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MEETING REVIEW

Lessons in Fundamental Mechanisms and Diverse Adaptations from
the 2015 Bacterial Locomotion and Signal Transduction Meeting
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In response to rapid changes in their environment, bacteria control a number of processes, including motility, cell division, bio-
film formation, and virulence. Research presented in January 2015 at the biennial Bacterial Locomotion and Signal Transduction
(BLAST) meeting in Tucson, AZ, illustrates the elegant complexity of the nanoarrays, nanomachines, and networks of interact-
ing proteins that mediate such processes. Studies employing an array of biophysical, genetic, cell biology, and mathematical
methods are providing an increasingly detailed understanding of the mechanisms of these systems within well-studied bacteria.
Furthermore, comparisons of these processes in diverse bacterial species are providing insight into novel regulatory and func-
tional mechanisms. This review summarizes research presented at the BLAST meeting on these fundamental mechanisms and
diverse adaptations, including findings of importance for applications involving bacteria of medical or agricultural relevance.

or 25 years, the vibrant Bacterial Locomotion and Signal

Transduction (BLAST) biennial meetings have characterized
the elegant complexity of the mechanisms bacteria use to sense
and respond to their environment. A hallmark of this behavior is
bacterial chemotaxis, a specialized signal transduction system
used to couple appropriate locomotion to continuous sensing of
local environmental changes (Fig. 1). Modern chemotaxis re-
search was started some 50 years ago by Julius Adler with the
development of assays that would allow him to characterize bac-
terial motility (1) (for a review of the history of bacterial che-
motaxis, see reference 2). Much of the early work focused on
model organisms such as Escherichia coli, Salmonella enterica, or
Bacillus subtilis. Approaches involved the visualization of bacterial
movement, or “tracking” (3), and the identification of the vast
number of proteins involved in the motor and flagella (4, 5). Pro-
teins involved in signal transduction in chemotaxis are part of a
large family of histidine aspartic acid phosphorelay proteins (aka
“two-component signaling” [TCS] systems) that regulate behav-
iors other than motility, including gene transcription and global
regulator molecules such as cyclic di-GMP (see Fig. 3). Indeed,
much of the pioneering work in the mechanisms of signal trans-
duction was first presented in meetings of BLAST researchers.
Thus, from the initial motility tracking assays, BLAST meetings
have witnessed the expansion of the focus on locomotion and
signal transduction to a wide array of processes investigated with
highly sophisticated methodologies. Furthermore, comparisons
of these processes in diverse bacterial species are providing insight
into novel regulatory and functional mechanisms, as well as key
information for applications involving bacteria of medical or ag-
ricultural importance.

Here we summarize the research presented at BLAST XIII to
illustrate the exciting blend of an array of methods revealing both
fundamental mechanisms and diverse adaptations. To frame the
discussion, Fig. 1 summarizes the process of chemotaxis from the
binding of chemoattractant to the switching of the flagellar motor.
The process is illustrated for E. coli, but many variations are now
recognized. For example, instead of (or in addition to) the rotary
motor shown in Fig. 1 that propels the flagella of numerous bac-
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teria, including E. coli, S. enterica, and B. subtilis (6), other bacteria
employ diverse gliding motility machineries. Pseudomonas aerugi-
nosa and Myxococcus xanthus have motility machineries consist-
ing of retractable type IV pili (7) (referred to as twitching motility
and social motility, respectively). M. xanthus also contains a sec-
ond “adventurous” gliding motility machinery involving focal ad-
hesion (FA) complexes, and Flavobacterium johnsoniae (8) con-
tains a completely distinct gliding motility motor. Detailed studies
of the rotary motor have revealed diversity among species as well
(see Fig. 4). As one example, E. coli uses a ring of some 10 to 12
MotA and MotB stator proteins to drive the flagellar motor (9),
while Shewanella oneidensis can switch between a proton-driven
motor that uses MotA/MotB and a sodium-driven motor that uses
PomA/PomB, to adapt to changes in the environment (10). Like-
wise, the signal transduction pathways that lead from the actual
chemical stimulus, usually outside the cell or in the periplasm, to
a change in motility behavior differ among species.

BLAST XIII also highlighted the ways in which the field of
bacterial motility, chemotaxis, and signal transduction extends
beyond these processes and beyond microbiology. For instance,
the field has long included analysis of the physics of motility and
chemoreception (11), the complexity of the signal transduction
systems has attracted bioinformatic analyses (12, 13), and the re-
sulting insights into modularity of these systems have inspired
protein engineering (14). It has become clear that motility and its
related signal transduction pathways are never isolated processes
in the bacterial cell but are part of an integrated network of regu-
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FIG 1 Overview of bacterial chemotaxis systems. Polar arrays of chemoreceptors (gray), CheW (cyan), and CheA (blue) activate autophosphorylation of CheA.
The phosphoryl group is transferred to the CheY response regulator, which binds to the switch on the flagellar motor to cause clockwise rotation, disruption of
the bundle of flagella, and tumbling of the cell (bottom inset). Binding of attractant ligands from the environment (orange triangles) to chemoreceptors inhibits
phosphorylation of CheA and clockwise rotation of the motor, thus suppressing tumbling, so the cell swims longer toward favorable environments (top inset).
Note that the switch of one motor to clockwise rotation is sufficient for the bacterium to tumble. Adaptation to ongoing stimuli is mediated by covalent
modification of the receptors (see Fig. 2): specific Glu/Gln residues in the receptor cytoplasmic domain are methylated by CheR and demethylated/deamidated

by CheB.

latory and metabolic pathways. As specific examples, motility is
coupled to cell division (15, 16) and two-component signaling
contributes to virulence in numerous organisms (17-19). Fur-
thermore, complex regulatory pathways are also involved in the
transition from motile to sessile states, and the interplay of motil-
ity and biofilm formation is complex (20).

