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Editorial on the Research Topic
Flagellar Motors and Force Sensing in Bacteria

The machinery behind bacterial flagellar motility is an astounding example of natural
nanotechnology. The bacterial flagellar motor (BEM) is the end point of chemotaxis, a sensory
pathway that helps bacteria to navigate their surroundings in search of an optimally hospitable
niche. The BFM, which coordinates the rotation of an extracellular filament to drive motility
is sensitive to the electrochemical and mechanical nature of its environment, dynamically
tuning its structural composition and power output on the fly. For example, the BFM recruits
torque-producing stator units to increase its power output in response to increased mechanical
loads. Thus, the motor not only generates force and torque, but is also involved in surface sensing
and mechanosensing. Bacterial motility underlies the virulence of pathogens, especially those which
infect areas under high flow, as well as the linkage between force sensing, quorum sensing, and
biofilm formation. Bacterial motility and surface interactions are a key area of study in the face of
rising antimicrobial resistance, which is one of the dominant public health issues of this century.
This Research Topic sought to highlight the similarities and diversities of the BFM and chemotaxis
systems across species, to understand their evolutionary origins, and to reveal how the BFM’s
dynamic structure and activity can be modulated by, and in response to changes in its environment.

Many of the articles in this special issue highlight the diversity in both structure and
assembly through investigations of traditionally less well-characterized flagellar motors. Zhou
and Roujeinikova review the structure and composition of the proteinaceous periplasmic stator
scaffolds found in many polar flagellar motors, imaged via electron cryotomography, which
are instrumental for sustaining the abnormally high speeds and torques of monotrichous
bacteria (as compared to peritrichous bacteria). Arroyo-Pérez and Ringgaard asked how Vibrio
parahaemolyticus ensures proper positioning of its single flagellum at the old cell pole after
cell division. They investigated the subcellular spatiotemporal localization of the polar flagellar
determinants FIhF and FIhG, revealing their cell cycle-dependent intracellular coordination, which
depends upon the cell pole determinant protein HubP and another still unidentified factor.
Xu et al. investigated the mechanism by which the hook penetrates the peptidoglycan (PG)
sacculus in spirochetes, providing evidence that Flg] and BB0259, a previously uncharacterized
cell wall-degrading enzyme, coordinate PG penetration in the Lyme disease spirochete Borrelia
burgdorferi. Ferriera et al. shed light upon how different flagella evolved in closely related lineages.
By contrasting data from protein phylogenetics and structural data from electron cryo-tomography
and subtomogram averaging, they posit that Enterobacteriaceae flagella were horizontally acquired
from an ancestral B-proteobacterium, giving them a ”general-purpose” BEM which is able to adjust
to a wide range of conditions.
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Other articles in this series spotlight the diverse ways in
which bacteria adapt their behavior in response to external cues.
Bacteria sense and adapt to physical forces in their environment,
such as shear-induced or surface-induced forces on the
membrane. Kenney reviews the ways in which histidine kinases
funnel diverse environmental stimuli, including mechanical
stress and changes in membrane tension, into changes in
gene expression, underscoring that many of the molecular
mechanisms underlying mechanical force sensing in bacteria
remain to be unraveled. The activity of the BFM is also
modulated by external cues, via a growing list of proteins and
regulators, including the chemotaxis response regulator CheY
and c-di-GMP-binding proteins that act as molecular brakes
or clutches. In Shewanella putrefaciens, Pecina et al. identify
MotL as a novel stand-alone PilZ-domain protein which regulates
the lateral flagellar system in response to intracellular levels of
the secondary messenger c-di-GMP. Exceptionally, MotL does
not act upon the polar motor, thus demonstrating differential
regulation of two flagellar systems in a single species. The soil
motile Azospirillum brasilense has a complex chemotaxis system,
with two distinct chemotaxis pathways and four CheY homolog
response regulators. Ganusova et al. show that, in addition to
fine-tuning the rotational bias of the polar flagellum, each of
the four CheY homologs plays a distinct role in swimming
(planktonic movement), swarming (collective movement across
a surface), attachment to abiotic and biotic surfaces, and
biofilm formation.

Finally, the emergence of the stator unit as a crucial
component in sensing and motor modulation is underlined by
three articles here. Islam et al. turn to the longstanding open
question of the mechanism of stator ion selectivity and which
ion holds energetic primacy for the BFM. They reconstructed
and engineered ancestral sequences of the MotB stator sub-unit,
and by assessing motor functionality as a function of the ionic
power source, they add to our understanding of the contributions

of specific residues within the ion channel. Biquet-Bisquert et
al. sprovide a comprehensive review of the complex relationship
between the ion motive force across the cell membrane, motor
activity, and the dynamic assembly of stator units. Lin et al. use a
fast perfusion microfluidic system to reveal that stator assembly
dynamics in sodium-driven chimeric BFMs show a complex
dependence upon the extracellular sodium concentration. Their
results call into question current models of stator unit assembly
and underline the extent to which the mechanisms of stator unit
exchange remain unclear. These works reinforce the versatility
of the BFM, as both a functional motor and as a bellwether of
the bacterial environment, coordinating signals and response, to
drive survival and spread.
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Ancestral Sequence Reconstructions
of MotB Are Proton-Motile and
Require MotA for Motility
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2 School of Biological Sciences, University of Auckland, Auckland, New Zealand, * CSIRO Synthetic Biology Future Science
Platform, Brisbane, QLD, Australia

The bacterial flagellar motor (BFM) is a nanomachine that rotates the flagellum to propel
many known bacteria. The BFM is powered by ion transit across the cell membrane
through the stator complex, a membrane protein. Different bacteria use various ions to
run their BFM, but the majority of BFMs are powered by either proton (H*) or sodium
(Nat) ions. The transmembrane (TM) domain of the B-subunit of the stator complex is
crucial for ion selectivity, as it forms the ion channel in complex with TM3 and TM4 of the
A-subunit. In this study, we reconstructed and engineered thirteen ancestral sequences
of the stator B-subunit to evaluate the functional properties and ionic power source
of the stator proteins at reconstruction nodes to evaluate the potential of ancestral
sequence reconstruction (ASR) methods for stator engineering and to test specific
motifs previously hypothesized to be involved in ion-selectivity. We found that all thirteen
of our reconstructed ancient B-subunit proteins could assemble into functional stator
complexes in combination with the contemporary Escherichia coli MotA-subunit to
restore motility in stator deleted E. coli strains. The flagellar rotation of the thirteen
ancestral MotBs was found to be Na™ independent which suggested that the F30/Y30
residue was not significantly correlated with sodium/proton phenotype, in contrast to
what we had reported previously. Additionally, four among the thirteen reconstructed
B-subunits were compatible with the A-subunit of Aquifex aeolicus and able to function
in a sodium-independent manner. Overall, this work demonstrates the use of ancestral
reconstruction to generate novel stators and quantify which residues are correlated with
which ionic power source.

Keywords: motility, flagellar and chemotaxis, stator, ancestral sequence reconstruction, ion-selectivity

INTRODUCTION

Bacterial cells can move through liquids or over moist surfaces using rotating flagella to propel
themselves in response to chemical stimulus, temperature and pH (Armitage, 2007; Jarrell and
McBride, 2008; Gurung et al., 2020). The bacterial flagellar motor (BFM) drives the rotation of
the flagellum (Sowa and Berry, 2008). One of the largest molecular machines in bacteria, with
a molecular mass of ~11 MDa (Sowa and Berry, 2008), the BFM is present in a great variety of
bacterial taxa from various habitats (Pion et al., 2013). It shares structural and amino acid sequence
homology across a diverse range of taxa which suggests early ancestry and makes it a case study for
investigating the origins of microbial motility (Mitchell and Kogure, 2006; Thormann and Paulick,
2010; Son et al., 2015).
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Ancestral Sequence Reconstructions of MotB

The stator complexes are motor-associated protein complexes
which form a selective ion channel that converts chemical energy
into mechanical torque to rotate the rotor (Minamino et al.,
2018). The stator proteins are divided into A- and B-subunits and
named according to the transferred ion, for example, MotA and
MotB in HT powered motors in Escherichia coli, and PomA and
PomB in Nat powered motors in Vibrio alginolyticus (Yorimitsu
and Homma, 2001; Berg, 2003). According to the complete
structure of stator complex, the A-subunit (MotA/PomA)
consists of four transmembrane (TM) domains and a large
cytoplasmic domain that is proposed to interact with the rotor
through the rotor component FliG and generate torque (Dean
et al., 1984; Blair and Berg, 1991; Zhou et al, 1995; Braun
et al.,, 2004; Onoue et al., 2019). The B-subunit (MotB/PomB)
contains a single TM domain followed by a large periplasmic
domain which consists of a plug segment to control ion flow
and a peptidoglycan-binding domain (PGD) to interact with
peptidoglycan layer (Roujeinikova, 2008; Kojima et al., 2018).
The stoichiometry of the stator units was until recently believed
to be 4(A):2(B) according to the available previous crosslinking,
biochemical, and genetic data of MotAB and PomAB (Sato and
Homma, 2000; Kojima and Blair, 2001; Kojima et al., 2009).
However, in 2020 the full structure of the stator complex was
solved and it was reported that the stoichiometry of the stator unit
is 5:2 instead of 4:2 for both MotAB/PomAB families (Deme et al.,
20205 Santiveri et al., 2020). The new reports suggested that five
copies of MotA enclosed the two TM domains from of the two
copies of MotB (Deme et al., 2020; Santiveri et al., 2020). The four
TM domains of MotA are arranged in two layers, TM3 and TM4
line the central pore, while TM1 and TM2 form a surrounding
outer layer of helices (Deme et al., 2020; Santiveri et al., 2020).
TMI1 and TM2 stabilize the assembly of MotA whereas TM3
and TM4 make direct interactions with MotB, and both of them
together span the complete height of MotA and extend to the
cytoplasmic domain (Deme et al., 2020; Santiveri et al., 2020).
The functional mechanism of MotAB starts with the dimerization
and binding of PGDs to the peptidoglycan layer which leads the
unplugging of the ion channel to allow ion exchange. Finally,
the binding and release of proton or hydronium ions by the
universally conserved MotB aspartate residue allow the MotA
to bind the neighboring FliG, which trigger the conformational
change in the stator complex and generate torque (Deme et al,,
2020; Santiveri et al., 2020).

Ion selectivity provides flexibility to bacteria for using suitable
ions according to their environmental conditions (Terahara et al.,
2008). Generally, most of the bacterial species use a single stator
complex to couple with specific ions such as protons (H),
sodium (Na™), potassium (K'), rubidium (Rb*), magnesium
(Mg?™), calcium (Ca®™), or strontium (Sr?>*) to drive their motor
(Lietal., 2011; Terahara et al., 2012; Minamino and Imada, 2015;
Imazawa et al., 2016; Ito and Takahashi, 2017). However, some
bacterial species can power their flagella by coupling more than
one ion using either multiple types of stator complexes or single
dual-functional complexes (Terahara et al., 2006, 2008; Paulick
et al., 2015). Previous studies suggested that the TM domain of
the B-subunit (MotB, MotS, and PomB) of the stator complex
is specifically crucial for the selectivity of Ht and Na™ ions in
the flagellar motor (Asai et al., 2000; Ito et al., 2005). In the

MotAB complex, a conserved aspartic acid residue (D32) at the
N-terminal side of the TM region is thought to function as a
universally conserved site for ion binding (Zhou et al., 1998).
Mutational studies suggested that valine (V42) and leucine (L42)
located at the ten amino acids downstream from the universal
conserved aspartic acid (D32) are critical for the selection of
H™ and Na™ ions, respectively (Terahara et al., 2008). Another
study has exhibited that the methionine residue (M33) at the
TM region of MotS is critical for KT selectivity (Terahara et al.,
2012). It has also been reported that switching of ion selectivity
and use of dual ion into a single stator can be introduced with
mutations and hybridizations of the ion-binding transmembrane
region of the B-subunit (Terahara et al., 2008; Nishino et al.,
2015). However, recently it was proposed that the MotP subunit
of the MotPS complex was important for the K™ selectivity of the
flagellar stators of Bacillus alcalophilus and Bacillus trypoxylicola
(Naganawa and Ito, 2020).

Although the recent high-resolution cryoelectron microscopy
reconstructions of stator units enable us to gain more detailed
information of the structural and functional components of
BFM that are involved in the conversion of electrochemical
energy to mechanical torque (Deme et al., 2020; Santiveri et al.,
2020), the exact mechanism and structural determinants of ion
selectivity are yet to be discovered. However, with the help
of statistical phylogenetic methods, it is possible to infer the
sequences of extinct ancestral proteins from the sequences of
their extant descendants (Hochberg and Thornton, 2017). It is
possible to then resurrect the ancestral proteins corresponding
to these inferred sequences and characterize their in vitro
biological and biochemical properties (Gaucher et al., 2003;
Thornton et al., 2003). Furthermore, ancient proteins can be
expressed in contemporary hosts to examine the function of
ancient proteins in vivo, and their integration and subsequent
adaptation in ancient-modern hybrids (Kagar and Gaucher,
2012; Kacar et al, 2017a,b). It is also possible to reconstruct
the ancestral protein using the inferred ancestral sequence
and express the reconstructed ancestral proteins using genetic
engineering techniques to characterize their biological and
biochemical properties (Gaucher et al.,, 2003; Thornton et al,
2003). In this study, we have built a phylogeny of MotB
proteins in proteobacteria and computationally reconstructed
the ancestral stator units focusing on the TM region of the
B-subunit of the stator complex. We engineered selected nodes
into a chimeric plasmid to characterize their motility and evaluate
their ion selectivity to interrogate ion selectivity in ancient-
modern hybrids of the flagellar motor at specific points in our
estimate of history.

MATERIALS AND METHODS

Phylogenetic Analysis and Ancestral
Sequence Reconstruction

Sequence Gathering

A sequence similarity network (SSN) was generated as previously
described (Atkinson et al., 2009). The protein sequences of 2187
bacterial homologs of MotB (UniProt: POAF06) were selected
using the EFI-EST server (Gerlt et al., 2015) with E-value = 10
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for the all-versus-all BLAST, and using representative nodes
to represent clusters with 90% sequence similarity. A subset
of 757 sequences was selected as follows: nodes connected by
edges >85% sequence identity were kept (1289 nodes, 5870
edges), and then the 405 least connected nodes (duplexes
and triplexes) were removed (down to 884 nodes, 5572
edges). Sequences for these 884 nodes were aligned with
MUSCLE (Edgar, 2004) and nodes were restricted to sequences
that contained either FAD, YAD, or LAD at residues 30-
32 (E. coli MotB numbering, 757 nodes, 4326 edges), to
ensure conserved residue D32 for function. The clustering of
characterized proteins were visualized using the gamma-organic
layout on Cytoscape 3.1 (Akiva et al., 2017) and presented in
Supplementary Figure 1.

Phylogenetics

757 MotB sequences from above were aligned using Clustal
Omega (Larkin et al., 2007) with five iterative re-alignments.
The phylogeny was then estimated with Quicktree using Kimura
translation for pairwise distance and calculating bootstraps
with 100 iterations (Howe et al, 2002). The phylogeny
was midpoint-rooted in FigTree (Rambaut, 2014) for display
purposes, and should be treated cautiously as with any
single-protein estimate of a deep phylogeny (Pallen and
Matzke, 2006; Abby and Rocha, 2012; Shih and Matzke, 2013;
Prangishvili et al., 2017; Ishida et al., 2019). For the purpose
of surveying sequence diversity across MotBs, the tree is
adequate, and arbitrary re-rooting will not affect estimation
of ASRs at nodes.

Node Selection

Thirteen nodes were selected at assessed divergent points between
clades based on known sodium swimmers and their proximity
and distance from the arbitrary root. Sequences (Supplementary
Figure 2A) and conservation via sequence logo (Crooks et al.,
2004) are shown in Supplementary Figure 2.

Reconstruction

Ancestral protein sequences were reconstructed using the
empirical Bayes method implemented in PAML (Yang, 2007).
MotB sequences were truncated to focus on the TM region
between residues 23-65 on MotB. The posterior probability
distribution at each site for each ancestral node was also
calculated using PAML.

Bacterial Strains and Plasmids and
Growth Conditions

The bacterial strains and plasmids used in this study are shown
in full in Supplementary Table 1. The primary strains used
in this work are RP6894 (Block et al., 1989) and RP3087
(Blair et al., 1991). All the E. coli strains were cultured in
LB broth and LB agar [1% (w/v) Bacto tryptone, 0.5% (w/v)
Bacto yeast extract, 0.5% (w/v) NaCl, and 2% (w/v) Bacto
agar for solid media] at 37°C. According to the selective
antibiotic resistance pattern of the plasmids, chloramphenicol
(CAM), ampicillin (AMP) or kanamycin (KAN) were added

to a final concentration of 25 pg/mL, 50 pg/mL, and
25 pg/mlL, respectively.

Cloning of Selected MotB-ASR

Sequences

We engineered the ancestral reconstructed sequences (ASR) in
a predesigned form of genetic structure that included the first
22 residues of E. coli MotB, followed by 42 residues (23-65)
of ancestral sequence and a final 243 residues (66-308) of the
MotB chassis (ASR = 1-22 MotB; 23-65 ASR; 66-308 MotB).
In summary, this used the E. coli N-terminal domain, the ASR
for the TM and plug domains (TM: residues 28-49, plug: 52-65)
and then the E. coli PGD and C-terminal domain (PGD: 196-
225). MotB-ASRs were constructed by PCR amplification using
the chimeric plasmid pSHU1234 (Nishino et al., 2015) containing
PomA and PotB (a hybrid of PomB and MotB) as the cloning
vector. Thirteen forward ultramer primers were designed with
~200 nucleotide overhangs that contained a Ndel restriction site,
the predicted ancestral sequences and an annealing sequence
specific to MotB on PotB in pSHU1234. A common reverse
primer was designed to amplify from the end of PotB with a
PstI restriction site. IDT synthesized all the primers. The list
of all primers is provided in Supplementary Table 2. Phusion
high-fidelity (HF) DNA polymerase (NEB) was used for the PCR
amplification of ASR sequences. Each reaction contained 10 pL
of 5X Phusion HF buffer, 200 uM dNTPs, 0.1 .M of each primer,
10 ng of plasmid template, 3% of DMSO, 1 U Phusion HF DNA
polymerase, sterile Milli-Q water to final volume of 50 pL. The
reactions were started by heating to 98°C for 30 s. The PCR
reactions were then subjected to 35 cycles of 98°C for 10 s, 58°C
for 30 s, and 72°C for 30 s, with a final 5 min extension step
at 72°C.

The amplified MotB-ASR sequences were then separated
in 1% (w/v) agarose gel and purified using the Qiagen gel
purification kit. Purified MotB-ASR sequences and pSHU1234
were digested with Ndel and PstI before ligation with T4
ligase (NEB) using a 1:3 vector to insert molar ratio. All
the resulting MotB-ASR plasmids contain a PomA from the
vector backbone and an ancestral-contemporary MotB hybrid
(Supplementary Table 1).

Finally, all the MotB-ASR plasmids were transformed into
stator deleted (RP6894) and MotB deleted (RP3087) E. coli strains
following the chemical transformation protocol from NEB. All
engineered and cloning of MotB-ASR sequences were confirmed
by colony PCR and Sanger sequencing at The Ramaciotti Centre
for Genomics (UNSW, Australia) using ASR sequence-specific
primers (Supplementary Table 2).

Construction of Single Stator Plasmids

We constructed pMotB via deleting MotA from the MotAB
plasmid pDB108 (A gift from David F Blair Lab) and constructed
pPomA and pPotB by deleting PotB and PomA, respectively,
from PomAPotB plasmid pSHU1234 (Nishino et al., 2015).
Site-directed, Ligase-Independent Mutagenesis (SLIM) was used
(Chiu et al., 2008) with specific primers (Supplementary
Table 2). We also constructed a A225D point mutant of
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A. aeolicus MotA from the wild type A. aeolicus MotA plasmid
(pNT7) (Takekawa et al., 2015) using QuikChange Lightning
Site-Directed Mutagenesis with the recommended protocol from
Agilent. The primers used for this point mutation were provided
in the Supplementary Table 2.

Evaluation of Swimming Properties of
MotB-ASRs in Soft Agar Motility Assay

We performed swim plate motility assays according to the
previous protocol (Ishida et al., 2019) with slight modifications
to check whether ancestral MotB proteins could restore motility.

LB swim plates [0.25% (w/v) Bacto agar] were used to screen
bacteria with swimming properties. Minimal medium swim
plates [10 mM of KHPOy, 0.1% (v/v) of glycerol, 0.1 mM of Thr,
0.1 mM of Leu, 0.1 mM of His, 0.1 mM of Met, 0.1 mM of Ser,
1 mM of MgSOy4, 1 mM of (NH;),SO4, 1 pg/mL of thiamine,
and 85 mM of NaCl or 85 mM of KCl, respectively, 0.25% (w/v)
agar, 0.02% (w/v) of arabinose, pH 7.0] were used to determine
the dependency of coupling ions (Nat or HT) as the medium
contained only the desired ion and the pure forms of nutrients
that did not contain any other ionic contaminants. Antibiotics
(25 pg/mL CAM or 50 pg/mL AMP or 25 pg/mL KAN) were
added according to the plasmids used. Additionally, minimal

1501
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759

1239 |

760

1170

1024

FIGURE 1 | Phylogeny of 757 MotB homologs. MotB homologs selected via EBI-EST and restricted to FAD/YAD/LAD at residues 30-32 (E. coli MotB). ASRs were
calculated for every node, with those selected for engineering and resurrection indicated (yellow circles, numbering from root beginning at 758). Tree branches were
colored based on sequence identity at residue 30 F/Y/L in the contemporary strain where conserved (Y30: blue, F30: green, L30: red, mixture: black).
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swim plates with different Na™ concentrations in combination
with 100 WM phenamil (Sigma-Aldrich) were used to assess the
of Na™ dependency on swimming properties.

Swim plates were inoculated with a single 1 day old colony
with a sterile toothpick and incubated at 30°C for 14 h (for
LB swim plates) or 16 h (minimal swim plates) to allow proper
development of a swimming ring. Swimming zones were first
visually checked, imaged with the ChemiDoc MP Imaging System
(Bio-Rad), and swimming diameters measured using Image]J
software (Version 1.52).

Determination of the Effect of Sodium
(Na*) Concentration on the Rotation
Speed of MotB-ASRs

The effect of different Nat concentrations on the rotation speed
of MotB-ASRs and sodium/proton controls were determined
by tethered cell assays in the presence of a range of Na™

concentrations following a previous protocol (Nishiyama and
Kojima, 2012) with some modifications. E. coli RP3087
containing MotB-ASR plasmids were inoculated into TB broth
[1% (w/v) Bacto tryptone, 0.5% (w/v) NaCl] containing 0.02%
(w/v) arabinose and 25 pg/ml chloramphenicol and were grown
overnight (17 h) with 180 rpm at 30°C. The overnight cultures
were sub-cultured with a 50-fold dilution into fresh TB broth
and incubated for 5 h with 180 rpm at 30°C to get more motile
cells. At ODgpp ~0.80, the flagella of the cells were sheared by
passing the culture multiple times (~35) through a 26G needle
syringe. After shearing the flagella, the cells were washed three
times with motility buffer [10 mM potassium-phosphate, 10 mM
lactic acid, 100 mM NaCl, and 0.1 mM EDTA, pH 7.0]. Cells
were then attached on glass slides pre-treated with an anti-
E. coli flagellin antibody with a 1:10 dilution (Nishiyama and
Kojima, 2012) and washed sequentially with a Na™ concentration
gradient containing motility buffer. The rotational speed of the
cells was observed using phase-contrast microscopy (Nikon)
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FIGURE 2 | Composition of resurrected MotB-ASRs. For each node, the set of tips descendant from that node was used to calculate the proportion of genera
downstream from that node. Majority genera are indicated in legend and the top three contributors to each node noted on axis. Nodes 908, 1246, and 1457 have
descendants that are solely Halomonas, Pseudomonas and Marinobacter, respectively, while others are mixtures.
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and was recorded at 20 frames per second (FPS) through the
40X objective with a camera (Chameleon3 CM3, Point Grey
Research). Rotational motion of the cells was analyzed using Lab
view 2019 software (National Instruments) and rotational speeds
were calculated from 20 individual cells.

Growth Curve Assays

Growth assays were executed to exclude possible growth impact
of MotB-ASRs. Growth of E. coli strain RP3087 transformed
with all the MotB-ASRs, pSHU1234, and pMotB plasmids were
monitored as described (Santiveri et al, 2020) with slight
modifications. Briefly, overnight cultures of the test strains with
ODggo 1.0 were diluted 1:100 in 96-well plates (Corning) with
fresh LB broth containing different concentrations of NaCl,
0.02% (w/v) arabinose and 25 pg/ml chloramphenicol and
incubated at 37°C. The ODggy were measured in a microplate
reader (FLUOstar OPTIMA, BMB LABTECH) every hour for
8 h with a brief shaking interval before each measurement. The
experiment was performed in a triplicate.

Correlation Analysis of Mutations at
Each Respective Site of MotB Ancestral

Sequences

To determine the correlation of mutations at each respective site
of MotB ancestral sequences, we selected 19 species of bacteria
(Supplementary Table 3) where the ion selectivity correlation
with residue was previously measured (Ishida et al., 2019). Each
species in the 19-species subset was classified as Na* or H*
powered, we then added our functional MotB-ASRs as a further
13 HT powered units and conducted Fisher’s Exact Test analysis
(in R) based on a binary response variable. We were interested
in whether a binary response might be correlated with a binary
amino acid predictor, so we filtered columns in the alignment

to exclude columns where the two most common amino acids
added up to <85% of the observed residues. We ran Fisher’s exact
test to correlate each amino acid or the mutational pair with the
ionic power source.

RESULTS

Phylogeny of MotB and Node
Composition of MotB-ASRs

We selected nodes in our phylogeny (Figure 1) for ancestral
reconstruction (ASR) by a mixture of early and contemporary
nodes to increase the probability of synthesizing a motile
gene. Among the selected nodes, ASR981 had descendants that
were exclusively betaproteobacteria, ASR1459 had descendants
that were exclusively alphaproteobacteria, ASR908, ASR1170,
ASR1239, ASR1246, ASR1457, and ASR1501 had descendants
that were exclusively gammaproteobacteria, and the remaining,
mostly older nodes ASR758, ASR759, ASR760, ASR765, and
ASR1024 had descendants that were a mixture of gamma, beta
and alphaproteobacterial, with ASR1024 also including all four of
the hydrogenophilalias.

The composition of the 13 nodes is shown as the proportion
of species represented in the tips downstream from that
node (Figure 2). All the nodes were distributed to a wide
range of bacterial genera among which Pseudomonas,
Xanthomonas, — Burkholderia,  Yersinia, =~ Paraburkholderia,
Cupriavidus, Stenotrophomonas, Marinobacter, Xenorhabdus,
and Caballeronia were prevalent. We calculated the top three
genera by frequency of occurrence in the tips descendant
from the selected nodes. Among all the 13 MotB-ASRs, all the
descendants of ASR908 were Halomonas, all of ASR1246 were
Pseudomonas, all of ASR1457 belonged to Marinobacter, and

Empty
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MotAMotB

FIGURE 3 | MotB-ASRs are functional. Motility of resurrected MotB-ASRs along with the control Nat swimmer (PomAPotB), H* swimmer (MotAMotB), and
non-swimmer (empty vector: pBAD33) were tested on semi-solid agar swim plates (0.25% w/v agar). (A) All MotB-ASRs (presented according to the respective
nodes) restore motility in the presence of PomA (from plasmid) and MotA (from genome) in AmotB E. coli strain RP3087. (B) None of the resurrected MotB-ASRs
restore motility in presence of PomA without MotA in AmotAmotB E. coli strain RP6894. Plates were incubated at 30°C for 14 h.
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remaining nodes had descendants from mixed genera (Figure 2).
With regard to species that could be expected to be sodium
swimmers, in our original collection of 2187 MotB homologs we
had 72 Vibrio species and 13 Shewanella, species. Following our
network-based selection of refined sequences (Supplementary
Figure 1), seven Vibrio strains remained in our phylogeny, and
ASR1459 was the nearest parental-node to these seven strains.

Functional Characteristics of MotB-ASR
Proteins

We calculated MotB-ASRs using maximum likelihood methods
(Yang, 2007) for each of the nodes above and engineered the TM
and plug domains of these ASRs into our existing MotB chassis
(Supplementary Figure 2). Motility, initially evaluated with
swim plates, showed that all MotB-ASR proteins were functional
and could restore motility in the presence of contemporary MotA
(Figure 3A and Supplementary Figure 3). However, without

MotA, in the presence of existing PomA, none of the MotB-ASRs
were functional (Figure 3B). This is in contrast with the controls
where PotB (chimeric B-unit) was functional together with PomA
and non-functional with MotA (Supplementary Figure 4).

lon Dependency of Motile MotB-ASRs

To determine the ion dependency of motile MotB-ASRs, we
measured motility both in the presence and absence of Na™t
on minimal swim plates. The minimal swim plate assay results
showed that all the ASRs were able to swim in both the presence
and absence of Na' (Figures 4A,B). We further checked the
swimming ability of all ASRs and H"/Na™ swimming controls
(MotAMotB/PomAPotB) in the presence of the Nat blocker
phenamil. The results showed no inhibition of motility for
all MotB-ASRs and the control HT swimmer, but showed
complete inhibition of motility for the control Nat swimmer
(PomAPotB) (Figure 4C). However, the swimming diameter of

.
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FIGURE 4 | lon dependency of MotB-ASRs. Characterizing ion dependency of motile MotB-ASRs in the presence of Na* control (PomAPotB) and H* control
(MotAMotB) on minimal swim plates (with/without NaCl). (A) All MotB-ASRs (presented according to the respective nodes) restored motility in AmotB strain RP3087
in the presence of Na*. (B) In the absence of Na*, all the MotB-ASRs restored motility in AmotB strain RP3087. (C) All MotB-ASRs restored motility in the presence
of Nat and 100 uM of the sodium-blocker phenamil. (A,B) incubated at 30°C for 16 h, (C) at 30°C for 14 h.
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all MotB-ASRs and proton and sodium controls (MotAMotB
and PomAPotB), was greater at higher Na' concentrations
(Supplementary Figure 5). This occurred despite the observed
growth rates for MotB-ASRs and controls being equivalent at
all sodium concentrations (Supplementary Figure 6). To verify
the ionic energy source, we characterized stator energization via
tethered cell assays.

Effect of Na* on the Rotational Speed of

MotB-ASRs

The rotational speed of all 13 MotB-ASRs and the control
strains (Na®™ swimmer and HT swimmer) were measured in
the presence of different Na™ concentrations (0 mM, 5 mM,
21.25 mM, 42.5 mM, and 85 mM) using the tethered cell
assay. Rotation speed of all tested MotB-ASRs showed no
dependence on Na™ concentration similar to the H* control
swimmer (MotAMotB) (Figure 5). However, the Nat control
swimmer (PomAPotB) showed sodium dependence, with a
gradual increase in swimming speed starting from 0 Hz to
2.8 £ 1.25 Hz maximum speed in the presence of 0 mM and
85 mM NaCl, respectively (Figure 5).

Among all 13 MotB-ASRs, MotB-ASR981 showed the highest
swimming speed of 4.01 £ 0.92 Hz and MotB-ASR908 showed
the lowest swimming speed of 2.71 + 0.51 Hz. The remaining
MotB-ASRs showed swimming speeds between 3.07 & 0.55 Hz
and 3.73 4+ 0.92 Hz in all tested concentrations of Na®
(Supplementary Figure 7).

Compatibility of MotB-ASRs With

Ancient Aquifex aeolicus MotA

We co-transformed all the 13 MotB-ASRs with an ancient
wild type (WT) Aquifex aeolicus (aa) MotA (MotA®YT) into a
stator deleted E. coli (RP6894) to evaluate compatibility between

H*(MotAMotB)

MotB-ASRs

4

Rotation speed (Hz)

0

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85

NaCl (mM)

FIGURE 5 | Tethered cell rotational speeds of MotB-ASRs vs. extracellular
concentration of Na*. The averaged tethered cell rotation speed (mean + SD)
of all ASR measurements shows no dependency on external sodium
concentration. Full data for each ASR is shown in Supplementary Figure 7.
Rotation speed of the sodium powered swimming control (PomAPotB, green)
and proton powered swimming control (MotAMotB, blue) are indicated for
comparison.

A. aeolicus and MotB-ASR stators using the swim plate motility
assay. Four (MotB-ASR760, MotB-ASR765, MotB-ASR908,
and MotB-ASR981) out of 13 MotB-ASRs were compatible
with MotA%"T Al the compatible MotB-ASRs showed Na*
independent motility and swam both in the presence and absence
of Na™ (presence of K¥) containing plates (Figures 6A,B).
However, the same MotA*"T did not show any compatibility
with contemporary E. coli MotB (MotBE) (Supplementary
Figure 8A). On the other hand, the point mutant (A225D) of
A. aeolicus MotA (MotA%22°D) was compatible with A. aeolicus-
E. coli chimeric MotB (MotBAE) and produced a much larger
swimming zone than MotA®"T and the identical MotBAF
(Supplementary Figure 8B). In contrast, no MotB-ASRs were
compatible with the point mutant of MotA®?2°P and all were
non-motile (Supplementary Figure 8C).

Confirmation of Nat Independence of
A. aeolicus Compatible Motile
MotB-ASRs

Tethered cell assay with various concentration of Nat (0 mM,
5 mM, 21.25 mM, 42.5 mM, and 85 mM) was performed
to confirm the ionic energy source of the four motile MotB-
ASRs (MotB-ASR760, MotB-ASR765, MotB-ASR908, and MotB-
ASR981) together with MotA*WT co-transformed cells. We also
measured the rotation speed of MotA%?2°P and MotBAF co-
transformed cell in the same condition as a Na' dependent
control (Takekawa et al., 2015). The rotation speeds of all the
cells with MotB-ASRs and MotA®"T were stable and showed
no dependence on external sodium concentration, while in
contrast the rotation of MotA®?22°P and MotBAf showed Na™
dependence (Figure 7). MotA*"WTMotB-ASR908 rotated more
slowly than MotA“"TMotBAE with an average swimming speed
of 1.59 = 0.60 Hz but all other MotB-ASRs rotated more
quickly, with MotB-ASR765 the fastest swimmer with the average
swimming speed of 3.39 £ 0.79 Hz (Figure 7).

Pairwise Correlation of Residue With
Phenotype

We assembled a sequence alignment including all 13 MotB-
ASRs (Supplementary Figure 2A) and 19 additional bacterial
species (Supplementary Table 3) with known sodium or proton
motility (Ishida et al., 2019). We examined if the addition of
our 13 proton-motile strains affected significance scores for
correlation between specific residues and phenotype by Fisher’s
Exact Test. For the hypothesized correlation between residue 30
F or Y (Figure 1) and proton or sodium motility, where the
null hypothesis of no correlation was previously strongly rejected
based on data from 19 living strains (p = 0.0034), the addition
of 13 additional proton motile ASR sequences weakened, but
did not completely eliminate, statistical significance at the
p < 0.05level (p = 0.014). However, residue 43 remained strongly
significantly correlated with ionic power source (p = 0.00041
with living sequences; p = 0.000028 with ASRs added,
Supplementary Table 4).
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FIGURE 6 | Compatibility of MotB-ASRs with Aquifex aeolicus MotA2@WT on minimal swim plates (with/without NaCl). Of the 13 MotB-ASRs, four restored motility in
combination with MotA28YT in both the presence of Na* (A) and in the absence of Nat (B). Legend: 1, MotAZ8WT MotB-ASR758; 2, MotAZ8WT MotB-ASR759; 3,
MotAZ2YT MotB-ASR1024; 4, MotA?2YT MotB-ASR1170; 5, MotA?"TMotB-ASR1239; 6, MotA®"T MotB-ASR1246; 7, MotA®"T MotB-ASR1457; 8,

MotA28VT MotB-ASR1459; 9, MotA2aVT MotB-ASR1501.
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FIGURE 7 | Tethered cell rotational speeds of MotAaW" MotB-ASRs vs.
extracellular concentration of Na*t. Rotational speed measured by tethered
cell for varying extracellular concentrations of Na* showed that the four

A. aeolicus compatible MotB-ASRs rotated independently of external
concentration of Nat (MotB-ASR908, MotB-ASR765, MotB-ASR981,
MotB-ASR760, dark brown colored lines). This is in contrast to the control
sodium-motile A. aeolicus point mutant MotA in combination with

A. aeolicus-E. coli chimeric MotB (MotAZa2250 MotB“E, blue line).

DISCUSSION

The bacterial flagellar motor is a nanomachine powered by the
translocation of specific ions across the cell membrane (Sowa
and Berry, 2008). Initially, H" and Na* using bacteria were the
primary interests of study but the gradual discovery of bacteria
utilizing other ions, such as K+, Rb*, Mg?*, Ca?*, or Sr?+,
has raised the question about the origin and mechanism of

the ion selectivity of bacterial flagellar motors (Li et al., 2011;
Terahara et al, 2012; Minamino and Imada, 2015; Imazawa
et al.,, 2016; Ito and Takahashi, 2017). The reliable answer to
this question is still not clear as it is not known whether the
original swimmer was sodium or proton powered (Schirrmeister
et al., 2015). The development of ancestral reconstruction has
created the opportunity to recreate historical scenarios using
statistical phylogenetics and microbial engineering (Hochberg
and Thornton, 2017). In this study, we tried to reconstruct the
ancestral MotB protein and engineered them to evaluate their
characteristics.

For the reconstruction of ancestral MotB stator protein, we
generated a phylogeny of 757 MotB homologs. We focused
on engineering the TM and plug region of ancestral MotB as
this region controls ion selectivity and has been engineered
to make functional chimeras (Asai et al, 2000; Ito et al,
2005; Nishino et al., 2015). Our phylogenies were restricted
to include essential D32 to ensure functionality, and we
further restricted the phylogenies to include FAD/YAD/LAD in
residues 30-32 to have the best chance of generating functional
reconstructions, and to examine the effect of residue changes and
adaptation at 30F/Y/L to probe correlation with H" or Na™ ion
selection and compare with previous work (Ishida et al., 2019;
Supplementary Figure 2B).

The swim plate assay results of this study showed that all
the MotB-ASRs were able to swim both in the presence and
absence of Na™ in the combination with MotA. Also, our MotB-
ASRs were not inhibited by the sodium inhibitor phenamil that
is a general inhibitor of sodium dependent motors (Atsumi
et al.,, 1990), and amiloride and its derivatives do not inhibit
MotAB (Terahara et al.,, 2008). Na™ independent motility and
resistance to Na™ blocker together imply that our ancestral
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B-subunits function similarly to proton-powered MotB, and
our alterations in the TM domain converted a Na™ dependent
swimmer (PomAPotB) into a sodium independent swimmer
(MotAPomAMotB-ASR).

Tethered cell assay results confirmed that external Na™
concentrations did not affect the rotation speed of all MotB-
ASRs (Figure 5), whereas the rotation speed of the control
Na™ swimmer showed a strong dependence on external sodium
concentration (Figure 5). The sodium-independence of MotB-
ASR swimming speed matches previous measurements for
proton-powered MotAB (Imazawa et al, 2016). This result
indicates that our resurrected reconstructions are more MotB-
like than PomB-like.

Our MotB-ASRs included both YAD and FAD motifs,
however, regardless of F/Y at residue 30, all MotB-ASRs
displayed proton-based functionality. Previously we quantified
the correlation between F/Y and sodium/proton motility in a test
set of known sodium and proton swimmers (Ishida et al., 2019).
There are known exceptions to the overall trend, such as proton-
motile Pseudomonas aeruginosa with a FAD motif, but the overall
correlation was strong, and both generalized and phylogenetic
linear regressions indicated significant correlation (p < 0.05) in
our previous work. We reexamined our previous data set, and
supplemented this with our new ASRs. When we added the new
sequences corresponding to our ASRs, which were diverse in F/Y
but uniform in phenotype, this resulted in the F/Y locus, in our
analysis, having a much weaker correlation with a sodium/proton
phenotype. This is further evidence that FAD/YAD in MotB is
unlikely to dictate selectivity on its own, alongside ours and
others’ previous work (Asai et al., 2000, 2003; Sudo et al., 2009).

Additionally, the compatibility of our MotB-ASR with ancient
Aquifex aeolicus MotA (MotA®"T) and subsequent Na*
independent swimming properties provided further evidence
that the MotB-ASRs generated here are more likely to be proton-
powered MotB. In agreement, our ASRs could not restore
motility with the mutant A. aeolicus MotA (MotA?4225DY which
had been previously shown to enable sodium-dependent motility
(Takekawa et al., 2015).

The primacy of sodium energetics is becoming clear in the
case of ATPases (Mulkidjanian et al., 2008), but for flagellar
motors this is still an open question. Here, we observed
our ASRs to function in a MotB-like sodium-independent
manner, and to be functional in the presence of (MotA*WT),
Previous work has suggested sodium-energized flagellar rotation
predates proton-powered bacterial motion, due to the early
diverging A. aeolicus being observed to be sodium-dependent
(Takekawa et al, 2015). We have not attempted here the
difficult task of definitively resolving ancient evolutionary history.
To answer which ion holds energetic primacy for the BFM
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A Corrigendum on

Ancestral Sequence Reconstructions of MotB Are Proton-Motile and Require MotA
for Motility

by Islam, M. I, Lin, A., Lai, Y.-W., Matzke, N. ]., and Baker, M. A. B. (2020). Front. Microbiol.
11:625837. doi: 10.3389/fmicb.2020.625837

In the original article, in the Introduction, paragraph four, we referenced previous work on
ancestral reconstruction. We would like to add a further sentence and three additional citations
for the work that first demonstrated the resurrection of ancient genes into contemporary hosts to
form ancient modern hybrids and examine function in vivo:

It is possible to then resurrect the ancestral proteins corresponding to these inferred sequences
and characterize their in vitro biological and biochemical properties (Gaucher et al., 2003; Thornton
et al., 2003). Furthermore, ancient proteins can be expressed in contemporary hosts to examine
the function of ancient proteins in vivo, and their integration and subsequent adaptation in
ancient-modern hybrids (Kacar and Gaucher, 2012; Kacar et al., 2017a,b).

Whilst our work does not explore subsequent adaptation of these ancient-modern hybrids,
citation of these references is appropriate to give appropriate credit and to guide the reader to
consider the research in ancestral reconstruction that has enabled our work.

The authors apologize for this error and state that this does not change the
scientific conclusions of the article in any way. The original article has been updated.
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The Structure, Composition, and
Role of Periplasmic Stator Scaffolds
in Polar Bacterial Flagellar Motors
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In the bacterial flagellar motor, the cell-wall-anchored stator uses an electrochemical
gradient across the cytoplasmic membrane to generate a turning force that is applied to
the rotor connected to the flagellar filament. Existing theoretical concepts for the stator
function are based on the assumption that it anchors around the rotor perimeter by binding
to peptidoglycan (P). The existence of another anchoring region on the motor itself has
been speculated upon, but is yet to be supported by binding studies. Due to the recent
advances in electron cryotomography, evidence has emerged that polar flagellar motors
contain substantial proteinaceous periplasmic structures next to the stator, without which
the stator does not assemble and the motor does not function. These structures have a
morphology of disks, as is the case with Vibrio spp., or a round cage, as is the case with
Helicobacter pylori. It is now recognized that such additional periplasmic components
are a common feature of polar flagellar motors, which sustain higher torque and greater
swimming speeds compared to peritrichous bacteria such as Escherichia coli and
Salmonella enterica. This review summarizes the data available on the structure,
composition, and role of the periplasmic scaffold in polar bacterial flagellar motors and
discusses the new paradigm for how such motors assemble and function.

Keywords: bacterial flagellar motor, structure and function, polar flagellum, torque, electron cryotomography

OVERVIEW OF THE BACTERIAL FLAGELLUM

The flagellum (Figure 1) comprises the basal body, hook, and filament. The basal body functions
as a rotary motor; the turning force (torque) generated by it is transmitted through the hook
to the filament, causing it to spin (Zhao et al., 2014; Carroll and Liu, 2020; Takekawa et al.,
2020). Four main types of flagellar arrangement have been observed: monotrichious bacteria
(e.g., Vibrio cholerae) carry a single polar flagellum; amphitrichous cells (Campylobacter jejuni)
have one or more flagella at both poles; lophotrichous bacteria (Helicobacter pylori) have
multiple flagella at one pole; while peritrichous bacteria (Escherichia coli) possess multiple
flagella distributed over the cell envelope (Schuhmacher et al, 2015).

The flagellar motor is a remarkable nanoscale molecular engine that self-assembles in the
cell wall from many protein components. Current knowledge about its structure and function
has been largely acquired from studies on peritrichous bacteria. Flagellar assembly begins with
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FIGURE 1 | Overall structure of a prototypical flagellar motor in Gram-negative bacteria. Basal body components are colored in shades of blue. Stator components
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the membrane/supramembrane (MS) ring, export apparatus
and switch complex [also known as the cytoplasmic ring
(C-ring); Kubori et al, 1992; Li and Sourjik, 2011]. Then the
rod and hook are assembled by transporting their components
via the export apparatus (Minamino et al., 2008), a bushing
for the rod [comprising peptidoglycan (P) and outer membrane
(OM; lipopolysaccharide, L) rings] is added, and stator units
assemble in a ring around the rotor perimeter.

