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Assembly Order of Flagellar Rod Subunits in Bacillus subtilis
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ABSTRACT Bacterial flagella contain an axle-like rod that transits the cell envelope
and connects the transmembrane basal body to the extracellular hook and filament.
Although the rod is a crucial component of the flagellum, its structure and assembly
are poorly understood. Previous reports defining the order of rod assembly in Gram-
negative bacteria suggest that the rod requires five proteins to successfully assem-
ble, but assembly intermediates have not been well characterized due to metastabil-
ity and periplasmic proteolysis. Bacillus subtilis is a Gram-positive, genetically
tractable model bacterium that synthesizes flagella and lacks a true periplasm. Here,
we genetically, biochemically, and cytologically determine the assembly order of the
flagellar rod proteins from cell proximal to distal as FIiE, FIgB, FIgC, FIhO, and FIhP.
We further show that, under conditions in which rod structure cannot be completed,
assembly intermediates are both metastable and subject to proteolysis. Finally, we
support previous results that FIiE serves as both a structural assembly platform for
the rod and as an enhancer of flagellar type Il secretion.

IMPORTANCE Bacteria rotate propeller-like flagella to find and colonize environmen-
tal niches. The flagellum is a complex machine, and the understanding of its struc-
ture is still incomplete. Here, we characterize and biochemically define the assembly
order of the subunits that make up the axle-like rod. The rod is a critical structure
for the assembly of subsequent components and is central to our understanding of
how the flagellum is anchored but still free spinning within the context of the cell
envelope.
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acterial motility is an important mechanism for nutrient acquisition and niche

establishment in the environment. Various bacteria utilize different means of
motility, including the assembly of helical flagella to swim through a liquid or swarm on
a semisolid surface (1). Flagella are comprised of more than 20 distinct proteins that are
assembled with precise stoichiometry and in a fixed order (2). Flagella are organized
into three structural domains (Fig. 1A), as follows: (i) a basal body containing the type
Il secretion machinery and rotational apparatus and (ii) an extracellular hook that acts
as a universal joint to transmit rotational energy to (iii) the helical filament that provides
propulsion (3-5). The basal body is connected to the hook via an axle-like rod that
transits the peptidoglycan and outer membrane (6-9). Whereas the flagellar hook and
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FIG 1 Diagrams of B. subtilis flagellar structure and genetic architecture. (A) Cartoon model of the
Gram-negative and Gram-positive flagellar architectures. To the right of each flagellum is a closeup
depiction of the assembly order of the rod components (14). The position of FIgC in the Gram-negative
rod has traditionally been considered cell proximal to FIgF, but a recent publication suggests that the
orders may be reversed (25). The order of the rod components in B. subtilis is indicated based on the
information in the present manuscript. The membrane is colored dark gray. Peptidoglycans are colored
light gray. The flagellar basal body is colored purple, the flagellar type Ill secretion system (fT3SS) is
colored orange, the rod-hook structure is colored blue, and the filament is colored green. (B) B. subtilis
fla/che operon structure and flagellar genetic hierarchy. Genes mentioned in the manuscript are
indicated in italics. Bent arrows indicate promoters, and open arrows indicate genes. Genes are color
coded to match the relative locations of their gene products in panel A.

of the envelope (18-20). The assembly order of the Salmonella rod has been provi-
sionally deduced. FIgB is thought to be the first rod protein polymerized, as it was
found to interact with FliE, a protein shown to be in close association with the plasma
membrane-bound basal body protein FliF (21-23). FIgG is thought to be the last rod
protein polymerized, as particular mutants of FliF cause the rod to shear such that FIgG
is released with the flagellar hook (10, 11, 24). Thus, the inferred rod order from cell
proximal to cell distal is FIgB, FIgC/FIgF, and FIgG with recent evidence that FIgF may
precede FIgC (25) (Fig. 1A, left). Prediction of the rod assembly order was necessarily
indirect as mutation of any particular subunit prevented the assembly of intermediate
structures.

The absence of intermediate rod structures in S. enterica mutants could potentially
be explained in one of two ways. One explanation posits that the rod is intrinsically
unstable, such that in the absence of the complete structure, intermediate states are
metastable and prone to disassemble (11, 14). Another explanation posits that the rod
is extrinsically unstable, such that in the absence of the complete structure, interme-
diate states are prone to proteolytic degradation in the periplasm (26). Recently,
cryoelectron tomography structural analysis of intermediate rod structures was per-
formed in mutants of the spirochete Borrelia burgdorferi, and these results supported
the assembly order of the homologous proteins in S. enterica (27). That intermediate
rod structures were observed and measured at high resolution might suggest that rod
metastability and/or proteolysis is particular to S. enterica. Alternatively, Borrelia rod
intermediates may also be unstable, but continuous resynthesis and instantaneous in
vivo flash freezing may preserve the structure.

Rod assembly also requires the poorly understood protein FIiE (22). Two possible
roles of FIiE have been reported. First, FIiE may be structural and serve as a geometric
adaptor protein that connects the intramembrane, ring-like polymer of the basal body
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protein FliF to the extracellular helical polymer formed by the secreted rod subunits.
Consistent with a structural adaptor, FIiE has been shown to interact with both FliF and
FIgB (21, 22). Alternatively, FIiE may be regulatory, as FliE has been shown to enhance
flagellar type IIl secretion, perhaps by relieving steric inhibition of an inactive basal
body conformation (16, 27, 28). Furthermore, FIiE has been shown to be exported
during flagellar assembly, suggesting that it is unlikely to be an integral part of the
cytoplasmic and transmembrane secretion apparatus (29, 30). Given that the two
functions are not mutually exclusive, it is unclear whether FIiE is a structural subunit, a
regulator of flagellum-specific secretion, or both.

