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ABSTRACT The bacterium Leptothrix cholodnii generates cell chains encased in sheaths
that are composed of woven nanofibrils. The nanofibrils are mainly composed of glyco-
conjugate repeats, and several glycosyltransferases (GTs) are required for its biosynthesis.
However, only one GT (LthA) has been identified to date. In this study, we screened
spontaneous variants of L. cholodnii SP6 to find those that form smooth colonies, which
is one of the characteristics of sheathless variants. Genomic DNA sequencing of an iso-
lated variant revealed an insertion in the locus Lcho_0972, which encodes a putative GT
family 8 protein. We thus designated this protein LthB and characterized it using dele-
tion mutants and antibodies. LthB localized adjacent to the cell envelope. DlthB cell
chains were nanofibril free and thus sheathless, indicating that LthB is involved in nano-
fibril biosynthesis. Unlike the DlthA mutant and the wild-type strain, which often gener-
ate planktonic cells, most DlthB organisms presented as long cell chains under static
conditions, resulting in deficient pellicle formation, which requires motile planktonic cells.
These results imply that sheaths are not required for elongation of cell chains. Finally,
calcium depletion, which induces cell chain breakage due to sheath loss, abrogated the
expression of LthA, but not LthB, suggesting that these GTs cooperatively participate in
glycoconjugate biosynthesis under different signaling controls.

IMPORTANCE In recent years, the regulation of cell chain elongation of filamentous
bacteria via extracellular signals has attracted attention as a potential strategy to
prevent clogging of water distribution systems and filamentous bulking of activated
sludge in industrial settings. However, a fundamental understanding of the ecology
of filamentous bacteria remains elusive. Since sheath formation is associated with
cell chain elongation in most of these bacteria, the molecular mechanisms underly-
ing nanofibril sheath formation, including the intracellular signaling cascade in
response to extracellular stimuli, must be elucidated. Here, we isolated a sheathless
variant of L. cholodnii SP6 and thus identified a novel glycosyltransferase, LthB.
Although mutants with deletions of lthA, encoding another GT, and lthB were both
defective for nanofibril formation, they exhibited different phenotypes of cell chain
elongation and pellicle formation. Moreover, LthA expression, but not LthB expres-
sion, was influenced by extracellular calcium, which is known to affect nanofibril for-
mation, indicating the functional diversities of LthA and LthB. Such molecular
insights are critical for a better understanding of ecology of filamentous bacteria,
which, in turn, can be used to improve strategies to control filamentous bacteria in
industrial facilities.
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Microorganisms are widely utilized for the remediation of water resources in water
purification and wastewater treatment plants, where their innate biological func-

tion and metabolism are harnessed to remove contaminants. For example, due to their
ability to deposit iron oxides to extracellular polymers, iron-oxidizing bacteria such as
Leptothrix and Gallionella are used to remove iron from groundwater in water purifica-
tion plants (1–4). In contrast to their usefulness, unexpected overgrowth of filamentous
bacteria such as Leptothrix, Sphaerotilus, and Thiothrix clogs water distribution systems
and causes filamentous bulking of activated sludge (5–7). Therefore, a better under-
standing of bacterial filamentous growth is important for the proper control of their
use in industrial settings (8, 9). However, little is known about the regulation of cell
chain elongation in filamentous bacteria.

Leptothrix species, which are closely related to Sphaerotilus, are aerobic, sheath-forming, fil-
amentous, and Gram-negative species that inhabit Fe-rich groundwater, seeps, and streams
(10). They form biomats and pellicles (specialized types of biofilms) on submerged solid surfa-
ces and at the air-liquid interface, respectively. Planktonic Leptothrix cells move around in
aquatic environments using monopolar flagella (9–12) and attach to favorable surfaces using
hair-like appendages called nanofibrils (13). Once attached, the founder cells then initiate cell
division to generate chains of daughter cells that are encased in microtubular sheaths com-
posed of entangled nanofibrils. The elongating cell chains interweave with each other using
their sheaths and eventually generate biomats consisting of porous networks of cell chains
(14, 15). Under static conditions, planktonic cells that move up to the air-liquid interface are
trapped by small cell clusters, and the net-like pellicles are formed by randomly docking small
cell clusters (9). Nanofibrils play important roles in this process by reducing cell adsorption to
the air-liquid interface and enabling cells to move toward each other and stick together (9).
Therefore, the regulation of nanofibril formation and thus sheath formation is important for
the fundamental understandings of the ecology of Leptothrix.

In general, the cell envelope of Gram-negative bacteria consists of the inner and
outer membranes, which are separated by the thin peptidoglycan cell wall called the
periplasm (16). In these bacteria, polysaccharide synthesis begins with the transfer of a
sugar phosphate onto a lipid carrier, undecaprenyl phosphate, on the cytoplasmic face
of the inner membrane. The lipid-linked sugar repeats are then built by the sequential
actions of various glycosyltransferases (GTs). The resulting sugar repeat is flipped
across the inner membrane, polymerized in periplasmic spaces, and then transported
to the outer membrane (17, 18). Leptothrix nanofibrils are mainly composed of a glyco-
conjugate repeat [!4)-a-GalA-(1!4)-b-GlcNAc-(1!3)-b-GalNAc-(1!4)-a-GalNAAc-
(1!4)-a-GalNAc-(1!]n with modifications such as cysteine residue addition (19, 20),
implying that several GTs and glycan-processing enzymes are required for their biosyn-
thesis. Approximately 30 GT-encoding genes are annotated in the reference genome
of Leptothrix cholodnii SP6. Therefore, it is challenging to systematically disrupt these
genes to investigate their mutant phenotypes. To date, only LthA, a GT that is homolo-
gous to SthA in Sphaerotilus, has been shown to be required for nanofibril biosynthesis
in the Leptothrix (9, 21). Thiol and amino groups in this glycoconjugate repeat are
involved in nanofibril entanglement and interaction with iron oxide particles, respec-
tively (3, 22), indicating that glycoconjugates anchoring these functional groups play
ecologically important roles for strengthening sheaths.

Intercellular gaps within elongating cell chains and cell escape from the elongating
pole(s) are observed during cell filament elongation (13). These characteristics of cell
chains suggest that local environmental conditions, such as the availability of dissolved
nutrients or minerals, could affect Leptothrix behavior. Indeed, the removal of extracellular
calcium ions (Ca21) was demonstrated to result in the breakage of elongating cell chains
(12). Recently, filamentous growth of Sphaerotilus was shown to be regulated by bacterial
signaling molecules released in activated sludge (23). These findings imply that
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filamentous growth associated with sheath formation in the Sphaerotilus-Leptothrix group
is regulated by environmental stimuli. We thus hypothesized that the activity and/or
expression of enzymes involved in nanofibril biosynthesis might be under the control of
such extracellular signals.

