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Escherichia coli cells swim toward a favorable environ-
ment by chemotaxis. The chemotaxis system regulates
the swimming behavior of the bacteria by controlling the
rotational direction of their flagellar motors. Extracellu-
lar stimuli sensed by chemoreceptors are transduced to
an intracellular signal molecule, phosphorylated CheY
(CheY-P), that switches the rotational direction of the
flagellar motors from counterclockwise (CCW) to clock-
wise (CW) or from CW to CCW. Many studies have
focused on identifying the proteins involved in the
chemotaxis system, and findings on the structures and
intracellular localizations of these proteins have largely
elucidated the molecular pathway. On the other hand,
quantitative evaluations of the chemotaxis system, in-
cluding the process of intracellular signaling by the
propagation of CheY-P and the rotational switching of
flagellar motor by binding of CheY-P molecules, are still
uncertain. For instance, scientific consensus has held that
the flagellar motors of an E. coli cell switch rotational
direction asynchronously. However, recent work shows
that the rotational switching of any two different motors
on a single E. coli cell is highly coordinated; a sub-second
switching delay between motors is clearly correlated with
the relative distance of each motor from the chemore-
ceptor patch located at one pole of the cell. In this review
of previous studies and our recent findings, we discuss the
regulatory mechanism of the multiple flagellar motors
on an individual E. coli cell and the intracellular signal-
ing process that can be inferred from this coordinated
switching.
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Signal transduction systems are widely conserved in a

wide range of living organisms1–4, and are essential for cells

to respond to chemical and mechanical changes. Many bac-

teria, including the peritrichously flagellated Escherichia

coli, can seek out environments conducive to their growth.

In a phenomenon called chemotaxis, the E. coli cell swims

toward attractant chemicals, such as serine and aspartate,

and away from repellent chemicals, such as Ni+ and indole,

by rotating its flagella (Fig. 1a). Each flagellum is powered

by a bidirectional rotary motor embedded in the cell mem-

brane. When all of the flagellar motors are rotating counter-

clockwise (CCW), the left-handed normal helical flagellar

filaments form a bundle, and the E. coli cell swims smoothly.

When one or more of the motors switches to a clockwise

(CW) rotation, the bundle is disrupted and the cell tumbles.

The cell orients in a new direction when the normal to semi-

coiled polymorphic transformation of flagellar filaments is

complete. The cell attains its initial swimming speed when

the motors switch back to CCW and the filaments rejoin the

bundle5. When the cell swims toward a high concentration

of attractant chemicals, it swims smoothly by continuous

CCW rotation of the motor. When the cell swims toward

lower attractant concentrations, it switches the rotational

direction of the motor and tumbles more frequently. There-

fore, the cell’s chemotactic migration toward favorable con-

ditions is determined by the duration of smooth swimming

and tumbling frequency (Fig. 1a, 1b).
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Figure 1 The chemotaxis system in E. coli. (a) E. coli chemotactic response. Cells in a liquid environment alternate between smooth swimming
and tumbling, which are regulated by the rotational direction of flagellar motors. Cells swim smoothly when all the motors rotate counterclockwise
(CCW) and flagellar filaments form a bundle. Cells tumble when the motors switch to clockwise (CW) rotation and the bundle is disrupted. E. coli

cells swim against the gradient of the concentration of an attractant by regulating their smooth swimming and tumbling via the chemotaxis system.
(b) The chemotaxis molecular pathway. Chemotactic signals, such as chemicals, pH, and temperature, are detected by chemoreceptors located
primarily at one of the cellular poles. Thousands of receptor proteins cluster in patches with CheA and CheW. Receptors increase CheA autophos-
phorylation when they sense a repellent or a decrease in attractant. The phosphoryl group on CheA is transferred to a response regulator, CheY.
Phosphorylated CheY (CheY-P) binds to the flagellar motor and increases the probability of its CW rotation. The binding of attractant chemicals to
receptors inhibits CheA autophosphorylation. In addition to this inhibition, CheZ reduces the intracellular concentration of CheY-P. As a result, the
motor continues to rotate CCW. CheR and CheB regulate chemotaxis via the methylation and demethylation of receptors, respectively. Decreased
attractant levels (or a sensing of repellent) induce the phosphorylation of CheB to demethylate receptors, which decreases CheA autophosphoryla-
tion. The binding of attractants to receptors reduces the phosphorylation and activity of CheB, and the receptors are methylated by CheR; this
methylation increases CheA autophosphorylation. This negative feedback is called adaptation. (c) E. coli flagellar motor structure and properties.
The motor consists of a rotor and several stator units, which act as torque generators that convert H+ flux energy into motor rotation. Several kinds
of proteins assemble to form ring structures within the rotor: approximately 26 copies of FliG, 34 copies of FliM, and over 100 copies of FliN
assemble to form the C-ring. The motor rotates, repeating 26 angular steps per revolution. In the absence of CheY-P, the motor rotates CCW. The
binding of CheY-P to FliM (and FliN) increases the probability of CW rotation.
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Bacterial flagellar motor

