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ABSTRACT Prokaryotic organisms occupy the most diverse set of environments and
conditions on our planet. Their ability to sense and respond to a broad range of ex-
ternal cues remain key research areas in modern microbiology, central to behaviors
that underlie beneficial and pathogenic interactions of bacteria with multicellular
organisms and within complex ecosystems. Advances in our understanding of the
one- and two-component signal transduction systems that underlie these sensing
pathways have been driven by advances in imaging the behavior of many individual
bacterial cells, as well as visualizing individual proteins and protein arrays within liv-
ing cells. Cryo-electron tomography continues to provide new insights into the
structure and function of chemosensory receptors and flagellar motors, while ad-
vances in protein labeling and tracking are applied to understand information flow
between receptor and motor. Sophisticated microfluidics allow simultaneous analy-
sis of the behavior of thousands of individual cells, increasing our understanding of
how variance between individuals is generated, regulated, and employed to maxi-
mize fitness of a population. In vitro experiments have been complemented by the
study of signal transduction and motility in complex in vivo models, allowing investi-
gators to directly address the contribution of motility, chemotaxis, and aggregation/
adhesion on virulence during infection. Finally, systems biology approaches have
demonstrated previously uncharted areas of protein space in which novel two-
component signal transduction pathways can be designed and constructed de novo.
These exciting experimental advances were just some of the many novel findings
presented at the 15th Bacterial Locomotion and Signal Transduction conference
(BLAST XV) in January 2019.

KEYWORDS chemotaxis, cryo-electron tomography, cyclic di-GMP, flagellar motility,
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The Bacterial Locomotion and Signal Transduction (BLAST) conference convened for
its 15th iteration in New Orleans, Louisiana, on 20 to 25 January 2019. Conference

attendance was the highest since 2007, increasing by 25% since the previous meeting,
with a total of 167 conferees. Over half of all conferees were early career scientists. The
international composition of the conference was noteworthy, with 28% of the attend-
ees from research groups outside the United States. High-level scientific dialogue and
many opportunities for discussion and collaboration were real strengths of BLAST
XV and reflected the commitment of its board of directors to providing a high-
quality meeting accessible to young scientists as well as established leaders in this
field (Fig. 1).

The BLAST group was founded in 1990 by Phil Matsumura, Joe Falke, Mike Manson,
and Sandy Parkinson. It remains true to its mission of providing a biennial meeting
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focused exclusively on prokaryotic microorganisms where all talks are chosen from
submitted abstracts. Students, postdoctoral scholars, and early career investigators are
featured in oral presentations, creating a forum for new and established investigators
to share high-quality scientific discoveries. BLAST is now a tax-exempt, nonprofit charitable
corporation, a transition spearheaded by the BLAST Board of Directors, led by board chair
Robert Bourret (University of North Carolina, Chapel Hill) with generous funding through
the UNC Department of Microbiology and Immunology.

Exciting new findings and ideas were exchanged over the course of 5 days, through
52 oral presentations in seven thematic sessions: (i) Microbial Traits: Behavior, Devel-
opment, and Pathogenesis; (ii) Microbial Signal Perception; (iii) Signal Response: the
Output; (iv) Cellular Signal Processing, (v) Interactions and Communities; (vi) Latest
Technology Innovations; and (vii) Integrative Approaches—Computer Models, Syn-
thetic Biology, and Systems Biology. There were 84 posters divided into four presen-
tation cohorts. Superb keynote presentations were given by Roman Stocker (ETH,
Zurich, Switzerland), entitled “Marine Bacteria,” and Michael Laub (MIT), entitled “Prob-
ing the Specificity and Evolution of Two-Component Signaling Pathways.”

BACTERIAL MOTILITY: A CLASSIC BACTERIAL SIGNALING PARADIGM

As its name suggests, the BLAST meeting traditionally encompasses a wide range of
topics related to bacterial locomotion and signal transduction. Bacterial movement,
particularly toward nutrients or oxygen, was noted by Leeuwenhoek when he first
viewed bacteria through a microscope (1). But it was only through the work of Julius
Adler and colleagues, who studied this behavior quantitatively and in a defined medium,
that bacterial chemotaxis was shown to be specifically controlled by a dedicated sensory
system independent of metabolism (2). To actively swim in liquid, bacteria employ rotary
motors that use proton or sodium ion gradients across the cell membrane to generate
torque and rotate long helical filaments, flagella, that extend out from the cell body (3).
This is in contrast to bacteria that generate movement by attaching to and exerting
force on a surface using external structures other than flagella, as exemplified by
pilus-dependent motility in Myxococcus xanthus (4, 5) and gliding motility in Myco-
plasma mobile (6). Free-swimming bacteria are subject to Brownian motion, and thus
their active swimming pattern constitutes a random walk that can be biased along

FIG 1 BLAST XV: awards, outreach, and remembrances.
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spatial gradients by a dedicated sensory system (7). This chemosensory system controls
particular aspects of motility, such as swimming speed or the reversal frequency of
swimming direction, in different bacterial species. In Escherichia coli and Salmonella, the
flagellar motors stochastically switch between counterclockwise (CCW) and clockwise
(CW) rotation, promoting straight swimming (“runs”) or random reorientation (“tum-
bles”), respectively. The chemosensory system in these bacteria continuously modu-
lates motor bias and thus the probability of tumbling events. Chemosensory systems
canonically respond to temporal changes in external stimuli via chemoreceptors (8). In
order to maintain detection of such changes along the trajectory of the bacterium,
chemoreceptors continuously adapt by methylation and demethylation (9–11). These
adaptation reactions take time and thus introduce a characteristic lag in response that
effectively provides a short-term memory, thereby allowing bacteria to infer the local
spatial gradient from the temporal changes detected by the receptors (12).

The nature of the intracellular signal that communicates information between the
sensory receptors and the flagellar motor was revealed by Melvin Simon and col-
leagues. They discovered that the CheA protein in E. coli functions as a histidine kinase
that phosphorylates the cytoplasmic protein CheY (13, 14). CheY-P in turn binds to the
base of the flagellar motor and affects its rotation bias (15) (Fig. 2, left). Contempora-
neously, the first phosphoryl transfer sensory system was described to control the
transcriptional response to nitrogen (16). Since then, phosphoryl transfer signaling has
emerged as a common mechanism used in bacterial sensory systems to control a
variety of adaptive responses. These sensory systems, collectively termed “two-component”
systems (TCSs), usually contain both a histidine kinase that perceives the relevant cues and
a cognate cytoplasmic protein, called the “response regulator,” that autophosphorylates
using the kinase phosphohistidine as a substrate and often functions as a transcription
factor (17) (Fig. 2, center). The chemotaxis system is a nonorthodox two-component system
with unique properties. First, the chemotaxis receptors do not have intrinsic kinase activity
but instead control the kinase activity of a separate cytoplasmic protein. Receptor adapta-
tion, by methylation and demethylation, is another unique feature of the chemotaxis
receptors. These properties presumably reflect the fact that while canonical two-
component systems promote transcriptional responses on a rather slow time scale,
limited by the rate of protein production, the chemotaxis system must detect
spatial gradients with high temporal resolution and over a wide dynamic range
(18–20).