Isolation of spontaneous mutants conferring selectable phenotypes is routinely
employed in microbiological research (24). Bacterial genomes are widely recognized as
being remarkably stable across generations. However, bacterial populations often gen-
erate genetic variations, including base substitutions, insertions, deletions, genome
rearrangements, and the transfer of exogenous and endogenous DNA, to increase
genetic diversity in the presence of exogenous stresses such as antibiotics (25). A num-
ber of studies, including metagenome analyses, have revealed that various mobile
genetic elements (MGEs), including transposons, viruses, and integrative plasmids, are
located in bacterial genomes (26). MGEs that typically encode diverse families of trans-
posases and integrases facilitate the movement of genetic material among bacterial
chromosomes (27). Generally, insertion sequences composed of MGEs exhibit short ter-
minal inverted repeat (IR) sequences of 10 to 40 bp. The IRs are further divided into
two elements: inverted repeats are involved in transposase binding, while target
repeats locating at the terminal 2 to 3 bp of the IR sequence are involved in the cleav-
age and strand transfer reactions that lead to element transposition (28).

In L. cholodnii, sheathless variants can be isolated from morphologically abnormal
colonies that form after repeated culturing (5 to 15 times) (29, 30). These findings indi-
cate that these spontaneous mutations in the L. cholodnii genome might be caused by
active MGEs. However, the mutation point(s) and MGEs in these mutants remain
unclear. In this study, we isolated a novel sheathless mutant using the “step-by-step”
culturing strategy. By comparing the genomic data for the mutant to those for its pa-
rental strain, we were able to easily determine the critical mutation for a given pheno-
type. We thus identified lthB, a GT-encoding gene that was responsible for sheath for-
mation, and further characterized its deletion mutant.

RESULTS AND DISCUSSION
Isolation of a variant that forms smooth colonies due to a lack of sheath forma-

tion. Sheathless variants of Leptothrix cholodnii have been obtained by repeated cul-
turing 5 to 15 times (29, 30), suggesting that spontaneous mutations frequently occur
in L. cholodnii during repeated culture. However, the mutation points in these sponta-
neous variants remain unclear. In this study, we used SP6 to implement a similar cyclic
strategy consisting of cycles of liquid culturing, plating, and single-colony isolation, to
elicit variants that formed smooth colonies. The formation of smooth colonies is a charac-
teristic of sheathless mutants, referred to here as the Lth2 phenotype. The step-by-step cul-
turing facilitated the identification of critical mutations responsible for the phenotypes that
we describe in this study. After 28 cycles, we successfully obtained a candidate (referred to
here as SP6Lth2) that formed smooth colonies (Fig. 1A, right). In contrast, a single colony
that was isolated after 27 cycles (referred to here as SP6-27) formed rough colonies (Fig. 1A,
middle) that was similar to that of wild-type SP6 cells (Fig. 1A, left). However, SP6-27 cells
may carry spontaneous mutations that are not responsible for the Lth2 phenotype.

In a shaking culture, SP6-27 cells generated aggregates composed of fibrous fila-
ments. In contrast, SP6Lth2 cells did not aggregate but spread throughout the culture
medium (Fig. 1B), similar to the cloudy medium that was previously observed when
the sheathless DlthA::kanR mutant was cultured (9). To verify the absence of sheath
structure around the periphery of SP6Lth2 cells, cultures that had undergone 2 days of
shaking were stained with the fluorescent reagent Alexa Fluor 594 C5-maleimide (here-
after Alexa Fluor 594-SH) (12, 19) and DAPI (49,6-diamidino-2-phenylindole) to visualize
nanofibril sheaths and DNA, respectively. As expected, except for a few cells, no fluores-
cence from Alexa Fluor 594-SH was observed around the SP6Lth2 cells (Fig. 1C, middle,
arrowhead). Most SP6Lth2 cell chains were broken into multiple single cells when spotted
and dried on an agar pad (Fig. 1C, bottom), which strongly suggests that these cell chains
failed to generate sheaths. In contrast, SP6-27 cells persisted as cell chain aggregates, even
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on agar pads. Strong fluorescence enclosing cell chains was also observed (Fig. 1C, top),
suggesting that these SP6-27 cell chains were still encased in sheaths. The lack of sheath
structure around the SP6Lth2 cells was also confirmed by atmospheric scanning electron
microscopy (ASEM) (see Fig. S1 [right] in the supplemental material). In contrast, SP6-27
cell chains were encased in sheath structures (Fig. S1, left, red dashed lines). Together,
these results clearly indicate that a spontaneous mutation(s) that arose during culturing of
SP6-27 cells produced the SP6Lth2 variant, which lacked nanofibril sheaths and hence
formed smooth colonies.

Determination of the mutation point(s) critical for the Lth2 phenotype by com-
paring genomic DNA sequences. To identify the spontaneous mutation point(s) re-
sponsible for the characteristics that were observed in the SP6Lth2 cells, we used next-
generation sequencing (NGS) to analyze the genomic DNA (gDNA) isolated from SP-
6Lth2 cells and their parental SP6-27 cells. Compared to the reference SP6 genome,
breseq software identified several point mutations even in the SP6-27 genome (Table
S1). Since the phenotype of the parental SP6-27 cells was similar to the wild-type phe-
notype, we concluded that these point mutations were not critical for the Lth2 pheno-
type, and we therefore ignored them. Compared to the SP6-27 genome, only an inser-
tion sequence (IS) element encoding an IS30 family transposase into the Lcho_0972
locus was found in the SP6Lth2 genome (Fig. 2A, left; Tables S1 and S2). In the refer-
ence SP6 genome, four copies of the same IS element are present at Lcho_0883,
Lcho_1557, Lcho_3004, and Lcho_3005. These elements have conserved short terminal

FIG 1 Isolation of a spontaneous mutant, SP6Lth2. (A) Colony morphology of SP6 (left), SP6-27 (middle),
and SP6Lth2 (right) cells on MSVP plates incubated for 3 days. (B) Images of SP6-27 and SP6Lth2 cells from
2-day-old shaking cultures. (C) Fluorescent staining of nanofibril sheaths and DNA with Alexa Fluor 594-SH
and DAPI, respectively, in SP6-27 and SP6Lth2 cells cultured under shaking conditions. Stained cells were
imaged in liquid culture in glass-bottom dishes (middle) or after being spotted and dried on agar pads
(top and bottom). The arrowhead indicates intracellular fluorescence.

LthB Required for Leptothrix Sheath Formation Applied and Environmental Microbiology

April 2023 Volume 89 Issue 4 10.1128/aem.01919-22 4

https://journals.asm.org/journal/aem
https://doi.org/10.1128/aem.01919-22


5-bp inverted repeats and nonconserved 3-bp target repeats (Fig. 2B, in red and blue,
respectively), which were also found in the flanking regions of the IS element inserted
into Lcho_0972 in SP6Lth2 cells (Fig. 2C). These results indicated that one copy of the
IS element was duplicated and inserted into Lcho_0972 during culture of the SP6-27
cells. In agreement with the NGS data, the PCR product from the SP6Lth2 genome
(;2.0 kbp) that was amplified from a region between Lcho_0971 and Lcho_0973 was
larger than the corresponding PCR products amplified from SP6 and SP6-27 genomes
(;0.9 kbp) (Fig. 2A, right; red arrows [p1 and p2] in Fig. 2A, left).