The stator ring generates torque using an electrochemical
gradient of protons or sodium ions across the inner membrane
(IM). In proton-motive-force-driven motors, a single stator
unit is an asymmetric assembly of five MotA subunits enclosing
two MotB subunits (Deme et al., 2020; Santiveri et al., 2020).
In sodium-motive-force-driven motors, the stator is composed
of PomAB or MotPS complexes of the same stoichiometry.
Existing theoretical concepts for why the stator itself does
not spin are based on the assumption that it is anchored to
the cell wall by MotB/PomB/MotS binding to P (Roujeinikova,
2008; O'Neill et al., 2011; Reboul et al., 2011; Andrews et al.,
2017; Deme et al., 2020; Santiveri et al., 2020). However,
visualization of the intact flagellar motor in whole cells
(in situ), made possible by recent advances in electron
cryotomography, revealed that polar flagellar motors contain
a substantial proteinaceous periplasmic structure next to the
stator (Murphy et al, 2006; Liu et al., 2009; Chen et al,,
2011; Beeby et al, 2016; Qin et al, 2017), which has a
morphology of disks, rings, or a round cage. It is now

recognized that additional periplasmic components are a
common feature of polar motors, which sustain higher torque
and greater swimming speeds compared to peritrichous bacteria.
Evidence has emerged that this periplasmic scaffold may serve
as another anchoring region for the stator units. This review
summarizes the data available of the structure, composition,
and role of the periplasmic scaffold in polar bacterial flagellar
motors and discusses the new paradigm for how these motors
assemble and function.

EARLY STUDIES: THE DISCOVERY OF
ADDITIONAL PERIPLASMIC DISKS

First evidence that polar flagellar motors possess additional
periplasmic components that may be required for their
function emerged from electron microscopy (EM) studies
of bacterial preparations. Coulton and Murray (1977) observed
proteinaceous concentric rings positioned laterally to the
basal bodies in (Aqua)spirillum serpens. These rings formed
90-nm diameter disks associated with the periplasmic face
of the OM. Subsequently, double-layered 90-150-nm diameter
disks were observed at the same position in the motors of
C. jejuni and Campylobacter (Vibrio) fetus subsp. intestinalis
(Morooka et al.,, 1983). A similar disk was discovered in
the motors of V. cholerae (Ferris et al., 1984) and Wolinella
succinogenes (Engelhardt et al., 1993), but while the diameter
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of the former did not exceed 41 nm, the average diameter
of the latter was 170 nm, suggesting the architecture of
this structure is species-specific.

Work on W. succinogenes was important, because it showed
that the additional disks (from then on referred to as basal
disks) are attached not only to the periplasmic face of the
OM, but also to the basal body, and that the L/P disk (bushing)
is integrated at the center of the basal disk (Kupper et al,
1989; Engelhardt et al., 1993). By that point, studies converged
on the hypothesis that the basal disk may serve to anchor
the L/P bushing of the motor to the cell wall and ensure
correct positioning of the stator units around the rotor.

Interestingly, early work identified basal disks only in
proteobacteria with polar flagella, but the possibility that
additional periplasmic structures may exist in other flagellated
bacteria could not be discounted. The discovery and
characterization of such components was hampered by the
fact that many are lost in the process of isolation of flagella
for analysis by negative staining. It was not until recently that
new techniques, such as electron cryotomography and high-
throughput genome sequencing, could provide a detailed picture
of the entire flagellar motor.

FIRST ELECTRON CRYOTOMOGRAPHY
MOTOR RECONSTRUCTIONS: THE
DISCOVERY AND CLASSIFICATION OF
PERIPLASMIC SCAFFOLDS

The electron cryotomography technique (Oikonomou and Jensen,
2017) has a distinct advantage over traditional transmission EM
methods as it allows visualization of the entire flagellar motor
in frozen whole cells, without the need for fixation, dehydration,
or staining. In 2006, a pioneering study of the spirochaete
Treponema primitia provided the first 3D reconstruction of the
polar motor that included the stator (Murphy et al, 2006). It
also revealed a novel periplasmic structure next to the stator,
termed the collar, which appears to be unique to Spirochaetes.
Furthermore, the observed size of the stator on its periplasmic
side could not be accounted for by MotB only, suggesting the
presence of some other proteins. It was hypothesized that these
extra structures serve as a periplasmic scaffold that recruits,
organizes, and stabilizes the stator units. A subsequent electron
cryotomography survey of the motor architectures (Chen et al.,
2011) and related studies by other labs (Liu et al., 2009, 2010;
Raddi et al,, 2012) revealed that periplasmic scaffolds exist in
the polar motors of many other species, but are absent in the
motors of peritrichous bacteria, and that many polar flagellar
motors are significantly more complex than the prototypical
motors of E. coli and Salmonella enterica.

Flagellar motors can be classified according to four scaffold
types: non-scaffold motors (Figures 2A,B); OM-associated
scaffold motors (Figures 2C,D); IM-associated scaffold motors
(Figures 2E,F); and integrated scaffold motors (Figures 2G,H).

An example of an OM-associated scaffold is the H/T/O-
ring system found in the polar motor in Vibrio alginolyticus
(Zhu et al., 2017, 2020; Figure 2D). The O-ring, associated

with the external face of the OM, surrounds the base of
the hook. The periplasmic H-ring, associated with the inner
face of the OM, surrounds the L/P-ring. The periplasmic
T-ring assembles at the outer rim of the H-ring, below
the P-ring.

Inner-membrane-associated scaffolds have been found in
polar motors driving the periplasmic flagella in Spirochaetes
(Murphy et al., 2006; Liu et al., 2009, 2010; Raddi et al., 2012).
They are exemplified by the collar-like structures seen in
T. primitia (Figure 2E) and Borrelia burgdorferi (Qin et al.,
2018; Figure 2F). The narrow part of these structures is
embedded into the IM between the MS and stator rings, while
the wider rim is positioned in the periplasm.

An integrated scaffold, spanning the periplasm and associated
with both OM and IM, has been found in the polar motors
of the closely related bacteria H. pylori and C. jejuni (Beeby
et al., 2016; Qin et al., 2017; Figures 2G,H). The core of the
scaffold is a round cage-like structure encircling the rod, the
MS, and L/P rings. It is anchored to the IM on one side, and
extends to the basal disk associated with the periplasmic face
of the OM on the other.

MOLECULAR COMPOSITION OF
PERIPLASMIC SCAFFOLDS

The OM-associated scaffold of the Vibrio spp. motor has been
dissected in detail. The T-ring comprises MotX and MotY
(Terashima et al., 2006), while the adjacent H-ring is made
up of the OM lipoproteins (OMLPs) FlgO and FlgP and the
periplasmic protein FIgT (Terashima et al., 2013; Beeby et al,,
2016; Zhu et al, 2018, 2020). The protein make-up of the
O-ring is not yet known.

The IM-associated scaffold of the spirochaetal motor has
been studied extensively in B. burgdorferi. The base of the
collar contains FIbB (Chen et al., 2011; Moon et al., 2016),
which is anchored to the IM via its N-terminal transmembrane
helix. Although the full protein composition of the collar is
not yet known, the tetratricopeptide repeat (TPR) proteins
BB0236 (Moon et al., 2018) and FlcA (Xu et al.,, 2020) have
been identified as putative collar proteins that assemble onto
the FIbB base.

The molecular composition of the integrated scaffold of the
H. pylori motor is yet to be established. However, it is in a
similar position to the integrated scaffold seen in C. jejuni
(Figures 2G,H), and it is likely that the two scaffolds share
at least some common components. The three main parts of
the C. jejuni scaffold are: the basal disk associated with the
periplasmic face of the OM; a medial disk around the rod;
and a disk proximal to the IM (Figure 2H). The basal disk
is formed by the OMLP FlgP (homologous to Vibrio FlgP),
likely in complex with FlgQ (Beeby et al, 2016). The medial
disk is composed of paralyzed flagellum protein A (PflA), a
periplasmic TPR protein. The IM-proximal disk contains the
TPR protein PfIB, which is anchored to the IM via a single
transmembrane helix. Proteins homologous to C. jejuni FIgP,
PflA, and PfIB are present in H. pylori (Rajagopala et al., 2007;
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FIGURE 2 | Classification of flagellar motors based on their scaffolds. The figures were prepared using electron cryotomography maps for the flagellar motors from:
(A) Escherichia coli (EMDB-5311; Chen et al., 2011); (B) Salmonella enterica (EMDB-5310; Chen et al., 2011); (C) Vibrio fischeri EMDB 3155; Beeby et al., 2016);
(D) Vibrio alginolyticus (EMDB-21027 and EMDB-21819; Carroll et al., 2020; Zhu et al., 2020); (E) Treponema primitia (EMDB-1235; Murphy et al., 2006); (F) Borrelia
burgdorferi EMDB-9122; Qin et al., 2018); (G) Helicobacter pylori EMDB-8459; Qin et al., 2017); and (H) Campylobacter jejuni (EMDB-3150; Beeby et al., 2016).
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Sommerlad and Hendrixson, 2007), suggesting C. jejuni and
H. pylori scaffolds assemble in a similar manner.

THE ROLE OF THE INDIVIDUAL
SCAFFOLD COMPONENTS

OM-Associated Scaffold of the Vibrio Motor

AfleT mutant cells lacked the H-ring and mostly produced
periplasmic, rather than native, external flagella (Terashima et al., 2010;

Zhu et al.,, 2018). Most of the H-ring was missing in AflgP
mutant cells, which also lacked external hook/filament structures
(Beeby et al., 2016). Thus, one apparent function of the H-ring
is to mediate the OM penetration during the flagellum
biogenesis. This notion is strengthened by reports that mutations
in flgO also resulted in a reduced number of cells with external
flagella (Martinez et al., 2009; Zhu et al, 2018). The other
putative function of the H-ring is to anchor the flagellum
to the cell wall, by associating with the OM via its medial
part containing the OMLP FlgP (Morris et al., 2008), and
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its outer part, containing the OMLP FlgO (Martinez et al., 2009;
Zhu et al, 2018). In addition, the H-ring is required for
stator ring assembly (Beeby et al., 2016).

The inner part of the T-ring is formed by MotY (Terashima
et al,, 2006; Zhu et al., 2017), which is likely anchored to
peptidoglycan, as it contains a peptidoglycan-binding motif
(Okunishi et al., 1996; Kojima et al., 2008). The stator-
proximal edge of the T-ring is formed by MotX (Terashima
et al., 2006; Zhu et al., 2017). In the absence of MotX or
MotY, bacteria were non-motile (Gosink and Hise, 2000),
and the stator units were not recruited to the cell pole
(Terashima et al., 2006), indicating that the T-ring is also
required for stator assembly.

Inner-Membrane-Associated Scaffold of
the Spirochaetal Motor

AflbB, Abb0236, and AflcA mutant cells had less flagella per
cell than the wild type, suggesting that all three putative collar
components play an important role in the flagella biogenesis
(Moon et al.,, 2016, 2018; Xu et al., 2020). Furthermore, all
three mutants were non-motile, lacked the stator, and produced
flagella that were abnormally oriented toward the cell pole
rather than to the cell cylinder. This shows that the collar is
required for correct orientation of the periplasmic flagella and
assembly of the stator in B. burgdorferi.

Integrated Scaffold of the
Campylobacterotal Motor

The basal disk in the integrated motor scaffold in C. jejuni
is thought to play a similar role to that of the H-disk in
the OM-associated scaffold in the Vibrio motor. Both structures
contain the OMLP FlgP, although the C. jejuni and Vibrio
proteins share only limited sequence similarity (Beeby et al.,
2016). Deletion of fIgP resulted in the loss of the disk and
loss of functionality in both types of the motor, but in
contrast to the Vibrio fischeri AflgP mutant, which lacked
external hook/filament structures, the AflgP mutant of
C. jejuni assembled normal-looking flagella (Sommerlad and
Hendrixson, 2007). Another difference is that in the absence
of the H-ring, the remainder of the scaffold (the T-ring)
still assembled at least in some Vibrio species (Zhu et al.,
2018), whereas the loss of the basal ring in C. jejuni resulted
in the loss of the entire scaffold (Beeby et al., 2016). Despite
the differences, the loss of function in AflgP mutants with
either type of motor is attributable to the fact that the
stator does not assemble in the absence of the basal ring
or H-ring (Martinez et al., 2010).

The medial disk containing PflA is required for assembly
of the proximal disk containing PflB, and ApflA mutants are
non-motile (Yao et al., 1994) because their motors lack the
stators (Beeby et al,, 2016). MotB was shown to incorporate
into the motor only in the presence of the proximal ring,
supporting the hypothesis that upon assembly into the polar
motor of C. jejuni, the stator units are anchored to the integrated
scaffold via PfIB.

IMPLICATIONS FOR THE MECHANISM
OF GENERATION OF HIGHER TORQUE
IN POLAR FLAGELLAR MOTORS

Thus, due to recent advances in electron cryotomography,
extensive evidence has emerged that in contrast to peritrichous
flagella, polar flagellar motors evolved diverse periplasmic
scaffolds around the rotor, without which the stator does not
assemble and the motor does not function. It is now widely
accepted that upon assembly into the polar motors the stator
units are anchored not only to peptidoglycan, but also to these
scaffolds, and despite unique differences between the architectures
of the OM-associated, IM-associated and integrated scaffolds,
commonalities start to emerge with regards to their role in
the stator function.

It is now recognized that the number of stator units
recruited into the motor determines the total torque: the
higher the number, the higher the force (Lele et al., 2013).
Furthermore, evidence has emerged that, owing to the presence
of the stabilizing scaffolds, stator rings in many polar motors
are wider than in peritrichous motors (Chen et al., 2011;
Beeby et al., 2016; Qin et al, 2017; Chaban et al., 2018;
Chang et al., 2019). We now understand that larger-diameter
stator rings not only accommodate more stator complexes,
but also place them further away from the axis, resulting in
a higher momentum of force produced by each complex,
and hence higher overall torque. In peritrichous flagella of
S. enterica and E. coli, at least 11 stator complexes can anchor
to the peptidoglycan layer and P-ring (Reid et al., 2006;
Hizukuri et al, 2010; O’'Neill et al., 2011) and apply force
on the 40-nm-diameter C-ring, producing ~1,300 pN nm
torque (Reid et al., 2006; Thomas et al., 2006). In comparison,
the C-ring in the polar motor of H. pylori, for example, is
significantly larger (57 nM) and surrounded by half as many
stator complexes (18; Qin et al., 2017), which is consistent
with the observed higher torque (~3,600 pN nm; Celli et al,
2009). The C-ring in the spirochaetal polar motor is similarly
large and surrounded by 16 stator complexes (Zhao et al.,
2014; Chang et al., 2019), producing a torque of ~4,000 pN
nm (Nakamura et al., 2014). Thus, the accumulated structural
and functional data on the periplasmic scaffolds in the polar
motors are consistent with their role as platforms that recruit
a wider power ring to sustain higher torque.

IMPLICATIONS FOR EVOLUTIONARY
ADAPTATION

The remarkable structural diversity of scaffolds in polar
motors suggests they have evolved from a less complex
ancestral motor, composed of the common core components
seen today in peritrichous motors, by acquiring accessory
proteins (Beeby et al., 2020). The existence of class- and
genera-specific scaffold components (such as MotX/MotY
in Vibrio, FIbB in Spirochaetes and PflA/PfIB
Campylobacterota) is indicative of distinct evolutionary
pathways resulting in motors with mechanical outputs that,
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when combined with other factors, suit specific habitats.
At one end of the torque spectrum is the polar motor of
Caulobacter crescentus. To survive in its low-nutrient freshwater
habitat, C. crescentus has evolved an efficient motor with
no scaffolding structures (Rossmann et al., 2020) that uses
a small stator ring comprising only 11 units. The economically
low torque (~350 pN nm; Li and Tang, 2006) is sufficient
to propel the cell due to additional thrust created by the
helical motion of the cell (Liu et al., 2014). At the other
end of the spectrum is the high-torque motor of H. pylori.
This microorganism resides within the very viscous mucous
layer of the stomach (Hooi et al., 2017) and, apparently
through natural selection, demonstrates unusually high motility
in viscous media (Hazell et al., 1986). Together with the
helical cell shape, the high torque, afforded by the wider
stator ring supported by a periplasmic scaffold, allows
H. pylori locomotion in high-viscosity environment.
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Failure of the cell to properly regulate the number and intracellular positioning of their
flagella, has detrimental effects on the cells’ swimming ability. The flagellation pattern of
numerous bacteria is regulated by the NTPases FIhF and FIhG. In general, FIhG controls
the number of flagella produced, whereas FIhF coordinates the position of the flagella.
In the human pathogen Vibrio parahaemolyticus, its single flagellum is positioned and
formed at the old cell pole. Here, we describe the spatiotemporal localization of FIhF
and FIhG in V. parahaemolyticus and their effect on swimming motility. Absence of either
FIhF or FIhG caused a significant defect in swimming ability, resulting in absence of
flagella in a AflhF mutant and an aberrant flagellated phenotype in AflhG. Both proteins
localized to the cell pole in a cell cycle-dependent manner, but displayed different
patterns of localization throughout the cell cycle. FIhF transitioned from a uni- to bi-
polar localization, as observed in other polarly flagellated bacteria. Localization of FIhG
was strictly dependent on the cell pole-determinant HubP, while polar localization of FInF
was HubP independent. Furthermore, localization of FIhF and FIhG was interdependent
and required for each other’s proper intracellular localization and recruitment to the cell
pole. In the absence of HUbP or FIhF, FIhG forms non-polar foci in the cytoplasm of the
cell, suggesting the possibility of a secondary localization site within the cell besides its
recruitment to the cell poles.

Keywords: FIhG, HubP, intracellular organization, Vibrio parahaemolyticus, flagellum, FIhF

INTRODUCTION

It is essential to understand the mechanisms required for dissemination of bacteria in the
environment and for many bacteria, the primary means of motion is flagella-mediated swimming
motility. Correct swimming behavior heavily depends on the production of the correct number and
proper placement of the flagella within the cell (Schuhmacher et al., 2015b; Blagotinsek et al., 2020;
Kojima et al., 2020).

The localization of flagella in several species has been demonstrated to be mediated by landmark
proteins. In particular, two proteins have been implicated in regulating the number (the ATPase
FIhG) and positioning (the GTPase FIhF) of flagella in several bacterial species (Schuhmacher
et al., 2015b). Interestingly, the FIhF/G system is responsible for the positioning of flagella in
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peritrichously, lophotrichously, and monotrichously flagellated
bacteria. In some y-proteobacteria, such as Pseudomonas sp.,
Shewanella sp., and Vibrio sp., the flagella are positioned and
formed only at the old cell pole. At cell division, one daughter
cell inherits these flagella at its old cell pole, whereas the second
daughter is non-flagellated, but begins to produce a flagellum at
its old cell pole shortly after division is finalized.

In Vibrio alginolyticus, Shewanella putrefaciens, and
P. aeruginosa, the absence of flhG results in hyper-flagellated
cells (Campos-Garcia et al., 2000; Hulko et al., 2006; Kusumoto
et al., 2006, 2008; Schuhmacher et al., 2015a). Hyperflagellation
may be a result of increased flagellar protein production, as
many flagellar genes have been shown to be upregulated in
the absence of FIhG in these organisms (Dasgupta et al., 2000;
Dasgupta and Ramphal, 2001; Correa et al,, 2005). Deletion
of flhF has been shown to result in swimming defects due to
the absence and/or mislocalization of flagella (Pandza et al,
2000; Correa et al., 2005; Kusumoto et al., 2006; Green et al.,
2009). In Campylobacter jejuni, V. alginolyticus, and Vibrio
cholerae, the absence of flhF results mostly in non-flagellated
non-motile cells, however, in the rare cases in which a flagellum
is formed nevertheless, it is no longer positioned at the cell pole
(Correa et al., 2005; Kusumoto et al., 2008; Balaban et al., 2009).
A different phenotype is observed in Pseudomonas sp. (Pandza
et al., 2000; Murray and Kazmierczak, 2006) and S. putrefaciens
(Rossmann et al., 2015), where a single mislocalized non-polar
flagellum is produced in the absence of FIhF. Importantly,
FIhF is thought to establish the site of flagellum assembly by
recruiting the earliest flagellar structural component FliF, which
constitutes the MS-ring (Green et al., 2009; Kojima et al., 2020;
Terashima et al., 2020). Fluorescence microscopy studies have
shown that FIhF is localized to the bacterial cell poles in several
monotrichous bacterial species, including P. aeruginosa (Murray
and Kazmierczak, 2006), S. putrefaciens (Rossmann et al., 2015),
V. alginolyticus (Kusumoto et al., 2008), and V. cholerae (Green
et al.,, 2009; Yamaichi et al.,, 2012; Takekawa et al., 2016). In
all cases, FIhF shows a specific spatiotemporal localization
pattern that is cell cycle-dependent. Particularly, FIhF localizes
uni-polarly to the old flagellated cell pole in young short cells
and displays a bi-polar localization in older longer cells and
as a consequence each daughter cell inherits FIhF localized to
its old cell pole when cell division is completed (Murray and
Kazmierczak, 2006; Kusumoto et al., 2008; Rossmann et al., 2015;
Takekawa et al., 2016).

FIhG has been shown to negatively regulate the intracellular
localization of FIhF and positively influences flagellar production
by regulating FIhF GTP hydrolysis (Bange et al, 2011). In
V. alginolyticus and V. cholerae species, FIhG too localizes to the
cell poles (Kusumoto et al., 2008; Yamaichi et al., 2012), which
fits with its function in regulating FIhF localization at this site.
However, data suggests that the recruitment of FIhG to the cell
pole is independent of FIhF and instead depends on interactions
with the polar landmark protein HubP (Yamaichi et al., 2012).

In summary, many different bacteria use FIhF and FIhG to
regulate the localization and positioning of their flagella. The
system’s general function as positive and negative regulators
of the flagellum synthesis, respectively, is largely conserved

even among different bacterial phyla (Schuhmacher et al.,
2015b; Kojima et al., 2020). Nevertheless, differences in the
details of the system account for individual differences in the
flagellar assembly even between members of the same genus
(Schuhmacher et al.,, 2015b; Kojima et al., 2020). Because of
these differences on the effect of the FIhF-FIhG system, also
between closely related organisms, it is important to study this
flagellum positioning system in different bacterial species in order
to understand its importance for flagellum formation in the
specific bacterium of interest.

Here, we have analyzed the importance of the FIhF-FIhG
system for flagellum formation and swimming motility in
the bacterium Vibrio parahaemolyticus. V. parahaemolyticus is
an important human pathogen and the principal course of
acute seafood-borne gastroenteritis in the world (Letchumanan
et al, 2014). Furthermore, it causes substantial problems in
the aquaculture industry with early mortality syndrome (EMS)
of shrimps, which is an important shrimp disease particularly
in Southeast Asia (Tran et al, 2013). V. parahaemolyticus
exhibits a dimorphic life-style depending on its environmental
conditions - particularly as a swimmer or a swarmer cell.
Swimmer cells are monotrichously flagellated and optimized
for life in liquid environments. On solid surfaces it lives as a
swarmer cell, which is a cell type specialized for colonization
of solid environments. Swarmer cells are highly elongated
and express a distinct flagellum system in addition to the
polar flagellum of swimmer cells, which results in a multiple
peritrichous flagella positioned along the length of the swarmer
cell (Baumann and Baumann, 1977; McCarter, 2004; Bottcher
et al, 2016). In liquid environments V. parahaemolyticus
exists as a short motile swimmer cell that is propelled by
a single polar flagellum, which is positioned at the old cell
pole. Swimming motility is essential for the dissemination of
V. parahaemolyticus in the environment and for its resistance
to phage attacks (Zhang et al, 2016; Freitas et al, 2020).
Consequently, it is essential to study the mechanisms regulating
polar flagellum formation in this specific species in order to
fully understand the forces driving its spreading and survival
in the environment. Here, we show that FIhF and FIhG are
required for proper formation of the polar flagellum and
swimming motility in V. parahaemolyticus. We further analyze
the intracellular localization of FIhF and FIhG during the cell
cycle. Both proteins localize to the bacterial cell pole in a
dynamic and cell cycle-dependent manner, however, importantly
their patterns of localization are distinct from each other
and FIhG undergoes a different localization pattern as that
of FIhF. Interestingly, their localization patterns depend on
each other and in the case of FIhG also on the cell pole
determinant HubP.

MATERIALS AND METHODS

Strains and Growth Media

All strains were grown in LB medium at 37°C. When needed,
indicated antibiotics were added. Genetic modifications in
V. parahaemolyticus RIMD 2210633 were performed using
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standard allele exchange methods with plasmids derived
from pDM4 (Milton et al, 1996). All V. parahaemolyticus
strains were generated in a AlafA background to eliminate
any cellular movement through the lateral flagella system
of V. parahaemolyticus. Escherichia coli DH5a\pir was used
for cloning and SMI10\pir for introducing plasmids into
V. parahaemolyticus by conjugation. All strains and plasmids
used are listed in Supplementary Table 1. Primers used are listed
in Supplementary Table 2. A description of each plasmid is also
included as Supplementary Material.

Swimming Assay
Swimming assays were performed as described in Ringgaard et al.
(2013) and Alvarado et al. (2017).

Fluorescence Microscopy

Fluorescence microscopy was carried out essentially as described
by Ringgaard et al. (2013), Heering and Ringgaard (2016),
Alvarado et al. (2017), and Heering et al. (2017). Bacterial
strains for fluorescence microscopy analysis were inoculated
in LB medium and cultivated at 37°C and shaking to an
ODggo = 0.5-0.6. Cells were then spotted on a pad of 1%
agarose in 50% PBS + 10% LB on a microscope slide, covered
with a coverslip and imaged immediately. All microscopy was
performed on a Nikon Eclipse Ti inverted Andor spinning-
disk confocal microscope equipped with a 100x lens and an
Andor Zyla sCMOS cooled camera and an Andor FRAPPA
system. Microscopy images were analyzed using Image] imaging
software! and Metamorph Offline (version 7.10.2.240, Molecular
Devices). FIhF-sfGFP fusion was imaged at 400 ms exposure,
and sfGFP-FIhG at 1000 ms for all backgrounds. Demographs
were constructed by measuring the fluorescence intensity profiles
in Fiji and processing the data in R (3.0.1, R Foundation for
Statistical Computing), using a script described by Cameron
et al. (2014), Alvarado et al. (2017), Heering et al. (2017), and
Muraleedharan et al. (2018).

Transmission Electron Microscopy

Cellular cultures were propagated using identical growth
conditions as those used for fluorescence microscopy analysis.
Cells were grown to an OD600 = 0.5-0.6. Samples were
subsequently treated as described by Ringgaard et al. (2007)
and spotted on a plasma-discharged carbon-coated copper grid
(Plano, Cat#S162-3) and rinsed with 0.002% uranyl acetate,
blotted dry with Whatman filter paper, and further dried. TEM
images were obtained with a JEOL JEM-1400 Plus 120 KV
transmission electron microscope at 80 kV.

Western Blot

Whole-cell extracts from the same cultures as used for
microscopy were normalized by cell density, and equal
amounts were loaded on a SDS-PAGE, blotted and probed
with JL-8 anti-GFP monoclonal antibody (Takara Bio Cat#

Thttp://rsbweb.nih.gov/ij

632380, RRID:AB_10013427), and detected with horse-radish-
peroxidase-conjugated anti-mouse IgG antibodies (Thermo
Fisher Scientific Cat# 45-000-680, RRID:AB_2721110).

Sample Size and Statistical Analysis

For microscopy experiments, a minimum of three biological
replicates were performed, with >200 cells measured per
replicate. Western blots were performed with samples from
the same replicates as used for the microscopy analysis. The
mean values of the replicates were plotted & standard deviation.
Statistical significance was evaluated with an ANOVA test with
post hoc Tukey’s test. Demographs were plotted using the
cellProfiles R package (Cameron et al., 2014). Ten replicates of the
swimming assays were performed. The statistical significance was
calculated with an ANOVA with different petri dishes as blocks.
All calculations were done in R (R Development Core Team,
2008).

RESULTS

In order to understand the importance of the FIhF-FIhG-system
and HubP in motility of V. parahaemolyticus, we generated
strains bearing in-frame deletions of either fIhE flhG, and
hubP (AflhF, AflhG, and AhubP), and their effect on motility
was analyzed by measuring swimming motility in soft-agar
plates. As a control for no motility, we included a strain
lacking the chemotaxis protein CheW (AcheW). Wild-type
V. parahaemolyticus spread through the soft-agar, resulting in
large swimming colonies, whilst no displacement was observed
for the AcheW strain (Figures 1A,B). The absence of FIhF
resulted in a complete lack of displacement, similar to the AcheW
strain (Figures 1A,B). The absence of FIhG also significantly
reduced swimming displacement by ~50% when compared to
wild-type, however, cells were still more proficient swimmers
than cells lacking FIhF (Figures 1A,B). A strain lacking HubP was
also significantly reduced in swimming displacement by ~65%
when compared to wild-type, however, it was significantly more
swimming proficient that a strain lacking FIhF (Figures 1A,B).
Interestingly, the absence of HubP resulted in a significantly
stronger reduction in swimming ability than for cells lacking
FIhG (Figures 1A,B).

Upon analysis of the above strains using transmission electron
microscopy (TEM), it became clear that the observed swimming
defects in the absence of FIhF, FIhG, or HubP was due to
abnormalities in synthesis of the polar flagellum (Figures 1C,D).
A polar flagellum was observed for ~50% of wild-type cells whilst
the other 50% were non-flagellated. This was in contrast to cells
lacking FIhF where 100% were non-flagellated, thus showing that
FIhF is required for swimming motility and flagellum production
in V. parahaemolyticus (Figures 1C,D). A different result was
obtained for cells lacking FIhG, which on the contrary is a
negative regulator of flagellum synthesis, as in its absence there
was a significant increase in flagellated cells, with only ~15% of
AflhG cells being non-flagellated (Figures 1C,D). Furthermore,
~60% of AflhG cells displayed multiple flagella positioned at the
same cell pole, which is virtually never seen for the wild-type.
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FIGURE 1 | FIhF and FIhG regulate swimming and flagellum production in V. parahaemolyticus. (A) Representative image of a swimming assay in soft agar of
indicated V. parahaemolyticus strains. (B) Bar graph showing the average diameter of swimming colonies of the indicated V. parahaemolyticus strains relative to
wild-type cells. (C) Representative transmission electron micrographs of the indicated V. parahaemolyticus strains stained with uranyl acetate. (D) Bar graph
depicting the average percentage of cells with distinct flagellation patterns, n = 200 cells. (B,D) Asterisk, *, indicates p < 0.05, Tested with ANOVA in blocks + Tukey

HSD. Error bars indicate standard deviation.
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Importantly, no mislocalized non-polar flagella were observed
in any case. Interestingly, the absence of hubP increased both
the numbers of non-flagellated cells (~70%) and multiflagellated
cells (Figures 1C,D).

FIhF and FIhG Display Distinct Cell-Cycle

Dependent Polar Localization Patterns

To further elucidate the role that FIhF and FIhG have in
determining the number and position of the polar flagellum,
the proteins were tagged with super folder GFP (FIhF-sfGFP
and sfGFP-FIhG) and their intracellular localization visualized
by fluorescence microscopy. Importantly, both fusion proteins
could either completely (FIhF-sfGFP) or partially (stGFP-FIhG)
complement their respective deletion strains when the native
locus was replaced by the gene encoding the fusion protein
(Supplementary Figures 1A,B). This indicates that FIhF-sfGFP
is fully functional while sfGFP-FIhG is at least partial functional,
and thus are likely to reflect the true localization of the proteins
in vivo. Both proteins localized in three distinct patterns: diffuse,
unipolar, bipolar. Both proteins localized as discreet foci at one
of the cell poles (Figure 2A, white arrows). In approximately
45% of cells FIhF was diffusely localized, whilst a significantly

larger proportion (80%) of cells showed diffuse localization of
FIhG (Figures 2A,B). About 60% of the cells had at least one
focus of FIhF at one of the poles (Figures 2A,B), however,
interestingly FIhF experienced two types of polar localization —
uni-polar (~40%) (Figures 2A,B orange arrow) and bi-polar
(~15%) (Figures 2A,B green arrow). Time-lapse microscopy
showed that the two types of polar localization, was a result of a
cell-cycle dependent transition in the polar localization pattern of
FIhF. Particularly, time-lapse microscopy showed that in young
new-borne cells FIhF localized uni-polarly at the old flagellated
cell pole. Then, later in the cell cycle FIhF was recruited to the
new non-flagellated cell pole, resulting in a bi-polar localization
pattern. In consequence, each daughter cell inherited an FIhF
cluster localized to its old pole upon completion of cell division
(Figure 3A). Occasionally, we observed that FIhF became diffuse
after cell division, resulting in cells with no visible foci.

Similarly, FIhG was localized at the cell poles. However,
the proportion of cells with polar FIhG foci was significantly
lower than that observed for FIhF. Particularly, over 80% of
the population had no visible FIhG foci, which instead was
localized diffusely in the cytoplasm (Figures 2A,B red arrow).
When localized to the cells pole, FIhG was primarily localized
in a uni-polar manner (~18%), while only in a very small
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Intracellular localization of FIhF and FIhG in V. parahaemolyticus
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FIGURE 2 | The intracellular localization of FInNF and FIhG in V. parahaemolyticus. (A) DIC and fluorescence microscopy of V. parahaemolyticus strains expressing
FIhF-sfGFP or sfGFP-FIhG fusion proteins. White arrows indicate polar foci, orange arrows = unipolar foci, green arrows = bipolar foci, red arrow = diffuse. (B) Bar
graph showing the percentages of cells with fluorescent foci at one, two, or no poles. Asterisk, *, indicates p < 0.05, tested with ANOVA + Tukey HSD. (C) Graph
depicting the distance of FIhF-sfGFP clusters from the cell poles as a function of cell 2length.
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A Time-lapse of FIhF-sfGFP localization in V. parahaemolyticus

B

FIGURE 3 | A dynamic spatiotemporal intracellular localization of FInF and FIhG during the V. parahaemolyticus cell cycle. (A,B) Time-lapse DIC and fluorescence
microscopy of V. parahaemolyticus strains expressing (A) FIhF-sfGFP or (B) sfGFP-FIhG fusion proteins. White numbers indicate minutes elapsed.

percentage (~2%) of cells was FIhG localized in a bi-polar
manner (Figures 2A-C) and observed primarily in cells very
close to completing cell division. In contrast to FlIhF, which
was strictly localized in foci at the cell pole, FIhG foci were
occassionally localized away from the cell pole within the
cytoplasm of the cell (Figure 2C). We next analyzed the temporal
localization pattern of FIhG during the cell-cycle using time-
lapse microscopy. During the majority of the cell cycle, FIhG
did not form polar foci but was instead localized diffusely in the
cytoplasm (Figure 3B). Interestingly, very close to completion of
cell division FIhG was recruited to both cell poles resulting in a bi-
polar localization pattern and as a consequence each daughter cell
inherited FIhG localized to their respective old cell poles. Soon
after completion of cell division, FIhG disappeared from the cell
pole and was only localized diffusely in the cytoplasm.

FIhG Is Required for Proper Polar

Localization of FIhF

We next aimed to analyze how FIhF and FIhG might influence
each other’s intracellular localization and the importance of HubP
on their recruitment to the cell pole. To this effect, the localization
of FIhF was analyzed in a AhubP and a AflhG background,
respectively. FIhF was still capable of forming foci and localizing
to the cell pole in the absence of HubP and no significant
difference was observed in FIhF localization between wild-type
and AhubP cells (Figures 4A-C). Absence of FIhG, on the other
hand, had a very clear effect on the intracellular localization of
FIhF localization. Particularly, there was a significant increase
in the percentage of cells with polarly localized FIhF and a

concomitant decrease in cells with diffusely localized FIhE, with
~90% of cells with polarly localized FIhF in the absence of
FIhG compared to ~55% of wild-type cells (Figures 4A-C).
Particularly, there was a striking increase in the number of
cells with a bi-polar localization of FIhF in the absence of
FIhG (~60%) compared to wild-type (~12%) (Figures 4A-
C). Interestingly, demographic analysis showed that FIhF was
recruited to the new pole earlier in the cell cycle in the absence
of FIhG when compared to wild-type (Figure 4B). Furthermore,
analysis of the fluorescence intensity polar FIhF clusters, showed
that polar FIhF clusters were significantly brighter in a AflhG
background, when compared to wild-type and AhubP, suggesting
an increased level of FIhF localized to the cell pole in the
absence of FIhG (Figure 4D). Consistently, Western-blot analysis
determined that the level of FIhF-sfGFP was ~8.8 fold higher
in the absence of FIhG, compared to wild-type and AhubP
(Figure 4E). These results, show that FIhG is required for the
proper polar localization of FIhF in V. parahaemolyticus. They
further indicate that FIhG negatively regulates the intracellular
protein level of FIhF and its spatiotemporal localization and
cell cycle-dependent transition from a uni-polar to a bi-polar
localization pattern. Further, the results suggest that HubP has
very little or no influence on the intracellular localization of FIhF.

HubP and FIhF Are Required for Proper

Recruitment of FIhG to the Cell Pole

Next, we analyzed the importance of FIhF and HubP on the
intracellular localization of FIhG. Both FIhF and HubP were
individually required for proper intracellular localization of FIhG
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FIGURE 4 | FIhG is required for proper intracellular localization of FIhF. (A) DIC and fluorescence microscopy of indicated V. parahaemolyticus strains expressing
FIhF-sfGFP. White arrows indicate polar FIhF-sfGFP foci. (B) Demographs showing the fluorescence intensity of sfGFP along the cell length in a population of

V. parahaemolyticus cells relative to cell length. Demographs include date from >600 cells pooled from three distinct experiments. (C) Bar graph showing the
percentage of cells with distinct FIhnF-sfGFP localization patterns in the indicated V. parahaemolyticus strain backgrounds. Asterisk, *, indicates p < 0.05, tested with
ANOVA in blocks + Tukey HSD. Error bars indicate standard deviation. (D) Box plot showing the fluorescence intensity of polar FIhF-sfGFP foci of the indicated

V. parahaemolyticus strains. Asterisk, *, indicates p < 0.05, tested with ANOVA + Tukey HSD. (E) Western blot with anti-GFP monoclonal antibody against whole cell
extract of strains expressing FIhF-sfGFP. The bar-graph depicts the quantification of the signal detected from three biological replicates. Error bars indicate standard
deviation and asterisk, *, indicates p < 0.05, tested with student’s t-test.
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FIGURE 5 | Proper intracellular localization of FInG is regulated by HubP and FIhF. (A) DIC and fluorescence microscopy of sfGFP-FIhG in the indicated

V. parahaemolyticus strains. White arrows indicate polar foci of sfGFP-FInG and blue arrows indicate cytoplasmic clusters. (B) Bar graphs showing the percentage of
cells with distinct localization pattern of sftGFP-FIhG in the indicated strains of V. parahaemolyticus. Error bars indicate standard deviation and asterisk, *, indicates

p < 0.05, tested with ANOVA + Tukey HSD. (C) Graph depicting the distance of sfGFP-FIhG clusters from the cell poles as a function of cell length in the indicated
V. parahaemolyticus strain backgrounds. (D) Western blot with anti-GFP monoclonal antibody against whole cell extract of strains expressing sfGFP-FIhG. The
bar-graph depicts the quantification of the signal detected from three biological replicates. Error bars indicate standard deviation and asterisk, *, indicates p < 0.05,

and in the absence of either protein there was a significant
reduction in the percentage of cells with polarly localized
FIhG (Figures 5A,B). Where FIhG was localized as clusters in
~15% of wild-type cells, only ~2-3% of cells showed polarly
localized FIhG in the absence of HubP or FIhF (Figures 5A,B).
Interestingly, even though FIhG no longer localized as clusters
at the cell pole in the absence of HubP or FIhFE it was observed

to localize as distinct foci along the length of the cell in ~10%
of cells (Figures 5A-C blue arrows), while such foci only were
observed in ~2% of wild-type cells. However, our results also
suggested that stGFP-FIhG was unstable in the absence of FIhF.
Particularly, after culturing of the strain, the fluorescent signal
of the sfGFP-FIhG in a AfIhF background, always faded in the
population until it was no longer possible to detect. However, a
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PCR assay in all cases confirmed the gene encoding sfGFP-flhG in
its correct locus. Western-blot analysis showed that in the AfIhF
background the level of sfGFP-FIhG was significantly lower than
in wild-type and AhubP cells (Figure 5D). These results together
suggest that both HubP and FIhF are required for the proper polar
localization of FIhG and that in their absence FIhG is capable of
forming non-polar clusters along the length of the cell.

DISCUSSION

In this study, we have investigated the spatiotemporal localization
of the polar flagellum determinants FIhF and FIhG in
V. parahaemolyticus. We showed that both FIhF and FIhG
are required for proper swimming of V. parahaemolyticus and
that absence of either protein results in a significant defect
in swimming ability. Particularly, TEM analysis showed that
deleting FIhF resulted in a complete absence of flagella, similar
to what has been observed in V. cholerae and V. alginolyticus
(Correa et al., 2005; Kusumoto et al., 2008). This shows that FIhF
is essential for flagellum formation in V. parahaemolyticus and
suggests that the function of FIhF is similar in the three Vibrio
species (Correa et al., 2005; Kusumoto et al., 2008). Absence
of FIhG in V. parahaemolyticus resulted in a hyperflagellation
phenotype, again similar to what has been observed for other
y-proteobacteria (Correa et al, 2005; Kusumoto et al.,, 2008;
Gao et al., 2015), suggesting that FIhG is a negative regulator of
flagellum synthesis and acts to ensure that only one flagellum
is formed at the cell pole in V. parahaemolyticus. This further
supports that the FIhF-FIhG system works in very similar ways,
particularly in Vibrio species.

We further showed that both FIhF and FIhG undergo a
dynamic intracellular localization, where both proteins localized
to the cell pole in a cell cycle-dependent manner. FIhF and
FIhG displayed very distinct patterns of localization throughout
the cell cycle. Particularly, FIhF showed a localization pattern
that has been reported for FIhF in other polarly flagellated
bacteria and Vibrio species as well (Correa et al., 2005; Murray
and Kazmierczak, 2006; Rossmann et al., 2015). In young cells,
FIhF was uni-polarly localized at the old flagellated cell pole.
Then, later in the cell cycle FIhF was recruited to the new
non-flagellated cell pole, resulting in a bi-polar localization
pattern and as a result, each daughter cell inherited an FIhF
cluster localized to its old cell pole. This is further supporting
the conclusion that the function of FIhF is identical within
Vibrio species and similar to that reported in other polar
flagellated bacteria.

Despite the wealth of knowledge in regard to the intracellular
localization of FIhE it remains an open question how it is
recruited to the cell pole. In other organisms, it has been shown
that FIhG relies on the cell pole determinant protein HubP
for its recruitment to the cell pole. Here, we show that FIhG
in V. parahaemolyticus also depends on the protein HubP for
its recruitment to the cell pole. But, in contrast to FIhG, the
recruitment of FIhF to the pole seemed to be independent of
HubP - again consistent with what has been observed for FIhF
and FIhG in other Vibrio species (Yamaichi et al., 2012; Rossmann

et al., 2015; Takekawa et al., 2016). Our data does suggest that,
similar to what is observed in V. alginolyticus (Kusumoto et al.,
2006, 2008), recruitment of FIhF to the cell pole is negatively
regulated by FIhG. Particularly, in the absence of FIhG, a much
larger proportion of cells showed polarly localized FIhF and there
was particularly an increase in the percentage of cells with a
bi-polar localization pattern of FIhF in the absence of FlhG.
Additionally, FIhF foci at the cell poles were brighter in the
absence of FIhG, suggesting an increased recruitment of FIhF to
the cell poles in this background. In other Vibrio species, deleting
fIhG increases the transcription of flagellar genes, including flhF
(Correa et al., 2005). It is likely that the increased size and number
of FIhF foci observed in our V. parahaemolyticus strain was due
to an increase in the amount of FIhF molecules present in the cell.
Indeed, a Western-blot confirmed that the protein levels of FIhF-
sfGFP were much higher in the AflhG strain compared to the
wild-type V. parahaemolyticus. Furthermore, we were not able
to tell if FIhG directly influences localization of FIhF at the cell
poles, however, given data of the system from other organisms,
which have shown that FIhG directly interacts with and regulates
FIhF’s GTP hydrolysis and nucleotide bound state (Balaban et al.,
2009; Bange et al., 2011; Kazmierczak and Hendrixson, 2013;
Schniederberend et al., 2013), it is likely that this is also the
situation in V. parahaemolyticus. Thus, the effect of FIhG on
FIhF localization is likely a combination of its regulatory function
on FIhF’s protein level within the cell and FlhG-dependent
regulation of FIhF’s nucleotide cycle.