This review highlights the research presented in talks at BLAST
XIIT held in Tucson, AZ, from 19 to 22 January 2015. We had a
total of 133 attendees from 15 countries across the world, and a
total of 52 oral presentations and 59 poster presentations. In keep-
ing with BLAST tradition, this meeting provided an excellent fo-
rum for young scientists to present and discuss their research, with
29% of the talks given by postdocs and 32% given by graduate
students, as well as one undergraduate giving a poster that won
one of the two poster awards. This review article highlights the
research presented in most (80%) of the oral presentations,
grouped into the following sequence of topics: (i) sensing funda-
mentals, (ii) sensing variations and applications, (iii) intracellular
signaling variations, (iv) motor fundamentals, (v) motor varia-
tions, and (vi) niche adaptations. The variations and adaptations
provide examples of the importance of this research area with
respect to harnessing and controlling bacteria for agricultural and
medical applications.
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SENSING FUNDAMENTALS

Many of the fundamentals of signal transduction by two-compo-
nent signaling systems have been deduced through investigations
of the well-studied chemotaxis system of E. coli. A wide range of
bacteria use this system to sense and respond to attractant and
repellent molecules in their environment. Sensing begins with
binding of environmental signals (such as aspartate, serine, malt-
ose, and ribose) to a remarkable membrane-bound array of
chemoreceptors that form a hexagonal lattice (Fig. 2B) with the
cytoplasmic proteins CheA and CheW (21-24). It is widely ac-
cepted that attractant binding to the periplasmic domain of the
chemoreceptor causes an approximately 2-A piston movement of
transmembrane helix 2 (TM2) toward the cytoplasm (25, 26), but
it is not yet clear how the signal is transmitted 200 A through the
cytoplasmic domain to control the kinase activity of CheA bound
to the membrane-distal cytoplasmic tip of the receptor.

Protein domains can propagate information via changes in
structure or changes in dynamics. Recently, various groups have
proposed that connections between successive subdomains of the
cytoplasmic domain cause inverse stabilization of these sub-
domains in the kinase-on and kinase-off signaling states, and ex-
perimental methods, including mutagenesis, disulfide cross-link-
ing, hydrogen exchange, and electron paramagnetic resonance
(EPR), are being used to develop and test these proposals (27-31).
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FIG 2 Hexagonal array of chemoreceptors. A cartoon model of an array is
presented, showing a side view of two receptor trimers of dimers with CheA
and CheW bound at the membrane-distal tip of the receptor (A) and a view at
the membrane-distal tip of the hexagonal lattice, which can extend ~200 nm
(B). (C) Structural model of one receptor dimer in complex with CheW and
CheA (P4 and P5 domains). It is widely accepted that binding of an attractant
ligand (orange triangle) causes an approximately 2-A piston movement of
transmembrane helix 2, but it is not yet clear what changes occur in the cyto-
plasm to turn off the kinase. Evidence was presented for various proposed
changes in the receptor (indicated by question marks and discussed in the
text), including a swivel of the control cable, a decrease in the dynamics of the
HAMP subdomain, possible changes in dynamics of the methylation sub-
domain (presently not well characterized), and an increase in the dynamics of
the protein interaction subdomain, as well as a dipping (double-headed arrow)
of the P4 domain of CheA.

Peter Ames from Sandy Parkinson’s group (University of Utah)
presented results of extensive mutagenesis of the 5-residue “con-
trol cable” that connects the cytoplasmic end of transmembrane
helix 2 (TM2) to the HAMP subdomain in the serine receptor
(32), which he interpreted in the context of a model in which the
helix packing interfaces of TM2 and HAMP are out of register and
in which this structural conflict destabilizes the HAMP sub-
domain to create the kinase-on state. He reported that shortened
control cables lock the receptor in the kinase-on state and sug-
gested that this is due to a further destabilization of the HAMP
subdomain. Ames proposed that the ligand-induced 2-A piston
movement causes a swivel of the control cable at the critical initial
two residues, to relieve the TM2/HAMP structural conflict and
stabilize HAMP to yield the kinase-off state (Fig. 2C).

Speakers from two different research groups presented site-
directed spin labeling EPR studies providing new evidence that
dynamics in different chemoreceptor subdomains change with
the signaling state. Both groups measured EPR spectra of spin
labels incorporated at unique Cys residues introduced throughout
the cytoplasmic domain of the E. coli aspartate receptor, using
different constructs, conditions, and methods. Nicholas Bartelli
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from Jerry Hazelbauer’s group (University of Missouri—Colum-
bia) spin-labeled the intact receptor and then reconstituted indi-
vidual receptor dimers into ~10-nm-diameter lipid bilayer
“nanodiscs.” In such bilayers, isolated dimers couple ligand bind-
ing and adaptational modification to receptor conformation as
demonstrated by ligand-enhanced methylation rates, but multiple
receptor dimers in the same nanodisc (presumably forming trim-
ers of dimers) are needed to activate and control the kinase (33,
34). Dipanjan Samanta from Brian Crane’s group (Cornell Uni-
versity) spin-labeled two soluble cytoplasmic-domain variants
that incorporated different HAMP domains to mimic the ki-
nase-on and kinase-off states. Results reported by both groups for
the methylation subdomain did not show a clear signaling-related
pattern: dynamics did not change significantly upon ligand addi-
tion (Bartelli) or in the kinase-on versus kinase-off variants (Sa-
manta), but both groups observed increased dynamics for the 4E
unmethylated variant relative to the 4Q methylated-mimic vari-
ant. This may reflect the fact that full coupling of ligand and meth-
ylation control of receptor function is observed only for receptors
in complex with CheA and CheW (35). Based on both EPR line
shapes and pulsed EPR measurements of the distribution of dis-
tances between spin labels, Samanta concluded that the protein
interaction subdomain (cytoplasmic tip) of the receptor has in-
creased dynamics in the kinase-off state (Fig. 2C) (36), irrespec-
tive of whether inactivation is achieved by HAMP state or de-
methylation. This finding is consistent with a recent hydrogen
exchange study of receptor constructs in functional complexes
with CheA and CheW (27).

A molecular dynamics (MD) study presented by Keith Cassidy
from Klaus Schulten’s group (University of Illinois at Champaign-
Urbana) revealed unexpected large-scale motions in CheA within
arrays. Building on previous models of the array’s extended orga-
nization (21, 23), Cassidy utilized computational modeling and
MD simulations to generate an atomically resolved model of the
array unit cell from existing crystal structures and new electron
cryotomography data obtained by Peijun Zhang’s group (Univer-
sity of Pittsburgh) using arrays of cytoplasmic receptor fragments,
CheA, and CheW bound to lipid monolayers. All-atom MD sim-
ulations of the 1.2 million-atom array model revealed a periodic
“dipping” of the CheA P4 domain (Fig. 2C) below the CheA/W
baseplate and allowed the prediction of key residues affecting the
conformational dynamics of CheA. Data from other laboratories
have suggested signaling-related changes in the mobility of CheA
linkers and domains (37, 38); it remains to be seen how such
changes are affected by the receptor and how they modulate kinase
activity.

