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In situ imaging of the bacterial flagellar motor
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Abstract

The self-assembly of cellular macromolecular machines such as the
bacterial flagellar motor requires the spatio-temporal synchroniza-
tion of gene expression with proper protein localization and associ-
ation of dozens of protein components. In Salmonella and
Escherichia coli, a sequential, outward assembly mechanism has
been proposed for the flagellar motor starting from the inner
membrane, with the addition of each new component stabilizing
the previous one. However, very little is known about flagellar disas-
sembly. Here, using electron cryo-tomography and sub-tomogram
averaging of intact Legionella pneumophila, Pseudomonas aeruginosa,
and Shewanella oneidensis cells, we study flagellar motor disassem-
bly and assembly in situ. We first show that motor disassembly
results in stable outer membrane-embedded sub-complexes. These
sub-complexes consist of the periplasmic embellished P- and L-
rings, and bend the membrane inward while it remains apparently
sealed. Additionally, we also observe various intermediates of the
assembly process including an inner-membrane sub-complex
consisting of the C-ring, MS-ring, and export apparatus. Finally, we
show that the L-ring is responsible for reshaping the outer
membrane, a crucial step in the flagellar assembly process.
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Introduction

In order to move efficiently in their low-Reynolds-number environ-

ment (Purcell, 1977), bacteria have evolved a complex membrane-

embedded nanomachine known as the bacterial flagellum which

exploits the flux of ions across the membrane to generate a

mechanical torque that rotates a long filament (Manson et al,

1977; Hirota et al, 1981; Macnab, 1999). In general, the bacterial

flagellum consists of a cell-envelope-embedded motor, a hook, and

a filament. The motor consists of two parts: the rotor, which is

composed of the basal body and the switch complex, and the

stator (see (Berg, 2003; Sowa & Berry, 2008) and references

therein). In the canonical flagellar systems of Salmonella enterica

and Escherichia coli, the cell-envelope-spanning basal body

consists of multiple rings: the MS (membrane/supramembrane)-

ring (formed by the protein FliF), the P (peptidoglycan)-ring (FlgI),

and the L (lipopolysaccharide)-ring (FlgH). The P- and L-rings

form a bushing that allows the flagellum to rotate within the cell

wall and outer membrane. These rings surround the rod structure

(FliE, FlgB, FlgC, FlgF and FlgG). The C (cytoplasmic)-ring

consists of three proteins (FliG, FliM, and FliN) and forms the

switch complex which is responsible for switching the direction of

flagellar rotation between clockwise and counterclockwise. In

E. coli and Salmonella, the stator is formed by a complex of two

proteins, MotA and MotB. While MotB interacts with the peptido-

glycan through a peptidoglycan-binding domain (Koebnik, 1995;

Morimoto & Minamino, 2014; Kojima et al, 2018), MotA interacts

with FliG to generate the torque required for flagellar rotation

(Morimoto & Minamino, 2014). The extracellular parts of the

bacterial flagellum comprise the hook, which acts as a universal

joint, and the filament, which serves as a helical propeller. The

motor also has a type III secretion system (T3SS) export apparatus

consisting of eight proteins (FliH, FliI, FliJ, FlhA, FlhB, FliP, FliQ,

and FliR) located at the inner membrane. See Appendix Fig S1 for

a schematic of these components.

High-resolution structures have been solved for many compo-

nents of the flagellar motor by X-ray crystallography, NMR spec-

troscopy, and cryo-EM single-particle reconstruction, and structures

of purified sub-complexes of the Salmonella motor have been solved

by electron microscopy (Francis et al, 1994; Thomas et al, 2006).
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Unfortunately, due to the large size of the complex and its position

spanning the cell envelope, flagellar motors lose components when

purified. Recently, the advent of electron cryo-tomography (ECT)

(Gan & Jensen, 2012; Oikonomou & Jensen, 2017) allowed our

group and others to reveal the in situ structures of various bacterial

flagellar motors within intact cells at macromolecular (~4 nm) reso-

lution. These studies showed the diversity of flagellar motors in dif-

ferent species adapted to unique external environments (Chen et al,

2011; Zhao et al, 2014; Minamino & Imada, 2015; Terashima et al,

2017; Zhu et al, 2017; Kaplan et al, 2019). For instance, some

species elaborate their P- and L-rings with additional periplasmic

components, including the T-ring (MotX and MotY) and H-ring

(FlgO, FlgP, and FlgT) (Terashima et al, 2006, 2010; Beeby et al,

2016; Chaban et al, 2018).

The bacterial flagellum offers a prime example of the self-

assembly process of supramolecular complexes in the cell and is of

interest to disciplines ranging from evolutionary biology to

nanotechnology (Stock et al, 2012). Assembly requires major

investments of cell energy (McCarter, 2001; Macnab, 2003). A

recent study on the Salmonella motor found that only the filaments

that were broken mechanically were observed to regrow, but not

the filaments which were denatured using a laser pulse. This is

likely because the process of flagellar assembly is so energetically

demanding (Paradis et al, 2017). Our current understanding of

flagellar assembly comes from studies of two enteric species of

Gram-negative bacteria, E. coli and Salmonella, which suggest an

inside-to-outside sequential assembly process starting from the

export apparatus, MS-ring (FliF), followed by the C-ring proteins,

the rod, the P- and L-rings, the hook, and finally the filament (Jones

& Macnab, 1990; Kubori et al, 1992; Macnab, 2003; Li & Sourjik,

2011; Fabiani et al, 2017; Fukumura et al, 2017). The process is

thought to be a cooperative one, whereby the addition of each new

component stabilizes its antecedent (Li & Sourjik, 2011). The

proteins forming the rod, the hook, and the filament are secreted

through the T3SS export apparatus (Macnab, 2003). The P-, L-, T-,

and H-ring proteins, however, are secreted to the periplasm through

the conventional Sec pathway (Oliver, 1985; Homma et al, 1987;