FIhG, too, has been reported to localize to the bacterial cell
pole in other Vibrio species (Kusumoto et al., 2008; Ringgaard
et al., 2011; Yamaichi et al, 2012; Rossmann et al., 2015).
However, here we show that FIhG, in contrast to FIhF, remained
diffusely localized in the cytoplasm for the majority of the cell
cycle in V. parahaemolyticus, and only when the cell was close
to completion of cell division was FIhG recruited to both cell
poles, resulting in a bi-polar localization pattern immediately
before cell division was finalized. As a result, FIhG localized to
the old-cell pole of each daughter cell immediately after cell
division, whereafter it was delocalized from the pole and again
diffusely localized in the cytoplasm. Thus, not only did FIhF
and FIhG show distinct localization patterns, but also relied
on different mechanisms for their recruitment to the cell pole.
Polar localization of FIhG was strictly dependent on the cell
pole-determinant HubP, while polar localization of FIhF was
HubP independent. This distinct dependency on HubP for their
recruitment to the cell pole has been shown in other related
bacterial organisms and Vibrio species as well (Kojima et al,
2020). This again supports the notion that FIhF and FIhG work
in V. parahaemolyticus, in a manner similar to that reported
in other Vibrio species. The mislocalization of FIhG from the
cell pole, could be responsible for the increase in flagellation
observed in the AflhG and AhubP strains. It remains to be
investigated whether this effect is caused by the diminished
presence of FIhG at the pole, where in wild-type it interacts
with components of the flagellum assembly, or the increased
presence of FIhG in the cytoplasm, where it could regulate
expression of flagellar genes. A combination of both mechanisms
is also possible.
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Furthermore, as FIhF still localizes properly to the cell pole
in the absence of HubP, where FIhG is mislocalized and found
only in the cytoplasm, our data suggest that FIhG does not
need to be localized to the cell pole in order to carry out
its effect on the localization of FIhF. We further show that
the protein levels of FIhF is similar to wild-type levels in the
absence of HubP, while there is a significant increase in FIhF
levels in the absence of FIhG. Altogether, these results suggest
that polar localization of FIhG is not directly to regulate FIhF
localization dynamics and protein levels, and thus might serve an
additional purpose related to FIhG’s function in regulating proper
flagellation pattern. Interestingly, we show that in the absence of
either HubP or FIhE, FIhG forms non-polar foci in the cytoplasm
of the cell, suggesting a secondary localization site for FIhG within
the cell, besides its recruitment to the cell poles. In the absence
of FIhE, there was an unstable expression of sftGFP-FIhG, which
we were unable to explain. Consequently, we are not able to tell
for sure if the effect on the localization of sfGFP-FIhG in the
absence of FIhE, was a result of this unstable expression of the
fusion protein itself or due to the lack of a direct regulatory role of
FIhF on FIhG activity via FIhF-FIhG protein-protein interactions.
However, as there was no change in stGFP-FIhG expression level
in the absence of HubP and FIhG formed non-polar foci in this
background too, we think that these non-polar foci reflect a true
secondary localization site of FIhG, which is more prevalent upon
its delocalization from the cell pole. Other ParA-like ATPases
are known for binding DNA. This ability is essential for their
role as spatiotemporal regulators of cell components (Hester and
Lutkenhaus, 2007; Ringgaard et al., 2009; Roberts et al., 2012).
The FIhG homolog in P. aeruginosa, FleN, interacts with the
master transcriptional regulator of flagella FleQ. Together they
bind specific sites on the chromosome, regulating the transition
between biofilm and motile lifestyles (Navarrete et al., 2019).
In V. cholerae, both FIhF and FIhG are known transcriptional
regulators of flagellar genes (Correa et al., 2005). Indeed, very
recently it was shown that FIhG plays a very direct role in
regulating the expression of flagellum genes in S. putrefaciens
by connecting the initial phases of flagellum formation with
the activity of the transcriptional regulator FIrA (Blagotinsek
et al., 2020), which in V. parahaemolyticus is referred to as FlaK.
It would be interesting to study whether a similar regulatory
mechanism exists in V. parahaemolyticus. We find it noteworthy
that FIhG directly interacts with a transcriptional regulator
(Blagotinsek et al., 2020) and we speculate that perhaps its
localization in non-polar foci, which we observe in the absence
of HubP, could be related to its function in transcriptional
regulation and possibly reflect an interaction with transcriptional
regulators on the chromosome - hereby giving rise to the distinct
focus localization sites that are particularly enhanced in the
absence of HubP in V. parahaemolyticus. In this way, we would
like to hypothesize that the localization of FIhG to the cell pole
might not only reflect a function in regulating FIhF activity,
but possibly to sequester it spatially to prevent its action on
transcriptional regulation in the cytoplasm as a specific cell
cycle check point.

Lastly, we would again like to address the polar localization of
FIhF. Interestingly, our data show that in the absence of FIhG,

FIhF is recruited earlier in the cell cycle to the new cell pole,
resulting in an earlier establishment of its bi-polar localization.
However, despite FIhF always being bi-polarly localized before
cell division, and this occurring even earlier in the cell cycle in
the absence of FIhG, V. parahaemolyticus is never flagellated at
both cell poles at any point during the cell cycle - only ever
at its old cell pole. This, indicates that localization of FIhF at
the new cell pole is not sufficient to initiate a complete and
finalized flagellum formation at this site before cell division has
been completed. This further suggests that a so-far unknown
factor is required for stimulation of flagellum production at
the old cell pole only. Or the presence of an unknown factor
prevents or inhibits FIhF function, when FIhF is positioned at
the new cell pole. Thus, further studies are required in order
to understand how FIhF is recruited to the cell pole and how
monotrichously flagellated bacteria inhibit a flagellum to form at
their new cell pole during the progression of the cell cycle, despite
the flagellum determinant FIhF being bi-polarly localized for a
significant part of the cell-cycle. Ultimately, knowledge of these
distinct differences between species will help to shed light on the
molecular details that allow bacteria to count and position their
motility system in many sorts of different arrangements.
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The y-proteobacteria are a group of diverse bacteria including pathogenic Escherichia,
Salmonella, Vibrio, and Pseudomonas species. The majority swim in liquids with
polar, sodium-driven flagella and swarm on surfaces with lateral, non-chemotactic
flagella. Notable exceptions are the enteric Enterobacteriaceae such as Salmonella
and E. coli. Many of the well-studied Enterobacteriaceae are gut bacteria that both
swim and swarm with the same proton-driven peritrichous flagella. How different
flagella evolved in closely related lineages, however, has remained unclear. Here, we
describe our phylogenetic finding that Enterobacteriaceae flagella are not native polar
or lateral y-proteobacterial flagella but were horizontally acquired from an ancestral
B-protecbacterium. Using electron cryo-tomography and subtomogram averaging,
we confirmed that Enterobacteriaceae flagellar motors resemble contemporary -
proteobacterial motors and are distinct to the polar and lateral motors of other
y-proteobacteria. Structural comparisons support a model in which y-protecbacterial
motors have specialized, suggesting that acquisition of a B-proteobacterial flagellum
may have been beneficial as a general-purpose motor suitable for adjusting to
diverse conditions. This acquisition may have played a role in the development of the
enteric lifestyle.

Keywords: bacterial flagella, electron cryotomography, molecular evolution, subtomogram averaging, horizontal
gene transfer

INTRODUCTION

Understanding molecular evolution is fundamental to contemporary biology. Compared to
evolutionary processes in large eukaryotes, however, relatively little is known about how molecular
machines are acquired, adapted, or change function, and how this relates to the environment. One
of the most iconic molecular machines is the bacterial flagellar motor, a self-assembling molecular
machine that harnesses ion flux for propulsion.

The best studied flagella are the peritrichous (randomly positioned) motors from the
Enterobacteriaceae (henceforth, “enterics”) Salmonella enterica and Escherichia coli, which are
used for both aquatic swimming and surface-based swarming. Flagellar rotation is driven by a
ring of stator complexes, which incorporate dynamically as a function of load (Reid et al., 20065
Tipping et al., 2013). Ion flux through the stator complexes rotates a cytoplasmic C-ring; torque is
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transmitted to the extracellular flagellum via a rigid rod and short
universal joint. Enterics swim with a biased random walk: when
all flagella rotate counterclockwise, the universal joints facilitate
bundling of flagella for propulsion. Binding of the response
regulator CheY to the C-ring triggers clockwise rotation,
disrupting the flagellar bundle and randomly reorienting the cell
(Lee et al, 2001). By phosphorylating CheY when swimming
down favorable gradients (or up unfavorable gradients), the
bacterium reorients more frequently, leading to a random walk
that is biased away from detrimental environments and toward
favorable environments (Berg and Brown, 1972; Silverman and
Simon, 1974).

Non-enteric y-proteobacteria such as Vibrio, Shewanella,
Pseudomonas, and Plesiomonas swim differently from the
enterics. Instead of multifunctional peritrichous flagella, non-
enteric y-proteobacteria have high-torque polar motors, usually
Na'-driven, with high-occupancy stator complexes held in
place by large periplasmic disks (Terashima et al., 2006, 2010;
Beeby et al., 2016; Zhu et al, 2017); many y-proteobacteria
also have secondary lateral flagella used for surface-based
swarming motility, or as “rudders” (Bubendorfer et al., 2014).
For chemotaxis, polar motors reorient the cell using a “forward-
reverse-flick” motion instead of disrupting the bundle (Xie et al,,
2011), while lateral motors are non-chemotactic.

Although previous studies have investigated other
incongruencies between flagellar systems and the bacteria
they appear in Liu and Ochman (2007); Poggio et al. (2007), the
basis of the aforementioned long-known differences between
model enteric flagella and flagella in other, closely-related
y-proteobacteria, is unclear. As well as differences in function,
the peritrichous, polar, and lateral flagella have distinct wave
amplitudes and frequencies (Fujii et al., 2008), suggesting that
they come from different families, differences that correlate
with habitat: many of the well-studied enterics are gut-dwelling
pathogens and commensals. Here, we describe our investigations
of the relationship between the different flagellar systems.
Phylogenetic and structural results reveal that the enterics
acquired a P-proteobacterial flagellar motor by horizontal
transfer. This transfer may have provided contemporary enteric
bacteria with a general-purpose motor better able to adjust its
behavior to a wide range of environmental conditions than the
more specialized motors native to the y-proteobacteria.

RESULTS AND DISCUSSION

To understand the differences between the peritrichous flagella
of the enteric y-proteobacteria and the polar and lateral flagella
of other y-proteobacteria, we determined a flagellar phylogeny
across > 90 species manually selected based on relevance and
diversity by concatenating the protein sequences of their core
flagellar proteins. For this we selected 12 core flagellar proteins,
Flgl, FlgC, FIiE, FliF FlhA, FlhB, Flil, FliP, FliQ, FliR, FliG,
and FliM (Figure 1A and Supplementary Figure S1), due
to their ubiquity, ease of identification, core structural roles,
absence of poorly characterized paralogous duplications, and
absence of evidence of horizontal transfers. To assess the validity

of our concatenated phylogeny, we examined our individual
protein phylogenies. The phylogenies of 10 proteins, Flgl, FlgC,
FIiE, FliE FlhA, FIhB, Flil, FliP, FliQ, and FliR, resembled
the concatenated phylogeny (Supplementary Figure S2), as
did the phylogenies of FliG and FliM except those from the
y-proteobacterial lateral motor, which were poorly resolved
and with long branch lengths (Figure 1 and Supplementary
Figure S3). Because FliG and FliM are components of the
chemotaxis-associated C-ring, which has lost chemotactic ability
in lateral motors, we speculate that the poorly resolved phylogeny
of FliG and FliM in the lateral motor may be due to removal
of functional constraints, leading to rapid sequence drift.
Phylogenies calculated by omitting these proteins did not affect
any of our subsequent conclusions.

We found that the polar and lateral y-proteobacterial motors
clustered together, but the peritrichous enteric motor instead
branched from within the B-proteobacterial motors, suggesting
horizontal acquisition from a member of the B-proteobacteria
(Figure 1A), and we focused on a phylogeny of 48 p- and
y-proteobacteria for further inspection (Figures 1B,D and
Supplementary Figures S4, S5). Reconstructing the motor
phylogeny after removing FliG and FliM did not change this
branching of the enteric motor from the p-proteobacterial
motors. Our results suggest that the lateral and polar y-
proteobacterial systems diverged at a duplication event: the polar
system sub-functionalized via structural elaboration and polar
localization, while the non-chemotactic lateral system retained
a structure resembling the common ancestral system of p/y-
proteobacteria but lost chemotactic ability.

The enteric motor branches from within a cluster of B-
proteobacteria that belong to the Burkholderiaceae family
(Parks et al., 2018), which includes Bordetella, Cupriavidus
(ex-Ralstonia), and Burkholderia. Notably, flagellar genes in
Bordetella species including Bordetella bronchiseptica, B. avium,
and B. parapertussis are located at a single chromosomal locus
(Figure 1D), suggesting a mechanism for the wholesale transfer
of a single DNA fragment. This transfer would be difficult
with other bacteria whose flagellar genes are fragmented across
the genome. This putatively transferred chromosomal locus
also includes the chemotaxis system that controls flagellar
navigation. Furthermore, cheD is found outside the che locus in
Bordetella; correspondingly, the enteric che systems also lack this
component, presumably because only the physical che locus was
transferred, and genes outside this locus—such as cheD—were
not (Wuichet and Zhulin, 2010). Simultaneous transfer of the
co-evolved, inter-dependent flagellar and sensory systems was
likely more immediately useful to the recipient than transfer of
individual systems alone. Synteny within operons has previously
been shown to be strikingly similar between Bordetella and
enteric flagella, although the significance of this was not reported
(Liu and Ochman, 2007).

The y-proteobacterial genus Plesiomonas phylogenetically
branches from the base of the enterics yet retains native y-
proteobacterial and polar and lateral motors. Their presence in
Plesiomonas suggests that an ancestral enteric y-proteobacterium
lost polar flagella and acquired the B-proteobacterial flagellum,
although the order of these events cannot be inferred; some
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FIGURE 1 | The Enterobacteriaceae have g-like motors. (A) An unrooted global flagellar phylogeny. y -proteobacteria are highlighted in green: the enteric
Enterobacteriaceae y -proteobacteria (Salmonella enterica and Escherichia colj) are not clustered with the other y -proteobacteria, but are clustered within the
B-proteobacteria (purple). Fully annotated version of this tree is presented in Supplementary Figure S1. (B) An organismal phylogeny focused on y - (green) and
p-proteobacteria (purple), rooted with an ¢-proteobacterium, Campylobacter jejuni. The Enterobacteriaceae are highlighted in green. Fully annotated version of this
tree is presented in Supplementary Figure S4. (C) The flagellar phylogeny of the y - (green) and S-proteobacteria (purple). Note the shift in position of the
Enterobacteriaceae (highlighted in green) from the y -proteobacterial clade to within the s-proteobacterial clade. Rooted with Campylobacter jejuni. Fully annotated
version of this tree is presented in Supplementary Figure S5. (D) The Bordetella bronchiseptica flagellar gene cluster is arranged in one continuous genetic locus.

enterics retain lateral flagella (Ren et al., 2005), suggesting either
selective loss, or reacquisition after species radiation. Plesiomonas
is primarily aquatic yet also causes gastroenteritis, like many
enterics, and whether Plesiomonas should be classified as an
enteric (Enterobacteriaceae) remains controversial (Janda et al.,
2016). The lack of diversity in the Plesiomonas genus relative to
the other enterics could be explained by rapid diversification of
enteric species facilitated by acquisition of the B-proteobacterial
flagellum, although there may be other explanations.

To understand the significance of this horizontal transfer,
we sought to compare motor structures of Bordetella,
Salmonella, and Plesiomonas using electron cryo-tomography
and subtomogram averaging. We chose Bordetella bronchiseptica
as a representative descendant of the ancestral B-proteobacterial
donor, and used a AbvgS deletion to enable flagellation under
lab conditions, as wildtype B. bronchiseptica uses its BvgAS
two-component regulatory system to repress flagellar expression
except under specific environmental conditions (Akerley
et al., 1992). To reduce sample thickness, we gently deflated
B. bronchiseptica cells with penicillin, and applied subtomogram
averaging to 205 motors from 520 tomograms. Semblance
of the B. bronchiseptica B-proteobacterial motor with the
Salmonella and E. coli motors was consistent with a horizontal
transfer (Figure 2), with comparable C-ring radii (20 nm),
inter-membrane distances (29 nm), MS-ring and P-ring spacing
(15 nm), and distance from the P-ring to the outer membrane
(10 nm) (Rossmann and Beeby, 2018). As with the Salmonella

motor, we could not discern stator complex densities in our
subtomogram average structure, indicating that B. bronchiseptica
stator complexes are dynamic.

We recently determined the structure of the polar motor
from P. shigelloides (Ferreira et al., 2019) (Figure 2). This motor
has a ring of 13 stator complexes, similar to the closely related
Vibrio fischeri (Beeby et al., 2016) and Vibrio alginolyticus (Zhu
et al., 2017), in contrast to the dynamic stator complexes of
Salmonella and B. bronchiseptica, and likely explained by high
stator complex occupancy. These polar motors have large disks
required for stator complex assembly associated with their high
torque and speed.

We next determined the structure of the lateral motor of
P. shigelloides. We triggered lateral motor assembly by inhibiting
polar motor function using Phenamil (Kawagishi et al., 1996), and
thinned cells by penicillin deflation. To ensure identification of
lateral motors we also deleted the polar flagellar filament AfliC
and selected only motors with attached flagella; these motors were
also distinguished by lateral placement, absence of periplasmic
disks, and indistinct or absent C-rings. Subtomogram averaging
of 317 motors from 632 tomograms revealed a well-resolved core,
but absent stator complexes, and an indistinct C-ring (Figure 2).
The indistinct C-ring is likely not a dissociation artifact from
penicillin deflation, as laterally flagellated cells remained motile
after deflation, polar flagella in the deflated cells had clearly
resolved C-rings, B. bronchiseptica cells and previously imaged
E. coli and Salmonella cells deflated using the same protocol had
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FIGURE 2 | Horizontal transfer of flagellar genes is confirmed by cryo electron tomography and subtomogram averaging. Subtomogram averages of the “donor”
(Bordetella bronchiseptica) and “acceptor” (Plesiomonas shigelloides) strains confirms that the y-proteobacterium, Salmonella enterica, has a flagellar motor that is
structurally similar to the B-proteobacterium, B. bronchiseptica, and structurally distinct from the two motors of its close relative, the y-proteobacterium

P, shigelloides. The organism phylogeny (left) and flagellar phylogeny (right) are inconsistent as the y-proteobacterium, Salmonella enterica, has a p-proteobacterial
motor. Middle: Subtomogram averages of B. bronchiseptica (EMD-4999), S. enterica (EMD-3154), P, shigelloides polar motor (EMD-10057) and R shigelloides lateral
motor (EMD-10000). Note the faint C-ring density in the lateral motor. Subtomogram average boxes are 100 x 100 nm. Unsymmetrized structures are shown in

Supplementary Figure S7.
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clearly resolved C-rings (Chen et al.,, 2011), and there was no
correlation between lateral C-ring presence in tomograms and
the extent of cell lysis. We conclude that lateral motor C-rings
are more dynamic, and lower-occupancy, than C-rings from
other motors.

The indistinct lateral motor C-ring is likely a result of the loss
of chemotactic ability by lateral motors (Bubendorfer et al., 2014),

consistent with the divergence of C-ring components found
in our phylogenetic studies (Supplementary Figure S$3).
In most flagellar motors the C-ring plays dual roles as
a switch complex, responding to phosphorylated CheY
from chemoreceptors; and anchor for the FLiHI] complex
(Chenetal,2011; Abruscietal.,2013). Because the lateral
C-ring is only required to anchor FliHIJ, it may have evolved a
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more dynamic architecture than chemotactic motors, assembling
as needed (Terashima et al., 2018). This is reminiscent of the
non-rotating Salmonella SPI-1 injectisome “C-ring, which
also has the sole function of anchoring corresponding FliHIJ
homologs (Hu et al., 2017). Consistent with this we did not
resolve Flil in lateral motors, indicating that it, too, is present at
lower occupancy.

We suggest that horizontal transfer of the B-proteobacterial
flagellar motor to the enterics highlights a principle of evolution:
having evolved, complexity is difficult to reverse. Duplication and
sub-functionalization of the y-proteobacterial motors yielded a
polar system, which provided high torque and speed in aquatic
habitats; and a lateral system, which provided surface swarming
motility. This sub-functionalization and niche optimization came
at the cost of the flexibility provided by the B-proteobacterial
motor, as these specialized motors would be incapable of on-the-
fly adjustment to the varied niches occupied by enteric bacteria.
The only tractable evolutionary mechanism to provide the benefit
of a generalist motor may have been to wholesale replace the
specialized motors with a horizontally-transferred motor instead
of re-generalization of the existing motors. This transfer was
facilitated by co-occurrence of flagellar genes together in one
region of DNA in an ancestral f-proteobacterium.

Indeed, we speculate that such a transfer may have
accompanied the development of the enteric lifestyle of the
enteric y-proteobacteria. Acquisition of the B-proteobacterial
motor provided a single, dynamic flagellum capable of adjusting
to diverse environments and viscosities. Indeed, Bordetella’s
role as a mucosal respiratory tract pathogen demonstrates the
B-proteobacterial motor’s ability to colonize mucosal surfaces
(Mattoo and Cherry, 2005; Solans and Locht, 2019). Dynamic
stator complexes would facilitate optimal energy consumption,
with stator complexes incorporating only as needed (Berg, 2017),
at the cost of lower speeds and torques that may have been less
important in an gastrointestinal tract than the higher flow rates
of an aquatic environment. Because polar motors are usually
sodium-driven, the proton-driven B-proteobacterial peritrichous
motor could have benefited bacteria moving away from a high-
salt aquatic niche.

While horizontal flagellar transfers have previously been
described, no studies have recognized that the best-studied
flagellar system, that of the enteric y-proteobacteria, is a
horizontal acquisition. An early comprehensive survey by Liu
& Ochman noted the superficially similar transfer of a lateral
(not to be confused with peritrichous) y-proteobacteria flagellar
system (there termed “secondary,” without highlighting that
they are lateral systems from enteric y-proteobacteria) to a p-
proteobacterium, and also included a phylogenetic tree that
depicted yet did not discuss our finding (Liu and Ochman,
2007). This oversight is also evident in a contemporaneous
study describing the transfer of a polar flagellar system from a
y-proteobacterial donor to the a-proteobacterium Rhodobacter
sphaeroides (Poggio et al., 2007), in which a figure depicting E. coli
branching from a clade that included Bordetella bronchiseptica
was not discussed. These and our results highlight the surprising
complexity and frequency of wholesale transfers of flagellar
systems, with the y-proteobacteria duplicating their system to

form polar (later transferred to an a-proteobacterium) and
lateral (later transferred to a B-proteobacterium) systems, while a
different B-proteobacterium transferred its (distinct) peritrichous
system to the enteric clade of the y-proteobacteria to supplant
their native polar and lateral systems.

Our results show that the model flagellum is not native
to its model organism host. Our finding resolves the long-
standing paradox that different closely related y-proteobacteria
have different types of flagella. Furthermore, it shows a rare case
by which specialization can be reversed by wholesale replacement
with more generalized machinery. Our results may also help
understand the evolution of the enterics, a family of diverse
pathogens, and suggest development of novel, pathogen-specific
drugs that target the B-proteobacterial-type motor.

MATERIALS AND METHODS

Strains

Bordetella bronchiseptica AbvgS Andrew Preston, University of Bath

Plesiomonas shigelloides AfliC Ferreira et al., 2019

Bacterial Growth
Cells from fresh LB plates were grown overnight (36 h for
B. bronchiseptica) in LB at 37°C, 290 RPM. Cells were diluted
1:100 into fresh LB and grown until ODgy ~ 0.6. Prior to
vitrification, cells were incubated with 466 IU/ml Penicillin G for
half of one doubling time.

Phylogenetic Analysis

Complete, annotated genomes (91 for Figure 1A or 48 for
Figures 1B,C, species listed in Supplementary Table S1) were
exported from GenBank (National Center for Biotechnology
Information (NCBI)) and stored in WebApollo (Lee et al,
2013). Proteins were identified or annotations were confirmed
by BLASTP (Altschul et al., 1990). Concatenated phylogenies
were determined following our previously published protocols
(Chaban et al., 2018). In brief, flagella (FlgI, FlgC, FIiE, FliF,
FlhA, FlhB, Flil, FliP, FliQ, and FliR) and ribosomal protein
(RplA, RplB, RplC, RplD, RplE, RplE, Rpll, RplJ, RplK, RplM,
RpIN, RplO, RplP, RplQ, RplR) sequences (see Supplementary
Data Sheet S1) were aligned using Fast Statistical Alignment
(FSA) (Bradley et al, 2009). The T-Coffee Suite was used to
determine informative positions using the transitive consistence
score (TCS) (Notredame et al., 2000; Di Tommaso et al.,
2011). Sequences were concatenated in Seaview (Gouy et al,
2010). The Maximum-likelihood approach was used within
Garli (Bazinet et al., 2014) using the Jones, Taylor and
Thornton (JTT) amino acid substitution rates (Jones et al,
1994). Trees were created from the best of ten replicates.
A topology improvement of 0.0001 in the InL score and
termination criterion of 100,000 were used. For the overall trees:
1,000 bootstraps were calculated with a topology improvement
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of 0.01 in the InL score and termination criterion of 10,000. For
the individual flagellar trees: 100 bootstraps were calculated with
a topology improvement of 0.01 in the InL score and termination
criterion of 10,000. Bootstraps were added to the tree using
SumTrees (SumTrees, 2019) and trees were visualized in FigTree
(FigTree, 2017).

Cryo-grid Preparation

Cell pellets were mixed with gold fiducials coated in BSA.
3ul of the cell/fiducial mixture was applied to freshly glow
discharged R2/2, 300 mesh copper Quantifoil R2/2 grids
(Quantifoil Micro Tools GmbH, Germany). A Vitrobot Mark
IV was used to freeze grids in an ethane/propane cryogen
at 100% humidity.

Tilt-Series Collection

Tilt-series of B. bronchiseptica and P. shigelloides lateral motors
were collected on an FEI F20 with a Falcon II detector (Thermo
Fisher Scientific (formerly FEI), Hillsboro, OR, United States).
A total fluence of 120 e-/A? was used and a defocus of
between —3 and —4.5 pwm. Tilt-series were collected over a
tilt range of & 53° with 3° tilt increments and a pixel size of
8.28 A.

Tomogram Reconstruction and
Subtomogram Averaging

Tomograms of B. bronchiseptica and P. shigelloides lateral motors
were reconstructed automatically using RAPTOR (Amat et al,,
2008) and IMOD (Kremer et al., 1996).

Subtomograms were picked manually (205 subtomograms
picked from 520 tomograms for B. bronchiseptica and 317
subtomograms picked from 632 tomograms for P. shigelloides).
Template-free alignment was carried out in PEET by
superimposing all manually picked subtomograms allowing
no shifts or rotations for an initial reference. As no symmetry
was observed, and to better visualize the overall motor
profile, 100-fold rotational averaging was applied using
custom scripts.
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online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2021.643180/full#supplementary- material

Supplementary Figure 1 | Fully annotated wide-scale flagellar phylogeny tree
from Figure 1A. An unrooted, wide-scale tree of flagellar phylogeny. The
Enterobacteriaceae (Salmonella enterica and Escherichia coli) are not clustered
with the other y-proteobacteria (green), but are clustered within the
B-proteobacteria (purple).

Supplementary Figure 2 | Unrooted trees of individual flagellar proteins.
Individual flagellar proteins used in the concatenated flagellar tree have similar
topologies with each other and with the concatenated tree. B-proteobacteria in
purple, y-proteobacteria in green, lateral flagella highlighted in pink.

1 =polar, 2 = lateral.

Supplementary Figure 3 | Trees made using the flagellar proteins C-ring proteins.
Unrooted FliG and FIiM trees differ from other flagellar protein trees (depicted in
Supplementary Figure S2) or the concatenated tree (Figure 1C) due to long
branches in the lateral flagellar clade (highlighted in pink). 1 = polar, 2 = lateral.

Supplementary Figure 4 | Fully annotated organismal phylogeny tree from
Figure 1B. B-proteobacteria in purple, y-proteobacteria in green,
Enterobacteriaceae highlighted in green. Rooted with the e-proteobacterium,
Campylobacter jejuni. Bootstrap values indicated on nodes.

Supplementary Figure 5 | Fully annotated flagellar phylogeny tree from
Figure 1C. B-proteobacteria in purple, y-proteobacteria in green,
Enterobacteriaceae highlighted in green. Rooted with the e-proteobacterium,
Campylobacter jejuni. Bootstrap values indicated on nodes.

Supplementary Figure 6 | Example tomograms. (A) Slice through a
representative tomogram of B. bronchiseptica with a peritrichous motor pointed
out in green. (B) Slice through a representative tomogram of P, shigelloides with
the lateral motor pointed out in purple and the polar motors with only hooks
(filament protein, FIiC, is deleted) in yellow.

Supplementary Figure 7 | Subtomogram averages prior to C100
rotational averaging. (A) Slice through Bordetella bronchiseptica motor
unsymmetrised subtomogram average, (B) Slice through Plesiomonas
shigelloides lateral motor unsymmetrised subtomogram average. Boxes are
100 nm x 100 nm.
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The Dynamic lon Motive Force
Powering the Bacterial Flagellar
Motor

Anais Biquet-Bisquert, Gilles Labesse, Francesco Pedaci and Ashley L. Nord*

Centre de Biologie Structurale (CBS), INSERM, CNRS, Université Montpellier, Montpellier, France

The bacterial flagellar motor (BFM) is a rotary molecular motor embedded in the cell
membrane of numerous bacteria. It turns a flagellum which acts as a propeller, enabling
bacterial motility and chemotaxis. The BFM is rotated by stator units, inner membrane
protein complexes that stochastically associate to and dissociate from individual motors
at a rate which depends on the mechanical and electrochemical environment. Stator
units consume the ion motive force (IMF), the electrochemical gradient across the inner
membrane that results from cellular respiration, converting the electrochemical energy of
translocated ions into mechanical energy, imparted to the rotor. Here, we review some
of the main results that form the base of our current understanding of the relationship
between the IMF and the functioning of the flagellar motor. We examine a series of studies
that establish a linear proportionality between IMF and motor speed, and we discuss
more recent evidence that the stator units sense the IMF, altering their rates of dynamic
assembly. This, in turn, raises the question of to what degree the classical dependence
of motor speed on IMF is due to stator dynamics vs. the rate of ion flow through the
stators. Finally, while long assumed to be static and homogeneous, there is mounting
evidence that the IMF is dynamic, and that its fluctuations control important phenomena
such as cell-to-cell signaling and mechanotransduction. Within the growing toolbox of
single cell bacterial electrophysiology, one of the best tools to probe IMF fluctuations
may, ironically, be the motor that consumes it. Perfecting our incomplete understanding
of how the BFM employs the energy of ion flow will help decipher the dynamical behavior
of the bacterial IMF.

Keywords: ion motive force, bacterial flagellar motor, stator, bacterial electrophysiology, subunit exchange,
fluctuations, ion specificity, cell-to-cell signaling

INTRODUCTION

Several bacteria propel themselves by rotating their flagella (Berg and Anderson, 1973). The
bacterial flagellar motor (BFM) is the powerful molecular nanomachine at the base of each flagellum
responsible for such rotation. One of the few known examples of biological rotatory machines, the
BFM is unique in its remarkable power and efficiency in converting free energy into mechanical
work. Flagellar rotation is driven by the ion-motive force (IMF), the electro-chemical potential
difference built across the membrane during cellular respiration. The demonstration that the motor
is driven not by the energy of ATP hydrolysis but by the flux of ions across the membrane (Larsen
et al., 1974; Manson et al., 1977) came a few years after the realization that flagella rotate (Berg
and Anderson, 1973). Given an energy source that is a charged quantized particle, moving along
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an electric field, both the experimental and theoretical treatments
of the BFM energization are challenging. For example,
under physiological conditions, the energy provided by the
translocation of a single ion is about three times smaller than
that released by ATP hydrolysis. As a consequence, important
quantities like the elementary step size and mechanisms like
the force generation are difficult to resolve experimentally and
model theoretically. Ions move according to both electrical and
concentration gradients. The IMF is defined as the sum of these
two contributions by

RT
IMF = AW — 23 =~ Apl (1)

where AW W, — W,y is the difference in membrane
potential W, built up by the ensemble of charges separated by the
membrane, Apl = pliys — plexy = log me’“ is the difference in
the specific ion (I) potential, [I] is the i 1on concentratlon R is the
gas constant, F is the Faraday constant, and T is the temperature
(2.3RT/F ~ 60 mV at T = 300K). The IMF is maintained out of
equilibrium in respiring cells by transmembrane (TM) complexes
that actively pump ions outward across the inner membrane.
External ions can diffuse and finally fall along the energy potential
to be consumed by the BEM and by other TM complexes such as
the ATP synthase.

Despite differences in ion selectivity and a rich diversity
of evolved structural details (Rossmann and Beeby, 2018), the
core structure of the BFM (see Figure1) is well conserved.
In Escherichia coli, the rotor is about 45nm in diameter and
composed of two main rings, the inner membrane embedded
MS-ring and the cytoplasmic C-ring. The rotor couples rotation
to the flagellum via the rod and then the extracellular hook. The
stator consists of multiple units anchored to the peptidoglycan
(PG) at the rotor’s periphery. Each stator unit acts as an ion
channel through which ions translocate and transfer their energy
to generate the force, which rotates the rotor. Ion consumption
of the stator unit is specificc: MotAB stator units (e.g., in E.
coli or Salmonella enterica) consume the cellular proton motive
force (PMF), whereas PomAB stators (e.g., in Vibrio alginolyticus)
consume the sodium ion motive force (SMF) Sowa and Berry
(2008). Importantly, at least in enteric bacteria such as E. coli
and S. enterica, stator units are not always bound to the motor
complex, but they are observed to dynamically exchange between
an inactive unbound state, diffusing in the inner membrane,
and a motor-bound active state (Leake et al., 2006). Moreover,
such exchange is mechanosensitive, as the motor can adapt the
number of bound stator units depending on the external viscous
load, incorporating up to a dozen (Lele et al., 2013; Tipping M. J.
et al,, 2013; Chawla et al., 2017; Nord et al,, 2017; Terahara et al.,
2017). Several studies suggest that stators may also be capable
of sensing IMFE, and that stator assembly is dependent upon the
driving ion (Fukuoka et al., 2009; Tipping J. M. et al., 2013).

In this review, we present and discuss some of the major
results that shed light on the dynamic bacterial IMF, in particular
with respect to the structure and activity of the flagellar motor
and its stator units.

BFM SPEED IS PROPORTIONAL TO IMF

Understanding the relations that couple IME AW, Apl, and
motor activity (measured via the swimming speed of cells
or the angular speed and torque of individual motors) is of
great interest, particularly as it provides accurate constraints
for physical mechanistic models of the motor. Unfortunately,
drawing a conclusive general scheme on how the motor
activity depends on the IMF components is complicated by the
dependence of membrane and ion potentials on intrinsic cellular
homeostasis, large cell-to-cell variability, and differences among
strains. Measuring the activity of single motors under controlled
conditions helps to obtain the full distribution of behaviors.

A natural parameter to vary when studying the motor
behavior as a function of IMF is the concentration of the
coupling ion in the external medium, affecting pl,y, as illustrated
in Figure 2 for three published works. For proton-consuming
motors (e.g., E. coli, B. subtilis, Streptococcus), changing pHexs
affects not only motor activity, but also several other cellular
mechanisms. This results in a coupling between the components
of the PMF. In B. subtilis (Figure 2A) (Shioi et al., 1980) and E.
coli (Figure 2B) (Minamino et al., 2003), an increase in pH,y
is accompanied by an increase in pHjy,; (linear in E. coli, with a
saturation in B. subtilis), with pHjn; > pHext up to pHey ~ 7.5.
As ApH decreases, AW increases in a compensatory manner,
resulting in a PMF that does not change dramatically (within
~ 50 mV) in the range of pHexy = 5 — 8. The coupling between
Plext and AW has been cleverly avoided by expressing chimeric
Na™-driven stators in E. coli (Lo et al., 2007) (Figure 2C). In this
case, varying pNa.y has very little effect on AW. Therefore, the
SME follows ApNa, decreasing with increasing pNa,y;, given that
PNaiy; increases less rapidly than pNaey. Moreover, pH, can
also be used to control the SMF, as it linearly affects AW but is
almost entirely decoupled from ApNa.

In the Na™-driven chimeric motor of E. coli, at high load
the speed of the motor is linearly proportional to SME, with
an equivalent dependence upon AW (controlled by pH,y) and
ApNa (controlled by pNa,y). At lower load (0.35 um beads),
the equivalence between the two components breaks down
(Figure 2C, right panels). For instance, if AW is decreased and
ApNa is increased so as to keep the SMF constant, one observes
an increase in motor speed. The non-equivalence is graphically
shown in the space (Ay, ApNa, ®) in Figure 2C: : while at high
load, the same speed (red dot) can be reached by increasing either
Ay or ApNa, at low load, this is no longer true (red dots), as
the slope of w, seen as a function of one component, depends
on the other component. The leading hypothesis to explain this
non-equivalence is that the rate-limiting step at low load and low
[Na™], conditions is the diffusion-limited binding of Na™ ions
to the stator units (Lo et al., 2007).

Despite some descriptions of nonlinearities (threshold,
saturation, and the non-equivalence of the IMF components;
Khan and Macnab, 1980; Shioi et al, 1980; Lo et al,
2007), reflecting the complexity of the measurements and of
their interpretation, numerous results contribute to a general
consensus that there exists a linear relationship between the
speed of the motor and IMF. Table 1 summarizes some of the
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FIGURE 1 | Schematic of the bacterial flagellar motor (BFM) in Gram-negative bacteria. The flagellar filament is connected to the rotor (in blue) through the hook, the
universal joint, and the rod, the central driveshaft that connects the hook to the MS ring. The LP ring is assembled around the rod and acts as a bushing. Stator units
bind to the peptidoglycan (PG) layer, translocate ions from the periplasm to the cytoplasm, and generate torque by interacting with the C ring. IM, inner membrane;
OM, outer membrane. Type lll export apparatus not shown.

published works that have described this proportionality and When considering the linearity between IMF and speed, one
the range of IMF for which it holds, covering the physiological =~ should also keep in mind the associated time scale. Because
range. In Lo et al. (2007), the authors investigated motor speed  of technical limitations, mainly in the dynamical measurement
per stator unit in Nat-powered motors, finding that the linear ~ of IMF the linear relationship has been experimentally
relationship between speed and IMF holds true at the level of  demonstrated only at low frequency, i.e., in ensemble averages of
an individual stator unit. However, the proportionality breaks @ and IMF acquired over relatively long periods of time. While
down with acidification of the cytoplasm, at least in HT -powered it is now possible to measure w with ~ 10 ms resolution in bead
motors. In the presence of a weak acid (which dissociates upon  assays, the IMF is often measured on a scale of several seconds
crossing the cytoplasmic membrane, lowering pH;,; and partially ~ to minutes, and often averaged over the entire cell population.
collapsing ApH), a decrease of pH,y; from 7 to 5 leads to a total ~ However, at least two assays have managed to directly and
decrease in PMF of only ~ 10 mV, yet causes a strong decline in ~ dynamically manipulate the IMF. By applying a varying external
motor speed. From these results, it was hypothesized that high  voltage directly to a trapped and permeabilized cell within a
internal proton concentration hinders proton unbinding from  micropipette, the linearity between @ and IMF was demonstrated
the stators in the cytosol, hampering their function (Minamino  with a resolution of a few seconds (Fung and Berg, 1995). By
et al,, 2003). Therefore, the motor seem to respond to the entire ~ expressing and exciting the proton pump proteorhodopsin to
IME, unless pH;y; is lowered substantially (Gabel and Berg, 2003).  trigger proton efflux (Walter et al., 2007; Tipping J. M. et al,,
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FIGURE 2 | Schematic relation between AW, Apl, IMF (top panels), and plj,; (bottom panels) as a function of external ion concentration. The graphs are reproduced
from the data published in (A) (Shioi et al., 1980), for the proton consuming motor of B. subtilis, (B) Minamino et al. (2003), for the proton consuming motor of E. coli,
and (C) Lo et al. (2007) for the sodium consuming chimeric motor of E. coli employing chimeric Na* stators. The two rightmost panels in (C) show schematically the
equivalence of the SMF components at high load (top), and their nonequivalence (bottom panel, see text).

TABLE 1 | Published linearity ranges between motor speed o and ion motive force (IMF) in different strains.

Strain lon IMF (mV) » (Hz) Load Comment References

B. subtilis H+ —30, —100 H Threshold, saturation Shioi et al., 1980
Streptococcus H+ —30, —100 0.5, 2 H Manson et al., 1980
Streptococcus H+ 0, =50 0,4 H Khan et al., 1985
Streptococcus H+ 20, 70 H H* flux linear with Meister et al., 1987
Streptococcus H+ 20, —200 0, 10 H Khan et al., 1990

E. coli H* —-50, —150 01,7 H Voltage via micropipette Fung and Berg, 1995
E. coli H* 0, —150? 0,5 H Two motors of one cell Gabel and Berg, 2003
E. coli H+ 0, =150 10, 250 L Two motors of one cell Gabel and Berg, 2003
V. alginolyticus Na* —130, —180° 50, 700 H/L Torque-speed curves Sowa et al., 2003

E. coli H+ —100, —130 H Const. swimming speed Minamino et al., 2003
E. coli Na* —54, —187 2.2,8.7¢ H PHext [Nat]ex controlled Lo et al., 2007

The IMF column indicates the range tested. The load column indicates high (H) (tethered cell or ~ 1um bead assays) or low (L) load (350-450 nm bead assay) applied to the motor.

aAssumed.

bCalculated from Lo et al. (2007).
¢Speed of first stator.

2013), the IMF could be dynamically perturbed (though not
measured) while measuring o with sub-second resolution. Below,
we discuss recent techniques for dynamic IMF quantification.
When observing motor speed and IMF at higher frequency
(i.e., averaging on sub-second time intervals), the analysis is
complicated by fluctuations, and resolving the relationship
between fast IMF fluctuations and fast speed variations
remains challenging. Finally, as discussed further below,
dynamic stator assembly and exchange must also be considered

(or controlled) when studying the relation between IMF
and speed.

The observation that the ion flow through the motor is directly
proportional to speed, together with a linear relation between
IMF and speed, contributed to a widely used model wherein ion
translocation is tightly coupled to rotation, i.e., a fixed number
of ions yields a fixed angular displacement (Manson et al., 1980;
Meister et al., 1987). The IMF-speed linearity is a necessary
condition for the tight-coupling model, and it has been validated
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by several measurements, as described above. However, it is not a
sufficient condition. Given its importance for BFM mechanistic
modeling, as well as other microbiological mechanisms (e.g.,
mechanosensing and biofilm initiation; Belas, 2013), the tight-
coupling hypothesis warrants continued scrutiny, ideally at the
single motor level.

STATOR ASSEMBLY IS SENSITIVE TO IMF

Contrary to the long-held assumption that, once assembled,
the structure of the BFM was static, it is now well established
that multiple motor components dynamically exchange. The
most well-studied example of this are the stator units, which
exchange between an active motor-bound form and an inactive
membrane diffusing form on a timescale of seconds to minutes
(Leake et al., 2006). The rate of exchange and the steady-state
number of stators is dependent upon the viscous load on the
motor (Lele et al., 2013; Tipping M. J. et al,, 2013; Chawla et al.,
2017; Nord et al., 2017), a property that allows the bacterium to
adapt to changes in local viscosity. However, there are multiple
clues that suggest that stator exchange and assembly is sensitive
not only to the local mechanical environment, but also to the
local electrochemical environment. Such a capacity would allow
strains that couple multiple ions via separate stators to tune their
motor composition to the prevailing conditions (Thormann and
Paulick, 2010).

One of the first experiments to suggest that stator assembly
was sensitive to IMF was Fung and Bergs micropipette
experiment (Fung and Berg, 1995). Once a filamentous cell of E.
coli was installed in the micropipette, they dissipated the PMF
via an ionophore, which halted motor rotation, as expected. But,
when the membrane voltage was reinstated, they observed a delay
before motors began rotating, after which speed increased in
step-wise increments. This suggested that stator units inactivated,
in some way, upon PMF collapse, then individually reactivated
or reassembled upon reinstatement of the PMF. In an attempt
to hold the number of stator units constant while assessing the
linearity between speed and IMF, the authors avoided total PMF
collapse by maintaining a nonzero DC voltage. However, IMF-
dependent stator association was less evident in later experiments
of the activity of two motors on the same E. coli cell during
slow collapse of the IMF. The two motors reached zero speed
at the same time, potentially suggesting that the stator units did
not dissociate or inactivate at vanishing IMF (Gabel and Berg,
2003), though the low temporal resolution (~ 5 s) leaves room
for uncertainty.

Tipping J. M. et al. (2013) used fluorescent protein (FP)-
tagged stators to show that, upon collapse of the PMF in E.
coli, stators dissociate from the motor on a timescale of minutes.
However, these results are in disagreement with two separate
studies that, also using FP-tagged stators, observe that the PMF
is not necessary for stator assembly in either S. enterica or E.
coli (Morimoto et al., 2010; Suzuki et al., 2019). While it seems
well established that the ApH component of the PMF is not
necessary for assembly in E. coli or S. enterica (Fung and Berg,
1995; Morimoto et al., 2010; Suzuki et al., 2019), recent work has

TABLE 2 | lon motive force (IMF) and ion related conditions shown to be
necessary, [, or not, [J, for stator assembly.

Condition Necessarylon Species References
for
assembly?
PMF (0) H*  E coli Fung and Berg, 1995
0 H*  E coli Tipping J. M. et al., 2013
] H*  E coli Suzuki et al., 2019
] H* S enterica Morimoto et al., 2010
] H* S enterica Suzuki et al., 2019
SMF m] Nat V. alginolyticus  Fukuoka et al., 2009
ApH O H*  E coli Fung and Berg, 1995
] Ht  E coli Suzuki et al., 2019
] H* S enterica Morimoto et al., 2010
] H* S enterica Suzuki et al., 2019
PHext m] H*  E coli Suzuki et al., 2019
] H* S enterica Suzuki et al., 2019
[Nat]ex or ApNa (m)} Na*  E. coli Sowa et al., 2005
(0) Na*t E. coli Sowa et al., 2014
O Nat V. alginolyticus  Fukuoka et al., 2009
] Nat B. subtilis Terahara et al., 2017
] Na* S. oneidensis  Paulick et al., 2015
O H* S oneidensis  Paulick et al., 2009
] H*  B. subtilis Terahara et al., 2017
H* conduction (m) H*  E coli Zhou et al., 1998
(m] H*  E coli Kojima and Blair, 2001
o H*  E coli Suzuki et al., 2019
] H* S enterica Morimoto et al., 2010
] H* S enterica Suzuki et al., 2019
Na* conduction 0 Nat V. alginolyticus  Fukuoka et al., 2009
(0) Nat  B. subtilis Terahara et al., 2017

Marks in parentheses denote indirect evidence for assembly, either via measurements of
motor/swimming speed (Fung and Berg, 1995, Zhou et al., 1998; Kojima and Blair, 2001;
Sowa et al., 2005, 2014), wherein it cannot be ruled out that the stators are assembled
but somehow inactive, or via a structural switch of the stator complex that suggests
peptidoglycan (PG) binding (Terahara et al., 2017).

observed that assembly increases at lower external pH (Suzuki
et al., 2019). Thus, the concentration of accessible protons seems
to be more important than the gradient across the membrane.
Yet, surprisingly, mutation of a conserved protonatable residue
in MotB, which renders the stator nonfunctional, has shown that
proton translocation is not necessary for stator assembly in E.
coli or S. enterica (Zhou et al., 1998; Kojima and Blair, 2001;
Morimoto et al., 2010; Suzuki et al., 2019).