Results of research on chemoreceptors from other organisms
revealed both the universality of the features observed in E. coli
and new features characteristic of more-complex chemotaxis sys-
tems found in other bacteria. Davi Ortega from Grant Jensen’s
group (California Institute of Technology) discussed the evolu-
tion of the chemotaxis system in archaea. Ortega presented evi-
dence that the system was acquired by lateral gene transfer from
bacteria to archaea and presented electron cryotomography im-
ages of the membrane-bound and cytoplasmic receptor arrays of
archaea, both of which have the same hexagonal array architecture
as that observed in bacteria (39). Tino Krell (Estacién Experimen-
tal del Zaidin, Spain) presented results on the chemotaxis system
of the human pathogen P. aeruginosa, a model for bacteria with
greater diversity and complexity of chemotaxis proteins than are
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found in the single chemosensory pathway of E. coli. Krell and
coworkers used isothermal titration calorimetry to investigate
binding of this organism’s four different CheR methyltransferases
to three C-terminal pentapeptides of its chemoreceptors. Since
only CheR2 bound the McpB pentapeptide and methylated the
McpB receptor, Krell suggested that the role of pentapeptide bind-
ing is to mediate receptor-specific methylation and adaptation in
separate chemosensory systems responding to different stimuli.
Furthermore, Krell’s group identified a common feature in the
sequences of CheR methyltransferases that bind to receptor pen-
tapeptides, which may facilitate prediction of receptor/CheR in-
teraction partners in other bacteria (40).

SENSING VARIATIONS AND APPLICATIONS

Chemotaxis research is also focused on responses by organisms of
medical or agricultural importance. For example, several groups
study the chemoreceptors of Helicobacter pylori, the causative
agent of some human cancers and ulcers. Emily Sweeney, of the
groups of James Remington and Karen Guillemin (University of
Oregon), presented the crystal structure of the TIpA ligand bind-
ing domain, a tandem-PAS structure, and suggested that it may
serve as a heme-binding receptor to sense levels of O,, NO, or CO
and enable H. pylori to perform chemotaxis toward a site of dam-
age in the stomach. Findings from the Manson group revealed
important insights into the mechanism by which norepinephrine
mediates chemotaxis responses of pathogenic E. coli. Mike Man-
son (Texas A&M University) reported (i) that norepinephrine
induces expression of two enzymes that can convert it to 3,4-
dihydroxymandelic acid (DHMA), (ii) that nonpathogenic E. coli
bacteria that express these enzymes exhibit an attractant response
to norepinephrine, and (iii) that this response is mediated by the
serine receptor binding DHMA. Interestingly, standard che-
motaxis assays might not have detected the response, because it
peaks between 5 and 50 nM DHMA and then disappears at higher
concentrations. The microflow assay used in this study was likely
critical for detecting the DHMA response and may enable discov-
ery of other responses to clarify the role of chemotaxis in patho-
genesis by enteric bacteria (41).

Novel methods for identifying ligands and receptors mediating
chemotaxis are also playing a role in studies of agriculturally im-
portant bacterial systems. Monica Gerth (University of Otago)
described a high-throughput fluorescence thermal shift assay de-
veloped in her group to identify the ligand specificity of the 43
chemoreceptors found in Pseudomonas syringae pv. actinidiae, a
pathogen of kiwifruit. The strategy involved expression and puri-
fication of each receptor ligand-binding domain for screening
with this assay against a commercially available collection of over
900 ligands. Hits were confirmed with isothermal titration calo-
rimetry to measure binding and with capillary assays to measure
chemotaxis. The successful identification of a number of ligands
and the lack of false positives suggested that this assay provides an
efficient means to characterize complex chemotaxis networks
present in many bacteria (42). Benjamin Webb from Birgit
Scharf’s group (Virginia Tech) won the award for Outstanding
Talk by a Graduate Student. He described a modified agarose cap-
illary assay method for automated data acquisition enabling si-
multaneous time course measurements for up to 10 strains. Webb
demonstrated the power of this assay in a study of the role of
chemotaxis in symbiosis between a soil bacterium and alfalfa (43).
Capillary assays on Sinorhizobium meliloti and various knockout
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strains were used to identify the receptors involved in chemotaxis
to the seed exudate of the host plant Medicago sativa.

INTRACELLULAR SIGNALING VARIATIONS

The BLAST XIII meeting also introduced exciting variations in
intracellular signaling mechanisms. One theme which emerged
from this meeting involved identification of new targets of the
second messenger cyclic di-GMP (cdG). cdG is generally involved
in regulation of the transition between the motile and sessile states
in bacteria (44), often by regulation of the motility apparatus, but
the mechanisms are not always understood (Fig. 3A). While the
enzymes involved in the production (diguanylate cyclases [DGC])
and degradation (phosphodiesterases [PDE]) of ¢dG are readily
identifiable by the presence of conserved enzymatic domains, less
is known about proteins involved in directly detecting and re-
sponding to c¢dG.