Lcho_0972 encodes a conserved hypothetical protein that is annotated in GenBank
(31). Interestingly, the Pfam (32) and InterPro (33) databases predict that this hypothet-
ical protein belongs to glycosyltransferase family 8 (GT8), which is known to transfer
diverse sugars onto lipo-oligosaccharides, proteins, inositol, oligosaccharides, or poly-
saccharide acceptors (34, 35). The enzyme activity of GT8 enzymes require the interac-
tion of the conserved DxD motif and C-terminus histidine residues with a divalent
metal ion (Mn21 or Mg21), which acts as an essential cofactor (36–38). We compared
amino acid sequences between the Lcho_0972 protein and other GT8 enzymes, whose
structures were experimentally determined, and found that these residues are con-
served in the Lcho_0972 protein (Table S3; Fig. S2). Recently, a tool for the prediction

FIG 2 Determination of an insertion sequence within the Lcho_0972 gene, which encodes a putative glycosyltransferase.
(A) (Left) Schematic of an insertion sequence within the Lcho_0972 (lthB) gene. A primer set is indicated by red arrows.
(Right) PCR confirmation of an insertion into the Lcho_0972 gene using gDNA isolated from SP6, SP6-27, and SP6Lth2

cells. Size markers are indicated on the left. (B) Loci containing identical insertion sequences in the reference SP6
genome. Numbers indicate the nucleotide position relative to the start codon. (C) Detailed sequence of the Lcho_0972
gene before (top) and after (bottom) the insertion. Numbers indicate nucleotide position relative to the start codon of
Lcho_0972 and the transposase, respectively. (D) Superposition of the Lcho_0972 protein (green) and WbbM (magenta).
Structural alignments show that the conserved aspartic acid and histidine residues in the Lcho_0972 protein are predicted
to be located around the Mg21 ion, as in WbbM. The right image is focused on the active center of GT8 with the cofactor
Mg21.
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of three-dimensional structure from a primary amino acid sequence was provided by
the AlphaFold protein structure database (39). We thus compared the structure
between the Lcho_0972 protein and WbbM bound with Mg21. A structural alignment
showed that the conserved aspartic acid and histidine residues in the Lcho_0972 pro-
tein were predicted to be situated around the Mg21 ion, similar to WbbM (Fig. 2D).
These data support our claim that the Lcho_0972 protein is a GT8 enzyme. We there-
fore designated the Lcho_0972 protein LthB, another glycosyltransferase required for
nanofibril formation in SP6, and refer to the SP6Lth2 strain as the lthB::IS30 strain.

Generation of anti-LthB antibody and analyses of LthB expression and localiza-
tion in SP6 cells. To detect LthB in SP6 cells using a polyclonal antibody, a His-tagged
LthB protein (referred to here as LthB-HisT) with a predicted molecular weight of
;26 kDa was expressed in Escherichia coli cells and purified from their cell lysate using
a resin that binds specifically to HisT (Fig. 3A). We then generated a polyclonal anti-
body against purified LthB-HisT in rabbits. The resulting serum was tested for specific-
ity to LthB by immunoblotting using cell extracts from SP6-27 and DlthB::IS30 cells. A
chemiluminescence image showed that a strong band at approximately 26 kDa was
detected in SP6-27 cells, which had an intact lthB (Lcho_0972) locus (Fig. 3B, left).
Despite the fact that nearly equal amounts of cell extract were loaded, no

FIG 3 Immunoblotting and immunostaining of SP6-27 and DlthB::IS30 (SP6Lth2) cells using an anti-
LthB antibody. (A) Purified LthB-HisT protein that was used to acquire rabbit anti-LthB antibodies. (B)
Immunoblotting of LthB in cell extracts from SP6-27 and DlthB::IS30 cells using anti-LthB antibodies
(left). CBB staining of an SDS-PAGE gel loaded with SP6-27 and DlthB::IS30 cell extracts, showing that
almost the same amount was loaded (right). Size markers are indicated on the left of each gel. The
asterisk indicates nonspecific bands. (C) Immunostaining of SP6-27 and DlthB::IS30 cells using anti-
LthB antibodies. DNA was stained with DAPI. Fluorescence detected around septa between two
connected cells is indicated by arrowheads. (D) Relative signal intensities of bright-field (black), DAPI
(blue), and anti-LthB (green) at a cell cross section of SP6-27 (left) and DlthB::IS30 (right) cells.
Average intensities from .15 cells were plotted.
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corresponding band was detected in DlthB::IS30 cells, which had an IS element at the
lthB locus (Fig. 3B, right). Although several minor bands were also detected, these
results indicate that a LthB-specific antibody was successfully generated.

The rabbit serum was then used for immunostaining to examine the localization of
LthB in SP6-derivative cells. Strong pericellular fluorescent signals were observed in
SP6-27 cells (Fig. 3C, top) but not in DlthB::IS30 cells (Fig. 3C, bottom). Relative fluores-
cent intensities at a cross-section of SP6-27 cells showed that the anti-LthB signal
tended to be high between the peaks of the bright-field and DAPI signals, which repre-
sent the cell envelope and DNA-containing cytoplasm, respectively (Fig. 3D). Assuming
that the glycoconjugate repeats of nanofibrils might be synthesized at the cytosolic
side of the inner membrane, as was reported for other Gram-negative bacteria (17, 18),
we surmised that the strong anti-LthB signal that was observed adjacent to the cell en-
velope was reasonable if LthB is required for nanofibril synthesis as a glycosyltransfer-
ase. However, further analyses are required to determine the detailed localization of
LthB.

Confirmation of characteristics associated with lack of lthB. To confirm whether
the Lth2 phenotype in DlthB::IS30 cells is entirely dependent on the lack of the lthB
gene, we next generated a deletion mutant from SP6-27 cells. Reverse transcription-
PCR (RT-PCR) analysis using mRNA extracted from SP6, SP6-27, and DlthB::IS30 cells
revealed that the expression of the Lcho_0973 gene, which is located downstream of
the lthB (Lcho_0972) gene, was abrogated by the DlthB::IS30 mutation (Fig. S3A), sug-
gesting that these genes are under the control of the same promoter. Therefore, both
lthB (Lcho_0972) and Lcho_0973 were designed to be replaced by the kanamycin resist-
ance gene (kanR) (Fig. S3B, top). For antibiotic selection after conjugation with E. coli,
we first isolated a rifampicin-resistant variant of SP6-27 cells (SP6-27rif1). Gene
replacement in this strain was then performed by plasmid transfer from E. coli. After
acquiring candidate clones with the lthB (Lcho_0972)-Lcho_0973 deletion (referred to
here as DlthB::kanR cells), the complete replacement of both Lcho_0972 and Lcho_0973
genes with kanR was confirmed in three independent candidates by colony PCR (Fig.
S3B, bottom) and immunoblotting (Fig. 4A).