With time, a more detailed and quantitative understanding of the E. coli and
Salmonella chemotaxis systems has been developed (21–24). In addition, the study of
more diverse organisms has revealed a variety of novel chemosensory and locomotion
strategies. In parallel, the study of additional two-component sensory systems has
demonstrated a broad range of sensory inputs and effector functions, highlighting the
complexity of these bacterial sensory systems (25, 26) and raising questions about how
they might have coevolved (27). More recently, considerable research activity has
focused on the transition from actively swimming cells to those attached to surfaces,
biotic and abiotic, that can assemble into multicellular biofilms. This process involves
coordination of motility and attachment functions, often through modulation of intra-
cellular second messengers such as cyclic dinucleotides (e.g., cyclic diguanylate mono-
phosphate [c-di-GMP]), with outputs such as motility inhibition, adhesin production,
and transcriptional control (Fig. 2, right). Investigators have also attempted to under-
stand bacterial behavior in the natural environment by studying bacterial motility,
lifestyle, and sensory transduction in complex environments, such as the ocean or the
mammalian gastrointestinal tract, and in relationship to plant or animal hosts. Attempts
have also been made to harness the sensory ability of bacteria to engineer biomarkers
that can monitor the environment or to construct large-scale screening platforms for
effector molecules with potential therapeutic applications. The broad scope of the
BLAST meeting encompassed all of these topics and captured the excitement of this
still expanding field.
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BACTERIAL CHEMOTAXIS: NEW INSIGHTS INTO A NONORTHODOX
TWO-COMPONENT SYSTEM

The components of the chemotaxis system and flagellar apparatus have been studied
for decades; new imaging modalities coupled with rigorous genetics and biochemistry
nonetheless continue to reveal new aspects of this complex sensing and locomotion
system.

Sensory apparatus. E. coli has five transmembrane chemoreceptors, including four
methyl-accepting chemotaxis proteins (MCPs), that detect a range of environmental
cues and respond by modulating the activity of the cytoplasmic histidine kinase CheA
(Fig. 2) (23). CheA is a multidomain (P1 to P5) dimeric protein that, together with the
adaptor protein CheW, binds two receptor “trimers of dimers” to form a core signaling
complex (28) (Fig. 3A and B). While the general structure of the core complex is fairly
well known, the mechanism of signaling within the complex is not as well understood.
The initial reaction observed in CheA is phosphorylation of a histidine residue in the
CheA-P1 domain catalyzed by the CheA-P4 domain (Fig. 3A). This reaction is thought to
be the target of receptor regulation. Se-Young Jun (Gerald Hazelbauer lab, University of

FIG 2 Overview of bacterial signaling systems. Systems are shown with membrane-bound sensory inputs, although soluble
sensor proteins also exist. In bacterial chemosensory (Che) systems, the receptor (MCP) binds a ligand, which influences the
autophosphorylation rate of the bound histidine kinase, CheA. CheA transfers phosphate to the response regulator, CheY,
which effects a cellular response, e.g., changing the direction of flagellar rotation (swim direction) or impacting pilus extension
and retraction (twitching motility). MCPs adapt via deamidation, demethylation, and methylation of adaptation site residues
(represented by open and filled circles). In two-component systems, ligand binding to the histidine kinase (HK) induces
autophosphorylation of a conserved His residue, followed by phosphotransfer to an Asp residue in the receiver domain of the
response regulator. Complex phosphorelays also exist where there are multiple His-Asp phosphotransfer reactions before final
transfer to the response regulator. In many pathways, the phosphorylated response regulator binds to DNA via its helix-turn-
helix (HTH) motif to modulate gene expression. In one-component systems, ligand binding directly induces DNA binding. For
diguanylate cyclases (DGCs), ligand binding results in the GGDEF domain forming c-di-GMP from two GTP molecules. c-di-GMP
then binds to target proteins to modulate cellular behavior, e.g., biofilm formation or cellular development. c-di-GMP is
degraded by a phosphodiesterase (PDE). Abbreviations: OM, outer membrane; IM, inner membrane; MCP, methyl-accepting
chemotaxis protein; HK, histidine kinase; Rec, receiver domain; HTH, helix-turn-helix domain; LBD, ligand binding domain; DGC,
diguanylate cyclase; PDE, phosphodiesterase; A, CheA; R, CheR; B, CheB; D, CheD; V, CheV; W, CheW; Y, CheY, C, CheC; X, CheX;
Z, CheZ.

Meeting Review Journal of Bacteriology

October 2019 Volume 201 Issue 20 e00439-19 jb.asm.org 4

 on June 1, 2020 by guest
http://jb.asm

.org/
D

ow
nloaded from

 

https://jb.asm.org
http://jb.asm.org/


Missouri) studied this reaction in an in vitro system where receptor core complexes
embedded in membrane nanodiscs (29) were associated with CheA(P3-5) fragments
and separate CheA-PI domains. This study demonstrated that the first step in this
reaction is the binding of ATP to the P4 domain, followed by binding of the P1 domain
to the P4-ATP complex. The release of the products occurs in the reverse order, with
release of the phosphorylated P1 domain preceding ADP release. Thus, initial nucleo-
tide binding to the CheA-P4 domain may be the prime target for chemoreceptor
control.

Specific interactions between the CheA-P5 domain of one core complex and the
adaptor protein CheW located within a neighboring core complex form a CheA-CheW
network that serves as the baseplate of an extended hexagonal receptor array con-
taining hundreds of core complexes (30–32). These arrays are highly stable (33, 34) and
can be observed in both the lateral and polar regions of the bacterial cell (Fig. 3C), but
with a pronounced polar bias whose origin is unclear (35–37). In addition to the
CheA-CheW network, CheW-only rings are also predicted to be part of the array
baseplate (31), but their possible role in array structure or function is not understood.
In contrast to E. coli, the polar localization of chemosensory cluster II from Vibrio
cholerae relies on ParP, which integrates into the array via interactions with the
receptors and positions the array at the cell pole via interactions with the polar
determinant ParC (Fig. 3C). Simon Ringgaard (Max Planck Institute, Marburg, Germany)
presented evidence demonstrating that polar receptor arrays can form in V. cholerae,
even in the absence of CheA, and that such CheW-only arrays still maintain hexagonal
packing order (38). This study also showed that the chemosensory arrays in V. cholerae
could tolerate excess CheW and appeared to be less stable than E. coli arrays, perhaps
facilitating the integration of additional components such as ParP into the array. A
study presented by Sandy Parkinson’s lab (University of Utah) used in vivo cross-linking
to demonstrate that E. coli chemosensory arrays also contain hexameric CheW rings,
which may enable these arrays to tolerate excess CheW.