To identify targets for cdG in Caulobacter crescentus, Urs Jenal
(University of Basel) and his group used the cdG-specific capture
compound mass spectrometry technique (45). Jenal presented the
identification of a novel set of proteins containing a CheY-like
receiver domain followed by an arginine-rich domain (Fig. 3B).
Biochemical and mutant analyses indicated that the Arg-rich do-
main directly binds ¢dG and is necessary for localization of these
proteins to FliM in the polar flagellar apparatus of swimming cells.
Interestingly, phosphorylation of the CheY-like domain seems to
play no role in localization. Functional analyses of these novel
CheY-like proteins suggested that their role is complex and that
they likely impact not only chemotaxis but also other aspects of
the flagellar motor. A different mechanism by which cdG affects
the flagellar motor in P. aeruginosa was presented by Amy Baker
from George O Toole’s group (Geisel School of Medicine at Dart-
mouth) (Fig. 3C). Her data suggest that cdG may control swarm-
ing in this organism by altering the ratio of two different stator
complexes (MotAB and MotCD) incorporated into the motor of
its single polar flagellum. Higher levels of MotCD promote
swarming, while higher levels of MotAB prevent swarming (20).
Insight as to how ¢dG may control this behavior came from an
observation that FlgZ (containing a cdG-responsive PilZ domain)
interacts with MotC. This observation suggests a model in which
FlgZ-cdG interacts with membrane pools of MotC, which pre-
vents MotC incorporation into the stator. As a consequence, the
ratio of MotAB to MotCD would be increased, repressing swarm-
ing when cdG levels are high. Yet another novel mechanism by
which ¢dG influences motility was presented by Christopher Jones
from Fitnat Yildiz’s group (University of California, Santa Cruz)
(Fig. 3D). Jones showed that c¢dG influences motility in Vibrio
cholerae via regulation of the assembly of its type IV pilus, MshA.
The mshA locus was identified as a suppressor of the nonmotile
phenotype in the PDE c¢dg] mutant background. Jones and his
colleagues then used high-speed surface imaging to determine
that cdg] mutants have an enhanced surface interaction phenotype
and that the Msh pili increased V. cholerae surface interactions and
adhesion. The researchers also demonstrated that surface pilus
production correlated with cdG levels and that cdG directly binds
to the extension ATPase MshE. Together, the data suggest a model
in which ¢dG levels stimulate MshE-mediated pilus assembly,
leading to an increase in surface attachment and a decrease in
motility. In a final exciting development, identification of a cdG
target which does not involve motility was presented by Hyo
Kyung Kim from Rasika Harshey’s group (University of Texas at
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FIG 3 Intracellular signaling variations. (A) Control of cyclic di-GMP (cdG) levels in a cell. Diguanylate cyclase (DGC) proteins synthesize cdG (red hexagons)
from two GTP molecules, while phosphodiesterase (PDE) proteins facilitate its degradation to GMP. (B to E) cdG targets discussed in BLAST XIII; see the text
for details. (B) A novel CheY-like protein in C. crescentus directly binds to ¢dG, causing its localization to FliM. (C) FlgZ bound to c¢dG sequesters MotC (green
ovals), preventing its incorporation into the stator in P. aeruginosa. (D) c¢dG directly binds to the type IV pilus extension ATPase, MshE, to stimulate pilus
production in V. cholerae. (E) cdG may cause the DGC YfiN to alter its conformation, inducing its interaction with FtsZ (maroon circles) in order to prevent
Z-ring constriction. (F) A paradigm two-component signal (TCS) transduction system. Signal transmission occurs via His-Asp phosphorelay between conserved
His kinase (HK; green) and receiver (REC; blue) modules connected by polypeptide linker regions (gray lines). In response to activation by the sensor domain,
the HK module autophosphorylates on an invariant His (H) residue after hydrolysis of ATP by the catalytic (CA) domain. The phosphoryl group (P) is donated
to an invariant Asp (D) in the REC module that activates the associated DNA binding effector domain to modulate gene transcription. Effector domains may
instead encode enzymatic domains, such as diguanylate cyclases. (G to I) Variations of the paradigm TCS system discussed in BLAST XIII; see the text for details.
(G) The S. enterica SstA/B system in which the phosphorylated form of the RR SsrB (SsrB-P) regulates Salmonella pathogenicity island 2 (SPI-2). Unphospho-
rylated SsrB antagonizes the H-NS nucleoid protein to derepress csgD. (H) The multistep CckA-ChpT-CtrA-CpdR His-Asp phosphorelay system of Brucella
abortus, in which a phosphoryl group is transmitted viaa REC module in a hybrid histidine kinase (Hy-HK) to a histidine phosphotransferase (HPT) protein. The
phosphoryl group is then transferred to either of two response regulators to mediate outputs. CA*, degenerate CA domain. (I) The S. aureus BraSR system in
which the HK Bra$ is activated upon direct interaction with the BraE permease (pink rectangle) when its ligand bacitracin (star) is bound. BraR-P induces
expression of a second permease system (yellow rectangle and circle) which then exports the bacitracin. CM, cytoplasmic membrane; PG, peptidoglycan; OM,
outer membrane.

Austin) (Fig. 3E). Kim showed that c¢dG regulates E. coli and Sal-
monella cell division in response to cell envelope stress. Starting
from the observation that in some cells the DGC YfiN localizes to
the midcell in a pattern characteristic of the FtsZ Z-ring, Kim then
demonstrated that YfiN is mislocalized under restrictive temper-
ature in ftsZ, but not ftsA, background strains. Furthermore, Kim
observed that YAIN interacts directly with FtsZ by bacterial two-
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hybrid assay. YN midcell localization is facilitated under condi-
tions of osmotic stress or outer membrane permeabilization. Kim
presented a model in which cell envelope stress stimulates a con-
formational change in YfiN, causing it to interact with FtsZ to
prevent constriction of the Z-ring, thereby blocking cell division.