For the Na™ stator, SMF is required for assembly in V.
alginolyticus (Fukuoka et al., 2009), and contrary to the H™ stator,
Na™ conduction is also required for assembly in V. alginolyticus
and B. subtilis (Fukuoka et al., 2009; Terahara et al., 2017). And
while the concentration of external Na™ is crucial for stator
assembly in V. alginolyticus, B. subtilis, and the Na™-driven
hybrid stator in E. coli (Fukuoka et al., 2009; Sowa et al., 2014;
Terahara et al., 2017), it is not necessary for Na™-stator assembly
in S. oneidensis (Paulick et al., 2015).

We summarize the studies to date which probe the ion-related
conditions necessary for stator assembly in Table 2. There is not
yet a coherent universal picture of stator ion sensing; as with
other behaviors, it may prove ion and species dependent, though
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the external concentration of coupling ion seems generally
important. It remains to be shown whether this is due to an ion
sensing capability of the stator. Alternatively, if stator binding
to the PG is stabilized by force (Chawla et al., 2017; Nord et al.,
2017), it may be simply the case that increasing ion concentration
and rate of ion conduction increases, on average, the stability of
the stator-PG bond. The fact that ion conduction in not required
for HT stator assembly argues against this explanation in the case
of the HT -stator.

Studies that have found both motor speed and single stator
speed to be linearly dependent upon IMF seem to make sense
only under the assumption that the number of assembled stators
is constant. Thus, the fact that stator assembly depends, in
some yet-to-be-determined manner, on IMF complicates the
interpretation of the linear dependence of speed on IMF. There
exists an unresolved contradiction, as a linear relationship
between IMF and speed should not be observed if both stator
number and speed per stator increase simultaneously. It may
prove that the relationship between stator number and IMF is
sub-linear, and that stator disassembly mostly occurs only at very
low IMF values. Future studies of stator dynamics as a function
of IMF will be key to understanding how these pieces fit together.

ION SPECIFICITY

In most bacteria, stators are powered by a single species of cation,
mostly commonly protons or sodium ions. Typically, MotAB-
type stators are H"-coupled and PomAB and MotPS-type stators
are NaT-coupled. Yet some bacteria are capable of coupling
multiple types of cations. One way in which this is accomplished
is via multiple sets of genes that encode multiple types of stator
complexes. For example, B. subtilis, V. alginolyticus, and S.
oneidensis all encode both an H*-driven MotAB stator and an
NaT-driven MotPS or PomAB stator (Atsumi et al., 1992; Asai
etal., 2000; Ito etal., 2005; Paulick et al., 2009). In V. alginolyticus,
PomAB stators are constitutively expressed and power the polar
flagellar motor, whereas MotAB stators are expressed only under
certain environmental conditions and exclusively power lateral
flagella motors (Belas et al., 1986; McCarter et al., 1988; Atsumi
etal., 1992; Kawagishi et al., 1995). In B. subtilis and S. oneidensis,
both types of stators are constitutive. They incorporate into
the same motor, working in unison, though their affinity to the
motor depends upon the chemical and physical conditions of the
environment (Ito et al., 2005; Paulick et al., 2009). A systematic
survey of bacterial genomic data has shown that at least 65 species
of bacteria possess two or more putative stators (Thormann and
Paulick, 2010). Other species couple multiple cations via a single
stator complex. For example, the MotAB stator of Bacillus clausi
can couple either H' or Na*t (Terahara et al., 2008), and MotPS
in Bacillus alcalophilus couples Na™, KT, or Rb™ (Terahara et al.,
2012). While it was reported that MotAB in Paenibacilus sp. was
unique in its ability to couple divalent cations Mg?>* and Ca’**
(Imazawa et al., 2016), recent results suggest that this stator is
actually powered by monovalent ions, likely protons (Onoe et al.,
2020). Regardless of the coupling ion, a universally conserved
aspartate residue at the N-terminal side of the TM region of MotB

(D32 in E. coli) is believed to serve as the site of ion binding (Zhou
etal., 1998).

Many hybrid stators have been created in order to probe
the question of what in the stator determines ion specificity.
Early work demonstrated that the combination of MotA (R.
Sphaeroidis) and PomB (V. alginolyticus) produced a Na™-driven
stator in V. alginolyticus. This hybrid required MotX and MotY
proteins in order to function, components which are necessary
for PomAB incorporation in V. alginolyticus (Terashima et al.,
2013). This work ruled out the A subunit as the ion-decisive
component (Asai et al., 1999). In B. subtilis, hybrid stators MotAS
and MotPB were shown to be Na™ and H* -coupled, respectively,
suggesting that the B/S subunit is the dominant determinant of
ion-selectivity (Ito et al., 2005). However, it was observed that
MotA and MotP subunits confer an H* or Na™ responsiveness,
respectively (Ito et al., 2005). This suggests that either the A/P
subunit plays a secondary role in ion-specificity, or, given the
evidence presented above for stator sensing of IMF, it may be the
case that the A/P subunit is a determining factor of H* and Na™ -
dependent stator assembly. It was also recently proposed that the
P subunit is critical for K™ ion selectivity in B. alcalophilus and
Bacillus trypoxylicola (Naganawa and Ito, 2020).

To explore which portion of the B subunit determines ion
specificity, a chimeric subunit, termed MomB, was constructed
from the N-terminus portion of MotB (R. Sphaeroidis) and the C-
terminus portion of PomB (V. alginolyticus). MomB and PomA
produced an Na™ stator in V. alginolyticus, and interestingly, the
position of the MotB/PomB junction within the conserved TM
region affected the Nat/Li™ specificity. It was thus hypothesized
that the periplasmic region of PomB proximal to the inner
membrane plays a role in ion specificity, potentially by changing
the size of the TM pore (Asai et al, 2000). Certain MomB
constructs also produced a Na't-driven stator with MotA in
V. alginolyticus, albeit its function was dependent upon the
presence of MotX and MotY (Asai et al., 2000, 2003). The reverse
construction, the N terminus of PomB combined with the C
terminus of MotB, named PotB, functioned with PomA as a
NaT-powered stator in V. alginolyticus or E. coli, regardless of
presence of MotXY (Asai et al., 2003). Thus, while the periplasmic
portion of PomB is not necessary for Na™ coupling in the PomAB
stator, it is sufficient to convert the MotAB stator from H*- to
Na™-coupling.

Mutations near the surface of the conserved TM segment of
the B subunit can cause the dual-ion coupling stator of B. clausi
to prefer either H' or Na™, and mutations in the same region can
confer a dual-ion coupling capacity to B. subtilis stators (Terahara
et al., 2008). A single mutation in the TM region of MotS of
B. alcalophilus changed it from multi-ion coupling to single ion
coupling (Terahara et al., 2012). Sequence alignment revealed
that H*-coupled MotB stators from many bacteria contain a
conserved valine in the middle of the TM segment (residue 43 in
E. coli), whereas Na™t-coupled PomB and MotS stators contain
a conserved leucine at this position, and the Nat/K*/RB*-
coupled MotS of B. alcalophilus contains a methionine (Terahara
etal., 2012). Steered molecular dynamic simulations of an atomic
model of MotAB constructed based on disulfide cross-linking
and tryptophan scanning mutations showed that the size of the
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ion channel at its narrowest point was sensitive to mutations at
this TM residue, suggesting size exclusion as the mechanism for
ion-selectivity (Nishihara and Kitao, 2015).

Recently, the structure of the stator has been determined
via cryoelectron microscopy (Deme et al, 2020; Santiveri
et al., 2020). In Figure 3A, we show portions of a multiple
sequence alignment, initially performed with the Clustal Omega
alignment program (Madeira et al., 2019), then refined and
edited using ViTO (Catherinot and Labesse, 2004), taking into
account the published structures (PDB: 6YKP, 3S0Y). These
alignments highlight the differentially conserved residues within
the transmembrane helix (TMH) of MotB, but they also identify
multiple differentially conserved residues in TMH3 and TMH4 of
Mot/PomA that map to the A/B interface, which is very compact
and largely hydrophobic in its most central part (Deme et al.,
2020; Santiveri et al., 2020). The differentially conserved residues
generally localize to three rings, as shown in Figure 3B, with
no tight connections. Near the periplasmic interface, residue
EcMotByy;s faces residues EcMotAjpg, and EcMotA a7 within
TMH4 and TMH3, respectively (Figure 3C). While this ring
is fully buried and corresponds to hydrophobic substitutions,
differences between the HT and Na™ stators here may yield an
overall change of size or flexibility of the region, as previously
hypothesized (Nishihara and Kitao, 2015). Further into the
channel, residues MotBy3p and MotBg33 face residues 178-181 of
MotA TMH3, and with more accessibility, this presents another
region that may control ion specificity (Figure 3D). Substitutions
at that ring will impact a network of interactions involving
hydrogen bonds to the essential aspartate MotBps,. Indeed,
an imperfect correlation between MotB residue 30 and ion
specificity was previously noted (Ishida et al., 2019; Islam et al.,
2020), and selection may prove to depend partly upon the facing
TMH3 region. Finally, residues 217-219 of MotA TMH4 face the
conserved MotBw¢ residue (Figure 3), which forms an H-bond
with MotAy,;7 in HT motors. In sodium MotP/PomA stators, a
smaller and more flexible asparagine is observed, instead. As a
MotBw26a mutation abolishes motility (Deme et al., 2020), this
contact is important, though we see no obvious mechanism of
ion selection in this open region.

SPATIOTEMPORAL VARIATIONS OF IMF
AT THE CELL AND POPULATION LEVEL

The electrochemical gradient across the bacterial cell membrane
is central not only for motility, but for other physiological
processes from ATP synthesis (Mitchell, 1961; Maloney et al.,
1974) to cell division (Strahl and Hamoen, 2010; Chimerel et al.,
2012). For this reason, it was traditionally considered to be
homeostatic. However, recent work has shown that the IMF can
be dynamic, is integrally tied to the cell’s physiological state, and
plays a role in information signaling. IMF-mediated intra- and
intercellular electrical signalings have recently been shown to
regulate physiological processes such as mechanosensation and
metabolic coordination, sometimes over long distances, either
among or between communities (Liu et al., 2015; Bruni et al.,
2017). We discuss here a few examples where spatiotemporal

variation of the IMF has been observed, both at the single cell
and population level.

As a pioneering work in the burgeoning field of bacterial
electrophysiology, Kralj et al. (2011) developed a voltage-
sensitive fluorescent membrane protein (PROPS) to probe
voltage dynamics on the single cell level. They observed
that, while cells show great heterogeneity in behavior, many
cells displayed quasi-periodic fluctuations in their membrane
voltage. Predictably, these transient depolarizations correlated
to transient decreases in motor speed. The physiological role of
electrical spiking was unclear at the time; as the intensity and
frequency were affected by the power of the imaging laser, the
authors hypothesized that such fluctuations may be a signature
of a bacterial stress response. When PROPS was combined with a
genetically encoded calcium sensor, it was observed that transient
membrane depolarizations induced transient influxes of calcium,
reminiscent of neuronal action potentials (Bruni et al., 2017).
Evidence that such a phenomenon is a signature of signaling
came from the observation that transient voltage-induced Ca™
influxes increased upon mechanical stimulation, and that such
stimulation led to changes in protein concentrations at the level
of individual cells (Bruni et al., 2017).

IMF dynamics have recently been shown to be important
for surface-attached communities of bacteria, called biofilms.
At the population level, a multi-electrode array system has
shown that the intensity of electrical activity correlates with
biofilm formation (Masi et al,, 2015). With single cell level
resolution, it has been shown that biofilms produce spatially
propagating waves of oscillating membrane potential, and that
these waves correlate with propagating waves of extracellular
potassium. There is substantial evidence to support a model
in which membrane depolarization is triggered by metabolic
stress at the interior of a biofilm, which triggers the release of
intracellular KT, which subsequently depolarizes neighboring
cells. Thus, membrane potential is used to conduct long-range
electrical signaling to coordinate the metabolic states within a
growing biofilm, thereby increasing the fitness of the biofilm
as a whole (Prindle et al., 2015). Signals transmitted by these
propagating waves of potassium extend beyond the biofilm
community. Spatially separated biofilms can capitalize upon this
electrochemical signaling to coordinate a time-sharing behavior
of resource consumption (Liu et al., 2017), and the swimming
behavior of distant planktonic cells can be modified in a manner
to recruit cells to join a biofilm. While the majority of this
work has been done on B. subtilis, the mechanisms may well
be generic among bacteria; electrical signaling from a B. subtilis
biofilm attracts swimming cells from the evolutionary distant P.
aeruginosa (Humphries et al., 2017).

There appears to be great cell-to-cell heterogeneity in
both the steady-state and dynamic behavior of cellular IMF
(Kralj et al, 2011). Recent evidence has shown that both
the steady-state membrane voltage and the dynamic behavior
in response to electrical stimulation is dependent upon a
cell’s proliferative capacity (Stratford et al., 2019). Additionally,
electrical polarization of the cell plays a role in successful spore
formation (Sirec et al., 2019). While it may seem that such cell-
to-cell heterogeneity may interfere with long-distance electrical
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FIGURE 3 | (A) Multiple species sequence alignment of the A and B stator subunits. Highlighting denotes >70% conservation across either all species (yellow) or
differentially across only the H* or Na* stators (blue and red, respectively; the coupling ion of C. sporogenes remains unclear). Residues mentioned in the text which
map to one of the three rings of differentially conserved residues are outlined in green with the corresponding ring noted at the bottom. (B) Side view of the stator,
showing the two MotB and three of the five MotA (side chains shown for MotB and two MotA units). The three rings of differentially conserved residues are marked by
the green boxes. (C) Bottom view (looking from the cytoplasm) of Ring 1. (D) Bottom view of Ring 2. (E) Bottom view of Ring 3.

signaling, a model based upon percolation theory proposes
that the number of cells capable of transmitting the electrical
signal is consistent with a predicted phase transition. Thus, a
dense biofilm composed of a heterogeneous mixture of signaling
and non-signaling cells manages to propagate signals over long
distances while minimizing the cost at the single-cell level (Larkin
etal, 2018).

SINGLE CELL IMF MEASUREMENTS

While the developing field of bacterial electrophysiology
takes its inspiration from the advanced field of eukaryotic
electrophysiology, the reduced bacterial cell size and the
complexity of the membrane present novel challenges.
Techniques employed in the study of eukaryotic cells, such
as microelectrode and patch clamp approaches, so far remain
impractical, lack single-cell resolution (Masi et al., 2015), or
come at the expense of great physical perturbation (Martinac
et al., 2008). While bacterial bioenergetics has historically been
investigated via bulk population measurements (Kashket, 1985),
emerging techniques are enabling measurements of both the
electric and chemical components of the IMF at the single
bacterial cell level.

Measurements of AW are most commonly made with
Nernstian sensors (Lo et al., 2006, 2007; Kralj et al., 2011; Prindle
et al., 2015; Sirec et al., 2019; Stratford et al., 2019; Mancini
et al., 2020), small fluorescent molecules that diffuse across the
membrane in accordance with the Nernst equation. Fluorescent
measurements of the ratio of the extracellular to intracellular
concentration at equilibrium reports upon AW. However, their
permeability to Gram-negative bacteria is low, yielding a slow
dynamic response (~ minutes), and so they are not suitable to
report upon rapid fluctuations in AW. Additionally, while high
concentrations are desired for improved signal-to-noise ratio,
increasing concentrations of Nernstian dyes actually perturb
membrane voltage (Sirec et al., 2019; Mancini et al., 2020). Thus,
their application requires careful calibration (Mancini et al,
2020). As mentioned above, an alternative to probe AW is a
genetically encoded voltage sensor called PROPS, engineered
from green-absorbing proteorhodopsin (Kralj et al., 2011; Bruni
et al, 2017). PROPS provides a significantly faster temporal
response (~ 10 ms; Kralj et al., 2011), without the need for a
dye-loading step, though at the cost of lower signal-to-noise ratio.

Measurements of the chemical component of the IMF require
a reporter for the intracellular concentration of the coupling
ion. Intracellular pH was first quantified on the single cell
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level using membrane-permeable pH-dependent fluorescent dyes
(Siegumfeldt et al., 2000; Rasmussen et al., 2008; Kurre et al,,
2013; Chao et al., 2017). A more recent approach, which obviates
the need for a dye loading step and its potential invasive effects
(Han and Burgess, 2010), uses genetically encoded fluorescent
proteins, such as pH-sensitive derivatives of GFP (Miesenbock
et al., 1998; Martinez et al., 2012; Kurre et al., 2013; Morimoto
et al., 2016; Rupprecht et al, 2017; Arce-Rodriguez et al,
2019). Aside from excellent temporal (< 1 s) and pH (< 0.1)
resolution (Kralj et al,, 2011), a fusion between pHluorin and
FliG of the BFM has shown local pH measurements with sub-
cellular spatial resolution (Morimoto et al., 2016). PHluorin
can also be combined with PROPS for simultaneous single cell
measurements of ApH and membrane potential (Kralj et al,
2011; Bruni et al., 2017). Quantitative single cell measurements of
intracellular sodium have been demonstrated using membrane-
permeable fluorescent Na™ dyes and applied to studies of the
hybrid Na't-driven motor of E. coli (Lo et al., 2006, 2007
Minamino et al., 2016). Relative measurements of cytoplasmic
Ca** have been demonstrated in E. coli via a genetically encoded
fluorescent Ca®* sensor (Bruni et al., 2017).

The fact that the speed of the BFM is proportional to
IMF provides an intriguing opportunity to exploit it as a
measuring device for the IMF of the coupling ion. Recently,
it has been shown that the BFM of E. coli can measure
dynamic changes in the PMF during transient exposures to
an jonophore as well as dynamic light-induced photodamage
to the cell membrane (Krasnopeeva et al, 2019). As the
temporal resolution of such measurements are theoretically
limited only by the acquisition rate and the relaxation time
of the particle attached to the flagellar filament (~ ms), the
BEM presents as an exciting future tool to quantitatively explore
rapid electrophysiological dynamics on the single cell level.
However, as highlighted above, such measurements will be
affected by stochastic stator dynamics, as well as other factors,
such as second messenger-mediated binding of cytoplasmic
protein YcgR to the rotor, which slows motor speed in E. coli
(Boehm et al., 2010; Fang and Gomelsky, 2010; Paul et al.,
2010).
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Bacterial chemotaxis is the directed movement of motile bacteria in gradients of
chemoeffectors. This behavior is mediated by dedicated signal transduction pathways
that couple environment sensing with changes in the direction of rotation of flagellar motors
to ultimately affect the motility pattern. Azospirillum brasilense uses two distinct chemotaxis
pathways, named Che1 and Che4, and four different response regulators (CheY1, CheY4,
CheY6, and CheY7) to control the swimming pattern during chemotaxis. Each of the
CheY homologs was shown to differentially affect the rotational bias of the polar flagellum
and chemotaxis. The role, if any, of these CheY homologs in swarming, which depends
on a distinct lateral flagella system or in attachment is not known. Here, we characterize
CheY homologs’ roles in swimming, swarming, and attachment to abiotic and biotic
(wheat roots) surfaces and biofilm formation. We show that while strains lacking CheY1
and CheY®6 are still able to navigate air gradients, strains lacking CheY4 and CheY7 are
chemotaxis null. Expansion of swarming colonies in the presence of gradients requires
chemotaxis. The induction of swarming depends on CheY4 and CheY7, but the cells’
organization as dense clusters in productive swarms appear to depend on functional
CheYs but not chemotaxis per se. Similarly, functional CheY homologs but not chemotaxis,
contribute to attachment to both abiotic and root surfaces as well as to biofilm formation,
although these effects are likely dependent on additional cell surface properties such as
adhesiveness. Collectively, our data highlight distinct roles for multiple CheY homologs
and for chemotaxis on swarming and attachment to surfaces.

Keywords: Azospirillum, CheY, chemotaxis, flagella, swarming, surface attachment

INTRODUCTION

Navigating chemical gradients requires motile bacteria to sense and bias their direction of
movement using chemotaxis. Motile and flagellated bacteria utilize conserved and dedicated
chemotaxis signal transduction pathways to modulate swimming bias in chemical gradients.
In Escherichia coli, the chemotaxis system comprises a single set of membrane-bound
chemoreceptors, chemotaxis histidine kinase (CheA), flagellar-motor binding response regulator
(CheY), and scaffolding protein (CheW). Adaptation proteins methylesterase CheB and
methyltransferase CheR re-set signaling upon excitation by reversibly modifying membrane-
bound chemoreceptors (Levit and Stock, 2002). The majority of motile, flagellated bacterial
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sequenced genomes indicates the presence of multiple chemotaxis
as well as chemosensory (chemotaxis-like) pathways, with the
latter displaying non-motility phenotypes such as extracellular
matrix formation (Edwards et al., 2011), cyst formation (Berleman
and Bauer, 2005; Wu et al., 2011), biofilm formation (Huang
et al, 2019), and quorum sensing (Laganenka et al.,, 2016).
In contrast to E.coli which possesses a single chemotaxis response
regulator CheY to alter the direction of rotation of flagellar
motors, the genome of many bacteria encodes for multiple
CheY homologs: Rhodobacter sphaeroides (Ferré et al., 2004;
Porter et al., 2006), Sinorhizobium meliloti (Schmitt, 2002),
Rhizobium leguminosarum (Miller et al.,, 2007), Azospirillum
brasilense (Mukherjee et al., 2016, 2019), Borrelia burgdorferi
(Pitzer et al., 2011), Vibrio cholerae (Hyakutake et al., 2005),
etc. In some cases, the multiple CheY homologs are encoded
within a single chemotaxis pathway (e.g., S. meliloti). These
CheYs may also be encoded elsewhere on the genome with
no apparent genetic link to a particular chemotaxis system
(e.g., B. burgdorferi; Schmitt, 2002; Pitzer et al, 2011). Why
motile bacteria have multiple chemotaxis-related response
regulators is not clear. In R. sphaeroides, all six CheY homologs
are able to bind to the FliM component of the flagellar motor
upon phosphorylation, but only one of them is responsible
for the flagella motor stopping (Ferré et al., 2004).

The alphaproteobacterium A. brasilense are soil motile
diazotrophic bacteria able to colonize the roots of diverse plants
and promote their growth through phytohormones production
and nitrogen fixation (Steenhoudt and Vanderleyden, 2000). A.
brasilense motility and chemotaxis are important for plant root
colonization (Zhulin and Armitage, 1992; Greer-Phillips et al.,
2004; O’'Neal et al., 2019, 2020). A. brasilense cells are motile
using a single polar flagellum that allows the cells to swim in
liquid media and when the viscosity of the media increases,
cells produce multiple lateral flagella, structurally distinct from
the polar flagellum, that permit translocation across surfaces
by swarming (Moens et al, 1996). The polar flagellum of A.
brasilense cells rotates in both clockwise and counterclockwise
directions, and chemotaxis signaling controls the rotational bias
of the polar flagellum in this species (Zhulin and Armitage,
1993; Mukherjee et al., 2019). The A. brasilense polar flagellum
is comprised of flagellin that is glycosylated (Moens et al., 1995b).
The glycosylation on the A. brasilense polar flagellin consists
of a branched tetrasaccharide with repeated rhamnose, fucose,
galactose, and N-acetylglucosamine that resemble the LPS
O-antigen, suggesting that both structures are related (Belyakov
et al, 2012). The polar flagellum was suggested to mediate
adsorption of A. brasilense cells to the roots of wheat plants
in a two-step attachment process (Croes et al., 1993): a reversible
step that is thought to be mediated by the polar flagellum and
an irreversible attachment step that likely involves extracellular
polymeric substances. The A. brasilense polar flagellum also
contributes to biofilm formation in vitro and to the stabilization
of the biofilm matrix (Viruega-Gongora et al., 2020). The lateral
flagella required for swarming are distinct appendages made of
proteins unrelated to the polar flagellum, including distinct
lateral flagellin, termed Lafl (Moens et al., 1995a). Lateral flagella
are produced when the rotation of the polar flagellum is hindered

(Moens et al., 1996), and recent evidence indicates that an
extracytoplasmic function (ECF) sigma-factor ultimately regulates
lateral flagellar biosynthesis in A. brasilense (Dubey et al., 2020).

Chemotaxis in A. brasilense controls the polar flagellum and
thus swimming through signaling via two different chemotaxis
systems, named Chel and Che4, as well as additional CheY
response regulators (CheY6 and CheY7) encoded outside of
chel and che4 (Bible et al., 2012; Mukherjee et al., 2016, 2019;
Figure 1A). Histidine kinase CheAl and the response regulator
CheY1, both encoded within the chel cluster, regulate transient
changes in swimming speed during chemotaxis. CheA4 histidine
kinase and the CheY4 response regulator, both encoded within
the che4 operon, control the probability of changes in the
swimming direction (herein reversals) during chemotaxis
(Figure 1B). A AcheY6 mutant has a swimming reversal phenotype
similar to that of a AcheY4 mutant, while a strain lacking
CheY7 does not display any swimming reversals. All CheY
mutants also swim slower than the wild type in the absence
of a gradient (Figure 1C; Mukherjee et al., 2019). Genetic
evidence and behavioral assays indicate that CheY6 activity is
controlled by Chel/CheAl signaling, and CheY7 activity, a
mutant of which phenocopies a AcheA4 mutant, is controlled
by Che4/CheA4 signaling (Mukherjee et al., 2019; Figure 1A).
Mutants lacking cheA4, cheY4, or cheY7 are unable of chemotaxis
in spatial gradients of chemoeffectors, while mutants lacking
cheY1 or cheY6 still display chemotaxis under these conditions
(Bible et al., 2008; Mukherjee et al., 2016, 2019). Another feature
of the polar flagellum motor of A. brasilense is that it undergoes
brief swimming pauses, which are distinct from speed increases
or reversals. Swimming pause frequency is reduced in strains
lacking CheY1, CheY6, and CheY7 but is increased in a strain
lacking CheY4, although the mechanism for these differential
effects is not known (Figure 1B; Mukherjee et al.,, 2019). The
effects of these CheY homologs on the swimming motility
pattern of A. brasilense are thought to optimize navigation in
the spatially and physically heterogeneous environment of the
soil, although this remains to be experimentally demonstrated.

Rotation (or lack thereof) of flagella controlling swimming
motility has been implicated in the swim-to-sessile transitions
in diverse bacteria, perhaps through the flagellum acting as a
“mechanosensor” (Gordon and Wang, 2019; Chawla et al,
2020). Such swim-to-sessile transitions occur during swarming
on surfaces, the formation of biofilms, and surface attachment
(Guttenplan and Kearns, 2013). Chemotaxis and chemotaxis
mutants with different motility biases have been implicated in
bacterial social behaviors, promoting cell-to-cell interactions
or interaction with eukaryotic hosts (Alexandre, 2015). However,
the exact role of the rotational bias of flagella or multiple
chemotaxis CheY homologs in these behaviors has been seldom,
if at all, addressed. Here, we take advantage of the different
effects of A. brasilense CheYs (CheY1l, CheY4, CheY6, and
CheY7) on the rotational bias of the polar flagellum and
chemotaxis to examine contributions to behaviors related to
swim-to-stick transitions such as swarming, surface (abiotic
and wheat) attachment, and biofilm formation. We show that
only some of these CheYs (CheY4 and CheY?7) but not chemotaxis
per se induce swarming, and CheYs mediate distinct abiotic

Frontiers in Microbiology | www.frontiersin.org

April 2021 | Volume 12 | Article 664826


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Ganusova et al. Azospirillum brasilense Multiple CheY Homologs
A
o v
5B
58
5 9 cheS  cheY4 cheA4 tip4a cheR4 | cheD cheB4 tip4b
s
hk cheY6
B C
Swimming
speed
CheY1
CheY6
CheY4
CheY7
A A
chey1 ) ( Chevé ((cheva ) ( Chev7 ) Reversals
+—>
CheY7
\ CheY4
CheY6

flagella motor

FIGURE 1 | Chemotaxis signaling in Azospirillum brasilense and gene clusters encoding CheY response regulators. (A) Open reading frames (ORFs) are drawn to
scale. The chemotaxis-related genes within each cluster were either previously characterized or identified by homology searches. hk, histidine kinase. Response
regulators CheY1 and CheY4 are encoded with each of the two major chemotaxis operons (che? and che4). CheY6 and CheY7 are encoded elsewhere on the
genome. (B) Membrane bound chemotaxis receptors (Tlps) are organized in signaling arrays with mixed base plates consisting of CheW1/CheA1 and CheW4/
CheA4 proteins. Environmental signals (repellent or chemoattractant) received by Tlps modulate changes in their conformation and autophosphorylation activity of
CheA1 and/or CheA4, which ultimately affect the phosphorylation states of flagellar-motor switching response regulators (CheYs). The activity of Tlps is switched off
by the addition of the methyl groups chemoreceptor-specific methyltransferase (CheR1 and CheR4) and switched on by the removal of the methyl groups by the
chemoreceptor-specific methylesterase, CheB1 and CheB4. Activity of CheB1 and CheB4 depends on autophosphorylation of CheA1 and CheA4. (C) Scheme
depicting the role of CheYs in the modification of the swimming speed and reversals. Figures in panels (B,C) were created using Biorender.com.

surfaces and wheat roots attachment as well as biofilm formation.
Together, the findings indicate that CheY homologs contribute
to distinct swim-to-stick behaviors.

MATERIALS AND METHODS

Bacterial Strains and Culture Conditions
The bacterial strains used in this study are listed in Table 1.
A. brasilense strains were cultured in the minimal medium

(MMAB; Hauwaerts et al., 2002) or TY (tryptone 10 g/L, yeast
extract 5 g/L; Bible et al., 2012); and washed in a chemotaxis
buffer [10 mM phosphate buffer (pH 7.0), 1 mM EDTA] as
described previously (Stephens et al., 2006). Conjugation was
performed on D-plates (8 g/L Bacto Nutrient broth, 0.25 g/L
MgSO, 7H,O, 1.0 g/L KCI, 0.01 g/L MnCl, 2% agar) and,
after conjugation, MMAB with appropriate antibiotics was used
for selection of A. brasilense transconjugants. The A. brasilense
wild type (Sp7), mutant strains, and complemented derivatives
were grown at 28°C, with shaking. Unless otherwise stated,
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TABLE 1 | The list of strains and plasmid used in this study.

Strain or plasmid

Description

Reference or source

A. brasilense Sp7
AcheY1

Wild type strain
AcheY1:Km (Km")

ATCC 29145
Bible et al., 2008

AcheY4 AcheY4::Cm (Cm) Mukherjee et al., 2016
AcheY7 AcheY7::Gm (Gm") Mukherjee et al., 2019
AcheY6 AcheY6, markerless Mukherjee et al., 2019
rpoN::Km" rpoN::Kmr in Sp7 (Km") Milcamps et al., 1996
E. coli General cloning Invitrogen™
TOP10 F-mcrA A(mrr-hsdRMS- Simon et al., 1983
mcrBC) ¢80lacZAM15
NacX74 recA1 araD139
Naraleu)7697 galU galK A~
rpsL (Strf) endA1 nupG
pRK2013 Helper plasmid for triparental Figurski and Helinski,
mating (ColE1 replicon, Tra, 1979
Km")
pHRGFP pBBR1 origin plasmid Ramos et al., 2002
expressing GFP (Tc")
pRHO05 Gateway-based destination Hallez et al., 2007
vector expressing proteins
fused with YFP at the
C-terminus, Km', Cm"
pRHCheY4 pRHO05 plasmid with CheY4  O’Neal et al., 2019
ORF fused with YFP at the
C-terminus (CheY4-YFP)
pRHCheY7 pRHO05 plasmid with CheY7  this study
ORF fused with YFP at the
C-terminus (CheY7-YFP)
pRK415 Broad host range vector (Tc) Keen et al., 1988
pRKCheY1 pRK415 containing cheY? (Tc)) Bible et al., 2008
pRKCheY4 pRK415 containing cheY4 (Tc")  Mukherjee et al., 2016
pRKCheY6 pRK415 containing cheY6 (Tc") Mukherjee et al., 2019
pRKCheY7 pRK415 containing cheY7 (Tc") Mukherjee et al., 2019

the antibiotics were used at the following concentrations: 200 pg/
ml ampicillin, 30 pg/ml kanamycin (Km), 20 pg/ml gentamicin
(Gm), 34 pg/ml chloramphenicol (Cm), and tetracycline (Tc)
5 pg/ml. CheY7-YFP complementation construct was obtained
using Gateway cloning (Invitrogen) and the pRHO005 vector
according to the published protocols (Hallez et al., 2007). cheY7
gene was amplified using Gateway primers (Table 1) and Sp7
A. brasilense genomic DNA as a template. Five microliters of
PCR product were run on a 0.8% gel for verification of the
insert, and PCR cleanup (Nucleospin Gel and PCR cleanup,
Macherey-Nagel™) was performed on the remainder of the
PCR product. The resulting PCR product was used for a BP
Clonase (Invitrogen™) reaction with the pDONR2.1 vector
(Invitrogen™). This reaction was then transformed into E. coli
Topl0 chemically competent cells and plated on Luria broth
(LB, 10 g/l tryptone, 5 g/l yeast extract, 10 g/l NaCl) with
50 mg/ml kanamycin. Colonies from these plates were grown
in 5 ml of LB with kanamycin (50 pg/ml) and subjected to
plasmid purification (Qiagen™). The resulting plasmids were
used for the LR Gateway reaction (in the Gateway cloning

LR Reaction stands for a recombination reaction between attL
and attR sites; Invitrogen™) with the pRHO005 plasmid.

Chemotaxis, Swimming, and Swarming
Behavioral Assays

For the aerotaxis spatial gradient assay, free-swimming cells
from exponentially grown cultures were washed twice with
chemotaxis buffer and placed in a 1 mm flat capillary tube
(inner dimensions, 0.1 by 2 by 50 mm; VitroCom, Mountain
Lakes, NJ, United States). The formation of a band of motile
bacteria near the air-liquid interface was observed at 60 s
post-introduction into the capillary tube, and the distance
between the meniscus and the band was measured. Aerotaxis
band formation was recorded using a Nikon microscope with
a Nikon Coolpix mounted camera.

For the swimming and swarming assays in Petri plates, a
single colony from each strain was inoculated in 5 ml of
MMAB medium and grown until ODg, = 0.8. The culture
was then washed once with modified chemotaxis buffer [10 mM
phosphate buffer (pH 7.0)], and 5 pl of the culture was placed
on top of 13 g/l Nutrient broth (Fisher Scientific™) solidified
with 0.2, 0.3, 0.4, 0.5 0.6, or 0.7% (w/vol) of noble agar (Fisher
Scientific™). A swarming time-course assay was conducted
using 0.6% noble agar added to MMAB and supplemented
with 0.5% Tween-20 since preliminary data indicated its addition
promoted reproducible and robust swarming (Wu et al., 2020).
The plates were incubated at 28°C for 24-96 h, and the diameter
of the expansion rings was measured.

To observe the development of swarming colonies under
the microscope, we used the pHRGFP plasmid with constitutive
green fluorescent protein (GFP) expression in A. brasilense
(Ramos et al., 2002). The pHRGFP plasmid was introduced
into the wild type Sp7 strain and its cheY mutant derivatives
by conjugation. Three hundred microliters of the swarming
medium [MMAB with 0.6% (w/v) noble agar and supplemented
with 0.5% Tween-20] were placed in the well of an EISCO
Concavity Microscope slide (Fischer Scientific™). Two microliters
of the cell culture, prepared as for the swarm plates assay
above, were diluted to an ODgy = 0.8 and placed at the center
of the swarming medium. Under these conditions, swarming
of the cells was observed using a GFP filter, 4x objective
mounted to a Nikon ECLIPSE 80i fluorescence microscope
with a Nikon CoolSnap HQ2-cooled charge-coupled device
(CCD) camera and photographed in 2, 6, and 24 h. The
experiment was conducted in triplicate. Whole colony swarming
fluorescence images were obtained using a Leica MZ167A
dissecting scope equipped with a GFP fluorescence filter. Leica
application suite software was used for the image collection.
To observe the formation of cell clusters in swarming colonies
of A. brasilense Sp7 and a rpoN:Km" harboring a pHRGFP
plasmid, slides were prepared the same way as described above
except a cover slip was placed on the top of the agar inoculated
with cells. Clusters were observed using a GFP filter, 100x
objective mounted to a Nikon ECLIPSE 80i fluorescence
microscope with a Nikon CoolSnap HQ2-cooled charge-coupled
device (CCD) camera and photographed at 2, 6, and 24 h
post inoculation.
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Flagella Staining

Flagella staining was performed on cells grown in liquid medium
(swimming) or collected from swimming/swarming MMAB
media made with 0.2-0.7% (w/vol) agar plates after 48 h
incubation and stained using Alexa Fluor™ 488 NHS Ester
(Succinimidyl Ester; Fisher Scientific™) as described in (Gunsolus
et al, 2014) with slight modifications. Briefly, cells were
resuspended in 75 pl of in phosphate buffer saline (PBS;
137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO,, 1.8 mM
KH,PO,) supplemented with 1 mM EDTA and 0.5% Brij™-35
detergent (Fisher Scientific™) to avoid cell-to-cell adhesion at
ODgp = 1 and 25 pl of 1 M sodium bicarbonate bicarbonate
buffer was added to the cell suspension to stabilize the pH.
A 1 pl of 0.5 mg ml" Alexa Fluor 488 carboxylic acid
succinimidyl ester (Fisher Scientific™) in DMSO (Sigma Aldrich)
was added. The resulting suspension was incubated in the
dark for 1 h at room temperature with frequent mixing. The
suspension was then centrifuged at 4,000 rpm for 3 min, the
supernatant was discarded, and the cell pellet was washed
with 500 pl of PBS. Cells were mounted on an agar pad (1%
low melting point agarose in PBS) and covered with a glass
coverslip, and left on the bench for 10 min. Images were
taken using a 63x objective with oil immersion mounted to
a Leica SP8 with White Light Laser Confocal System; Leica,
Wetzlar, Germany). Images were collected using a 488-nm
excitation Argon ion laser with an emission maximum at 517 nm.

Measurements of Cell Size

Cells were washed once with PBS buffer and resuspended in
TBAC buffer [PBS containing 1 mM EDTA and 0.01% (v/v)
Tween 20] to avoid the formation of bacterial aggregates (Alves
et al,, 2017). Cell sizes were measured using the Prism 8
program for a minimum of 60-100 cells per sample taken
from at least four different fields of view. Confocal microscopy
(Leica SP8 White Light Laser Confocal System) images were
taken at random fields of view. Several images were collected
for each experiment. For cell length measurements, all cells
within the field of view were measured from one cell pole to
the other at the longest axis.

Western Blotting, Coomassie Staining, and
Flagella Glycosylation Staining

For isolation of polar flagella, each strain was grown to the
mid-log phase (ODgy = 0.7-0.8) in liquid MMAB. Cells were
pelleted for 3 min at 4,600 rpm using a tabletop Eppendorf
centrifuge and washed once with 1 ml of PBS buffer. The resulting
pellet was resuspended in 150 pl of 1x Laemmli buffer (4%
SDS, 10% beta-mercaptoethanol, 20% glycerol, 0.1 M Tris pH
6.8, and 0.005% of bromophenol blue) in PBS. Cells were
vigorously vortexed for 1 min and spun down for 15 min at
4°C and 13,000 rpm using a tabletop Eppendorf centrifuge. The
supernatant was collected and heated for 5 min at 65°C to
denature proteins. For isolation of lateral flagella, each strain
was grown on the top of the swarming medium (MMAB
supplemented with 0.6% of noble agar and 0.5% of Tween-20)
for 48 h at 28°C. Cells were then scraped from the plate and

resuspended in PBS. Flagella isolation was done as described
for the isolation of polar flagella. Twenty microliters of isolated
flagellins were loaded on SDS-PAGE gels (8% resolving gel for
polar flagellin analysis and 12% resolving gel for lateral flagellin
detection). Mini-Protean gel system was used for protein separation
(Bio-Rad™). The gel ran at 120 V for 90 min. The gel was
then transferred to a 0.45 pm hydrophobic polyvinylidene difluoride
(PVDEF) transfer membrane (Immobilon) using a wet transfer
apparatus (Bio-Rad). The transfer ran at 90 V for 1 h and
10 min. The membrane was blotted for 40 min in 5% milk in
Tris-buffered saline (TBS; 6.05 g/L Tris, 8.76 g/L NaCl, pH 7.5)
supplemented with Tween-20 (0.1%; TBST). After blocking, the
membrane was incubated with primary polyclonal anti-polar
and anti-lateral flagellin antisera (Alexandre et al., 1999) in TBST
at 1:1,000 for 16 h at 4°C with agitation. The membrane was
washed twice with 5% milk in TBST, twice in TBST, and twice
in TBS. The membrane was then incubated with secondary
anti-rabbit antibodies, diluted to 1:10,000 in TBS for 1 h, and
washed again with the solutions mentioned above. Lateral protein
production was quantitated using Fiji Image] (NIH). Coomassie
blue dye (2 g/L of water) was used to monitor total proteins
loaded. SDS-PAGE gels were de-stained using a mix of H,O,
methanol, and acetic acid detected using the Glycoprotein Staining
Kit (Thermo Scientific™ Pierce™) according to the manufacturer’s
manual. Briefly, A. brasilense cells were grown in flasks with
25 ml of MMAB medium with shaking at 175 rpm, at 28°C.
Cell cultures were spun down at 3,000 rpm in a 50-ml Falcon
tube, cell pellets were washed once with PBS, and flagella were
sheared for 1 min using a vortex, resuspended in 20 ml of
PBS, kept on ice for 5 min, and spun down at 22,000 rpm
using a Beckman ultracentrifuge with a T70i fixed-angle titanium
rotor for 90 min. The pellets were resuspended in 200 pl of
1x Laemmli buffer in PBS. Samples were heated for 5 min at
60°C before loading onto an 8% SDS-PAGE gel.

Abiotic Surface Attachment Assay

For the abiotic surface attachment assay, A. brasilense Sp7 strain
and its cheY mutant derivatives carrying the pHRGFP plasmid
(Ramos et al., 2002) were cultured overnight in TY medium
supplemented with tetracycline for plasmid maintenance. Cells
were washed with a chemotaxis buffer and resuspended in
the chemotaxis buffer to a final ODgy = 0.4. Economy Plain
Glass Microscope Slides Glass slides (Fisher Scientific™) were
covered with 0.01% poly-lysine (Sigma™) and left to dry for
15 min. Ten microliters of cell cultures were placed on the
slide and kept in a humidity chamber (square Petri dishes
lined up with Kim Wipes wetted with sterile water) to prevent
buffer evaporation. Cells remaining on the slide were washed
with chemotaxis buffer 2 h after inoculation and imaged using
a GFP filter, 4x objective mounted to a Nikon ECLIPSE 80i
fluorescence microscope with a Nikon CoolSnap HQ2-cooled
charge-coupled device (CCD) camera.

Biofilm Formation
Biofilm assay was performed in modified MMAB medium
modified to achieve a C:N ratio = 2 using fructose at 27.6
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and 13.8 mM KNO3 as N source (Arruebarrena Di Palma
et al., 2013). Two hundred microliters per well were transferred
to sterile, clear flat-bottom polystyrene 96-well plates (Corning™)
and incubated without agitation for 96 h at 28°C. Biofilm
formation was determined using crystal violet staining
(Arruebarrena Di Palma et al.,, 2013). Briefly, 200 pl of 0.5%
crystal violet was added to each well, followed by incubation
30 min at room temperature, and then washed carefully three
times with tap water. Crystal violet remaining attached to the
wells was extracted with 200 pl of 33% v/v acetic acid. The
ODsy of supernatants was determined using a microplate
Absorbance Reader with Gen5 software (BioTek Instruments,
Winooski, Vermont, United States). Data were normalized by
total growth estimated by ODg, measured on the
planktonic culture.

Wheat Root Attachment Assay
Triticum aestivum cv. Jagger (wheat) seeds were utilized
throughout this study. T. aestivum seeds were surface-sterilized
10 min with 90% ethanol and 20 min with a sterilization
buffer containing 1% Triton X-100, 10% bleach and sterile
water. After sterilization, seeds were planted into ¢ (0.132 g/l
CaCl,, 0.12 g/l MgSO, 7H,0, 0.1 g/l KH,PO,, 0.075 g/l Na,HPO,
2H,0, 5 mg/1 Fe-citrate, and 0.07 mg/l each of MnCl, 4H,0,
CuSO, 5H,0, ZnCl,, H;BO;, and Na,MoO, 2H,0, adjusted to
pH 7.5 before autoclaving; Zamudio and Bastarrachea, 1994;
de Oliveira Pinheiro et al., 2002; Greer-Phillips et al., 2004)
and placed in the dark for 48 h to germinate. Next, seedlings
were placed in 250 ml Mason jars containing 50 ml of semi-
solid (0.5% w/vol Noble agar) Fahraeus medium and allowed
to grow with 8 h day/16 h dark at 22°C in the plant growth
chamber at 90,000 lux or 1,670 pmol m™ s™'. All assays were
performed on germinated and surface-sterilized seedlings that
were 7-10 days old.

For the root attachment assay, A. brasilense strains were
cultured in MMAB liquid overnight (28°C, 200 rpm). The
cultures were normalized to an ODg, = 0.6 using sterile
chemotaxis buffer and resuspended in 2 ml of Fahraeus medium
in a 15 ml Falcon tube. Wheat seedling with cut-oft leaves
was placed inside the tube, and tubes were incubated either
at room temperature for 2 h or with shaking on a Ferris
wheel for 2 h. After incubation, roots were washed three times
with sterile chemotaxis buffer, resuspended in 2 ml sterile
chemotaxis buffer and sonicated for 10 s, using a cell
dismembrator (Model 100; Fisher Scientific™, Waltham, MA,
United States). CFU recovered from the inoculum or after
detachment from roots were counted by plating serial dilutions
on TY plates supplemented with ampicillin. The results were
expressed as a root attachment index, calculated as CFU detached
from roots/CFU in the initial culture normalized to the total
fresh weight of roots in milligrams.