The Gram-positive bacterium Bacillus subtilis encodes putative homologs of all four
rod proteins, termed FIgB, FIgC, FIhO, and FIhP, as well as FliE (31, 32). Whereas FlgB,
FIgC, and FIiE are encoded in the fla/che operon, FIhO and FIhP are encoded as an
unlinked dicistron (Fig. 1B) (32). Moreover, purification of intact flagellar basal bodies
determined that some of the rod homologs were present in the complex (33), and
mutation of FIhO or FIhP abolished motility and assembly of the hook (32). Here, we
further characterize the putative rod proteins and show that FIgB, FIgC, and FIiE are also
required for motility and assembly of the hook. We take a biochemical approach and
probe cell fractions in Western blot analysis to support the role of each protein as a
structural component of the rod and set the order of assembly. Moreover, we show that
intermediate rod structures can only be isolated from membrane fractions in the
presence of a cross-linker and in the absence of secreted proteases. Thus, the rod is
both metastable and susceptible to proteolysis. Finally, mutation of FIiE abolished
membrane retention and also reduced the secretion of all other rod structural ele-
ments, consistent with both structural and regulatory roles reported in S. enterica.

RESULTS

FlgB and FIgC are required for the assembly of both the hook and filament. The
protein composition of the rod in B. subtilis is unknown. Two candidate rod genes, flgB
and flgC, encode protein sequences homologous to those of S. enterica rod proteins
FIgB and FIgC (see Fig. S1 in the supplemental material) and are the first two genes
located within the 32-gene-long fla/che operon that encodes components of the
flagellar basal body (Fig. 1B). To determine whether flagellar motility requires FIgB and
FIgC, we separately deleted figB and flgC and tested the resulting mutants for swarming
motility atop a soft agar surface. Mutation of either gene abolished swarming motility,
and swarming motility was restored to the figB and flgC mutants when a complemen-
tation construct, in which each gene was expressed from the Pg, ... promoter, was
inserted at an ectopic site in the chromosome (amyE:P,,..-flgB or amyE:Pg,,...-flgC,
respectively) (Fig. 2). Furthermore, no spontaneous suppressor mutations appeared
upon prolonged incubation of the swarm plate of the uncomplemented mutants,
consistent with mutations in structural components of the flagellum. We conclude that
swarming motility requires both FlgB and FIgC.

The flagellum assembles sequentially such that a failure to construct a cell-proximal
component results in an inability to incorporate a more distal segment (12, 14, 27). To
determine where in flagellar assembly FIgB and FIgC are required, we used fluorescence
microscopy to assess the presence of various flagellar components in figB and flgC
mutant backgrounds. To determine if FIgB and FIgC affect flament assembly, each
gene was mutated in a background containing a variant of the filament protein Hag
that could be stained with a cysteine-reactive maleimide-conjugated fluorophore
(Hag™°°%) (34, 35). Wild-type cells produced multiple flagellar filaments protruding
from the cell surface, but cells mutated for figB and flgC were defective in the assembly
of the flagellar filament (Fig. 3). Next, we asked whether the structure preceding the
filament, the hook, was assembled in the figB or flgC mutants. To determine if FigB and
FIgC affect hook assembly, each gene was mutated in a background containing a
variant of the hook protein FIgE that could be stained with a cysteine-reactive
maleimide-conjugated fluorophore (FIQET'23) (32). Wild-type cells produced multiple
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FIG 2 Rod homologs and FIiE are required for swarming motility. Quantitative graphs of swarm expansion assays. Each graph contains wild-type strain 3610
(WT; data were generated at the same time as for the other strains and are in each panel for comparison), a strain containing a mutation in the gene indicated
in the upper left corner (mut), and a strain containing both a mutation in the indicated gene and an ectopic complementation construct of that gene (comp).
The swarm expansion assays were generated with the following strains: 3610 (WT), DS4680 (figB), DS9555 (figB [flgB*1), DS7307 (flgC), DK3720 (figC [figC™*]),
DS5161 (flh0), DS5944 (flhO [flhO*]), DS7351 (flhP), DK7360 (fIhP [flhP*]), DS7308 (fliE), and DK3721 (fliE [fliE*]). Each data point is the average of three replicates.
Each swarm was arbitrarily terminated at a radius of 30 mm to compensate for inoculation variation from the geometric center.

fluorescent foci on the cell surface, but flgB and flgC mutant strains did not (Fig. 3). We
conclude that FlgB and FIgC are required for flagellar hook and filament assembly.

Finally, we assessed the role of FIgB and FIgC in the assembly of the basal body, the
membrane-bound portion of the flagellum. To determine if FIgB and FIgC affect basal
body assembly, each gene was mutated in a background containing a variant of the
basal body C-ring protein FliM fused to green fluorescent protein (FIiM-GFP) (36).
Fluorescent puncta were observed in wild-type cells, and a similar number of puncta
were observed in cells mutated for figB and flgC. As a control, fluorescent puncta were
abolished in cells mutated for the basal body protein FliF (Fig. 3). We infer that the
initiation of basal body construction does not require the presence of FlgB or FIgC.
Taken together, these data indicate that flgB and flgC mutants complete flagellar
assembly at least up to the integration of the FliM protein in the C-ring but fail to
subsequently assemble detectable hook or filament structures. A structural defect
between the basal body and flagellar hook is cytologically consistent with FlgB and
FIgC being structural components of the rod.