The bacterial flagellar rotary motor is driven by the flux

of coupling ions across the cell membrane (Fig. 1c). The

coupling ion differs according to the type of motor and/or

bacterial species. E. coli and Salmonella enterica motors

use the H+ 6,7, and those of the alkaliphilic Bacillus and marine

Vibrio species utilize Na+ 8,9. Shewanella oneidensis MR-1

has distinct stators that couple to Na+ or H+ flux; both types

of stators are thought to function in the same motor10. The

stator in the alkaliphilic Bacillus clausii utilizes Na+ at high

pH, but H+ at low pH11. The H+-driven motor of E. coli

rotates at about 350 Hz (zero-torque speed) and generates a

maximum torque of about 1300pNnm12,13. Both the H+-driven

motor of Salmonella and a Na+-driven chimeric motor recon-

stituted in E. coli rotate by repeating 26 angular steps per

revolution, which is consistent with the periodicity of the

FliG subunits in the motor structure14,15 (Fig. 1c).

The motor of E. coli consists of a rotor and at least 11

stator units surrounding the rotor structure6,16 (Fig. 1c). The

stator unit is thought to be a torque generator that converts

ion flux energy into mechanical work. The rotor part is

believed to consist of two main structures, known as the

MS-ring and the C-ring. Multiple FliF proteins assemble to

form the MS-ring in the cytoplasmic membrane, and 34

copies of FliM and more than 100 copies of FliN assemble

to form the main structure of the C-ring. It is thought that 26

copies of FliG attach to the MS-ring and connect the C-ring

to the flagellar structure. The recent work shows that stator

units are exchanged frequently in functioning motors in H+-

driven motor of E. coli17. In the Na+-driven motor of Vibrio,

the coupling ion regulates the assembly and disassembly of

stator units into the motor18. Furthermore, the rotor compo-

nent proteins FliM and FliN are exchanged in functioning

motors19,20.

The E. coli chemotaxis system

The chemotaxis system regulates the swimming behavior

of cells by controlling the rotational direction of flagellar

motors in response to extracellular stimuli, such as chemi-

cals, pH, and temperature. Studies using biochemical, bio-

physical, genetic, and structural approaches have identified

many of the proteins involved in chemotaxis, and a hypothe-

sis of the molecular pathway of the chemotaxis system has

been proposed (Fig. 1b). Extracellular chemicals are detected

by transmembrane chemoreceptors localized primarily at one

of the cellular poles, where thousands of chemoreceptor

proteins cluster in patches21,22. The chemoreceptors appear

to be organized into units of trimers of dimers in the

patches23. Each chemoreceptor has a periplasmic ligand-

binding domain and a cytoplasmic signaling domain4,24,25

and forms a ternary complex with the cytoplasmic histidine

protein kinase, CheA, and an adaptor protein, CheW21,26–28.

In this complex, CheW links CheA to the signaling domain

of the chemoreceptor. A recent report showed that the core

structural and functional unit consists of two receptor trimers

of dimers, two CheW molecules, and a CheA dimer 29.