Jones et al, 1990; Macnab, 2003). Interestingly, the P- and L-ring

proteins in S. typhimurium were found to exist in a stable state in

the periplasm in the absence of the inner membrane-associated

components (Jones et al, 1990). Despite the stability and indepen-

dent export of their components, evidence suggests that P- and L-

rings only assemble after the assembling rod extends through the

periplasm (Macnab, 2003; Cohen & Hughes, 2014). On the other

hand, despite decades of work on the flagellar motor, very little is

known about its disassembly. Biochemical studies on flagellar ejec-

tion in Caulobacter crescentus, which is a specific programmed

developmental process, showed that the disassembly process is

initiated by digestion of the C terminus of FliF, followed by ejection

of the rod, the hook, and the filament as a stable sub-complex

(Jenal & Shapiro, 1996; Aldridge & Jenal, 1999; Grunenfelder et al,

2004; Kanbe, 2005). In addition, the FliG and FliM components of

the C-ring (which is connected to the export apparatus) were also

shown to undergo proteolysis during the ejection process in C. cres-

centus (Jenal et al, 1994; Jenal & Shapiro, 1996), but the process

has not been structurally verified in vivo (by imaging), and how

disassembly occurs in other bacterial species also remains

unknown.

Results

We recently reported the structure of intact flagellar motors in three

non-enteric Gammaproteobacteria species, Legionella pneumophila,

Pseudomonas aeruginosa, and Shewanella oneidensis MR-1, grown

under different conditions (see Materials and Methods), by ECT

(Kaplan et al, 2019). L. pneumophila and P. aeruginosa are human

pathogens that cause serious pulmonary infections in which the

flagellum is a key virulence factor (Feldman et al, 1998; Appelt &

Heuner, 2017). S. oneidensis is a model system for studying extra-

cellular respiration and is known for its production of multiheme

cytochrome electron conduits and outer-membrane appendages

(Subramanian et al, 2018). All three species utilize a single, polar

flagellum. We found that the flagellar motors of all three species

contain elaborated P- and L-rings: L. pneumophila and P. aerugi-

nosa have an extra periplasmic ring surrounding the P-ring, and

S. oneidensis has both T- and H-rings surrounding its P- and L-rings,

respectively (Kaplan et al, 2019). Complementing ECT imaging with

bioinformatics analysis, we found a correlation between the pres-

ence of a MotY ring and the type of the stator system of the motor

(Kaplan et al, 2019).

Here, we report that in addition to fully assembled flagella, in

those same tomograms of all three species we observed isolated

outer-membrane complexes similar to the periplasmic P- and L-rings

and their associated elaborations (henceforth referred to as PL sub-

complexes) (Fig 1A–O). By performing sub-tomogram averaging of

these sub-complexes to enhance the signal-to-noise ratio, we con-

firmed that these were PL sub-complexes and that they lacked other

flagellar components (Fig 1C, D, H, I, M and N; compare to averages

of fully assembled motors in 1 E, J, and O). PL sub-complexes had

two noticeable features. First, they curved the outer membrane

inward into an inverted omega shape. The membrane appeared

continuous, however, and no pore was visible. Second, in L. pneu-

mophila and P. aeruginosa two protein densities were seen extend-

ing downwards from the center of the sub-complexes (Fig 1C, D, H

and I, purple densities). These densities were less clear in the case

of S. oneidensis (Fig 1M).

In many L. pneumophila cells, we also observed an inner-

membrane complex constituting the C- and MS-rings and the T3SS

export apparatus (referred to henceforth as the inner-membrane

(IM) sub-complex) in the vicinity of the PL sub-complexes (Fig 2A–

K and Movies EV1 and EV2). In these cases, the lateral distance (in

the direction of the plane parallel to the membranes) between the

PL sub-complex and the IM sub-complex ranged from 60 nm to

5 nm. In 11 L. pneumophila cells, we found fully assembled motors

lacking the hook and filament (Fig 2L–N), but no motors with only

the hook (and not the filament) were observed. In one tomogram of

a lysed L. pneumophila cell, we found an example of a flagellar sub-

complex missing the C-ring, MS-ring, and export apparatus (Fig 2O–

Q). Since secretion of the rod, hook, and filament proteins into the

periplasm requires the T3SS export apparatus, this must represent a

disassembly product which is in agreement with what was previ-

ously described for C. crescentus (Jenal et al, 1994; Jenal & Shapiro,

1996; Aldridge & Jenal, 1999; Grunenfelder et al, 2004; Kanbe,

2005).

In tomograms of P. aeruginosa cells, we found (next to fully

assembled flagella and PL sub-complexes) examples of fully assem-

bled motors both without (five cases) and with (three cases) the
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hook (Fig 3A–H). The low number of particles in this state suggests

a fast transition from the fully assembled motor to the fully assem-

bled flagellum. Interestingly, the upper end of the hook in two cases

was not flat (Fig 3E and F) which could be either due to a breakage

event or that the addition of the hook protein (FlgE) might not

always proceed in a symmetrical pattern during the assembly

process. To further investigate the PL sub-complexes in P. aerugi-

nosa and their relation to the fully assembled motor, we imaged dif-

ferent mutant strains of P. aeruginosa, these being: a strain lacking

the P-ring protein (FlgI, referred to henceforth as DflgI), a strain

lacking the T3SS export apparatus protein FlhA (referred to hence-

forth as DflhA), and a strain lacking the rod protein FlgG (referred

to henceforth as DflgG). In DflgI cells, no flagella or PL sub-

complexes could be detected; nevertheless, a structure comprising

the inner-membrane sub-complex and the rod was observed (three

cases) (Fig 3I–L). Interestingly, in one example this complex was

pushing the outer membrane outward (Fig 3I). In a few cases of

lysed DflgI cells, a complex consisting only of the MS-ring and the

rod was seen (three examples) (Fig 3M–P). As the export of the rod

proteins to the periplasm requires the T3SS export apparatus, this

complex ought to be a disassembly product. In the DflgG strain, the

inner-membrane sub-complex was observed in two examples

(Fig 3Q and R) and no (sub-)complexes related to the flagellar

motor could be detected in cells lacking FlhA which is believed to

be one of the first proteins to be assembled (Li & Sourjik, 2011; Fabi-

ani et al, 2017; Fukumura et al, 2017).