Filament

Hook

Basal Body
(C-ring)

FIG 3 Rod homologs are required for hook and filament assembly. Fluorescent micrographs of strains representing the presence of filament,
hook, and basal body. Membranes were stained with FM-4-64 dye (false colored red). Filaments and hooks were visualized by using a
maleimide-conjugated dye to stain proteins modified to introduce a single surface-exposed cysteine residue. (Hag™°°¢ and FIgET'23€, respectively;
false colored green). Basal bodies were visualized using a strain background containing a fluorescently tagged FliM-GFP (false colored green). The
filament panel was generated with the following strains: DS1916 (WT), DK5040 (AfigB), DK5041 (AflgC) DS5897 (AflhO), DS5042 (AflhP), DK5038
(AfliF), DS5896 (AflgE), and DK5039 (AfliE). The hook panel was generated with the following strains: DS7673 (WT), DK4895 (AflgB), DK4868 (AflgC)
DS8839 (Aflh0), DS8840 (AflhP), DK3135 (AfliF), and DK4896 (AfliE). The basal body panel was generated with the following strains: DS8521 (WT),
DK5082 (AflgB), DK5268 (AflgC) DK5083 (Aflh0), DK5084 (AflhP), DS8598 (AfliF), DK4892 (Aflgk), and DK5081 (AfliE). NP, not possible, as the cysteine
replacement is within the gene that was deleted.
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The Bacillus subtilis rod consists of FlgB, FIgC, FIhO, and FIhP. Two other rod
homologs, FIhO and FIhP, were previously proposed to constitute structural compo-
nents of the rod, and mutation of either protein results in swarming and flagellar
assembly defects similar to those of mutants defective in flgB and figC (Fig. 2, Fig. 3, and
Fig. S1) (32, 33). To determine whether FlgB, FIgC, FIhO, and FIhP are structural
components of the flagellum, each protein was purified and submitted for generation
of polyclonal antibodies. Western blot analysis was performed on cell lysates of wild
type and various mutants in a background also mutated for 7 extracellular proteases to
improve protein detection (A7) (37). The cytoplasmic sigma factor sigma A (SigA) and
the transmembrane protein SwrB were probed as loading controls and detected in
each sample. Each putative rod protein was detected in whole-cell lysates of the
wild-type strain and absent in their corresponding deletion mutant (Fig. 4A). However,
some mutant cell lysates lacked more than just their cognate protein: FIhP was also
reduced in cells mutated for flgB, figC, or flhO; FIhO was also reduced in cells mutated
for flgB and flgC; and FlgC was also reduced in cells mutated for flgB. We hypothesize
that the stepwise absence of each protein observed in the mutants could indicate
either the ordered assembly or ordered secretion of the four proteins in the flagellum.

To determine whether each putative rod protein assembles sequentially in the
flagellum, membrane fractions from the wild type and putative rod mutants were
isolated and resolved by Western blotting. Membrane fraction purity was supported by
the absence of soluble, cytoplasmically expressed green fluorescent protein (GFP), as
well as by the presence of SwrB as a loading control (Fig. 4B, left). Each putative rod
protein was detected in the membranes of wild type isolations (Fig. 4B, left). However,
none of the candidate rod proteins were detected in the membrane fractions of any
strain from which a putative rod gene was deleted, seemingly inconsistent with their
presence in the lysates. Previous reports suggest that rod structures are metastable in
other organisms, such that the rod disassembles when any required component is
absent (10). To aid in the detection of assembly intermediates, potential rod disassem-
bly was impaired by treating cells with the protein cross-linking agent formaldehyde
prior to membrane isolation (Fig. 4B, right). Cross-linked membranes recapitulated the
stepwise inclusion of each putative rod component observed in whole-cell lysates after
the cross-linking was reversed by heat treatment. We conclude that the structure
formed by the putative rod proteins is metastable, that the metastable structure can be
preserved by cross-linking, that incorporation of each subunit is sequential, and that
the proximal to distal assembly order is FIlgB, FIgC, FIhO, and FIhP.

If FIgB, FIgC, FIhO, and FIhP are structural components of the rod, we then expect
that each protein would be secreted beyond the membrane via the flagellar secretion
system. To detect protein secretion, trichloroacetic acid (TCA)-precipitated superna-
tants from wild-type and the candidate rod mutant strains were subjected to Western
blot analysis. Each putative rod protein, but not the cytoplasmic control protein SigA,
was detected in the supernatant of wild-type cells (Fig. 4C, left). Moreover, we found
that each strain from which a candidate rod protein was deleted secreted all other
candidate rod proteins. Thus, the nested absence of rod proteins seen in a particular
mutant lysate was due to continuous export in the absence of retention by polymer-
ization. For example, FIhP levels were low in flgB mutant lysates because FIhP was
secreted and not retained (compare Fig. 4A with left panel of Fig. 4C). We conclude that
the stepwise absence of putative rod proteins in mutant membranes was a reflection
of sequential assembly and not of sequential secretion.

