). The primary structural differences 
between FlaA and FlaD lie in the 267–276 region, where FlaA contains two 
additional residues, K275 and T276 (Fig. 4b–d and Extended Data Fig. 1). 
This region is a straight helix in FlaD (Fig. 3b), whereas it forms a long 
loop in FlaA (Fig. 4d and Supplementary Video 2). To further understand 
the role of FlaA, we deployed cryo-electron tomography (cryo-ET) to 
visualize the cell poles of a ΔflhGΔflaA mutant (Extended Data Fig. 9). 
Similar to the previous negative staining EM results11, we found short 
appendages at the poles of the ΔflhGΔflaA mutant, which correspond 
to flagellar hooks ((Extended Data Fig. 9a). Their length was measured 
as ~55 nm, in agreement with values reported for Salmonella31. In some 
cases, however, we observed appendages extending up to ~100 nm 
(Extended Data Fig. 9b). In these tomograms, continuous filament-like 
densities were clearly visible beyond the hook, indicating that they 
represent filaments rather than elongated hooks. These findings sug-
gest that filament assembly is reduced but not completely abolished in 
the absence of FlaA, and that FlaA functions as a template or adaptor to 
promote filament assembly by the other flagellins, FlaB–D.

FlaB structure at the filament tip
Our fluorescence microscopy data show that FlaB mainly localizes 
to the tip of the filament, where signals from other flagellins are very 

Filament

WTa
Filaments

∆�hGb

e

160 Å
270 Å

f gFilamentFilament

In
ne

r l
ea

�e
t

O
ut

er
 le

a�
et

In
ne

r l
ea

�e
t

O
ut

er
 le

a�
et

In
ne

r l
ea

�e
t

O
ut

er
 le

a�
et

In
ne

r l
ea

�e
t

O
ut

er
 le

a�
et

90°

270 Å

Straightc d

Outer lea�et

Inner lea�et

Fig. 2 | In situ cryo-EM reveals the sheathed flagellar filament structure at  
near-atomic resolution in V. cholerae. a,b, Cryo-EM images from cell tips 
of wild-type (WT) (a) and ΔflhG mutant (b) cells. The flagellar filaments are 
surrounded by the membranous sheath extended from the outer membrane.  
c, A cryo-EM image showing the distal end of the filament (white arrow). LPS is 
readily visible on the surface of the membranous sheath. The representative 
images were acquired independently at least three times, with thousands of 
comparable images supporting the findings. Scale bar, 500 Å. d, A class average 
of the straight sheathed filament with a diameter of 270 Å. The inner leaflet of the 
membranous sheath is significantly thinner than the outer leaflet. e, A side view 
of the cryo-EM structure of the straight sheathed filament at 2.92 Å resolution. 
The filament is differently coloured from the lumen to the surface. A cross-
section of the membranous sheath shows the inner leaflet and outer leaflet of the 
membrane (pink). f, A cross-section of the filament structure shows the filament 
core. Scale bar, 50 Å. g, A perpendicular cross-section of the filament structure 
shows the hollow, tubular filament core surrounded by the membranous sheath. 
The diameter of the filament core is 160 Å. The diameter of the membranous 
sheath is 270 Å.
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low (Fig. 1b,e). To determine a structure of FlaB, we manually selected 
19,040 filament tips from 15,916 cryo-EM images and analysed the data 
separately (Fig. 4g–i and Extended Data Fig. 8e–h). Two-dimensional 
(2D) classes with well-defined membrane curvature at the tip were 
selected for filament structure determination at 3.16 Å resolution. 
Although the filament map lacks a cap structure, flagellin structures 
were sufficiently resolved to enable building a model of FlaB (Fig. 4i–l). 
Compared with other flagellins, such as FlaC and FlaD, FlaB lacks a 
residue at position 191, resulting in a total length of 376 amino acids 
(Extended Data Fig. 1). Despite variations in sequence, the D2 domain 
of FlaB exhibits a surface morphology consistent with that of FlaA and 
FlaD (Fig. 4k and Supplementary Video 3).

Cryo-EM structure of the FlaC filament
Although our fluorescence microscopy data clearly demonstrate that 
FlaC contributes to filament formation in wild-type V. cholerae, the 
fluorescence signal of FlaC appears considerably lower than that of 
FlaD, and both signals overlap at the middle of the filament, suggest-
ing that FlaC is far less prominent than FlaD (Fig. 1c,e). Determina-
tion of a FlaC structure using the existing data from the ΔflhG mutant 
strain is thus impossible. To overcome this challenge, we constructed 
a ΔflhGΔflaBDE mutant lacking three flagellins: FlaB, FlaD and FlaE. In 
the mutant cells, flagellar filaments are readily visible, although the 

number of flagella appears to be lower than in the parental ΔflhG strain 
(Extended Data Fig. 8i), indicating that FlaA and FlaC are sufficient for 
proper, although less efficient, flagellar filament assembly.