A second theme that emerged from the meeting involved new
roles for His-Asp phosphorelay proteins (a.k.a. two-component
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signal transduction proteins). In the paradigmatic system, a histi-
dine kinase (HK) autophosphorylates on an invariant histidine
residue in response to an external stimulus (Fig. 3F) (46). The
cognate response regulator (RR) protein mediates transfer of the
HK phosphoryl group to itself on an invariant aspartic acid. For
the vast majority of the response regulators, phosphorylation
modulates transcription of specific gene targets (47). BLAST XIII
addressed activity of response regulators that can be uncoupled
from the cognate kinase. Stuti Desai from Linda Kenney’s group
(National University of Singapore) demonstrated that there are
distinct roles for the unphosphorylated and phosphorylated
forms of the S. enterica RR, SsrB, which could coordinate the vir-
ulence state and the carrier state of this organism (Fig. 3G). The
SsrA and SsrB (SsrA/B) HK/RR pair is necessary for transcrip-
tional activation of genes required for vacuolar survival (virulence
state). SsrB displaces the nucleoid protein H-NS on certain genes
(48). Desai demonstrated that it is the nonphosphorylatable mu-
tant of SsrB that can activate biofilm formation (carrier state) via
transcriptional activation of the csgD gene, which encodes a mas-
ter regulator of biofilm formation. Desai used genetic experiments
to demonstrate that SsrB antagonizes H-NS in vivo and used
atomic force microscopy to demonstrate that SsrB alters the con-
densation of H-NS on a DNA fragment containing the csgD pro-
moter. McKenzie Lehman from Ken Bayles’ group (University of
Nebraska Medical Center) presented data on the LytSR two-com-
ponent system, which plays a role in Staphylococcus aureus biofilm
production. LytSR regulates the IrgAB operon, which is important
for release of extracellular DNA. Lehman used a transcriptional
reporter to show that localization of Irg expression to biofilm tow-
ers depends on the phosphorylation state of the LytR RR, which is
controlled by both the kinase activity and the phosphatase activity
of the HK LytS in response to membrane potential (18). In plank-
tonic cells, however, LytR also accepts phosphoryl groups from
acetyl phosphate pools (49), which influences Irg expression. The
significance of this effect in planktonic cells is not yet known but
hints at possible novel roles for LytR in planktonic cells.

Insight into the mechanics of signal transmission by more-
complex His-Asp phosphorelay systems was also covered in
BLAST XIII. One complex system is the multistep phosphorelay
signaling pathway used by many alphaproteobacteria to regulate
the complex cell cycles in this group of bacteria (50) (Fig. 3H).
This pathway consists of a HK (CckA), a histidine phosphotrans-
ferase protein (ChpT), and two RR (CtrA and CpdR). Jonathan
Willett from Sean Crosson’s group (University of Chicago) exam-
ined the role of this signaling pathway in the pathogen Brucella
abortus. Using phosphoprofiling (51), Willett demonstrated that
CtrA and CpdR are the only RRs phosphorylated by CckA/ChpT
and that these proteins are necessary for appropriate polar cell
division exhibited by B. abortus. Importantly, Willett obtained
crystal structures of ChpT (1.6 A) and a ChpT-CtrA complex (2.7
A). These structures revealed that ChpT is an obligate dimer with
a histidine kinase fold; it includes the catalytic domain (CA) re-
sponsible for ATP hydrolysis in autophosphorylating HKs. Con-
sistent with ChpT’s role as a phosphotransferase protein, the ATP
binding residues in the CA domain are not conserved and the
protein does not bind ATP. The ChpT-CtrA complex revealed
asymmetry in the ChpT dimer, with the phosphoaccepting histi-
dine residue aligned with the CtrA phosphoaccepting aspartic acid
residue in one of the dimer subunits. In the second dimer subunit,
however, the phosphoaccepting histidine residue was flipped out-
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ward and not competent for phosphotransfer to the respective
CtrA. Molecular dynamics simulations suggest that the ChpT
phosphoaccepting histidine has distinct structural and dynamic
characteristics across the dimer in the ChpT and ChpT-CtrA
structures.

A second multicomponent His-Asp phosphorelay system ad-
dressed in BLAST XIII involved HK/RR pairs that are activated by
interaction with distinct sensor proteins. Tarek Msadek (Pasteur
Institute) reported on a novel mechanism by which intramem-
brane sensor HKs function with transport proteins to detect their
respective ligands (Fig. 31). The S. aureus BraSR HK-RR pair func-
tions with two ABC transporter complexes (BraDE and VraDE) to
mediate resistance to the antibiotics nisin and bacitracin. These
antibiotics elicit BraSR-dependent upregulation of the two ABC
transporters. The BraS HK sensing domain contains two trans-
membrane helices connected by a three-residue periplasmic loop.
Msadek demonstrated that the periplasmic loop is not necessary
for Bra$ sensing of the antibiotics. Rather, the antibiotics are
bound by the BraE permease, and that information is relayed to
Bra$ through interaction between the BraS and BraE transmem-
brane segments. Interestingly, the BraDE ABC transporter seems
to be a dedicated sensor, whereas antibiotic resistance is provided
exclusively by VraDE. In the closely related cationic antimicrobial
peptide (CAMP) resistance system, the intramembrane sensing
kinase GrasS is likewise activated by CAMP binding via the VraG
permease (52).

MOTOR FUNDAMENTALS

The bacterial flagellar motor is arguably one of the best-studied
molecular machines in any living organism (Fig. 4). Despite over
50 years of research, many fundamental aspects of these motors,
including protein export and assembly, rotation switching, and
torque generation, remain to be understood at the molecular level.
BLAST XIII featured extensive discussions on the flagellar ATPase
complex (FliH and Flil) and its role in flagellar assembly (Fig. 4
and 5), on CheY-P binding and switching, and on stator-rotor
interactions.

Tao Lin from Steven Norris’s group (University of Texas Med-
ical School at Houston) used the Lyme disease spirochete, Borrelia
burgdorferi, as a model system to investigate the structure and
function of the flagellar ATPase complex (Fig. 4 and 5). They
found that inactivation of either fliH or flil has profound effects on
flagellar structure, morphology, motility, and cell division but
does not completely block protein export and flagellar assembly
(53). Electron cryotomography results indicated that disruption
of either fliH or flil resulted in the loss of the ATPase complex
from the otherwise intact flagellar motor. Furthermore, fliH and
flil mutants administered by either needle injection or use of in-
fected Ixodes scapularis ticks were nonvirulent in mice. Genetic
complementation of fliH and flil mutants in trans restored their
wild-type morphology, motility, and flagellar motor structure.
However, both full-length flagella and infectivity were not recov-
ered in the complemented stains, supporting the idea of the criti-
cal roles of flagella in the infection cycle of this bacterium.

