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Significance

Bacterial surface appendages, 
flagella, and type IV pili (TFP) are 
both reported to sense surfaces, 
but the mechanisms are not well 
understood. These organelles 
operate in different ways—
flagella rotate and TFP extend 
and retract. We used cryo-
electron tomography, bacterial 
genetics, microscopy, and 
biochemistry to show that 
flagella have coopted a set of 
proteins from TFP to form a cage 
around the flagellar motor. This 
result was unanticipated, as no 
one previously knew of proteins 
shared by these two appendages. 
These coopted proteins give 
flagella the ability to regulate 
activities in addition to motility—
adherence, microcolony 
formation, and biofilm building. 
The work suggests the surprising 
idea that surface signaling—
detected and transmitted 
through TFP or flagella—shares 
conserved features.
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Bacterial flagella and type IV pili (TFP) are surface appendages that enable motility and 
mechanosensing through distinct mechanisms. These structures were previously thought 
to have no components in common. Here, we report that TFP and some flagella share pro-
teins PilO, PilN, and PilM, which we identified as part of the Helicobacter pylori flagellar 
motor. H. pylori mutants lacking PilO or PilN migrated better than wild type in semisolid 
agar because they continued swimming rather than aggregated into microcolonies, mim-
icking the TFP-regulated surface response. Like their TFP homologs, flagellar PilO/PilN 
heterodimers formed a peripheral cage that encircled the flagellar motor. These results 
indicate that PilO and PilN act similarly in flagella and TFP by differentially regulating 
motility and microcolony formation when bacteria encounter surfaces.

flagellar motor | nanomachine | mechanoresponse

Flagellar motility is an important fitness factor for many bacteria and a virulence factor 
in pathogens. Flagella propel bacteria through liquid and viscous environments using 
membrane-embedded motors that switch between clockwise and counterclockwise rota-
tion (1–3). The motor powerhouse is a ring of circumferentially positioned stator units 
that converts the ion-motive force into a turning force (torque) applied to the rotor. While 
all flagella contain ~20 conserved core components, significant species-to-species variability 
in the flagellar motor has been recognized (1, 3–5). Motors vary in size, stator unit number, 
and additional periplasmic structures—disks, rings, and cages (3, 6). For example, 
Helicobacter pylori has a highly complex motor with a large diameter, many accessory disks 
and rings, and a distinct cage-like structure (7, 8). Such accessories are generally thought 
to help anchor more stator units, and at a large distance from the axis, to produce higher 
torque (1, 3, 7). For many motors, the identity of these proteins is unknown, preventing 
exploration of their function.

H. pylori was recently reported to have three genes that encode distant type IV pili (TFP) 
homologs of PilO, PilN, and PilM (SI Appendix, Fig. S1), arranged in an operon (Fig. 1A 
and SI Appendix, Fig. S2) (9, 10). This finding was unexpected, because H. pylori does not 
have TFP or any other identifiable TFP genes. In other bacteria, TFP promote adherence 
and twitching motility on moist surfaces by repeated extension and retraction (11). PilO, 
PilN, and PilM are essential components of the TFP cytoplasmic membrane-located align-
ment subcomplex (12–15). PilM is a cytoplasmic protein and forms dimers by binding its 
own N terminus (16). PilO and PilN are single-span cytoplasmic membrane proteins with 
short cytoplasmic domains and substantial periplasmic ones. They exhibit significant 
sequence homology to each other and form heterodimers and homodimers (13, 17, 18).