In S. oneidensis cells, we saw (four cases) fully assembled

motors lacking the hook, and PL sub-complexes which were in

some cases present next to a fully assembled flagellum (Figs 4A–E

and Appendix Fig S2). Additionally, we generated and imaged a

S. oneidensis strain lacking the L-ring protein FlgH. As expected, no

flagella or PL sub-complexes were seen in tomograms of DflgH cells.

In a few cases, however, we did observe IM sub-complexes (three

examples) or the IM sub-complex with a rod and P-ring (five exam-

ples) (Fig 4F–J). This indicates that the non-elaborated P-ring can

form in the absence of the L-ring, but that FlgH is required for the

full PL sub-complex to form, the outer membrane to be reshaped,

and the flagellum to proceed outside the cell. These results are

consistent with studies in E. coli showing P-ring assembly in the

absence of the L-ring (Jones et al, 1987; Ohnishi et al, 1987).

However, we noticed that in the absence of FlgH the P-ring is

located much higher in the periplasm (~30 nm from the inner

membrane) compared to the wild-type motor where the P-ring is

only ~18 nm from the inner membrane. Intriguingly, the inner-

membrane sub-complex with a rod and P-ring appeared to push the

outer membrane outward (Fig 4H and I) in a pattern reminiscent to

what was seen in P. aeruginosa DflgI (Fig 3I). Next, we investigated

a strain lacking the flagellar filament. Previous studies showed that

S. oneidensis cells lacking the flagellin proteins, FlaA and FlaB, are

completely non-motile (Wu et al, 2011). In a DflaA DflaB strain, no

flagellar filaments were seen, as expected. In a few cells, we

observed fully assembled motors with a hook (Fig 4K–O). We also

A B C D E

F G H I J

K L M N O

Figure 1. Stable PL sub-complexes in three bacterial species imaged by ECT.

A–O (A, F, K) slices through electron cryo-tomograms of L. pneumophila, P. aeruginosa, and S. oneidensis cells, respectively, highlighting a PL sub-complex in the outer
membrane (dashed yellow circle). (B, G, L) Enlarged views of the sub-complexes. (C, H, M) Sub-tomogram averages of PL sub-complexes from each species. (D, I, N)
Schematic representations of the sub-tomogram averages with different rings colored and labeled. (E, J, O) Sub-tomogram averages of fully assembled flagella from
each species for comparison. Scale bars: (black) 50 nm, (orange) 25 nm, and (red) 20 nm.
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frequently observed a complex comprising the PL sub-complex

together with the rod (and possibly part of the MS-ring) and the

hook, but no IM sub-complex or export apparatus (examples in

Fig 4P–T). Again, we reasoned that this must be a disassembly

intermediate, as the hook and rod proteins are secreted to the peri-

plasm by the T3SS export apparatus. In many cases, multiple

copies of this disassembly product were present at the cell pole

(Fig 4R and Movie EV3), suggesting a repetitive process of

attempted flagellar assembly and disassembly. Furthermore, PL

sub-complexes akin to those seen in wild-type cells were present

(Fig 4U–Y).

To confirm whether the observed PL sub-complexes are assem-

bly or disassembly products, we imaged a Pseudomonas aerugi-

nosa strain lacking the MS protein FliF and generated and imaged

the same mutant in S. oneidensis (referred to henceforth as DfliF).
In the classical assembly pathway, FliF is one of the first proteins

that is required to assemble and recruit other flagellar proteins

during the process. If the PL sub-complexes are assembled

independently of other flagellar proteins, they should still be

present in this mutant strain. In 150 tomograms of the P. aerugi-

nosa DfliF strain, no flagella or outer-membrane sub-complexes

were observed, indicating that PL sub-complexes do not assemble

in the absence of the motor and we therefore conclude they are

disassembly products. Corroborating this notion is the absence of

PL sub-complexes in 45 tomograms of S. oneidensis DfliF cells.

Interestingly, we observed the presence of chemoreceptor arrays

in the S. oneidensis DfliF strain (Appendix Fig S3). It is known

that the flagellar motor and chemotaxis genes are clustered into

three different groups that are expressed in a hierarchical manner

(see Chilcott and Hughes (2000) for a discussion about E. coli

and Salmonella systems and Wu et al (2011) for a discussion

about the S. oneidensis system); therefore, the presence of

chemoreceptor arrays indicates that (at least some of the) flagel-

lar/chemotaxis genes are being expressed in this mutant.

As many of our tomograms were from cells grown in over-

night cultures to high OD600, we set out to explore the relation-

ship between the flagellar disassembly process and the cell

density (OD600). To this end, we prepared two S. oneidensis

samples with different OD600 (one grown overnight to high OD600

and the other grown for a few hours to low OD600, see Materials

and Methods). We visualized them by negative-stain electron

microscopy and counted the number of unambiguously cell-

attached flagella in 100 randomly selected cells in each sample.