To determine the location of the structure formed by the putative rod proteins, cells
were mutated for known structural components of the flagellum. One structural
component, FliF, comprises the flagellar basal body base plate, houses and activates
the flagellar type Ill secretion apparatus, and is the polymerization platform for the rod
(38). No putative rod proteins were detected in either supernatants or cross-linked
membranes of cells mutated for FIiF (Fig. 4B and C). We conclude that the putative rod
proteins are secreted in a flagellar type lll-dependent manner. Flagellar type Ill secretion
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FIG 4 Rod homologs are secreted and sequentially assembled. Western blot analyses of putative rod proteins in whole-cell lysates
(A), purified membrane fractions (B, left), formaldehyde-cross-linked purified membrane fractions (B, right), and trichloroacetic acid
(TCA)-precipitated supernatants (C). Strains mutated for 7 extracellular proteases are denoted by A7. Each strain also encodes a
cytoplasmic green fluorescent protein (GFP) induced with isopropyl-B-p-thiogalactopyranoside (IPTG) to serve as a loading and
fraction control (Py,,,..«gfp). Genetic backgrounds are indicated in parentheses above each panel, and the bar indicates all strains
below that share the indicated genetic background. Samples were generated as described in Materials and Methods using the
following strains: DK4537 (A7), DK4540 (A7 AflgB), DK4541 (A7 AflgC), DK4542 (A7 AflhO), DK4543 (A7 AflhP), DK4544 (A7 Afigk),
DK4538 (A7 AfliF), and DK4539 (A7 AfliE). Strain 3610-derived supernatant samples for the panel C (right) were generated via TCA
precipitation with the following strains: DS6329 (A7), 3610 (WT), DS4680 (AfigB), DS7307 (AflgC), DS5161 (Aflh0), DS7351 (AflhP),

DS3968 (AfliF), DS4681 (AflgE), and DS7308 (AfliE).
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sustains two discrete classes of secreted cargo, constituting early and late flagellar
proteins (10, 16). Completion of the flagellar hook structure is necessary for a substrate
specificity switch to activate export of the late-class proteins (39-42). All putative rod
proteins were detected in both the supernatants and membranes of cells mutated for
the hook gene fIgE but at reduced levels. We conclude that the putative rod proteins
are early-class type Il secretion substrates and are retained in the membrane fraction
prior to hook completion. We hypothesize that the hook enhances, but is not essential
for, stability of the proximal structure. Taking these data together, we conclude that
FIgB, FIgC, FIhO, and FIhP are the proximal to distal structural components of the
flagellar rod between FliF and FIgE in B. subtilis.

Rod structure can potentially be destabilized by extracellular proteolysis (26). To
determine the role of extracellular proteolysis, cell supernatant fractions were har-
vested from a strain that was wild type for all 7 secreted proteases. The extracellular
abundance of most rod proteins was substantially diminished in the wild type com-
pared to those in the A7 protease mutant (Fig. 4C, right). Moreover, the abundance of
most rod proteins was reduced to undetectable levels in wild-type strains mutated for
any gene encoding a rod protein. We conclude that secreted but unpolymerized rod
subunits are subject to extracellular proteolysis. Extracellular proteolysis, however, is
separable from the metastability of rod assembly, as rod intermediates were not
detected in the A7 mutant background in the absence of a fixing agent (Fig. 4B). Thus,
difficulty in detecting rod assembly intermediates is confounded by both metastability
and proteolysis, but the two processes are unrelated.

FliE. A fifth protein, FliE, has been shown in other organisms to associate with the
rod, but the role of FliE in flagellar assembly is poorly understood. One model suggests
that FIiE is structural, constituting either a fifth rod subunit or acting as an adaptor
between the basal body protein FliF and the first rod structural subunit FIgB (21, 22).
Another model suggests that FIiE is either an essential component or activator of the
flagellar type Ill secretion system (16, 21, 27). To explore FliE function in B. subtilis, we
generated an in-frame markerless deletion of the fliE gene. The mutant was defective
for swarming motility, and swarming was complemented when the fliE gene was
cloned downstream of the Pg, ... promoter and inserted at an ectopic site in the
chromosome (Fig. 2C). Moreover, the fliE mutant was defective in swimming motility, as
observed in wet mounts, and was defective in the assembly of the filament and hook
but not of the basal body (Fig. 3). We conclude that FliE is required for motility and that
the fliE strain phenocopies a mutation in any of the four other rod proteins.

To determine the location of FIiE relative to the other rod proteins, Western blot
analysis was performed on various cellular fractions. FIiE was detected in the TCA-
precipitated supernatant of the wild type but not that of the fliF mutant, indicating that
it was secreted in a type lll-dependent manner (Fig. 4C). Moreover, FIiE was retained in
the membrane fraction like other rod subunits but only upon cross-linking, suggesting
that it is part of the metastable structure (Fig. 4B). Retention of FIiE in the cross-linked
membrane, however, did not require any other rod protein, as it was present in all other
rod mutant backgrounds. We conclude that FIliE is part of the flagellar structure and
may be the first extracellular flagellar component upon which the rod is subsequently
assembled.