Results

H. pylori PilO and PilN Repress Motility in Semisolid Agar. To determine the roles of 
the remote H. pylori pilO, pilN, and pilM homologs, we deleted each gene singly and 
in combination and tested the motility of the resultant strains in semisolid agar. In this 
assay, inoculated bacteria capable of chemotaxis form expanded colonies. ΔpilO and 
ΔpilN strains exhibited a significant increase in colony size compared to wild type (WT) 
after 3 d of incubation, consistent with enhanced migration (Fig. 1B). We confirmed this 
phenotype for pilO by complementation (Fig. 1C). Expressing pilO using a multicopy 
plasmid, pILL2157 (19), conferred the opposite phenotype to the deletion, with repressed 
migration compared to WT (Fig. 1C). ΔpilM did not display different migration from WT 
at this time point, and the triple mutant ΔpilMNO migrated similarly to ΔpilO or ΔpilN 
(Fig. 1B). Interestingly, results in SI Appendix, Fig. S3 showed that the ΔpilM mutant has 
a bigger migration halo than WT after culturing for 2 d, indicating that it retains greater 
motility than WT, though the diameter of ΔpilM mutant halo is much smaller than that 
of ΔpilO or ΔpilN mutants. These results suggest that PilM also represses motility of 
H. pylori in semisolid agar, with an effect on motility repression that is less than that of 
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PilN and PilO. These findings show that PilM, PilN, and PilO 
normally have an inhibitory effect on migration in semisolid agar.

It is striking that pilMNO are adjacent genes in an operon (9), 
as H. pylori operons often contain genes with unrelated functions. 
We therefore examined whether this operon is conserved. The 
distribution of PilO and PilN is widespread (SI Appendix, Fig. S4), 
and the order of pilMNO genes is highly conserved, along with 
the genes miaB-lpxJ, in H. pylori strains and other Campylobacterota 
species (SI Appendix, Fig. S2). However, even though the miaB 
and lpxJ genes occur with pilMNO, ΔmiaB and ΔlpxJ showed no 
differences in migration from WT in semisolid agar (SI Appendix, 
Fig. S5), and deletion of miaB or lpxJ in the ΔpilMNO back-
ground phenocopied ΔpilMNO (SI Appendix, Fig. S5). These 
results suggest that miaB and lpxJ products do not act in the same 
pathway as PilO and PilN.

PilO and PilN Form Heterodimers and Interact with Flagellar 
Proteins. To understand how PilO and PilN contribute to 
motility, we fused GFP to the C or N terminus of PilO or PilN 
and introduced these gene constructs into different strains. Only 
GFP at the N terminus of PilO was functional, consistent with 
this end’s predicted cytoplasmic location. The lack of functional 
GFP-PilN is similar to the failure in Myxococcus xanthus (20). 
Complementation of ΔpilO with gfp-pilO restored migration 
to WT levels (Fig. 1C), suggesting that the fusion of GFP does 
not impair PilO function. GFP-PilO is located at the cell poles 
where flagella are (Fig. 2A and SI Appendix, Fig. S6), leading to 
the hypothesis that PilO and PilN associate with, or form part 

of, the flagellar motor. To test this notion, we used quantitative 
label-free proteomic analysis of proteins that interact (directly 
or indirectly) with the inner-membrane stator protein MotB. 
Membrane fractions were isolated and solubilized using mild 
detergent (digitonin) to preserve protein–protein interactions. 
Complexes containing MotB were isolated using antibodies and 
proteins identified by mass spectrometry. By applying a stringent 
criterion for interaction specificity (>26-fold difference in protein 
amount between the anti-MotB antibody and IgG control), we 
identified six significant MotB interactions: PilO, PilN, PilM, a 
FlgX homolog that is a stator-unit chaperone in Campylobacter 
jejuni (21), a hypothetical protein, and MotB’s known interaction 
partner MotA (Fig. 2B and SI Appendix, Fig. S7). These results 
indicate that H. pylori PilO, PilN and PilM are associated with 
the flagellar motor.

To gain more insight into PilO interactions, we analyzed the 
localization of GFP-PilO in diverse backgrounds. PilO retained 
polar localization in the absence of MotA, MotB, PilM, chemotaxis 
proteins CheA or CheV1, or flagellar proteins FliL, FlgP, or FlgS 
(SI Appendix, Fig. S6) but lost polar localization in the absence of 
PilN (Fig. 2A). These results show that polar localization of PilO 
requires PilN, suggesting that both proteins function in vivo as a 
complex. To test this hypothesis, we co-expressed their C-terminal 
periplasmic domains with a His6-tag on one and performed 
pull-down assays of cell lysates using Ni-NTA affinity chromatog-
raphy. After co-expression, His6-PilN-C was co-purified with 
PilO-C, and His6-PilO-C was co-purified with PilN-C (Fig. 2C). 
To estimate the PilO-C/PilN-C binding affinity, we prepared 