We found 20 cell-attached flagella in the high OD600 sample and

48 in the sample with low OD600. Moreover, we repeated the

same experiment for S. oneidensis cells grown either in fresh LB

medium, LB medium of an overnight culture (spent LB medium),

minimal medium, or minimal medium supplemented with fresh

LB for 3 h (see Materials and Methods). While 44 cell-attached

flagella were counted in 60 randomly selected cells from the

sample grown in fresh LB medium, only 9 were found in the

cells grown in the spent LB medium. In accordance, 8 cell-

A B C

D E F

G H

J K

I

L M N

O P Q

Figure 2. Flagellar sub-complexes in L. pneumophila.

A Sub-tomogram average of the IM sub-complex constituting the C- ring,
MS-ring, and export apparatus.

B Schematic representation of the sub-tomogram average shown in (A)
highlighting the different parts of the complex.

C Sub-tomogram average of the motors of fully assembled flagella.
D–J Slices through electron cryo-tomograms showing neighboring PL and IM

sub-complexes. Dashed yellow circles highlight the IM sub-complex,
while dashed blue arrows highlight the PL sub-complex. Dashed red
lines mark the border between two images used to make a composite
image when the PL and IM sub-complexes were found at different levels
in the tomogram.

K Schematic representation of an IM sub-complex in the vicinity of a PL
sub-complex.

L, M Slices through electron cryo-tomograms of L. pneumophila highlighting
the presence of a fully assembled basal body lacking the hook and the
filament.

N Schematic representation of the basal bodies in (L and M).
O Central slice through an electron cryo-tomogram of a lysed cell. The

dashed yellow circle highlights the flagellar motor.
P Enlarged view of the same slice shown in (O). The absence of the C-ring

and the export apparatus is highlighted by the dashed orange arrow.
Q Schematic representation of the complex found in (P).

Data information: Scale bars: (A, C) 20 nm, (D-J, L, M, and P) 25 nm, and (O)
100 nm.
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attached flagella were observed in 60 cells grown in minimal

medium compared to 19 from the cells grown in minimal

medium supplemented with LB. These results, together with the

fact that we observed the PL sub-complexes in tomograms of

cells grown to high OD600, indicate that the cells disassemble

their flagella when they enter the stationary phase at high OD600

with decreased level of nutrients in the medium; therefore, we

believe that this process is of a different nature than the

programmed flagellar ejection process that happens during the

lifecycle of C. crescentus.

As mentioned earlier, while flagellar disassembly leaves stable

PL sub-complexes in the outer membrane, the membrane remains

sealed with no apparent hole. This membrane-sealing process might

be due to a conformational change that happens in the PL sub-

complex upon flagellar disassembly, or might involve a novel

protein(s). To investigate possible novel candidates involved in this

process (other than the PL sub-complex proteins), we looked at

protein fold-changes in isolated membrane fractions from S. onei-

densis grown to high OD600 (~5, referred to henceforth as HOD) and

low OD600 (~0.6, referred to henceforth as LOD) using mass spec-

trometry (raw MS data have been deposited in the PRIDE archive,

see Materials and Methods). While flagellar proteins associated

with the inner-membrane sub-complex (like FliF and FliG) did not

show a marked fold-change between the two samples

(Appendix Table S1), proteins of the T- and H-rings (MotX, MotY,

FlgP, FlgO, and FlgT, which are part of the PL sub-complex) had a

fold-change of 2-3 (HOD/LOD, see Appendix Table S2). This fold-

change reflects the fact that more PL sub-complexes are present at

higher OD600 which is in agreement with the difference in the

number of unambiguously cell-attached flagella between the two

samples as observed by negative-stain EM. Moreover, the fact that

FliF and FliG do not show a fold-change at different OD600 values is

in accordance with ECT data where more PL sub-complexes were

seen compared to inner-membrane sub-complexes in the three

imaged species, implying that the IM sub-complex is less stable than

the OM-associated one. Based on these observations, we looked for

candidate proteins(s) that might be involved in sealing the

membrane: (i) We reasoned that this protein(s) has to be periplas-

mic; therefore, we made a list of all proteins with a signal peptide in

S. oneidensis (520 proteins, see Dataset EV1). (ii) As PL sub-

complexes were observed in all three species investigated here, we

expected the protein(s) involved in the membrane-sealing process

also to have homologues in all three species (50 proteins, see

Dataset EV2). (iii) As the T- and H-rings proteins showed a fold-

change (HOD/LOD) between 1.6 and 2.8, we searched for proteins

in the second list (Dataset EV2) with a similar fold-change between

1 and 10 (11 proteins, see Dataset EV3). It will be interesting in

future work to see whether any of these 11 candidates is involved in

the outer membrane-sealing mechanism.

A B C D

E F G H

I J K L

M N O
P

Q R

Figure 3. Flagellar sub-complexes in P. aeruginosa.

A–C Slices through electron cryo-tomograms showing fully assembled
motors without the hook and filament. The dashed yellow circles
indicate the IM sub-complex.

D Schematic representation of the P. aeruginosa motors lacking the hook
and filament shown in (A–C).

E–G Slices through electron cryo-tomograms showing fully assembled
motors with the hook and lacking the filament.

H Schematic representation of the motors with the hook shown in (E–G).
I–K Slices through electron cryo-tomograms of intact P. aeruginosa DflgI

cells showing the presence of the inner-membrane sub-complex with
the rod.

L Schematic representation of the inner-membrane sub-complex with the
rod shown in (I-K).

M–O Slices through electron cryo-tomograms of lysed P. aeruginosa DflgI cells
showing the presence of the sub-complex constituting the MS-ring and
the rod.