To determine whether FIiE is required for subsequent rod assembly, the location of
each rod protein was assessed in a fliE mutant background. When fliE was mutated,
none of the four rod proteins were retained in the membrane fraction, regardless of
whether a cross-linker was included (Fig. 4B). Instead, the rod proteins were secreted
into the extracellular environment, suggesting a failure to polymerize and be retained
in the membrane. In addition, the amounts of secreted rod proteins were reduced, and
the reduction was not related to extracellular proteolysis, as the experiment was
conducted in the A7 background. Consistent with a generalized defect in type IlI
secretion, the extracellular pool of the flagellar hook protein FIgE was also substantially
diminished when samples were normalized by loading based on total secreted protein
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(Fig. 4C; see also Fig. S2 in the supplemental material). We conclude that FIiE is an early
part of the bacterial flagellum that both serves as the structural base for subsequent rod
assembly and enhances flagellar type Il secretion.

DISCUSSION

The rod is an essential structural component for flagellar assembly and function.
With respect to assembly, the rod is the part of the complex that transit the layers of
the cell envelope, including the peptidoglycan, periplasm, and outer membrane.
Moreover, the rod serves as a conduit for secretion and as a construction platform for
distal domains, such as the hook and filament. With respect to function, the rod
transmits rotational force generated by the rotor-basal body in the inner membrane to
the exterior hook and filament. Despite its importance, the rod is the least-studied
structural component of the flagellum, likely for technical reasons. Here, we show that
FIgB, FIgC, FIhO, and FIhP are required for swarming motility and that they are
structural proteins required for flagellar assembly in Bacillus subtilis. Moreover, our data
indicate that these proteins assemble the rod in a stepwise and discrete order,
consistent with predictions in Gram-negative bacteria and electron microscopy (EM)
observations in Spirochaetes.

One technical difficulty in studying rod assembly is that the structure is metastable,
such that in the absence of completion, the structure falls apart (11-14). Thus, inter-
mediate rod structures could not be captured in purified basal bodies of rod mutants
in Escherichia coli and S. enterica and instead, rod assembly order was indirectly inferred.
Here, we biochemically demonstrate sequential assembly of the rod using advantages
of Bacillus subtilis and the Gram-positive architecture. Like E. coli and S. enterica,
intermediate rod structures were not isolated from B. subtilis membrane fractions in rod
mutants. The absence of an outer membrane, however, allowed for the stabilization
and recovery of such intermediates by using a cross-linking agent prior to purification.
Another technical difficulty in studying rod assembly is that incomplete structures are
proteolytically degraded in the Gram-negative periplasm. Gram-positive bacteria do
not have a true periplasm, and while rod subunits were also degraded in wild-type B.
subtilis, deleting seven extracellular proteases was sufficient to detect secreted rod
proteins. We support the model generated in Gram-negative bacteria that the flagellar
rod is both metastable and proteolytically sensitive prior to completion, suggesting
that this structural property is likely conserved throughout phylogeny.

We took the opportunity to explore the function of a poorly understood rod-
associated protein, FIiE. FIiE might constitute a fifth subunit of rod structure, despite a
lack of sequence homology to other rod proteins (11, 43). Consistent with a structural
role, FIiE was secreted in a FliF-dependent manner and was retained in membrane
fractions that had been treated with a chemical cross-linker. Moreover, B. subtilis FIiE
was the most cell-proximal secreted component and was required for the retention of
the four other rod proteins. FIiE has also been shown to enhance flagellar type IlI
secretion, and cryoelectron tomography indicated that in the absence of FliE, the
secretion channel appears to have an altered, likely defective, conformation (16, 27).
Consistent with FIiE being a regulator and not an essential part of the secretion system
in B. subtilis, the secretion of rod and hook proteins was reduced but not abolished in
the absence of FliE. Thus, FIiE appears to be both a structural component of the rod and
a regulatory component necessary for full secretion of flagellar proteins. We note that
if FIiE is regulatory, it must regulate its own secretion, as it too is secreted by the
flagellar type Ill apparatus. Perhaps the two functions of FIiE are spatially separable,
whereby the structural role is extracellular and the regulatory role is cytoplasmic.

Although the rod of B. subtilis and other Gram-positive organisms appears structur-
ally similar to that of Gram-negative organisms, the environment through which it
assembles is quite distinct, and questions remain regarding these differences. Rod
polymerization in Gram-negative bacteria is thought to halt when the structure transits
the outer-membrane bushing, but Gram-positive bacteria lack both the outer mem-
brane and bushing proteins (20, 44, 45). Thus, we infer that rod length in Gram-positive
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bacteria is restricted by a different mechanism. Furthermore, the rod is thought to
penetrate the single layer of Gram-negative peptidoglycan by a rod-mounted hydro-
lase, but a homologous protein is absent in Gram-positive bacteria, and no hydrolase
has yet been found to be required for flagellar assembly (46-49). Thus, how the flagellar
rod transits the multilamellar peptidoglycan of the Gram-positive architecture, and how
rod length matches peptidoglycan depth, is unknown. Finally, the flagellar hook and
filament are each polymerized from a single protein subunit, and why the flagellar rod
would require 4 or 5 different structural subunits is unclear unless the subunits are
related to the different architectural environments of the cell envelope. Here, we begin
to address these questions by determining the order of rod assembly in B. subtilis from
cell proximal to distal, namely, FliE, FIgB, FIgC, FIhO, and finally FIhP.