Fig. 1. PilO and PilN repress H. pylori migration in semisolid agar. (A) Schematic of gene neighborhood encoding MiaB, LpxJ, PilM, PilN, and PilO in H. pylori.  
(B) Migration diameter of H. pylori WT, ΔpilM, ΔpilN, ΔpilO, and ΔpilMNO isogenic mutants in 0.35% (w/v) semisolid agar. The strains were inoculated into semisolid 
agar media [Brucella broth (BB)-HI-FBS (2.5%), 0.35% agar], and the diameter of the bacterial halo was measured after 3 d. (C) Migration diameter of H. pylori WT,  
ΔpilO mutant, and derivative strains transformed with pILL2757(empty vector), pILL2157-PilO, or pILL2157-GFP-PilO plasmids, in the same media as panel (B) 
plus 1 mM IPTG. The diameter of each single halo was measured after 3 d. Representative halo pictures are shown in panels (B) and (C) at the top for each strain. 
The scale bar indicates 1 cm. Each biological replicate is shown as an open circle, with means obtained from three to six biological replicates. Error bars are SEs. 
The asterisks indicate a significant pairwise difference between strains according to Student’s t test. (****P < 0.0001; ns, no significant difference.)
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recombinant PilO-C and PilN-C in isolation and performed surface 
plasmon resonance measurements of PilN-C binding to PilO-C 
immobilized on a sensor chip (Fig. 2D). Fitting data to a kinetic 
model yielded the dissociation constant (KD) value of 3.1 ± 1.0 µM 
that falls in the middle of the range reported for physiologically 
relevant protein–protein interactions (22). These data demonstrate 
that, like their counterparts in TFP, the flagellar motor PilO and 
PilN associate via their periplasmic domains.

PilO and PilN Constitute Part of the H. pylori Flagellar Motor Cage. 
In TFP, PilO, PilN, and PilM form a round cage-like structure 
(part of the alignment complex) (12, 20) that encircles the pilus 
and extends from the cytoplasm, through the inner membrane and 
into the periplasm (12–15). In H. pylori, the flagellar stator ring 
comprising MotA, MotB, and FliL is also surrounded by a cage 
structure (7, 8). Drawing on this parallel and our observation of 
the association between MotB and PilO/N/M, we hypothesized 
that the H. pylori flagellar cage structure comprises PilO, PilN, 
and PilM. To test this hypothesis, we carried out cryo-electron 
tomography (cryo-ET) analysis of H. pylori mutants lacking pilM, 
pilN, pilO, or both pilN and pilO and compared these to the 
WT flagellar motor. In WT, one end of the cage connects with 
the outer-membrane disk structure, while the other end passes 
through the inner membrane (Fig. 3 A–D). Loss of pilO, pilN, 
or both resulted in loss of parts of the flagellar cage, those in the 
cytoplasm and proximal to the inner membrane (Fig. 3 E–H and 
SI Appendix, Fig. S8 E–P). The deletion of pilM specifically led to 
the loss of the cytoplasmic component of the flagellar cage (Fig. 3 
I–L). To gain further support for the idea that these proteins form 

the cage, we used AlphaFold2 (23, 24) to predict the H. pylori 
PilO, PilN, and PilM structures (SI Appendix, Fig. S9 A and B) 
and then docked them into the cryo-ET map. The models of 
PilO and PilN heterodimers and PilM monomers fit well into 
the inner-membrane proximal part of the cage density (Fig.  3 
D, H, and L and SI Appendix, Fig. S9C). In addition, we noted 
that, in comparison to the WT H. pylori motor, the densities 
corresponding to the MotAB complexes and associated FliL rings 
were not resolved without PilO and/or PilN (Fig. 3 E and F and 
SI  Appendix, Fig.  S8 E–P) and subtly decreased without PilM 
(Fig. 3 I and J). In the motors of other species, e.g., Escherichia coli 
and Salmonella enterica (6), the fact that MotAB/FliL densities were 
not observed by cryo-ET has been attributed to rapid turnover of 
MotAB subunits (25, 26), possibly as a mechanosensitive response 
to environmental viscosity (27). These results suggest that the H. 
pylori cage structure, containing PilM/N/O, stabilizes the stator 
and promotes its full cryo-ET detection, possibly by restraining 
stator dynamics.

