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Zoospores of the filamentous actinomycete Actinoplanes missouriensis swim vigorously using flagella
and stop swimming to initiate germination in response to nutrient exposure. However, the molecular
mechanisms underlying swimming cessation remain unknown. A protein (FtgA) of unknown function
encoded by a chemotaxis gene cluster (che cluster-1) was found to be required for flagellar rotation
arrest; the zoospores of figA-knockout mutants kept swimming awkwardly after germination. An ftgA-
overexpressing strain exhibited a non-flagellated phenotype. Isolation of a suppressor strain from this
strain and further in vivo experiments revealed that the extended N-terminal region of FliN, a
component of the C-ring of the flagellar basal body, was involved in the function of FtgA; FIiN-P101S
canceled the flagellar rotation arrest by FtgA, as well as the negative effect of figA-overexpression on
flagellation. Furthermore, bacterial two-hybrid assays suggested that FtgA interacted not only with the
C-terminal core region of FliN but also with chemotaxis regulatory proteins CheA1 and CheW1-2,
which are encoded by che cluster-1. We propose the following working model of motility regulation in
A. missouriensis zoospores: the chemotaxis sensory complex initially captures FtgA to allow
zoospores to swim and then releases FtgA to stop flagellar rotation (i.e., swimming) in response to

external nutrient signals.

Motility provides bacteria with a wide variety of advantages for their
survival, such as the discovery of resources and the colonization of
new environments. Among the various molecular machines that
propel movement, the flagellum, one of the major appendages around
bacterial cells, powers swimming and swarming via rotation'. The
flagellum is composed of basal body rings and an axial structure
consisting of at least three parts: the rod, hook, and filament, which
act as a drive shaft, universal joint, and helical propeller,
respectively’. The flagellar motor generally consists of a rotor and
multiple stator units and is powered by the electrochemical potential
of protons or other ions across the cytoplasmic membrane’”. The
rotor is composed of an MS-ring, made of a transmembrane protein
(FliF) and a C-ring consisting of three cytoplasmic proteins (FliG,
FliM, and FliN). Each stator unit is composed of two transmembrane

proteins (MotA and MotB) and acts as a transmembrane channel
that couples the flow of protons or other ions through the channel
with torque generation®’.

Motile bacteria often exhibit taxis, which is the ability to move towards
or away from environmental stimuli. Chemotaxis is a ubiquitous and
important characteristic of motile bacteria and involves movement in
response to chemical stimuli. It offers bacterial cells the ability to move
towards optimal environments by directing their movements according to
the presence of the spatial gradients of certain chemicals*’. Chemoeffector
gradients are sensed via methyl-accepting chemotaxis proteins (MCPs),
which vary according to the molecules they detect. MCPs are transmem-
brane or cytoplasmic receptors, and the signals from MCPs are transmitted
via the histidine kinase CheA and coupling protein CheW, both of which
bind to MCPs'*". In the absence of receptor activation, CheA
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autophosphorylates a highly conserved histidine residue and, in turn,
transfers the phosphoryl group to conserved aspartate residues in the
response regulators CheB and CheY. In the model bacterium Escherichia
coli, which has peritrichous flagella, phosphorylated CheY induces a change
from counterclockwise (CCW) to clockwise (CW) rotation of the flagellum
via interactions with FliM. While CCW rotation is the default motor
direction to produce forward swimming, CW rotation changes the swim-
ming direction randomly, thereby causing tumbling”. The methyl-
transferase CheR modulates the methylation state of MCPs to reset their
sensitivity'’. Phosphorylated CheB acts as a methylesterase that removes
methyl groups from glutamate residues on MCPs, decreasing the ability of
MCPs to activate CheA'. In response to the receptor activation, on the other
hand, the conformational change of MCPs leads to the inhibition of CheA
autophosphorylation, thereby delaying the transfer of phosphoryl groups to
CheY and CheB'"". A dedicated phosphatase, CheZ, accelerates the
spontaneous dephosphorylation of CheY to terminate signaling'>'®. Because
CheZ dephosphorylates CheY very quickly, signal transduction that chan-
ges the rotational direction of flagella is inhibited. Thus, E. coli cells maintain
smooth swimming, leading to chemotaxis'. It should be noted that the
above-mentioned run-tumble swimming pattern in E. coli does not always
apply to other motile bacterial species. For instance, monopolarly flagellated
bacteria, Pseudomonas aeruginosa and Vibrio alginolyticus, have evolved
run-reverse and run-reverse-flick swimming patterns, respectively, which
are distinct from the run-tumble pattern‘s. Furthermore, the direction of
flagellar rotation is exclusively CW in Rhizobium meliloti with peritrichous
flagella”.

In addition to CheY, several other proteins are involved in the direct
control of flagellar rotation. EpsE and Mot in Bacillus subtilis function as
molecular clutches by binding to FliG and MotA, respectively, to disengage
the rotor from the stator™”". In contrast, the cyclic di-GMP (c-di-GMP)-
binding protein YcgR in E. coli functions as a molecular brake by binding to
MotA and FliG to regulate flagellar rotation speed and direction’**. The c-
di-GMP-binding protein FIgZ in P. aeruginosa impedes motility by inter-
acting with the stator components MotC and MotD*. The c-di-GMP-
binding protein MotL in Shewanella putrefaciens also regulates lateral fla-
gella by binding to the C-ring”.