We then determined a cryo-EM structure of the flagellar filament 
in ΔflhGΔflaBDE at 3.16 Å resolution (Extended Data Fig. 8i–l), ena-
bling us to build a model of FlaC (Fig. 4m–r). Like the FlaD filament, 
the FlaC filament contains the sheet-and-helix motif on the surface. 
The residues in the β-sheets are highly conserved, differing only at 
residue S210 (T210 in FlaD). Unlike the mixture of serine, asparagine 
and glycine in FlaD, the helical motif in FlaC consists almost entirely 
of glycine residues (Fig. 4q). Nevertheless, the FlaC filament surface 
remains smooth and hydrophilic, as in other filaments (Figs. 3f and 4r 
and Extended Data Fig. 10). Taken together, our data indicate that FlaA 
serves as a template for filament assembly of FlaC as well as of other 
flagellin proteins.

Molecular architecture of the curved sheathed filament
Supercoiling of the bacterial flagellar filament of unsheathed flagella14 
is thought to be caused by 11 flagellin conformations. The flagellin 
structures in each protofilament resemble each other yet differ slightly 
between two adjacent protofilaments. However, it has remained unclear 
if similar mechanisms apply to sheathed flagella and how the filament 
interacts with the membranous sheath to enable supercoiling. To gain 
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mechanistic insights into supercoiling of the sheathed flagellum in 
V. cholerae, we utilized 2D and three-dimensional (3D) classification 
to determine a cryo-EM map of a highly curved filament (Fig. 5a and 
Extended Data Fig. 2). To understand how the protofilaments contrib-
ute to the curvature of the filament, we built a curved filament model 
(Fig. 5b) by aligning the backbone of flagellin FlaD and then comparing 
two distinct protofilaments with inner and outer curvature, each con-
sisting of seven subunits (N0, N11, N22, N33, N44, N55 and N66), in the same 
curved filament (Fig. 5c,d). The protofilament length between subunits 
N0 and N66 in the outer-curved conformation (322 Å) is considerably 
longer than in the inner-curved conformation (304 Å), consistent with 
prior results from unsheathed flagella14. Furthermore, the outer-curved 
protofilament is tilted 4° relative to the inner-curved protofilament, 
like the membranous sheath (Fig. 5c,d). With the D0 domain of the N0 
subunit in the inner-curved and outer-curved protofilaments aligned, 
the D1 domain shows a 3 Å shift in the inner curve compared with the 
outer curve (Fig. 5d). Intriguingly, the sheath-adjacent helical motifs of 
the 11 N66 subunits form a ring with a diameter of 59 Å, reflecting large 
conformational differences among the 11 protofilaments in the curved 
filament (Fig. 5e). These findings indicate that slight conformational 
changes at the single flagellin level can result in significant curvature 
in the protofilament. Importantly, the membranous sheath appears 
flexible enough to accommodate the curved filament.

Discussion
V. cholerae has evolved a remarkable ability to migrate to optimal niches, 
establish infection and evade host defences10,32 through its unipolar 
sheathed flagellum. To better understand the sheathed flagellum and its 
unique adaptations, we have developed an innovative approach combin-
ing in situ cryo-EM with fluorescence microscopy and molecular genetics 
to characterize the sheathed flagellum from intact bacteria without 
flagella purification, which would otherwise disrupt the flagellum and 
surrounding membranous sheath. Critically, we reveal near-atomic 
structures of four flagellin proteins and their spatial distribution along 
the flagellar filament, providing mechanistic insights into the assembly 
and adaptation of the sheathed flagellum in V. cholerae.

First, although multiple flagellin genes are expressed in V. cholerae, 
each appears to play different roles in flagellar assembly. Our data 
indicate that FlaA is located at the hook–filament junction and plays 
a key role as a template for downstream filament assembly by other 
flagellin proteins (Fig. 4). FlaD is the major component of the filament, 
while FlaB is primarily located at the distal end. FlaC also contrib-
utes to filament assembly, although it is significantly less prominent 
than FlaD, at least in the ΔflhG mutant. Assembling a flagellum from 
multiple different spatially segregated flagellins improves motility in 
Shewanella putrefaciens33 and may be similarly necessary for optimal 
swimming in V. cholerae. In addition, differential transcriptional11 