Fluorescent staining of nanofibrils by Alexa Fluor 594-SH revealed that DlthB::kanR cells
in shaking cultures form short cell chains that lack sheath support (Fig. 4B, middle) and
break into multiple single cells when spotted onto agar pads and air dried (Fig. 4B, bot-
tom). In contrast, the cell chains of the parental SP6-27rif1 culture became entangled and
formed small aggregates, which remained intact on the air-dried agar pad (Fig. 4B, top).
These results showed phenotypic similarities between the SP6-27 and DlthB::IS30 cells (Fig.
1C). To confirm that the phenotypic change was caused by the loss of the lthB gene, we
generated another Lcho_0973 deletion mutant (referred to here as the DLcho_0973::kanR
mutant), which had the intact lthB (Lcho_0972) gene (Fig. S4A, top). Colony PCR was used
to confirm the replacement of Lcho_0973 with kanR in the DLcho_0973::kanR candidates
(Fig. S4A, bottom), and we found that all independently isolated DLcho_0973::kanR clones
generated aggregates in shaking cultures (Fig. S4B). Furthermore, fluorescent staining of
nanofibrils by Alexa Fluor 594-SH revealed that the cell chains of the DLcho_0973::kanR
became entangled to form small aggregates, which persisted even after spotting onto the
air-dried agar pad (Fig. S4D). Accordingly, we inferred that deletion of lthB, but not
Lcho_0973, disrupted the glycoconjugate synthesis, which in turn resulted in sheathless
cells exhibiting the Lth2 phenotype.

Pellicle formation associated with planktonic-cell generation from cell chains.
We previously found that, under static conditions, planktonic cells move up to the air-
water interface and generate porous pellicles (9, 12). In contrast, DflgAB::kanR cells,
which lack flagellum-driven motility, failed to form pellicles. The sheathless mutant
DlthA::kanR cells generated dense pellicles that were distinct from those generated by
SP6 cells, indicating that the flagella that are used to swim toward the air-liquid surface
and the nanofibril sheaths that are used to capture swimming cells are both critical for
porous-pellicle formation (9). To examine whether DlthB mutant cells generated po-
rous or dense pellicles, we inoculated DlthB mutant cells and their parental cells in
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dishes and cultured them under static conditions. Surprisingly, DlthB mutant cells did
not generate pellicles in either static dishes or cuvette cultures (Fig. 5A; Fig. S5, right),
while parental SP6-27 cells, SP6-27rif1 cells, and DLcho_0973::kanR cells formed porous
pellicles at the same rate (Fig. 5A; Fig. S4C right; Fig. S5, left). For a while, DlthA::kanR
cells formed dense pellicles that collapsed after thickening (Fig. 5A, middle, yellow
arrowhead) (9). In a static glass-bottom dish culture, both parental SP6-27rif1 cells and
DlthB::kanR cells elongated to form long cell chains (Fig. 5B, left and right, respectively).
In contrast, DlthA::kanR cells divided into single cells and/or groups of several cells dur-
ing elongation (Fig. 5B, middle), as reported previously (9). Notably, planktonic cells
were observed in SP6-27rif1 and DlthA::kanR cultures but not in the DlthB::kanR cul-
ture (Fig. 5B). Moreover, DlthA::IS30 DlthB::kanR double mutant cells had a tendency to

FIG 4 Replacement of the Lcho_0972 (lthB) and Lcho_0973 genes with kanR in SP6-27 cells resulted
in nanofibril-free cells that were similar to DlthB::IS30 cells. (A) Immunoblotting of LthB in cell extracts
from SP6-27rif1 cells and their DlthB::kanR disruptants using an anti-LthB antibody (left). The asterisk
on the right indicates nonspecific bands. An SDS-PAGE gel loaded with cell extracts from SP6-27rif1
cells and their DlthB::kanR disruptants was stained with CBB (right). Size markers are indicated on the
left. (B) Fluorescent staining of nanofibril sheaths and DNA with Alexa Fluor 594-SH and DAPI,
respectively, from SP6-27rif1 cells and their DlthB::kanR disruptant mutants under shaking conditions.
Stained cells were imaged in liquid culture in glass-bottom dishes (middle) or after they were spotted
and dried on agar pads (top and bottom).
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generate cell chains in static conditions and thus failed to form pellicles due to lower
number of planktonic cells (Fig. S6). These results implied that deficient pellicle forma-
tion in DlthB::kanR and DlthA::IS30 DlthB::kanR cells could be due to the lack of plank-
tonic cells, whose motility is required for movement toward the air-liquid interface.

Deficient cell division of DlthB cell chains. To confirm that DlthB::kanR cells form
long cell chains without the support of sheaths under static conditions, we stained
nanofibril sheaths with Alexa Fluor 594-SH or fluorescein-NH2. Long cell chains of pa-
rental SP6-27rif1 cells in the static dish culture were clearly encased in sheaths (Fig.
S7, top, and Fig. S8, top). In contrast, except for a few cells, there was no strong fluores-
cence around DlthB::kanR cell chains when they were stained with fluorescein-NH2 and
Alexa Fluor 594-SH (Fig. S7, middle, and Fig. S8, middle). As was seen with DlthB::IS30
cells, these long DlthB::kanR cell chains broke into multiple single cells when spotted and
air dried on agar pads (Fig. S7, bottom, and Fig. S8, bottom). Since there were propidium
iodide (PI)-positive cells in DlthB::kanR cell chains under static culture conditions (Fig. S9),
we inferred that Alexa Fluor 594- and fluorescein-positive cells in these cell chains could be
an artifact of cell death rather than nanofibril formation. Indeed, Leptothrix cells that form
cell chains often induce autolysis, presumably due to abrupt nutrient limitations (12, 40).
Based on these results, we concluded that DlthB::kanR cells are able to generate long cell
chains without the support of sheaths under static culture conditions. Thus, sheaths are
not required for cell chain elongation.