P Schematic representation of the sub-complex described in (M–O).
Q A slice through an electron cryo-tomogram of a P. aeruginosa DflgG cell

highlighting the presence of the inner-membrane sub-complex.
R Schematic representation of the inner-membrane sub-complex shown

in (Q).

Data information: All scale bars 25 nm.
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A B C D E

F G H I J

K L M N O

P Q R S T

U V W X Y

Figure 4. Flagellar sub-complexes in S. oneidensis wild-type and mutant cells.

A–C Slices through electron cryo-tomograms of wild-type cells showing fully assembled motors without the hook and filament.
D Schematic representation of the motors lacking the hook and filament shown in (A–C).
E Sub-tomogram average of the motors of fully assembled flagella.
F Slice through an electron cryo-tomogram of a DflgH cell showing an IM sub-complex, indicated by the dashed yellow circle.
G Schematic representation of the IM sub-complex shown in (F).
H, I Slices through electron cryo-tomograms of DflgH cells showing the IM sub-complex with the rod and the P-ring, indicated by the dashed yellow circles.
J Schematic representation of the structures shown in (H and I).
K–M Slices through electron cryo-tomograms of DflaA/B cells highlighting the flagellar motor and the hook (without the filament).
N Sub-tomogram average of the flagellar motor and the hook structure found in DflaA/B cells.
O Schematic representation of the sub-tomogram average shown in (N).
P–R Slices through electron cryo-tomograms of DflaA/B cells illustrating a disassembly product constituting the PL sub-complex, the rod, and the hook.
S Sub-tomogram average of the disassembly complex shown in (P–R). The dashed orange arrow indicates the absence of the IM sub-complex in this structure.
T Schematic representation of the disassembly product shown in (P–S).
U–W Slices through electron cryo-tomograms of DflaA/B cells highlighting PL sub-complexes (dashed yellow circles).
X Sub-tomogram average of the PL sub-complexes in DflaA/B cells.
Y Schematic representation of the sub-tomogram average shown in (X).

Data information: Scale bars: (red) 25 nm, (orange and white) 20 nm.
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Discussion

Despite being one of the most studied nanomachines, the process of

flagellar motor assembly has previously only been imaged directly

in situ in the periplasmic flagellum of the spirochete Borrelia

burgdorferi (Zhao et al, 2013). In this work, we used ECT to visual-

ize flagellar motor assembly and disassembly in situ in three

additional species. Our observations from L. pneumophila, P. aerug-

inosa, and S. oneidensis are summarized in Fig 5 (see also

Appendix Fig S4 for the color code). Specifically, we found that in

all three species the embellished P- and L-rings formed an indepen-

dent stable disassembly complex embedded in the outer membrane.

These sub-complexes bent the outer membrane but there was no

apparent central pore, which raises the question of how the outer-

membrane hole necessary for flagellum assembly is sealed after the

flagellum disassembles. It also remains unclear whether the two

densities at the base of these complexes are present in the full motor

or are specific to the isolated PL sub-complexes, for instance

because they are part of the membrane resealing mechanism. The

fact that these PL sub-complexes remain stable in the outer

membrane may be either because they have a specific function or

because they are difficult to degrade [for example, because prote-

olytic degradation might be less active or more difficult to regulate

in the periplasm compared to the cytoplasm (Talmadge & Gilbert,

1982)]. Whether PL sub-complexes persist after flagellar motor

disassembly in other species remains unknown. Previous ECT stud-

ies of the flagellar motor in other species may not have observed PL

sub-complexes because they lack the ornamentation of the T- and/

or H-rings, or because they do not reshape the outer membrane

significantly, which enhances visibility.

A

B

C

Figure 5. Summary of observations in the three bacterial species investigated in this study.

A–C Schematic representations of the various assembly and disassembly sub-complexes observed in this study in L. pneumophila, P. aeruginosa, and S. oneidensis
(wild-type and mutant strains), respectively. The blue shaded area in (A) represents an intact IM sub-complex in the vicinity of a PL sub-complex. Note that the
boundaries between the different parts in these schematics are tentative.

ª 2019 The Authors The EMBO Journal 38: e100957 | 2019 7 of 12

Mohammed Kaplan et al The EMBO Journal

 14602075, 2019, 14, D
ow

nloaded from
 https://w

w
w

.em
bopress.org/doi/10.15252/em

bj.2018100957 by C
alifornia Inst of T

echnology, W
iley O

nline L
ibrary on [21/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



In addition to the PL sub-complex in the outer membrane, in

L. pneumophila, a DflgH mutant of S. oneidensis and a DflgG
mutant of P. aeruginosa, we found an independent IM sub-complex

(C- and MS-rings with the export apparatus) embedded in the inner

membrane. The fact that these IM sub-complexes have an intact

MS-ring (Fig 2A and B) strongly suggests that they are products of

an assembly process, since the disassembly process begins with the

digestion of the MS protein FliF (Jenal et al, 1994; Jenal & Shapiro,

1996; Aldridge & Jenal, 1999; Grunenfelder et al, 2004; Kanbe,

2005). This is also corroborated by our findings of disassembly

products in L. pneumophila, S. oneidensis DflaA DflaB, and

P. aeruginosa DflgI that lacked intact IM sub-complexes. The disas-

sembly intermediate in P. aeruginosa DflgI is reminiscent of the

structure (extended rivet) described in reference (Kubori et al,

1992) for the same mutant in Salmonella. However, in L. pneu-

mophila, these IM sub-complexes (with intact MS-ring; Fig 2A) were

found in the vicinity of the PL sub-complexes. In some cases (for

example, Fig 2D, F, and J), IM sub-complexes were close enough to

the PL sub-complexes that assembling new embellished PL rings

would result in steric clashes with the already existing PL sub-

complexes. One plausible explanation for this observation could be

due to a breakage event in which the cell membranes are pulled

apart. In addition to PL sub-complexes, we detected other flagellar

disassembly products in different flagellar mutants in the three

species. These disassembly products suggest that the disassembly

process also starts at the inner-membrane sub-complex in a pattern

reminiscent of what has previously been reported for C. crescentus

which starts by digesting the MS-ring protein, FliF (Jenal & Shapiro,

1996; Aldridge & Jenal, 1999; Grunenfelder et al, 2004; Kanbe,

2005).