Statistical Analysis

We used Student ¢-test using GraphPad Prism (version 8) software
(GraphPad Software Inc., San Diego, CA, United States) to
compare the wild type and mutant phenotypes (swimming/

swarming behavior on the plates, band quantitation, western
blotting flocculation, biofilm formation, and plant root attachment).

RESULTS

Azospirillum brasilense CheY6 and CheY7
Response Regulators Have Different
Contributions to Aerotaxis

Our previous work has shown that minor (AcheYI and AcheY6
mutants) and severe (AcheY4 and AcheY7 mutants) defect in
chemotaxis of the mutant strains could be functionally rescued
by expressing parental genes from broad host range vectors
(Bible et al., 2008, 2012; Mukherjee et al., 2016, 2019). Here,
we confirm these previous observations by analyzing chemotaxis
in swim plate assays (Figure 2A). The AcheY1, AcheY4, AcheYs,
and AcheY7 mutants had slight or major chemotaxis defects
that were partially complemented by expressing parental genes
expressed from broad host range plasmids (Figures 2A,B).
Partial functional complementation from this type of plasmids
was reported previously (Bible et al., 2008). We also performed
the aerotaxis assay with the mutant strains. Aerotaxis is a
particular form of chemotaxis in air gradients and is regulated
by the same chemotaxis pathways. Aerotaxis depends on near-
immediate responses to the air gradient (~1-2 min) instead
of the several days for observing a response in chemotaxis
spatial gradient assays. Aerotaxis thus provides a more direct
evaluation of the ability of cells to navigate gradients. In the
aerotaxis gradient assay, an open-ended capillary tube is filled
with a suspension of motile A. brasilense cells. An air gradient
is established through the diffusion of air from the atmosphere
into the cell suspension (Zhulin et al.,, 1996; Alexandre et al,,
2000). Under these conditions, motile and chemotaxis-competent
A. brasilense cells form a tight band of motile cells at a location
in the gradient that corresponds to maximal energy generation
(Zhulin et al,, 1996; Figures 2C-F). Chemotaxis defects of
the different cheY mutant strains were also complemented by
expressing parental genes from plasmids (Figures 2A,B,E,F).

The Absence of CheY7 Causes Defects in
Polar Flagellin Molecular Weight but Not
Swimming Motility

All of the mutants lacking CheY1, CheY4, CheY6, or CheY7
are motile in liquid media and, as expected, possess polar
flagella (Figure 3A). We used polyclonal antisera raised against
the polar flagellin and Western blots to compare levels of
production of the polar flagellin in the wild type Sp7 and its
cheY mutant derivatives (Figure 3B). As a negative control,
we used a rpoN:Km" mutant which lacks both polar and lateral
flagella production (Milcamps et al., 1996; Figures 3A,B). As
expected, the anti-polar flagellin antisera recognized a band
at a predicted ~100 kDa in all but the AcheY7 mutant. In
this mutant, the band corresponding to the polar flagellin
migrated with an apparent molecular weight of ~90 kDa. A
second band at about 45-50 kDa was also observed in the
AcheY6 mutant. This molecular weight is much lower than
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FIGURE 2 | Detection and quantification of chemotaxis (A,B) and aerotaxis (C-F) responses in the A. brasilense and AcheY mutant derivatives. (A) Chemotaxis in the
soft agar plate assay. (B) Quantification of chemotaxis in the soft-agar plate assay. (C) Aerotaxis in the spatial gradient capillary assay. The air gradient is established by
diffusion into capillary tubes filled with a suspension of motile cells. The triangle represents decreasing air concentration as a result of diffusion within the cell
suspension. The images were taken 120 s after placement of the cells into the capillary tubes. (D) Quantitation of the aerotaxis response represented as the distance
from the edge of the air-liquid interface. (E) Aerotaxis of Sp7 (pPRHO05), AcheY4 (pRHO05), AcheY7 (pRH005), and mutants complemented with CheY4-YFP, expressed
as pRHCheY4 (for AcheY4) and CheY7-YFP, expressed as pRHCheY?7 (for AcheY7) in the spatial gradient assay for aerotaxis. (F) Quantitation of the aerotaxis response
in Sp7(pRHO05), AcheY4 (pRHO05), AcheY7 (pPRHO05), and mutants complemented with CheY4-YFP, expressed as pRHCheY4 (for AcheY4) and CheY7-YFP,
expressed as pRHCheY7 (for AcheY7) in the spatial gradient assay represented as the distance from the edge of the air-liquid interface. “p < 0.01 and **p < 0.001.

the predicted molecular weight for the two polar flagellins
encoded in the A. brasilense genome (AMK58_10890 and
AMKS58-18185), which are expected to be about 65 kDa. The
nature of this cross-reacting band is not known. The polar
flagellin is glycosylated in A. brasilense and a fully glycosylated
polar flagellin has a molecular weight of about 100 kDa, while
complete chemical deglycosylation of the polar flagellin yields
a band at ~65-70 kDa (Moens et al, 1995b). Therefore,
we hypothesized that changes in the molecular weight of the
polar flagellin in the AcheY7 strain could result from reduced
glycosylation of the polar flagellin. Analysis of glycosylated
proteins from the same samples as those used for the Western
blot above, identified a single band for a glycosylated protein
at the same molecular weight as the polar flagellin for all
strains except for the non-flagellated rpoN:Km" strain
(Figure 3C). Noticeably, a glycosylated band corresponding to

the polar flagellin of the AcheY7 mutant was still present at
a lower molecular weight (Figure 3C). The reduced molecular
weight of the polar flagellin of the AcheY7 mutant could suggest
reduced glycosylation levels in this species. A AcheY7 mutant
is still fully motile, so this different glycosylation level has no
apparent effect on polar flagellum function. This observation
is intriguing because it suggests a functional link between
CheY7 and polar flagellin maturation.

Azospirillum brasilense Chemotaxis CheY
Homologs Contribute to Movement in
Media of Varying Viscosity

CheY homologs have different effects on the free-swimming
motility pattern of A. brasilense: CheY1 affects the transient
increase in swimming speed and has a minor impact on the
probability of swimming reversals. In contrast, CheY4 and
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FIGURE 3 | Visualization of the polar flagella in A. brasilense strains. (A) Representative images of Sp7, AcheY1, AcheY4, AcheY6, and AcheY7 cells with polar
flagella stained with Alexa fluor™ 488 NHS Ester. A rpoN::Km" mutant which is aflagellate and non-motile was used as a negative control. Images are presented as
the negatives of the original images. Scale bar = 5 pm. (B) Western blot analysis with anti-polar flagellin (1:1,000) polyclonal antisera of whole-cell preparations of A.
brasilense Sp7, AcheY1, AcheY4, AcheY6, AcheY7, and rpoN::Km" mutants grown in liquid media. Coomassie staining is shown below for an evaluation of loading
control. (C) Glycoprotein staining of polar flagellin produced by wild type Sp7 and AcheY1, AcheY4, AcheY6, and AcheY7 cells AcheY1, AcheY4, AcheY6, and
AcheY7 mutants. rpoN::Km strain was used as the negative control. The black lines indicate junctions separating lanes that were spliced from the original image in

CheY6 have severe defects in swimming reversals, and CheY7
cannot reverse the swimming direction (Mukherjee et al., 2019).
These different effects are hypothesized to provide A. brasilense
with swimming navigation strategies optimized for the
heterogeneous physicochemical conditions found in the soil.
Here, we probe the chemotaxis response regulators’ role in
controlling the swimming bias in modulating navigation in
porous media by comparing the movement of cells under
conditions of increasing agar concentrations (Figures 4A,B).
We also included AcheAl and AcheA4 mutants that are impaired
or null for chemotaxis, respectively (Figures 4A,B; Bible et al.,
2008; Mukherjee et al., 2016), and the rpoN::Km" mutant strain
that is immotile and lacks flagella (Milcamps et al., 1996). At
low agar concentrations (0.2-0.3%), A. brasilense cells are
swimming through the medium using their polar flagellum,

given the abundance of water under these conditions and
previous observation by others (Hall and Krieg, 1983; Moens
etal., 1995b; Figure 4). At higher agar concentrations (0.6-0.7%),
wild type cells are preferentially swarming using lateral flagella,
given that they are observed to move on top of the medium
and that these agar concentrations were previously described
as optimum for swarming for A. brasilense (Hall and Krieg,
1983; Moens et al., 1995b). Navigation of the wild type cells
within or on top of the medium at intermediate agar
concentrations (0.4%) was minimal, suggesting that both
swimming and swarming are limited under these conditions
(Figures 4A,B).

Compared to the wild type, the rpoN::Km" mutant did not
expand beyond the inoculation point, regardless of agar
concentrations, a behavior mimicked by the chemotaxis null
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mutants AcheA4 and AcheY7. The AcheY4 mutant had reduced
expansion at low agar concentrations (0.2-0.5%) and did not
expand beyond the site of inoculation at higher agar
concentrations (Figures 4A,B). The AcheY4 mutant is
non-chemotactic because it seldom reverses swimming direction
and this strain also has an elevated frequency of swimming
pauses (Mukherjee et al., 2019). We surmise that the limited
expansion of the AcheY4 cells in media with low agar

concentrations is related to these cells’ ability to pause with
a high frequency during swimming, which would allow them
to escape entrapment into the agar polymers. This swimming
bias would not be sufficient to promote movement at higher
agar concentrations (0.6-0.7%). The mutants that are impaired
but not null for chemotaxis (AcheAl, AcheY1, and AcheY6)
displayed either no or only minor defects in navigating within
or on top of media of different viscosity. The AcheAl mutant
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FIGURE 4 | Navigation of A. brasilense and its chemotaxis mutant derivatives in soft agar media of varying viscosity. (A) Chemotaxis behavior of A. brasilense Sp7,
AcheY1, AcheY4, AcheYB, AcheY7, AcheA1, AcheA4, and rpoN::Km' strains in the semi-solid medium supplemented with 0.2-0.7% agar. The triangle at the
bottom and the scheme represents increasing concentrations of agar. (B) Quantitation of the swimming/swarming ring diameters. Arrows indicate a significantly
higher swimming/swarming diameter of the colonies in the mutant strains than Sp7. Student ¢-test was used to determine significance between Sp7 and mutants.
*p < 0.05, *p < 0.01, ™p < 0.005, and ***p < 0.001. All studies were done in three biological replicates.
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had a marginally increased expansion through media at the
highest agar concentration tested (Figures 4A,B). Together,
these data indicate that chemotaxis is essential for the ability
of cells to navigate media of varying viscosity, including across
surfaces by swarming. Chemical gradients are produced by
metabolism as cells move through the agar media and grow
indicating that the existence of a gradient is sufficient to trigger
an expansion in viscous media by either swimming or swarming.
The data presented here confirm the hypothesis that AcheY1
and AcheY6 mutants are functionally linked to AcheAl, while
AcheY4 and AcheY7 cells are related to AcheA4 mediated signaling.

We next confirmed the type of motility employed by the
cells under these conditions by visualizing the wild type strain’s
flagellation when inoculated in semi-soft media at different
agar concentrations (Figure 5A). At 48 h post-inoculation,
both polar and lateral flagella were visible regardless of agar
concentration (Figure 5A). Lateral flagella are not produced
constitutively in contrast to the polar flagellum in A. brasilense.
However, we observed some wild type cells with lateral flagella,
even at low viscosity [0.2% (v/v) of agar]. This suggests that
conditions in the soft agar plates are heterogeneous and do

not perfectly replicate a single motility type. To confirm these
observations, we used polyclonal antisera raised against the
polar and lateral flagellins and Western blots (Figures 5B,C).
As expected, the anti-polar flagellin antisera recognized a single
band at ~100 kDa in cells grown at various viscosity. The
most significant induction of the lateral flagellin production,
relative to the polar flagellin production, was observed starting
at 0.4% agar in the medium and remained elevated at higher
viscosity conditions (Figures 5B,C). Concurrent to these changes,
we also observed that cell size distribution varied depending
on agar concentrations. The wild type cells were the shortest
when incubated in 0.2% agar plates. They tended to increase
in size when cells were incubated in media with 0.3-0.6%
agar and became shorter at 0.7% agar. However, cells from
0.7% agar were longer than cells at 0.2% agar (Supplementary
Figure 1). The longer cell sizes roughly match the induction
of lateral flagellin production under these conditions, suggesting
that cell elongation is concomitant with swarming. These findings
are consistent with similar differentiation observed in other
species (Kim et al, 2003; Skerker and Laub, 2004;
Little et al., 2019).
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0.7

FIGURE 5 | Visualization of the polar and lateral flagella in A. brasilense strains. (A) Representative images of Sp7 cells collected from the media with 0.2-0.7% agar
and stained with Alexa fluor™ 488 NHS Ester. Arrows indicate localization of the polar flagella. Images are presented as the negatives of the original images. Scale
bar = 5 pm. (B) Western blot analysis with anti-polar (1:1,000) and anti-lateral flagellin (1:1,000) polyclonal antisera of whole-cell preparations of A. brasilense Sp7
collected from the media with 0.2-0.7% agar. Ponceau staining (PS) is shown below for evaluation of loading control. (C) Ratio between polar and lateral flagellin
abundance in wild type cells grown in media solidified with 0.2-0.7% (w/vol) agar. Quantitation was performed based on the Western blotting analysis p-values.
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To determine whether the defects were due to lack of
swarming vs. delayed swarming, we also compared AcheYl,
AcheY4, AcheY6, and AcheY7 mutants with the wild type Sp7
strain for swarming over time. We performed the experiments
using MMAB medium solidified with 0.6% noble agar and
supplemented with Tween-20, corresponding to conditions that
permit robust swarming (Figures 6A,B). Compared to the wild
type strain, all mutants had reduced swarming over the 96 h
time-course experiment except for the AcheY4 strain, which
increased swarming at 96 h post-inoculation, following a reduced
swarming at other time points (Figures 6A,B). The AcheY4
strain also appeared to expand into a larger swarm colony
than the wild type strain under these conditions. This result
indicates that the AcheY4 strain, but not the other strains, is
delayed in inducing swarming. Collectively, the data suggest
that CheY7 is essential for swarming and that CheY4 is necessary
for timely swarming.

The surface of swarming colonies also differ between the
strains: the swarming colonies of the wild type, the AcheYs,
and AcheY7 mutants had a homogenous surface appearance
while the swarming colonies of the AcheY1 and AcheY4 displayed
a thick front edge and a thinner, less dense inner region,
suggesting that the reduced swarming of the strains could
be caused by different group behaviors within the swarming
colony. To further characterize cells’ behavior in swarming

colonies, we next labeled cells with a constitutively expressed
GFP from a plasmid (Ramos et al, 2002) and inoculated
these on top of a swarming agar pad. We used fluorescent
microscopy to observe cellular behavior at the initiation of
swarming (first 24 h). Under these conditions, the wild type
cells appeared to organize into a dense edge at the expanding
front of the swarming colony, while cells formed clusters that
grew in density over time behind this front (Figure 6C). A
thick edge was seen in the rpoN::Km" mutant that is non-motile
and non-flagellated, suggesting that it corresponds to non-motile
cells. Still, the density of cells under these conditions did not
change behind this front in the mutant, suggesting that motility
is required for this organization (Figure 6C). A major difference
was evident between the wild type swarming colony and the
cheY mutants: no increasing clustering of cells behind the
expanding front was observed in any of the mutants (Figure 6C).
This observation indicates that the organization of cells as
high-density clusters is required for the ability of a swarming
colony to expand on a surface. Given the differences in the
cheY and rpoN:Km" mutant strains, the lack of cellular clustering
suggests that swimming motility, a polar flagellum able to
reverse, change swimming speed, and pause is essential for
this behavior. A second difference was that the AcheYI and
AcheY4 swarming colony’s edge was thicker and diffuse compared
to that of the wild type or the other mutants. In contrast,
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FIGURE 6 | Time course of swarming of A. brasilense and its chemotaxis response regulator mutants. The plates were solidified with 0.6% (w/vol) agar and
incubated for 96 h post-inoculation at 28°C. (A) Representative images of swarming for the strains tested. (B) Quantitation of the ring diameters of Sp7 and mutant
strains after 24-96 h of incubation on the swarming medium. Student t-test was used to determine significance between Sp7 and mutant strains (*p < 0.01). All
experiments were done in triplicate. (C) The appearance of the border of the swarming colony of Sp7, AcheY1, AcheY4, AcheY6, AcheY7, and rpoN::Km strains
harboring pHRGFP plasmid. The edge of the colony was photographed at 2, 6, and 24 h. The scheme at the bottom represents the area photographed. Scale bar:
colony border images is 0.45 mm, whole colony is 1 mm. Exposure time for the colony border imaging is 9 s, for the whole colony 6.6 s. Arrows indicate inner and
outer swarming rings in colonies of the AcheY1 and AcheY4 strains and cell clusters in the Sp7 swarming colony. (D) Visualization of the cell cluster formation by

Sp7 (left panel) and rpoN::Km' cells in time. Scale bar = 5 pm.
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the AcheY6 and AcheY7 swarm colonies had a uniform and
bright expanding edge that did not thicken over time compared
to that of the wild type (Figure 6C). When compared to the
behavior of the rpoN:Km" mutant under these conditions,
the AcheY6 and AcheY7 mutant strains may differ in the timing
or proportion of cells losing motility that produces the edge
of the swarm under these conditions compared to the AcheYI
and AcheY4 or wild type swarming colonies (Figure 5C). In
all cheY and the rpoN:Km" mutants, cell density was noticeably
reduced behind this expanding edge. Consistent with the results
above, the size of the swarming colonies at 24 h was similar
in all the mutants, except for the AcheY7 and the rpoN:Km"
mutants, which produced significantly smaller swarms at 24 h
post-inoculation under these conditions (Figure 6C). These
results suggest that swarming requires that cells be able to
form high-density clusters behind a sharp and dense expanding
edge that may be composed of non-motile cells. When observed
under high magnification (Figure 6D), cells behind the
expanding edge appeared to organized as growing clusters
that adopt a three-dimensional organization in the wild type
but not in the immotile rpoN:Km" mutant, suggesting a role
of motility for these clusters (Figure 6D). Given that some
of the mutants are still able of chemotaxis (CheY1, CheY6)
while others are chemotaxis null (CheY4 and CheY6), these
results indicate that chemotaxis per se is not required for the
formation of these clusters but that functional CheY response
regulators are essential for this behavior. Together, our data
indicate that chemotaxis underlies the expansion of a swarming
colony across media of high viscosity and that motility and
functional CheYs, but not chemotaxis per se, is required for
initial ~cell-cell interactions and clustering within a
swarming colony.

Lateral Flagella Are Produced in All but the
AcheY7 Mutant

Swarming depends on the production of lateral flagella, prompting
us to analyze lateral flagella and flagellin production in the
chemotaxis mutants (Figures 7A-C). Flagella staining revealed
that lateral flagella were abundant at 24 h post-inoculation in
the AcheYl, AcheY4, and AcheY6 mutants, less abundant in
the AcheY7 mutant and, as expected, absent in the rpoN:Km"
mutant (Figures 7A-C). This suggests that the reduced swarming
of the cheY mutant strains is not due to the inability to induce
lateral flagella production. Next, we used polyclonal antisera
raised against the lateral flagellin and Western blots to compare
lateral flagellin production in the wild type and the chemotaxis
mutant strains with the immotile rpoN::Km" strain as a negative
control (Figures 7B,C). As expected, the anti-lateral flagellin
antisera recognized a single band, at ~45 kDa, in all strains,
except the rpoN:Km' mutant. Relative to the wild type Sp7
strain, the AcheY7 mutant, but not the other strains, had a
significantly lower abundance of lateral flagellin, consistent with
our observations from flagella staining (Figure 7A). Thus, the
inability of strain AcheY7 to swarm is likely related to its
reduced lateral flagellin production. The other mutants’ reduced
swarming is not related to defects in the production of lateral
flagella or lateral flagellin.

Compared to the wild type, swarming cells of the AcheYI,
AcheY4, AcheY6, and AcheY7 and the rpoN::Km" mutant strains
were shorter in length compared to the wild type, consistent
with their defective swarming (Figure 7D). Together, these
data suggest that productive swarming requires lateral flagellin
production and cell elongation in A. brasilense and that cells
with defective swarming also display defective cell elongation.
These observations are consistent with observations by others
that productive swarming requires cell elongation and increased
lateral flagella production (Little et al, 2019). Together, the
data indicate that the chemotaxis mutants studied here can
induce lateral flagella and differentiate into swarmer cells, albeit
at different levels. The reduced (or lack of) swarming of these
mutants is not due to an inability to produce cellular structures
required for swarming.

Functional CheY Homologs, but Not
Chemotaxis, Contribute to Attachment to
Abiotic and Root Surfaces

Given the previously reported role of the polar flagellum in
an initial attachment to a surface (about 2 h; Michiels et al,
1991), we next compared CheY homologs for contribution to
attachment to abiotic surfaces. We used a wild type Sp7, AcheY1,
AcheY4, AcheY6, and AcheY7 strains harboring pHRGFP plasmid
(Ramos et al., 2002) to monitor attachment to poly-lysine
coated glass slides over a 2-h incubation period. Relative to
the wild type, the AcheY1 cells attached better while the AcheY4,
AcheY6, and to a lesser extent, AcheY7 cells, attached significantly
less to abiotic surfaces (Figures 8A,B).

A similar pattern of attachment to sterile wheat roots was
observed (Figure 8C), with the AcheY1 attaching better to
wheat roots within a 2-h incubation compared to the wild
type or the other mutant strains.

We also monitored formation of biofilms in vitro and detected
major differences at 96 h post-inoculation. The AcheY1 strain
formed more biofilms relative to the wild type strain, and the
AcheY4 and AcheY6 strains formed less biofilm. The AcheY7
mutant did not display any significant defect in biofilm formation
relative to the wild type (Figure 8D). The data obtained here
in abiotic surface and root attachment and biofilm formation
are in good agreement and indicate that CheY homologs are
required for attachment and biofilm formation. However, the
differences between the strains are unrelated to their steady-
state swimming bias or their chemotaxis abilities. These results
suggest that functional chemotaxis, which is absent in strains
lacking CheY4 or CheY7 and present in strains lacking CheY1
and CheY6, is not directly implicated in these behaviors. The
results also imply that the control of the polar flagellum rotation
by CheY homologs triggers distinct attachment behaviors.

DISCUSSION

Here, we show that the four CheY homologs that regulate the
polar flagellum rotational bias in A. brasilense and differentially
alter chemotaxis and aerotaxis responses have distinct effects on
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FIGURE 7 | Detection of lateral flagella produced in swarming colonies of A. brasilense Sp7 and mutant response regulator strains. (A) Representative images of
separate cells within and at the edge of a swarming colony. Arrows indicate lateral flagella. (B) Western blot analysis with anti-lateral flagellin (1:1,000) polyclonal
antisera of whole-cell preparations of A. brasilense Sp7, AcheY1, AcheY4, AcheY6, AcheY7, and rpoN::Km" mutant strains. Coomassie staining is shown below for
the loading control. (C) Quantitation of relative lateral flagellin levels normalized to levels in the wild type Sp7 strain. Student t-test was used to determine the
significance between Sp7 and mutant strains. (D) Quantitation of the cell lengths of Sp7, AcheY1, AcheY4, AcheY6, and AcheY7 mutant strains grown under
swarming conditions. Student t-test was used to determine significance between Sp7 and mutant strains (***p < 0.005).

swarming and attachment to surfaces. Specifically, we show that
chemotaxis signaling, mediated by the CheY homologs™ activity
studied here, is required for the ability of colonies to expand
within or atop media of varying viscosity, likely in response to
gradients generated by cell metabolism during this movement.
This is similar to findings reported for the role of chemotaxis

in mediating expansion of swarming colonies in gradients in
other dually flagellated bacteria such as Vibrio parahaemolyticus
(Sar et al., 1990), Vibrio alginolyticus (Kojima et al., 2007), and
Rhodospirillum centenum (Jiang et al., 1997). However, this role
for chemotaxis in promoting the expansion of swarming colonies
is not shared by other species, which increased production of
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attachment to abiotic and biotic surfaces and biofim formation.
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FIGURE 8 | Azospirillum brasilense wild type and cheY mutant strains

(Continued)

FIGURE 8 | (A) Quantitation of cell attachment of the Sp7, AcheY1, AcheY4,
AcheY8, and AcheY7 strains labeled carrying pHRGFP, which constitutively
expresses green fluorescent protein (GFP), to glass slides coated with poly-
lysine (*p < 0.05, **p < 0.01, and **p < 0.001). (B) Examples of images of the
Sp7, AcheY1, AcheY4, AcheY6, and AcheY7 cells attached to poly-lysine
coated glass slides. Scale bar is 10 pm. (C) Quantitation of cell attachment of
the Sp7, AcheY1, AcheY4, AcheY6, and AcheY7 strains carrying pHRGFP,
which constitutively expresses GFP, to sterile wheat roots. Student t-test was
used to determine significance between Sp7 and mutant strains (***p < 0.005).
(D) Quantitative biofilm formation by Sp7, AcheY1, AcheY4, AcheY6, and
AcheY7 cells formed in 96 h. Student t-test was used to determine significance
between Sp7 and mutant strains (*p < 0.01 and ***p < 0.005).

a single type of flagella during swarming, such as E. coli
(Burkart et al., 1998) or Bacillus subtilis (Kearns and Losick, 2003).

Functional CheYs appear required for the organization of
cells in clusters that formed behind the moving edge of a
swarming colony in A. brasilense. The cell clusters observed
in the wild type are reduced or absent in the cheY mutant
strains. Our data suggest that the formation of these clusters
contributes to productive swarming in A. brasilense since
swarming is diminished or absent in the chemotaxis cheY
mutants, despite their ability to induce lateral flagella production.
However, we recognize that our experimental design was limited
and that additional mutants and higher-resolution imaging are
needed to conclude on their role during swarming expansion.
We note that these clusters could resemble groups of cells,
named rafts or packs that have been seen in other bacterial
species (Copeland and Weibel, 2009; Partridge and Harshey,
2013). In E. coli and B. subtilis, these rafts move together,
form and reform continuously with collisions leading to
realignment of cells along their long axis and the observation
of swirling motions (Turner et al., 2010). The role of chemotaxis
in mediating cell-to-cell interactions has been previously
demonstrated in several motile bacteria, including A. brasilense
(Bible et al., 2008; Alexandre, 2015), but the exact mechanism(s)
are not known. In E. coli (Burkart et al., 1998) and other
species that use a single type of flagellum for swimming and
swarming, such as B. subtilis (Kearns and Losick, 2003) and
P aeruginosa (Overhage et al., 2008), a basal level of changes
in swimming direction (tumble) triggered by chemotaxis
signaling is required for proficient swarming, though the
tumbling rate is significantly lower than that observed for
free-swimming cells (Partridge et al., 2019). This behavior is
thought to promote side-by-side cell alignments and coordinated
movement of groups of cells within packs as the swarming
colony advances (Partridge et al, 2019, 2020). The lateral
flagella that power swarming in A. brasilense are structurally
different from the polar flagellum, and these differences extend
to flagellar motors composed of distinct proteins. We have
no evidence that the lateral flagella reverse swimming direction
during swarming in A. brasilense or that the CheY homologs
studied here interact with lateral flagella motors. We only have
experimental evidence these CheY homologs control the polar
flagellum rotational bias (Mukherjee et al., 2019). The polar
flagellum is constitutively produced and persists in swarming
cells in A. brasilense (Hall and Krieg, 1983; Borisov et al., 2009),
but its role is unclear. We have not measured motility and
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analyzed the motility bias directly from swarming cells. Therefore,
how the CheY homologs exert their effects on swarming through
control of the polar flagellum rotational bias remains to
be elucidated.

The advancing edge of the A. brasilense swarming colony
suggested it organized as a densely front of cells, similar to
the swarm monolayers described in other bacterial species
(Partridge and Harshey, 2013). The swarm colony’s moving
edge appears to include non-motile cells, similar to observations
made in other bacterial species (Copeland and Weibel, 2009).
The CheY homologs had different effects on this organization:
strains lacking CheY6 and CheY7 formed a sharp front of
densely packed cells, while strains lacking CheY1 and CheY4
formed a less defined front. These strains have different swimming
biases and chemotaxis abilities. These differences could suggest
that the role of CheY in this organization is independent from
their role during chemotaxis. A similar observation was previously
described in E. coli (Burkart et al., 1998). Together, the data
suggest that CheY homologs are somehow required for motility
loss and the formation of an advancing edge of a swarming
colony in A. brasilense.

Our data also indicate that both CheY4 and CheY7 play
a major role in induction of lateral flagella production and
initiation of swarming, with CheY7 being essential for this
function and CheY4 being required for timely induction of
swarming upon surface contact. This is in contrast to
the chemotaxis-independent induction of swarmer cell
differentiation in R. centenum (Jiang et al., 1997) and
V. parahaemolyticus (Sar et al., 1990), which also possess two
types of flagellar systems and somewhat similar to the role
of chemotaxis in inducing swarmer cell differentiation in E.
coli and other species using a single flagellar system for
swimming and swarming. AcheY4 and AcheY7 cells are both
non-chemotactic suggesting that chemotaxis is required for
induction of lateral flagella production and swarming motility.
This effect is unlikely to be directly related to the rotational
bias of the polar flagellum since CheY6 and CheY4 provoke
similar rates of swimming reversals of the polar flagellum
but a strain lacking CheY6 shows a greatest defect in swarming
differentiation (as observed by changes in cell lengths) compared
to a strain lacking CheY4, which swarms at high rates after
a prolonged delay. In A. brasilense, production of the lateral
flagellin (Lafl) which is the major component of the lateral
flagella and required for swarming is induced when rotation
of the polar flagellum is hindered (Moens et al., 1996). An
extracytoplasmic factor (ECF) sigma homolog was recently
shown to be at the top of a regulatory cascade that negatively
regulates lateral flagellin biogenesis in A. brasilense (Dubey
et al., 2020). These findings, together, suggest that some form
of envelope stress may be a triggering signal for induction
of lateral flagella in A. brasilense. If this is the case, then our
findings suggest that CheY7 and CheY4 play essential roles
in this signaling event.

Similar to their role in swarming, our results indicate
that the A. brasilense CheY homologs, but not chemotaxis,
mediate short-term attachment to abiotic surfaces and wheat
roots, with these effects leading to similar changes in initial

biofilm formation. These effects did not correlate with
chemotaxis ability or polar flagellum motor bias. We note
that all chemotaxis mutants have lower swimming speed
compared to the wild type in the absence of a gradient but
they can transiently increase swimming speed in response
to attractants, with the exception of a strain lacking CheY1
which is locked at low speeds (Bible et al., 2012; Mukherjee
et al., 2016, 2019). A lower swimming speed for this strain
would increase its residence time in proximity to surfaces,
which could promote enhanced adhesion for this mutant
relative to the other strains. Several lines of experimental
evidence indicate that chemotaxis signaling regulates
non-chemotaxis functions in A. brasilense, though the
mechanism(s) are not known (Bible et al., 2008; Gullett et al.,
2017; Ganusova et al., 2021). It is thus also possible that
the cheY mutants have different cell surface properties which
would modulate their ability to adhere to surfaces.
Collectively, the data obtained here suggest that multiple
CheY homologs not only fine tune the rotational bias of flagellar
motors and chemotaxis but also promote behaviors that depend
on motility such as swarming and attachment to surfaces.
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A number of bacterial species control the function of the flagellar motor in response to
the levels of the secondary messenger c-di-GMP, which is often mediated by c-di-GMP-
binding proteins that act as molecular brakes or clutches to slow the motor rotation.
The gammaproteobacterium Shewanella putrefaciens possesses two distinct flagellar
systems, the primary single polar flagellum and a secondary system with one to five
lateral flagellar filaments. Here, we identified a protein, MotL, which specifically regulates
the activity of the lateral, but not the polar, flagellar motors in response to the c-di-GMP
levels. MotL only consists of a single PilZ domain binding c-di-GMP, which is crucial
for its function. Deletion and overproduction analyses revealed that MotL slows down
the lateral flagella at elevated levels of c-di-GMP, and may speed up the lateral flagellar-
mediated movement at low c-di-GMP concentrations. In vitro interaction studies hint
at an interaction of MotL with the C-ring of the lateral flagellar motors. This study
shows a differential c-di-GMP-dependent regulation of the two flagellar systems in a
single species, and implicates that PilZ domain-only proteins can also act as molecular
regulators to control the flagella-mediated motility in bacteria.

Keywords: flagella, c-di-GMP, flagellar motor, YcgR, Shewanella, PilZ domain, lateral flagella

INTRODUCTION

Numerous species of bacteria in nature are motile by flagella, which allow them to actively
move toward more favorable environments. Flagella are long helical proteinaceous filaments,
which extend from the cell’s surface and are rotated by the membrane-embedded flagellar motor.
The flagellar motor is an intricate nanomachine, which is powered by ion gradients. Most
flagella depend on HY gradients, but numerous bacteria employ Na™-driven motors (Berg, 2003;
Terashima et al., 2017; Nakamura and Minamino, 2019). Torque is created between the stators,
transmembrane protein complexes attached to the cell wall, which act as ion-specific channels,
and the motor’s C-ring within the cytoplasm. The stators are formed by two proteins, commonly
referred to as MotA and MotB in H'-dependent motors and PomA and PomB in Na*-dependent
motors (Kojima, 2015; Lai et al., 2020).
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The C-ring is located at the cytoplasmic end of the flagellum
and consists of a number of copies of the subunits FliG,
located close to the membrane adjacent to the stators, as well
as FliM and FliN (Francis et al., 1992, 1994; Zhao et al.,
1996). Ion translocation through the stators is thought to
result in conformational changes, which are then translated
into the rotational movement of the C-ring by electrostatic
interaction of the cytoplasmic parts of the stators’ A-subunits
with the C-terminal domain of FliG (for a cartoon of the
flagellar apparatus, see Figure 1A). Most flagellar motors are bi-
directional and allow counterclockwise and clockwise rotations,
which are regulated by one or more associated chemotaxis
systems to allow a directed movement by means of a so-called
random walk (Sourjik and Wingreen, 2012; Bi and Sourjik, 2018).

A fully assembled flagellum consists of numerous proteins,
among which the flagellins, which are the major building blocks
of the filament, may add up to several 10,000 copies (Nakamura
and Minamino, 2019). Depending on the species and motor,
the flagellar rotation rate can reach up to more than 100 Hz,
and each rotation is accompanied by a massive influx of the
corresponding coupling ion (Meister et al., 1987). Thus, the
assembly and operation of a flagellum put a substantial burden
on the cell’s metabolism, and therefore, under some conditions,
such as during biofilm formation or shortage of nutrients, a fast
rotation of the motor may not be advantageous. Accordingly,
flagella formation and activity are highly regulated, and many
bacterial species have developed appropriate systems that, in
addition to chemotaxis systems, enable the cells to control the
activity of the flagellar motor (Subramanian and Kearns, 2019).
Recent studies have demonstrated that some species may even
choose to eject major parts of the flagellum when nutrients are
lacking (Ferreira et al., 2019; Kaplan et al., 2019; Zhu et al., 2019;
Zhuang et al., 2020).

One means to control the activity of the flagellar motors
is through the proteins that act as brakes or clutches to slow
down the flagellar rotation in response to levels of the secondary
messenger molecule c-di-GMP (Brown et al., 2011; Subramanian
and Kearns, 2019). Such motor-affecting proteins have been
identified in several species, e.g., YcgR in Escherichia coli and
Salmonella enterica (Boehm et al., 2010; Fang and Gomelsky,
2010; Paul et al., 2010), MotI (DgrA) in Bacillus subtilis (Chen
etal,, 2012; Gao et al., 2013; Subramanian et al., 2017), and FIgZ in
Pseudomonas species (Martinez-Granero et al., 2014; Baker et al.,
2016; Wirebrand et al., 2018). All these proteins are characterized
by a so-called PilZ domain, which is responsible for binding
the effector molecule c-di-GMP upon which the protein directly
interacts with the components of the flagellar motor to slow
down the rotation. These motor-effector proteins likely function
by interfering with normal rotor-stator interactions. In E. coli,
interaction of YcgR has been mapped to the C-ring proteins
FliG and FliM as well as to the stator protein MotA (Boehm
et al., 2010; Fang and Gomelsky, 2010; Paul et al., 2010; Hou
et al., 2020). MotA has also been demonstrated to be a binding
target of B. subtilis Motl/DgrA, and similarly for Pseudomonas
aeruginosa FlgZ, an interaction with an orthologous stator
protein, MotC, has been shown (Chen et al., 2012; Baker et al,,
2016; Subramanian et al., 2017).

The occurrence of c-di-GMP-dependent motor-regulating
proteins in several different and somewhat unrelated bacterial
species suggests that they represent a common means for
flagellar motor control. However, such functional YcgR-like
motor-effector proteins have not yet been described for species
belonging to the polarly flagellated gammaproteobacteria of
the genus Vibrio, Shewanella, and others. Vibrio cholerae and
Vibrio alginolyticus possess homologs to YcgR, named PlzD
(Pratt et al., 2007; Kojima et al., 2019). VcPlzD has been shown
to specifically bind c-di-GMP and the corresponding binding
site was identified by crystallization (Benach et al., 2007; Pratt
et al., 2007). Overproduction of both V¢PIzD and VaPlzD in the
corresponding species resulted in a negative effect on motility,
however, this effect occurred independently of c-di-GMP binding
(Pratt et al, 2007; Kojima et al., 2019). So far, it remains
unclear by which mechanism Vibrio PlzD affects the flagella-
mediated motility.

In addition, in Shewanella sp., c-di-GMP levels regulate
the flagella-mediated motility. In Shewanella oneidensis
and S. putrefaciens, the multidomain transmembrane
phosphodiesterase PdeB strongly affects the flagella-mediated
swimming in response to the nutrient conditions. Cells lacking
pdeB exhibit a higher overall c-di-GMP concentration and a
drastically decreased spreading through soft agar (Chao et al.,
2013; Rossmann et al., 2019). S. putrefaciens possesses two
distinct flagellar systems, the main Na™-dependent polar system,
which mediates the main propulsion during free swimming,
and screw thread motility through structured environments
which is controlled by the chemotaxis system (Bubendorfer et al.,
2012, 2014; Kiithn et al, 2017, 2018). In addition, depending
on the media conditions, a secondary lateral flagellar system
can be formed, which is powered by H' ions and assists in
the navigation and spreading through structured environments
(Bubendorfer et al., 2012, 2014). We found that, although being
localized to the flagellated cell pole, PdeB regulates the lateral
flagellar system. Part of this effect is explained by a significant
decrease in the lateral flagellar gene expression, but it remains
unclear if and how an elevated c-di-GMP level affects both
flagellar systems also at the posttranscriptional level (Rossmann
et al,, 2019). We therefore set out to identify the potential
c-di-GMP-dependent factors that regulate the motor activity.
Here, we identified and characterized a PilZ-domain protein,
MotL, which lacks the N-terminal domain present in YcgR, Motl,
or FlgZ, and specifically acts on the lateral flagella in dependence
of c-di-GMP.

RESULTS

Identification of a Flagellar Motor

Effector Protein in Shewanella
putrefaciens

To identify the potential c-di-GMP-dependent effectors in
Shewanella putrefaciens, we started with a genomic screen for
homologs of the previously characterized flagellar regulators.
The c-di-GMP-dependent functional regulators of the bacterial
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FIGURE 1 | MotL is a putative c-di-GMP-binding PilZ domain-only protein. (A) Cartoon of the flagellar motor with the major components (filament, hook, and basal
body containing a type Ill export machinery and the flagellar motor). Torque to drive rotation of the Shewanella putrefaciens lateral flagella is created between the
stator subunits (proteins MotA and MotB, blue) and the cytoplasmic C-ring (proteins FliG, FliM, and FIiN, green). OM, outer membrane; PG, peptidoglycan; CM,
cytoplasmic membrane. (B) Organization of the motL gene region in S. putrefaciens, motL is immediately following downstream of the genes motA and motB that
encode the stator subunits. (C) Domain organization of PilZ proteins implicated in the regulation of flagella-mediated motility. See text for details. (D) Alignment of the
PilZ domains of the proteins given in panel (C). The residues critical for c-di-GMP binding are marked above the sequences.

flagellar motors studied so far, E. coli YcgR, Pseudomonas FlgZ,
and B. subtilis Motl, all possess a characteristic c-di-GMP-
binding PilZ domain and an N-terminal domain referred to
as the YcgR domain (Cheang et al., 2019). In S. putrefaciens,
five proteins are annotated as putative PilZ domain-containing
proteins  (Sputcn32_2813, Sputcn32_2815, Sputcn32 2212,
Sputecn32_1553, and Sputcn32_3446). Apart from possessing a
putative PilZ domain, none of these proteins shows noticeable
similarities to YcgR, FlgZ, or Motl at the protein level, and
so far, none of them has been studied in any detail. Notably,
the gene Sputcn32_3446 is located directly downstream of the
secondary flagellar gene cluster, immediately following motA and
motB, which encodes the proton-dependent stator of the lateral
flagellar motor. We therefore hypothesized that this protein may
somehow be involved in the formation and/or activity of the
lateral and, potentially, the polar flagella.

Sputcn32_3446, annotated as a PilZ domain, is located
34 bp downstream of motB and transcribed in the same

direction (Figure 1B). The gene is 435 bp in length and
encodes a protein of 144 aa with an estimated molecular
mass of 16.6 kDa and a theoretical pI of 5.94. The protein
is thus much smaller than YcgR (244 aa), FlgZ (263),
and Motl (217 aa) as an N-terminal YcgR domain is not
present (Figure 1C). The predicted c-di-GMP-binding motifs
(RxxxRhxh, DhSxxG; Galperin and Chou, 2020) are fully
conserved (Figure 1D). The protein is conserved in a number
Shewanella species that possess dual flagellar systems, and
the gene it is always located downstream of motB. Potential
homologs of Sputcn32_3446 are also present in some species of
Aeromonas and Vibrio, but absent from the well-characterized
V. parahaemolyticus and V. alginolyticus, which also possess
two distinct flagellar systems. We henceforth referred to the
protein as MotL, relating to its location within the lateral
flagellar gene operon and its differences to YcgR, FlgZ, and
Motl with respect to the protein sequence and absence of
further domains.
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MotL Binds c-di-GMP

The presence of a potential c-di-GMP-binding site in MotL
suggested that MotL function may be governed by c-di-GMP.
We therefore determined the ability of MotL to bind c-di-GMP
in vitro. To this end, we aimed at the overproduction of MotL
and a corresponding variant bearing alanine substitutions within
all conserved residues in the predicted c-di-GMP binding site
(no c-di-GMP-binding; MotLycg). However, MotL or MotLycp
overproduction and purification was only possible when a fusion
protein was added to the proteins’ N-termini. For the direct
purification from S. putrefaciens, we therefore used a variant
with a sfGFP fused to the MotL N-terminus (sfGFP-MotL
and sfGFP-MotLycg) which was produced from a plasmid.
This fusion protein could be stably produced and purified
(Figure 2A), fully complemented a motL deletion mutant (see
Figure 3A and Supplementary Figure 1) and, therefore, also
allowed later studies on swimming behavior and localization.
MotL and MotLycp fusion proteins were purified directly from
S. putrefaciens, and the binding of radioactively labeled c-di-
GMP to both variants was determined. However, under these
conditions, no significant c-di-GMP binding to MotL was
observed. We hypothesized that c-di-GMP may already be bound
to MotL and, therefore, both protein variants were purified from a
strain also producing the phosphodiesterase (PDE) PdeH, which
has previously been shown to effectively lower the c-di-GMP
levels in S. oneidensis (Thormann et al., 2006). Produced under
these conditions, robust c-di-GMP binding to MotL could be
observed. In contrast, the MotLycp variant was unable to bind
this second messenger (Figure 2B). Based on these findings,
we hypothesized that MotL likely functions in a c-di-GMP-
dependent fashion.

MotL Exclusively Affects Swimming
Mediated by the Lateral Flagella

To determine if MotL has an effect on swimming, we deleted the
corresponding gene from the chromosome. The resultant mutant
cells were then tested for the ability to spread through soft agar as
a measure for the ability of flagella-mediated motility (Figure 3).

FIGURE 2 | MotL is a c-di-GMP-binding protein. (A) Purification of MotL.
Shown is a Coomassie-stained SDS gel after separation of His-tagged
purified GFP, GFP-MotL, and GFP-MotLycg. (B) MotL binds c-di-GMP.
Purified protein was applied to a membrane as indicated and exposed to
radioactively labeled c-di-GMP. Only the MotL with the predicted binding site
is able to bind and retain c-di-GMP.

Loss of motL had no significant effect on the spreading of the
wild-type cells. However, as swimming motility of S. putrefaciens
through soft agar is synchronously mediated by both the main
polar and secondary lateral flagella (Bubendorfer et al., 2012,
2014), potential effects on only one of the systems may be
masked. We therefore introduced the motL deletion into strains
in which the flagellin-encoding genes of the polar (AflaAB;) or
lateral (AflaAB,) systems were deleted, so that these strains only
produce one type of functional flagella. Spreading of cells with
only the polar flagellum through soft agar was not affected in
the absence of MotL. In contrast, cells that only possessed the
lateral flagella showed a significant increase in spreading, and this
effect could be complemented by the reintegration of motL or
sfgfp-motL into its native gene locus (Figure 3A). To determine
if the increase in spreading may be caused by an increase in the
number of lateral flagella, we introduced the motL deletion into
a strain in which the lateral flagellar hook structures-as a proxy
for an established lateral flagellar system-can be labeled by the
coupling of a fluorescent dye to the major hook protein FIgE,
(FlgEa1242¢). Visualization and quantification of the number of
cells with lateral hooks by fluorescent microscopy revealed that
the population of flagellated cells slightly decreased in the absence
of MotL from about 33 to about 26% (Figure 3C). Thus, the
enhanced spreading in soft agar in AmotL mutants is not due to
an increase in flagellation. As previous studies showed that the
lateral flagellar system is not controlled by the chemotaxis system
of S. putrefaciens (Bubendorfer et al., 2012, 2014), an effect of
MotL on navigation in cells motile by only lateral flagella was also
ruled out.