It is generally believed that both ATP hydrolysis and proton
motive force (PMF) are required to energize different steps of
flagellar protein export and assembly (54, 55). Marc Erhardt
(Helmholtz Center for Infection Research) and his colleagues
were able to form functional full-length flagella in the absence of
the ATPase complex by mutations that increased the PMF and
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A cell tip of B.-burgdorferis:

E. coli C. jejuni H. gracilis A T. primitia B. burgdorferi L. interrogans
External Flagella Periplasmic Flagella

FIG 4 Common features and diverse elements of flagellar motors from different bacterial species. (A) A slide from a 3D reconstruction of a cell tip of the Lyme
disease spirochete (84) reveals multiple motors embedded in the cytoplasmic membrane (CM). Noticeably, the spirochetal flagella reside within the periplasmic
space between the CM and the outer membrane (OM). Flagellar motors that rotate external flagella of E. coli, Campylobacter jejuni, and Hylemonella gracilis (A
to C) (85) and flagellar motors that rotate periplasmic flagella of Treponema primitia (86), B. burgdorferi (84), and Leptospira interrogans (87) (E to G) are shown
along with the schematic model for each flagellar motor in the bottom panel (88). The rotor is colored in yellow or orange, the putative stator is in blue, and the
export apparatus is in purple. (Reproduced from references 84 and 88 with permission of the publishers.)

substrate levels (56). Additionally, they provided evidence that
protein secretion in a catalytically inactive ATPase mutant of in-
jectisomes was rescued by increased PMF. Their results support
the idea of the dispensability of the ATPase activity in both flagella
and injectisomes.

Another highly investigated structural component of the fla-
gellar motor is the C-ring (Fig. 5), which is also known as the
switch complex. This complex is located at the cytoplasmic base of
the bacterial flagellum, and it is essential for flagellar assembly,
torque generation, and rotation switching in response to che-
motaxis signaling (57). However, the domain arrangements of
three proteins (FliG, FliN, and FliM) within the switch complex
remain uncertain (58-61). To understand the FliG conformation
in solution and its in vivo assembly, Matthew Baker from Law-
rence Lee’s group (Victor Chang Cardiac Research Institute) used
small-angle X-ray scattering to study purified FliG. His results
suggested that FliG exists in solution predominantly as a compact
conformation. However, targeted disulfide cross-linking studies
indicated that FliG undergoes large conformational changes in
vivo and self-assembles with adjacent molecules through intermo-
lecular interactions between the middle and C-terminal domains
of FliG.

A sophisticated signaling system allows B. burgdorferi to sense
chemical stimuli. Ultimately, this system regulates the direction of
flagellar rotation and the switch between two motility phenotypes:
“run” and “flex,” a nontranslational mode in spirochete (62). The
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nonchemotactic mutants AcheA2 and AcheY3 constantly run,
while the AcheX mutant constantly flexes (62). Xiaowei Zhao from
Jun Liu’s group (University of Texas Medical School at Houston)
used electron cryotomography to study B. burgdorferi mutants
involved in running and flexing behavior. Two distinctive motor
conformations are directly associated with the two swimming be-
haviors in AcheX and AcheY3 mutants. This study provided direct
structural evidence that CheY-P interacts with the switch complex
protein FliM, triggering a large conformational change in the
switch complex, which might be essential for flagellar switching in
this spirochete.

The amino-terminal domain of FliM is important for CheY-P
binding and phosphorylation-dependent switching in E. coli (63).
Afanzar Oshri from Michael Eisenbach’s group (Weizmann Insti-
tute of Science) reported on the unique properties of switching
and chemotactic responsiveness in the absence of the amino-ter-
minal domain of FliM. These were explained in the context of
CheY acetylation and by a model in which CheY levels alter the
number of exchangeable FliM and thus the responsiveness of the
motor.

Finally, for the stator-rotor interaction (Fig. 5), several con-
served charged residues in the rotor and stator are known to play
critical roles (64). These charged residues have been extensively
characterized in the default rotation (counterclockwise [CCW]).
However, their specific role in the context of clockwise (CW) ro-
tation remains to be determined. Yasuhiro Onoue from Michio
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FIG 5 Overview of the flagellar motor architecture and its central interactions. (A) An intact T. primitia motor map (gray) is overlaid with a Shigella injectisome
map (cyan) (89). They provide a framework for docking atomic models of the export gate complex (enlarged in panel B) and the ATPase complex (panel C) (90,
91). Together with recent stator-rotor interaction studies (D) (92) and a switch complex model (E) (93), the results presented in BLAST XIII provide new insights
into structure-function relationships of this fascinating molecular machine. (Adapted from images published in references 89, 92, 93, and 94 with permission of

the publishers.)

Homma’s group (Nagoya University) systematically constructed
charge-neutralizing mutations in a chimeric rotor or stator ex-
pressed in E. coli. A tethered-cell assay was used to measure rota-
tional speeds in both directions for each cell. They found that
conserved charged residues in the stator contributed equally to
rotations in the two directions. In contrast, some of the conserved
charged residues in the rotor appeared to impact rotation differ-
ently in the two directions.

Studies of CheY in vivo are crucial to understand its specific
roles in bacterial chemotaxis and motility. One common ap-
proach to study the localization and dynamics of proteins involves
fusing the protein of interest to fluorescent proteins. Diana di
Paolo from Richard Berry’s group (University of Oxford) em-
ployed a novel technique for protein internalization in live bacte-
ria based on electroporation. The organic fluorophores used to
label the chemotaxis proteins of interest were smaller, brighter,
and more photostable than the fluorescent protein counterparts.
Di Paolo was able to exploit this technique for better tracking of a
single CheY protein between the sensory cluster at the cell pole
and the flagellar motors. This novel approach can be extended to
track other functionally important proteins during flagellar rota-
tion and switching.

Tracking individual cells in three dimensions (3D) is essen-
tial for understanding bacterial motility behavior. A typical 3D
tracker requires sophisticated engineering and is a low-
throughput assay that tracks one cell at a time. Katja M. Taute
from Tom Shimizu’s group (AMOLF Institute, Amsterdam,
The Netherlands), who won the award for Outstanding Talk by
a Postdoc, demonstrated a simple, label-free 3D bacterial
tracking technique that extracts z-axis information from the
diffraction patterns observed by examination of out-of-focus
objects in phase-contrast microscopy. Impressively, dozens of
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bacteria could be followed simultaneously with micron-scale
spatial resolution and video rate temporal resolution, over a z
range of ~200 wm and lateral range of ~300 pm by 350 pm.
This simple and elegant technique can be used to study a wide
range of enteric, marine, and soil bacteria.