The networking of signaling complexes in extended arrays leads to a cooperative
response with enhanced sensitivity and dynamic range (20, 32, 39, 40), ultimately

FIG 3 Arrangement and function of the histidine kinase CheA and adapter protein CheW in E. coli and V. cholerae. (A) General arrangement and function of
the five CheA domains (P1 to P5) within a CheA dimer. (B) Phosphoryl transfer cascade for E. coli CheA. The activity of CheA is controlled by receptors in response
to ligand and adaptational modification. A trimer of Tar receptor dimers is shown. CheA binds to receptors via CheW and catalyzes phosphoryl transfer from
ATP to the P1 domain. The P1 domain also transfers phosphate to the response regulator, CheY. The image is courtesy of Se-Young Jun (Gerald Hazelbauer
lab, University of Missouri). (C) Compared to E. coli (30), V. cholerae chemotaxis (cluster II) arrays are assembled with a significantly lower CheA/CheW ratio in
the baseplate (left, wild-type arrays). CheA-free arrays (right) display receptors in the same hexagonal packing order as wild-type arrays. ParP stimulates array
formation and integrates into the array through interactions with receptors and CheA. ParP is not part of E. coli chemotaxis arrays. The cartoons illustrate
compositional differences in the baseplates of wild-type and CheA-free arrays, while the boxes with the white dashed lines highlight the arrays in tomoslices.
Both inset images show the subtomogram averages of the arrays. The scale bars are 20 nm for both insets. The images are courtesy of Wen Yang (Ariane Briegel
lab, Leiden University).
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resulting in robust chemotactic performance (41). However, our understanding of how
receptors collaboratively control kinase activity within an array is limited. Various
models have been suggested to account for the signaling properties of the chemo-
sensory array (24). Keymer et al. (42) invoked the “two-states” receptor model to point
out that the intrinsic activity state of the receptors will change the attractant concen-
tration necessary to trigger the half maximal response (K1/2). That is, the K1/2 is
predicted to depend on the size of the cooperative receptor cluster when the inactive
state of the receptors is more stable (i.e., low methylation level), but to be independent
of the size of the cluster when the active state of the receptors is more stable (i.e., high
methylation level). Recent fluorescence resonance energy transfer (FRET)-based mea-
surements of kinase activity in single cells indicated that the output of the sensory
system in individual E. coli cells can be highly variable both within cells (over time) and
between cells, in part due to fluctuations in the adaptation state of the receptors and
in part due to their clustering (43, 44). Keita Kamino (Thierry Emonet and Thomas
Shimizu labs) presented new measurements from which the cell-to-cell variability in
K1/2 could be deduced. Interestingly, the variation in K1/2 was approximately 6-fold
smaller when the ambient attractant concentration was high and the receptors were
highly methylated compared to zero ambient concentration. These observations sug-
gest that variation in the signaling properties of individual cells mostly results from
variation in the effective cluster size, presumably reflecting variation in the size distri-
bution of receptor arrays or receptor networking within the arrays.

Response regulator. In E. coli, the fraction of the response regulator CheY that is
phosphorylated depends on both the rate of phosphotransfer from CheA and the
phosphatase activity promoted by CheZ. The CheZ phosphatase colocalizes with the
CheA kinase in the array (45), which is likely to affect the distribution of CheY-P in
the cell (46), as well as the propagation of the CheY-P signal to the multiple flagellar
motors (47). To monitor the dynamics of a single CheY molecule in vivo is highly
challenging due to its high mobility and three-dimensional (3D) diffusion pattern in the
cytoplasm. The very brief exposure times required to image fluorescently labeled
fast-moving proteins preclude the use of the otherwise standard approach of con-
structing a GFP fusion protein; moreover, the motility of small proteins like CheY (129
amino acids [aa]) is likely to be altered by fusion with GFP (238 aa). Helen Miller and Jia
Khoo (Judith Armitage and Richard Berry labs, University of Oxford) presented a new
method to monitor cytoplasmic proteins inside cells (48). The protein of interest, in this
case CheY, was purified and labeled with the small fluorescent dye iFluor 633 using
cysteine-maleimide chemistry and then introduced back into the bacteria by an elec-
troporation method similar to that used for transfection of DNA into eukaryotic cells.
This strategy of tagging a protein with a small and very bright fluorophore provides a
generalizable approach to tracking fast-moving proteins in vivo with high resolution.

Flagellar motor: function and regulation. In E. coli and Salmonella, the MotA and
MotB proteins form proton channels that convert proton current across the membrane
into motor rotation. These channels are fixed to the rigid peptidoglycan layer and exert
torque on the rotating “C-ring” of the flagellar rotor (21, 49, 50). Proton current depends
on proton motive force and thus always flows in the same direction (into the cell);
nonetheless, the motor can rotate both CW and CCW. Thus, even though torque
generation has been extensively characterized at the single-motor level (21), the
mechanism by which proton current is converted to torque is not well understood.
High-resolution cryo-electron tomography (cryo-ET) and crystallography present an
alternative approach to understanding motor function, as exemplified by two presen-
tations that focused on structural changes between wild-type and mutant motors.
Yunjie Chang (Jun Liu group, Yale University) presented high-resolution cryo-ET images
of the flagellar motor from Borrelia burgdorferi. Comparison of motor structures in
wild-type and MotA or MotB mutant cells revealed how stator assembly and stator-
rotor interactions affect conformation of the C-ring (Fig. 4A to E). Anna Roujeinikova
(Monash University) presented a study of the motor component FliL in Helicobacter
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FIG 4 Flagellar motor structure and function. (A to E) Tomograms of flagellar motors from B.
burgdorferi. (A) Section from a tomogram of a B. burgdorferi cell tip overlaid with the 3D segmen-
tation showing multiple flagella motors and filaments in situ. (B) Central section of the flagellar
motor structure from a ΔmotB mutant. The diameter of the bottom of the C-ring is 56 nm. The
missing densities compared to the wild-type (WT) flagellar motor are indicated by empty arrows. (C)
Cartoon model highlighting key components in the ΔmotB flagellar motor: C-ring (green), export
apparatus (EXP), MS-ring (blue-green) embedded in the inner membrane (IM), FliL (coral), collar
(light blue), P-ring (gray), and rod (blue). (D) Central section of the flagellar motor structure from WT.
The diameter of the bottom of the C-ring is 56 nm. The extra densities compared to the ΔmotB
flagellar motor structure are indicated by solid orange arrows. (E) Cartoon model highlighting key
flagellar components in the WT flagellar motor: C-ring, MS-ring, FliL, collar, and stators embedded
in the IM. Scale bar, 100 nm (A) or 20 nm (B to E). The images are courtesy of Yunjie Chang and Jun
Liu (Yale University). (F to J) Flk prevents the flagellar secretion-specificity switch prior to hook-basal
body (HBB) completion. The Flk protein is anchored in the inner membrane by a C-terminal
transmembrane domain (89). (F) A YFP-Flk fusion can be visualized throughout the cell membrane.
(G) Deletion of fliF prevents HBB formation, and this is visualized by loss of a GFP-HBB tagged (FliM)
protein in the fliF deletion. (H) When the FliK ruler is being secreted into an HBB structure where the
hook has not reached its terminal length, Flk prevents the C terminus of FliK (FliKC) from interacting
with FlhB and flipping the secretion specificity switch from early, rod-hook substrate-type specificity
to late, filament-type specificity. Once the N terminus of FliK reaches the exit pore, it passes by FlhB
too quickly to interact and catalyze the secretion specificity switch (90). The structure of the basal
body and core type III secretion FliPQR complex is based on work by Kuhlen et al. (91). The structure
of the FliG-FliM-FliN rotor at the cytoplasmic base of the HBB is based on previous reports (92–96).
The FlhA9 structure is based on work by Saijo-Hamano et al. (97). (I) Once the hook reaches a minimal
length of �55 nm, FliKC passes Flk and can interact with FlhB to flip the secretion specificity switch
(90). (J) In the absence of Flk, secretion of FliK allows FliKC to interact and flip the switch at FlhB any
time during rod-hook assembly. The images are courtesy of Kelly Hughes (University of Utah).
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pylori. FliL is a transmembrane protein positioned between the rotor and the stator.
Mutation of FliL alters motor function, but FliL’s mechanism of action is not well
established (51, 52). Roujeinikova’s group solved the crystal structure of the C-terminal
domain of FliL and found that it contained an SPFH (stomatin, prohibitin, flotillin, and
HflK/C) domain, known to form ringlike oligomeric structures with scaffolding functions
in other bacteria and eukaryotes (53). Based on this structure, as well as cryo-ET of the
H. pylori motor, it was proposed that FliL forms complete or partial rings that help
recruit and/or stabilize the stator units around the rotor, consistent with recent obser-
vations of FliL-stator association in the sodium-driven motors of V. alginolyticus (54).