I212I211

D210
L209

V208
V207

A206

D194
L195

K196
F197

E198
F199

T200

G266

D268
A269

G270

R271

N272V273

F267
N211

I210
T209

V208
E207

R206

A205

D193
L194

T195
L196

S197

Y198

T199

G267

G269
A270
A271

Q272

D273V274

I268

D194

L195

T196
I197

T198
L199

K200

N212

I211
S210

I209
T208

V207

D206

FlaA

FlaB

FlaC

E198
V208

D210
K196

I212

D194

N255

S259

T264

β4 β5β8

H5

S197 E207

T209

T195

N211

D193

N255

G258

G263

β4 β5β8

H5

T198 T208

S210
T196

N212

D194

A255

G259

G264

β4 β5β8

H5

a b c d e f

g h i j k l

m n o p q r

∆
flh

G
∆

fla
BD

E
Fi

la
m

en
t t

ip
H

oo
k–

fil
am

en
t j

un
ct

io
n

FlaC

JunctionJunction

In
ne

r l
ea

�e
t

O
ut

er
 le

a�
et

FlaB

In
ne

r l
ea

�e
t

O
ut

er
 le

a�
et

FlaA

FlaD

In
ne

r l
ea

�e
t

O
ut

er
 le

a�
et

In
ne

r l
ea

�e
t

O
ut

er
 le

a�
et

In
ne

r l
ea

�e
t

O
ut

er
 le

a�
et

In
ne

r l
ea

�e
t

O
ut

er
 le

a�
et

G267

N269
G270

G271

P272G273

V274

L268

K275T276

Fig. 4 | Flagellins FlaA–C across distinct filament regions. a, Two-dimensional 
class averages show the hook–filament junction. b, A surface view of a hook–
filament junction structure at 3.43 Å resolution. The primary differences 
between FlaA and FlaD lie in the 267–276 region. The corresponding densities 
are coloured in green for FlaD and light blue for FlaA. c, The FlaA densities 
were identified based on the 267–276 densities and then used to build the FlaA 
model. Densities of K275–T276 are highlighted in magenta, which is absent in the 
other three flagellins. d, Side chains of three regions in 194–200, 206–212 and 
267–276 fit well into the map. e, A close-up view of three-stranded β-sheets and 
one helical motif in FlaA. f, A model showing that 22 FlaA monomers (light blue) 
form a short adaptor bridging the FlaD filament (green) and junction (grey). g, 
Two-dimensional class averages showing the filament cap region. h, Cryo-EM 
structure of the filament close to the filament cap in ΔflhG mutant determined 

at 3.16 Å resolution. i, Atomic model of the FlaB monomer. j, Side-chain densities 
around residues 194–200, 206–212 and 267–274 in the D2 domain. k, A close-up 
view of three-stranded β-sheets (β4, β5 and β8) and one helical motif (H5) in FlaB. 
l, A model of the FlaB filament is surrounded by the membranous sheath (pink). 
m, Two-dimensional class averages of the sheathed flagella from ΔflhGΔflaBDE. n, 
The 3.16 Å cryo-EM structure of the sheathed filament (cyan) from ΔflhGΔflaBDE 
is surrounded by the membranous sheath (pink). o, The atomic model of FlaC fits 
well into one flagellin subunit map. p, Side-chain densities around residues 194–
200 and 267–274 in the D2 domain are well visualized. Residue I197 in FlaC fits well 
into the ΔflhGΔflaBDE density map. q, A close-up view of three-stranded β-sheets 
and one helical motif in FlaC. r, Atomic model of the FlaC filament surrounded by 
the membranous sheath.
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and posttranslational34 controls over flagellin expression may allow  
V. cholerae to adapt its flagella to changing environmental conditions.

Second, although the sheathed flagellum in V. cholerae shares a 
conserved core and assembly mechanism with unsheathed flagella 
from other bacterial species15,27,30, their filament surface features and 
overall size are strikingly different (Extended Data Fig. 4). We reveal 
that the flagellar filament surface in V. cholerae is largely formed by a 
distinct sheet-and-helix motif composed of amino acid residues such 
as serine, threonine and asparagine. Together, these form a relatively 
smooth and highly hydrophilic surface adjacent to the inner leaflet 
of the membranous sheath. As the membranous sheath consists of 
phospholipid in the inner leaflet and LPS in the outer leaflet, the overall 
diameter of the sheathed filament increases from 160 Å to 270 Å, or 
even further considering the long O-antigen and saccharide core of 
LPS. Therefore, the overall sheathed flagellar filament is significantly 
larger than any known unsheathed filaments, possibly allowing it to 
generate more thrust than a comparable unsheathed filament.

Lastly, specific interactions between the flagellar filament and 
surrounding membranous sheath are not evident in our filament struc-
tures, consistent with the model wherein the filament rotates indepen-
dently of the sheath, causing it to rotate by propagating a spiral wave 
along the whole sheathed flagellum19 (Supplementary Video 4). More 
experimental data, such as real-time lipid tracking, would be required 
to confirm this hypothesis.