Most uniflagellated bacteria switch the direction of motor ro-
tation between CW and CCW to alternate between forward and
backward swimming. The intervals between motor switches de-
termine a cell’s swimming trajectory, and altering these times can
lead to directed motility. The signaling protein CheY-P regulates
the level of chemotactic response by affecting the intervals of the
CW motor rotation. Michael Morse from Jay Tang’s group
(Brown University) measured the distribution of motor rotation
intervals and found the clear presence of a peak switching time for
both CW and CCW rotation in C. crescentus. The first-passage
time theory for a biased random walker fits well with their data,
suggesting that the motor switching behavior of C. crescentus is
governed by a stochastic process. Junhua Yuan (University of Sci-
ence and Technology) monitored motor rotation by attaching
nanogold particles to the flagellar hooks of E. coli cells lacking
filaments. Their data support the model that motor switching near
zero load occurs at random times and can be treated as a two-state
Poisson process (65).

Ismaél Duchesne from Simon Rainville’s group (Université
Laval) showed how the medium can influence the motility behav-
ior of bacteria. Duchesne examined motility in liquid crystals.
Liquid crystals are considered anisotropic, meaning that the phys-
ical properties are not identical in all directions. Instead of the
commonly known “random walk,” bacteria in an anisotropic me-
dium run back and forth in one dimension. In the transition zone
between isotropic and anisotropic media, bacteria become sticky
as their propulsive force and the viscosity of the medium increase.
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The authors concluded that (i) the swimming behavior of bacteria
is drastically different in anisotropic environments, (ii) “artificial”
liquid crystals such as solutions of disodium chromoglycate
(cromolyn) can be used to probe that phenomenon, and (iii) mo-
tile microorganisms could be used as a probe to determine the
physical properties of a medium.

Yuhai Tu (Thomas J. Watson Research Center) asked a fun-
damental question: how efficient are bacterial flagellar motors?
It was originally thought that the efficiency of the flagellar mo-
tor at high load should be close to 100%. However, recent
experimental results suggested that the maximum energy effi-
ciency is 71% (66). To better understand the mechanisms, a
mathematical model for the rotary motor was developed. The
surprising result is that there is maximal efficiency at interme-
diate loads which depends on the PMF. This new model can
explain the lower-than-expected energy efficiency observed in
recent experiments.

MOTOR VARIATIONS

In addition to the thorough dissection of flagellar motor structure
and function, BLAST meetings also highlight the functionality of
nonflagellar motors, such as those used for movement over solid
surfaces (gliding motility) by M. xanthus, F. johnsoniae, and Cel-
lulophaga algicola.

M. xanthus gliding motors contain PMF-harnessing AgIQRS
(Mot/Tol/Exb family) motor proteins together with numerous
cell envelope proteins arranged in focal adhesion (FA) com-
plexes. FA complexes move through the length of the cell but
remain stationary with respect to the substratum as the cells are
propelled forward (67). Beiyan Nan from David Zusman’s
group (University of California, Berkeley) reported that the
AglS motor protein directly interacts with the bacterial actin
homolog MreB. Using single-particle-tracking photoactivated
localization, Nan observed that MreB-mCherry (mCh) con-
sisted of a mixture of polymerized and unpolymerized mole-
cules in moving cells and that a subpopulation of unpolymer-
ized MreB-mCh moved helically. The MreB-mCh movements
were dependent on moving motors, while motor movements
were dependent on the presence of MreB filaments. Nan pro-
posed that in M. xanthus, MreB provides a scaffold for gliding
motors, which in turn drive the movement of MreB filaments
(68).

In F. johnsoniae, gliding involves the PMF-dependent rapid
movement of the motility adhesion, SprB, along the cell sur-
face. SprB is secreted by the type IX secretion system (69),
which appears to be intertwined with the motility system.
Yongtao Zhu from Mark McBride’s group (University of Wis-
consin—Milwaukee) reported on efforts to distinguish the mo-
tor components from the secretion system components by
comparative analysis of F. johnsoniae and C. algicola motility
mutants. Abhishek Shrivastava from Howard Berg’s group (Har-
vard University) used F. johnsoniae cells tethered by SprB anti-
bodies to demonstrate that SprB is linked to a rotary motor
which operates at constant speed rather than constant torque
(70).

PHENOTYPIC DIVERSITY OF MOTILITY FOR NICHE
ADAPTATION

A number of presentations at the BLAST XIII meeting described
the phenotypic diversity of motility behavior in adaptation to spe-
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cific niches and environments. Three presentations focused on
enteric bacteria, including S. enterica, a pathogen that colonizes
the human intestine and causes foodborne illness. Motile bacteria
are more virulent due to coregulation of motility with genes of
pathogenicity island I (71). However, flagellin stimulates the host
immune response. As a compromise, subpopulations of motile
bacteria can coexist beside subpopulations of nonmotile bacteria.
The selective advantage of this heterogeneity is a division of labor,
where motile cells are pathogenic and nonmotile cells serve as a
reservoir to continue the infection (72). The molecular mecha-
nisms that underlie this phenomenon feed into the flagellar tran-
scriptional hierarchy. In S. enterica and E. coli, this hierarchy
begins with fIhDC, encoding the FIhD, FIhC, (FIhDC) transcrip-
tional activator (73). A second-level gene is fliA, encoding the FliA
flagellum-specific sigma factor (74). FliA increases expression of
level IIT genes, including fIi T, which encodes an anti-FIhDC factor
(75), and fliZ, which encodes a posttranslational activator of Fl-
hDC (76). A third gene discussed in this context is ydiV, encoding
the YdiV anti-FIhDC factor (77). The impact of FliZ and YdiV on
the bistability of flagellar gene expression in S. enterica was re-
cently described by different groups (78, 79).

Phil Aldridge (Newcastle University) reported a regulatory cir-
cuit in S. enterica that controls flagella in response to the nutri-
tional situation and is quite different from the E. coli regulatory
circuit. While E. coli responds to high-nutrient conditions with a
shutdown of motility, S. enferica increases motility. The Aldridge
study discovered that the number of flagella per bacterium corre-
lated with the growth rate such that rapidly growing bacteria pro-
duced more flagella than slowly growing ones. The conclusion
from this group was that the flagellar systems of E. coli and S.
enterica share a large degree of genetic similarity but process nu-
tritional signals differently.