Actinomycetes are high-GC gram-positive, mainly soil-inhabiting
bacteria. Many of them show filamentous growth and are often character-
ized by remarkably complex morphological development™. Most fila-
mentous actinomycetes, represented by the genus Streptomyces, are non-
motile and lack flagellar and chemotactic genes. A recent comprehensive
phylogenetic analysis of flagellar components in the phylum Actinomycetota
(Actinobacteria) revealed that all actinobacterial flagella evolved from a
common origin and that flagellar genes were lost in exchange for the
acquisition of mycelial growth in most filamentous actinomycetes”. How-
ever, some filamentous actinomycetes retain flagellar genes and have
evolved to use flagella during a specific stage of their life cycle - swimming as
zoospores to seek new niches. Members of the genus Actinoplanes are
zoospore-producing filamentous actinomycetes. They produce terminal

a wild-type b wild-type

2

Fig. 1 | TEM observations of flagella on zoospores and cells with germ tubes. a A
zoospore of the wild-type strain. A 25 mM NH,HCOj solution was poured onto
sporangium-forming HAT agar to induce sporangium dehiscence. Zoospores
released from the sporangia were negatively stained and observed. b A germinating
zoospore of the wild-type strain. Germination and outgrowth of the zoospore were

c AftgA::P*em-ftgA

sporangia growing from the substrate mycelium via short
sporangiophores™. Actinoplanes missouriensis, the most profoundly studied
species of this genus, produces round-shaped terminal sporangia when
cultivated on humic acid-trace element (HAT) agar”’~*'. Each sporangium
contains a few hundred spherical flagellated spores and opens to release the
spores in response to external water’>”. This process is referred to as
sporangium dehiscence. The released spores are termed zoospores because
they swim in aquatic environments and exhibit chemotactic behavior
toward various compounds™*'. Upon reaching a suitable niche for vege-
tative growth, zoospores stop swimming and begin to germinate.

In this study, we focused on the molecular mechanism by which the
zoospores of A. missouriensis stop swimming in response to changes in their
surroundings. From the functional analysis of the three chemotaxis gene
clusters by gene disruption, we identified AMIS_76540 as a protein required
for flagellar rotation arrest. We named it FtgA (flagellar rotation terminator
in germination) for its function revealed in this study. Here, we describe the
functional characterization and target identification of FtgA. Based on the
experimental results, we propose a regulatory model of zoospore motility
during the transition from the swimming to germination stages in A.
Missouriensis.

Results

Zoospores stop flagellar rotation in response to nutrient broth
exposure

After release from sporangia, spores begin swimming in aquatic environ-
ments as zoospores using flagella™. While zoospores can swim for an hour,
they stop swimming and germinate when suspended in a nutrient-rich
peptone-yeast extract-MgCl, (PYM) liquid broth. To obtain insight into
how the zoospores stop swimming, we examined whether the non-motile
cells with germ tubes remained flagellated using transmission electron
microscopy (TEM). In this experiment, we suspended wild-type zoospores
released from sporangia in PYM liquid broth and incubated the suspension
with shaking at 30 °C for 8 h to induce germination and outgrowth™. We
found that the cells with germ tubes were flagellated in a similar manner to
the motile zoospores, which indicated that the zoospores stop swimming
not via the flagellar loss but via the cessation of flagellar rotation (Fig. 1a, b).

FtgA is crucial for stopping flagellar rotation

In the A. missouriensis genome, genes with predicted chemotaxis signaling
functions are clustered at three loci: AMIS_76480 to AMIS_76570 (che
cluster-1), AMIS_68680to AMIS_68770 (che cluster-2),and AMIS_52400to
AMIS_52460 (che cluster-3) (Fig. Sla). The che cluster-1 is located on the
locus immediately adjacent to the flagellar gene cluster (Fig. S1a)*. To
analyze the chemotactic properties of zoospores, null mutant strains of each
gene cluster had been generated in our laboratory (Ache-1, Ache-2, and
Ache-3 strains; Fig. S1a). No difference was observed among the wild-type,
Ache-1, Ache-2, and Ache-3 strains in mycelia or sporangia formed on yeast
extract-beef extract-NZ amine-maltose monohydrate (YBNM) and HAT
agar. Furthermore, sporangia of all strains opened normally to release motile

d Prpos-ftgA e AfliN

induced by suspension in PYM broth, followed by cultivation at 30 °C for 8 h. The
germ tube is indicated by an arrow. ¢ A spore of the AftgA strain harboring the P4 ;-

ftgA construct. d A spore of the P,,,5-ftgA strain. e A spore of the AfliN strain. In

panels c to e, spores released from the sporangia were observed using the same
method as in a. Scale bars, 500 nm.

Communications Biology | (2024)7:1405


www.nature.com/commsbio

https://doi.org/10.1038/s42003-024-07104-6

Article

zoospores under sporangium dehiscence-inducing conditions. These results
indicated that none of the genes in che clusters-1, -2, and -3 are required for
sporangium formation, sporangium dehiscence, and flagellar formation
under the tested conditions. However, during the observation of zoospore
motility in these mutants, we unexpectedly found that the germinated
zoospores of the Ache-1 strain remained motile after suspension in PYM
liquid broth (Fig. S1a). In contrast, the zoospores of the Ache-2 and Ache-
3 strains stopped swimming and germinated under the same conditionsin a
manner similar to the wild-type zoospores (Fig. S1a). This result suggested
that a gene(s) within che cluster-1 is required for flagellar rotation arrest in
response to nutrient exposure. A detailed analysis of the chemotaxis of the
Ache-1, Ache-2, and Ache-3 strains will be published elsewhere.