As the deletion of MotL had a positive effect on the
spreading of the S. putrefaciens cells with lateral flagellar
systems, we hypothesized that overproduction may have the
opposite effect. We therefore produced (sfGFP)MotL from a
plasmid and determined its effect on spreading (Figure 3B).
As expected, overproduction of MotL negatively affected the
spreading of the wild-type (—15%) and lateral flagella-only
cells (—27%), while cells with only the polar flagella exhibited
a minor decrease (—4%) in spreading. We have previously
observed that the addition of the inducer anhydrotetracycline
hydrochloride (AHT) has a negative effect on the flagella-
mediated motility due to a yet unknown mechanism (Brenzinger
et al,, 2018), which may account for the reduction in the
spreading seen for the latter strain. We therefore concluded
that MotL specifically acts as a regulator on the lateral
flagella function.

MotL Controls the Activity of the Lateral
Flagella in Response to c-di-GMP

The gain of the lateral flagella-mediated spreading on soft
agar upon loss of MotL and the observed c-di-GMP binding
by this protein strongly suggested that MotL acts as a c-di-
GMP-dependent regulator, such as a brake or clutch, on the
lateral flagellar motors. To further investigate this, (GFP)MotL
or (GFP)MotLncp were ectopically produced in a S. putrefaciens
strain only capable of forming the lateral, but not the polar,
flagella (AflaAB;). To determine the direct effect of MotL on the
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FIGURE 3 | MotL affects the S. putrefaciens lateral, but not the polar, flagella. (A) Flagella-mediated spreading through soft agar after deletion (and
complementation) of motL. The corresponding background strains had both the polar and lateral flagella (gray), only one each [AP lacking the polar filament (red);
AL lacking the lateral filament (blue) or no flagella (green) as indicated by the cartoon cells above the bars]. The white cross bands indicate the strains in which motL
was deleted, black cross bars indicate the strain bearing gfo-motL. (B) Lateral flagella-mediated spreading upon ectopic overproduction (OE) of GFP-MotL and the
corresponding mutant not binding c-di-GMP (GFP-MotlLycg). EVC, empty-vector control. (A,B) are the results of three independent experiments. The bars with the
asterisks indicate significant differences according to ANOVA. (C) Effect of motL deletion on the presence of lateral hooks as a proxy for the number of functional
lateral flagella in cells growing exponentially in the LB medium. See text and methods for the hook staining procedure. The numbers are deduced from observing 430

continuity correction.

cells for WT and 431 for motL deletion in four independent experiments. The difference is not significant according to the Pearson’s Chi-squared test with Yates’

performance of the lateral motor, we measured the speed of free-
swimming cells upon MotL overproduction by cell tracking using
light microscopy (Figure 4). The velocities of a strain harboring
the vector control (only producing sfGFP) showed a wide speed
distribution from about 10 to about 60 wm s~ ! with most cells
exhibiting a speed between 10 and 40 pwm s~ ! (Figure 4A and
Supplementary Figure 3A). For the cells overproducing MotL,
the subpopulation of the slow swimming cells (in particular,
between 10 and 30 um s~ !) increased, and the average speed
dropped significantly from 24 to 19 pm s~!. In contrast, the
speed distribution of cells producing the MotLycp variant was
highly similar to that of the control strain, suggesting that c-di-
GMP binding is required for MotL function.

In the next set of experiments, we therefore determined the
effect of high or low c-di-GMP levels on the role of MotL
in regulating the lateral flagella function (Figure 4B). To this
end, we produced MotL together with the phosphodiesterase
PdeH from E. coli or the diguanylate cyclase DgcA (VCA0956)
of Vibrio cholera. Both proteins have previously been shown
to decrease or increase the intracellular level of c-di-GMP in
the closely related S. oneidensis (Thormann et al., 2006). To
first rule out that the effect of the different c-di-GMP levels
on swimming by lateral flagella was mainly due to the effects
and mechanisms not mediated by MotL (such as differences
in the lateral flagellar gene expression), pdeH or dgcA were
first expressed in the laterally-only flagellated S. putrefaciens
cells, in which motL was deleted, and the spreading of the

strains in soft agar was determined (Supplementary Figure 3C).
Production of PdeH resulted in an increase in spreading of
about 30% while DgcA production lowered the spreading to
about 80%. In addition, the swimming speeds of the cells were
recorded. In contrast to the spreading phenotype, expression of
dgcA had almost no effect on the swimming speed of the cells
compared to those of the cells bearing the empty vector control
(Supplementary Figures 2A,B). Expression of pdeH resulted in
a slight shift toward faster cells, but the increase was rather
minor (Supplementary Figures 3A,B). The results show that
production of a diguanylate cyclase (DGC) or a PDE has a
notable effect on spreading in soft agar while the swimming
speed itself is affected rather little. Thus, other factors than
MotL also contribute to the lateral flagella-mediated swimming
in dependence of c-di-GMP levels, which is particularly evident
in structured environments such as soft agar but less so in the
performance of the lateral motors.

In a strain co-producing DgcA and (sfGFP)MotL (high levels
of c-di-GMP), the average speed and speed distribution of the
cells was similar to that of the cells producing sfGFP-MotL alone
(24 versus 26 um s~ !; Figure 4B; Supplementary Figures 3A,B),
while spreading through soft agar was decreased by about
30% (Supplementary Figure 2C). This strongly suggested that
under the conditions applied (exponential planktonic growth
in complex media), a further increase of the c-di-GMP levels
within the cells is not relevant for the activity of MotL for free
swimming. Thus, the observed diminished spreading through
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soft agar caused by a higher c-di-GMP level is unlikely to
be directly mediated by MotL. In sharp contrast, the velocity
distribution of the cells at low c-di-GMP levels (MotL co-
produced with PdeH) was drastically shifted toward a higher
speed (Figure 4B and Supplementary Figures 3A,B) with an
average speed of 50 jum s~!. In addition, the spreading in soft
agar doubled compared to that of the strain expressing MotL
alone (Supplementary Figure 2C). Taken together, the data
strongly indicate that MotL specifically regulates the activity of
the lateral flagellar in response to low c-di-GMP levels.

MotL Does Not Affect the Lateral Motor

Function via the FIliL Levels

In the following, we aimed at understanding the mechanism
by which FliL mediates its function of the lateral flagellar
motor. Previously, another stand-alone PilZ-domain protein,
DgrA, had been demonstrated to affect the flagella-mediated
swimming in Caulobacter crescentus (Christen et al., 2007). In this
study, the authors hypothesized that DgrA acts via the flagellar
motor protein FliL, as upon the overproduction of DgrA, FliL
protein levels were significantly decreased. To determine if MotL
functions by a similar mechanism, we quantified the effect of
MotL levels on those of the lateral flagella FliL,. To allow the
detection of FliL,, the corresponding gene was replaced at its
native locus by a mutant version encoding a C-terminal FLAG-
tag. Subsequent analysis showed that the tagged version of MotL
was stably produced and fully supported the secondary flagella-
mediated spreading in soft agar. Absence or overproduction of
MotL did not affect the FliL; levels (Figure 5A), suggesting that
MotL has a different mode of function as a flagellar regulator.

MotL May Directly Interact With the
Components of the Lateral Flagellar

Motors

The in vivo function of MotL as a regulator of the lateral
flagella function suggested that MotL, as other PilZ-domain
flagellar brakes or clutches, directly or indirectly interacts with

the components of the lateral flagellar motors. We therefore
performed localization studies by fluorescence microscopy to
determine whether fluorescently tagged MotL may interact with
the flagellar basal bodies or with the freely diffusing MotAB stator
units not engaged in the flagellar motor.

To visualize the general localization, we used the strain
harboring the sfGFP-MotL-encoding hybrid gene in the
chromosome replacing native motL. Co-localization with
the lateral flagellar components was performed in strains in
which the C-ring protein FliM; or the stator component MotB
were additionally labeled by mCherry. In addition, the fused
MotL protein was overproduced from a plasmid, and/or the
cellular levels were increased by the (co-)production of the
phosphodiesterase PdeH or the diguanylate cyclase DgcA.
However, under no conditions a distinct localization of sfGFP-
MotL occurred, and the protein, if present, was always diffusively
localized within the cytoplasm (Supplementary Figure 4).

In the next step, we performed studies on the direct
interactions between MotL and components of the flagellar
motor. To this end, we conducted a bacterial two-hybrid
(BACTH) analysis for the potential interactions between MotL
and MotLycp on one side, and the C-ring components FliG,,
FliM,, and FliN;, and the stator-forming subunits MotA and
MotB on the other side (see cartoon of the flagellar motor in
Figure 1A). To this end, all above-mentioned proteins were
produced in an appropriate E. coli strain at high or low levels
as N- or C-terminal fusion to the T18 and T25 fragments of
an adenylate cyclase from Bordetella pertussis, which are non-
functional when separate. However, interaction of two fusion
proteins leading to a close proximity of the T18 and T25
fragments results in the formation of an active adenylate cyclase
and raising the cAMP levels, which can be readily visualized
on an appropriate media. In this assay, MotL and MotLycp did
not exhibit any interactions with any of the C-ring or stator
components (data not shown).

As a third approach to determine a potential interaction of
MotL with the flagellar motor, we performed in vitro pull-down
assays with purified MotL and components of the C-ring of the
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asterisks indicate the position of FliM2 and red asterisks indicate those of GST-NC.

lateral flagella (Figure 5B). To this end, MotL was produced and
purified as an N-terminal glutathione-S-transferase (GST) fusion
to be used as bait. Under the conditions tested, purified FliG, as
well as FliM; and FliN, showed binding to MotL, while GST did
not display any binding to these C-ring components, which may
potentially hint at a functional interaction between MotL and the
flagellar motor.

DISCUSSION

For several bacterial species, c-di-GMP has been shown to affect
the flagella-mediated motility at the level of motor function by
c-di-GMP-binding regulator proteins. Here, we show that in
S. putrefaciens, such a regulator protein specifically tunes the
activity of the lateral, but not the polar, flagellar system. This
regulator, now referred to as MotL, basically consists of a single
PilZ domain, which has previously been shown to be involved in
c-di-GMP binding and, which, accordingly occurs in a number of
c-di-GMP-dependent effector proteins (Amikam and Galperin,
2006; Cheang et al., 2019).

We showed that MotL binds c¢-di-GMP and that binding
of this second messenger affects the MotL function, suggesting
that rising levels of c-di-GMP decrease the flagella rotation.
However, when MotL was produced together with the DGC
DgcA, the effect on the swimming speed provided by the lateral
flagella was surprisingly small. As we have previously shown that
DgcA is an active DGC in Shewanella (Thormann et al., 2006)
and spreading in soft agar was noticeably reduced upon DgcA
production (Supplementary Figures 2C,3C), we assume that
DgcA actually raises the level of cellular c-di-GMP. This suggests
that the level of c-di-GMP in S. putrefaciens under the conditions
used for the swimming assays was already sufficiently high to
achieve the maximum effect of MotL on the flagellar motors.
This hypothesis was corroborated by the finding that c-di-GMP
binding to MotL in vitro was only achieved when the protein was
purified from an S. putrefaciens strain in which the PDE PdeH
was additionally produced. The effect of DgcA production on

spreading in soft agar may thus be rather due to other c-di-GMP-
mediated processes such as the downregulation of the lateral
flagella and activation of adhesion factors (Rossmann et al., 2019).
In contrast, we found a huge effect of MotL on the lateral motors
at a low ¢-di-GMP concentration, where the cells moved at an
even higher speed as under the same conditions in the absence of
MotL and exhibited a massive increase in spreading. This finding
suggests that MotL may not only slow down flagellar rotation but
may also speed up swimming mediated by the lateral flagella in
response to lower c-di-GMP levels. Generally, marine bacteria,
among them, S. putrefaciens, have been reported to accelerate to
a higher speed in the presence of various amino acids (Barbara
and Mitchell, 2003). This process, referred to as chemokinesis,
enhances the chemotactic precision as shown for V. alginolyticus
(Son et al.,, 2016). The underlying mechanism is yet unknown,
and it is also unclear if another protein component is required,
e.g., for rotor-stator stabilization, and if MotL may play a role
in this process.

The mechanism by which MotL affects the lateral flagella
motors remains elusive so far. Several of the c-di-GMP-
dependent flagellar motor effectors have been studied in more
detail, namely YcgR of E. coli and Salmonella, Motl (formerly
YpfA or DgrA) in B. subtilis, and FIgZ in Pseudomonas. Motl
and FlgZ are thought to predominantly or even exclusively
function through interactions with stator units to inhibit proper
rotor-stator interactions. Motl (YpfA) was shown to interact
with the stator subunit MotA in the BACTH analysis, by
the co-purification of MotA with an ectopically overproduced
Motl (YpfA), identification and analysis of suppressor mutants
in MotA, and localization pattern of fluorescently labeled
Motl (Chen et al., 2012; Subramanian et al.,, 2017). Similarly,
P. aeruginosa FIgZ was demonstrated to interact with the stator
subunit MotC by the BACTH analysis and co-precipitation
experiments (Baker et al., 2016). MotCD is the stator that
is employed by P. aeruginosa during swarming motility. No
interaction was found with any of the tested C-ring components
and, notably, also none with the subunits of the second stator
system MotAB, which inhibits swarming and rather promotes

Frontiers in Microbiology | www.frontiersin.org 81

June 2021 | Volume 12 | Article 668892


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Pecina et al.

MotL as Flagellar Regulator

free swimming motility (Doyle et al., 2004; Toutain et al., 2005).
Also, fluorescence microscopy on the fluorescently labeled FlgZ
showed the expected localization to the single polar flagellar
motor in swarming cells. Thus, in P. aeruginosa, FIgZ regulates
swarming motility in dependence of c-di-GMP levels likely by
specifically uncoupling the MotCD stator from the motor.

In contrast, flagellar motor regulation by YcgR of E. coli
and Salmonella does involve both the flagellar stators as well as
the flagellar C-ring. Forster resonance transfer studies revealed
a c-di-GMP-dependent interaction with the MotAB stator and
suppressor mutants in MotA were isolated (Boehm et al,
2010). In addition, FliG and FliM could be co-isolated with
overproduced YcgR (Fang and Gomelsky, 2010; Paul et al.,
2010), and BACTH studies suggested a direct interaction of YcgR
with FliG and FliM (Fang and Gomelsky, 2010). Furthermore,
mutations in FliG and FliM affected YcgR binding and inhibition
of motility, and the localization of YcgR-GFP as punctae was
shown to depend on the presence of FliG and FliM (Paul et al,,
2010). Notably, the general interaction of YcgR with the flagellar
C-ring appears to be independent of c-di-GMP binding (Fang
and Gomelsky, 2010; Paul et al., 2010). Accordingly, a recent
study provides evidence that YcgR functions at the interface
between MotA and FliG to slow down the flagellar rotation (Hou
et al., 2020). In addition, to act as the uncoupler of flagellar rotor
and stator, YcgR has been proposed to also regulate chemotaxis
by affecting the counterclockwise-clockwise bias of the flagellar
motor (Girgis et al., 2007; Fang and Gomelsky, 2010; Paul et al.,
2010).

Notably, in contrast to YcgR and other motor regulating
proteins, MotL consists of only a PilZ domain. Studies on
crystal structures of YcgR-like proteins, Motl, PlzD, and PP4397,
showed that for these proteins, c-di-GMP binding involves both
the PilZ as well as the N-terminal YcgR domains. This leads
to an extensive conformational change, which is assumed to
enable the functional interaction (Benach et al., 2007; Ko et al.,
2010; Subramanian et al., 2017). Accordingly, the N-terminal
domain of YcgR has been suggested to be important for the
specificity of YcgR-FliG interactions (Fang and Gomelsky, 2010).
However, as MotL does not possess such an N-terminal YcgR
domain, interaction with its target protein has to occur in a
different fashion. Single PilZ-domain proteins, such as MotL, are
thought to serve as c-di-GMP adaptors to control target systems
(Christen et al., 2007; Cheang et al., 2019). Even in the absence
of a YcgR domain, our in vitro assays hint at an interaction
of S. putrefaciens MotL and FliG, FliM, and FliN of the lateral
flagella (see Figure 1A), and we thus suggest that MotL functions
include an interaction with the C-ring of the lateral flagellar
motors, e.g., by directly or indirectly altering the rotor-stator
interactions. Although we were unable, so far, to demonstrate
the in vitro or in vivo interactions of MotL and the MotAB
stator, we cannot rule out the possibility that the regulatory MotL
function includes a (transient) binding to MotA or MotB, e.g.,
to weaken or to strengthen the rotor-stator interactions. Further
studies are required to elucidate if MotL acts on the flagellar
motor directly via FliG and/or the MotAB stators upon c-di-GMP
binding and if this involved further factors. A direct effect of
MotL on chemotaxis is rather unlikely, as previous studies have

indicated that the lateral flagellar motors of S. putrefaciens are not
responding to the chemotaxis system (Bubendorfer et al., 2012,
2014). However, as the lateral flagella affect the turning angles
of the cells during the reorientation events (Bubendorfer et al.,
2014), an indirect effect on cell navigation is conceivable.

In addition to MotL, other PilZ domain-only proteins have
been implicated in the regulation of the flagella-mediated motility
(see Figure 1C). The single PilZ domain protein DgrA was
shown to be a c-di-GMP-dependent negative regulator of the
flagella-mediated motility in C. crescentus (Christen et al., 2007),
although the overall homology to the PilZ domains of other
flagellar regulators is rather small. The mechanism by which
DgrA exerts this control remains obscure so far, but it is suggested
to occur via the levels of the motor protein FliL, which we
have shown to be not the case for MotL. In addition, also in
Sinorhizobium meliloti, a PilZ domain-only protein, McrA, has
been demonstrated to negatively affect swimming in dependence
of ¢c-di-GMP binding, however, also for McrA, the mechanism
is still unsolved (Schiper et al., 2016). Thus, MotL/DgrA/McrA-
like flagellar motor regulators may be common among bacteria
but further studies are required to determine their exact
underlying mechanism.

MATERIALS AND METHODS

Bacterial Strains, Growth Conditions,
and Media

Bacterial strains used in this study are summarized in
Supplementary Table 1. Shewanella putrefaciens CN-32 (CN-
32) strains were cultivated at 30°C in LB, and E. coli strains
were cultured at 37°C in LB. When appropriate, media were
supplemented with 50 g ml~! of kanamycin, 40 ng ml~! of
anhydrotetracyclin, 10% (w/v) sucrose, or 1.5% (w/v) agar. Soft
agar plates were prepared with LB and 0.3% (w/v) agar, and
when necessary, 50 jLg ml~! of kanamycin and 40 ng ml~! of
anhydrotetracyclin was added. E. coli WM3064 cultures were
supplemented with 2,6-diamino-pimelic acid (DAP) to a final
concentration of 300 WM.

Strain and Vector Constructions

Bacterial strains and plasmids used in this study are listed
in Supplementary Tables 1 2. Construction of Plasmids was
performed using the method of Gibson assembly (Gibson
et al, 2009). The corresponding oligonucleotides (Sigma-
Aldrich, Taufkirchen, Germany) used for cloning are listed
in Supplementary Table 3. All kits for preparation and
purification of nucleic acids (VWR International GmbH,
Darmstadt, Germany) and enzymes (Fermentas, St. Leon-Rot,
Germany) were used according to the standard manufacturers’
protocols. In-frame deletions or chromosomal integration of
fusions in S. putrefaciens CN-32 were generated using the suicide
vector pNTPS-138-R6K as previously described (Lassak et al.,
2010). Plasmids were transferred into S. putrefaciens cells via
conjugation using E. coli WM3064 as a donor. To generate
markerless in-frame deletions, 500-700 bp fragments flanking
the target gene were amplified and fused to create a deletion
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leaving only eight codons of the 5- and 3'-termini of the
corresponding gene. To complement the deletion mutant, full-
length motL was reinserted into its native chromosomal position.
To generate a c-di-GMP-insensitive version of MotL, the highly
conserved c-di-GMP-binding residues in the PilZ domain (R29A;
R33A; D73A; S75A; and G78A) were substituted by alanine,
and the resulting protein was named MotLycg (for no c-di-
GMP-binding). For N-terminal fluorescent fusions the genes of
motL (or motLycp) and mcherry (or sfgfp) with a flexible GSGS
linker-encoding sequence between these genes were re-integrated
into the appropriate deletion strains. In order to overproduce a
fluorescent version of MotL (or MotLycg), the vector pPBTOK
(Rossmann et al., 2015) with the same GSGS linker between the
protein and fluorescent tags was used.

Fluorescence Microscopy

Strains were cultivated overnight in the LB medium and sub
cultured the next day until they reached the exponential growth
phase (ODggp = 0.2-0.3). Then, 5 pl of culture were spotted
on an agarose pad [PBS buffer solified with 1% (w/v) agarose].
Fluorescence images were acquired using a Leica DMI 6000 B
inverse microscope (Leica, Wetzlar, Germany) equipped with an
SCMOS camera (Visitron Systems, Puchheim, Germany) and
a HC PL APO 100x/1.4 oil PH3 objective. Image processing
and analysis was carried out using the Image]J-based Fiji tool
(Schindelin et al., 2012).

Hook Stain

Fluorescent staining of lateral hook structures (FIgE;-Cys)
(Schuhmacher et al., 2015) were prepared as previously described
(Guttenplan et al., 2013; Rossmann et al., 2015) using Alexa Fluor
488-maleimide (Molecular Probes, Life Technologies) or iFluor
568-maleimide (AAT Bioquest) for staining.

Motility Assays

Determination of Swimming Speed

Cells of CN-32 strains from overnight cultures were sub
inoculated in 10 ml of LB with an ODggg of 0.05. After reaching
the exponential growth phase (ODgpo = 0.2-0.3), a 100 pl aliquot
was placed under a coverslip fixed by four droplets of silicone
(baysilone, VWR International GmbH, Darmstadt, Germany) to
generate a space of 1-2 mm width. Movies of 120 frames were
taken at room temperature with a Leica DMI 6000 B inverse
microscope (Leica, Wetzlar, Germany) equipped with an SCMOS
camera (Visitron Systems, Puchheim, Germany) and a HCX PL
APO 100x/1.4 objective. The speed of at least 500 cells per
strain was quantified using the MTrack]J plugin of Fiji (Meijering
et al., 2012). Significance was tested using ANOVA (p = 0.05) in
R version 3.0.1.

Spreading on Soft-Agar Plates

Spreading ability in semi-solid environments was analyzed by
placing 4 pl of an exponentially grown planktonic culture on
soft agar plates [LB supplemented with 0.3% (w/v) agar and,
if applicable, 50 ug ml~! of kanamycin and 40 ng ml~! of
anhydrotetracyclin) followed by an incubation period of 24 h
at room temperature. Strains that were to be directly compared

were always placed on the same plate. Plates were scanned for
documentation using an Epson V700 Photo Scanner.

Western Blotting

Production and stability of proteins fused to a fluorophore
were determined by immunoblot analysis. Protein lysates
were prepared from exponentially growing cultures and
uniformly adjusted to an ODgyy of 10. Protein separation
and immunoblot detection were carried out as previously
described (Bubendorfer et al., 2012; Binnenkade et al., 2014)
using polyclonal antibodies raised against the FLAG-tag (Sigma-
Aldrich/Merck, Darmstadt, Germany). Signal detection was
carried out using the SuperSignal® West Pico Chemiluminescent
Substrate (Thermo Scientific, Schwerte, Germany), and was
documented using a FUSION-SL chemiluminescence imager
(Peqlab, Erlangen, Germany).

In vitro Interaction Studies on MotL and
the Flagellar C-Ring

Protein Purification

The protein constructs of interest (with either His or GST tags)
were overproduced in E. coli BL21 (DE3) competent cells. Cell
cultures were grown in the LB medium at 30°C overnight,
and shaken at 180 rpm. 1% (w/v) lactose monohydrate was
used for induction. Cells were harvested, lysed by microfluidizer
(M110-L, Microfluidics), and centrifuged to pellet cell debris. The
supernatant was then loaded onto a GE Healthcare HisTrapFF
affinity column (for His-tagged proteins) or a GSTrap affinity
column (for GST-tagged proteins). For the His-tagged proteins,
the lysis and wash buffer contained 20 mM HEPES pH 8.0,
250 mM NaCl, 20 mM KCl, 20 mM MgCl,, and 40 mM imidazole,
while the imidazole concentration in the elution buffer was
increased to 500 mM. For the GST-tagged proteins, the lysis
and wash buffer contained 20 mM HEPES pH 7.5, 200 mM
NaCl, 20 mM KCI, 20 mM MgCl,, and the elution buffer
additionally contained 50 mM Tris-HCl pH 8.0 and 20 mM
of L-glutathione. After elution, the protein was purified by
size exclusion chromatography (SEC) using an S200 Sepharose
column and GE Lifesciences AKTA Prime and Purifier systems.
After purification, the proteins were concentrated using the
Amicon Ultra-15 spin concentrators (10 kDa cutoft point) and
flash-frozen to be used in in vitro GST pulldown assays.

In vitro GST Pulldown Assays

The assays were performed using spin columns from the
company MobiTec. After assembly of the columns, 500 pL of
GST-pulldown buffer (20 mM HEPES pH 7.5, 200 mM NaCl,
20 mM KCl, 20 mM MgCl,, and 0.6 oM Tween20) was added
into each column, and then 30 pl of resuspended bead slurry
was pipetted in (GST-Sepharose beads). The resulting suspension
was centrifuged for 1 min at 4,000 rpm to wash the beads, which
were then resuspended in 500 LL of the GST-pulldown buffer.
The beads were exposed to 1 nmol of a GST-tagged protein,
incubated with the protein on a rotation machine for 15 min and
centrifuged under the same conditions as above. The interaction
partner protein was then added (10 nmol), and incubation period
on the rotation machine was carried out for 30 min. The sample
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was centrifuged again and then washed three times with 500 pl of
the GST-pulldown buffer. The elution was carried out with 40 pl
of the GSH elution buffer (containing 50 mM Tris-HCl pH 8.0
and 20 mM L-glutathione). The samples were then analyzed by
the SDS-PAGE gel separation and staining.

Bacterial Two-Hybrid Assays

To determine the potential interaction between MotL and
proteins of the lateral flagellar motor, we used a bacterial two-
hybrid (BACTH) system (Euromedex) essentially as previously
described (Karimova et al., 1998, 2005). The proteins of interest
were genetically fused N- and C-terminally to the T25 and
T18 fragments of the adenylate cyclase catalytic domain from
B. pertussis. If an in vivo interaction of the fusion proteins
occurs, the two adenylate cyclase fragments T18 and T25 will
come into a sufficiently close proximity to become active and
produce cAMP. The according hybrid genes were assembled
in the expression plasmids pKT25, pKNT25, pUTIS8, and
pUT18C. Appropriate plasmid pairs were co-transformed in
E. coli BTH101, which lacks adenylate cyclase activity. The cells
were grown and plated on LBampkm plates containing isopropyl
p-D-1-thiogalactopyranoside (IPTG; 0.5 mM) for induction
of protein production and 5-bromo-4-chloro-3-indolyl B-D-
galactopyranoside (X-Gal; 40 jLg ml~!) and for simple detection
of adenylate cyclase activity. The plates were incubated for 48 h at
30°C, and protein interaction was scored by the blue coloration
of the corresponding colonies. The empty plasmids were used as a
negative control while the plasmid pair pKT25-ZIP and pUT18C-
ZIP served as a positive control, and both were present on any
assay plate.

c-di-GMP Binding Assays

Enrichment of MotL Variants by Magnetic Beads
Pulldown

GFP-tagged variants of MotL were directly isolated from
S. putrefaciens CN-32 cell lysate through protein-protein
interaction with GFP-Trap_MA beads (ChromoTek GmbH,
Planegg, Germany). Cells were cultivated overnight in the LB
medium containing 50 g ml~! kanamycin and sub cultured
and induced with 40 ng mI~! anhydrotetracyclin the next day.
The entire culture was harvested after reaching an ODggp = 1
and the immunoprecipitation was carried out according to the
manufacturer’s protocol.

Production of Radioactively Labeled c-di-GMP

Radiolabeled ¢-di-GMP was synthesized from [a32-P]-
GTP (Hartmann Analytik, Germany) by the mutated
diguanylatecyclase WspR (R242A) as previously described
(Sambanthamoorthy et al., 2012; Srivastava and Waters, 2015).
For the heterologous production of WspR (R242A), E. coli
BL21 (DE3) (New England Biolabs, Frankfurt, Germany) cells
harboring the applicable pET24C overexpression plasmid were
grown at 37°C in the LB medium containing 50 pg ml~!
kanamycin to an ODggp = 0.3. Then, the cells were induced
with D-(+4)-lactose-monohydrate (12.5 g1~!') and incubated
overnight at 15°C. The entire culture was harvested and

the cell pellet was resuspended in buffer A [50 mM Tris-
HCl, 250 mM NaCl, 25 mM KCl, 5 mM MgCI2, 0.5 mM
dithiothreitol (DTT), 0.01% sodium azide, 5% glycerol,
and 40 mM imidazole] and lysed by sonification (Bandelin
Sonoplus). After centrifugation (20,000 rpm, 30 min, 4°C),
the supernatant was filtered and loaded on a 5-ml HisTrap
column (GE Healthcare), equilibrated with five column
volumes (CV) of buffer A. The column was washed with
5 CV of buffer A before the protein was eluted with 5 CV
of buffer B (buffer A with an imidazole concentration
of 300 mM). Protein concentration was determined by
spectrophotometry (NanoDrop Lite, Thermo Scientific) and
the proteins were used immediately or stored for a short time
at 4°C.

Binding Assays

For binding assays, 1.5 pM of the appropriate protein was
incubated together with 2 pul of radiolabeled c-di-GMP or GTP
in a binding buffer (5 mM Tris-HCI, 12.5 mM NaCl, 2.5 mM
MgCl,; and final volume of 50 pl) for 5 min at RT before 10 1
were spotted on a nitrocellulose membrane (in triplicates). After
drying, the membrane was washed three times with the binding
buffer, tried, and exposed on phosphorimaging screens (Bio-Rad)
and analyzed with the 1D-Quantity One software (Bio-Rad).
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How Can a Histidine Kinase Respond
to Mechanical Stress?

Linda J. Kenney*

Department of Biochemistry and Molecular Biology, University of Texas Medical Branch, Galveston, TX, United States

Bacteria respond to physical forces perceived as mechanical stress as part of their
comprehensive environmental sensing strategy. Histidine kinases can then funnel diverse
environmental stimuli into changes in gene expression through a series of phosphorelay
reactions. Because histidine kinases are most often embedded in the inner membrane,
they can be sensitive to changes in membrane tension that occurs, for example,
in response to osmotic stress, or when deformation of the cell body occurs upon
encountering a surface before forming biofilms, or inside the host in response to shear
stress in the kidney, intestine, lungs, or blood stream. A summary of our recent work that
links the histidine kinase EnvZ to mechanical changes in the inner membrane is provided
and placed in a context of other bacterial systems that respond to mechanical stress.

Keywords: mechanosignaling, lipid allostery, EnvZ, histidine kinase, nanodiscs, catch bonds, mechanosensitive
channels, biofilms

INTRODUCTION

Bacteria are sensitive to physical forces and experience them as part of their environmental sensing
strategies, for example during growth and elongation, cell division or cell envelope remodeling, or
as they adhere to a surface in order to form biofilms, and as they experience shear stress during
colonization and infection as pathogens [see Harper and Hernandez (2020) for a recent review].
Although bacteria have long been known to be sensitive to their mechanical environment (Koch
et al., 1982), understanding the effects of physical forces on bacterial physiology has been limited
by their small size (~ 1 wm). Herein, I first summarize some well-characterized examples of force
effects on bacterial systems (Figure 1) and then describe some recent advances in understanding
the effects of membrane tension and lipids on bacterial two-component signaling systems, with an
emphasis on the EnvZ/OmpR two-component signaling system.

BILAYER-MEDIATED GATING OF MECHANOSENSITIVE
CHANNELS

Effects of membrane tension are probably best described on mechanosensitive channels, in which
the bilayer mediates channel gating. The major mechanosensitive channels MscS, MscL protect
bacteria from hypoosmotic shock [see Kung et al. (2010) for a review]. When cells experience a
hypoosmotic downshift, mechanosensitive channels act as emergency valves to release cytoplasmic
solutes to enable a rapid decrease in osmolality (Levina et al., 1999). Mechanosensitive channels
directly interact with the membrane phospholipids (Nomura et al., 2012), and are gated in response

Abbreviations: HK, histidine kinase; RR, response regulator; HDXMS, amide hydrogen deuterium exchange
mass spectrometry.
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tuberculosis. The channel monomer (left) is composed of two a-helical TM domains, TM1 and TM2; cytoplasmic N- and C-terminal domains; and a central periplasmic
loop. The five TM1 domains form a tightly packed bundle funneling to a hydrophobic constriction, functioning as the gate (right). (i) Three-dimensional reconstruction
of the pentameric MscL of E. coli viewed in the plane of the membrane (top) and from above (middle). The channel is shown in its closed (left) and open (right) states.
In the top row, lipid phosphate headgroups are shown as gray balls to indicate the outer and inner borders of the membrane. The extent of rearrangement of a single
MscL subunit from the closed to the open conformation is depicted at the bottom. Membrane tension flattens MscL in the direction of the pore axis due to an
increased tilt in the TM1 and TM2 helices. Closed and open structures of MscL (middle) are superimposed on the open channel structure (depicted in gray). TM,
transmembrane. Reprinted with permission from Kung et al. (2010). (B) Catch-bond mechanism of FimH-mediated cell adhesion. (i) In the absence of tensile
mechanical force, formation of the FimH-Uroplakin 1a (UPla) complex comprises the highly dynamic transition of the Agree 10 the Apound State. Dissociation of the
receptor from the FimH lectin domain in the Apound State is promoted via dynamic allostery by the pilin domain that acts as a negative allosteric regulator. (i) Shear
force increases the population of the Spound State of FimH, in which the pilin and lectin domains are separated. The dissociation of Spound Under shear force is slowed
down up to 100,000-fold compared with Apeund. The indicated rate constants and half-lives correspond to the interaction between FimH™'8 and the model ligand HM.
Rate limiting reactions are indicated by solid arrows, and fast, non-limiting reactions by dashed arrows. Reprinted with permission from Sauer et al. (2016).

conformation (Iscla et al., 2008), exquisitely coupling membrane
dynamics to channel open or closed states (see Figure 1A), as first
suggested by Segrest et al. (1974).

to changes in membrane tension. Reconstitution of purified
channel proteins into liposomes of varying lipid composition
enabled the analysis of mechanosensitive channels by patch-
clamp electrophysiology (Nomura et al., 2012). Membranes that
were thicker, by being composed of phospholipids having longer
acyl chain lengths (Perozo et al., 2002), or containing cholesterol
(Nomura et al.,, 2012), raised the activation threshold, whereas
thinner membranes composed of phospholipids of shorter acyl
chain lengths lowered the activation barrier (Perozo et al., 2002).

PROTEIN ALLOSTERY MEDIATES CATCH
BOND STRENGTH

Catch bonds play a significant role in bacterial adhesion,

An N-terminal amphipathic helix of MscL acts as a crucial
structural element by stabilizing the closed state and coupling
the channel to the membrane (Bavi et al., 2016). This horizontal
helix directly links membrane bilayer fluctuations to protein

especially during transit of E. coli in the intestinal tract or
uropathogenic E. coli in the renal tubules, where firm adhesion
of bacteria in the face of hydrodynamic flow is required.
Mechanosensitive catch bonds are a non-covalent bond whose
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dissociation constant increases upon application of tensile force.
The concept of a catch bond is similar to a Chinese finger trap,
where the bond strengthens when force is applied and weakens
when force is released (Thomas, 2009). The bacterial adhesion
FimH is a two-domain protein at the tip of Type I pili that
recognizes terminal mannoses on epithelial glycoproteins. In the
absence of tensile force, the FimH pilin domain allosterically
accelerates (by 100,000-fold) spontaneous ligand dissociation
from the FimH lectin domain, resulting in weak affinity (Sauer
et al.,, 2016). Mechanical stress physically separates the FimH
domains and abolishes the interdomain allostery, and the affinity
of FimH for the lectin is increased (see Figure 1B). Thus, protein
allostery contributes to mechanotransduction in catch bonds by
altering bond strength.

Signal transduction in bacteria is largely perceived by two-
component signaling systems that respond to environmental
stress coupled to a phosphorelay that usually results in changes
in gene expression. Thus, it seems logical that two-component
systems would also be sensitive to changes in membrane tension.
In the remaining sections, we focus on what is currently known
regarding mechanosignaling in gram-negative bacterial two-
component systems.

MECHANICAL EFFECTS ON TWO
COMPONENT SIGNALING SYSTEMS

Bacteria sense and respond to their environment largely through
the use of two-component regulatory systems that function as a
histidine kinase (HK)-response regulator (RR) pair. The HK is
typically an inner membrane protein and the RR is most often
a cytoplasmic two-domain DNA binding protein [see Hoch and
Silhavy (1995) for numerous examples]. The two components
function in a phosphorelay that involves ATP binding by
the HK and autophosphorylation on a conserved histidine
residue. The phosphoryl group is subsequently transferred to
a conserved aspartic acid in the N-terminal phosphorylation
domain of the RR. Phosphorylation in the N-terminus of the RR
stimulates dimerization and communicates with the C-terminus
for enhanced DNA binding and transcriptional activation. In
E. coli, the EnvZ/OmpR two-component system functions to
regulate many genes in response to acid and osmotic stress
(Chakraborty et al., 2017; Chakraborty and Kenney, 2018),
including the differential expression of outer membrane porins
OmpF and OmpC [reviewed in Kenney and Anand (2020)].
In Salmonella enterica serovars Typhi and Typhimurium,
EnvZ/OmpR is stimulated by acid stress (Chakraborty et al,
2015; Kenney, 2019) to up-regulate the SsrA/B two-component
system (Liew et al., 2019) required for intracellular survival and
virulence (Lee et al., 2000; Feng et al., 2003).

HKs are typically organized with their N-and C-termini in the
cytoplasm, with two transmembrane domains, a periplasmic loop
and a large C-terminal portion that is subdivided into a four-
helix bundle containing the phosphorylated histidine and an ATP
binding domain [see Kenney and Anand (2020)]. In general, HKs
are much less abundant compared to their cognate RRs (Cai and
Inouye, 2002; Liew et al., 2019). The low copy number of the HKs

coupled with their usual location in the inner membrane makes
studying their activation mechanisms difficult. To circumvent
this problem, we initially explored the protein dynamics of
the C-terminus that was liberated from the membrane (EnvZc,
comprising residues 180-450) using amide hydrogen deuterium
exchange mass spectrometry (HDXMS) (Wang et al., 2012). A 17-
amino acid peptide flanking the phosphorylatable histidine was
exquisitely sensitive to osmolytes and defined a cytoplasmic locus
for osmosensing (see Figure 2A). At low osmolality, the peptide
containing the phosphorylatable histidine had higher rates of
exchange and the helix was locally disordered. The presence of
osmolytes reduced exchange and promoted helical stabilization
through the addition of several H-bonds (Figure 2B; Wang
et al., 2012). These events increased autophosphorylation and
subsequent OmpR activation. It was surprising that EnvZc, which
was no longer located in the inner membrane, was still capable
of osmosensing, as reported by the upregulation of an ompC-
lacZ transcriptional fusion at high osmolality. This finding raised
the question then as to what role (if any) does the membrane
and the transmembrane domains of EnvZ play in controlling
EnvZ activity?

The answer came in part from the use of purified, full-
length detergent-solubilized EnvZ protein that was embedded
into phospholipid bilayer nanodiscs (Figure 2C; Ghosh et al.,
2017). Nanodiscs were useful for this purpose, because they
are monodisperse, exhibit long term stability compared to
proteoliposomes, and have a wide range of membrane protein
applications (Nath et al., 2007). Although the use of nanodiscs
eliminated the sidedness compared to the native protein in
situ, their use enabled us to manipulate the membrane lipid
composition, and to examine the effect of membrane lipids
in regulating EnvZ receptor function through an interaction
with the transmembrane segments (TMs) or the HAMP domain
(Figure 2D), which were lacking in the EnvZc construct
(Wang et al., 2012). With every construct that we explored,
phosphorylation of EnvZ was stimulated in response to
increasing osmolality by about 4-fold. Surprisingly, however,
the addition of E. coli lipids to EnvZc (Figure 2E) dramatically
increased ATP turnover at both low and high osmolality (25- or
14-fold, respectively), compared to EnvZc alone (see Table 1).
A similar level of stimulation of ATP turnover (14- to 15-fold)
was also observed with the full-length EnvZ protein embedded
into nanodiscs, indicating that membrane lipid effects on the
ATP binding domain was indeed the manifestation of membrane
tension on EnvZ.

The subsequent application of HDXMS enabled us to
determine which region of EnvZ was susceptible to lipids.
The highly conserved glycine-rich motif of the ATP binding
domain showed increased exchange in the presence of lipids with
both EnvZc and with full-length EnvZ, exposing a previously
unobserved effect of lipids on an HK. We speculated that as
cells reduce their volume when they encounter a high osmotic
environment, mechanical effects on the membrane lipids would
exert an effect on the ATP binding domain of EnvZ, stimulating
an increase in EnvZ autophosphorylation. Thus, lipids exert
allosteric effects mediated through the ATP binding domain that
drive HK signaling in response to osmotic stress.
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FIGURE 2 | EnvZc four-helix bundle subdomain structure at low osmolality (A) and at high osmolality (B). The low osmolality structure was composed of residues
223-289 and was solved by NMR (PDB ID:1JOY) (Tanaka et al., 1998), the high osmolality structure was a chimera of EnvZ with the Archaeoglobus fulgidus Af1503
HAMP domain (PDB ID:4CTl) (Ferris et al., 2014). The amber peptide was identified from HDXMS analysis highlighting the change from poorly ordered to highly
ordered during the switch from low to high osmolality (Wang et al., 2012). The sidechain of the histidine that is phosphorylated (His?*3) is shown in stick form. At low
osmolality, His?*? is positioned by a coordinated relay of interactions from the backbone carbonyl of Ala?*® (one helical turn above His?*® through the imidazole side
chain of His?*? to the carboxylic acid side chain of Asp?**. Intrinsic disorder within the amber peptide affords a low basal level of autophosphorylation. High osmolality
stabilizes the helical backbone and relieves the Ala3® carbonyl link to anchor the His?*® imidazole by a H-bond with Asp2** at the N3 of His?43. This enables
phosphotransfer to the Ne of His?*® [see Kenney and Anand (2020) for more details]. Thus, the core of osmosensing is a His-Asp/Glu dyad positioned within a flexible
helix. Various EnvZ constructs employed in the study. (C) The EnvZ periplasmic domain protrudes above the membrane (shown as a space filling model PDB ID:3J00,
the EnvZ dimer is from PDB ID:4CTl). The transmembrane domains (TMs) connect to the four-helix bundle formed from a dimer of two monomers shown in lavender
and pale orange. A single His?*® side chain is highlighted in red (phosphorylation site) and the ATP binding domains flank His?*® [from Kenney and Anand (2020)]. (D)
Full-length EnvZ solubilized in detergent micelles for comparison with nanodiscs and E. coli lipids. (E) The activity of EnvZc alone (bottom) was compared with EnvZc

in the presence of lipids (see Table 1).

Local anesthetics such as procaine and phenylethyl alcohol =~ 1982). In the case of procaine, its action was reported to be

(PEA) partition into the inner membrane, yet they lead to a  dependent upon EnvZ (Granett and Villarejo, 1982; Taylor et al.,

reduction in the level of OmpF and an increase in OmpC in
the outer membrane of E. coli, mimicking a high osmolality
phenotype (Granett and Villarejo, 1982; Pages and Lazdunski,

1983). Until recently, it was not possible to directly connect lipid
effects to HK signaling. The observation that membrane lipids
altered ATP turnover of EnvZ and stimulated phosphorylation
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TABLE 1 | Lipid interactions enhance EnvZ autophosphorylation [adapted from
Ghosh et al. (2017)].

Fold-Stimulation
compared to EnvZc

ADP produced (Mole/Min per Mole of EnvZ)

Low osmolality High osmolality

24
14

14
15

EnvZc + E. coli lipids

EnvZ + E. coli lipid
nanodiscs

EnvZ autophosphorylation was measured using an in vitro ADP Glo kinase assay
(Promega, Madison WI), which uses luminescence to quantify the amount of ADP
produced over time. Measurements were performed at low osmolality (100 mOsm/kg)
and high osmolality (780 mOsm/kg). The activity of EnvZc alone was 0.09 mole ADP/mol
EnvZc per minute at low osmolality and 0.32 mole ADP/mol EnvZc per minute at high
osmolality. See Ghosh et al. (2017) for more details.

(Ghosh et al., 2017) provided an explanation for how local
anesthetics such as procaine (Granett and Villarejo, 1982) and
other membrane perturbants (Rampersaud and Inouye, 1991)
affect EnvZ signaling. By altering the lipids (Papahadjopoulos,
1972), these agents can exert an indirect effect on the glycine-rich
loop of the ATP binding domain, stimulating ATP turnover and
subsequent autophosphorylation of EnvZ at His?*, Increasing
EnvZ autophosphorylation subsequently increases OmpR~P
levels, driving repression of ompF and activation of ompC
transcription (Granett and Villarejo, 1981, 1982; Rampersaud
et al, 1994). Thus, modification of the lipid bilayer by local
anesthetics can be understood in terms of direct mechanical effect
of lipids on the ATP binding domain of EnvZ.