The Cage Represses Motility in Semisolid Agar and Promotes 
Aggregation into Microcolonies. It was surprising that H. pylori 
mutants lacking PilO or PilN showed better migration in semisolid 
agar, given that these mutants had stator density invisible in the 
subtomogram averaged structures compared to WT (Fig. 1B). To 
gain insight into the basis for the better migration, we analyzed 
swimming speed and chemotaxis response of ΔpilO mutants. 
The ΔpilO mutant showed no difference from WT in swimming 
speed (SI Appendix, Fig. S10A), reversal frequency (SI Appendix, 
Fig. S10B), or chemotaxis response to HCl, a known chemotaxis 

Fig. 2. In vivo and in vitro interactions of PilO with PilN and/or MotB. (A) Polar localization of PilO in clusters anchored by PilN. Different H. pylori strains (WT, 
ΔpilO, ΔpilM, and ΔpilN) expressing GFP-PilO from plasmid pILL2157 were imaged using bright-field (Left) and fluorescence (Right) microscopy. (B) Proteomic 
analysis of immunoaffinity-purified MotB coisolates. Three biological replicates of immunoisolates using anti-MotB antibody or IgG control were compared. 
Proteins labeled on the volcano plot were significantly enriched (>26-fold change) in the anti-MotB antibody sample over the IgG control. Data represent mean 
values of three biological replicates. (C) Co-expression/Ni-NTA co-purification experiment demonstrating that the periplasmic domains of H. pylori PilO and PilN 
form a stable complex. Protein bands on SDS-PAGE gel were identified by mass spectrometry analysis of tryptic peptides. (D) Measurements of binding affinity 
between PilO-C and PilN-C using surface plasmon resonance. Sensograms are representative of two independent experiments. PilN-C concentrations were 7.8 
(red), 15.6 (dark green), 31.3 (blue), 62.5 (light green), and 125.0 μM (orange). Data were fit to kinetic model (black line) to estimate the KD value (KD = 3.1 ± 1.0 µM).
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repellent (28) (SI Appendix, Fig.  S10B). Loss of pilO enhanced 
migration of a variety of H. pylori strains, including WT, as well 
as strains with either counter-clockwise or clockwise flagellar 
rotation bias (ΔcheV1, as reported previously (10), or ΔcheZ) (29) 
(SI Appendix, Fig. S11A). These results suggested that PilO represses 
migration of various strains without affecting swimming speed.

We therefore analyzed H. pylori’s semisolid agar behavior in more 
detail. Lack of pilO resulted in increased migration that was most 
enhanced during the first days after inoculation (Fig. 4 A and B). 
Specifically, WT H. pylori had limited migration for the first 1 to 
2 d despite retaining flagella (SI Appendix, Fig. S11B), while ΔpilO 
mutants migrated immediately (Fig. 4 A and B). To gain insight 
into why the WT strain showed slow migration, microscopy anal-
ysis was performed on bacteria in semisolid agar. WT H. pylori 
surprisingly formed a high density of microcolonies at these early 
times, while the ΔpilO mutant formed substantially fewer and 
smaller microcolonies, with a large fraction of the population 
remaining as single cells (Fig. 4C). WT cells were mostly non-motile 
in the semisolid agar, while ΔpilO mutants retained motility 
(Fig. 4C and Movies S1 and S2); both strains were motile in liquid 
before inserting them into the semisolid agar (Movies S3 and S4). 
These results indicate that the PilO/N component of the cage ena-
bles WT H. pylori to stop moving and form aggregates in the 

semisolid agar. Without the PilO/N cage, H. pylori continues to 
move under semisolid agar conditions and is less able to form micr-
ocolonies. Consistent with this idea, ΔpilO mutants showed defects 
in other microcolony-related assays, with less ability to form cell 
flocs (SI Appendix, Fig. S12) and early biofilms (Fig. 4 D and E).