Moreover, we explored the physiological context of the flagellar

disassembly process reported here. Unlike the programmed flagellar

ejection process described previously in C. crescentus, our results

indicate that the process in the three species scrutinized here is

related to the cell density and growth phase (OD600). Our experi-

ments (mass spectrometry of isolated membrane fractions and

negative-stain electron microscopy) revealed that the flagellar disas-

sembly process happens more frequently at high OD600 values

where the cells enter the stationary phase due to low nutrient levels

in the environment. While this manuscript was under review, an

independent study appeared describing a similar observation in

other Gammaproteobacteria species (Ferreira et al, 2019), suggest-

ing that this phenomenon is ubiquitous in this class of bacteria and

raising the question whether a similar behavior is present in other

bacterial classes. We also explored the process by which the outer

membrane becomes sealed after flagellar disassembly and provided

a list of a handful of candidate proteins that might be involved in

this process. However, we cannot exclude that proteins already

present in the motor before its disassembly (like PL sub-complex

proteins) are responsible for membrane sealing. Further work has to

be conducted in the future to decipher this important process at the

molecular level.

Regarding the motor’s assembly process, the various intermediate

states of flagellar assembly we imaged are consistent with the classical

model described for Salmonella and E. coli (Jones & Macnab, 1990;

Kubori et al, 1992; Macnab, 2003; Li & Sourjik, 2011). However, the

intermediates described in reference (Kubori et al, 1992) lacked the

switch complex which is present in our in situ imaged intermediates.

This can be explained by the fact that early flagellar motor isolation

protocols did not retain the switch complex (Francis et al, 1994).

Moreover, our results reveal the important role that the L-ring plays in

the assembly process. In the absence of the L-ring, we did not observe

the reshaping of the outer membrane that is necessary for the assem-

bly of the flagellum. Furthermore, in the absence of the L-ring, the P-

ring appeared much higher in the periplasm, suggesting that the

reshaping of the outer membrane by the L-ring might be responsible

for correctly locating the P-ring in the motor.

Materials and Methods

Strains and growth conditions

Shewanella oneidensis DflaA DflaB cells were grown using the batch

culture method, and S. oneidensis MR-1 wild-type cells were grown

using either the chemostat or the batch culture method. Detailed

description of both methods can be found in Subramanian et al

(2018). Briefly, in the chemostat method, 5 ml of a stationary-phase

overnight LB culture was injected into a continuous-flow bioreactor

containing an operating liquid volume of 1 l of a defined medium

(Pirbadian et al, 2014), while dissolved oxygen tension (DOT) was

maintained at 20%. After 20 h, and as the culture reached station-

ary phase, continuous-flow of the defined medium (Pirbadian et al,

2014) was started with a dilution rate of 0.05/h while DOT was still

maintained at 20%. After 48 h of aerobic growth under continuous

flow conditions, the DOT was manually reduced to 0%. O2 served

as the sole terminal electron acceptor throughout the experiment.

pH was maintained at 7.0, temperature at 30°C, and agitation at

200 rpm. Either 24 or 40 h after DOT reached 0%, samples were

taken from the chemostat for ECT imaging.

In the batch culture method, 200 ll of an overnight LB culture of

S. oneidensis cells was added to each of two sealed and autoclaved

serum bottles containing 60 ml of a defined medium (Pirbadian

et al, 2014). One of the two bottles acted as a control and was not

used for imaging. To this control bottle, 5 lM resazurin was added

to indicate the O2 levels in the medium. The bottles were then

placed in an incubator at 30°C, with shaking at 150 rpm until the

color due to resazurin in the control bottle completely faded, indi-

cating anaerobic conditions. At this point, samples were taken for

ECT imaging from the bottle that did not contain resazurin.

The DflgH mutant was constructed by a markerless in-frame

deletion in the S. oneidensis MR-1 background made by homolo-

gous recombination using the pSMV3 suicide vector (Saltikov &

Newman, 2003) containing up- and downstream regions cloned

using BamHI and SacI. The deletion was confirmed by PCR and

swim-plate assay (lack of swimming on 0.3% LB agar, and comple-

mentation by plasmid-expressed FlgH) and verified by Sanger

sequencing with flanking primers. Primers for the deletion construct

and flanking region are as follows:

HdelUpF, ACGGGATCCCGGCAACGCACAAATGATGCG;

HdelUpR, CCAGTCGCTCATAAAGAACTGGCTGAGCGCAGCGGCC

AATAGTAA;

HdelDnF, TTACTATTGGCCGCTGCGCTCAGCCAGTTCTTTATGAGC

GACTGG;

HdelDnR, ACGGAGCTCGGCGCTGCACCCACTAAGTTT;
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HdelFlankF, GGAAGTCGTCGAAGAGGTTGGAC; and

HdelFlankR, CCATGCAAAGCTCCTGCCACTT.