Importantly, the mean lengths of single rod-shaped DlthB::kanR cells on agar pads were
comparable to those of single SP6-27rif1 cells (Fig. 4B, top and bottom; Fig. S10A). This
suggests that the peptidoglycan synthesis that is required for cell enlargement and cell di-
vision (41) was not impaired in DlthB::kanR cells. In addition, staining cell membranes with
FM1-43 indicated the presence of septa produced at cell ends of the DlthB::kanR cell
chains, comparable to the parental SP6-27rif1 cell chains (Fig. S10B). We therefore suggest
that the deletion of lthB gene does not interfere with the cell division process. However, it
remains possible that the loss of LthB, but not LthA, slowed the cleavage of the septum by
the cell division complex (divisome) at the final stages of cell division (42, 43). In support of

FIG 5 Different cell properties in DlthA and DlthB cells. (A) Pellicle formation in static dish cultures
showing that DlthB::kanR cells failed to form pellicles. The arrowhead indicates the collapse of the
DlthA::kanR pellicle. (B) Chain formation of SP6-27rif1, DlthA::kanR, and DlthB::kanR cells at the bottom
surface of the glass.
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this possibility, we noticed that strong fluorescent signals from anti-LthB were often
detected at cell-cell junctions (Fig. 3C, yellow arrowheads).

Expression of LthA and LthB under Ca2+ depletion. We reported previously that
breakage of elongating cell chains occurs via the removal of extracellular calcium ions
(Ca21) (12). However, low Ca21 levels have been detected by elemental analysis of SP6
sheaths (44). We thus inferred that Ca21 could be important for signal transduction, rather
than the strengthening of the sheath structure (e.g., by nanofibril cross-linking). We there-
fore examined whether the expression of LthA and/or LthB was abrogated by Ca21 deple-
tion. To detect LthA expression, we generated a polyclonal antibody against a peptide mix-
ture (the peptides consisted of 184 to 197 and 218 to 231 amino acids) in rabbits. The
resulting immune serum was tested for specificity against LthA by immunoblotting using
cell extracts from the DlthA::kanR strain and its parental rifampicin-resistant strain (SP6rif1).
A chemiluminescence image shows that a band at approximately 55 kDa was detected in
SP6rif1 cells, which have a wild-type Lcho_3510 (lthA) locus (Fig. S11, left, first lane). In con-
trast, no corresponding band was detected in DlthA::kanR cells, despite loading of nearly
equal amounts of cell extracts (Fig. S11, left, second lane). We therefore concluded that the
polyclonal antibody against LthA was successfully generated, although a strong nonspecific
band was also observed (Fig. S11, right, asterisk). Next, SP6rif1 cells were cultured in me-
dium that contained the Ca21 chelator EGTA (MSVP1EGTA) or in MSVP without calcium
chloride (MSVP2Ca) (Tables S4 and S5), and cell extracts were used for immunoblots.
Although the expression of LthB under Ca21-depleted conditions (1EGTA and 2Ca) was
comparable to that under control conditions (2EGTA and1Ca) (Fig. 6, right), the expression
of LthA was abrogated by Ca21 depletion (1EGTA and 2Ca) (Fig. 6, left). The strong band
(;30 kDa) that was expressed in cells cultured under the calcium-free conditions was con-
sidered nonspecific, because a similar band was detected in the DlthA::kanR cell extracts
(Fig. S12). These results imply that the extracellular Ca21 depletion affects the regulator(s) of
LthA expression; thus, the loss of LthA expression abrogated nanofibril formation and
resulted in cell chain breakage.

Conclusion and outlook. In this study, we used the step-by-step culturing strategy to
screen spontaneous variants showing the Lth2 phenotype, and used genomic sequencing
analyses to determine their critical mutation(s). The NGS data suggested that the SP6 ge-
nome was relatively stable across generations; even after 28 cycles of repeated culture,
only 7 point mutations and a single IS30 translocation were detected in the genome of the
DlthB::IS30 strain. The stability of the SP6 genome suggests that the mutation(s) critical for
the Lth2 phenotype in previously isolated mutants such as SP6SL (29) might be elucidated
by simple comparison of their genomic sequence with the reference.

Using genomic screening, we identified a spontaneous variant in which an IS30 ele-
ment had been inserted into the lthB gene, which encodes a glycosyltransferase (GT)

FIG 6 Abrogation of LthA expression by Ca21 depletion. Immunoblots of cell extracts from SP6rif+
cells using anti-LthA (left) and anti-LthB (right) antibodies, respectively. SP6rif1 cells were cultured in
EGTA-free (lane 1) and EGTA-containing (lane 2) MSVP for 6 h. SP6rif+ cells were also cultured in
MSVP (lane 3) and Ca21-free MSVP (2Ca) (lane 4) for 12 h. Size markers are indicated on the left.
Asterisks indicate nonspecific bands.
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type 8 protein. Our findings show that the loss of LthA and LthB impairs nanofibril bio-
synthesis in L. cholodnii SP6, suggesting that the expression of these GTs is essential
for the production of glycoconjugate repeats that make up nanofibrils. However, DlthA
and DlthB cells exhibited different characteristics, including pellicle formation, which is
closely associated with planktonic-cell generation. We observed that short DlthA cell
chains broke into single cells, whereas long DlthB cell chains failed to generate single
cells. Although further analyses are needed, we infer that LthB plays functional roles
not only in nanofibril biosynthesis but also in cell division.

Consistent with these findings, extracellular Ca21 depletion, which causes cell chain
breakage, abrogated LthA expression but not LthB expression. These findings suggest that
Ca21 signaling may regulate nanofibril biosynthesis through the regulation of LthA expres-
sion. Although the role of Ca21 in prokaryotes is largely elusive, LthA expression might be
regulated by Ca21-binding proteins (CaBPs), which have been shown to affect physiologi-
cal processes in bacteria, including the maintenance of cell structure, motility, membrane
transport, and cell differentiation (45).

The present findings provide a deeper understanding of the molecular mechanisms
related to cell chain elongation that underpin the ecology of filamentous bacteria,
which may contribute to the development of regulatory technologies for water treat-
ment facilities in the future.

MATERIALS ANDMETHODS
Strains and culture conditions. In this study, we used Leptothrix cholodnii SP-6 (ATCC 51168) (29)

(referred to here as SP6) and its derivatives (Table 1). We cultured these strains by transferring frozen
stock to an Minerals Salts Vitamins Pyruvate (MSVP) agar plate (Tables S4 and S5) (29), which was incu-
bated at room temperature. After 4 to 7 days of culture, we transferred 1 to 3 single colonies into 25 mL
of liquid MSVP medium, which was then incubated in a reciprocating shaker at 70 rpm for an additional
2 days at room temperature. For gene disruption in SP6 and its derivatives, we obtained spontaneous
rifampin-resistant strains (SP6rif1, SP6-27rif1, and DlthB::IS30rif1) by successive transfer of SP6 cells to
MSVP plates supplemented with rifampin (Rif [10, 15, and 20 mg/L]) (9). For the static condition, a suffi-
cient amount of the 2-day-old shaking culture was inoculated into cuvettes (AS ONE, Osaka, Japan) or
glass-bottom dishes (Iwaki, Tokyo, Japan) and incubated for 1 to 2 days. To culture SP6rif1 and DlthA::
kanR cells under calcium-free conditions, 3 mM EGTA (Nacalai Tesque, Kyoto, Japan) was added to MSVP
to chelate calcium ions. We also cultured these cells in a MSVP solution without calcium chloride
(MSVP2Ca) (Tables S4 and S5) (12). The Escherichia coli strains SN1187 (NBRP E. coli at National Institute
of Genetics) (46), S17I (our laboratory stock), and Rosetta 2(DE3) (Merck, Darmstadt, Germany) were used
for plasmid manipulation, plasmid transfer via conjugation, and recombinant protein expression, respec-
tively. E. coli carrying a plasmid was cultured in L broth (LB) medium (47) containing antibiotics such as
ampicillin sodium and kanamycin sulfate (Km; Nacalai Tesque) for approximately 12 h in a reciprocating
shaker at 30 to 37°C and 190 rpm.