The “hook” is a flexible joint between the motor and the flagellum whose length
(55 nm) is precisely regulated (�10%) (55). Hook length is controlled by a switch from
secretion of early rod-hook proteins to secretion of late substrates such as the FliC fil-
ament protein. This switch is thought to be triggered by an interaction of the
C-terminal end of FliK (FliKC) with the C-terminal domain of FlhB, which serves as the
gatekeeper of the flagellar secretion apparatus. This mechanism supposes that FliK
functions as a molecular ruler that measures the length of the elongating hook (56). But
what prevents FliKC from interacting prematurely with FlhB? Recent work in Kelly
Hughes’ lab (University of Utah) suggests that FlhA, another part of the secretion
machinery, interacts with FliKC to physically prevent its association with FlhB. In
addition, cytoplasmic FliKC is prevented from prematurely interacting with the secre-
tion apparatus by Flk. Thus, the switch from secretion of early to late substrates requires
FliKC to be secreted past Flk and through the FlhA ring, where it is free to interact with
FlhB (Fig. 4F to J).

Expression of flagella and the chemotaxis machinery is highly regulated by bacteria.
Although motility provides a fitness advantage under many conditions, the flagellum is
an antigenic structure recognized by multiple receptors of the innate immune system
and is often lost by bacteria during host infection. Motility is also downregulated during
the formation of sessile biofilm communities or under conditions when the cost of
producing a flagellum is metabolically unfavorable. In E. coli, the master regulators
FlhDC sit at the top of the transcriptional cascade that controls expression of the genes
encoding flagellar structural components and chemotaxis proteins (57), but the pro-
duction and assembly of the flagellum is subject to further regulation at multiple levels
(56). Some pathogenic bacteria, including Salmonella enterica, use the mechanism of
“promoter inversion” to switch between expression of two different filament compo-
nents, FljB and FliC. This results in “phase variation,” which allows pathogenic bacteria
to evade an adaptive immune response (57, 58). Similar regulation is used by Clostrid-
ioides (Clostridium) difficile to turn the expression of flagella and toxins on and off. Rita
Tamayo (University of North Carolina), whose lab initially characterized this mechanism,
presented new data demonstrating a role for the transcriptional terminator Rho in the
control of phase-variable expression of flagella in C. difficile. Sahar Melamed (Gisela
Storz lab, NIH) also focused on posttranscriptional regulation of flagellar synthesis and
described four new sRNAs whose expression is controlled by the flagellar sigma factor
�28 (FliA). Three of the four sRNAs originate from the untranslated regions of mRNAs
encoding flagellar components, and each has distinct effects on flagellar length, number,
and overall expression level. The in vivo targets of two of these sRNAs, which were
identified by the technique of RNA interaction by ligation and sequencing (RIL-seq)
(59), lie within the S10 ribosomal operon and modulate ribosomal protein synthesis. As
a flagellum represents 1% of the cell’s total protein, Melamed suggested that these
sRNAs work collaboratively to couple flagellar biosynthesis to the metabolic state of the
cell.

Chemotaxis behaviors in complex environments. Over 50 years ago, Adler and
colleagues made the fundamental observation that bacteria entering a long capillary
tube containing a metabolizable attractant would form bands that collectively traveled
through the capillary (60). This behavior is driven by chemotaxis and emerges because
the consumption of attractant or oxygen by bacteria creates an area deprived of either
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attractant or oxygen, thereby forming a traveling gradient that the bacteria can track.
Henry Mattingly (Thierry Emonet lab, Yale University) sought to determine whether
and, if so, how diverse E. coli cells are able to travel together as a band (61). Mattingly
and colleagues designed a microfluidic device that allowed tracking of band speed and
shape, as well as measurement of the tumble bias, for each traveling cell. They
observed that bacteria with diverse phenotypes could travel together in a band but
that cells with low chemotactic efficiency (high tumble bias) could not keep up with the
rest. This selection against high tumble bias cells was more pronounced in bands that
traveled faster. When two strains with different mean tumble bias were mixed (Fig. 5A),
they traveled together, but the bacteria with higher chemotactic efficiency were
located in the front of the band, where the attractant gradient was less steep (Fig. 5B).
This pointed to a mechanism in which bacteria spontaneously sort themselves during
collective motility so that their chemotactic abilities match local gradient steepness,
allowing diverse phenotypes to travel together at the same speed (Fig. 5C).