The DfliF mutant was constructed by markerless in-frame dele-

tion in the wild-type S. oneidensis MR-1 background. Briefly, 1.5 kb

homology arms were amplified and joined by overlap PCR, then

digested with SacI and SpeI, and inserted into the suicide vector

pSMV3 (Saltikov & Newman, 2003). WT MR-1 cells were trans-

formed by electroporation (Corts et al, 2019), and mutants were

obtained by homologous recombination with counterselection on

sucrose. fliF deletion was confirmed by PCR and swim-plate assay

(lack of swimming on 0.3% LB agar), and the flanking sequence

was verified by Sanger sequencing. Primers for the deletion con-

struct and outside flanking region are as follows:

fliF_upF ACGACTAGTGAGCCTCTCGTTATTGTCCTTGGC

fliF_upR CTCAGCCATTGTCTTGTAACCAGTTCGATCCGACAATCATTTCTGTG
CTCAC

fliF_dnF GTGAGCACAGAAATGATTGTCGGATCGAACTGGTTACAAGACAATGG
CTGAG

fliF_dnR ACGGAGCTCAAGGTATGCTCAATATCGCCATCAAG

fliF_flankF CCCTGAGGTGTTATTAAACCAAGTATCC

fliF_flankR GATTGACAGTTTGTTCCTTAATCGGGAGAG

Shewanella oneidensis DflgH and DfliF cells were grown aerobi-

cally in LB culture at 30°C with shaking at 175 rpm to an OD600 of

2.4–2.8.

Legionella pneumophila Lp02 strain (thyA hsdR rpsL) is a deriva-

tive of the clinical isolate L. pneumophila Philadelphia-1. Legionella

pneumophila cells were grown on ACES [N-(2-acetamido)-2-

aminoethanesulfonic acid]-buffered charcoal yeast extract agar (CYE)

or in ACES-buffered yeast extract broth (AYE). The culture media

(CYE and AYE) were supplemented with ferric nitrate and cysteine

hydrochloride. Legionella pneumophila Lp02 strain is a thymidine

auxotroph, so cells were grown in the presence of thymidine (100 lg/
ml). Cells were grown to early stationary phase (OD600 ~ 2.5) and

subsequently harvested for ECT sample preparation.

Pseudomonas aeruginosa PAO1 cells were grown on LB plates

overnight at 37°C. After that, cells were inoculated into 5 ml MOPS

[(3-(N-morpholino)propanesulfonic acid)] Minimal Media Limited

Nitrogen and grown for ~ 24 h at 30°C. Pseudomonas aeruginosa

PA14 DfliF, DflgI, DflgG, and DflhA cells were first grown on agar

plates at 37°C overnight from a �80°C stock with 100 lg/ml gen-

tamycin. Subsequently, one colony was inoculated into 2 ml of LB

with 100 lg/ml gentamycin and grown at 37°C with shaking over-

night. All P. aeruginosa mutants were kindly supplied by Dianne

Newman’s laboratory at Caltech from PA14 Transposon Insertion

Mutant Library.

Many of the tomograms analyzed here were recorded for more

than one purpose. The S. oneidensis MR-1, for instance, were grown

under different growth conditions for the purpose of studying the

nanowires formed by these cells (Subramanian et al, 2018). Legio-

nella pneumophila tomograms were also used to study the bacterial

type IV secretion system (Ghosal et al, 2017, 2019a) and the bacte-

rial type II secretion system (preprint: Ghosal et al, 2019b). For fur-

ther details, please see the Materials and Methods section of

reference (Kaplan et al, 2019).

Preparing Shewanella oneidensis cells for
negative-staining experiments

Shewanella oneidensis MR-1 cells were grown in 2 ml of LB at 30°C

(shaking 175 rpm) overnight. Next day, 2 ll of this overnight cul-

ture was inoculated in 2 ml of fresh LB medium and both samples

were further incubated at 30°C (shaking 175 rpm) for 6 more hours.

After that, 2 ll of each sample was added to a glow-discharged For-

mvar grid and negatively stained using 2% uranyl acetate. Subse-

quently, the number of unambiguously cell-attached flagella was

counted in 100 randomly selected cells in each sample using a FEI

T12 TEM equipped with LaB6 electron source.

For the second negative-staining experiment, S. oneidensis cells

were grown in fresh LB medium for 6 h at 30°C (shaking 175 rpm).

Thereafter, the cells were spun down at 3,000 g for 10 min at room

temperature. Subsequently, the pellet was resuspended in 100 ll of
the supernatant and 25 ll was added to 1 ml of each of the

following:

1. Minimal medium.

2. A medium consisting of half ml of minimal medium and half

ml of fresh LB.

3. Fresh LB.

4. Spent LB medium obtained from an overnight culture of

S. oneidensis (grown at 30°C with shaking at 175 rpm). The

overnight culture was spun down, and 1 ml of the supernatant

was used as the spent LB medium.

After that, the four cultures were incubated at 30°C with shaking

at 175 rpm for another 3 h. Sample preparation for negative-

staining experiments was done as described above in this section

for the first experiment.

Sample preparation for mass spectrometry

Shewanella oneidensis MR-1 cells were grown in 250 ml of LB

medium overnight at 30°C with shaking (175 rpm). This is the sam-

ple referred to as high OD600 (HOD). The next morning, 50 ll of the
overnight culture was inoculated in a fresh 250 ml of LB [this sample

is referred to as low OD600 (LOD)] and both samples were incubated

under the above-mentioned growth conditions for 5 more hours.

Both samples were spun at 3,000 × g for 20 min, and pelleted cells

were washed once with ice-cold PBS. The cells were spun down

again and resuspended in lysis buffer (50 mM Tri–HCl and 200 mM

NaCl pH 8). Subsequently, the cells were lysed using a microfluidizer

in the presence of protease inhibitors and DNase. Thereafter, both

samples were spun down at low speed (3,000 × g for 15 min at 4°C)

to remove cell debris. To isolate membrane fractions, samples were

spun down at 150,000 × g for 11 min at 4°C. The pellets were resus-

pended in 10 mM HEPES pH 7 buffer and used for mass spectrome-

try experiments. This protocol is adapted from references (Kaplan

et al, 2015; Baker et al, 2015).