Genomic DNA isolation from SP6, SP6-27, and SP6Lth2 cells. Genomic DNAs were isolated accord-
ing to previously described methods for use in PCR and NGS (40). Briefly, SP6, SP6-27, and SP6Lth2 cells
that had been cultured for 2 days in 25 mL MSVP medium were collected by centrifugation, washed
twice in TE buffer (10 mM Tris-HCl and 1 mM EDTA, pH 8.0) and suspended in 5 mL of TE buffer contain-
ing 20 mg/mL proteinase K (FujiFilm Wako, Osaka, Japan) and 0.6% sodium dodecyl sulfate (SDS;
FujiFilm Wako). After incubation at 65°C for 1 h, 1 mL of 5 M NaCl and 800 mL of CTAB-NaCl solution
(10% cetyltrimethylammonium bromide and 0.7 M NaCl) were added to the cell suspension, which was
further incubated at 65°C for 1 h. To eliminate proteins, the cell suspension was sequentially extracted

TABLE 1 Leptothrix cholodnii strains used in this study

Strain Description Background Reference
SP6 Wild type 29
SP6rif1 Rifampicin resistant (undefined) SP6 9
SP6-27 Several mutations not responsible for the Lth2 phenotype (Tables S1 and S2) SP6 This study
SP6Lth2 (DlthB::IS30) DlthB::IS30 and several mutations not responsible for the Lth2 phenotype

(Tables S1 and S2)
SP6-27 This study

SP6-27rif1 Rifampicin resistant (undefined) SP6-27 This study
DlthB::IS30rif1mutant Rifampicin resistant (undefined) DlthB::IS30 This study
DlthA::kanRmutant DlthA::kanR SP6rif1 9
DlthB::kanRmutant DlthB::kanR SP6-27rif1 This study
DlthA::kanR DlthB::IS30mutant DlthA::kanR DlthB::IS30 DlthB::IS30rif1 This study
DLcho_0973::kanRmutant DLcho_0973::kanR SP6rif1 This study
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using an equal volume of phenol-chloroform-isoamyl alcohol (25:24:1) solution (FujiFilm Wako) and
chloroform (Nacalai Tesque, Kyoto, Japan). To precipitate nucleic acids, the resulting supernatant was
added to an equal volume of isopropanol (Nacalai Tesque), incubated at 220°C for 1 h, and then centri-
fuged at 7,000 � g for 20 min. The pellet was rinsed in 70% ethanol and air dried for 20 min. To elimi-
nate RNA, the pellet was suspended in 500 mL of TE buffer containing 20 mg/mL RNase A (TaKaRa Bio,
Inc., Shiga, Japan) and incubated at 37°C for 30 min, and DNA was extracted using phenol-chloroform-
isoamyl alcohol (25:24:1) and chloroform. The ethanol-precipitated gDNA was dissolved in 50 mL of TE
buffer.

Genome data. The SP6 genome was downloaded from GenBank (accession no. GCA_000019785.1)
and used as the reference sequence in NGS analyses. The accession numbers of the genes used for mul-
tiple sequence alignment and structural alignment are listed in Table S3.

Next-generation sequencing and analysis. Next-generation sequencing was performed to deter-
mine the mutations responsible for the Lth2 phenotype in SP6Lth2 (DlthB::IS30) cells. Genomic DNA was
isolated from SP6-27 and SP6Lth2 (DlthB::IS30) cells as described above. Library preparation and DNA
sequencing were performed by Bioengineering Lab. Co., Ltd. (Kanagawa, Japan). Whole-genome shotgun
libraries were then constructed using an MGIEasy FS DNA library preparation set (MGI Tech, Shenzhen,
China). After these libraries were circularized using an MGIEasy circularization kit, DNA nanoballs were pre-
pared using a DNBSEQ-G400RS high-throughput sequencing set and were sequenced on a DNBSEQ-G400
instrument (paired end, 200-bp reads). The sequencing data were analyzed as follows. The software fastp
(version 0.23.2) (48) was used to remove sequences with low-quality scores and trim adapters from raw
fastq files, using the command “-q 20–adapter_sequence=AAGTCGGAGGCCAAGCGGTCTTAGGAAGACAA–
adapter_sequence_r2 = AAGTCGGATCGTAGCCATGTCGTTCTGTGAGCCAAGGAGTTG.” Mutations from the
reference L. cholodnii SP6 genome were predicted using breseq software (version 0.36.1) (49) with the
default options selected. fastp and breseq software programs were downloaded from the BioContainers
registry (50).

Sequence and structure alignment. To confirm that LthB is a glycosyltransferase family 8 protein, a
multiple-amino-acid-sequence alignment of LthB and other GT family 8 proteins was performed with T-
Coffee software (version 13.41.0.28bdc39) (51) on the EMBL-EBI website (52) with the default options
selected. Although WbbM has two domains (N terminus, DUF4422, and C terminus, GT8), only the C ter-
minus GT8 domain (260 to 635) was used for multiple sequence alignment. A structural alignment of
LthB and WbbM was performed using the Matchmaker tool in ChimeraX software (version 1.4) (53) with
default options selected.

Plasmid construction. PCRs for plasmid construction were performed using PrimeSTAR Max DNA po-
lymerase (TakaraBio, Kusatsu, Shiga, Japan). To obtain deletion mutants, two plasmids were constructed
as described previously (Table 2) (9). To generate a plasmid for the replacement of lthB (Lcho_0972) and
Lcho_0973 with the Km resistance gene kanR, ;1.5-kbp fragments located upstream of the lthB
(Lcho_0972) gene and downstream of the Lcho_0973 gene were amplified by PCR from isolated SP6 gDNA
(Fig. S3A) using the primer sets given in Table S6 (Lcho_0972_outF to Lcho0972_pUC18_R). The resulting
fragments and the pUC-kanR plasmid were used to construct the lthB (Lcho0972)-Lcho0973::kanR cassette
via overlap extension PCR, and the cassette was inserted into the pUC-mob plasmid using the iVEC system
(9, 46). The sequence of the resulting plasmid (pUC-mob-Lcho_0972-0973::kanR) was confirmed by colony
PCR and subsequent sequencing. Another plasmid (pUC-mob-Lcho_0973::kanR) (Fig. S4A) that was used
for the disruption of only Lcho_0973 was constructed in the same way. The plasmid pUC-mob-lthA::kanR,
which was previously constructed using the same method, was used to disrupt the lthA gene (Fig. S6A)
(9). To express a recombinant LthB protein for use as an antigen in E. coli, an expression vector of the
LthB-HisT fusion protein [pET24a(1)-LthB] (Table 2) was constructed as follows: an ;0.7-kbp fragment
was PCR amplified from SP6 gDNA, and the primers Lcho_0972_F_NdeI_pET and Lcho_0972_R_XhoI_pET
were cloned into the NdeI-XhoI gap of pET24a(1) (Table S6). The construction of the plasmid was con-
firmed by sequencing.