The second presentation on this topic was by Santosh Koirala
from Chris Rao’s group (University of Illinois at Urbana-Cham-
paign), who explored the effect of nutrients on motility heteroge-
neity in S. enterica. Bacteria were grown in minimal medium sup-
plemented with glucose and various amounts of yeast extract.
Gene expression was monitored by fluorescent transcriptional fu-
sions from the respective promoters. The response to an increase
in FIhDC concentration exhibited hysteresis, which is indicative of
a truly bistable system. Since the effect of hysteresis was lost in
mutants of either ydiV or fliZ, the authors concluded that the
competitive interaction of YdiV and FliZ was responsible for the
bistability of flagellar gene expression.

The final presentation on this topic was by Mary Stewart from
Brad Cookson’s group (University of Washington). She presented
a single-cell study, where flow cytometry and fluorescence re-
porter fusions were used to determine expression of the flagellin
gene, fliC. A distinction was made between a fliC-off (nonmotile)
subpopulation and a fliC-on (motile) subpopulation. The pres-
ence of YdiV was sufficient to maintain the fliC-off subpopula-
tion. A functional FliZ was required to activate FlhDC and main-
tain the fliC-on subpopulation at late time points during growth.
Since bistability could still be observed in mutants lacking fliZ, it
was concluded that the entire YdiV-FliZ regulatory circuit was not
necessary to achieve bistability.

A single-cell approach was also used by Y. S. Dufour (Yale Uni-
versity) to study phenotypic diversity in E. coli swimming behavior.
In a recent publication (80), diversity was predicted to be benefi-
cial when cells are swimming in diverse environments. Dufour
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used epifluorescence microscopy to count the tagged CheR and
CheB proteins in individual cells immobilized in a hydrogel after
observing their swimming behavior. The tumble bias of single
cells is partially explained by a nonlinear ratio of CheR and CheB
numbers. This is an interesting new technique that will facilitate
the investigation of the molecular origins of phenotypic diversity
and chemotactic performance in controlled environments.

An intriguing example of motor adaptation was presented by
Shannon Au (The Chinese University of Hong Kong) for H. pylori,
a bacterium that colonizes a rather extreme ecological niche, the
human stomach. While E. coli uses phospho-CheY to bind to the
switch protein FliM and change the direction of flagellar rotation,
H. pylori seems to adopt an additional regulation mechanism me-
diated through the binding of spermidine synthase SpeE to FliM
and switch. SpeE was identified as a binding partner of FliM in a
glutathione S-transferase (GST) pulldown assay, followed by mass
spectrometry. The crystal structure of the SpeE-FliM complex re-
vealed the interacting surface, where one SpeE dimer interacted with
FliM. No large structural change in FliM was observed upon SpeE
binding. However, binding of SpeE suppressed the interaction of FliG
with FliM. This is a good example of how different bacterial species
use different mechanisms to control chemotaxis systems.

Continuing with motor adaptation as a mechanism to survive
diverse environments, the presentation by Susanne Brenzinger
from Kai Thormann’s group (Justus Liebig University Giessen)
focused on S. oneidensis, a bacterium that is used in many bioin-
dustrial applications. In addition to the sodium-dependent
PomAB stator, S. oneidensis also possesses the proton-dependent
MotAB stator present in many bacteria (e.g., E. coli) (81). By flu-
orescence recovery after photobleaching (FRAP) and continuous
bleaching analysis, the exchange rate and number of stator com-
ponents in the motor were determined. PomAB/MotAB ratios
and PomAB turnover respond to NaCl availability. Spontaneous
mutations in the plug domain of MotB led to stator turnover that
was about three times higher.

Soil is another environment that is very specific and highly
variable and requires adaptation. John Kirby (University of Iowa)
and his research group studied the predatory behavior of M. xan-
thus toward the soil bacterium B. subtilis, which is capable of
forming fruiting bodies in response to starvation. Previously pub-
lished research established that M. xanthus consumed a variety of
laboratory strains of B. subtilis, while an ancestral strain escaped
predation by using production of the secondary metabolite bacil-
laene as a defense (82). Kirby showed that the resistant B. subtilis
strain produced multicellular broccoli-shaped megastructures
that formed on or near the fruiting bodies of M. xanthus. These
structures were up to 500 pwm in diameter and rose far above the
agar surface. The authors hypothesized that the so-called “milita-
rized zone” between the two bacterial cultures may contain mul-
tiple yet-to-be identified secondary metabolites that protect B.
subtilis from predation (83).

Among all the environments bacteria can find themselves in, a
human, animal, or plant host is certainly a challenging one. Our
final summary illustrates the importance of motility and che-
motaxis in Lyme disease, a zoonotic disease which can be trans-
mitted from a variety of animal hosts to humans by means of ticks
and is caused by B. burgdorferi. Mark Wooten (University of To-
ledo College of Medicine) used a mouse model to study the effect
of CheY3 on dissemination of B. burgdorferi throughout the host
tissue. Using fluorescently labeled bacterial strains, transgenic
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mice with fluorescent immune cells, and fluorescent confocal in-
travital microscopy, the researchers found that wild-type B. burg-
dorferi can travel through the host tissue at an amazing speed, over
40 times faster than any immune cell of the skin tissue. This en-
ables the bacteria to spread from the skin inoculation site through-
out the tissue, where they can persist for two or more years. The
nonchemotactic strain AcheY3 moved through the tissue more
slowly, was unable to reverse direction, and was consequently
cleared from the host by 72 to 96 h postinfection.

Taking the data together, signaling and motility systems are an
important contributor to a bacterium’s ability to adapt to various
environments. Phenotypic diversity and niche adaptation of these
systems are critical to interactions between bacteria and their
physical environment, between different bacterial species, and be-
tween bacteria and host organisms. An understanding of such
interactions is critical to our coexistence with beneficial bacteria
and to control of harmful bacteria.

CONCLUSION

BLAST XIII continued in its tradition of characterizing canonical
motility and sensory systems with unprecedented detail using an
impressive combination of novel and traditional biophysical, ge-
netic, cell biology, and mathematical methods. By highlighting
alternate motility machines and emerging model systems, BLAST
meetings always provide a unique view of common biological
themes and their exploitation by bacteria.
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