MATERIALS AND METHODS

Strains and growth conditions. B. subtilis strains were grown in lysogeny broth (LB) (10 g tryptone,
5 g yeast extract, and 5 g NaCl per liter) or on LB plates fortified with 1.5% Bacto agar at 37°C. When
appropriate, antibiotics were included at the following concentrations: 10 ug/ml tetracycline, 100 ug/ml
spectinomycin, 5 ug/ml chloramphenicol, 5 ug/ml kanamycin, and 1 ng/ml erythromycin plus 25 ug/ml
lincomycin (macrolides-lincosamides-streptogramin B [MLS]). Isopropyl-B-p-thiogalactopyranoside (IPTG;
Sigma) was added to the medium at the indicated concentration when appropriate.

Strain construction. Constructs were first introduced into either the domesticated strain PY79 by
natural competence and then transferred to the 3610 background using SPP1-mediated generalized
phage transduction or by transformation directly into the competent derivative of 3610, DK1042
(coml[Q2t) (50, 59). All strains used in this study are listed in Table 1. All plasmids used in this study are
listed in Table ST in the supplemental material. All primers used in this study are listed in Table S2 in the
supplemental material.

Complementation constructs. The flgB complementation construct was constructed by amplifying
the P, e Promoter and flgB gene from the B. subtilis 3610 chromosomal DNA with the primer pair
3041/3042. The resulting PCR product was digested with EcoRl and BamHI and ligated into the EcoRl and
BamHI sites of the plasmid pAH25 containing a spectinomycin resistance cassette between two arms of
the amyE gene to create pEV1 (51).

The flgC and fliE complementation strains were constructed by amplifying the P,_,,.. promoter region
from B. subtilis 3610 chromosomal DNA with primer pair 4797/4798. The resulting PCR product was
digested with Mfel and BamHI and ligated into the EcoRI and BamHI sites of the plasmid pDG364 (52)
containing a chloramphenicol acetyltransferase (cat) cassette between two arms of the amyE gene to
generate pAMB1. The flgC and fliE genes were amplified from strain 3610 chromosomal DNA with the
primer pairs 4773/4799 and 4775/4800, respectively. The resulting PCR products were ligated into the
EcoRIl and BamHI sites of pAMB1 downstream of the P, . promoter to create plasmids pAMB3 and
PAMB4, respectively.

Swarm expansion assay. Cells were grown to mid-log phase at 37°C in LB and resuspended to an
optical density at 600 nm (ODg,) of 10 in pH 7.4 phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM
KCl, 10 mM Na,HPO,, and 2 mM KH,PO,) containing 0.5% India ink (Higgins). Freshly prepared LB
containing 0.7% Bacto agar (25 ml/plate) was dried for 10 min in a laminar flow hood, centrally
inoculated with 10 ul of the cell suspension, dried for another 10 min, and incubated in a humidity
chamber at 37°C (53). The India ink demarks the origin of the colony, and the swarm radius was measured
relative to the origin. For consistency, an axis was drawn on the back of the plate and swarm radius
measurements were taken along this transect. For experiments including IPTG, cells were propagated in
broth in the presence of 1 mM IPTG and 1 mM IPTG was included in the swarm agar plates.

Protein purification. flgB, flgC, flhO, and fliE genes were amplified with the primer pairs 3150/3151,
3152/3153, 3154/3155, and 4198/4199, respectively, and ligated into pTB146 (54) using Sapl and Xhol
restriction enzymes to generate plasmids pEV2, pEV3, pEV4, and pKRH12, respectively. The flhP gene was
amplified with the primer pair 3156/3157 and ligated into pTB146 using Sall and Xhol restriction enzymes
to generate pEV5.

The Rosetta-gami strains containing each plasmid were cultured in 500 ml of Terrific Broth supple-
mented with 25 wg/ml chloramphenicol and 100 wg/ml ampicillin to an OD,,, of ~0.6 and induced with
1 mM IPTG for ~16 h overnight. Cells were pelleted, resuspended in lysis buffer (50 mM Na,HPO,, 300
mM NaCl, and 10 mM imidazole), treated with lysozyme and protease inhibitor cocktail (Roche), and
frozen overnight at —80°C. The frozen pellet was thawed at room temperature and lysed by sonication.
Lysed cell debris was pelleted at 18,000 rpm in a JA-17 rotor (Beckman Coulter) for 30 min at 4°C, and
clarified supernatant was incubated with Ni-nitrilotriacetic acid (Ni-NTA) resin (Novagen) overnight at
4°C. The bead lysate mixture was poured into a 1-cm separation column (Bio-Rad), and after packing the
resin was washed three times with wash buffer (50 mM Na,HPO,, 300 mM NaCl, and 30 mM imidazole).
Small ubiquitin-like modifier (SUMO)-tagged protein bound to the resin was eluted using wash buffer
containing increasing concentrations of imidazole (50 mM to 500 mM). Elution fractions were separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and stained with Coomassie
brilliant blue to verify the presence of purified protein. Fractions with the highest concentrations of
protein were dialyzed into dialysis buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl, and 10% glycerol)
overnight in the cold and stored at 4°C.
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TABLE 1 Strains