To identify the gene(s) required for flagellar rotation arrest, we gen-
erated null mutant strains of the following genes within che cluster-1; (i)
AMIS_76480, (i) three genes from AMIS 76490 to AMIS_76510, (iii)
AMIS_76520, (iv) AMIS_76530 and AMIS_76540 (ftgA), and (v) three genes
from AMIS_76550 to AMIS_76570 (Fig. Sla). Phenotypic observations of
these mutant strains revealed that the germinated zoospores of the
AAMIS_76530AftgA strain remained motile after cultivation in PYM liquid
broth with shaking at 30 °C for 8 h, whereas the germinated zoospores of the
remaining mutant strains stopped swimming under the same conditions
(Fig. S1a) in a manner similar to that of the wild-type zoospores (Movie S1).
To determine which gene is responsible for this phenotypic change, we
generated single-gene mutant strains of AMIS_76530 and figA (Fig. Sla).
Phenotypic observations revealed that the germinated zoospores of the
AftgA strain remained motile (Movie S2), whereas those of the
AAMIS_76530 strain stopped swimming under the same conditions
(Fig. S1a). These results indicated that figA is crucial for flagellar rotation
arrest in response to nutrient exposure.

FtgA is likely to be a cytoplasmic protein of 290 amino acids; no signal
peptide or transmembrane region was proposed by SignalP6.0 (https://
services.healthtech.dtu.dk/service.php?SignalP) or SOSUI version 1.11
(https://harrier.nagahama-i-bio.acjp/sosui/mobile/),  respectively. The
protein database search using InterPro version 92.0 (https://www.ebi.ac.uk/
interpro/) or Conserved Domain Database (https://www.ncbi.nlm.nih.gov/
Structure/cdd/cdd.shtml) failed to identify any conserved domains in FtgA.
We predicted the protein structure of FtgA using ColabFold”*. The pre-
diction tool generated a three-dimensional model composed of 16 a-helices
with high accuracy (Fig. S2a). We also performed a BLAST search in the
NCBI genome database (https://www.ncbi.nlm.nih.gov/genome/) and
found that the FtgA homologs are highly conserved in all 46 Actinoplanes
species (more than 82% identity in amino acid sequences), including A.
missouriensis, whose genome sequences and gene annotations have been
registered in the database (Fig. S3). Some species belonging to the family
Micromonosporaceae, such as Couchioplanes caeruleus, Catenuloplanes
japonicus, and Spirilliplanes yamanashiensis, also have FtgA homologs.

Previously, we performed RNA sequencing (RNA-Seq) analysis using
total RNAs extracted from wild-type cells cultivated under various culture
conditions®. These analyses clarified that the genes of che cluster-1 were
transcribed as a single polycistronic transcript under the control of the
cheAl (AMIS_76570) promoter (Fig. Sla). Reverse transcription-
polymerase chain reaction (RT-PCR) analysis confirmed this transcrip-
tional unit of che cluster-1 (Fig. S1b). Therefore, we introduced the figA-

coding sequence under the control of the cheAI promoter (P4 ;-figA) into
the AftgA strain using the integration vector pTYMI19-Apra for gene
complementation testing”**’. Unexpectedly, phase-contrast microscopy
revealed that the spores of the AftgA strain harboring the P,.4;-ftgA con-
struct were non-motile immediately after release from the sporangia. Then,
we examined whether the spores of this strain were flagellated by TEM and
found that they were not flagellated (Fig. 1c). We analyzed the transcript
levels of ftgA in the zoospores of the wild-type strain and the AffgA strain
harboring the P.4;-ftgA construct by reverse transcription-quantitative
polymerase chain reaction (RT-qPCR). The transcript level of figA in the
AftgA strain harboring the P,.4;-ftgA construct was 4.6-fold higher than
that in the wild-type strain (Fig. S4). These results suggested that the
overexpression of figA caused by placing it immediately downstream of the
cheA1 promoter prevents the flagellation of spores (see Discussion).

Constitutive expression of ftgA inhibits flagellar formation

The rpoB gene, which encodes the RNA polymerase 3 subunit, is expected to
be transcribed throughout the life cycle of A. missouriensis. To induce the
constitutive expression of ftgA, we inserted the promoter sequence of rpoB
in front of the chromosomal ftgA-coding sequence (in the intergenic region
between ftgA and cheW1-I; see Fig. Sla) in the wild-type strain. Hereafter,
we refer to this 7poB promoter-integrated strain as the P,,,p-ftgA strain. As
observed in the AftgA strain harboring the P ,.4;-ftgA construct, the zoos-
pores released from the sporangia of the P,,,5-figA strain were non-motile
when observed using phase-contrast microscopy (Fig. 2a). Furthermore, the
zoospores of this strain were non-flagellated, as determined by TEM
(Fig. 1d). These results supported the notion that excess FtgA inhibits fla-
gellar formation (see Discussion).