When the ligand-binding domain of a receptor senses a

chemotactic signal, it modulates the autophosphorylation

activity of CheA. The chemoreceptor increases the auto-

phosphorylation of CheA in response to a repellent or to a

reduced concentration of attractant (Fig. 1b)30,31. The phos-

phoryl group of CheA is rapidly transferred to a response

regulator, CheY. Phosphorylated CheY (CheY-P), an intra-

cellular signaling molecule, is released from the chemo-

receptor patch. The binding of CheY-P to the FliM subunit

of the flagellar motor induces the switching of the motor’s

rotational direction from CCW to CW 32, which increases

the tumbling frequency of the cell. In a recent model, CheY-

P interacts with FliN after being first captured by FliM, and

this process promotes the rotational switching of the motor33.

The CW-motor bias (fraction of time spent in CW rotation)

is known to be highly cooperative to the intracellular con-

centration of CheY-P, and it change drastically above a cer-

tain concentration of CheY-P34. The CheY-P-induced switch

in the motor rotation appears to be stochastic rather than

deterministic: CheY-P binding determines only the proba-

bility of CW or CCW rotation in stochastic model35. The

intracellular signal is terminated by the dephosphorylation

of CheY-P by CheZ, which is mainly localized to the chemo-

receptor patch via the short form of CheA36. In contrast,

when a chemoreceptor binds to an attractant chemical, it

inhibits CheA autophosphorylation. Subsequently, CheZ

reduces the intracellular concentration of CheY-P (Fig. 1b).

As a result, the cell swims smoothly due to the continuous

CCW rotation of its motors.

E. coli cells reset their chemotaxis system to adapt to

changes in the concentration of chemical stimuli over a

wide dynamic range. This adaptation is regulated by CheR

and CheB, which methylates and demethylates chemorecep-

tors, respectively (Fig. 1b). In adaptation, the phosphoryl

group of CheA is transferred to CheB in response to a repel-

lant or a reduced concentration of attractant. Phosphorylated

CheB demethylates chemoreceptors to reduce the autophos-

phorylation of CheA. However, the binding of an attractant

reduces the phosphorylation and activity of CheB, allowing

the receptors to be methylated by the constitutively active

methyltransferase CheR. The methylated chemoreceptors

increase the autophosphoryaltion activity of CheA.

The model of chemotaxis molecular pathway described

above was constructed from studies on the roles and local-

ization of proteins involved in the system. However, quanti-

tative evaluations in signaling process, such as intracellular

signaling, directional switching of a single flagellar motor,

and the coordination of multiple flagellar motors on a single

cell, are still uncertain. These parameters should be exam-

ined quantitatively to clarify the mechanism of the chemot-

axis system.
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Previous rotational measurements of 
multiple flagellar motors on a single bacterial cell

Each E. coli cell has multiple flagella—8.5 on average, in

liquid medium37—that must be coordinately regulated in

response to extracellular chemotactic signals. In 1983, the

rotation of multiple flagellar motors was directly measured

to clarify the regulatory mechanism of multiple motors.

Macnab and Han measured the rotational directions of

multiple motors in Salmonella by observing the shape of the

flagellar filament, which changes with the rotational direc-

tion of the motor38. They observed the asynchronous motions

of two flagella driven by mutant motors to have a strong

CW bias, when viewed at 1-s intervals. Ishihara and col-

leagues simultaneously measured the rotational directions

of multiple motors on artificial filamentous cells via the

rotation of a small marker cell (about 10 Hz) attached to

each motor39. They reported that the rotational switching of

motors occurs asynchronously; however, the variations in

CCW bias (the fraction of time spent in CCW rotation) were

correlated among the motors. These results were interpreted

to mean that transitions between the CCW and CW states

occur at random times, but the rates at which these transi-

tions occur are subject to coordinated control.

Coordinated regulation between two flagellar motors 
in a single E. coli cell

The idea and the techniques of previous works were

innovative both conceptually and technically, however, we

considered the possibility that these previous experiments

might have been affected by some artificial modifications.