Mass spectrometry

Isolated membrane fractions were prepared for mass spectrometry

as described in reference (Kaplan et al, 2016). Then, digested sam-

ples were subjected to LC-MS/MS analysis on a nanoflow LC
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system, EASY-nLC 1000 (Thermo Fisher Scientific, Bremen, Ger-

many) coupled to a LTQ Orbitrap Elite mass spectrometer (Thermo

Fisher Scientific).

For the EASY-nLC 1000 system, solvent A consisted of 97.8%

H2O, 2% ACN, and 0.2% formic acid and solvent B consisted of

19.8% H2O, 80% ACN, and 0.2% formic acid. Samples were directly

loaded onto a 25-cm analytical HPLC column (50 lm ID) packed in-

house with ReproSil-Pur C18AQ 3 lm resin (120A° pore size; Dr.

Maisch, Ammerbuch, Germany). The column was heated to 55°C.

The peptides were separated with a 96-min gradient at a flow rate of

220 nl/min. The gradient was as follows: 2–30% solvent B

(85 min), 30–100% B (1 min), and 100% B (9 min). Eluted peptides

were then ionized using a Nanospray Flex ion source (Thermo

Fisher Scientific) and introduced into the mass spectrometer. The

LTQ Orbitrap Elite was operated in a data-dependent mode, auto-

matically alternating between a full scan (m/z 400–1,600, 120K res-

olution) in the Orbitrap and subsequent MS/MS scans of the 20

most abundant peaks in the linear ion trap (Top20 method). Data

acquisition was controlled by Xcalibur 2.2 and LTQ Tune Plus 2.7

software (Thermo Fisher Scientific).

Analysis of MS data and bioinformatics

Raw files were processed using MaxQuant (v. 1.6.3.3; Cox et al,

2011; Cox & Mann, 2008). Mass spectra were searched against the

UniProt S. oneidensis (strain MR-1) database (4,068 sequences) as

well as a common protein contaminant database (246 sequences).

Trypsin was specified as the digestion enzyme with up to two

missed cleavages allowed. Precursor mass tolerance was 4.5 ppm

after mass recalibration, and fragment ion tolerance was 0.5 Da.

Carbamidomethylation of cysteine was specified as a fixed modifica-

tion, and oxidation of methionine and protein N-terminal acetyla-

tion were specified as variable modifications. “Match between runs”

was enabled as well as “Label-free quantitation” (Cox et al, 2014).

Protein and peptide score thresholds were determined so as to

achieve a 1% protein and peptide false discovery rate as estimated

by a target-decoy approach. Raw data and search results have been

deposited in the PRIDE archive with accession PXD012554.

Protein fold-changes between HOD and LOD samples were calcu-

lated by dividing the HOD LFQ intensity by the LOD LFQ intensity.

All protein sequences were obtained from the MiST3 database

(Ulrich & Zhulin, 2010). Information about signal peptide prediction

in S. oneidensis was obtained from UniProt (Apweiler, 2004). Simi-

larity searches were performed using NCBI’s Protein-Protein BLAST

2.8.1+ (Camacho et al, 2009). We downloaded the genomes

of P. aeruginosa (GCF_000006765.1), L. pneumophila (GCF_

000008485.1), and S. oneidensis (GCF_000146165.2) to build a

BLAST database. We selected S. oneidensis genes with predicted sig-

nal peptide and perform a similarity search against the custom data-

base. Because we wanted proteins with homologues in all three

species, proteins with the lowest negative log10 of the E-value of the

best BLAST hit in each genome above 30 were reported.

ECT sample preparation and imaging

BSA-treated 10-nm colloidal gold solution was mixed with cells from

the three species, and 4 ll of this mixture was applied to a glow-

discharged, carbon-coated, R2/2, 200 mesh copper Quantifoil grid

(Quantifoil Micro Tools) in a Vitrobot chamber (FEI). Excess liquid

was blotted off, and the grid was plunge-frozen for ECT imaging.

Imaging of all ECT samples was performed on either an FEI Polara

300-keV field emission gun electron microscope (FEI company,

Hillsboro, OR, USA) equipped with a Gatan imaging filter and K2

Summit direct electron detector in counting mode (Gatan, Pleasan-

ton, CA, USA), or an FEI Titan Krios 300-kV field emission gun

transmission electron microscope equipped with a Gatan imaging

filter and a K2 Summit direct detector in counting mode (Gatan).

Data were collected using the UCSF Tomography software (Zheng

et al, 2007) or SerialEM, with each tilt series ranging from �60° to

60° in 1° increments and an underfocus of ~ 5–10 lm. A cumulative

electron dose of ~ 130–160 e�/A2 for each individual tilt series was

used for S. oneidensis and P. aeruginosa, while a cumulative dose

of ~ 100 e�/A2 was used for L. pneumophila.

Image processing and sub-tomogram averaging

The IMOD software package was used to calculate three-dimen-

sional reconstructions of tilt series (Kremer et al, 1996). Alterna-

tively, the images were aligned and contrast transfer function

corrected (for L. pneumophila data) using the IMOD software

package before producing SIRT reconstructions using the

TOMO3D program (Agulleiro & Fernandez, 2011). Sub-tomogram

averages with twofold symmetrization along the particle y-axis

were produced using the PEET program (Nicastro, 2006). Ten PL

sub-complexes were averaged for L. pneumophila, 20 PL sub-

complexes for P. aeruginosa, and 18 PL sub-complexes for S. onei-

densis. Twofold symmetrization along the y-axis was performed

for the S. oneidensis average only. Ten IM sub-complexes were

averaged for L. pneumophila.

Expanded View for this article is available online.
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