A run-and-tumble-based random walk underlies the movement of bacteria with
peritrichous flagella (Fig. 6A), but bacteria with other flagellation patterns exhibit
different patterns of motility better adapted to specific host or environmental niches.
Eli Cohen (Morgan Beeby lab, Imperial College London) showed that amphitrichous
Campylobacter jejuni swims through viscous fluid by wrapping its leading flagellum
around its cell body, while the lagging flagellum pushes the cell forward (Fig. 6B). This
behavior is not observed in low-viscosity fluids but leads to increased swimming speeds
in high-viscosity fluids similar to gastrointestinal mucus. Vibrio alginolyticus swims using
a single polar flagellum (powered by a sodium gradient) but can also express lateral
flagella powered by proton motive force under conditions of increased viscosity.
Marianne Grognot (Katja Taute lab, Rowland Institute at Harvard), used 3D tracking to
show that lateral flagella lower chemotactic drift speed (i.e., the average velocity in the
direction of the gradient) in liquid environments but increase drift in hydrogels (62)
(Fig. 6C). Overall, this decreases bacterial trapping events in dense environments and
results in greater net directed movement.

Flagellated bacteria swim at speeds ranging between 2 �m/s to more than 100 �m/s,
depending on the bacterium and its environment. Two talks highlighted swimming at the
extreme ends of this spectrum. Laurence Wilson (University of York) discussed the very
slow swimming speeds of species from two halophilic archaeal genera, Haloarcula and
Haloferax, which were isolated from the Great Salt Lake in Utah and the Boulby Potash
Mine in the United Kingdom, respectively. Using 3D holographic microscopy (63), he
determined that these haloarchaea typically swim at 2 to 4 �m/s, with prolonged 20-
to 30-s runs, followed by reorientations of up to 180° (Fig. 6D). This swimming strategy
is a trade-off between covering large distances while expending minimal power and is
well suited to poor-nutrient environments. In contrast to slow-swimming halophiles,
marine bacteria use a single polar flagellum to swim at speeds averaging 60 to 80 �m/s.

FIG 5 E. coli with different tumble biases (TB), and hence different chemotactic abilities, migrate collectively by sorting themselves
(61). (A) Populations of different TBs were generated by controlling cheZ expression using a tetR inducible promoter in a ΔcheZ
background. The lower TB population (red) had stronger chemotactic abilities than the high TB one (blue). (B) When mixed together
in equal proportions, the two populations traveled together at the same speed and were sorted with the red population in front. (C)
Rule to travel together: place cells with stronger chemotactic abilities (larger �) at locations of shallower gradient steepness, f =(z), to
equalize drift speed, c, among the traveling phenotypes. The images were provided by Thierry Emonet (Yale University). Abbreviation:
aTc, anhydrotetracycline (inducer).
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In the first keynote address of the BLAST XV meeting, Roman Stocker (ETH) described
how marine bacteria reorient during chemotaxis using a “run-reverse-flick” pattern of
swimming. When the flagellar motor rotates CW it pulls the bacterium backward,
causing it to retrace its path. However, when the motor reverses to CCW and the
bacterium resumes forward swimming, the flagellum flicks and a new swimming
direction is selected (64) (Fig. 6E). Flicking behavior results from an instability of the
flagellar hook, which buckles when it is compressed by the force of forward swimming
(65). The higher swimming speeds of marine bacteria, together with this reorientation
strategy, allow for greater bacterial accumulation at resource hot spots, such as the
organic-matter-rich neighborhood of individual phytoplankton cells (i.e., the phyco-
sphere).

Che-LIKE SYSTEMS CONTROL MORE THAN JUST FLAGELLAR MOTILITY

Most bacteria encode more than one Che-like signaling pathway. In many cases,
these Che systems transduce environmental cues into signals that govern nonflagellar
forms of motility, surface interactions, or differentiation pathways. Carl Bauer (Indiana
University, Bloomington) described how three Che pathways (che1, che2, and che3) are
used by the alphaproteobacterium Rhodospirillum centeneum to regulate flagellar
motility, flagellar assembly, and encystation, respectively (66). The development of a
technique to synchronize bacterial encystation, along with whole transcriptome shot-
gun sequencing (RNA-Seq) of cells along this developmental trajectory, and traditional
forward and reverse genetics allowed this group to dissect how a complex Che3
phosphorelay switches bacteria between vegetative growth and cyst formation. The

FIG 6 (A) In an isotropic environment, E. coli performs a random walk where the flagellar motors rotate CCW, resulting in a bundle of flagellar filaments that
push the cell forward (left). When one or more flagellar motors reverse direction (to CW), the flagellar bundle is disrupted, resulting in tumbling. When cells
travel up a chemoeffector gradient, they suppress tumbling to move in a favorable direction (right). (B) In complex environments, motile bacteria demonstrate
remarkable adaptations that facilitate motility and chemotaxis. In viscous fluid, the leading flagellum of amphitrichous C. jejuni wraps around the cell, while
the lagging flagellum pushes the bacterium forward. Shown is a TEM micrograph stained with uranyl acetate. (C) In contrast, the lateral flagella of V. alginolyticus
increase chemotactic speed in dense environments by decreasing the probability of trapping events. A 3D trajectory of V. alginolyticus with a single polar
flagellum shows frequent trapping events in hydrogel. (D) To swim in nutrient-poor environments, archaea swim at very slow speeds with prolonged runs, as
seen in a 3D trajectory of Haloarcula imaged with a holographic microscope, which allows archaea to swim large distances while expending minimal energy.
(E) In contrast to archaea, most marine bacteria swim fast and use a run-reverse-flick pattern of motility that results in greater bacterial accumulation in
nutrient-rich regions. Shown is a trajectory obtained by high-speed (1,000 frames s�1) phase-contrast microscopy. Cell head positions are indicated by circular
markers at 1-ms intervals. The inset shows the trajectory subsampled at a conventional frame rate of 30 frames s�1. (Republished from reference 65 with
permission of the publisher.) The images in panels A to E were provided by John S. Parkinson (University of Utah), Eli Cohen (Morgan Beeby lab, Imperial College
London), Katja Taute (Rowland Institute at Harvard), Laurence Wilson (University of York), and Roman Stocker (ETH, Zurich), respectively. Abbreviations: CCW,
counterclockwise; CW, clockwise.
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discovery that nucleotidyl cyclase mutants interrupted encystation also allowed Bauer
and colleagues to identify cyclic GMP as an activating cofactor for the transcriptional
regulator CgrA, with a regulon encompassing approximately one-third of the genes
involved in cyst development (67).

The opportunistic pathogen Pseudomonas aeruginosa encodes four Che-like path-
ways. One of these, Pil/Chp, has long been appreciated as a regulator of type 4 pilus
(T4P) assembly; however, new studies have suggested that it plays a major role in
pilus-dependent surface-sensing, producing a cyclic AMP (cAMP) signal that activates
expression of more than 200 genes involved in motility and virulence (68). Joanne
Engel (University of California, San Francisco) presented data showing that the PilJ
chemoreceptor component of this pathway likely responds to T4P retraction/disassem-
bly by directly sensing increased pools of pilin monomers in the inner membrane. Two
CheY homologs, PilG and PilH, are targets of this phosphorelay and appear to play
antagonistic roles with regard to activation of the CyaB adenylate cyclase.