In summary, we solved the near-atomic structure of the sheathed 
flagellar filament in intact V. cholerae cells, providing molecular insights 
into the assembly and adaptation of sheathed flagella as well as expos-
ing a vulnerability in V. cholerae to the development of therapeutic 
strategies that inhibit motility and infection.

Methods
Strain construction
To fluorescently image each flagellin, strains JST124, JST190, JST366 
and JST245 (Supplemental Data Table 1) were derived from wild-type 

V. cholerae O1 biovar El Tor strain C6706 by making two cysteine sub-
stitutions in the appropriate flagellin. These strains were inoculated 
into Luria–Bertani Miller (LB) medium from frozen stock and cultured 
aerobically at 30 °C overnight. To avoid LB autofluorescence, overnight 
cultures were diluted 1/30 in M9 minimal medium (Sigma-Aldrich) 
supplemented with 2 mM MgSO4 ( JT Baker), 100 µM CaCl2 ( JT Baker) 
and 0.5% glucose. Regrowth was performed aerobically at 37 °C to an 
optical density at a wavelength of 600 nm (OD600) of 0.8–1.0.

The flhG deletion plasmid was constructed using Gibson Assembly 
(New England Biolabs) with primers flhG_delA, flhG_delB, flhG_delC and 
flhG_delD (Supplementary Table 2). Polymerase chain reaction (PCR) 
amplification was performed using Q5 High-Fidelity DNA Polymerase 
(New England Biolabs) following the instructions of the manufacturer, 
and the final construct was validated by DNA sequencing. Deletion of 
flhG was carried out as described35. The deletion plasmid was intro-
duced into V. cholerae O1 El Tor A1552 via biparental mating using E. 
coli S17-1 λpir as the donor strain. Transconjugants were selected on 
LB agar supplemented with rifampicin (100 μg ml−1) and ampicillin 
(100 μg ml−1). Successful flhG deletion was confirmed by PCR using 
the primers flhG_delA and flhG_delD.

V. cholerae ΔflaA and ΔflaEDB flagellar mutants were generated 
in the O1 El Tor A1552 strain by allelic exchange using pKEK1989 and 
pKEK1854, as previously described36. A1552 ΔflaA ΔflhG and A1552 
ΔflaEDB ΔflhG mutants were generated by chitin-induced natural trans-
formation using the MuGENT technique37. The ΔflhG deletion was PCR 
amplified from KKV170123 with primers flhG + 3000 F and flhG + 3000 R 
(Supplementary Table 2), and the ΔVc1807::CmR mutation was PCR 
amplified from TND0447 with primers ABD344 and ABD34537. The 
chromosomal ΔflhG mutations were verified by sequencing.

Bacterial culture
∆flhG cells were cultivated aerobically at 30 °C with LB broth, which 
consisted of 1% tryptone, 0.5% yeast extract and 1% NaCl, adjusted 
to a pH of 7.5. Overnight cultures were prepared as follows: bacterial 
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strains were streaked from frozen glycerol stocks onto LB-agar plates 
and incubated at 30 °C overnight. Then five colonies were picked and 
inoculated into 5 ml of LB medium, then cultured overnight at 30 °C 
with shaking at 200 rpm. To initiate the experimental culture, a 1/200 
dilution of the overnight culture was made in fresh LB medium, and the 
culture was grown until reaching an OD600 of 0.3–0.5.

∆flhG∆flaA and ΔflhGΔflaBDE cells were cultured overnight on 
an LB plate containing 200 µg ml−1 streptomycin. A 1/200 dilution was 
then prepared in fresh LB medium supplemented with 200 µg ml−1 
streptomycin and 2 µg ml−1 chloramphenicol, followed by incubation 
until the OD600 reached 0.3–0.5.

Construction of the strains for flagella labelling
Linear PCR products were constructed using splicing-by-overlap 
extension PCR as previously described and used as transforming 
DNA (tDNA) in chitin-dependent transformation reactions37. In brief, 
splicing-by-overlap extension PCR was performed by amplifying an 
upstream region of homology and a downstream region of homology. 
The desired mutations were incorporated into the primers used in 
amplification. All primers used to construct mutant alleles are listed 
in Supplementary Table 2. For chitin-dependent transformation, indi-
vidual V. cholerae colonies were grown in LB medium at 30 °C for 6 h 
to an OD600 of 0.8–1.0. Cells were washed with Instant Ocean solution 
and then incubated with chitin particles suspended in Instant Ocean 
for 8–16 h at 30 °C before the tDNA was added. The cultures were then 
incubated at 30 °C for an additional 4–16 h. LB was added to the cul-
tures and incubated at 37 °C for 2 h before plating on LB agar with the 
appropriate antibiotic. The desired mutants were selected by colony 
PCR screening. The location for introducing cysteine labelling has 
been described before in FlaA22, and through homology with FlaA, we 
identified proper locations for labelling in FlaB, FlaC and FlaD.