Recent advances in experimental techniques enabled us to

detect, for the first time, a high correlation in directional

switching between motors40. We measured the rotation of

motor in the E. coli cell under more native condition; well-

energized motors (rotating at about 150 Hz) on normal-sized

cells (< 3μm long) were subjected to a tethered-bead assay

using a high-speed camera (Fig. 2a)15,20,40,41. The high spatial

(1 nm) and temporal (0.8 ms) resolutions were confirmed

in our measurement system. Our results clearly showed that

the directional switching between two motors is highly

coordinated (Fig. 2b). A correlation analysis was performed

on the time traces of the rotational directions between two

motors, and the switching coordination was represented as a

major peak with a time delay of nearly 0 s in the correlation

profile (Fig. 2c) (see the methods in reference 40). We also

showed that coordinated switching is dictated by the intra-

cellular signaling molecule CheY-P, since switching was not

coordinated in a deletion mutant of the cheZ gene (CheZ

dephosphorylates CheY-P), or in cells expressing a consti-

tutively active CheY mutant protein that mimics the CW-

rotation-stimulating function of CheY-P42. These results

indicate that a transient increase or decrease in the intra-

cellular CheY-P concentration directly triggers coordinated

Figure 2 Coordinated switching of multiple flagellar motors in a
single E. coli cell. (a) Schematic diagram of the measurement system.
Polystyrene beads (φ=0.5μm) were attached to sticky flagellar stubs.
Phase-contrast images of each bead were recorded with a high-speed
CCD camera, and the angular velocity and rotational direction were
estimated from the position of the bead for every recorded frame. The
chemoreceptor patch was observed via the intracellular localization of
GFP-CheW. (b) Time course of the rotational speeds of two motors on
the same cell. Plus and minus values represent CCW and CW rota-
tions, respectively. Lines indicate the speed of the motor closer to (red)
and farther from (blue) the chemoreceptor patch. The motor closer to
the patch switched rotational direction before the more distant motor,
in both CCW-to-CW and CW-to-CCW switching. (c) Correlation anal-
ysis of the switching between the two motors depicted in Fig. 2b (blue
line). The green line shows the correlation between two motors on a
different cell. Delay of the peak was defined as Δτ, which represents
the difference in the time of switching between two motors. (d) The
relationship between Δτ and M22–M12, where M1 and M2 are the dis-
tances from the chemoreceptor patch to the closer and further motors,
respectively. Correlations were analyzed based on the motor closer to
the major chemoreceptor patch. Part b, c, and d of the figure was reused
with permission from reference 40.
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switching between motors. Our study provided new insights

for reconstructing the model of the chemotaxis system.

Propagation of the intracellular signal 
in an E. coli cell

CheY-P molecules probably diffuse through the cytoplasm,

although this has not been directly measured. We inferred

the intracellular signaling process from the switching delay

between two motors and their relative distance from the

chemoreceptor patch (the patch location was observed via

GFP-fused CheW) (Fig. 2a)40. The results showed that in

both CCW-to-CW and CW-to-CCW switching, a motor

closer to the chemoreceptor patch switches earlier than a

more distant one (Fig. 2b). The difference in the time of

switching between motors was represented as the delay time

of the peak of correlation (Δτ), and the Δτ values clearly

correlated with the relative distance of each motor from the

chemoreceptor patch (Fig. 2c, 2d). From these results, we

proposed that CheY-P molecules are typically produced

intermittently and diffuse from the chemoreceptor patch,

and that each transient change in CheY-P concentration is

propagated to each motor with a delay time correlated with

its distance from the chemoreceptor patch.

An intracellular signaling model

Previous studies indicated that motors on the same E. coli

cell switch rotational direction asynchronously38,39, while

variations in bias are correlated between motors39. There-

fore, in E. coli cell, the switching of rotational direction of

motor has been interpreted to occur stochastically, while the

bias of motor rotation are coordinately controlled. In con-

trast to previous study, we showed that motors on the same

cell coordinately switch rotational direction40. To explain

the coordinated switching of multiple flagellar motors, the

timing of CCW-to-CW and CW-to-CCW switching should

be determined by an increase and decrease in CheY-P con-

centration, respectively. Thus, a change in CheY-P concen-

tration should occur for every switching event (Fig. 3).