A missense mutation in fliN suppresses phenotypic changes in
the P,,,5-ftgA strain

To further investigate the physiological role of FtgA, we isolated suppressor
mutants from a mutant library generated by UV irradiation of non-
flagellated zoospores of the P,,,p-figA strain. In this screening, zoospores
with restored motility were enriched via the following procedures: (i)
sporangium dehiscence was induced by pouring 25 mM NH,HCO; solu-
tion onto sporangia on HAT agar, followed by incubation at room tem-
perature for 1 h; (ii) spore suspension was collected from the surface of the
agar plate and transferred into a plastic chamber (Fig. S5); (iii) a 1-pl glass
capillary was placed in the chamber and incubated at room temperature for
30 min to collect motile zoospores inside the capillary (Fig. S5); and (iv)
zoospores retrieved from the capillary were inoculated on HAT agar and
cultivated at 30 °C for 7 days for sporangium formation. After repeating
procedures (i) to (iv), we isolated colonies by cultivating a portion of the
zoospores retrieved from the capillary on YBNM agar at 30 °C for 2 days.
Then, we inoculated each strain on HAT agar and cultivated at 30 °C for
7 days for sporangium formation to examine zoospore motility using phase-
contrast microscopy. We successfully obtained seven strains with motile
Zoospores.

In this screening, the mutations generated in ftgA were predicted to
lead to zoospore motility, because constitutive expression of ftgA is required
for the formation of non-flagellated spores in the P,,,p-figA strain (Fig. 1d).
Thus, we examined the nucleotide sequence of the P,,,5-figA construct in

Fig. 2 | Trajectories of zoospore movement
observed using phase-contrast microscopy. Spor-
angium dehiscence was induced by pouring 25 mM
NH4HCOs; solution onto sporangium-forming
HAT agar, followed by incubation at room tem-
perature for 1 h. Zoospores released from sporangia
were observed. a The P,,p-ftgA strain. b The S-7
strain. ¢ The fliN (P101S) mutant strain harboring
the P,,,p-ftgA construct. d The AcheA W strain. Scale
bars, 20 pm.

a Pros-figA -

d AcheAW
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Fig. 3 | BACTH assays. a p-Galactosidase activities (Miller units) of E. coli BTH101
co-transformed with plasmids producing both FtgA and FliN. A plasmid producing
the FliN (P101S) variant was also used. b B-Galactosidase activities (Miller units) of
E. coli BTH101 co-transformed with plasmids producing FtgA and one of the four
truncated forms of FliN (FliN_N1, _N2, _CI, and _C2). A schematic of the FliN
sequences produced in each of the truncated forms is shown on the right side of the
graph. The location of the P101S replacement in FliN is indicated by a red

fliN_C1

FliN (247 aa)
P101S

N ———Y [Coreregion} ©

FIIN_N1 |
FIIN_N2 i :
FIN_C1 ! :

FIIN_C2 ——

ftgA ftgA ftgA
AMIS_

76480

ftgA - -

X Y1-1 cheA1 W1-2

arrowhead. ¢ B-Galactosidase activities (Miller units) of E. coli BTH101 co-

transformed with plasmids harboring figA and one of the nine genes within che
cluster-1 (cheAl, cheW1-2, cheW1-1, cheB1, cheRl, cheY1-2, cheX, cheY1-1, and
AMIS_76480). In a to ¢, empty vectors expressing the T18 and T25 domains of

adenylate cyclase were introduced as vector controls. The values represent the
mean + standard error of three biological replicates.

the isolated strains. Six of the seven strains harbored mutations in the P,,,p-
ftgA locus (Table S1). We excluded these six strains from further analyses,
considering that the mutations in P,,,p-figA probably allowed flagellation
and motility of the zoospores due to the loss of (or weakened) function of
FtgA. Therefore, we focused on the remaining strain, named S-7, which had
no mutations in the P,,,p-figA locus. In contrast to non-motile zoospores in
the P,,,p-ftgA strain (Fig. 2a; Movie S3), the zoospores of S-7 could swim
normally (Fig. 2b; Movie $4).

To identify the generated mutations, we determined the genome
sequence of the S-7 strain. Among the obtained data, we identified a single
nucleotide variant within fIiN, which replaced Pro-101 with Ser in the gene
product of 247 amino acids (Table S2). As described in the Introduction,
FliN is a component of the C-ring of the flagellar basal body, which is
assembled on the cytoplasmic face of the MS-ring""*’. To confirm that
FliN is essential for flagellar formation in A. missouriensis, we generated a
null mutant of the chromosomal fIiN gene in the wild-type strain (AfliN
strain) and examined the zoospores of the mutant. As expected, the zoos-
pores of the AfliN strain were not flagellated (Fig. 1e). Next, we hypothesized
that P101S replacement in FliN should be involved in the formation

of motile zoospores in strain S-7. To test this hypothesis, we generated a
P101S mutation in the chromosomal fliN gene of the P,,,p-ftgA strain. As
expected, the zoospores of this mutant strain were motile in a manner
similar to the wild-type zoospores, indicating that P101S replacement in
FliN is responsible for the formation of motile zoospores in strain S-7
(Fig. 2¢c; Movie S5).