Sample preparation for fluorescence imaging of the flagellins
Regrown cell culture was centrifuged at 4,000 rcf for 4 min, and 
the supernatant was removed and replaced with Alexa Fluor 488 
C5-maleimide (Thermo Fisher Scientific) at a concentration of 25 µg ml−1 
diluted in M9 minimal medium supplemented with 2 mM MgSO4 and 
100 µM CaCl2 (hereafter M9 medium). Cells were resuspended by gentle 
pipetting using cut tips. This suspension was incubated at room tem-
perature for 10 min before being washed three times by centrifuging 
cells as before, replacing supernatant with fresh M9 media and gently 
pipette mixing the cells to resuspend. A plate of 1.5% agarose prepared 
with M9 medium was sectioned into cubes with a razor blade to form 
agarose pads. One microlitre of fluorescently labelled cell suspension 
was added onto a coverglass, and an agarose pad was gently placed on 
top to trap the cells in a thin layer and prevent flagellar rotation dur-
ing imaging. Thus prepared samples were imaged with a spinning disk 
confocal microscope (Nikon Ti2-E connected to Yokogawa W1) using a 
100× silicone objective (numerical aperture 1.35) and captured with a 
sCMOS camera (Photometrics Prime BSI). Cells constitutively express 
mScarlet-I in the cytosol and were excited at 561 nm; the flagellar sig-
nal was captured with 488-nm laser excitation. Subsequently, 0.5 µl of 
membrane stain FM 1-43 at 5 mg ml−1 (Sigma-Aldrich) was added to the 
side of the agarose pad and allowed to diffuse to the cells and to stain 
the entire cell membrane including the flagellar sheath. The sample was 
subsequently imaged again in the 488 nm channel. Custom codes were 
subsequently developed to analyse the distribution of each flagellin 
along the flagellum. The origin of the flagella is determined by the fixed 
threshold in the cytosolic signal (mScarlet-I). Distance was calculated 
along curvilinear path of the flagella.

Preparation of cryo-EM samples
V. cholerae cells were centrifuged in 1.5-ml tubes at 2,348g for 
approximately 5 min, and the resulting pellet was gently rinsed with 
phosphate-buffered saline. The cell pellet was then resuspended in 

phosphate-buffered saline to a final OD600 of 1.0 to prepare the sample 
for plunge freezing.

Cryo-EM samples were prepared using copper grids with a holey 
carbon support film (200 mesh, R2/1, Quantifoil). The grids were 
glow-discharged for ~30 s before sample application. A 5-µl aliquot 
of the cell suspension was deposited onto each grid, which was sub-
sequently blotted with filter paper (Whatman) for approximately 6 s. 
The grids were then rapidly plunged into a liquid ethane and propane 
mixture using a GP2 plunger (Leica). During the plunge-freezing pro-
cess, the GP2 environmental chamber was maintained at 25 °C and 95% 
humidity to optimize sample vitrification.

In situ cryo-EM data collection and processing
Cryo-EM grids were imaged on a 300 kV Titan Krios electron micro-
scope (Thermo Fisher Scientific), equipped with a field emission gun 
and a post-GIF K3 Summit Direct Electron Detector (Gatan). The nano-
probe settings for imaging were as follows: magnification of 81,000×, 
spot size of 5, illumination aperture (IA) of 1.22 µm and a slit width of 
20 eV. The C2 aperture was set to 50 µm, and the objective aperture was 
set to 100 µm. A customized multishot script was used to directly image 
the cells on the cryo-EM grids using SerialEM38, with defocus values 
ranging from 1.5 µm to 2.5 µm. The total dose applied during imaging 
was approximately 70 e− Å−2. The physical pixel rate was 32.5 e− per 
pixel per second, and the effective pixel size was 1.068 Å per physical 
pixel (super-resolution mode, half of the physical pixel size). Each 
image exposure time was 2.46 s, divided into fractions of 0.0615 s per 
exposure. A total of 18,064 micrographs were collected from ΔflhG 
cells, and 755 micrographs were captured from ΔflhGΔflaBDE cells 
(Supplementary Table 3).