The P. aeruginosa T4P was also linked to the production of cyclic diguanylate
monophosphate (c-di-GMP) by Shanice Webster (George O’Toole lab, Dartmouth), who
described a series of protein-protein interactions leading to activation of the diguany-
late cyclase SadC. In particular, mutations in the transmembrane domains of SadC that
disrupted these interactions decreased c-di-GMP production and reduced P. aeruginosa
biofilm formation. Thus, the T4P appears poised to generate both cAMP and c-di-GMP
signals that promote surface-attached growth and the transition to biofilm formation.

In cyanobacteria like Synechocystis, pilus-mediated twitching motility (pilus exten-
sion and retraction) is required to move toward or away from a light source (photo-
taxis). The Mullineaux and Wilde labs recently showed that Synechocystis sp. strain
PCC6803 can accurately determine and respond to the position of a light source by
focusing light at the distal side of the cell (69) (Fig. 7). Conrad Mullineaux (Queen Mary

FIG 7 Phototaxis in Synechocystis. Synechocystis responds to directional light by focusing light at the distal side of
the cell and utilizing pilus-mediated twitching to move toward or away from it. During phototaxis, the type 4 pili
(T4P; see inset) at the leading edge of the cell are active, while those at the opposite side are inactive. Courtesy
of Nils Schuergers and Annegret Wilde (University of Freiburg).
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University of London) demonstrated that the thylakoid membrane layers are key to the
optical properties of Synechocystis cells that enable them to act as microscopic eyeballs.
Multiple directional photoreceptors (with cyanobacteriochrome PixJ and the BLUF
protein PixD among the candidates) enable a form of “color vision” in Synechocystis. It
was hypothesized that photoreceptor activation controls the localized assembly and
disassembly of T4P at the leading edge of the cell, thus facilitating taxis in the
appropriate direction (Fig. 7). Annegret Wilde (University of Freiburg) further proposed
that a family of cyanobacterium-specific CheY-like response regulators control the
directional movement of cells by binding to the PilB component of T4P.

NEW INPUTS AND PATHWAYS FOR SIGNAL TRANSDUCTION

Input signals that regulate motility and motility-related phenomena are diverse
within and between different bacterial taxa. These signals include chemical and phys-
ical attributes of the environment, metabolic status, and assembly intermediates of
macromolecular complexes. Several presentations introduced new signals and signal-
ing mechanisms. Bacterial sensing of their physical environment is most well estab-
lished in systems that respond to increased viscosity or surface contact. Joseph
Sanfilippo (Zemer Gitai lab, Princeton University) described studies of P. aeruginosa in
which transcriptome profiling was performed for cells subjected to shear flow within
microfluidic devices. This analysis identified the previously uncharacterized froABCD
gene cluster as highly induced in shear flow. Induction of froABCD was rapid and could
be tuned by increasing shear rate (at shear levels common in the human bloodstream).
A novel sigma factor/anti-sigma factor pair is located immediately upstream of the
froABCD genes, and mutations in these genes alter froABCD expression. Intriguingly, this
system is sensitive to shear rate but not shear force, suggesting that P. aeruginosa uses
a novel mechanism to sense this attribute of the environment.

Chemical signals can be small metabolites or larger macromolecules. Azospirillum
brasilense was reported to respond to the plant-produced gaseous hormone ethylene
(Scott Carlew, Brad Binder lab, University of Tennessee) through a member of a
conserved family of ethylene receptors, AzoETR1, which in turn interacts with a
response regulator (AzoRRETR1) that controls colonization on the roots of host plants. A
different potential signal molecule was described by Clay Fuqua (Indiana University) for
the plant pathogen Agrobacterium tumefaciens, which regulates its attachment and
biofilm formation in response to the intracellular second messenger cyclic diguanylate
monophosphate (c-di-GMP) (70). A novel pathway requires a monapterin ligand to
control the activity of the dual function diguanylate cyclase DcpA which has a domi-
nant role in regulating c-di-GMP levels. Monapterins are generally considered cofactors
for cytoplasmic enzymes, but it is clear that the DcpA protein interacts with these
metabolites external to the cytoplasmic membrane. This response pathway is shared
among diverse proteobacteria and may represent a common pterin-response circuit
that could also be influenced by host-produced signals.

Studies of adaptive or phenotypic resistance to a broad range of antibiotics during
bacterial swarming have revealed that high cell density is a critical component of the
response and that transient resistance is accompanied by the death of a subpopulation
of cells (71). Souvik Bhattacharyya (Rasika Harshey lab, University of Texas, Austin)
showed that plating a killed bacterial population adjacent to a viable swarming
population potentiates the same resistance. He described this phenomenon as “necro-
signaling” and showed that cell extracts from lysed cultures also have this activity. The
active component in these extracts was surprisingly shown to be a protein component
of a resistance-nodulation-division (RND) antibiotic efflux system. The current model is
that the presence of this protein from lysed cells in the external environment transiently
stimulates antibiotic efflux, imparting resistance to actively swarming cells, although
the details of this mechanism are yet to be determined.

Extracellular signals can clearly influence intracellular properties. However, an
emerging area is how the structure of the intracellular environment can modulate
activities both inside and outside the cell. The presence of membraneless compart-
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ments formed by biomolecular condensates has been established in eukaryotic systems
(72). Recent work in Caulobacter crescentus described by Keren Lasker (Lucy Shapiro lab,
Stanford University) has determined that a polar microdomain formed by the intrinsi-
cally disordered PopZ protein (73) functions as a bimolecular condensate that excludes
a variety of molecules, including ribosomes, but also relatively small proteins, while
other specific client proteins are allowed access to and retention in this compartment.
This includes the proteins of a cell cycle signaling cascade leading from the CckA
histidine kinase, whose retention in the membraneless compartment is essential for
signal transmission and spatially controlled transcription activation along the long axis
of the cell. The influence of this type of overt intracellular structuring on bacterial cell
biology and signaling processes is likely to be widespread in bacteria, as it is found to
be in eukaryotic systems.

Mechanisms of signal transduction were probed by Bruk Mensa (William DeGrado
lab, University of California, San Francisco), who presented a quantitative model for
signal propagation within sensor histidine kinases. Mensa and coworkers modified the
histidine kinase PhoQ by inserting 7xGly linkers between sensor, signal transduction
and kinase domains, which disrupted allosteric coupling between these domains. They
then used native and mutated histidine kinases to generate a large data set of gene-
expression profiles and cross-linking efficiencies. These data were consistent with a ther-
modynamic model in which the HAMP signal transduction domain is coupled anti-
cooperatively to both the upstream sensor domain and the downstream kinase domain
and thereby primes the sensor to be maximally responsive to ligand binding.