Zoospores of the fliN (P101S) mutant strain remain motile after
germination and outgrowth

As described above, the zoospores of the AftgA strain remained motile after
germination and outgrowth (Movie S2). Because the P101S mutation in fliN
canceled the non-motile phenotype in the zoospores of the P,,,5-ftgA strain
(Fig. 2c; Movie S5), we assumed that this mutation in fliN also should cancel
the function of FtgA in stopping the flagellar motor. Thus, we introduced a
P101S mutation into the chromosomal fIiN gene of the wild-type strain and
examined the motility of the mutant zoospores by phase-contrast micro-
scopy. As expected, the zoospores of the fliN (P101S) mutant strain
remained motile after germination and outgrowth (Movie S6), in a manner
similar to the zoospores of the AftgA strain (Movie S2).
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FtgA binds to wild-type and P101S mutant FliN proteins
The phenotypic investigations described above raised the possibility that
FtgA and FliN interact with each other. To verify this possibility, we per-
formed bacterial adenylate cyclase-based two-hybrid (BACTH) assays using
E. coli as a host. As expected, we detected a significant increase in -
galactosidase activity in the transformant harboring the figA- and fliN-
expressing plasmids compared to the transformant harboring the empty
vectors, indicating a direct interaction between FtgA and FliN (Fig. 3a). We
also examined whether FtgA interacts with the FliN (P101S) variant, con-
sidering that P101S replacement may inhibit the interaction between FIiN
and FtgA. However, contrary to our expectation, a significant increase in -
galactosidase activity in the E. coli transformant was also detected in this
protein combination, indicating that FtgA interacts with the FIiN (P101S)
variant in a similar manner to the wild-type FliN protein (Fig. 3a).
Alignment of the amino acid sequences of FliN orthologs from various
bacteria showed that the C-terminal half of FliN in A. missouriensis is highly
conserved among a wide range of bacteria (Fig. S6a). In this study, we
referred to the conserved sequences as the core region of FliN. Considering
that the entire sequences of the FliN orthologs are highly conserved among
members of the genus Actinoplanes (Fig. S6b), FliN proteins in Actinoplanes
bacteria possess an N-terminal extended region in addition to the core
region. Because the Pro-101 residue in A. missouriensis FliN is located in this
N-terminal extended region (Fig. S6a), we further analyzed whether this
N-terminal extended region in FliN is involved in the interaction with FtgA.
We generated four plasmids producing truncated forms of FliN for the
BACTH assay. By producing each of the truncated FliN proteins together
with FtgA in E. coli, we indicated that the entire sequence of the core region
of FIiN is required for its interaction with FtgA (Fig. 3b). In contrast, the
N-terminal region of FliN failed to interact with FtgA (Fig. 3b).

FtgA interacts with CheA1 and CheW1-2

Considering the gene organization and transcriptional unit involving figA
(Fig. S1), we hypothesized that the gene product(s) of che cluster-1 is rele-
vant to the function of FtgA. Thus, we performed BACTH assay to examine
the interactions between FtgA and other gene products of che cluster-1
(CheAl, CheW1-2, CheW1-1, CheBl1, CheR1, CheY1-2, CheX, CheYl1-1,
and AMIS_76480). We detected significant increases in [B-galactosidase
activity in the transformant harboring the figA- and cheAl-expressing
plasmids and that harboring the figA- and cheWI-2-expressing plasmids
(Fig. 3¢), indicating that FtgA binds to CheA1 and CheW1-2. In contrast, no
interactions were detected between FtgA and any of the remaining gene
products (Fig. 3c).

As described in the Introduction, the histidine kinase CheA and cou-
pling protein CheW form a ternary signaling complex together with MCP in
the chemotaxis signaling pathway*’. Therefore, the results of the BACTH
assay suggested that FtgA is a component of the signaling complex, which
may anchor the FtgA molecules so as not to stop the flagellar motor during
the swimming of zoospores. To support this assumption, we observed the
motility of zoospores released from the sporangia of a mutant strain lacking
the cheAl, cheW1-2, and cheWI-1 genes (strain AcheAW), which was
generated in the experiment described above (Fig. S1a). If our assumption is
correct, the spores of this mutant strain should be immotile because FtgA
molecules that are free from the signaling complex inhibit flagellar forma-
tion. As expected, the zoospores of the AcheAW strain were non-motile
(Fig. 2d), similar to those of the P,,,p-ftgA strain (Fig. 2a). It should be noted
that zoospores of the Ache-1 strain were motile, indicating that none of the
genes of che cluster-1, including cheAl, cheWI-2, and cheWI-I, are
intrinsically required for flagellar formation and zoospore motility. There-
fore, it is likely that FtgA is responsible for the formation of immotile
zoospores in the AcheAW strain.

Discussion

In this study, we investigated the molecular mechanism by which zoospores
stop swimming in A. missouriensis in response to exposure to external
nutrients. Our experimental results clarified that FtgA, which is encoded

within che cluster-1, stops the flagellar motor via interaction with the C-ring
component FliN. Several proteins have been reported as regulators of fla-
gellar motility in motile bacterial species, as described in the Introduction.
However, amino acid sequence identities between FtgA and these motility
regulators are quite low (3.5% to 8.6%), while FtgA homologs radiate
throughout the members of the genus Actinoplanes. Therefore, we estab-
lished FtgA as the founding member of a new family of flagellar motility
regulators. Because torque generation is caused by sequential stator-rotor
interactions in the flagellar motor, the stator and C-ring are hot spots for the
regulation of flagellar motility’. Whereas MotI and FlgZ target the stator,
EpsE and MotL target the C-ring’**"****. YcgR binds to the components of
both the stator and C-ring”>*’. Phosphorylated CheY also interacts with FliN
by binding to FliM to reverse flagellar rotation*. Therefore, FliN is a rea-
sonable target for FtgA to stop the flagellar motor in A. missouriensis.