All recorded images were initially motion-corrected39 and then 
run Patch CTF Estimation40 in cryoSPARC (Extended Data Fig. 2). The 
Manually Curate Exposures function was then used to select images 
with a relative ice thickness between 0.9 μm and 1.1 µm, a defocus 
tilt angle range of 0.1–22.7° and a defocus range of 76–10,067 Å. The 
Filament Tracer function41 in cryoSPARC was used to pick 2D particles 
with the following parameters: filament diameter of 360 Å, minimum 
distance of 0.15 Å and minimum filament length of 1 Å. Multiple cycles 
of 2D classification were performed to isolate the particles of interest.

A total of 103,479 particles lacking the sheath were initially identi-
fied from 1,132,628 particles after 2D classification. These non-sheathed 
particle classes were used as a starting point for ab initio reconstruc-
tion, resulting in a low-resolution, non-symmetrical structure. Using 
this structure as an initial model, several iterative cycles of homogene-
ous and local refinement were performed, ultimately achieving a reso-
lution of approximately 6 Å. The Symmetry Search Utility function in 
cryoSPARC24 was then used to determine the helical parameters, includ-
ing helical rise and helical twist. The top-ranked solution, with a helical 
rise of 4.74 Å and a twist of 65.41°, was selected. Using these parameters, 
the final helical reconstruction of the non-sheathed flagellar filament 
reached a near-atomic resolution of 2.45 Å (Extended Data Fig. 2e).

Subsequently, the same helical parameters of helical rise and heli-
cal twist were applied to the 2D-classified particles from the sheathed 
flagellar filament during helical refinement. Several iterative cycles 
of helical and local refinements were performed. Ultimately, the heli-
cal reconstruction map of the sheathed flagellar filament achieved a 
near-atomic resolution of 2.73 Å (Supplementary Table 3).

As previously described, an asymmetric approach for determin-
ing the structure of supercoiled flagellar filaments using cryo-EM was 
extensively applied. Specifically, this process involved starting with 
helical reconstruction and subsequently using a low-pass filtered 
version of the reconstruction (~20 Å) as the initial model14,27,30. The 2D 
classified particles were reprocessed from scratch, using a low-pass 
filtered volume as the initial reference. Homogeneous refinement was 
first applied, followed by local refinement of the filament core. During 
the local refinement, the rotation search range was gradually reduced 
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from the default 20° to 2°, and the shift search range was decreased 
from 10 Å to 2 Å. The initial low-pass filter was also progressively tight-
ened from 12 Å to 3 Å. These refinements ultimately yielded asymmetric 
reconstructions of the sheathed FlaD filament at 2.92 Å resolution in 
ΔflhG cells (Extended Data Fig. 2) and the FlaC filament at 3.16 Å resolu-
tion in ΔflhGΔflaBDE cells (Extended Data Fig. 8i–l).

Following this, through extensive 3D classification, 11,715 
particles exhibited distinct curvature. These particles were 
selected and reconstructed at 3.61 Å resolution. To exhibit its 
curvature better, we reextracted the particles with 1,280 box size 
based on the curved flagellar filament structure from ΔflhG cells 
(Extended Data Fig. 2g)

To determine flagellin FlaA structure, we further acquired 15,919 
cryo-EM micrographs from ΔflhG V. cholerae cells following the proto-
col described above (Extended Data Fig. 8a–d). Particles were manually 
selected, followed by the machine-learning-based algorithm Topaz42 to 
identify particles across all micrographs. Ultimately, we selected 37,872 
particles located in the hook–filament junction. Through homogene-
ous refinement, local refinement and helical refinement, we success-
fully determined the structure of FlaA flagellin at 3.43 Å resolution 
(Extended Data Fig. 8d).

To solve the flagellin FlaB structure, we manually selected 19,040 
filament tip particles from 15,919 micrographs (Extended Data Fig. 8e–
h). Following 2D classification, ab initio reconstruction was performed 
to generate initial models. Subsequent heterogeneous refinement 
enabled further 3D classification of conformational states. To align 
the tip structures for further refinement, we used the volume align-
ment tool in cryoSPARC to reorient each initial model into a vertical 
orientation. After aligning all particles vertically, the map centre was 
shifted just below the filament tip to focus refinement on the filament 
core. Particles were then reextracted using this new centre, and local 
refinement was carried out using a cylindrical soft mask. This workflow 
enabled structure determination of the FlaB filament at 3.16 Å resolu-
tion (Extended Data Fig. 8h).

Cryo-ET data collection and reconstruction of tomograms
Frozen-hydrated specimens of ΔflhGΔflaA cells were imaged using a 
300 kV Titan Krios electron microscope (Thermo Fisher Scientific) 
equipped with a field emission gun and a K3 Summit post-GIF Direct 
Electron Detector (Gatan). Tilt series were collected using SerialEM38 
and the FASTTOMO script43, following the dose-symmetric method. 
The defocus was set to −4.8 µm, with a total electron dose of approxi-
mately 70 e− Å−2 distributed across 33 tilt images spanning angles from 
−48° to 48° in 3° increments. Motion correction of the recorded images 
was performed using MotionCorr239 and then stacked and aligned by 
using IMOD44. The 6× binned tomograms were then reconstructed 
by using Tomo3D45. In total, we generated 22 reconstructions from 
ΔflhGΔflaA cells.