Semi-solid agar is complex, proposed to contain both elevated 
viscosity and surfaces (30). To tease these conditions apart, we ana-
lyzed the behavior of H. pylori WT and ΔpilO mutant strains in 
Ficoll, a highly branched polymer that increases viscosity (31, 32).  
The addition of Ficoll into liquid media lowered the speed of both 
WT and the ΔpilO mutant, but the ΔpilO mutant speed was low-
ered to a greater extent compared to WT (SI Appendix, Fig. S13). 
This result suggested that some aspect of WT, perhaps the WT 
form of the stator, is important for the maintenance of a high 
swimming speed in viscous environments. Importantly, both WT 
and the ΔpilO mutant were still motile, though with low speed, 
after 1 d of Ficoll incubation (SI Appendix, Fig. S13). This response 
differed from 1 d of incubation in semisolid agar, in which WT 
lost motility. This difference in response between Ficoll and semi-
solid agar suggests that viscosity is not a dominant signal in semi-
solid agar, and the stopping behavior of H. pylori in semisolid agar 
is more consistent with another type of response, perhaps surface 
contact.

Fig. 3. In situ structures of H. pylori flagellar motors reveal that PilN, PilO, and PilM are components of the cage. (A) A cross-section of the WT motor structure 
shows that 18 pairs of two distinct densities (blue arrows) of the cage at the periphery of the FliL circle of rings. (B) A medial slice of the WT motor structure. 
(C) A side view of the cage-like structure in the WT motor structure. Globular densities are visible in the cytoplasmic region (light blue arrow). (D) An isosurface 
rendering of the WT motor structure shows the cage-like structure. The outer-membrane-proximal part of the cage is colored in brown, the periplasmic inner-
membrane-proximal portion in blue, and the cytoplasmic globular density in light blue. (E) A cross section, (F) a medial slice, (G) a side view of the cage-like 
structure, and (H) an isosurface rendering of the motor in ΔpilN/ΔpilO mutants. The structure of the motor in ΔpilN/ΔpilO mutant cells shows that both FliL rings 
and the entire inner-membrane-proximal portion of the cage are absent. (I) A cross section, (J) a medial slice, (K) a side view of the cage-like structure, and (L) an 
isosurface rendering of the motor in ΔpilM mutant cells show that the periplasmic part of the inner-membrane-proximal portion of the cage (blue) is present 
but the globular densities in the cytoplasmic region are absent.
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Discussion

Our results show that key components of the cage structure in 
H. pylori flagella are the proteins PilM, PilN, and PilO, homologs 
of those found in the distinct surface appendage TFP. Our findings 
also suggest that PilO and PilN do not enhance torque formation 
or swimming ability but instead repress motility in semisolid agar. 
Our data are consistent with the notion that PilO, PilN, and PilM 
act in an outside-in signaling pathway, as reported in Pseudomonas 
aeruginosa TFP, through which PilO controls downstream activity 
that, in turn, regulates a bacterial surface response (33).

Our data suggest that PilM/N/O regulate the ability of H. pylori 
to stop motility and form microcolonies. Our model is that PilM, 
PilN, and PilO stop motility under certain conditions. Restricted 
motility in semisolid agar has been reported as one mechanism 
causing cell aggregation and microcolonies (34). PilM/N/O pos-
sibly are part of a surface-sensing system, though we do not think 
they sense surfaces directly. PilO of P. aeruginosa TFP interacts with 
the diguanylate cyclase (DGC) SadC and then inhibits its enzy-
matic activity to reduce the level of c-di-GMP and affect motility 
and biofilm formation (33). However, different from other bacteria 
that are used as biofilm models, there are no c-di-GMP-related 
genes in H. pylori genomes, as reported by M. Y. Galperin (35) 
and confirmed by our own analysis. Additionally, we did not detect 
any c-di-GMP in H. pylori samples under lab conditions using 
mass spectrometry. These results suggest that H. pylori may have a 
unique mechanism to balance its sessile and motile lifestyles 
through PilM/N/O, which is independent of c-di-GMP. In 
P. aeruginosa, the DGC SadC, and its product c-di-GMP, bridge 
TFP and flagellar-derived input signals during initial surface 
engagement (33). In H. pylori, PilO is integrated into the flagellar 
motor and may interact with the motor directly. In the WT, the 
stator was visible, while in the ΔpilN or ΔpilO mutants, the stator 