To obtain a comprehensive understanding of downstream
signaling events, a comparison with the much-studied
chemotaxis system is informative. Although the bacterial
chemotaxis system is an atypical “two-component” system,
the common features include the HK CheA and the single
domain RR CheY. Significant differences include the cytoplasmic
location of the kinase CheA (Stock et al., 1989), although
gram-positive organisms have soluble, cytoplasmic HKs as well
[described in Hoch and Silhavy (1995)], and the histidine that is
phosphorylated is in a different location (the P1 domain) from
the more classical membrane-bound kinases (Hess et al., 1988).
Changes in membrane tension resulting from osmotic shock
act as a repellant by mechanically perturbing chemoreceptors,
driving enhanced activity of the CheA kinase (Vaknin and Berg,
2006). The CheA kinase then phosphorylates the CheY RR
to switch the direction of rotation of the flagellar motor from
counterclockwise (smooth swimming), to clockwise (tumbling).
In this example, the chemoreceptors act as a mediator between
membrane tension and the soluble kinase CheA. Thus, both
EnvZ and CheA are activated by membrane tension (compared
in Figure 3A).

Similarly, a role of the ATP binding domain in HK signaling
has been described in both the EnvZ/OmpR system (see above)
and the chemotaxis system. ATP binding orders the “ATP lid”
and creates a binding site for P1, the domain that contains
the phosphorylated histidyl residue of CheA (Jun et al., 2020).
Similarly, membrane lipid interactions with the ATP binding
domain of EnvZ increase autophosphorylation of His***. EnvZc

is as sensitive to lipids as the full-length EnvZ, suggesting that it
may localize in proximity to the inner membrane (Ghosh et al.,
2017). Thus, at least in these two systems, kinase control by
environmental stimuli appears to be exclusively at the level of
autophosphorylation and is sensitive to membrane tension.

MECHANICAL STRESS/SURFACE
SENSING

During biofilm formation, it is believed that sessile bacteria first
interact with a surface via appendages such as pili and flagella
(Zhang and Normark, 1996; Otto et al., 2001; Bhomkar et al,,
2010; Lele et al, 2013; Tipping et al, 2013; Lee and Belas,
2015), and then eventually the bacterial cell body encounters
the surface. Physical contact between the surface and the
cell body is presumably sensed as envelope stress that leads
to downstream changes in gene expression (Figure 3). When
planktonic, motile bacteria approach a surface, flagellar rotation
decreases, presumably due to either a change in viscosity or
through the physical interaction with the surface (McCarter
et al., 1988). This virulence/biofilm lifestyle switch has been
most thoroughly studied in Pseudomonas aeruginosa. A complete
proteomic analysis was obtained from P. aeruginosa immobilized
on glass wool comparing attached and unattached populations.
Six hundred sixteen proteins showed modified abundance,
including several two-component systems (Crouzet et al,
2017). Two-component systems that are intricately involved
in the sessile-motile switch and may be good candidates for
surface sensors include the chemosensory signaling system Wsp
(Huangyutitham et al., 2013) in P. aeruginosa and the ResCDB
system in E. coli (Ferrieres and Clarke, 2003).

In the Wsp chemosensory signaling system, the membrane
bound receptor WspA responds to surface signals and
activates the soluble, cytoplasmic HK WspE, which in turn
phosphorylates the hybrid RR WspR. Instead of coupling
phosphorylation in the N-terminal receiver domain to a DNA
binding domain in the C-terminus, WspR contains a guanylate
cyclase domain that produces cyclic di-GMP, stimulating biofilm
formation. When P. aeruginosa encounters a surface, phospho-
WspR forms clusters in the cytoplasm that stimulate the cyclase
activity (Huangyutitham et al., 2013). WspA localizes laterally
along the cell, and the periplasmic and transmembrane domains
of WspA are not essential for surface sensing, although the
system performed better when they were present (O’Connor
et al, 2012). Additional components do not appear to be
required, since surface sensing could be reconstituted in E. coli
(M. R. Parsek and C. S. Harwood, personal communication).
More recently, it was reported that ethanol, produced during
co-infections of C. albicans and P. aeruginosa, stimulated biofilm
production in a process requiring WspR and the chemosensory
receptor WspA (Chen et al, 2014). The authors proposed
that ethanol and other alcohols can increase the rigidity of
cell membranes by promoting an altered composition of fatty
acids (Ingram and Buttke, 1984). It will now be worthwhile
to determine whether the membrane-localized WspA can be
activated by changes in lipid composition or physical changes
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FIGURE 3 | Surface sensing in bacteria. (A) Membrane tension from osmotic stress, altered lipids or EtOH produced from a co-infection with C. albicans alters the
chemoreceptors WspA and MCPs and/or the EnvZ HK directly and stimulates ATP turnover, increasing RR phosphorylation in turn, resulting in a change in output,
depending on the RR. (B) Interaction with a surface is an early step in biofilm formation. Cells transition from the motile, planktonic state to interact with a surface via
pili or other appendages and then begin the biofilm process. Deformation of the bacterial cell as it encounters a surface could then drive signaling steps that eventually
lead to aggregation and production of matrix proteins.

in P. aeruginosa membranes (see Figure3A). Perhaps even  CpxA/R system. The sensor kinase RcsC plays an important role
more interesting was the observation that cell surface-sensing  in controlling the remodeling of the E. coli surface in response to
resulted in a heterogeneous population of low cyclic di-GMP  growth on a solid surface and during biofilm formation (Ferrieres
cells and high cyclic di-GMP cells that perform complementary  and Clarke, 2003). The Cpx two-component signal transduction
tasks in the early stages of biofilm production (Armbruster  pathway responds specifically to stress caused by disturbances in
et al,, 2019). The Wsp chemosensory system was essential for  the cell envelope and CpxA then activates CpxR to express genes
establishing the heterogeneity that then creates a division of  encoding periplasmic protein folding and degrading factors. The
labor between cells involved in surface exploration and cells  outer membrane lipoprotein NIpE was reported to discriminate
involved in polysaccharide production. between surface adhesion vs. the misfolded protein pathway

In E. coli, bacterial signaling systems that were reported to be  in that it was essential for the activation of Cpx specifically
involved in surface sensing are the ResCDB phosphorelay and the  during surface adhesion, but not in the response to misfolded
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proteins in the cell envelope (Otto and Silhavy, 2002). This
finding was disputed by a more recent study that used single
cell analysis of cells in a microfluidic device and reported that
the RcsCDB system was activated upon surface attachment, but
the CpxA/R system was not (Kimkes and Heinemann, 2018),
confirming an earlier study that implicated RcsC in surface
sensing (Ferrieres and Clarke, 2003). At the present time, it still
remains a mystery as to how ResC functions to sense surfaces
to drive downstream activation of the biofilm pathway (Kimkes
and Heinemann, 2020). Sensing may involve a disruption of
the membrane lipoprotein RcsF and its interaction with outer
membrane proteins (Konovalova et al., 2014).

CONCLUDING REMARKS

Although much remains to be understood in molecular terms
as to how bacteria respond to mechanical stress, it is clear
that some progress has been achieved. Bacteria respond to
changes in membrane tension via a combination of mechanical
events, including both lipid allostery and protein allostery. In
the examples of lipid allostery, direct interaction with membrane
phospholipids leads to bilayer-mediated gating in the case of
mechanosensitive channels, or to direct effects on ATP binding
and subsequent HK phosphorylation in the case of EnvZ and
CheA (and possibly WspA) (summarized in Figure 3A). Cell
body deformation when bacteria encounter a surface is also
sensed as “envelope stress”, activating RcsC in an unknown
series of events and driving early steps in the biofilm pathway
(Figure 3B). In the case of FimH-mediated catch bonds, protein
allostery is abolished as force separates protein domains, and the
catch bond is strengthened. New tools such as membrane tension
sensors (Dal Molin et al., 2015; Soleimanpour et al., 2016; Colom
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Assembly of the bacterial flagellar rod, hook, and filament requires penetration through the
peptidoglycan (PG) sacculus and outer membrane. In most p- and y-proteobacteria, the
protein FlgJ has two functional domains that enable PG hydrolyzing activity to create pores,
facilitating proper assembly of the flagellar rod. However, two distinct proteins performing
the same functions as the dual-domain FlgJd are proposed in 8- and e-proteobacteria as
well as spirochetes. The Lyme disease spirochete Borrelia burgdorferi genome possesses
a Flgd and a PG lytic SLT enzyme protein homolog (BB0259). Figd in B. burgdorferiis crucial
for flagellar hook and filament assembly but not for the proper rod assembly reported in
other bacteria. However, BB0259 has never been characterized. Here, we use cryo-electron
tomography to visualize periplasmic flagella in different bb0259 mutant strains and provide
evidence that the E580 residue of BB0259 is essential for PG-hydrolyzing activity. Without
the enzyme activity, the flagellar hook fails to penetrate through the pores in the cell wall to
complete assembly of an intact periplasmic flagellum. Given that Flgd and BB0259 interact
with each other, they likely coordinate the penetration through the PG sacculus and assembly
of a functional flagellum in B. burgdorferi and other spirochetes. Because of its role,
we renamed BB0259 as flagellar-specific Iytic transglycosylase or LTase®.

Keywords: Lyme disease, flagella, peptidoglycan hydrolases, cryo-elecron tomography, spirochete, Borrelia

INTRODUCTION

In most bacterial species, the flagellum is a rotary nanomachine framed in a supramolecular
structure that initiates assembly from the cell envelope and extends into the extracellular space.
However, in motile spirochetes, this migratory organelle resides in the periplasmic space and
is therefore called the periplasmic flagellum (Wolgemuth et al, 2006; Charon et al, 2009,
2012). Despite differences in location, the external flagella found in the model organisms
Escherichia coli and Salmonella enterica serovar Typhimurium share a remarkably high degree
of similarity with respect to overall structure, as the key components are conserved among
the external flagella and the periplasmic flagella of spirochetes (Liu et al, 2009; Chen et al,
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2011; Zhao et al,, 2013; Terashima et al., 2017; Carroll and
Liu, 2020). The supramolecular structure is composed of more
than 25 distinct protein subunits and self-assembles to final
lengths of up to 20pm in the model organisms. The individual
flagellum consists of three major substructures: a basal body,
hook, and filament (reviewed in Nakamura and Minamino,
2019; Carroll and Liu, 2020). Synthesis of the flagellum begins
with the assembly of a basal body composed of an MS ring
embedded in the cell membrane and a rod. The MS ring is
comprised of multiple copies of FliF and acts as a platform
for assembly of the rod, C-ring, torque-generating stator, and
flagellum-specific type III secretion system (fI3SS). The rod
is composed of five proteins, FliE, FlgB, FlgC, FIhO/FIgF, and
FlgG. These rod proteins are transported from the cytoplasm
to the periplasmic space via the fT3SS (Saijo-Hamano et al.,
2019) and then assemble onto the MS ring—in an ordered
fashion from the proximal rod to the distal rod (Zhao et al.,
2013; Terashima et al., 2017; Carroll and Liu, 2020). The distal
rod serves as the template for subsequent assembly of the
P-ring and hook (B. burgdorferi lacks the L-ring; Zhao et al,
2013). The filaments are subsequently polymerized onto the
hook to complete assembly of a flagellum. Hook and filament
assembly is mediated by the hook cap FlgD and filament cap
FliD protein, respectively (Homma and Iino, 1985; Ohnishi
et al., 1994; Yonekura et al., 2000).

In order for the assembly of the rod with 30nmx4nm to
penetrate the outer membrane in E. coli or S. enterica, a hole
must be created in the peptidoglycan sacculus, as its mesh
diameter is narrower than 2nm (Demchick and Koch, 1996;
Herlihey et al., 2014). This PG hydrolytic activity is accomplished
by a dual-domain protein FlgJ of S. enterica and E. coli. FlgJ
is composed of an N-terminal scaffolding domain required
for polymerization of the distal rod and a C-terminal domain
required to form a hole in the PG sacculus. The C-terminal
domain of Flg] proteins belongs to the glycoside hydrolase
family in which these p-N-acetyl-glucosaminidases cleave the
B-1,4 glycosidic linkage between the N-acetylglucosamine and
N-acetylmuramic acid residues of bacterial cell wall
peptidoglycan, with Glu184 and Glu223 serving as the catalytic
residues (Nambu et al., 1999; Herlihey et al, 2014; Zaloba
et al., 2016).

Once the enzyme has made a hole in the cell wall, FlgG
proteins are secreted and assemble in two stacks to make an
11nm-long rod just underneath the Flg] rod cap, thereby
spanning the remaining distance between the cell wall and
outer membrane (Jones and Macnab, 1990; Cohen and Hughes,
2014). The ejection of the FlgJ rod cap allows the FlgD hook
cap to assemble at the tip of the rod and results in the transition
from rod to hook polymerization (Nambu et al., 1999; Cohen
and Hughes, 2014). While dual-domain FlgJ proteins are found
in most p- and y-proteobacteria, two distinct proteins performing
similar functions as the dual-domain Flg] are reported in
diverse bacterial genomes, including §- and e-proteobacteria
as well as spirochete species B. burgdorferi, Leptospira interrogans,
and Treponema (Nambu et al, 1999, 2006; Gonzalez-Pedrajo
et al., 2002; Zaloba et al., 2016; Garcia-Ramos et al., 2018).
Moreover, the single-domain flagellar scaffolding protein Flg]

is reported to interact with PG-lytic enzymes, such as soluble
lytic transglycosylases (SLT) proteins (Garcia-Ramos et al,
2018). These specialized cell wall-degrading enzymes allow the
efficient assembly and anchoring of supramolecular structures
in the cell envelope. The SLTs represent one class of autolysins
that act like a lysozyme (muramidase) to cleave the p-(1—4)
glycosidic ~ linkage  between  N-acetylmuramyl  and
N-acetylglucosaminyl residues of cell wall peptidoglycan. Unlike
lysozymes, however, SLTs are not hydrolases but cleave the
B-glycosidic linkages, with simultaneous production of
1,6-anhydromuramyl residues (Holtje et al, 1975; van Asselt
et al,, 1999; Blackburn and Clarke, 2001; Koraimann, 2003).

As B. burgdorferi Flg] is reported to be a single-domain
protein that lacks a PG-hydrolyzing enzymatic domain,
we sought to investigate the genome to identify a protein
that harbors this domain (Zhang et al., 2012). BB0531 and
BB0259 identified in this communication are both predicted
to possess PG-hydrolyzing enzyme activities. BB0531 possesses
a glucosaminidase domain; however, subsequent analysis
indicates that this protein is not involved in flagellar pore-
forming activities. BB0259 possesses an SLT homolog at its
C-terminal domain, and further analyses indicate that FlgJ
specifically interacts with BB0259. Because of its apparent
flagellar specific peptidoglycan lytic enzyme function in the
spirochete, BB0259 is renamed as LTase™. Flg] and LTase™
appear to function distinctively compared to their counterparts
from other bacteria. Our model describes how B. burgdorferi
Flg] and LTase®™ work synchronously to form a functional
periplasmic flagellum.

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions
Borrelia burgdorferi B31-A is a high-passage noninfectious clone
used as the wild-type (WT) strain (Bono et al, 2000; Tilly
et al., 2001). The isogenic bb0259 mutant and complemented
strains were constructed as described below. All B. burgdorferi
strains were grown in Barbour-Stoenner-Kelly II (BSK-II)
liquid medium or on soft agarose plates at 35°C in the presence
of 2.5% CO, (Motaleb et al., 2007). Antibiotics, when needed,
were supplied in BSK-II medium at proper concentrations:
200 pg/ml kanamycin and/or 40 pg/ml gentamycin. All Escherichia
coli strains were cultured in Luria-Bertani (LB) liquid medium
or on LB agar plates (Bertani, 1951, 2004). When required,
100 pg/ml ampicillin or 4 pg/ml gentamycin was supplemented
into the LB medium.

Bioinformatics

Basic local alignment search tool (BLAST) was used to
determine protein homologs from the sequence database
(Altschul et al., 1990, 1997). For the BLAST analysis, a
significant homolog is determined based on their E-value
[the lower an E-value (the closer it is to zero), the more
significant the score is]. Signal peptide was predicted using
SignalP 5.0 (Almagro Armenteros et al., 2019) and Phobius
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(Kall et al., 2004, 2005, 2007). Analysis of bacterial lipoprotein
was performed using DOLOP (Madan Babu and Sankaran,
2002; Babu et al., 2006). Clustal Omega was utilized to align
multiple amino acid sequences (Sievers et al., 2011). FFAS
server was used as described elsewhere.

Overexpression and Purification of
Recombinant Proteins in Escherichia coli
Multiple attempts to express soluble B. burgdorferi BB0259
with variable lengths using short-affinity tags (His6 or Strep)
failed, as all these recombinant BB0259 proteins with short
affinity tags formed inclusion bodies in the E. coli host. In
order to produce soluble recombinant BB0259 protein, a DNA
fragment harboring the BB0259 open reading frame (ORF)
without signal peptide (1-49 aa) was polymerase chain reaction
(PCR)-amplified from chromosomal DNA of B. burgdorferi
B31-A using the primers PF rBB0259-BamHI (GGATCC
TGGTTATGGAATTTTGATTATAC) and PR rBB0259-Pstl
(CTGCAGTTAATTTTTGGGGAATTCGCCC; restriction sites
are underlined) and cloned into the pMAL c¢5x (NEB Inc.)
through BamHI and PstI restriction sites to produce maltose
binding protein (MBP)-tagged BB0259. Similarly, the 1xXFLAG
(DYKDDDDK) tagged FlgJ with gene locus number (BB0771a,
also named BB0858) was constructed for far-western or affinity
blotting. A DNA fragment of full-length flgJ fused with 1xFLAG
tag coding sequence (GACTACAAAGACGATGACGACAAG)
at C-terminus was amplified by PCR with primers PF
MBPFIg]BamHI (CGTCGACGGATCCGAAACCAAAATTAAT
TCACAAAATC) and PR MBPFIg]Pstl (TAATTACCTGCAG
TTACTTGTCGTCATCGTCTTTGTAGTCTTTACTTTTTTGTA
ATTGATTGTA) and cloned into the pMAL c5x using BamHI
and Pst] restriction sites. MBP tagged FlaB (BB0147), FIgE
(BB0283), FigD (BB0284), FigG (BB0774), and FIgL (BB0182)
were also prepared to determine protein-protein interactions.
The coding regions of FlaB, FIgE, FlgG, and FIgL were amplified
by PCR with primers PF MBPflaB_Notl (GTCCATGGGCGG
CCGCATGATTATCAATCATAATACATC) and PR MBPflaB_
BamHI (GGAATTCGGATCCTTATCTAAGCAATGACAAAA
CATATTG), PF MBPMIgE Notl (GTCCATGGGCGGCCGC
ATGAT GAGGTCTTTATATTCTGG) and PR MBPfIgE_BamHI
(GGAATTCGGATCCTTAATTTTTCAATCTTACAAGTTCTTG),
PF MBPflgG_Notl (GTCCA TGGGCG GCCGCATGATGAGA
GCATTATGGACAGC) and PR MBPflgG_BamHI (GGAATTC
GGATCC TTATTGCCTTTTTAAGTTATTTGC), PF MBPflgL_
NotI (GTCCATGGGCGGCCGCATGATAAATAGAGTAAGTCA
TCC) and PR MBPflgL_BamHI (GGAATTCGGATCCTTATTT
TATAAAATCTAATAAAGTCG), respectively, and cloned into
the pMAL c5x (NEB Inc.) using NotI and BamHI restriction
sites. Recombinant FIgD construct was similarly prepared using
Ndel-Ncol restriction enzymes with primers PF MBPflgD_Ndel
(GCTGGACGACATATGAATAAAATAAACGGTGTTGAAAATG)
and PR MBPflgD_Ncol (TGCTGGGCACCATGG TTATTCC
TCCAAACCTACCGATAAT). All E. coli DH5a strains carrying
the pMAL c5x constructs for expressing BB0259, FlaB, FIgE,
FlgG, FlgL, FlgD, 1xFLAG tagged Flg] were induced with
0.25 mM Isopropyl f-D-1-thiogalactopyranoside (IPTG) at room

temperature, and purifications of recombinant proteins were
performed with amylose resin (NEB Inc.) according to the
manufacturer’s protocol.

SDS-PAGE, Immunoblot, and Affinity
Blotting
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) was carried out as mentioned previously (Motaleb
et al,, 2000). Exponentially growing B. burgdorferi cells were
harvested and washed with phosphate-buffered saline (PBS)
and resuspended in the same buffer to process the preparation
of cell lysate for SDS-PAGE. Immunoblotting was performed
with B. burgdorferi FlaB, FIgE, MotB, FliL, and DnaK-specific
antibodies (Motaleb et al., 2000, 2011; Sal et al., 2008; Sultan
et al,, 2015) and Pierce™ ECL or ECL 2 substrate (Thermo
Fisher Scientific Inc.). Concentration of the proteins was
determined using a Bio-Rad protein assay kit with bovine
serum albumin (BSA) as the standard. Unless specified,
approximately 10 pg of cell lysates was subjected to SDS-PAGE.
Far-western or affinity blotting assay with recombinant
proteins was performed as described previously (Toker and
Macnab, 1997; Kariu et al., 2015; Moon et al., 2016, 2018; Xu
et al, 2019). Briefly, 1ug purified recombinant proteins was
subjected to SDS-PAGE and Coomassie blue staining or
transferred to polyvinylidene difluoride (PVDF) membrane.
The PVDF membranes were blocked in the blocking solution
(5% BSA, 10mM Tris, 150mM NaCl and 0.3% Tween 20, pH
7.4) with gentle shaking for 4 to 6h at room temperature,
and then the membranes were incubated with or without the
purified FLAG-Flg] protein at the concentration 2ug/ml in
blocking solution overnight. The membranes were washed 3
times with the washing buffer (10mM Tris, 150 mM NaCl and
0.3% Tween 20, pH 7.4) and then immunoblotted with
monoclonal anti-FLAG® M2 antibody (Sigma-Aldrich Co. LLC)
followed by ECL 2 detection, as mentioned above. The X-ray
films were exposed to the membranes for less than a minute.

Construction of the Borrelia burgdorferi
Mutants and Complemented Strains
Construction of the bb0259 and bb0531 inactivation plasmids,
electroporation, and plating of B. burgdorferi were as described
earlier (Motaleb et al., 2000; Sultan et al., 2010, 2013; Moon
et al, 2016; Xu et al., 2017). bb0259 was inactivated by Pyg-
kanamycin resistance cassette (Ppyp-aphl), which possessed the
flgB promoter driving kanamycin resistance gene (Ge et al,
1997; Bono et al., 2000; Li et al., 2010; Zhang et al., 2012;
Moon et al.,, 2016; Xu et al, 2017, 2019). In short, DNA
fragment including upstream 394-bp region of bb0259, bb0259
containing five HindIIl sites, and downstream 324-bp region
of bb0259 was amplified by PCR from chromosomal DNA of
wild-type B. burgdorferi strain B31-A through Expand™ High
Fidelity PCR System (Sigma-Aldrich Inc.) using primers BB0259-
KO-F (GTTGAGTATATTGACGAGAAG) and BB0259-KO-R
(TCCCAACAA CTCCGGTAACA), which was further TA cloned
into pGEM-T Easy (Promega Inc.), yielding pGEM-T
Easy::bb0259. Pyyp-Kan was introduced into pGEM-T Easy::bb0259
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through the first and last HindIII sites located within bb0259
gene, creating pGEM-T Easy::bb0259KO-Pys-Kan, of which the
direction of transcription of Pyp-Kan was confirmed to be the
same as that of bb0259. Plasmid pGEM-T Easy:bb0259KO-
Pyp-Kan was linearized by Notl restriction digestion and
electroporated into competent B. burgdorferi B31-A cells to
create Abb0259 mutant cells. bb0531 mutant was similarly
prepared using a promoter-less kanamycin cassette (PI-Kan),
as described (Sultan al, 2010). Kanamycin-resistant
transformants were screened by PCR to confirm the genotypes
of the mutants.

The bb0259 mutant was complemented in trans using the
B. burgdorferi-E. coli shuttle vector pBSV2G (Elias et al., 2003).
In short, bb0259 was PCR amplified using primers BB0259
Comp F (GATCCATATGTTTAATAGAAGTTCTTG; underlined
sequence is Ndel site) and BB0259 Comp R (CTGCAGTTAATTT
TTGGGGAATTCGCCC) and ligated into pGEM-T Easy, yielding
plasmid bb02590RF-Easy. DNA fragment containing bb0259
ORF was then released using Ndel restriction digestion from
bb02590RF-Easy, and further ligated into Ndel-treated Pyg-
motB-Easy vector (Sultan et al.,, 2015), creating plasmid Pyg-
bb0259-Easy. Finally, this plasmid was digested with NotI and
cloned into the same restriction site of the shuttle vector
pBSV2G, generating pBSV2G::Pyg-bb0259. The newly constructed
shuttle vector pBSV2G::Pys-bb0259 was electroporated into the
Abb0259 mutant cells, followed by selection with both kanamycin
and gentamycin. The resistant clones, namely bb0259°™, were
analyzed by PCR for confirmation of the presence of plasmid
PBSV2G::Pygp-bb0259.

Borrelia burgdorferi bb0259-E580Q (E glutamate to Q
glutamine) and bb0259-D606N (D aspartate to N asparagine)
point-mutated strains were constructed through allelic exchange
mutagenesis (Yang et al., 2003). Simply, using B31-A chromosomal
DNA as the template, the left arm (882bp, partial bb0259
gene), promoter-less kanamycin cassette (PI-Kan; 846bp), and
right arm (564 bp, including 88bp leftover from bb0259 gene
for potential ribosome binding and 476bp of partial bb0258
gene) were PCR amplified, respectively, using primer pairs P1F
BB0259PointMuKOplKan (CCTAACGTAAGCGGAGAATACA
AGAGTCTTTTGCATTCTG) and P1R BB0259Point MuKO
plKan (TAAAATTGCTTTTAACTATTAATTTTTGGGGAATTC
GCCC), P2F BB0259PointMuKOplKan (GGGCGAATTCCCC
AAAAATTAATAGTTAAAAGCAATTTTA) and P2R BB0259
PointMuKOplKan (CTTTTCATACAAAGCATCATTTAGAAA
AACTCATCGAGC), P3F BB0259PointMuKOplKan (GCTCGA
TGAGTTTTTCTAAATGATGCTTTGTATGAAAAG) and P3R
BB0259PointMuKOplKan (CCCAAGCCTTGCATCAGCCCCA
TAAAAATTCCTGCTAAC). Through overlapping PCR, Pl-Kan
was inserted between the left arm and right arm, and further
cloned into pGEM-T Easy, creating vector pGEM-T Easy:
bb0259PointMuKO-Pl-Kan. Using pGEM-T Easy:bb0259
PointMuKO-Pl-Kan as the template, point mutations of BBO
259E580Q were introduced by QuikChange II Site-Directed
Mutagenesis Kit (Agilent Technologies Inc.) using the primers
PF BB0259E580Q (CTTTAAT AAAAGCACAA AGTAG CTTTG
AAAAAAATG) and PR BB0259E580Q (CATTTTTTTCAA
AGCTACTTTGT GCTTTTATTAAAG; bold and underlined

et

sequences indicate the point mutation), to create pGEM-T
Easy::bb0259E580QKO-PI-Kan. Similarly, through site-directed
mutagenesis pGEM-T Easy:bb0259D606NKO-Pl-Kan was
generated with primers PF BB0259D606N (GCCATCAACAGC
AAATAATATTTCTAAA GAACTTAAG) and PR BB0259D606N
(CTTAAGTTCTTTA GAAATATTATTTGC TGTTGATGGC).
These two vectors were linearized by Notl digestion and
electroporated into the competent B. burgdorferi B31 A cells
to generate bb0259-E590Q and bb0259-D606N mutant strains,
of which the point mutations of bb0259 were further verified
by sequencing.

Dark-Field Microscopy and Swarm Plate
Motility Assays

Exponentially growing B. burgdorferi cells were observed using
a Zeiss Axio Imager M1 dark-field microscope to determine
bacterial morphology and motility. To evaluate the motility of
B. burgdorferi cells, swarm plate assays were performed following
our well-established protocol (Motaleb et al., 2000, 2007, 2011).

Cryo-ET Analysis of bb0259 and bb0531
Mutant Cells

Frozen-hydrated B. burgdorferi specimens were prepared as
described previously (Zhao et al., 2013). In short, the bacterial
culture was centrifuged at 5,000 x g for 5min, and the resulting
pellets were suspended in PBS to achieve a cell concentration
~1x10%ml. After adding 10-nm gold marker solution, 5pl of
the cell suspension was placed on freshly glow-discharged holey
carbon grid (Quantifoil Cu R2/2, 200 mesh) for 25s. The grids
were blotted with filter paper for 3 to 5s and rapidly frozen
in liquid ethane, using a homemade plunger apparatus as
described previously (Zhao et al., 2013).

The Abb0531, Abb0259, and complemented bb0259°™ strains
were imaged at —170°C using a Polara G2 electron microscope
(FEI Company) equipped with a field emission gun and a
4,096-by-4,096 charge-coupled device (16-megapixel) camera
(TVIPS Gmbh, Germany). The microscope was operated at
300kV with a magnification of 31,000, resulting in an effective
pixel size of 5.7A. Using the FEI batch tomography program,
low-dose single-axis tilt series were collected from each bacterium
at ~8 pm defocus with a cumulative dose of ~100 e7/A? distributed
over 65 images. In total, 80 tomographic reconstructions of
Abb0259 cell tips and 10 tomographic reconstructions of
complemented bb0259 cells were generated.

The bb0259 point mutants (bb0259-E580Q and bb0259-
D606N) were imaged with Krios electron microscope (Thermo
Fisher) with a field emission gun, a volta phase plate, and a
direct electron detector (Gatan K3 Summit). SerialEM was
used to collect tilt series at focus. A total dose of 55 e /A2
is distributed among 35 tilt images covering angles from —51°
to +51° at tilt steps of 3°. For every single tilt series collection,
dose-fractionated mode was used to generate 11 frames per
projection image. Collected dose-fractionated data were first
subjected to the MotionCor2 to generate drift-corrected files
(Zheng et al,, 2017). IMOD software was used to align the
tilt series and to generate tomograms (Kremer et al., 1996).
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In total, 240 tomographic reconstructions of bb0259-E580Q
cells and 10 tomographic reconstructions of bb0259-D606N
cells were generated.

Subtomogram Averaging

A total of 646 flagellar motor subtomograms were picked from
Abb0259 tomograms. The initial orientation of each particle
was manually estimated by the C-ring and hook. The
subtomograms were used to generate the averaged structure
as described previously (Zhao et al., 2013).

Three-Dimensional Visualization

The software package EMAN2 was used for 3D segmentation
(Chen et al.,, 2017). Segmentation of tomograms was performed
using supervised machine learning to segment features of
interest. The outer membrane, inner membrane, peptidoglycan
layer, and flagella were segmented in this manner and manually
cleaned using ChimeraX (Goddard et al., 2018). An existing
motor model derived from subtomogram averaging was manually
inserted into the segmented model. ChimeraX was used
for visualization.

RESULTS

An Open Reading Frame Encompasses a
Peptidoglycan-Hydrolyzing Enzymatic
Domain

The single-domain Flg] of B. burgdorferi plays roles in hook
and filament assembly but not in rod assembly in S. enterica
(Nambu et al., 1999; Cohen and Hughes, 2014; Zaloba et al,,
2016), as flgJ mutant cells possess an intact rod and P-ring
but form partial hook and filament structures (Zhang et al,
2012). Given that an enzymatic activity is required for pore
formation in the PG layer for assembly of the flagellar hook
and filament, and that B. burgdorferi FlgJ lacks a peptidoglycan-
hydrolyzing enzyme domain, we sought to determine an ORF
containing an enzymatic domain in the Lyme disease spirochetal
genome. Using the S. enterica Flg] with GenBank accession
number NP_460153 as a query in BLAST search, we found
no significant homologs in B. burgdorferi (not shown; Nambu
et al., 1999; Hirano et al, 2001; Cohen and Hughes, 2014).
However, using the FFAS server,' BB0531 was identified as
the only significant homolog of Flg] (homology score —41.70;
a lower FFAS score indicates higher confidence of the prediction;
Rychlewski et al., 2000; Jaroszewski et al., 2005, 2011). BB0531
is annotated as a hypothetical protein with unknown function
in the B. burgdorferi genome; however, it is predicted to possess
a  mannosyl-glycoprotein  endo-p-N-acetylglucosaminidase
domain responsible for peptidoglycan remodeling or hydrolyzing
activity (Pfam: PF01832). BB0531 shares only 15% amino acid
sequence identity with S. enterica Flg] and alignment of amino
acid sequences of S. enterica Flg] and BB0531 from FFAS
shows that the catalytic residues of Flg] are not well conserved

'https://ffas.godziklab.org/ffas-cgi/cgi/ffas.pl

in BB0531 leading us to speculate that BB0531 is not involved
in peptidoglycan hydrolyzing activity for flagellar penetration
(not shown).

Because B. burgdorferi lacks a significant homolog of S.
enterica Flg], we used the model organism’s SLT domain as a
query in the BLAST search and identified BB0259 as a homolog
in B. burgdorferi. BB0259 shares 35-41% amino acid sequence
identity with significant E-value at the SLT domain (Figure 1;
Pfam: PF01464; Thunnissen et al., 1994; van Asselt et al., 1999;
Koraimann, 2003). Importantly, the motifs and amino acid
residues required for peptidoglycan lytic enzymatic activity are
highly conserved in BB0259 (Figure 1). BB0259 possesses a
signal sequence (1-24 aa) with lipobox consensus residues
LVSC, an unknown domain with no homologs (25-558 aa),
and an SLT domain at the C-terminal region (559-717 aa;
Figure 1). The presence of these features led us to hypothesize
that BB0259 is secreted into the periplasmic space using its
signal sequence to create pores in the PG layer, thereby
completing assembly of the flagellar hook-filament.

Mutants in bb0259, but Not bb0531, Exhibit
Defective Motility and Altered Morphology

Completion of the appropriately assembled flagellar rod, hook,
and filament is critical for the spirochete motility and morphology
(Motaleb et al., 2000, 2015; Sal et al., 2008; Sultan et al., 2013;
Zhao et al, 2013). If the SLT domain of BB0259 or the
glucosaminidase domain of BB0531 displays PG-hydrolyzing
activities, which are specific for flagellar assembly, then a
deletion mutant in bb0259 or bb0531 is expected to be unable
to create pores in the PG layer, resulting in defective rod/
hook/filament assembly and a motility-deficient phenotype. To
test this proposition, we created deletion mutants Abb0259
and Abb0531 (Supplementary Figures S1, S2, and S5). While
the Abb0531 cells lack any observable phenotype with respect
to motility and morphology, the Abb0259 mutant cells observed
under a dark-field microscope are completely non-motile
(Figure 2A and not shown). Swarm plate motility assays also
indicated that Abb0259 mutant cells are deficient in swarming
out from the initial site of inoculation in soft agarose plates
(Figure 2B). Furthermore, while wild-type cells show
characteristic flat-wave morphology, Abb0259 mutant cells are
rod-shaped (Figure 2A). To demonstrate that the phenotypes
described here are devoid of a polar effect on downstream
gene expression or a secondary mutation elsewhere in the
genome, we complemented the mutant in trans using a shuttle
vector (Supplementary Figures S1, S2). Complemented bb0259
(bb0259™) cells observed under a microscope as well as in
swarm plate motility assays indicated morphology and motility
phenotypes restored to wild-type level (Figures 2A,B).
Furthermore, SLT proteins important for hydrolyzing the PG
sacculus for flagellar insertion and subsequent assembly of an
intact flagellum are reported to be secreted in the periplasm
using their Sec-signal peptide (Garcia-Ramos et al., 2018).
Consistent with this observation, a recent study reported that
BB0259 is associated with the inner membrane (Toledo et al.,
2018). To determine whether the Sec-signal sequence is required
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FIGURE 1 | Amino acid sequence analysis of B. burgdorferi BB0259 (GenBank accession no. NP_212393). (A) Domain architecture of BB0259. BB0259 consists
of 717 amino acids and is predicted to contain a lipobox consensus sequence (LVSC) in the signal peptide region (1-24 aa) determined by DOLOP program: https://
www.mrc-Imb.cam.ac.uk/genomes/dolop/analysis.shtml. BB0259 also possesses a hon-conserved N-terminal domain (25-558 aa) and a conserved C-terminal
soluble lytic transglycosylase (SLT) domain (559-717 aa). Diagram is not in scale. (B) Multiple sequence alignment of SLT domains with GenBank accession no.
1QSA_A from E. coli, APW71272 from S. enterica, ANW15826 from Y. pestis, AID74248 from P, aeruginosa, and WP_010881492 from Treponema pallidum using
Clustal Omega program: https://www.ebi.ac.uk/Tools/msa/clustalo/. Asterisks indicate identical residues. Boxed regions denote the conserved motifs ES-GLMQ-
AYNAG among the SLT-domain proteins. S. enterica SLT domain shares 35% identity with the SLT domain of BB0259 with E-value 6e—25. Black triangle and
diamond demonstrate the catalytic (E580) and non-conserved (D606) residues, respectively.
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for BB0259 proteins to be secreted in the periplasm, where
they create pores in the PG sacculus for flagellar assembly
and thereby provide motility to the cell, we complemented
the non-motile Abb0259 mutant without the signal sequence
(bb0259Asec). As described above, while the full-length 560259
was able to complement the Abb0259 mutant and therefore
restored the morphology and motility phenotypes
(Figures 2A,B), the Sec-signal sequence-deleted variant
bb0259Asec was unable to restore any of the phenotypes (data
not shown). These results suggest that the signal sequence is
essential for BB0259 proteins to be secreted in the periplasm.

The altered motility and morphology phenotypes exhibited
by the deletion mutant suggest that the rod/hook/filament
structure was not properly assembled due to a lack of the
SLT enzymatic activity of BB0259 that would hydrolyze the
PG layer for flagellar structures to assemble through the PG
sacculus and provide motility to the bacterial cell. B. burgdorferi
cells lacking the gene-encoding filament FlaB or hook FIgE
were reported to be non-motile and rod-shaped (Motaleb et al.,
2000; Sal et al., 2008; Sultan et al., 2013). We therefore tested
whether these gene products were synthesized in the Abb0259
cells. Western blotting results (Supplementary Figure S3)

indicate that the mutant cells synthesized very few FlaB proteins,
with no effect on synthesis of the hook protein FIgE. Lack of
the filaments in the Abb0259 cells may thus have resulted in
the  motility-deficient and  rod-shaped  morphology
(Figures 2A,B).

Glutamate E580 of BB0259 Is the Catalytic
Site Residue

The SLT enzyme domain proteins possess a conserved ES-GLMQ-
AYNAG motif in which the glutamate [E] residue is reported
to be the catalytic residue (Figure 1; Thunnissen et al., 1994;
van Asselt et al., 1999; Koraimann, 2003). The SLT domain
identified in the C-terminal region of BB0259 possesses an E
residue at position 580. To determine whether the E residue
is the catalytic site, we created a point mutant in E580 of
BB0259, resulting in  bb0259-E580Q B.  burgdorferi
(Supplementary Figures S1, S2). Furthermore, the E223 and
D248 residues of the S. enterica Flg] enzymatic domain were
reported to be important for PG-hydrolyzing activities (Nambu
et al., 1999), and we noticed that the BB0259 SLT domain
also encompasses similarly distanced E580 and D606 residues
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FIGURE 2 | Morphology and motility phenotypes of the bb0259 mutant cells. (A) Dark-field microscopic images showing the characteristic flat-wave morphology
of the WT, complemented bb0259°°™ and bb0259-D606N cells and rod-shaped morphology of the Abb0259 and bb0259-E580Q mutants. (B) Average swarm
diameters from three swarm plates are shown in millimeter scale. bb0259-E580Q and bb0259-D606N mutants show motility phenotypes similar to the Abb0259
and WT cells, respectively, and are not shown. A non-motile flagellar filament mutant AflaB was used as a control. Bars represent mean + standard deviation of the
mean from three plates. Values of p between samples are shown at the top. A value of p<0.05 was considered as significantly different.
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(Figure 1). Even though BB0259 shares limited homology with
S. enterica FlgJ, and E580 and D606 do not align with E223
and D248 residues of Flg] (not shown), we created a bb0259-
D606N B. burgdorferi point mutant to determine whether this
non-conserved D606 residue codes for any enzyme function
(Supplementary Figures S1, S2). The bb0259-E580Q point
mutant B. burgdorferi cells exhibited phenotypes identical to
those of the deletion mutant Abb0259 with respect to morphology
and motility, whereas the bb0259-D606N cells were devoid of
any detectable phenotype (Figures 2A,B). These results indicate
that E580 of BB0259 is the catalytic site residue required for
BB0259 function, while the D606 residue is not important for
PG-hydrolyzing activities.

Rod/Hook Structures of bb0259 Mutant
Cells Lie Underneath the PG Layer

The morphology and motility phenotypes of the mutant cells
led us to speculate that the periplasmic flagellar rod/hook/
filament is not able to assemble properly due to the lack of
PG-hydrolyzing activity of the Abb0259 and bb0259-E580Q
cells. Despite using the best possible assays to determine whether
BB0259 is able to hydrolyze PG, as this protein possesses an
SLT domain, our numerous attempts to demonstrate such
activity resulted in little success. Attempts to determine the
PG-hydrolyzing enzyme assays using various published assay
conditions were unsuccessful even when utilizing the purified

B. burgdorferi PG as a substrate (Jutras et al, 2016). As an
alternative to enzyme assays, we used cryo-electron tomography
(cryo-ET) to directly visualize the mutant’s flagella in situ to
determine whether the rod/hook/filament assembles or whether
the flagella are able to penetrate the PG-layer in the mutant
cells. As shown in cryo-ET images (Supplementary Figure S4),
the Abb0259 mutant cells appear able to synthesize or assemble
the rod, P-ring, and hook structures but lack the filament
structure (Supplementary Figures S4A,B). The hook length
of the Abb0259 mutant cells was measured to be the same
as that of wild-type cells (~51nm; n=20), and the hooks of
the mutant cells look to be underneath the peptidoglycan layer
(Figures 3E-H, 4D). However, similar cryo-ET data
from the wild-type and complemented b60259°™ cell tips show
the intact rod, P-ring, and hook as well as filament
(Supplementary Figures S4D,E,G). The averaged motor structure
from the mutant cells appears to be identical to the wild-type
motor structure, without any visible defect in the rod, P-ring,
stator, C-ring, export apparatus, or collar structure
(Supplementary Figures S4C,F). Importantly, the hooks from
the bb0259-E580Q or Abb0259 cells were found to be underneath
the peptidoglycan layer (Figures 3E-H, 4D), whereas an intact
rod-hook-filament structure was clearly assembled in the wild-
type, bb0259-D606N point mutant, and complemented bb0259°™
cells (Figures 3A-D, 4C). The Abb0259 or bb0259-E580Q
mutant completed assembly of all the components of the flagella
except the filament, and its hooks were not able to penetrate
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FIGURE 3 | Cryo-ET analysis of bb0259-D606N and bb0259-E580Q. (A) A representative tomographic slice from a bb0259-D606N cell tip shows multiple intact
flagella, including the motor, hook, and the filament. (B) A zoom-in view. (C) The motors are colored in yellow, and the hooks and filaments are in red. The inner
membrane (light green), outer membrane (dark green), and PG (orange) are colored differently. (D) A 3D view shows the motors (yellow) and the hooks and filaments
(red). (E) A representative tomographic slice from a bb0259-E580Q cell tip shows multiple flagella without filament. (F) A zoom-in view of one motor and its hook.
(G) The motor is colored in yellow, and the hook is in red. (H) A 3D view shows the motors (yellow) and the hooks (red).

through the PG (Figures 3E-H, 4D). These results suggest
that BB0259 possesses PG-lytic activity; that residue E580, but
not D606, is essential for the catalytic activity of the enzyme;
and that hydrolyzing the PG sacculus to allow the hook to
penetrate through the cell wall is essential for completion of
the assembly of an intact flagellum. We therefore renamed the
BB0259 protein flagellar-specific LTase®. On the other hand,
cryo-ET images of the Abb0531 mutant cells show that the
periplasmic flagella are completely assembled like the wild-type
cells without any detectable defect in penetrating the PG layer
or assembly of the flagella indicating that BB0531 is not involved
in PG hydrolytic activity for flagellar penetration
(Supplementary Figure S6).

BB0259 or LTase® Interacts With the
Single-Domain Protein FlgJ

The requirement of PG-hydrolyzing activity for proper assembly
of periplasmic flagella and consequently for motility suggests
that LTase™ is essential for creating space within the peptidoglycan
sacculus for insertion of cell-envelope spanning structures such
as flagella. Given that the single-domain FlgJ protein lacks a

PG-hydrolyzing enzyme domain, LTase™ is postulated to interact
with Flg] as the enzyme creates pores in the PG sacculus for
the hook to assemble through the layer, subsequently allowing
the completion of hook-filament structures for cells to be mobile.
To test this proposition or to determine which proteins Flg]J
interacts with, we performed far-western or affinity blotting.
Recombinant Flg] protein was used as a probe to incubate a
PVDF membrane transferred with the distal rod protein FlgG,
hook protein FIgE, hook cap protein FlgD, hook-filament
junction protein Flgl, filament protein FlaB, and LTase™. As
shown in Figure 5, Flg] specifically interacts with LTase™ and
the hook cap protein FlgD.

DISCUSSION

Soluble lytic transglycosylases cleave the glycosidic linkage
between N-actetylmuramoyl and N-acetylglucosaminyl residues
with the simultaneous production of a 1,6-anydromuramoyl
product (Holtje et al, 1975; Herlihey et al, 2014). These
enzymes, transglycosylases, are abundant in bacteria, found
in different forms, and crucial for generating pores by
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FIGURE 4 | Schematic of B. burgdorferi WT and Abb0259 mutant cells. B. burgdorferi cells summarizing the results from Figure 3. Abb0259 is alternatively called
AlLTaseBb. (A) AWT B. burgdorferi cell has a flat-wave shape with multiple periplasmic flagella, which reside and rotate in the periplasmic space. (B) A ALTaseBb
mutant cell is rod-shaped because of the lack of flagellar filaments. (C) A zoom-in view of the WT cell tip shows one motor and its long flagellar filament in the
periplasmic space as its hook was able to penetrate the PG sacculus to complete assembly of an intact flagellum. (D) A zoom-in view of the ALTaseBb mutant cell
shows a hook underneath the PG layer lacking the filament as its hook failed to penetrate the cell wall.
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FIGURE 5 | Biophysical interactions of FigJ with BB0259/LTase® and FIgD. Approximately 1 ug of maltose binding protein (MBP)-tagged proteins shown on top of
each panel were subjected to sodium dodecyl sulfate—polyacrylamide gel electrophoresis and stained with Coomassie blue (left) or transferred to a polyvinylidene
difluoride membrane (middle & right panels). The membranes were incubated with or without FLAG-FIgd and then immunoblotted with anti-FLAG monoclonal
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hydrolyzing the PG sacculus for biosynthesis and recycling
of PG, bacterial cell division, and the insertion of cell
membrane-spanning structures such as flagella (Herlihey et al,,
2014). B. burgdorferi LTase®™ appears similar to the S. enterica
and E. coli SLT proteins as it possesses the conserved ES-GLMQ-
AYNAG motif, with E580 being the catalytic residue (Figure 1).