Modelling
Amino acid sequences of FlaA to FlaE were obtained from UniProt 
(accession numbers P0C6C3 to P0C6C7) and used as input for 
AlphaFold346 to generate predicted structural models of the flagel-
lin monomers. The predicted models were fitted into the cryo-EM 
map using ChimeraX47, followed by real-space refinement in Phenix48 
and Coot49. The final monomer models demonstrated excellent ste-
reochemistry, as assessed by Phenix. Furthermore, Phenix reported 
map-to-model correlation coefficients of 0.83, 0.84, 0.84 and 0.86 
for FlaA, FlaB, FlaC and FlaD, respectively. These correlation coef-
ficients served as robust cross-validation metrics for evaluating map 
quality and helical symmetry parameters. Furthermore, the residue 
region 267–276 extends beyond the cryo-EM density, indicating poor 
model-to-map fit. Additional discrepancies were observed in FlaB and 
FlaC, where several residues do not align well with the cryo-EM densi-
ties (Extended Data Fig. 3).

Using the FlaD monomer, we modelled the helical flagellar filament 
in Phenix by fitting 33 subunits of FlaD into the helical cryo-EM density 
map. A similar strategy was applied to the asymmetrical density maps 
of flagellar filaments to assess the flagellin network. We aligned the 
backbone of the FlaD model to the curved density at 3.61 Å resolution.

In ΔflhGΔflaBDE cells, both FlaA and FlaC models were fitted into 
the cryo-EM density map in Phenix48, with FlaC exhibiting a closer fit. 
Therefore, the FlaC model was constructed for ΔflhGΔflaBDE cells.

The AlphaFold346-predicted models of FlaA and FlaB were fitted 
into corresponding cryo-EM density maps by ChimeraX47, followed by 
real-space refinement in Phenix48 and Coot49.

All sequence alignments in this study were performed using Clustal 
Omega alignment50 and the Dali server28. UCSF ChimeraX47 was utilized 
for surface rendering of cryo-EM density maps and segmentation. All 
the structures were validated in Phenix48 using the Phenix Map valida-
tion tool, and the map quality was assessed using the Mtriage tool in 
Phenix48, as reported in Supplementary Table 5.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The atomic coordinates and corresponding density maps of the flagel-
lins have been deposited in the Protein Data Bank (PDB) and the Elec-
tron Microscopy Data Bank (EMDB). The FlaA filament from the ΔflhG 
V. cholerae strain is available via PDB at 9N8G and EMD-49128. The FlaB 
filament from the same strain is available via PDB at 9P7R and EMD-
71351. The FlaC filament from the ΔflhGΔflaBDE strain is available via 
PDB at 9N8M and EMD-49131. The FlaD filament from the ΔflhG strain 
is available via PDB at 9N8A and EMD-49125 (Supplementary Table 3).
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Extended Data Fig. 1 | Multiple sequence alignment of flagellins FlaA-D. Note that residues (259-267) are highlighted in blue. Residues (268-274, red) in FlaA exhibit a 
distinct morphology compared to other flagellins (FlaB, FlaC, and FlaD) due to two extra residues (K275 and T276, magenta).
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Extended Data Fig. 2 | CryoSPARC workflow for structural determination of 
the FlaD filament in V. cholerae. (a) A total of 2,145 micrographs were collected 
using a Titan Krios and processed in CryoSPARC. (b) Snapshots of filament tracer 
during particle picking. The representative images were acquired independently 
at least three times. Scale bar: 100 nm. (c) Representative 2D classifications 
showing unsheathed, sheathed, and curved flagellar filaments of ΔflhG V. 
cholerae. Scale bar: 200 Å. (d) Workflow of 3D reconstruction in CryoSPARC. 
Ab initio reconstruction was used to generate initial models, followed by 

homogeneous, helical, and local refinements to determine the helical twist and 
rise parameters. (e) Cryo-EM density map of the unsheathed flagellar filament 
after helical refinement, resolved at 2.45 Å based on the “gold standard” 0.143 
FSC plot. (f ) Cryo-EM density map of a sheathed, straight flagellar filament 
determined by homogeneous and local refinements without helical refinement, 
resolved at 2.92 Å. (g) Cryo-EM density map of a sheathed, curved flagellar 
filament resolved at 3.61 Å through homogeneous and local refinements without 
helical refinement.
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Extended Data Fig. 3 | Cryo-EM maps at near-atomic resolution enable 
structure determination of four flagellins (FlaA, FlaB, FlaC, and FlaD) in V. 
cholerae. (a-d) Representative model-to-map fits of FlaA, FlaB, FlaC, and FlaD 
into our cryo-EM maps derived from the in-situ cryo-EM map. Notably, the FlaD 