A novel negative autoregulatory loop described by Patrick McLaughlin (Penelope
Higgs lab, Wayne State University) plays an important role in the complex develop-
mental life cycle of Myxococcus xanthus. Under nutrient limitation, M. xanthus cells
differentiate into one of three distinct cell fates: spore-based fruiting bodies, persister-
like cells (“peripheral rods”), or cells that lyse. The transcription factor MrpC is a key
regulator of this developmental program and likely accumulates differentially in these
various cell types. MrpC binds to four sites within its own promoter that compete for
binding of the bacterial enhancer binding protein MrpB and interfere with �54 binding
(74). McLaughlin tested the impact of this complex negative autoregulatory mechanism
using an “upregulated” mutant mrpC promoter and found that cells became desyn-
chronized in their development into fruiting bodies. Single-cell measurements of
fluorescent transcriptional reporters coupled to the wild-type or mutant mrpC promoter
demonstrated that the negative autoregulatory mechanism preserved in the wild-type
promoter substantially narrowed the range of variation of promoter expression and
reduced phenotypic heterogeneity among cells.

c-di-GMP in motility control and in the motile-to-sessile switch. Nucleotide
derivatives are now recognized to play a pervasive role in the control of bacterial
physiology. Classic studies on the starvation signal ppGpp(p), or “magic spot,” have
revealed the elaborate control mechanisms bacteria use to acclimate to shifts in
available nutrients (75). cAMP is also a well-known global regulator of carbon metab-
olism and many other processes. Work over the last two decades has clearly implicated
the cyclic dinucleotide c-di-GMP as a general regulatory molecule that acts to coordi-
nate major transitions in bacterial behavior and, among these transitions, the most
prominent is the control of motility and the motile-to-sessile transition (Fig. 2, right).
This theme is consistent among many different bacteria (76) and appears to be a
conserved regulatory pattern of general relevance. More recently, other cyclic nucleo-
tides such as c-di-AMP and even the hybrid molecule cyclic GMP-AMP (cGAMP) have
been found to have important functions.

c-di-GMP is synthesized by the activity of diguanylate cyclase (DGC) enzymes which
have the GGDEF catalytic motif, and the signal is turned over by the activity of
phosphodiesterases (PDEs) that usually have the EAL catalytic site (76) (Fig. 8A). These
proteins frequently have predicted signal transduction domains thought to modulate
their activity. In addition, there are abundant examples of single proteins with both
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DGC and PDE domains, and the potential to drive both c-di-GMP synthesis and
degradation. Different bacterial species can have different numbers of DGCs and PDEs
encoded in their genome, ranging from more than 80 predicted proteins (Vibrio
vulnificus) to as few as a single DGC protein (B. burgdorferi).

The mechanisms underlying c-di-GMP control of motility can act through transcrip-
tional regulation of flagellar genes and through direct inhibitory interactions with
flagellar machinery. In Shewanella putrefaciens there are two discrete flagellar systems,
one directing production of a polar flagellum and the other for lateral flagella. S.
putrefaciens lateral flagella function in swimming motility and assist in spreading
through planktonic and structured environments. There are over 50 potential c-di-GMP
synthesis/degradation proteins in S. putrefaciens. Anna Pecina (Kai Thormann lab, Justus
Liebig University Giessen) presented findings on the function of the PdeB protein, a
dual domain DGC-PDE with two transmembrane segments and a periplasmic domain,
which exerts a dominant PDE activity (77). This protein is localized to the flagellar pole
by the polar landmark protein HubP, but, surprisingly, its dominant regulatory effect is
on the lateral flagella through two likely discrete mechanisms: at the transcriptional
level, presumptively mediated through the c-di-GMP-responsive transcription factor
FlrA2, and at the posttranscriptional level mediated through a FlgZ-like flagellar brake,

FIG 8 Dynamics of c-di-GMP signaling and riboswitch-based reporter systems. (A) Enzymatic production of
c-di-GMP by diguanylate cyclases (DGCs) with the GGDEF catalytic motif signature and c-di-GMP turnover
via phosphodiesterases (PDEs) with either the EAL or the HD-GYP catalytic motif signature. (B) Secondary
structure of Vc2-Spinach, an RNA-based fluorescence biosensor for c-di-GMP. Vc2-Spinach bound to
c-di-GMP can associate with DFHBI (3,5-difluoro-4-hydroxybenzylidene imidazolinone), an analogue of the
GFP chromophore. The DFHBI bound to Vc2-Spinach is protected from energetic decay, affording up to
1,000-fold higher fluorescence. (Republished from reference 98 with permission of the publisher.) (C) Time
course of fluorescence microscopy compared to the differential interference contrast (DIC) micrograph for
E. coli BL21(DE3) Star harboring the c-di-GMP-responsive RNA reporter PL-B Spinach2, after resuspension in
Zn-free medium. In E. coli, low Zn levels stimulate increased c-di-GMP via the DgcZ DGC. (Republished from
reference 99 with permission of the publisher.) (D) Flow cytometry histogram illustrating population-level
trends of PL-B Spinach fluorescence for E. coli in Zn-free medium (light gray) and 1 mM Zn (dark gray).
(Republished from reference 99 with permission of the publisher.)
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with a PilZ domain that binds c-di-GMP and specifically slows down flagellar rotation of
the lateral but not the polar system. Another bacterial species that regulates motility
through c-di-GMP levels is B. burgdorferi, in which the sole DGC is named Rrp1 (78).
Ching Wooen Sze (Virginia Commonwealth University) reported that rrp1 mutants swim
faster but reverse direction more frequently. The DGC also regulates utilization of
chitobiose, an oligomer of the chitin polymer, through a regulatory cascade that
initiates with c-di-GMP and Rrp1 (79). Mutants of rrp1 cannot utilize chitobiose as a
carbon source but can grow on the monosaccharide N-acetylglucosamine (GlcNAc). These
mutants are also attenuated for transmission to mice via tick bite and can be partially
rescued by GlcNAc addition.

There are several naturally occurring riboswitches that provide rapid responses to
cytoplasmic c-di-GMP (80). Ming Hammond (University of Utah) presented work on
c-di-GMP detection systems built with RNA-based fluorescent (RBF) biosensors that take
advantage of riboswitches and the fluorescently activated, “turn-on” Spinach RNA
aptamer (Fig. 8B) as a scaffold (81). These systems are powerful tools for the detection
of c-di-GMP in situ (Fig. 8C and D), and there are additional riboswitch sensors that are
specific to other signaling nucleotides, such as c-di-AMP and cGAMP. The Hammond
group in collaboration with the group of Daniel Bond (University of Minnesota) has
applied these tools to study control of chemotaxis toward insoluble Fe3� particles by
Geobacter sulfurreducens, finding that cGAMP regulates bacterial reduction of these
particles, whereas c-di-GMP mediates biofilm formation and reductive growth on
electrodes (82). Strikingly, the cGAMP is synthesized via the GacA protein with a GGDEF
motif and is degraded via a specific cGAMP PDE. These findings raise the possibility that
presumptive DGCs and PDEs identified based on sequence homology are involved in
cGAMP signaling rather than c-di-GMP. Upcoming studies will highlight specific se-
quence signatures associated with these functions to allow predictions of which cyclic
nucleotide is the likely product.