was not resolved. Although our cryo-ET data did not allow us to 
determine whether the unresolved density for the stator was due 
to its low occupancy or positional or conformational disorder, this 
finding suggested that the WT cage stabilizes the stator by confor-
mationally restraining it to the extent that it becomes visible in the 
subtomogram averaged structures. It remains to be established if 
the cage controls the motor via direct interactions with the stator. 
Possibilities include that 1) the cage may help recruit stator units 
by providing additional anchoring points, and thus promote high 
stator occupancy. 2) the cage may slow down the exchange between 
the motor and the membrane pool of free stator units. Furthermore, 
3) the cage may indeed restrain stator movements in a way that 
could affect stator function. Our work sets the foundation for 
future experiments testing these hypotheses.

Flagellar PilM/N/O and TFP PilM/N/O have many similari-
ties. Both flagellar pilMNO genes and TFP ones are organized in 
an operon with the same order. In TFP, PilO and PilN form 
heterodimers and homodimers (13). In H. pylori flagella, PilO 
and PilN also form heterodimers. Although we did not test PilO 
or PilN homodimer formation, the expression of PilO only using 
a multicopy plasmid in the WT background represses motility, a 
finding that can be explained if PilO in H. pylori also forms 
homodimers, and these are not as active as the PilO–PilN het-
erodimers. In addition, both flagellar PilM/N/O and TFP PilM/
N/O control motility under surface-associated environments. 
Flagellar PilM/N/O in H. pylori are involved in motility repres-
sion in the semisolid agar but not in liquid, and TFP are known 
to be involved in surface-associated twitching motility (33).

Flagellar PilM/N/O and TFP PilM/N/O also have some differ-
ences. In TFP, PilM/N/O are important for the assembly and func-
tion of TFP (18), while in flagella, they are responsible for the 
formation of the cage-like structure and are not essential for flagella 
assembly. In TFP, the deletion of either pilM, pilN, or pilO is 

Fig. 4. The cage dampens H. pylori motility and promotes microcolony formation on soft agar. (A) Time course of H. pylori WT and ΔpilO migration in 0.35% (w/v) 
semisolid agar from day 1 to day 5. Strains were inoculated into BB semisolid agar, and the diameter of the migration halo was measured daily. (B) Spreading 
rate of H. pylori WT and ΔpilO in BB semisolid agar plates from day 2 to day 5. The spreading rate was calculated as the increase in halo diameter per day.  
(C) Representative pictures from BB semisolid agar after 1 d of growth (Top) and individual movie frames (Bottom) of H. pylori WT and ΔpilO. WT microcolonies 
are visible as dense cell aggregates that are absent in ΔpilO. The scale bars indicate 500 μm (Top) and 50 μm (Bottom). (D and E) Biofilm formation of H. pylori 
WT, ΔpilO, and complemented strains under static conditions in microtiter plates after 1 d or 3 d Biofilm formed on the well surface was stained with 0.1% 
(w/v) crystal violet and quantified by OD595. For strains with plasmids, 1 mM isopropyl-β-D-thiogalactopyranoside (IPTG) was added during the cell culture and 
biofilm formation. The data are presented as the mean of at least three biological replicates, with each replicate shown as an open circle. Error bars are SEs. 
The asterisks indicate a significant pairwise difference between strains according to Student’s t test (**P < 0.0015; ****P < 0.0001; ns, no significant difference).
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sufficient to abolish the function of TFP. In contrast, flagellar PilM 
plays a more subtle role compared to PilO and PilN, which have 
stronger effects on motility repression. There are also differences in 
bacterial proteins needed for localization. In M. xanthus TFP, the 
PilQ outer membrane secretin recruits the inner membrane lipo-
protein PilP that interacts with PilN and PilO directly. The PilP/
N/O subcomplex then recruits PilM proteins (36). However, we 
did not identify remote homologs of PilP or PilQ in H. pylori after 
screening through its genome using a HHpred program (37) nor 
are these genes part of the flagellar pilMNO operon (SI Appendix, 
Fig. S2). Based on our subtomogram averaged structures, PilN/O 
are close to the H. pylori flagellar stator MotA, MotB, and surround-
ing FliL, but none of these are required for the polar localization 
of PilO. The possible candidates responsible for recruiting PilO and 
PilN might be other H. pylori flagellar structural components 
nearby, e.g., the distal periplasmic part of the cage-like structure or 
the spoke-like structure in the periplasmic region. This idea can 
only be tested when the components of these structures are 
identified.