model fits well into the FlaD densities (left panels in a-d), while other models, 
including FlaA, FlaB, and FlaC, fit poorly into the FlaD densities (middle panels in 
a-d). The models of FlaA, FlaB, and FlaC fit well into their corresponding densities 
(right panels in a-d).
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Extended Data Fig. 4 | Comparison of flagellar filament structures across 
bacterial species. (a) The flagellin model, filament model, surface electrostatic 
potential, and cryo-EM map from V. cholerae flagella are presented sequentially, 
left to right. The overall diameter of the sheathed filament is 270 Å. (b) The 
flagellin model, filament model, surface electrostatic potential, and cryo-EM 
map from S. Typhimurium15 flagella are presented sequentially, left to right. The 

overall diameter of the filament is 220 Å. (c) The flagellin model, filament model, 
surface electrostatic potential, and cryo-EM map from C. jejuni29 flagella are 
presented sequentially, left to right. The overall diameter of the filament is 180 Å. 
(d) The flagellin model, filament model, surface electrostatic potential, and cryo-
EM map from P. aeruginosa27 flagella are presented sequentially, left to right.  
The overall diameter of the filament is 170 Å.
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Extended Data Fig. 5 | Interdomain interactions along the 11-start interface 
across bacterial species. Three potential interaction pairs are: D940 -R5911, D3230 
-R1611, and N3300 -M1211. Similar interactions are observed in other bacterial 

species, such as S. Typhimurium15 (E930 and G5911 or K5811, N4550 and L1111), P. 
aeruginosa27(T860 and N5211, T4340 and R1611, E4380 and L1211), and C. jejuni29 
(T940 and N5911, T5220 and A1611, K5290 and L1211).
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Extended Data Fig. 6 | Interdomain interactions along the 5-start interface 
across bacterial species. Our V. cholerae filament model presents three potential 
interaction pairs: E1220-R3145, K1360-D1525, and R660-D445. Similar interactions 

are observed in other bacterial species, such as S. Typhimurium15 (K1350 and 
N1505, E1210 and R4425, R650 and D425), P. aeruginosa27 (E1220 andR4255, and R660 
and A465), and C. jejuni29 (E1220 and Q5135, and Q1360 and S1525).
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Extended Data Fig. 7 | Comparison of FlaD from V. cholerae with flagellins from other bacteria. (a) The C. jejuni flagellin (PDB:6×80)29 has a three-stranded β-sheet 
and helix motif similar to that in V. cholerae flagellin FlaD, which is shielded by the outer surface of glycosylation sites. This motif was not observed in P. aeruginosa 
PAO127 (b), E. coli14 (c), or S. Typhimurium15 (d).
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Extended Data Fig. 8 | CryoSPARC workflow for structural determination 
of the FlaA, FlaB, and FlaC filament in V. cholerae. (a) 15,919 micrographs of 
ΔflhG V. cholerae were collected to determine the FlaA filament structure. Scale 
bar: 100 nm. (b) Representative 2D classifications of the hook–filament junction 
region after manual picking and Topaz picker30. Scale bar: 200 Å. (c, d) Cryo-EM 
density map of the hook–filament junction with FlaA filament, resolved at 3.43 Å 
based on the “gold standard” FSC0.143 plot. (e) Snapshot of manual picking at the 

filament tip region. Scale bar: 100 nm. (f ) Representative 2D classifications of 
filament tip particles from 19,040 manually picked particles. Scale bar: 200 Å. (g, 
h) Cryo-EM density map of the FlaB filament at the filament tip, resolved at 3.16 Å. 
(i) Snapshot of filament tracer in ΔflhGΔflaBDE V. cholerae. Scale bar: 100 nm. 
( j) Representative 2D classifications of the FlaC filament. Scale bar: 200 Å. (k, l) 
Cryo-EM density map of the FlaC filament in ΔflhGΔflaBDE V. cholerae, resolved 
at 3.16 Å.
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Extended Data Fig. 9 | Cryo-ET reconstructions of the ΔflhGΔflaA cell poles. (a) A slide shows a 55 nm flagellar hook. (b) A slide shows a short flagellum 100 nm in 
length.
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Extended Data Fig. 10 | The three-stranded β-sheet and helix motif on the filament surface are conserved across four flagellins in V. cholerae. Four flagellins share 
similar morphology (top panels) and charged surfaces (bottom panels).
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