We also reported that a subsecond delay in the coordi-

nated switching between motors that correlates with the dis-

tance of each motor from the chemoreceptor patch (Fig. 2d),

and that the switching of a motor closer to the receptor

patch precedes that of a motor farther from the patch in both

CCW-to-CW and CW-to-CCW switching (Fig. 2b). To

explain the coordinated switching with a delay between

motors, the dynamic changes in CheY-P concentration, such

as a sudden increase or decrease, should occur at motors

closer to the chemoreceptor patch first, and the concentra-

tion change then follows similarly at motors farther from

the patch (Fig. 3). Therefore, we proposed that wave-like

changes in CheY-P concentration are propagated from the

receptor patch to each motor and constitute the intracellular

signal. Cluzel et al.34 reported that the CW bias of a motor is

highly cooperative to the intracellular concentration of CheY-

P. Therefore, the transient change in CheY-P concentration

that alters the CW bias from 0 to 1 should occur with every

switching event to coordinate the switching of multiple

flagellar motors.

The regulation of flagella in a swimming cell

The relationship between swimming behavior and the

formation of the flagellar bundle has been discussed in pre-

vious works43,44. When all the flagellar motors are rotating

CCW, the flagellar filaments form a bundle, and the E. coli

cell swims smoothly. On the other hand, the flagellar bundle

is disrupted when the motors switch to the CW rotation, and

the cell tumbles. By observing fluorescently labeled flagel-

lar filaments in a swimming cell, Turner et al.43 showed that

the angular change in swimming direction increases with

the number of CW-rotating filaments that escape from the

flagellar bundle. This suggested that the switching of the

flagellar motor is coordinated in a swimming cell as well as

Figure 3 An intracellular signaling model. CheY-P is produced in-
termittently at the chemoreceptor patch, and the increases or decreases
in CheY-P concentration are propagated like a wave, reaching motors
at different positions on the cell with a delay time (top and middle) and
triggering coordinated switching between them (bottom). When the
CheY-P concentration change is above and below a threshold (broken
lines depicted in middle panels), the motor switches from CCW to CW
and CW to CCW, respectively. The signal is terminated by CheZ,
which associates with the chemoreceptor patch via the short form of
CheA, indicating that the signal is generated and terminated at the re-
ceptor patch.
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in a cell stuck on a glass surface. Therefore, we propose

that, even in swimming cells, a transient increase and de-

crease in CheY-P concentration may trigger and regulate the

coordinated switching among motors to control the degree

of angular change in swimming direction during the tumble.

Thus, the chemotaxis system may control the swimming di-

rection of a cell by regulating the degree to which flagellar

motors coordinate their switch in rotational direction.

Further questions

To understand the mechanism by which wave-like changes

in CheY-P concentration are produced, we performed a

simulation of CheY-P molecules diffusing to two motors at

different distances from the chemoreceptor patch: motor 1

and 2 were positioned 0.7μm and 1.2μm from the patch,

respectively (see Fig. 4 legend). We assumed that each motor

would switch rotational direction from CCW to CW above

some threshold count of CheY-P molecules.

We tested three possibilities. In the first, the rise and fall

of CheA kinase activity and the diffusion of CheY-P mole-

cules from the chemoreceptor patch were insufficient to

produce wave-like changes in CheY-P concentration. In this

case, the motor maintained its CW rotation by the increased

CheY-P concentration (Fig. 4a, middle and bottom panels).

Next, we simulated the diffusion of CheY-P molecules in

the presence of CheZ, which is localized to the cell pole and

terminates intracellular signaling by the dephosphorylation

of CheY-P in E. coli. In our simulation, regardless of the

polar localization of CheZ, the increase in CheY-P concen-

tration above the threshold for switching occurred first at

motor 1 and then at motor 2 (Fig. 4b and 4c, middle panel).

Therefore, the switching from the CCW to the CW direction

of motor 1 preceded that of motor 2 (Fig. 4b and 4c, bottom

panel). In contrast, only when CheZ was placed at the ante-

rior end of the cell with the receptor patch (Fig. 4c, top

panel), the CheY-P concentration fall below the threshold

at motor 1 first (Fig. 4b and 4c, middle panels). Thus, the

switching delay in both CCW-to-CW and CW-to-CCW that

we observed experimentally was qualitatively reproduced

only when CheZ was localized to one of the cell poles (Fig.

4b and c, bottom panels).