A recurrent theme at BLAST XV was the physiological heterogeneity of seemingly
homogeneous bacterial populations. Often, this heterogeneity is fostered within motile
populations, or otherwise influences the regulation and impact of motility. Yann Dufour
(Michigan State University) presented findings on the role of c-di-GMP in establishing
phenotypic diversity with respect to the motile-to-sessile switch in V. cholerae. Using
single-cell tracking the Dufour group observed that the proportion of motile cells in a
population is heterogeneous during active growth, but more uniformly motile in
stationary phase, and this proportion depends on c-di-GMP levels. Comparison of the
two V. cholerae biotypes known as classical and El Tor revealed differences in these
trends, and this was correlated with different c-di-GMP levels between biotypes. As with
other examples of c-di-GMP motility control, both transcriptional mechanisms and
posttranscriptional modulation via proteins containing PilZ-domains were determined
to contribute to this putative division-of-labor strategy and may influence interactions
with host organisms during disease. This talk highlighted the population-level effects
that arise from dynamic intracellular signaling by individual cells, such as through the
c-di-GMP second messenger.

OUTSIDE THE TEST TUBE: MICROBIAL CHEMOTAXIS IN THE NATURAL WORLD

One of the most exciting aspects of BLAST XV were talks that examined how the
well-studied paradigms of motility and signal transduction affect microbial behavior in
the natural environment. Frank Liu (Cara Haney lab, University of British Columbia)
introduced Pseudomonas fluorescens and asked how it could colonize plant roots
without activating plant innate immune defenses. A forward genetic screen identified
MorA, a bifunctional GGDEF/EAL domain protein as a key regulator in this microbe-host
interaction. This enzyme functions as a c-di-GMP phosphodiesterase to repress P.
fluorescens biofilm formation, which is a strong trigger of plant immune responses.
Polyamines, such as putrescine, may serve as plant-derived signals that trigger biofilm
formation and must be actively sensed and countered by bacteria (83).

Germ-free larval zebrafish were put to elegant use by Travis Wiles (Karen Guillemin
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lab, University of Oregon) to examine the contributions of motility and chemotaxis to
bacterial colonization of the gut. Using a V. cholerae strain isolated from the zebrafish
intestine and genetically engineered to express fluorescent proteins, Wiles colonized
gnotobiotic larval zebrafish and visualized bacterial distribution and abundance
throughout the gut by light sheet microscopy. Unlike many zebrafish symbionts which
are nonmotile, aggregated, and expelled from the gut (84–86), V. cholerae remains
motile and resists expulsion. Mutants of cheA and pomAB in V. cholerae achieved lower
levels of intestinal abundance but not because of in vivo growth defects. Instead, the
absence of either motility or chemotaxis resulted in bacterial clustering/aggregation
within the gut and periodic expulsions of �90% of the population. These population
collapses were more frequent for nonmotile pomAB than for cheA bacteria. Motility and
chemotaxis were required to resist the propulsive contractions of the zebrafish intes-
tine, as fish with decreased intestinal motility (due to enteric nervous system mutation)
could be colonized by both cheA and pomAB at abundance levels comparable to
wild-type V. cholerae. A tetracycline-inducible genetic switch, which allowed in situ
control of cheA expression, was used to demonstrate that cheA aggregates could
rapidly disaggregate when chemotaxis was restored and establish wild-type distribu-
tion patterns within the zebrafish gut, seemingly escaping the mucus “blobs” that
surrounded aggregated bacteria. Most interestingly, the zebrafish host mounted a
strong inflammatory response restricted to motile V. cholerae in both the gut and liver,
as visualized by expression of a TNF-�/GFP reporter, suggesting that either motility
and/or the physical population structure of wild-type V. cholerae is directly sensed.

What chemotaxis signals are sensed in the intestinal tract? Joana Lopes (Victor
Sourjik lab, Max Planck Institute) addressed this question using E. coli expressing
CheY-YFP and CheZ-CFP, which allow FRET measurements of chemotaxis pathway
activity in real-time. Many compounds present in the gastrointestinal tract, among
them catecholamines, thyroid hormones, and polyamines, elicited strong chemorepel-
lent responses when tested at concentrations in the 0.01 to 1 mM range, with the
exception of epinephrine, which was a chemoattractant. Most tested compounds
elicited a biphasic FRET response, switching between repellent and attractant re-
sponses as the compound concentration was varied (87). Lopes suggested that the
repellent responses observed at high concentrations of these host-derived compounds
might allow E. coli to colonize the intestinal lumen while avoiding the antimicrobial
activities of the mucous layer.

PROBING THE DENSITY OF SEQUENCE SPACE: A HIGH-THROUGHPUT ANALYSIS
OF SYNTHETIC TWO-COMPONENT SIGNALING PATHWAYS

The final keynote address of the BLAST meeting, presented by Michael Laub (MIT),
turned to the question of how novel two-component signaling pathways might arise
without generating unwanted and deleterious cross talk with existing pathways. These
systems, whose signaling fidelity depends on high-specificity interactions between a
sensor kinase and its cognate response regulator, are thought to arise by gene
duplication. But this then raises the question of how a cell can insulate such a new
signaling pathway from existing cross talk with other TCS pairs. Earlier work from the
Laub lab had identified a small number of unique amino acids in the sensor kinase that
were responsible for specificity-determining interactions with a complementary set
of amino acids in its cognate response regulator (88). In a technical tour de force,
members of the Laub lab systematically varied four amino acids that played a dominant
role in determining sensor kinase specificity and asked which resulting proteins were
able to maintain kinase/phosphatase activity toward a substrate. About 1% of these 204

sequences maintained activity. Some of these harbored single mutations, while others
were active as combinations of two mutations which in isolation showed no activity. A
similar approach was taken to vary the specificity-determining residues in both a sensor
kinase and its partner response regulator. Several of the new sensor kinase-substrate
pairs identified were orthogonal to all 27 endogenous pathways in E. coli, while sets of
up to six novel kinase-substrate pairs that were mutually orthogonal to each other were
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readily identified by this approach. The ease with which new orthogonal kinase-
substrate pairs were discovered strongly suggested that sequence space is not densely
occupied and that nature has not yet had time, in an evolutionary sense, to sample all
available sequence space. This study suggested that horizontal transfer of sensor
kinase-response regulator pairs between species may often be successful in generating
“neofunctionalization,” i.e., the introduction of a new, orthogonal TCS pathway. Iden-
tification of mutant sensor kinase-substrate pairs which were orthogonal to each other
but could still cross talk with the wild-type parent provided a blueprint for how
duplication and evolution could generate new orthogonal TCSs, a process Laub called
“subfunctionalization.” The conclusion that sequence space is sparsely populated is
exciting from the standpoint of synthetic biology, suggesting that these types of
experimental approaches can be used to design and validate new insulated signaling
pathways de novo.
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