Gene disruption by conjugation between E. coli S17I and rifampicin-resistant Leptothrix cells.
To obtain deletion mutants, plasmids were transferred through conjugation between E. coli S17I and SP6-
derived cells as described previously (9, 54). We used spontaneous rifampicin-resistant mutants (referred
to as SP6rif1, SP6-27rif1, and the lthB::IS30rif1 mutant) to select SP6-derived colonies on MSVP plates
containing the antibiotics Km and Rif. After conjugation, the bacterial mixture suspension was spread and
incubated on MSVP plates containing Km and Rif for approximately 1 week. Gene replacement with kanR in
candidate colonies was confirmed by colony PCR using the primers Lcho_0972_outF, Km_Lcho0972_R,
Lcho0972_Km_F, and Lcho_0972_outR for lthB (Lcho_0972)-Lcho_0973, primers Lcho_0973_outF, Km_Lcho0973_R,
Lcho0973_Km_R, and Lcho_0973_outR for Lcho_0973, and primers Lcho_3510_F_out, Km_Lcho3510_2_R,
Lcho3510_Km_1, and Lcho_3510_R_out for lthA (Lcho_3510) (Table S6; see also Fig. S3B, S4A, and S6A).

TABLE 2 Plasmids used in this study

Plasmid Description Reference
pUC-mob-lthB (Lcho0972)-Lcho_0973::kanR Replacement of lthB (Lcho_0972) and Lcho_0973with kanR This study
pUC-mob-Lcho_0973::kanR Replacement of Lcho_0973 with kanR This study
pUC-mob-Lcho_lthA::kanR Replacement of lthA (Lcho_3510) with kanR 9
pET24a(1)-LthB Expression of LthB-HisT fusion protein in E. coli This study
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Imaging cell filament aggregates in culture dishes and cuvettes. An Axio Observer Z1 microscope
with an EC Plan Neofluar 5� lens objective (420331-9911-000; Carl Zeiss, Oberkochen, Germany) was
used to image colonies on MSVP agar plates that showed different morphologies. To image elongating
cell filaments, we inoculated the wild-type and mutant cells into 600 mL of MSVP in a polymer coverslip
bottom dish (m-Dish, 35 mm, quad; Ibidi GmbH, Gräfelfing, Germany) and then imaged them using an
Axio Observer Z1 microscope with a C-Apochromat 40� water immersion lens objective (421767-9973-
000; Carl Zeiss) at 10- to 15-min intervals. To image pellicle formation at the air-liquid interface, we incu-
bated 2 mL of the culture in a 24-well dish and imaged it at 30-s intervals using an Axio Zoom.V16
microscope equipped with a heater unit (Tokai Hit, Fujinomiya, Japan). To image the floating pellicles
horizontally, we incubated 3 mL of the culture in clear cuvettes and imaged them at 1-min intervals in a
horizontal direction using equipment that has been described previously (9).

Fluorescent staining of nanofibrils encompassing cell surfaces. To visualize nanofibrils that
become entangled to form the sheath structure, 1 mL of SP6-derived cells were transferred to 1.5-mL
microtubes and stained for approximately 10 min. Cells were incubated with Alexa Fluor 594 C5-malei-
mide (30 mM; Thermo Fisher Scientific, Waltham, MA, USA) (referred to here as Alexa Fluor 594-SH) (12)
or NH2-reactive fluorescein (fluorescein labeling kit with NH2; Dojindo, Kumamoto, Japan) (13) for sheath
staining and with DAPI (0.5 mg/mL; Dojindo) for DNA staining. The stained cells were washed twice with
phosphate-buffered saline (PBS) buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and KH2PO4 [pH
7.4]), transferred onto agar pads, and air dried prior to observation. To image nanofibrils in liquid me-
dium, cells in 1 mL of MSVP culture in 3.5 mm glass-bottom dishes were stained with Alexa Fluor 594-SH
or NH2-reactive fluorescein combined with DAPI for approximately 10 min and then imaged using a
SpinSR10 spinning disk confocal microscope (Olympus, Tokyo, Japan) with a 100� oil immersion lens
objective (UAPON100XOTIRF; Olympus). PI solution (5 mg/mL; Thermo Fisher) and FM 1-43 dye (5 mg/
mL; Thermo Fisher) were also used to detect dead cells and cell membranes, respectively. DAPI, fluores-
cein, and Alexa Fluor 594 were excited using lasers at 405 nm, 488 nm, and 561 nm, respectively, and
detected with 417- to 477-nm, 500- to 550-nm, and 580.5- to 653.5-nm band pass filters, respectively.

Expression and purification of recombinant LthB proteins. To express a recombinant LthB protein
in E. coli, the pET24a(1)-LthB plasmid was introduced into the E. coli strain Rosetta 2(DE3) (Merck, Darmstadt,
Germany). Expression of LthB-HisT protein was induced by incubation with 1 mM isopropyl b-D-thiogalacto-
pyranoside (IPTG; Nacalai Tesque) for 12 h at 30°C. Cells were then collected by centrifugation at 7,000 � g
for 5 min, washed once with PBS, and immediately frozen at 220°C. To purify the LthB-HisT protein, cells
were suspended in 20 mM Tris-Cl (pH 8.0) containing a complete protease inhibitor cocktail (Merck), lysed
using bead homogenization (FastPrep-24 5G; MP Biomedicals, Santa Ana, CA, USA), and centrifuged at
15,000 � g for 20 min. The resulting supernatant was incubated with Talon metal resin (TaKaRa Bio) for 2 h.
After washing of the resin with wash buffer (20 mM Tris-Cl [pH 8.0], 10 mM imidazole) several times, the
resin-bound fusion protein was eluted using elution buffer (20 mM Tris-Cl [pH 8.0], 100 mM imidazole) and
dialyzed using Slide-A-Lyzer G2 dialysis cassettes (Thermo Fisher Scientific) in 20 mM Tris-Cl (pH 8.0).