Regarding the physiological functions of FtgA, we observed phenotypic
changes at two different stages in the ftgA-deficient and ftgA-overexpressing
strains: (i) a defect in flagellar rotation arrest in the AftgA strain (Movie S2)
and (ii) a defect in flagellation in both the AfigA strain harboring the P45~
ftgA constructand the P,,,p-figA strain (Fig. 1c, d). Both phenotypic changes
appear to be reasonably explained by the ability of FtgA to bind to FliN. A.
missouriensis FIIN is composed of an extended N-terminal region and a
C-terminal core region (Fig. S6). P101S replacement in the extended
N-terminal region of FliN generated zoospores that did not stop swimming
in the wild-type genetic background. Thus, the extended N-terminal region
of FliN plays a pivotal role in stopping the flagellar motor in A. missouriensis.
We expect that FtgA induces a conformational change in the extended
N-terminal region of FliN by binding to its C-terminal core region, resulting
in flagellar rotation arrest. Previous mutational studies yielded seven fliN
mutations (Pro_61, Ile_75, Leu_78, Leu 100, Gly_103, Tyr_104, and
Leu_105) in Salmonella and two fliN mutations (Ile_57 and Ile_60) in E. coli,
which conferred the flagellated but immotile phenotype (Fig. S6a)***.
Although these mutations cause the replacement of each single amino acid
residue located within the FliN core region, this result demonstrated that
FliN itself could be involved in flagellar rotation arrest. We attempted to
predict the complex structures of C-ring subunits and FtgA in several
protein combinations using AlphaFold-Multimer”, but failed to obtain
structural models with high accuracy, leaving the structural basis of the
functions of FtgA and the extended N-terminal region of FliN to be eluci-
dated (see Supplementary Note 1).

FtgA overproduction resulted in the generation of non-flagellated
zoospores. We assumed that ectopically overproduced FtgA molecules
binds to nascent FliN proteins in the cytoplasm and that FliN bound by FtgA
fails to assemble into the C-ring; FtgA is likely to hamper the interaction of
FliN with FliM. Because FliN in the flagellar basal body mediates the loca-
lization of Flil, a flagellar export ATPase, to the C-ring via interaction with
FliH, the absence of FliN in the C-ring inevitably leads to the inability to
assemble functional flagella because of the loss of the export of flagellar
components****. The non-flagellated phenotype of AfliN zoospores is con-
sistent with this assumption (Fig. 1e). Considering this hypothesis, it was
surprising that FlIN (P101S) restored the non-flagellated phenotype
induced by FtgA overproduction, despite the binding of FtgA to the FIN
core region (Fig. 3b; Movie S5). Therefore, we propose an alternative pos-
sible explanation: the binding of FtgA to nascent FliN proteins has no effect
on the incorporation of FliN into the C-ring but inhibits the export of
flagellar components via conformational changes in the extended
N-terminal region of FliN. In this case, the P101S replacement in FIiN
appeared to allow the export of flagellar components even in the presence of
FtgA, although the molecular mechanism behind this phenotypic change
awaits further investigation. It seems reasonable that conformational
changes in the extended N-terminal region of FliN affect flagellar compo-
nent export, because the C-ring (also called the switch complex) composed
of FliG, FliM, and FliN is involved not only in flagellar rotation switch but
also in flagellar rotation itself and flagellar component export™. It also seems
reasonable that we failed to obtain suppressor strains in which FliN could
not bind to FtgA, because FtgA interacts with the C-terminal core region of
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Fig. 4 | Schematic representation of a working model of motility regulation by
FtgA in A. missouriensis zoospores. (i) During swimming behavior, FtgA interacts
with CheAl and CheW1-2 to form a chemotaxis signaling complex. (ii) In response
to nutrient exposure, FtgA is released from the complex into the cytoplasm. The
MCPs of the complex may act as receptors for signaling molecules. (iii) The released
FtgA binds to FliN at the bottom of the C-ring to induce the structural change of the
extended N-terminal region of FliN, thereby stopping the flagellar motor.

FliN. Mutations that resulted in amino acid replacement in the C-terminal
core region of FliN were likely to cause defects in flagellar rotation***, and
these mutations could not be enriched in our experiment considering the
scheme for screening.

The results of the BACTH assays indicated that FtgA interacts with the
chemotaxis signaling proteins CheAl and CheW1-2, both of which form a
core signaling complex with MCP. We also found that the AcheAW strain
was non-motile similar to the ftgA-overexpressing strains. From these
results, we propose a working model for the regulation of FtgA function:
FtgA is captured by a chemoreceptor complex during swimming and
released when zoospores need to stop swimming (see the next paragraph). It
should be noted that che cluster-1 in A. missouriensis is remarkable for the
structure of the core signaling complex; FtgA seems to function as an
adaptor component connecting CheAl and CheW1-2 (see Supplementary
Note 2; Fig. S7; Table S3).