Strain Genotype? Reference
3610 Wild type

PY79 sfpO swrAfs

DS1916 amyE:Pp,,,-hag™o°c spec 34
DS3968 AfliF 58
DS4680 AflgB 37
DS4681 AfigE 32
DS5161 AflhO 32
DS5896 AfigE amyE:P,,,-hag™°°< spec 32
DS5897 AflhO amyE:Py,,,-hag™%°< spec 32
DS5944 AflhO thrC:Pg,o-flhO erm 32
DS6329 A7 (Ampr AaprE AnprE Abpr Avpr Aepr AwprA) 37
DS7307 AflgC 37
DS7308 AfliE 37
DS7351 AflhP 32
DS7360 AflhP amyE::Pg,o-flhP cat 32
DS7673 Aflge amyE:Pg,,.,.-fIgET'23¢ cat 32
DS8521 AfliM amyE:Pg, ;.- fliM-gfp spec 36
DS8598 AfliF AfliM amyE:Pg, .- fliM-gfp spec 36
DS8839 AflhO Afige amyE:Pg,,.1,.-fIgET'23¢ cat 32
DS8840 AflhP AfIgE amyE:Pg, che-fIgET'23¢ cat 32
DS9555 AflgB amyE::Pg, . n.-flgB spec

DK1042 com/[Q'2t 50
DK3135 AfliF Aflgk amyE:Pg,  p.-flgET'23¢ cat

DK3720 AflgC amyE:Pg, .- flgC cat

DK3721 AfliE amyE:Pg,,n.-fliE cat

DK4537 A7 thrC:iPpyspanicgfp erm

DK4538 A7 AfliF thrC:Ppyspani-gfp erm

DK4539 A7 AFliE thrC:Ppgpani-gfp erm

DK4540 A7 AfigB thrC:Ppyspani-gfp erm

gfp erm DK4541 A7 AflgC thrC:Ppypan-gfp erm

DK4542 A7 AfIhO thrC:Pyygpan-gfp erm

DK4543 A7 AfIhP thrC:Ppyspani-9fp erm

DK4544 A7 AfIGE thrC:Pyyspan-gfp erm

DK4868 AflgC Afigk amyE:Pg, pe-fIgET'23¢ cat

DK4892 Aflge AfliM amyE:Pg,p,.-fliM-gfp spec

DK4895 AflgB Aflgk amyE::Pg, . po-fIgET'23¢ cat

DK4896 AfliE AflgE amyE:Pg,  po-flgET23¢ cat

DK5038 AfliF amyE:Pp,,,-hag™%°¢ spec

DK5039 AfliE amyE:Py,,,-hag™°¢ spec

DK5040 AflgB amyE::Py,,,-hag™°¢ spec

DK5041 AflgC amyE::Py,,,-hag™o°c spec

DK5042 AflhP amyE::Py,,,-hag’°¢ spec

DK5081 AfliE AfliM amyE:Pg, .- fliM-gfp spec

DK5082 AflgB AfliM amyE:Pg.,.n.-flIM-gfp spec

DK5083 AflhO AfliM amyE:Pg, .- fliM-gfp spec

DK5084 AflhP AfliM amyE:Pg,, p,~fliM-gfp spec

DK5268 AflgC AfliM amyE::Pg, ,p.-fliM-gfp spec

aspec, resistance gene for spectinomycin; cat, resistance gene for chloramphenicol; erm, resistance gene for
macrolides-lincosamides-streptogramin B [MLS].

To purify SUMO-FIiE protein from inclusion bodies, cells were sonicated and pelleted as described
above. The pellet was resuspended in buffer A (50 mM Tris-HCI [pH 8.0], 500 mM NaCl, 5 mM imidazole,
and 6 M guanidine-HCl) and rotated end over end at 4°C for 2 h to lyse inclusion bodies. Samples were
centrifuged (14,000 rpm in a JA-17 rotor for 30 min at 4°C), and the supernatant was added to Ni-NTA
resin and eluted as described above. Isolated protein was dialyzed in PBS with 10% glycerol overnight
in the cold and stored at 4°C.

Antibodies. Antibodies used in this study were generated from protein purified as described above.
One milligram of each purified SUMO-tagged protein was sent to Cocalico Biologicals, Inc., and a host
rabbit was immunized by serial injection. After multiple injections, crude serum was obtained and either
used as is (anti-FIhO) or affinity purified on a column (anti-FIgB, anti-FIgC, anti-FIiE, and anti-FIhP).
Anti-FIgE, and anti-SigA antibodies are described elsewhere (32). Anti-GFP antibody was a generous gift
from David Rudner (Harvard Medical School), and anti-SigA antibody was a generous gift from Masaya
Fujita (University of Houston).

Western blotting. B. subtilis and E. coli strains were grown in LB to an ODg,, of ~1.0; 1 ml was
harvested by centrifugation and resuspended to an ODg,, of 10 in lysis buffer (20 mM Tris [pH 7.0], 10
mM EDTA, 1 mg/ml lysozyme, 10 ug/ml DNase I, 100 pwg/ml RNase I, and 1 mM phenylmethylsulfonyl
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fluoride [PMSF]) and incubated for 30 min at 37°C. Lysate (10 wl) was mixed with 2 ul of 6 X SDS loading
dye, and samples were boiled at 95°C for 10 min. Samples were separated by SDS-PAGE, using 12 to 15%
polyacrylamide gels. The proteins were electroblotted onto nitrocellulose, developed with a specified
dilution of primary antibody (1:1,000 for rabbit anti-FIiE, 1:5,000 for rabbit anti-FIgC, 1:10,000 for rabbit
anti-FIgB, anti-FIhO, anti-FIhP, and anti-GFP, 1:20,000 for rabbit anti-FIgE, and 1:120,000 for rabbit
anti-SigA), washed with tris-buffered saline (PBS) with Tween 20, and counterprobed with a 1:10,000
dilution of secondary antibody (horseradish peroxidase-conjugated goat anti-rabbit IgG, catalog no.
31460; Thermo Scientific). Immunoblots were developed using Pierce enhanced chemiluminescence
(ECL) Western blotting substrate (catalog no. 32106; Thermo Scientific).