Polyclonal antibodies. To detect expression of LthA and LthB in SP6-derived cells, rabbit polyclonal
antibodies for LthA and LthB were raised against peptides consisted of 184 to 197 and 218 to 231 amino
acids in LthA, and purified LthB-HisT protein, respectively.

Immunostaining. To analyze the cellular localization of LthB, we immunostained SP6-27 cells with
the intact lthB gene, using DlthB::IS30 as the negative control. The staining procedure used here was
very similar to that reported by Park et al. (55). Briefly, cells cultured in MSVP for 2 days were fixed in
7 mL of 3.5% glutaraldehyde (Nisshin-EM, Tokyo, Japan) in PBS buffer at room temperature for 30 min,
then washed twice with PBS buffer. The resulting cells were resuspended in 70% ethanol and incubated
at room temperature for 1 h for permeabilization. The cells were washed twice with TEG buffer (25 mM
Tris-HCl [pH 8.0], 10 mM EDTA, 50 mM glucose), further incubated in TEG buffer containing 10 mg/mL ly-
sozyme (FujiFilm Wako, Osaka, Japan), and then blocked in Blocking One solution (Nacalai Tesque) con-
taining 0.05% Tween20 at room temperature for 1 h. For primary-antibody staining, cells were incubated
with LthB antibody diluted 1:100 in Blocking One solution at room temperature for 1.5 h, followed by
three washes with PBS buffer. For secondary-antibody staining, cells were incubated with Alexa Fluor
Plus 488-conjugated anti-rabbit IgG (H1L) (Thermo Fisher Scientific) diluted 1:5,000 in Blocking One so-
lution at room temperature for 1 h. Then, the cell suspensions were added to the DAPI solution, incu-
bated for 5 min, and washed three times with PBS buffer. The resulting cell suspensions were transferred
onto agar pads and air dried prior to imaging using a SpinSR10 microscope with a 100� oil immersion
lens. DAPI and Alexa Fluor Plus 488 were excited at 405 and 488 nm using lasers and detected with 417-
to 477-nm and 500- to 550-nm band pass filters, respectively.

Immunoblotting. Immunoblotting was carried out on whole-cell extracts to detect expression of
LthA and LthB in SP6-derived cells. Whole-cell extracts were prepared as follows. Cells were cultured in
25 mL MSVP, harvested by centrifugation, with sterile PBS, and suspended in 500mL of the bacterial pro-
tein extraction reagent B-PER (Thermo Fisher Scientific) containing a complete protease inhibitor cock-
tail (Merck, Darmstadt, Germany). The cell suspensions were transferred to 2.0-mL microtubes containing
approximately 0.8 g glass beads (Merck). After cells were lysed using FastPrep-24 5G, the cell suspen-
sions were centrifuged at 7,000 � g for 15 min, and the resulting supernatants were used for immuno-
blotting. After separation by SDS-PAGE, separated proteins were transferred to polyvinylidene difluoride
(PVDF) membranes (Immobilon-P; Merck Millipore, Burlington, MA, USA).

We used TBS-T (20 mM Tris-HCl [pH 7.4], 150 mM NaCl, 0.5% Tween 20) containing 5% skim milk
(FujiFilm Wako) or Blocking One solution (Nacalai Tesque) for blocking and antibody dilution. Rabbit pol-
yclonal anti-LthA or anti-LthB antibodies were used as primary antibodies (1:2,000 dilution), while an
enhanced chemiluminescence (ECL) peroxidase-conjugated anti-rabbit antibody (Merck) was used as
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the secondary antibody (1:5,000 dilution). The ImmunoStar LD reagent (FujiFilm Wako) was used for
chemiluminescence detection using a Fusion SL gel chemiluminescence documentation system (Vilber
Lourmat Peqlab, Collégien, France).

To examine whether equal amounts of cell extracts were loaded, SDS-PAGE gels were stained with
Coomassie brilliant blue (CBB) (FujiFilm Wako). After electrophoresis, gels were soaked in fixing solution
(50% methanol and 10% acetic acid) and incubated for approximately 20 min with shaking, followed by
staining in CBB solution (0.25% CBB, 5% methanol, and 7.5% acetic acid) for approximately 20 min. The
CBB was destained from the gels using distilled water until the protein bands were clearly visible.

ASEM. To directly visualize nanofibril distribution on SP6 cell surfaces, we used atmospheric scanning
electron microscopy (ASEM; JASM-6200 instrument; JEOL, Tokyo, Japan) (13). We inoculated an ASEM mem-
brane dish (35 mm in diameter; JEOL, Tokyo, Japan) with SP6-27 and DlthB::IS30 cells by transferring 3 mL of
2-day-old culture. After 4 h of incubation, the cells were washed in sterile PBS, and the remaining surface-
attached cells were fixed with 1% (vol/vol) glutaraldehyde. After quenching in 50 mM ammonium chloride,
the nanofibrils secreted from cell surfaces were stained with positively charged gold nanoparticles for visual-
ization (Nanoprobes, Yaphank, NY, USA). To observe nanofibrils, the cells were further stained with 2% (vol/
vol) phosphotungstic acid (TAAB Laboratories Equipment, Aldermaston, Berkshire, England). Finally, samples
were soaked in 1% (vol/vol) ascorbic acid and observed using ASEM at an acceleration voltage of 30 kV (56).

mRNA extraction and RT-PCR. To examine whether the expression of the Lcho_0973 gene was abro-
gated by the DlthB::IS30 mutation, RT-PCR was performed using mRNA extracted from SP6, SP6-27, and
DlthB::IS30 cells. The ReliaPrep RNA cell miniprep system (Promega, Madison, WI, USA) was used to extract
mRNA, according to the manufacturer’s instructions. The isolated mRNA was reverse transcribed using the
ReverTra Ace qPCR master mix with the gDNA remover kit (Toyobo, Osaka, Japan), and the Lcho_0973 and
Lcho_3274 genes were PCR amplified using the Lcho_973_ORF_F/Lcho_973_ORF_R and Lcho_3274_F/
Lcho_3274_R primer sets, respectively (Table S6). The Lcho_3274 gene, which encodes a putative glutamate
5-kinase that is expected to be constitutively expressed, was used as an internal control.

Statistics. To determine cell length in SP6-37rif1 and DlthB::kanR cells (Fig. S10A), the long axis of
approximately 100 cells (n . 100) was measured in Adobe Photoshop 2022 (Adobe, San Jose, CA, USA).
To plot bright-field, DAPI, and anti-LthB signal intensities in the SP6-27 and DlthB::IS30 cells (Fig. 3D), the
intensities at the cross-section of approximately 15 cells (n . 15) were measured using ImageJ (National
Institutes of Health, Bethesda, MD, USA). Statistical analyses were carried out using unpaired Welch’s t
tests in R software version 4.2.2 (57).

Data availability. The raw DNA sequencing data are accessible in the DDBJ Sequence Read Archive
(accession no. DRA014967).
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