In conclusion, we propose the following regulatory model of flagellar
rotation by FtgA (Fig. 4): (i) during swimming behavior, FtgA molecules in
zoospores form a complex with CheAl, CheW1-2, and an MCP; (ii) in
response to exposure to nutrients, in which the MCP may act as a receptor,
FtgA is released from the complex into the cytoplasmic space; and (iii) the
released FtgA binds to FliN at the bottom of the C-ring to induce structural
changes in the extended N-terminal region of FliN, thereby stopping the
flagellar motor. In addition, we assume that FtgA restrains the assembly of
new flagella by binding to nascent (or assembled) FliN molecules. Zoospores
seem to irreversibly stop the flagellar motor for germination and subsequent
outgrowth, considering the life cycle of A. missouriensis. Our study sheds
new light on zoospore biology as well as the regulation of flagellar rotation.

Methods

General methods

Bacterial strains, plasmid vectors, and media used in this study have been
described previously”***. Primers used in this study are listed in Table S4.
A. missouriensis cells were prepared as described previously”. Phase-
contrast microscopic observations of the zoospores were performed using a
BH-2 phase-contrast microscope (Olympus, Tokyo, Japan) as described
previously’'. TEM observations were performed as described previously™.
The samples were negatively stained with 1% (w/v) phosphotungstic acid
(pH 7.0) and observed using a JEM-1010 electron microscope (JEOL,
Tokyo, Japan).

Semi-quantitative RT-PCR

Total RNAs were extracted from wild-type zoospores, as described
previously””. RNA samples (1 pg) were used for reverse transcription
reactions using the ThermoScript RT-PCR system for first-strand cDNA
synthesis (Thermo Fisher Scientific, MA, USA) according to the
manufacturer’s instructions. Following treatment with RNase H, the
synthesized cDNA libraries were used as templates for PCR under the
following conditions: 94 °C for 30's, 60 °C for 30's, and 72 °C for 25s.
A total of 27 cycles were executed. The genomic DNA was used as a
positive control for PCR.

RT-qPCR

cDNA libraries were prepared as described above using total RNAs
extracted from the zoospores of the wild-type strain and the AfigA strain
harboring the P ,.4;-ftgA construct. Quantitative PCR was performed using
the SYBR premix Ex Taq II reaction mixture (Takara Biochemicals, Shiga,
Japan) and the AriaMx Real-Time PCR System (Agilent Technologies, CA,
USA) under the following conditions: 5 min at 95 °C, followed by 40 cycles
of 5sat 95 °Cand 20 s at 60 °C. The rpoB (AMIS_5940) gene was used as an
internal standard. All reactions were performed in triplicate, and the data
were normalized using the average of the internal standard.

Isolation of suppressor strains

The P,,,5-ftgA strain was inoculated and cultivated on HAT agar at 30 °C
for 7 days for sporangium formation. Then, 25 mM NH,HCOj solution
was poured onto HAT agar to induce sporangium dehiscence. After
incubation at room temperature for 1 h, the solution was collected from
the surface of the agar plate and filtered through a 5-um membrane filter
(Pall Corporation, NY, USA) to eliminate mycelia and sporangia. The
resultant zoospore-containing solution was irradiated with UV light until
the survival rate of the zoospores reached approximately 7%. Using the
irradiated solution, sporangium formation, dehiscence, and enrichment
of motile zoospores were conducted as follows: (i) the zoospore-
containing solution was inoculated on HAT agar and cultivated at 30 °C
for 7 days for sporangium formation, (i) 25 mM NH,HCO; solution
(10 ml per plate) was poured on HAT agar, followed by incubation at
room temperature for 1h to induce sporangium dehiscence, (iii) the
released spore-containing solution was retrieved from the plate and
transferred into a plastic chamber (410 pl per lane), (iv) a 1-pl glass
capillary was submerged into the chamber containing the spore sus-
pension and incubated at room temperature for 30 min, and (v) zoos-
pores were retrieved from the 1-pl capillary. After repeating steps (i) to
(v) three times more (four cycles in total), a portion of the zoospores
retrieved from the capillary was inoculated on YBNM agar and cultivated
at 30 °C for 2 days. Single colonies were picked and streaked on YBNM
agar and incubated at 30 °C for 2 days. Each isolated strain was inoculated
into PYM broth and cultivated with shaking at 30 °C for 2 days. After
washing with 0.75% NaCl solution, mycelia were inoculated on HAT agar
and cultivated at 30 °C for 7 days for sporangium formation. Then,
25 mM NH,HCO; solution was poured on HAT agar to induce spor-
angium dehiscence. After incubation at room temperature for 1h, the
zoospore motility of each strain was examined using phase-contrast
microscopy. Strains that released motile zoospores were then isolated.
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Genome sequencing of the isolated strain

The P,,0p-figA strain and the S-7 strain isolated via the enrichment proce-
dure were inoculated into PYM broth and cultivated with shaking at 30 °C
for 2 days. Genomic DNAs were extracted using the CTAB method”.
Sequencing libraries were prepared using 3 pg of DNA as the starting
material, and sequencing was performed using a NovaSeq 6000 sequencer
(Ilumina, CA, USA). Library construction and sequencing were performed
by Novogene (Beijing, China). Sequencing reads were filtered by sequence
quality and mapped to the A. missouriensis genome sequence with the P,,o5-
ftgA construct using the CLC Genomics Workbench (Illumina).