Lipkow also simulated changes in FliM occupancies (the

ratio of FliM subunits binding CheY-P) in motors in differ-

ent locations on the cell after adding and removing chemo-

tactic signals45. She found that FliM occupancy decreased in

a motor closer to the chemoreceptor patch prior to decreas-

ing at a more distant motor, only when CheZ was localized

to the cellular pole with the receptor patch. These simula-

tions also qualitatively explain our experimental results.

Figure 4 A simulation of the relationship between CheY-P propagation and CheZ intracellular localization. In this simulation, a rectangle with
2-μm long and 1-μm wide was assumed the cell; 25,000 CheY-P molecules were generated at the left side edge of the rectangle (shown as receptors
in the illustrations in the top panels) and diffused in two dimensions with a diffusion coefficient of 5 μm2/s. The motors were positioned 0.7 (motor
1) and 1.2μm (motor 2) from the receptor patch, and the number of CheY-P molecules around the position of each motor was counted. Graphs
shown in the middle panels indicate the time courses for the number of CheY-P molecules that was counted near motor 1 (red lines) and motor 2
(blue lines). The horizontal broken lines in the graphs indicate the arbitrary threshold of CheY-P molecules set to trigger the rotational direction
switching of the motors (260 counts was assumed as the threshold). The bottom panels show the time course of the rotational direction of motors
inferred from the corresponding changes in CheY-P counts shown in the middle panels. (a) Simulations in the absence of CheZ (averaged trace of 3
independent calculations). (b) Simulations in which CheZ was assumed to be uniformly distributed in the rectangle (averaged trace of 3 independent
calculations). The probability of dephosphorylation was set to 0.0004 in the cytoplasm (2 μm in length and 1μm in width). (c) Simulations in
which CheZ was assumed to be localized within 20 nm of one rectangle edge (averaged trace of 5 independent calculations). In this 20-nm area, the
probability of dephosphorylation was set to 0.04. The probability of dephosphorylation in the case of (c) was set 100 times higher than for (b),
because we assumed that the same number of CheZ molecules was distributed uniformly in the 2-μm long of the rectangle in (b) and within 20 nm
of the rectangle edge in (c).
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However, to truly understand the intracellular signaling,

quantitative measurements are essential: the number of CheY-

P molecules generated at the receptor patch and the arrival

time and number of CheY-P molecules around each flagel-

lar motor should be clarified experimentally.

Another question arises regarding control of the switch-

ing mechanism by CheY-P binding to the motor, since we

assume the arrival of the CheY-P signal as the rotational

switching of motor. About 34 FliM subunits, and therefore

34 possible CheY-P-binding sites, are present in a motor.

Cluzel et al. showed a highly cooperativity between CheY-

P concentration and the motor’s CW bias, which changes

drastically from 0 to 1 between CheY-P concentrations of

2–4μM34. On the other hand, Sourjik and Berg estimated

FliM occupancy by detecting fluorescence resonance energy

transfer (FRET) between FliM and CheY and found that the

CheY-P concentration has much less effect on FliM occu-

pancy than on CW bias. From these data, they postulated

that the motor switches rotational direction with very little

change in FliM occupancy46.

Some theoretical models have proposed possible mecha-

nisms to explain the highly cooperative switching in re-

sponse to CheY-P concentration47–49. However, the switching

mechanism of flagellar motors remains elusive. To reveal

the switching mechanism, unknown parameters, such as the

number of CheY-P molecules that induces rotational switch-

ing in a single flagellar motor, should be quantified. Quan-

titative detection of FRET between FliM and CheY in a

single flagellar motor, rather than a single cell, may help to

answer this question.

Summary

High speed and simultaneous imaging of the rotation of

two flagellar motors on a single E. coli cell has shown that

the switching of the rotational direction of multiple motors

on a single cell is highly coordinated, with a subsecond

delay that clearly correlates with the distance of each

motor from the chemoreceptor patch. These findings help to

answer a long-standing question about whether the swim-

ming behavior of a cell can be described as a result of the

coordinated regulation of rotational direction between flagel-

lar motors. Moreover, we can now infer the process of intra-

cellular signal propagation in a single bacterial cell. These

findings offer insight into the mechanism of the bacterial

chemotaxis system. Given current progress, we expect to

reconstruct the molecular mechanism of bacterial chemo-

taxis in the near future.
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