Membrane fractionation. Membrane fractions were purified using a modified version of a previ-
ously described protocol (33). B. subtilis strains were grown in 250 ml of LB broth to an ODg, of ~1.0.
Cultures were pelleted (6,000 X g in a JA-10 rotor, 45 min), and pellets were resuspended by gentle
swirling in 10 ml lysis buffer (100 mM Tris [pH 8.0], 1 mg/ml lysozyme, and 0.5% Triton X-100, plus
complete EDTA-free protease inhibitor cocktail tablet [catalog no. 4693132001; Sigma-Aldrich]) and
incubated in a shaker at 37°C for 2 h. After 1 h, DNase | and MgCl, were added to final concentrations
of 5 ug/ml and 10 mM, respectively, to reduce the viscosity of the cell lysate. After lysis, cell debris were
pelleted from lysates by centrifugation at 10,000 X g in a JA-17 rotor for 10 min, and clarified supernatant
was further pelleted via ultracentrifugation at 100,000 X g in an SW-41 rotor (Beckman Coulter) for 90
min. The supernatant was discarded, membrane pellets were washed twice with saline citrate (100 mM
NaCl [pH 7.3] and 10 mM sodium citrate), and then resuspended to an ODy, of 100 in saline citrate with
a Potter-Elvehjem polytetrafluoroethylene (PTFE) pestle and glass tube (catalog no. P7734; Sigma-
Aldrich). Twenty microliters of 6X SDS loading dye was added to 100 ul of membrane solution and
boiled for 10 min at 95°C. For formaldehyde treatments, cells were pelleted and resuspended in 10 ml
PBS containing 0.4% (wt/vol) formaldehyde for 60 min prior to lysis. All other procedures were carried out
identically.

TCA precipitation of secreted proteins. Culture (1 ml) was collected from B. subtilis strains grown
in LB broth to an ODg, of ~1.0. The culture was centrifuged at 14,500 X g for 10 min, and supernatant
was collected, passed through a syringe with a 0.45-um filter, and treated with 100 ul of freshly prepared
0.015% sodium deoxycholate for 10 min at room temperature. Proteins in the supernatant were
precipitated by adding 50 ul chilled trichloroacetic acid (TCA) and incubating on ice for 2 h. The protein
precipitate was isolated by pelleting at 14,500 X g in a JA-17 rotor for 10 min at 4°C, and washed with
1 ml ice-cold acetone. The pellet was resuspended in 0.1 M NaOH to an OD,, of 10 and mixed with 6X
SDS loading dye to 1X concentration. Samples were boiled at 95°C for 10 min prior to subjecting to
immunoblotting.

Microscopy. Fluorescence microscopy was performed with a Nikon 80i microscope with a phase-
contrast objective Nikon Plan Apo 100X and an Excite 120 metal halide lamp. FM4-64 was visualized with
a C-FL HYQ Texas red filter cube (excitation filter, 532 to 587 nm; barrier filter, >590 nm), and Alexa Fluor
488 C, maleimide and GFP fluorescent signals were visualized using a C-FL HYQ fluorescein isothiocya-
nate (FITC) filter cube (excitation filter, 460 to 500 nm; barrier filter, 515 to 550 nm). Images were captured
with a Photometrics Coolsnap HQ2 camera in black and white, false colored, and superimposed using
MetaMorph (Molecular Devices) image software.

To stain hook and filament structures, 0.5 ml of broth culture was harvested at an ODg, of 0.5 to 1.0,
and washed once in 1.0 ml of PBS. The suspension was pelleted, resuspended in 50 wl of PBS containing
5 pg/ml Alexa Fluor 488 C, maleimide dye (Molecular Probes), and incubated for 5 min at room
temperature (34). Cells were pelleted and washed twice with 1 ml PBS. Membranes were stained by
resuspension in 30 ul of PBS containing 5 wg/ml FM4-64 (Molecular Probes) and incubated for 5 min at
room temperature. Cells were pelleted and washed twice more in T ml PBS and resuspended in 30 wl PBS.
Suspension (4 ul) was placed on a microscope slide and immobilized with a poly-L-lysine-treated
coverslip. The suspension was manually pressed into the slide to isolate single cells within the same
viewing plane. Alternatively, samples were observed by spotting 4 ul of suspension on a slide containing
an agarose pad and covered with a glass coverslip. Agarose pads were created by making a 1% solution
of agarose electrophoresis grade; Fisher Scientific in S7,, defined minimal growth medium (50 mM MOPS
[morpholinepropanesulfonic acid, pH 7.0], 10 mM (NH,),SO,, 5 mM potassium phosphate [Ph 7.0], 2 mM
MgCl,, 0.7 mM CaCl,, 50 uM MnCl,, 1 uM ZnCl,, 1 ng/ml thiamine-HCl, 20 uM HCI, 5 uM FeCl;, and 1%
[wt/vol] p-glucose, 0.1% [wt/vol] L-glutamic acid monohydrate, and 0.002% [wt/vol] Casamino Acids) (56,
57) and applying molten solution to a slide, covering with a glass microscope slide, and allowing to cool
for 5 min prior to use.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/JB
.00425-18.

SUPPLEMENTAL FILE 1, PDF file, 0.2 MB.
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