Furthermore, the C-terminal domain with the enzymatic motif
encompassing the amino acid residues 559-717 is also similar
in size to the PG-hydrolytic domains of other bacteria (de
la Mora et al,, 2012). While a confirmatory enzymatic assay
is required to state whether BB0259 in fact possesses any
enzymatic activity, our numerous attempts at such an assay
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were unsuccessful. It is noteworthy that measuring the
peptidoglycan-degrading or lytic activity of FIgJ/SLT proteins
poses significant technical drawbacks. The lack of a defined
substrate, the heterogeneity of both the substrate and resulting
hydrolyzing products in terms of peptide chain composition
and extent of PG sacculus cross-linking, and any modification
to the glycan chains contribute to the complexity of analysis
of the peptidoglycan. However, genetic studies concomitant
with direct visualization of the flagella in situ by cryo-ET
enabled us to propose that BB0259 possesses peptidoglycan
pore-forming activities and that E580 is the catalytic residue
for the peptidoglycan lytic activities, as the bb0259-E580Q
mutant’s hooks were unable to penetrate the peptidoglycan
sacculus (Figure 3).

LTase™ possesses an N-terminal peptide with unknown
function (25-558 aa). As the C-terminal domain possesses the
enzymatic motif, we speculate that the N-terminal domain is
involved in binding to FlgJ, as LTase™ secretes into the periplasm
using its Sec-signaling sequence. Since LTase™ appears to possess
peptidoglycan lytic activities and FlgG and FlgJ are required
for proper rod/hook/filament assembly (Zhang et al., 2012;
Zhao et al,, 2013), we propose that these proteins physically
interact to facilitate the insertion of the flagella through the
PG layer as the enzyme creates pores in the sacculus (Figure 6).
Our direct visualization of the mutant’s flagella in situ by
cryo-ET shows that the hooks are unable to pass through the
PG sacculus, and therefore, these structures were detected just

underneath the PG layer (Figures 3E-H, 4D). Consequently,
the flagella did not assemble properly, leading to the non-motile
and rod-shaped morphology (Figures 2A,B).

Borrelia burgdorferi Flg] and the SLT domain-containing
LTase® are distinct from their counterparts in S. enterica. For
example, Flg] from S. enterica is involved in flagellar rod
formation or required for the transition from rod to hook
formation (Cohen and Hughes, 2014). However, cryo-ET data
from the B. burgdorferi Aflgf mutant show that the mutant
completed assembly of the rod and P-ring but assembled a
partial hook and filament structures (Zhang et al., 2012). It
is noteworthy that, unlike the model organisms, the rod and
P-ring in this spirochete are not able to contact the PG layer,
as the rod is significantly smaller than in the model organisms
(17nm vs. 30nm in E. coli; Zhao et al., 2013; Saijo-Hamano
et al,, 2019). It is the spirochete-specific collar that contacts
the PG sacculus, while the hook penetrates the peptidoglycan
layer to complete assembly and formation of the filament in
B. burgdorferi (Zhao et al, 2013). Flg] in the spirochete is
therefore likely important for assembly of the hook/filament
during the hook-to-filament transition (Zhang et al,, 2012).
The mutants of bb0259 (or LTase™) also assemble the rod,
P-ring, and hook but are unable to synthesize/assemble the
filament (Figures 3, 4, Supplementary Figure $3). The hooks
are not able to penetrate the PG layer due to the lack of PG
lytic activity in Abb0259 or bb0259-E580Q mutants (ALTase™
or LTase®™-E580Q, respectively). This result also enforces the

oM

FIiE, FlgB, FlgC, FlgJ, FlgD? Flgk/FlgL flagellar assembly
FIhO, FlgG
L Rod assembly Hook assembly L Filament assembly |

FlgD/Flg)

4

Completion of

FlaB) is promoted by the filament cap.

FIGURE 6 | A working model of periplasmic flagellar hook—filament assembly in the spirochete B. burgdorferi. At the onset of rod assembly, many flagellar
components assemble, such as the MS ring, C ring, export apparatus, stators, and collar. Subsequently, the rod components (FIiE, FigB, FIgC, FIhO/FIgF, and FIgG)
are sequentially secreted into the periplasmic space through flagellar T3SS and assemble (Zhao et al., 2013). The hook cap protein FIgD and its chaperone or
interacting protein FigJ form at the distal end of the rod and initiate hook assembly. Binding of FigJ with the pre-localized SLT enzyme BB0259 or LTase® in the
periplasmic leaflet of the cell wall promotes hydrolysis of the sacculus as the hook completes assembly through the cell wall. Assembly of the filament (FlaA and
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notion that Flg] and LTase®™ are crucial for hook/
filament assembly and/or for hook-to-filament transition
(Figure 6).

Abb0259/ALTase®™ or bb0259-E580Q/LTase™-E580Q mutant
phenotypes appear to be very similar to that of the AflaB
mutant (Zhao et al., 2013). In both cases, the mutants complete
assembly and formation of the motor, rod, P-ring, and hook
but lack the filament (compare Figures 3F,G with
Supplementary Figure S4H or Figure 5A from ref. Zhao et al.,
2013). However, in the flaB mutant, the hook is able to penetrate
the PG layer (Supplementary Figure S4H) as the PG enzyme
activity of BB0259 is believed to be retained in AflaB cells,
again reinforcing that BB0259 or LTase® is a PG hydrolyzing
enzyme. Moreover, the hook length of the ALTase™, AflaB,
and wild-type cells is the same (~51nm; n=20) and consistent
with the previously reported hook length (Zhao et al., 2013),
suggesting that LTase™ is not involved in hook assembly. All
these data suggest that Flg] and LTase™ are distinct from their
counterparts in other flagellated bacteria reported to date.
Importantly, in S. enterica, Flg] interacts with the rod proteins
including the distal rod FlgG as FlgJ is considered a rod-capping
or scaffolding protein (Hirano et al., 2001; Cohen and Hughes,
2014). However, that is not the case in B. burgdorferi. Flg]
interaction with FlgG is undetectable (Figure 5), and the Aflg]
mutant’s rod structures are intact in B. burgdorferi (Zhang
et al.,, 2012).

Based on reports of Flg] and this communication, we propose
a model for how LTase®™ and Flg] work synergistically with
the hook cap protein FlgD to complete assembly of the hook-
filament in B. burgdorferi (Figure 6). In this model, LTase™
uses Sec-dependent pathway to be secreted into the periplasm.
Using the flagellar type III secretion system, Flg] and hook-
capping protein FlgD compile onto the rod as the rod completes
assembly onto the MS-ring. Interactions of Flg] with BB0259
or LTase®™ and FlgD (Figure 5) enable the hook to initiate
and complete its assembly through the PG holes created by
LTase®™ wherein Flg] chaperones or interacts with FlgD for
the hook to complete its assembly in the periplasm (Figure 6).
Without the FlgJ, the hook FIgE synthesis or assembly is
therefore incomplete (Zhang et al., 2012) due to a lack of
interaction between FlgD and FlgJ or lack of chaperone functions
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Bacterial flagellar motor (BFM) is a large membrane-spanning molecular rotary machine
for swimming motility. Torque is generated by the interaction between the rotor and
multiple stator units powered by ion-motive force (IMF). The number of bound stator
units is dynamically changed in response to the external load and the IMF. However,
the detailed dynamics of stator unit exchange process remains unclear. Here, we
directly measured the speed changes of sodium-driven chimeric BFMs under fast
perfusion of different sodium concentration conditions using computer-controlled, high-
throughput microfluidic devices. We found the sodium-driven chimeric BFMs maintained
constant speed over a wide range of sodium concentrations by adjusting stator units in
compensation to the sodium-motive force (SMF) changes. The BFM has the maximum
number of stator units and is most stable at 5 mM sodium concentration rather
than higher sodium concentration. Upon rapid exchange from high to low sodium
concentration, the number of functional stator units shows a rapidly excessive reduction
and then resurrection that is different from predictions of simple absorption model. This
may imply the existence of a metastable hidden state of the stator unit during the sudden
loss of sodium ions.

Keywords: bacterial flagellar motor, sodium-motive force, stator exchange, membrane protein, perfusion

INTRODUCTION

The cell membrane is not only the barrier for life but also the working place for many essential
cellular functions. Membrane proteins show rich dynamics such as gating (Moreau et al., 2014),
diffusing (Oswald et al., 2014; Lin et al., 2018), and exchange (Leake et al., 2006; Tusk et al., 2018;
Armitage and Berry, 2020). Earlier investigations focused on the mechanical properties such as the
gating mechanism or the diffusivity of membrane proteins. However, very little is known for the
membrane protein energetic dynamics. In this report, we use the sodium-driven bacterial flagellar

Abbreviations: BFM, bacterial flagellar motor; IME ion-motive force; SMFE, sodium-motive force; BFI, back focal-plan
interferometry; [Na™]ex, extracellular sodium ion concentration; [Na™ i, internal sodium ion concentration; Vy,,, membrane
potential.
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motor (BFM) as an example to study the energetic coupling
dynamics of the protein complex with high-throughput and
high-resolution optical measurements.

The bacterial flagellum is a large molecular complex spanning
across the membranes with extracellular flagellar filaments,
universal joint (hook), and motor (rotor and stator) (Nirody et al.,
2017; Nakamura and Minamino, 2019), as shown in Figure 1A.
The rotation of the motor is powered by the transmembrane ion
flux through the stator driven by the ion-motive force (IMF). The
common driving ions are proton (HT) and sodium ions (Na™).
About a dozen stator units are bound to the periphery of the
motor to interact with the rotor independently (Figures 1A-C).
A stator unit is composed of 5 MotA(PomA) and 2 MotB(PomB).
A MotA(PomA) protein has four transmembrane segments, and
the segment between the second and third transmembrane region
is responsible for the interaction with the rotor. A MotB(PomB)
protein has one transmembrane segment, a plug segment for ion
flux control, and a large periplasmic segment with an OmpA-like
domain for cell wall binding, as shown in Figure 1B. A model has
been proposed in which the MotA(PomA) pentamer ring rotates
with respect to the axis of MotB(PomB) dimer due to the influx of
ions (Deme et al., 2020; Santiveri et al., 2020). The direct physical
interaction between specific residues in FliG and PomA/MotA
was demonstrated and has provided a mechanism with gear-
like motion by the stator-rotor interaction in the flagellar motor
(Terashima et al., 2021). The ion movement through the stator
is driven by the IMF that comprises electrical and chemical
potentials (Nirody et al., 2017).

Subunits of BFMs such as stator units have been found to be
dynamic, dating back to the 1980s with so-called “resurrection”
experiments (Block and Berg, 1984; Blair and Berg, 1988; Reid
et al., 2006). In the stator genes deleted Escherichia coli strain,
the stator proteins can be expressed from inducible plasmid, and
the BFM rotation can be restored in a series of stepwise speed
increments. Each speed increment step indicates that the addition
of a functional stator unit contributed to the motor rotation.
More recently, by using green fluorescent protein (GFP)-fused
stator units and fluorescence recovery after photobleaching, the
protein exchange of stator units in functional BFMs has been
observed (Leake et al., 2006). The stator units can be unbound
by reducing IMF, and the stator resurrection can be achieved
by restoring the IMF (Tipping et al., 2013a; Sowa et al., 2014).
Later it was found that the mechanical load can also affect the
number of stator units (Lele et al., 2013; Tipping et al., 2013b;
Chawla et al., 2017; Wadhwa et al., 2019). A catch-bond model,
describing the bond between stator unit and motor strengthens
with applied force (Nord et al, 2017a; Nirody et al., 2019),
provides a new insight into the stator-rotor interaction. The
number of functional stator unit is therefore not only depending
on external load but also IMF and any other factors that would
affect the force generation process. In other words, the rotation
speed of a BFM depends on the external load, IMF, and the
number of bound stator units.

In the stator unit recruitment model, there is a pool of
unbound stator units diffusing on the membrane, with the plug of
ion channel closed, as shown in Figure 1. It has been shown that
the plug region of PomB prevents the ion influx by blocking the

rotation of the rotor as a spanner to interact with the periplasmic
loops of PomA (Homma et al., 2021). Once the stator unit is
incorporated into the rotor, the interaction between FliG and
stator units promotes stator—peptidoglycan binding, completing
the assembly (Terahara et al., 2017; Kojima et al., 2018; Nord
and Pedaci, 2020). A simple Hill-Langmuir absorption model
has been proposed to describe the dynamic response of stator
unit to the change of external load (Nord et al., 2017a; Wadhwa
et al., 2019). The model assumes that each stator unit can be
either diffusing freely on the membrane or binding to a motor.
The unbinding rate kg and the binding rate ko, describe the
probability of a stator unit switching between the two modes
and can be affected by the external load. When the external load
changes, the number of bound stator units would adjust to the
new state with an exponential transition. However, the detailed
role of coupling ions to the stator unit assembly and disassembly
dynamics remains unclear.

The chimeric stator, PomA/PotB7E, was developed in 2003
initially for the research of ion selectivity (Asai et al., 2003).
The PotB7* joining the N terminus of Vibrio alginolyticus PomA
to the periplasmic C terminus of E. coli MotB can function
with native PomA from V. alginolyticus as the sodium stator
in AmotAmotB E. coli cells, shown in Figures 1A,B. The
sodium-driven stator in E. coli provides a useful experimental
system to manipulate the sodium gradient of SMF without
interfering membrane potential (Lo et al, 2007). The SMF
and the torque-speed relationship of chimeric BFM has been
reported (Lo et al, 2006, 2007, 2013; Inoue et al., 2008;
Nord et al., 2017b). However, very little is known for the
critical jon concentration-dependent stator dynamics. Here,
we use microfluidic devices to perform computer-controlled
fast perfusion and high-throughput experiments to investigate
the stator dynamics to the sodium ion concentrations. We
found the chimeric BFMs maintain constant speed over a
wide range of sodium concentrations by adjusting stator units
in compensation to the SMF changes. The number of stator
units shows a reduction and then resurrection during a step-
down sodium transition. This may imply the existence of a
metastable hidden state of the stator unit during the sudden
loss of sodium ions.

MATERIALS AND METHODS

Bacterial Strains and Culture Conditions
Bacterial strains and growth medium used in this study are listed
in Table 1. Briefly, the chimera strain (YS34 with pYS11 and
pYS13) with sodium-type stator units in E. coli was used (Sowa
et al., 2005; Lo et al., 2006, 2007). The wild-type strain with
proton-type stator units (SYC12) was modified from E. coli strain
RP437 by replacing fliC on the genome to the sticky filament
fliC" (Scharf et al., 1998; Ryu et al., 2000; Hata et al., 2020).
A dual fluorescent protein fused strain (fluorescent chimera) with
chimeric sodium-type stator units in E. coli was constructed and
derived from JHC36 (Inoue et al., 2008). The stator-unit protein
PomA is fused with enhanced GFP (eGFP), and the rotor protein
FliN is fused with mCherry.
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FIGURE 1 | Structure of chimeric bacterial flagellar motor. (A) Schematic of the chimeric flagellar motor side view. A stator unit can diffuse on the membrane or bind
to the motor. A bounded stator unit can interact with the C ring of the rotor and drive the rotor to rotate. The stator is composed of the PomA (orange) from Vibrio
alginolyticus and the chimeric PotB7E. The PotB7E joins the N terminus of V. alginolyticus PomA to the periplasmic C terminus of Escherichia coli MotB. The blue
part is from E. coli, and the orange part is from V. alginolyticus. The chimeric stator units utilize the electrochemical energy of sodium ions (orange dots) to the motor
rotation. (B) Schematics of the primary structure of a PotB7E. The black boxes represent the identified functional areas. OM, outer membrane; PG, peptidoglycan;
IM, inner membrane; TM, transmembrane. (C) Top view of the flagellar motor. Stator units dynamically assemble to a motor (Bound) or disassemble from a motor
and diffuse on the membrane pool (Diffusing).

TABLE 1 | The list of bacterial strains and medium used in this study.

Description References

Bacterial strains

YS34 fliC::Tn10, ApilA, AmotAmotB, AcheY, RP4979 derivative Sowa et al., 2005
Chimera YS34 4+ pYS11 + pYS13 Sowa et al., 2005
SYC12 (wild type) fliC::fiCSt, otherwise wild type, RP437 derivative Hata et al., 2020
EFS023 fliC::flICSt, AmotAB, AfliN, JHC36 derivative This study
Fluorescent-chimera EFS023 + pTSK121 + pTSK108 This study
Plasmids
pYS11 fliC sticky filaments, ampicillin resistance, pBR322 derivative Sowa et al., 2005
pYS13 pomA/potB7E, IPTG inducible, chloramphenicol resistance, pMMB206 derivative Sowa et al., 2005
pTSK121 egfp-pomA/potB7E, arabinose inducible, ampicillin resistance, pBAD24 derivative. This study
pTSK108 mCherry-fiiN, salicylate inducible, chloramphenicol resistance, pKG116 derivative. This study
Growth medium
LB 1% tryptone (BD Bacto), 0.5% yeast extract (cat. no. Y1625, SIGMA), 0.5% NaCl
B 1% tryptone (BD Bacto), 0.5% NaCl

Cells from frozen stocks were cultured in 2 mL of Luria- isopropyl-B-D-thiogalactoside, 0.002% for arabinose, and

Bertani broth (LB) overnight at 37°C. Then, overnight
culture was diluted 40x to 2 mL in tryptone broth (TB)
for 5 h at 30°C. The required antibiotics and inducers were
added to the growth medium to preserve the plasmids
and express the proteins. Antibiotics concentrations
were 34 pg/mL for chloramphenicol and 50 pg/mL for
ampicillin. The inducer concentrations were 25 uM for

313 nM for sodium salicylate.

Beads Assay and Sample Preparation

To truncate flagellar filaments, 1.2 mL of cells in TB was sheared
by passing 30 times back and forth through a shearer, a custom-
made device with two syringes mounted to two 26-gauge needles
connected by a tube. The sheared cells were washed three times
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and concentrated to OD 1.0 through centrifugation (5,200g,
2 min) with motility buffer (MB, 10 mM potassium phosphate,
X mM NaCl, Y mM KCl, 0.1 mM EDTA, pH 7.0), where X
depends on the designed sodium ion concentration, and the total
ionic strength (X + Y) is fixed to 85 mM.

To perform fast perfusion experiments, we used 3-way
microfluidic chambers (ju-Slide IIT 3inl, cat. no. 80311, ibidi).
The channel slide was first coated with 60 L of 0.001 % (wt/vol)
poly-L-lysine for 1 min from port B, shown in Figure 2A. Then,
the coating solution was removed by adding 180 WL MB to each
port—1, 2, 3—and the waste was withdrawn from port B. The
chamber slide was set up to a microscope, and ports 1 and 3 of the
slide were respectively connected to two programmable syringe
pumps (Fusion 400, Chemyx) loaded with MB containing specific
sodium concentration.

The cells were injected into the slide from port 2 and waited for
30 min for the adhesion. The unattached cells were flushed away
by MB from port 2. After that, 0.125 % (wt/vol) of polystyrene
beads (0.99-um diameter, cat. no. 07310, PolySciences) was
injected into the slide from port 2 and waited for 30 min for
beads attaching to flagella. The unattached beads were flushed
away with the flow of MB from port 2. To remove all potential
residues, the extra 1 mL MB perfusion from ports 3 and 1 was
performed at a flow rate 2,000 pwL/min. Finally, a slow washing
flow of 20 L/min was maintained in the channel.

The high-throughput BFM rotation experiments were imaged
by a Nikon Ti-U microscope equipped with a 100x objective
(N.A. 1.49), a 0.6x relay, and a CMOS camera (UI-3370CP-
M-GL, IDS) recording at 450 fps with 2,048 x 350 pixel?.
Simultaneous high-spatial-resolution BFM rotation recording of
one BFM can be achieved by back focal-plan interferometry
(BFI), shown in Figure 2A. The fluorescence experiments were
conducted on the same microscope with laser illumination and
imaged by an EMCCD camera (Evolve 512, Photometrics). All
experiments were conducted at 25°C &+ 1°C.

Perfusion Experiment and Data

Collection

All perfusion and recording were controlled by the computer
for consistency. The high-throughput BEM rotation images were
collected from 80 positions in the middle of the channel slide at
450 fps and 1 s long each. During the recording, the channel was
kept at a slow constant flow (20 wL/min) of fresh MB.

In sodium switch experiments, three-stage sodium ion
concentration sequences were applied to the channel indicated as
X-Y-X sequence, where each number represents the extracellular
sodium ion concentration ([Nat]e) in mM. We used the
camera program (Streampix 7) and Labview to control perfusion
and imaging timing.

The experimental sequence is as follows. First, the cells were
maintained at X mM [Na%].; by the pump connected to port
1 with a constant flow (20 wL/min) for 5 min. The pump
was stopped, and the second pump connected to port 3 was
activated to perfuse 75 pL with a fast flow rate (2,000 pL/min)
for approximately 3 s to switch the [Nat]ex to Y mM. Then, the
flow rate was turned down to a slow constant flow (20 (LL/min).

After 5 min, the pump switching process was repeated, but the
order of pumps was inversed to restore the [Na™]ey to X mM
for another 5 min.

The image data were collected with dynamic intervals
where higher-resolution recording is applied to the fast speed
transition regions, Supplementary Figure 1. For the first stage,
approximately 5-minute period (At;), the steady rotations were
recorded 1 s in every 20-second durations (duty cycle 1:20).
For the second stage, the recording sequence was continuous
7 s (Aty—1, duty cycle 1:1), 1 s in every 3 s for a total of 76 s
(Aty—3, duty cycle 1:3), and 1 s in every 20 s (Aty_3, duty cycle
1:20) for the rest 221 s. Stage 3 is a repeat of stage 2. One
BFM rotation was recorded continuously with high spatial and
temporal resolution by BFI in the whole experiments at 1-kHz
sampling rate (Figure 2A).

Data Analysis

To image data, the rotation speeds of BFMs were monitored
by the attached 1-pwm beads. The stage drift was corrected
prior to further processing. The beads’ center positions were
found by weighting of the intensity signal. For BFI data, the
beads’ positions were derived by the quadrant photodiode signal
as in previous studies (Rowe et al., 2003; Sowa et al., 2005).
During the fast flow, the images of attached beads were affected
approximately 5 s, including the relaxation of the flow switch. The
speed data were excluded in these periods.

The speed was calculated from the power spectrum of
combined x-y position data (Rowe et al., 2003) of 1 s. To ensure
the data quality from the bead assay, three criteria were applied
to the data analysis. First, the radical fluctuation is small, and
the orbit is steady. Second, the rotation radius is within 180 and
220 nm. Third, the rotation speed is stable without any sudden
stop unless for low [Na™ ]y conditions.

To calculate the sodium-motive force (SMF), Egs. 1, 3, and 4
and membrane potential (V) from the previous report (Lo et al.,
2007) were used. The condition [Na™ ] = 0leads to an undefined
value of Eq. 3. We estimated the maximum sodium residue is
0.08 mM in the sodium-free MB from the ingredients” impurities.
Therefore, we use [Na®]ex = 0.08 mM for the SMF estimation in
the condition [Nat]e = 0.

RESULTS

Sodium-Dependent Stator Assembly at
Equilibrium

First, we investigated the BFM speed at a different [Na™].
The cells are in the desired [NaT]e at least for 1 h. Similar to
the sodium-driven BFM in V. alginolyticus (Sowa et al., 2003),
the speed of sodium-driven chimeric BFM in E. coli is sodium-
dependent with a saturation speed of approximately 80 Hz at
10 mM [Na™] with 1-um bead load, as shown in Figure 2B.

At 1-pm bead high-load condition, the rotation speed is
proportional to the number of stator units (Inoue et al., 2008).
Here, we assume the speed contribution from each stator unit is
equal and independent of the rest of bound stator units. E. coli
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FIGURE 2 | (A) Schematic of the experimental setup. The bacterial cells are immobilized on the surface of a three-way microfluidic chamber. The BFMs’ rotations
were recorded by a high-speed CMOS camera (green light path), and one BFM rotation can be measured simultaneously by a BFI system (red light path). Two
syringe pumps connect to inlet ports 1 and 3, respectively, to supply two different sodium concentrations of MB. Slow constant flow (20 wL/min) is maintained all the
time to remove any bacterial waste. (B) Sodium ion dependency of BFM speed. The black dots, gray shaded area, and error bar represent average BFM speed, the
standard deviation, and the standard error of the mean, respectively, under the load of 1-um beads as [Na*]e varies. The green dots, light-green shaded area, and
error bar show the inferred number of stator units, standard deviation, and standard error of the mean, respectively. Inset: Enlarge the number of stator unit data in
the low-sodium region. The numbers of measured BFMs are N = 805, 2,463, 1,489, 1,785, 1,149, 1,929, 7,047, 2,562, and 6,833 for [Na*]ex = 0.5, 1, 2.5, 5.0,
10.0, 15.0, 30.0, 50.0, and 85.0 mM, respectively. (C) BFM states diagram. The speed of BFM is dependent on the SMF and the number of stator units. The red
dots are the BFM average speed in panel (B) and the SMF at that [Na*]ex. The dashed lines are stator unit number contour line from Eq. 2 labeled at the top.
(D) BFM speed response to the perfusion experiments. The top diagram shows the experimental course with X-Y-X mM [Na™]ex perfusion. There are three stages in
each experiment, and each stage remains approximately 5 min. The numbers in the legend indicate the [Na*]ex at each stage. The bottom figure shows two
represented experimental BFI data sets. For the 85-00-85 mM experiment (blue dots), the BFM speed drops to zero as [Nat]ex was depleted and resurrected by
stepwise speed increase as [Na*]ex restored to 85 mM. For 85-01-85 mM experiments (green dots), the BFM speed drops to zero and then resurrected to a steady
speed as [Nat]ex changes to 1 mM. The speed returned back to high speed level as [Na*]ex restored to 85 mM.

has partial homeostasis of internal sodium concentration,

[Natliy = 7.2 (INa]ex)"?, (1)

where [Nat]i, and [Nat]e are the intracellular and extracellular
sodium ion concentrations, respectively (Lo et al, 2006).
Furthermore, the relation between the sodium ion gradient and
the single stator unit speed has been reported (Lo et al., 2006),
+1.
F, = 6.408 — 2.74510g& )
[Nat]ex
where Fg (Hz/stator) is the rotational speed contributed from
a single stator unit. Using these relations, the rotational speed
contributed by a single stator unit (Fs) can be obtained.
The number of stator units in the steady state is calculated
by dividing the average speed by Fs, as shown in Figure 2B.

The number of stator units is not a monotonic increase with
the increase in [NaT]e. The stator unit number increases
rapidly from 0 to 2.5 mM [Nat]e and reaches its maximum
at approximately 5 mM [Na™ ] (Figure 2B, inset). From 10 to
85 mM [Nat]e, the number of stator units reduces from 14 to
approximately 10. For 85 mM [Na™ ]y, the stator unit number is
consistent with the previous report (Reid et al., 2006). To further
confirm this new finding that the number of bound stator units
around the motor does not increase with the increasing [Na™]ex,
we measured the average fluorescent intensity of functional BEMs
in eGFP-PomA strain, Supplementary Figure 2. The results
confirmed that there are more stator units in the 1 and 5 mM
[Nat]ex conditions than in 85 mM [NaT]e. This is different
from the general belief that the stator is more stable in the higher
[Na+]ex~
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Stator Number Under Dynamic
Sodium-Motive Force

The Vy, remains constant in these experimental conditions (Lo
et al., 2007). Therefore, the SME,

kT

N +
SME = Vi — 2.3 L jog I Jex
e

[Nat]in ®

can be calculated, where k is the Boltzmann’s constant, T is the
absolute temperature, and e is the elementary charge. To illustrate
the status of BFM, we plot the BEM state diagram as the function
of average speed and SMF with stator-unit number contour lines
(Figure 2C). It is clear that the BFM remains constant speed
over a wide range of [Na™]ey, and the number of stator units is
maximized at approximately 5 mM [Na™]ey.

To further investigate the BFM stator units dynamics,
we designed fast perfusion experiments for BEM to switch
from different states of [Na™]ex. Figure 2D shows the typical
time course for two experiments with step-down and step-
up of [Nat]e.. For the 85-00-85 mM sequence, the BFM
speed is initially at approximately 80 Hz in 85 mM [Na']e
and stopped immediately as 0 mM [Na'] introduced. The
rotational speed recovered in a stepwise fashion within few

minutes after the [Na®]e is restored to 85 mM (Figure 2D,
blue dots) as reported (Sowa et al., 2014). For 85-01-85 mM
experimental sequence, from the steady state BFM speed and
stator unit number data (Figure 2B), we expect there is a
speed change, but no stator unit number changes. However,
the BFM speed shows two-stage speed changes with an
overshooting and then recovery to the steady-state speed
during the step-down [Na']e. When the [Na™]e is restored
to the initial 85 mM level, the BFMs speed up to the
original level quickly.

Because the BFM speed depends on both SMF and the number
of stator unit, it is necessary to analyze the SMF contribution
during the perfusion. E. coli has partial homeostasis of internal
sodium concentration and response time for the physiological
adjustment to the new steady intracellular sodium concentration
(Lo et al., 2006). The dynamic response of intracellular sodium
ion concentration can be described as follows:

[Na*1;, = Na*J;, + (INa*, — [Na™T,,) (1 - e_t/‘t) (4)

where [Na*];n and [Nat ]{n are the stationary intracellular sodium
concentration before and after perfusion. The response time
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constant T is 29 s as reported (Lo et al., 2006). Given initial

and final [Na™]e, the [Na™], and [Na*]{n can be calculated by
homeostasis relation (Eq. 1). Then, we are able to calculate the
sodium gradient and SMF as the functions of time from Eqs. 3, 4
and estimate the single stator speed by Eq. 2.

Figures 3A,B show the inferred SMF results for the two
conditions of the same traces in Figure 2D. The SMF would
decrease (more positive) while switching from high to low
[Nat]ex. As a result, the speed per stator unit also decreases in
the lower [Na®]ex.

We applied the above method to estimate the number of
stator units in the whole perfusion experiments (Figures 3C,D).
For 85-00-85 mM perfusion experiments, the speed recovery
trace (0-85 mM) shows stepwise but not equal increment speed
recovery (Figure 2D, blue dots). This is because the SMF adjusted
as well. By our estimation, considering the SMF dynamics, the
stepwise changes of stator unit match the discrete stator unit
number, which suggests our estimation is reasonable, as shown
in Figure 3C.

For 85-01-85 mM perfusion experiment, although the steady-
state speed changes, however, the stator unit number is close
to 11 in both 1 and 85 mM [Na™], conditions (Figure 3D).
Therefore, we expect there is a direct speed change without
number of stator unit changes. Surprisingly, during the 85-
01 mM perfusion, the number of stator units reduced to
zero and then recovered to the same level as 85 mM
(Figure 3D). This is very different from the simple Hill-
Langmuir absorption model of stator unit dynamics. Further
investigation is presented in section “Stator Response to Sodium
Concentration Shift.”

Sodium-Dependent Stator Kinetics

To quantify the sodium ion dependency of stator units, we
systematically investigate the BEM speed and stator unit number
dynamics between various [Na']e. The experiments were
designed as a three-stage perfusion sequence of X-Y-X mM
[Na+]ex.

First, we investigated the BFMs from different [Na™]e to
the extreme condition with zero sodium. The BFM stator
kinetics shows similar patterns in all conditions. The BFM is
driven by sodium ion and stopped at zero [Na't ], immediately
(Figures 4A,B). The BFM speed recovered from zero to its
original level once the [Na™]ex was restored in a few minutes
(Figures 4A,B and Supplementary Figure 3). The stator unit
numbers were then recovered as well (Figure 4C).

The simplest stator dynamics model has been reported and
described by a reversible Hill-Langmuir model (Nord et al,
2017a; Wadhwa et al., 2019). This model assumes that there is
a pool of stator units diffusing independently on the membrane.
A rotor with Np,y independent bound stator units was fixed
on the membrane. A bound stator unit can unbind with a rate
constant kg, and a free stator unit can bind to an empty site
with a rate constant kon. To the average stator occupancy, N(t)
follows:

dN
a = kon (Nmax - N) - koffN (5)

At steady state, that is, dN/dt = 0, the steady state stator
occupancy is determined by Ng = Nmax/(1 + Kp) where
Kp = kog/kon-

When the motor encounters a state transition, the simple
model predicts an exponential transition toward the new steady-
state occupancy (Nord et al., 2017a; Wadhwa et al., 2019),

N (t) = Nf4+ (N' — NHe & (©6)

where N/ and N’ are the number of stator units in the initial and
final steady states, and
N; - K
Nmax

Npmax — Ng) - K
; koﬁ‘:( max S) (7)
Nmax

kon

The single exponential equation described by a constant rate K
relates to the stators’ on/off rate as K = kop + k off.

Based on this model, the stator resurrection process can be
fitted by Eq. 6 (Figure 4C, line), and rate constant K, kon, and
kof can be obtained (Figures 4D,E). The recovery rate constant K
increases as the [Na™]ex increases (Figure 4D). In Figure 4E, the
kon is a constant in the range of [Na™]e = 5 to 85 mM, whereas
the kog increases in this range. At 5 mM [Na't]e conditions,
there are more stator units because the kg is at the lowest point.
However, in the 2.5-0.5 mM [Na™] range, ko, drops rapidly,
whereas kg increases a little.

Current understanding of stator unit assembly process
comprises the first step of rotor—stator interaction and the second
step of stator binding to the cell wall (Kojima et al., 2011; Kojima,
2015). The previous result showed the sodium ion can bind
to stator units after its conformational change which leads to
the plug open and the structural changes of the cytoplasmic
loop (Onoue et al, 2019). That is an assembly-coupled stator
activation. It has been reported that the assembly of stator units
in the sodium-driven BFMs is sodium-dependent (Fukuoka et al.,
2009). Our results support that at least 5 mM [Na™ ] is required
for stator units stabilization and interaction with the rotor.

However, the kg raises as more sodium was introduced. The
manner is similar to the load-dependent stator stability that the
stator is less stable and kg is higher in the low load conditions.
It is the increment of the kg that leads to the drop of stator
unit in a higher sodium concentration. It might be interesting
to test the stability of stator units in the extremely high sodium
concentration within the cell physiology conditions.

Stator Response to Sodium

Concentration Shift

The BEM has mechanosensing capability for cells to adapt to
the chemical and mechanical changes of environments (Nord
etal.,, 2017a; Wadhwa et al., 2019). However, very little is known
for the effect of driving ion concentration on the BFM stator
dynamics. In the following section, we reported the investigation
of stator adjustment to the nonzero [Na™]ex change. Figure 5A
shows the BFM speed under perfusion experiments of 85-01-
85 mM [Na']... BEMs rotate stably at 80 Hz in the 85 mM
[Nat]ex. There was a dramatic speed drop when 1 mM [Na™]ey
was applied and then resurrected to the 40-Hz steady-state speed.
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FIGURE 4 | BFM speed and stator number kinetics to zero [Na*]ex.

(A) Perfusion experiment of 85-00-85 mM sequence. The black dots show
the average BFM speed. The red dots represent the inferred SMF. The green
dots and line represent the number of stator units and fitting result to the
simple Hill-Langmuir absorption model (B) BFM speed data collection of
perfusion experiments with different [Na*]ex. The legend indicates the
perfusion [Na*]ex sequence and the number of BFM speed data collected.
(C) The dots and lines show the number of stator units inferred from the
speed results in B and the fitting results, respectively. (D) The recovery rate
constants in the third stages (zero to high [Na*]ex) in C versus [Na*]ex.

(E) The Kon and K according to the sodium concentration derived from
panels (C,D). The black tendency line for the Kop, is obtained by fitting a
simple exponential curve. The error bar in panels (D,E) represents the
standard deviation of the fitting parameter.

And then, a speed increased when the 85 mM [Na™]e, was
restored to the chamber.

Because the [Na'];, response time is long (29 s) compared
with the perfusion time (3 s), the SMF dropped first and then

was completely removed, the wild-type motor maintains the
same speed. The result suggests that the cell physiology and
membrane potential remain the same in the sodium perfusion
experiments. It is likely the stator unit has extra mechanism of
the sodium response.

To further quantify the initial stator unit jump in the step-
down [Na™]e perfusion experiment, we compiled the statistic
of the number of stator unit changes (Figure 5D). For 85-
05 (mM) and 30-05 (mM) perfusion, the number of stator
units in average shifts approximately 1 and 2, respectively. The
positive numbers reflect the increasing affinity for higher stator
numbers to maintain the power output. For 85-01 (mM), the
stator unit dropped at least 5 of 10 stator units on average,
implying that the motor may encounter quick remodeling
of stator units.

To characterize the response time scale of the stator unit
dynamics, the stator unit resurrection traces are fitting with Eq. 6.
In Figure 5E, one can find that these kon and kg are very
different from stator unit resurrection from 00-01 mM perfusion
experiments. The ko, for 85-01 mM perfusion is approximately
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FIGURE 5 | BFM speed and stator number kinetics to nonzero [Na*]ex.

(A) Perfusion experiment of 85-01-85 mM sequence. The black dots show
the average BFM speed. The red dots represent the inferred SMF. The green
dots and line represent the number of stator units and its fitting result to the
simple Hill-Langmuir absorption model. (B) BFM speed data collection of
perfusion experiments from high to different nonzero different [Na*]ex. The
legend indicates the perfusion [Na*]ex sequence and the number of BFM
speed data collected. (C) The dots and lines show the number of stator units
inferred from the speed results in B and the fitting results, respectively.

(D) Kernel density estimate of the number of stator unit differences between
step-down sodium perfusion. (E) The Kon/Kof for 0-1, 30-1, and 85-01 mM
stator unit resurrection fitting results in C. The error bar is the standard
deviation of the fitting parameter.

0.03 (1/s), which is four times faster than 00-01 mM perfusion.
These results may imply that the stator recruitment process may
be different in these two conditions.

DISCUSSION

In this report, we applied computer-controlled microfluidic
devices for fast perfusion to investigate the stator dynamics.
The high-throughput and systematic data collection provides a
nonbias and ideal data set for analysis.

We found that although the chimeric BFM has constant speed
over a wide range of sodium ion concentrations, the stator
occupancy does not saturate to its maximal capacity. Previous
studies have shown that contribution of a stator unit to the
motor speed increases with the rise in sodium concentration,
Eq. 2 (Lo et al., 2006). Thus, the plateau region of the speed, in
compensation, is the reduction of functional number of stator
units on the motor as the SMF increases. This is against the long-
held belief that stator unit’s stability is proportional to the sodium
ion concentration. Wadhwa et al. (2019) have reported the BFM
stator stability decreases when the external load decreases and
rotational speed increases. Although the molecular mechanism
remains unclear, our results show the same conclusion that the
BEM stator is less stable in the high-speed conditions. As the
output power of a motor is proportional to the rotational speed,
the wide-range constant speed suggests a wide range of constant
power output, whereas the SMF varies. The wide range of BFM
speed may provide biological advantage for bacterial cells to
maintain chemotaxis and optimize the energy usage in different
external environments.

The stator binding and unbinding rate kon and kg have
different sodium dependencies. The stator ko is a constant for
the [Na™]ex higher than 5 mM. This suggests that it required at
least 5 mM [Nat ]y to trigger a stable activation. On the other
hand, the unbind rate kg is lowest at 5 mM [Na™ ], and increases
for both increasing and decreasing [Na™]e. For higher [Na™t]e,
end, the BFM drives faster, and the ion flux increases. Similar
to the low-load high-speed condition, the stator kog increases
(Nord et al., 2017a). A recent stator structure report shows an
ion reservoir region in the cytoplasmic region of stator units
(Santiveri et al., 2020). Therefore, the ion discharge step might be
a rate-limiting step for stator to work at high [Na™]x and high-
speed region. However, how the rate-limiting step destabilizes
the stator binding remains unclear. For low [Na™]e end, the
number of stator units is reduced due to the low binding affinity.
Our finding is consistent with the model that stator stability is
mediated by the external load, IME and other factors that would
affect the force generating process (Armitage and Berry, 2020).

Sodium-driven stators in V. alginolyticus showed the [Na®t]ey—
dependent stator polar localization (Fukuoka et al, 2009).
However, there are reports demonstrating that the loss of IMF
does not affect the assembly of the stator units in Salmonella
and E. coli (Morimoto et al., 2010; Suzuki et al., 2019). The
chimeric stator unit, PotB7%, is composed of E. coli cell wall
binding domain that is critical for the stator assembly to
the motor, as shown in Figures 1A,C. In our experiment of
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FIGURE 6 | The two-stage stator unit response model. (A) The comparison of
stator unit numbers dynamics in the step-down 30-01 mM [Na]ex experiment
from the two-stage model and the Hill-Langmuir absorption model. Black
dots are the experimental data of stator unit numbers. The red dotted line
represents the expected stator unit number transition from the Hill-Langmuir
absorption model. The green line represents the time course of stator unit
number in the two-stage model. T1 and T3 are the time points of motors at
[Na]ex = 30- and 1-mM steady state, respectively. T» is the time point right
after the [Na]ex step-down. (B) Model diagram of the stator states at three
time points. At time point T4, the number of stator units is dynamically
balanced on the motor. Right after the [Na]ex step-down, stage 1 (green circle
1), the numbers of stator units reduced partially by stator units unbound and
partially by stator units enter the bound-but-not-functioning hidden state. In
the second stage (green circle 2), the stator units resurrect to the steady state
until the motor reaches the new steady state at time point Tz. As the new
dynamic balance is formed, the average number of bound stator units is less
than that at T4.

85-00 mM perfusion, the BFMs stopped immediately. In the
current stator unit recruitment model, the stator units can
have only bound and unbound states. One might imagine
a possible condition that a stator unit could disengage with
the rotor but not lose the cell wall binding, leading to a
potential mechanism for the IMF independent stator assembly
in E. coli (Morimoto et al., 2010). To verify this possibility, we
conducted a single-cell fluorescent measurement of the eGFP-
fused stator units, Supplementary Figure 7A. In a tethered cell
setup, the fluorescence intensity indicated that the number of
stator units reduced immediately after the 85-00 mM perfusion,
Supplementary Figure 7B. The fluorescence also recovered after
the 85 mM [Na™]e, was restored. The BFM speed is consistent
with stator fluorescence signal, Supplementary Figure 7B. We
can confirm that the stator units disassembled from the rotor
in the 0 mM [Na™]e conditions, showing the stator assembly
and disassembly were sensitive to SMF in this chimeric motor.
The data also support the model that bounded stator units can
physically leave the rotor region, and the diffusing stator units
can reassemble to the motor.

How the sodium ion affects the stator assembly remains
unclear. Recently, Terahara et al. reported that OmpA-like
domain folding is sodium-dependent in the sodium-driven
MotPS stator unit (Terahara et al., 2017). However, the OmpA-
like domain in the chimeric PotB7% is from proton-driven E. coli
MotB. We speculate that the ion transition through the stator
units is the key for stator assembly in this chimeric motor as
previously reported for V. alginolyticus (Fukuoka et al., 2009).

From the steady-state BFM speed and stator unit number data
(Figures 2B,C), we expect no stator change in the 85-01 (mM)
perfusion. Surprisingly, the stator unit number initially dropped
and then resurrected to stator number in the steady state. The
resurrection process is faster than these in 00-01 and 30-01 (mM)
perfusion. But we did not find the reverse process as 01-85 mM
perfusion experiments. In order to gain a deeper insight into the
resurrection after overshooting in step-down sodium perfusion,
we conducted fluorescence measurement of eGFP-fused stator
units in tethered cell setup. For 30-00 and 30-01 mM perfusion
experiments, as expected, tethered cell rotational speed reduced
to zero and maintained the same respectively, Supplementary
Figure 7C. However, the fluorescence intensity of the motor
region drops right after the perfusion indicates a stator unit
disassembled process, Supplementary Figure 7D. The stator
unit dropping less in 30-01 mM perfusion suggests there are
remaining stator units still bound to the BFM and maintaining
the speed. But the resurrection is faster than 00-01 mM perfusion
(Figure 5E). Based on these data, we proposed a two-stage
stator unit response model for [Na™]e, step-down, as shown in
Figure 6. Right after the [Na™]ex step-down, some stator units
were disassembled, and some were still in the bind but not in
the functional state. Therefore, the number of functional stator
units shows a rapidly excessive reduction and then a second-
stage resurrection to the steady state. A recent report using
kinetic analysis on BFM speed showed multiexponential shapes
of dwell-time distribution. It suggested the existence of a hidden
state in the stator unit exchange process (Shi et al., 2019). The
bound but not functioning state is one of the possible states of a
short-life hidden state.

In light of the discussion, we can have three conclusions.
First, the chimeric stator is less stable in the higher sodium
concentration. Second, the stator assembly and dissemble
are sodium dependent. Third, there is a possible stator
bound but no functioning state existed. On the basis of our
findings and available information, the reversible Hill-Langmuir
model is too simple to describe the stator unit dynamics.
Correlated microscopy combining BFM speed and fluorescence
measurements with computer-controlled microfluidic devices
could provide further insight into the stator unit dynamics. It is
important to study the protein exchange in response to various
factors such as load, temperature, and energetics to obtain a
complete understanding of BEM working mechanisms.
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