Construction of mutant strains

To construct gene deletion mutants, the upstream and downstream regions
of the target gene(s) were amplified by PCR. The amplified DNA fragments
were digested with appropriate restriction enzymes and cloned into pUC19
digested with the same restriction enzymes. The generated plasmids were
sequenced to confirm that no PCR-derived errors were present. The cloned
fragments were digested with restriction enzymes and cloned together into
pK19mobsacB*, whose kanamycin resistance gene had been replaced with
the apramycin resistance gene aac(3)IV*’, digested with restriction enzymes.
The generated plasmids were introduced into A. missouriensis by con-
jugation as described previously’. Apramycin-resistant colonies resulting
from a single-crossover recombination were isolated. One of them was
grown in PYM broth at 30 °C for 48 h, and the mycelia suspended in 0.75%
NaCl solution were spread onto the Czapek-Dox broth agar (BD, NJ, USA)
containing extra sucrose (final concentration 5%). After incubation at 30 °C
for 5 days, sucrose-resistant colonies were inoculated on YBNM agar with or
without apramycin to confirm that they were sensitive to apramycin. The
apramycin-sensitive and sucrose-resistant colonies resulting from the sec-
ond crossover recombination were isolated as candidates for gene deletion
mutants. Disruption of the target gene(s) was confirmed by PCR. To
introduce the P101S mutation into the fliN-coding sequence, the region
containing the upstream and downstream regions of the mutation point was
amplified by PCR using the genomic DNA of the S-7 strain as a template.

Construction of the strain for the gene complementation test
DNA fragments containing the promoter sequence of cheAI and the coding
sequence of figA were amplified by PCR. The fragments were then con-
nected to each other by overlap extension PCR. The amplified fragment was
digested with appropriate restriction enzymes and cloned into pTYM19-
Apra™" digested with the same restriction enzymes. The generated plasmid
was sequenced to confirm that no PCR-derived errors were introduced and
introduced into the AftgA strain by conjugation, as described previously™.
Apramycin-resistant colonies were obtained.

Construction of the P,,,5-ftgA strain

The upstream region of the ftgA-coding sequence, the figA-coding and its
downstream sequences, and the promoter region of rpoB were amplified by
PCR. The amplified DNA fragments were digested with appropriate
restriction enzymes and cloned into pUC19 digested with the same
restriction enzymes, in which the promoter sequence of rpoB was inserted in
front of the figA-coding sequence. The generated plasmids were sequenced
to confirm that no PCR-derived error was introduced. The cloned frag-
ments were digested with restriction enzymes and cloned together into
pK19mobsacB. The subsequent procedures were performed using the same
method used to construct the mutant strains.

Analysis of zoospore movement trajectories

The 25 mM NH,HCO; solution was poured onto sporangium-forming
HAT agar to induce sporangium dehiscence. The zoospore-containing
solution was collected after incubating at room temperature for 1h.
Swimming zoospores were observed with a BH-2 phase-contrast micro-
scope and recorded with a DP22 digital camera (25 frames per second). The
120 frames in each strain were analyzed using the Color_Footprint plugin

(http://www.jaist.ac.jp/ms/labs/hiratsuka/images/0/09/Color_FootPrint.
txt) in ImageJ™.

BACTH assay

The bacterial adenylate cyclase-based two-hybrid assay was conducted
using a BACTH system kit (Euromedex, Strasbourg, France) according to
the manufacturer’s instructions. For construction of the T18 or T25 domain
fusion plasmids, the coding sequences of figA, fliN, cheA 1, cheW1-2, cheW1-
1, cheBI, cheR1, cheY1-2, cheX, cheY1-1,and AMIS_76480 were amplified by
PCR. The coding sequence of the fliN (P101S) mutant gene was amplified
using genomic DNA extracted from the S-7 strain as a template. The coding
sequences of the truncated fliN genes were amplified using internal primers.
The DNA fragments were digested with appropriate restriction enzymes
and cloned into pUC19 digested with the same restriction enzymes. The
generated plasmids were sequenced to confirm that no PCR-derived error
was introduced. The cloned fragments were digested with restriction
enzymes and cloned into the vectors pKT25 (for figA and fliN) and pUT18C
(for ftgA, fliN, cheAl, cheW1-2, cheW1I-1, cheBl, cheRl, cheY1-2, cheX,
cheYI-1, and AMIS_76480), all of which had been digested with the same
restriction enzymes. E. coli BTH101 cells were co-transformed with the T18
and T25 domain fusion plasmids, and transformants were selected on LB
agar containing ampicillin and kanamycin. At least three individual colonies
per assay were grown overnight at 30 °C in LB broth containing ampicillin
and kanamycin. The cultures were inoculated into LB broth containing
ampicillin, kanamycin, and isopropyl p-D-1-thiogalactopyranoside and
cultivated at 30 °C for 48 h. p-Galactosidase activity was quantified as pre-
viously described’".

Statistics and reproducibility

All data were analyzed at least twice to ensure reproducibility. Bar graphs
represent the mean values + standard errors from three biologically inde-
pendent experiments.

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

Data availability

Nucleotide sequence data from the genome sequencing analysis were
deposited in the DDBJ Sequence Read Archive under accession number
PRJDB18964. PDB files for predicted protein structures are provided in
Supplementary Data. Other data supporting the findings of this study are
available in the article and its supplementary material. Source values are
provided in Supplementary Data 1.
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