Overall, our results suggest that the H. pylori motor has found 
new ways to modulate its output. We propose a model in which 
PilO and PilN have been co-opted by flagella yet act like their 
counterparts in TFP by responding to mechanosensitive input 
signals to enable microcolony formation (SI Appendix, Fig. S14). 
By hijacking the TFP-like cage structure, H. pylori flagella provide 
both a way to lock flagellar stators in place and a mode of regula-
tory control that dampens migration and promotes microcolony 
formation when bacteria encounter surfaces.

Materials and Methods

Detailed materials and methods can be found in SI Appendix, Materials and 
Methods.

Bacterial Strains and Growth Conditions. H. pylori WT strains and their derivative 
mutants used in this study are listed in SI Appendix, Table S1. H. pylori cells were 
cultured on solid media consisting of Columbia Horse Blood Agar (CHBA) (Difco), 
containing: 0.2% (weight/volume) beta-cyclodextrin, 10 μg/mL vancomycin, 5 μg/mL 
cefsulodin, 2.5 U/mL polymyxin B, 5 μg/mL trimethoprim, and 8 μg/mL amphotericin 
B (all chemicals are from Thermo Fisher or Gold Biotech), or liquid media consisting 
of Brucella broth (BB, Difco) with 10% heat-inactivated fetal bovine serum (HI-FBS) 
(Life Technologies) (BB10). H. pylori was cultured at 37 °C under microaerobic con-
ditions of 5% O2, 10% CO2, and 85% N2 with 15 μg/mL kanamycin or 13 μg/mL 
chloramphenicol. Unless otherwise noted, liquid cultures were shaken at 200 rpm. 
The E. coli DH10B strain used in this study was grown in LB with 15 μg/mL kanamycin.

Semisolid Agar Migration Assay. For the general semisolid agar migration 
assay, H. pylori WT or derivative strains were cultured in liquid BB10 media 
overnight, in the presence of 1 mM IPTG for strains with pILL2157-derived 
plasmids. After being adjusted to OD600 of 0.15 with fresh BB10 media, the 
cells were incubated under shaking for 2 h and checked for full motile ability. 
After cultures displayed high motility, 2 μL was inserted in the center of BB 
semisolid agar plates composed of BB, 2.5% HI-FBS, and 0.35% (w/v) agar 
(Bacto). Cells in the semisolid agar were cultured as described above for 1 
to 5 d. During the first 2 d, representative bright-field images were captured 
using a Zeiss AxioImager Z2 widefield microscope with a Zeiss AxioCam 506 
(color) camera. For the cells cultured for 2 to 5 d, representative images were 
taken using a Gel Doc XR+ Gel Documentation System (Biorad). The diameter 
of the halo in semisolid agar was measured using a default measurement tool 
in ImageJ (https://imagej.nih.gov/ij/index.html).

Data, Materials, and Software Availability. The WT motor structure (EMD-
40405) (38) and the ΔpilNO motor structure (EMD-40406) (39) were deposited 
to the Electron Microscopy Data Bank (EMDB). All other data are included in the 
manuscript and/or supporting information.
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